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“Les hommes chez toi”, dit le petit prince, “cultivent cinglia roses dans un Bme
jardin ... etils n’y trouvent pas ce qu’ils cherchent ..”

“Ills ne trouvent pas”, epondis-je.

“Et cependant ce qu’ils cherchent pourraitre trouve dans en seule rose ou un peu
d'eau..”

“Bien sur”, r épondis-je.

Et le petit prince ajouta:

“Mais les yeux sont aveugles. Il faut chercher avec le coeur”

“The men where you live”, said the little prince, “grow five thgand roses in the
same garden ... and they do not find what they are lookingfor ...

“They do not find it”, | replied.

“And yet, what they are looking for could be found in a singlseawr in a little
water ..”

“Yes, indeed,", | replied.

And the little prince added:

“But the eyes are blind. One must look with the heart”.

“Da te, gli uomini”, disse il piccolo principe, “coltivano mquemila rose nello
stesso giardino ... e non trovano quello che cercano ..”

“Non lo trovano”,risposi.

“E tuttavia quello che cercano potrebbe essere trovato ia sala rosa o in un po’
d'acqua..”

“Certo”, risposi.

E il piccolo principe soggiuse:

“Ma gli occhi sono ciechi. Bisogna cercare col cuore”.

Antoine de Saint Exugry
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Introduction

The Large Hadron Collider (LHC) is the machine that will pravithe highest ever produced
energy in the center of mass, reaching the valug'ef14 TeV for proton-proton collisions and
giving the possibility to produce particles with mass upew fTeV. The main aim of the LHC
experiments is the search for the Higgs boson, which is fonesdial to verify the symmetry-
breaking mechanism in the electroweak sector of the Stdridadel Theory. In addition the
LHC experiments will explore the existence and the preoiitiof possible supersymmetric
models and will perform precision measurements of the hgaayks.

Four experiments are actually under commissioning phagbeohHC: ATLAS and CMS are
two general purpose experiments, LHCb is mainly dedicat€étReymmetry violation studies
and ALICE is going to exploit the heavy ions physics.

The work presented in this thesis is carried on in the framnkwbthe ATLAS experiment. It
presents a study of the prospects for measuring the preduatia Z boson in association to b
jet. This process is interesting in its own and also as backygt for many Standard Model and
beyond Standard Model physics processes.

The wide kinematic range for production of Z + b jet serves &stng ground for perturbative
QCD predictions. In addition the cross section is sensitviné b quark content in the proton
and its precise measurement will help in reducing the ctimeoertainty on the partonic con-
tent of the proton (PDF’s). Such uncertainty is presentigating the potential for discovering
new physics at LHC.

The motivations to study this process at LHC appear even madent from the compari-
son with the Tevatron cross sections [19]. First of all, titaltcross section for Z+b production
at LHC is about a factor of 50 larger than at the Tevatron. Meee the cross section for Z+c
production compared to Z+b is more important at Tevatron #td HC. In general at the LHC,
the relative importance of processes other than Z+b (sugl,a&q and Zg) is less relevant than
at the Tevatron. Finally, the probability of mis-taggingght jet as a heavy quark is smaller,
therefore the LHC provides a cleaner environment for theaekibn of the Z+b signal.

Z+b jet events will be also used to calibrate the calorirodirjet energy measurements, profit-
ing from the high statistics and a relative low and well kndwatkground. It will be possible
to calibrate the calorimeters using jets reconstructetiéneixperiment, performing an “in situ
calibration” [40-42].

The study of the pp— Z + b jet channel has been done considering the decay salettio
— putu~ and the identification of the b jet both in an inclusive modd #mough the semi-
leptonic decay of the b jet into muons. The choice of finalestatith muons is due to a better
identification of the final state (through the isolated myons

1



CONTENTS 2

This thesis describes analysis strategies developedracexte signal from his possible back-
grounds and presents the results obtained. In this work abngptools were developed and
tested extensively. The study was performed using the sagmhbackground events modelled
with Monte Carlo generators, many of which have been newlgld@ed for the LHC analyses.
Full and fast simulation of the Atlas detector was perforrtedbtain realistic estimates of the
sensitivity of the measurements.

Chapter 1 is dedicated to a theoretical overview on the state im particle physics in order
to introduce the topics that will be recovered in subseqabkapters.
A general overview of the ATLAS experiment is given in chayite
Chapter 3 summarizes the software tools inside the Athemaeireork that have been used to
perform the analysis.
Chapter 4 is dedicated to the studies performed using futtyksited data, while in chapter 5 the
systematic studies on b PDF and mistagging of c jets usingiiasilated samples are shown.
A summary of the main sources of systematic uncertaintiestdmjet cross section measument
is discussed in chapter 6.



Chapter 1

Theoretical Overview

This chapter presents a basic overview of the Standard Mbdetlescribes the current under-
standing of fundamental matter particles and their inteoas.

In the following | will briefly discuss the basic themes anhiis of the Standard Model
focusing the attention on the ones related to this thesis.

1.1 Standard Model of Particle Physics

The Standard Model (SM) of particle physics is the QuantueidFTheory (QFT) that today
provides the best description of fundamental particlesthanl interactions. It identifies struc-
tureless, elementary particles that constitute all theeiesl matter in the universe: these are
thequarksandleptons The interactions between the quarks and leptons are reddigtparti-
cles calledgauge bosonsThe Standard Model provides the theoretical frameworlkatoutate
physical (measurable) quantities, explains observedgrhena, and make predictions that can
be checked experimentally. It has been enormously sucdéssxplaining and predicting the
results: most of these predictions have been confirmed tiapdar precision (many at CERN,
Fermilab, SLAC).

Despite its many successes, there is consensus amondepphiysicists that the Standard
Model is not the final theory of particle physics.

1.1.1 Matter particles and force carriers

The Standard Model describes the constituents of mattethairdnteractions in terms of funda-
mental point-like particles. A peculiar property of paeis their internal angular momentum
calledspin The particles can be considered in two categories: theaimedtal fermionic par-
ticles whose spin i%ﬁand gauge bosons whose spin is. 1
The matter is made ofermionscalledquarksandleptonsand their interactions are described
by the exchange ajauge bosons

The properties of the Standard Model particles are sumeiiz Table 1.1.
The quarks and leptons can be arranged in generations (skelT3).
Among the three quark generations a mixing mechanism ethistsis parametrized by the

3



CHAPTER 1. THEORETICAL OVERVIEW 4

Flavor Electric | Spin Mass (GeV) Baryon | Le | Ly | L
Charge (e) Number
Quarks
u (up) +2/3 1/2 0.0015-0.004 1/3 O] 0| O
d (down) -1/3 1/2 0.004-0.008 1/3 O] 0O
¢ (charm) +2/3 1/2 1.15-1.35 1/3 O] 0O
S (strange) -1/3 1/2 0.08-0.13 1/3 0,010
t (top) +2/3 1/2 178 1/3 O] 0]|O
b (bottom) -1/3 1/2 4.1-4.4 1/3 0,010
Leptons
e (electron) -1 1/2 0.511x 103 0 1/10]0
Ve (electron neutrino 0 1/2 <3x107° 0 1/0]O0
U (muon) -1 1/2 0.106 0 O 1|0
v, (Muon neutrino) 0 1/2 | <19x10™* 0 0O/ 1|0
T (tau) -1 1/2 1.78 0 0| 0|1
vr (tau neutrino) 0 1/2 <1.8x 102 0 0|01
Gauge Bosons
W= (charged weak) +1 1 80.403+ 0.029 0 0| 0|0
Z° (neutral weak) 0 1 |91.1876+ 0.0021 0 O] 0| O
y (photon) 0 1 0 0 0| 0|0
g (i-1,...,8 gluons) 0 1 0 0 0| 0O
g (graviton) 0 2 0 0 O, 00

Table 1.1: The fundamental particles of the Standard Modélsome of their properties.eL
Ly, and Ly are the electron, muon, and tau lepton numbers [1]. For gvartjcle there is a
corresponding antiparticle.

Cabibbo-Kobayashi-Maskawa matrix (that will be discussedeaction 1.2). The Standard
Model does not explain the origin of such a mixing.

Analysis on the Z partial decay width into hadrons, leptams eutrinos at LEP indicates that
there are exactly three families of light neutrinos (assmepton universality). Strict lower
limits have been set on the mass 8fdeneration quarks and leptons.

Generation 1 Generation 2 Generation 3
u (o t
d S b
Ve Vi Vr
e u T

Table 1.2: The fundamental particles of the Standard Modaliged into generations. The
main difference between the generations is the massesiop#récles.

Quarks do not exist as free particles: different combimetiof quarks form the spectrum of
particles called hadrons. This item will be discussed inemdw®tail in section 1.3.1.
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The weak bosons (Wand 2) and photon ¥) mediate the electroweak force. Gluons are
the mediators of the strong force. An example of force exgharetween quarks and gluons
interacting through vector bosons is shown in figure 1.1.

quarks, leptons quarks, leptons quarks

Space

photon gluon

Time

quarks, leptons quarks, leptons quarks

Figure 1.1: Feynman diagrams showing the basic forms ofldatremagnetic, weak and strong
interactions between two fermions mediated by the exchahgghotonW* /z° and a gluon.

1.1.2 Gauge Symmetries

The fundamental particle interactions described by thadstad Model are the following:

e electromagnetic
° weak

e strong

These interactions can be described as a combination ef timieary gauge groups, denoted
as SU(3)» SU(2)® U(1) [2]. The group SU(3) is the symmetry group of strong liat¢ions,
U(1) describes electromagnetic interactions, and S&(R)1) represents the unified weak and
electromagnetic interaction.

These symmetries are of prime importance in particle pBydio illustrate this point, con-
sider that observables depend on the wave function squak).( If local gauge invariance
holds, the transformation

Yoy =g XXy (1.1)

where x(X;t) is an arbitrary phase which can depend on space and timeicatas, should
leave the observables unchanged. Physically, since tloduddphase cannot be measured, the
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choice of phase should not matter. If one successivelyts¥9éand ¥ into the Schddinger
equation for a matter particle,
1 OW(Xt)

— v WXL =i
ZmV ( Y ) at Y
the equation is clearly not invariant under the transforomedf equation 1.1.

To guarantee gauge invariance the ®dmger equation should be modified. For electrically
charged patrticles, the modified Sodmger equation is

(1.2)

1/ = 2 .
%<—|D+6A> w:(uﬁJrev) W, (1.3)

whereeis the electric chargd/ is the electric potential, anilis the vector potential. With this
change, the Schdinger equation is invariant under the simultaneous toamstions (1.1) and

A_>A’:A+£VX (1.4)
/ 15)(
VoV =vV_=24 1.
- e ot (1.5)

Thus, the requirement that the theory be locally gauge iamtiteads to the required presence
of a field A =(V:A). Further, since particles are viewed as excitations ¢dsién this theory,
the requirement of gauge invariance also leads to the presd#rgauge bosons.

In the Standard Model, phase symmetries (mathematicallyirements that the theory be
invariant under gauge transformations) are used to guaedhstruction of theories. The gauge
fields and particles follow naturally from these symmetries
The gauge theories introduced above involve only masskasgegbosons. However, massive
gauge bosons (W.Z° have been observed experimentally. Evidence of a meahattiat
causes the gauge bosons to acquire their masses is higlgigtsoyarticle physics. Currently,
the leading candidate is the Higgs mechanism that will beudised in section 1.2.1.

1.2 Electroweak Theory

The electroweak model is a gauge theory based obrtileensymmetry grousU(2). @ U (1)y.
The weak hypercharg& is related to the third component of the weak isospihgnd to the
electric charge through the formula:

Q= |3+\§( (1.6)

The fermions are introduced ileft-handed (L)doublets andight-handed(R) singlets.
Handedness is related to the helicity of the fermion: themament of spin along its direction of
motion. Quantum numbers téft-handed(L) andright-handed(R) fermions are summarized
in table 1.3. The anti-fermions eigenvalues have oppogjte s

The relation between the coupling costants of weak andreletagnetic interactions is
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| [ VewVuL Ve | €L HLTL | R MR TR | UL CLtL | df .S, b | UR,CRIR | dR, Sk, bR |
I 1 1 0 1 1 0 0
2 2 2 2
I3 +3 —1 0 +3 - 0 0
T i 7 2
Y -1 -1 -2 +§ —f—? +§ —§
Q 0 -1 -1 +3 -3 +3 —3

Table 1.3: SU(2 U(1) quantum numbers of left-handed and right-handed femmi

e=g-Sinby (1.7)

wheree is the electric charge of the electrag,is the weak coupling costany is the
Weinberg's angle, that can be measured inthee diffusion, or in the electroweak interference
in e"e” processes betwegnand Z exchange, or studying ti@ewidth or also from the ratio
between masses of thé+ and of theZ.
The combined analysis of those experiments quoted theafwitpresult [1]:

sin? By = 0.23113+ 0.0005 (1.8)

TheW boson couples to quarks and lepton always with the samel aétais (naximum
parity violation). TheZ boson coupling depends also from the electric charge ofitersn The
force of this coupling with a generic fermidncan be expressed as:

gz(f) = COSaN (l3— 2 - sir )

wherez; is the electric charge of the fermion in elementary eleahiargee units andis is
the third component of the weak isospin.

(1.9)

Coupling constants for left-handed or right-handed fermiare different (see table 1.4).
They can be written as

gL = I3 —z; - Sinf By (1.10)
Or = —2; - SiF By (1.11)
| [ vevuvi | ewt | u,c,t \ d, s, o |
o 2 L1 sirPly | 21— 2-sirPly | —%+ % sy
gr 0 +sir? By —Z-sirf B 3 -sin’ By

Table 1.4: Couplings between tEeboson and fermions

In addition, the mass eigenstates are not eigenstates wiehle interaction of quarks: they
are mixed, parameterised by three mixing angles and one image according to the Cabibbo-
Kobayashi-Maskawa (CKM) formalism.
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d’ Vud Vus Vub d
S’ = VCd VCS VCb . S (1 12)
b’ Via Vs Vib b

The values of the magnitudes of the elements of the matribuaged in [1], assuming the
matrix is unitary, are

0.9739-0.9751 0221-0.227 Q0029-0.0045
Vekm = 0.221-0.227 (Q9730-0.9744 0039-0.044 (1.13)
0.0048-0.014 Q037—-0.043 Q9990-0.9992

Each generation has a small off-diagonal mixing elemenditgato coupling between
quarks of different generations. Flavor mixing in the lep&ector was in fact confirmed in
1998, implying that neutrinos have non-zero mass. Howekes,effect is even smaller than
guark mixing and the coupling of leptons with different d@aib is minute.

1.2.1 Electro Weak Symmetry Breaking

The electroweak model is passing experimental tests wgti piecision. However, the symme-
try in the electroweak model requires all four bosons to begiess. This is obviously a broken
assumption as we observe very massive weak bosons.

In 1964 Franois Englert, Robert Brout, Peter Higgs and indegetty Gerald Guralnik, C. R.
Hagen, and Tom Kibble conjectured that the massless gawsmbmf weak interactions ac-
quire their mass through interaction with a scalar field (iggs Field), resulting in a single
massless gauge boson (the photon) and three massive gaaresfo and 2°) [3-5]. This

is possible because the Higgs field has a potential functioichwallows degenerate vacuum
solutions with a non-zero vacuum expectation value.

The interaction between the particle and this Higgs fieldrdoumes to the particles energy re-
spect to the vacuum. This energy is equivalent to a masselmthimal Standard Model only
a doublet of scalar fields is introduced. In the simplest madesses of quarks, leptons and
bosons are all interpreted as the interaction with a unigatasfield. Particles which interact
strongly are the heaviest, while particles that interaagkly are lighter. There is always a
particle associated to a quantum field, so the theory prethiet observation of a spin-0 Higgs
boson which is now the only remaining particle to be discedewithin the Standard Model.
Several theories have been proposed which include the Higghanism to give the gauge
bosons masses. In those theories more than one Higgs bgs@disted. Among all the theo-
ries there is SuperSymmetry (SUSY) that will be briefly dssed in section 1.4.2.

1.2.2 Phenomenology of Higgs Boson

As it was discussed in the previous section, the StandardeMadicts the existence of a
scalar neutral boson that is the results of the spontandeatraveak symmetry breaking
SU (2) ®Uy ().
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The Higgs boson couples to quarks and leptons with a forcpaptional to(g-ms)/(2my)
whereg is the coupling costant of the gauge the8ky (2) andm; is the fermion mass.

The Higgs mass is related to the Higgs potential parametensd A as: my = V2v2A. The
parametew is the vacuum expectation value of the Higgs field that is ioted by the theory
v=246 GeV. In spite of this prediction the theory is not abletedict the value for the real
parameteR and as a consequence neither the value for the Higgs masspdssible only to
fix some theoretical constraints to the Higgs particle masa function of the energy scale at
which the Standard Model is valid. Those limits are showngaorie 1.2.

W IR RRY

600 m,= 175 GeV/c?

my (GeVie?)

200

A (GeV)

Figure 1.2: Theoretical limits on the Higgs boson mass asnatiion of the energy scala
until which the Standard Model is valid. The thickness of faads indicates the theoretical
uncertainties.

Figure 1.2 shows a very important feature: if the Higgs bosdsts and his mass is be-
tween~ 150 &Y and ~ 180%3}/ the Standard Model could be valid until Planck mass scale
~ 101985V,

From an experimental point of view, lower limits omy come from direct measurements done
at Tevatron [20] and LEP (Large Electron Positron collid&@B). A global fit on LEP and Teva-
tron data withmy treated as free parameter is in figure 1.3. The global fit teeteetroweak
data givesny = 8432 Direct searches at LEP gave a lower limitrof; > 114.3GeV at 95%
confidence level.

Thanks to the high luminosity and to an energy never reacieshyp other collider (14 TeV
in the center of mass), at LHC it will be possible to investggene origin of the spontaneous
symmetry-breaking mechanism in the electroweak sectdreoStandard Model looking for the
Higgs boson.
The theoretical production cross sections for the Higgebad LHC as a function of the boson
mass is shown in figure 1.4. Feynman diagrams of the pringpaduction mechanisms at
the LHC are shown in figure 1.5, while the Higgs Branching Rafi#i?) decay channels as a
function of the Higgs mass are shown in figure 1.6.

As it can be seen in figure 1.6 , faiy < 130 GeVH — bb is the most favourite channel,
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10

bb being the heaviest fermion pair accessible to the Higgs.
| want to focus the attention on the process (d) in figure 1.8rwan Higgs is produced in
assosiation to & boson: this process can be mimed by the process object ahtisss Z +

bjets wheneverb andb from the Higgs decay are not
1.7) [17,18].

6 July 2008
O
.

resolved as two different jete (&

m i = 154 GeV
o N

6 —
5- Adpag = a
— 0.02758+0.00035
1 %% - 0.02749£0.00012
4 1% eeeincl. low Q? data -
(\I>< 3 ]
<
2] _
1- _
0 Excluded I Preliminary
30 100

m,, [GeV]

300

Figure 1.3: Global fit to the electroweak data as a functiomgf The band represents an
estimate of the theoretical error due to missing higher rooderections. The vertical band
shows the 95% CL exclusion limit any from the direct search. [12].

——
alpp

e —
H+X) [pb]

10~ g \ s=14TeV 3
i o m H M, = 175 GeV
10 F s — CTEQ4M E
1 E T 5
0! _ '::""-.\f\“\x‘lfl' HW qq Haq e e ]
10k Tl :
; ~Tteeo . geqq H
1w L . ~~ ﬁ“ g
i geqq Hbb - g iz -]
T Sl P A S B R B I B e P
0 200 400 600 800 1000
M, [GeV]

Figure 1.4: Production cross sections for the Higgs bosdrH& as a function of the boson

mass.



CHAPTER 1. THEORETICAL OVERVIEW 11

q

(b)

q(q") q(q")

wi(Z)

(d)

Figure 1.5: Diagrams of the main production processes oHiligs boson: (a) gluon gluon
fusion, (b)Z or W fusion, (c) associated production withpair, (d) associated production with

aZ orW boson.

140 GeV
1

BR for SM Higes

200 500 1000
Higgs Mass  (GeV)

50 100

Figure 1.6: Branching Ratios of Higgs decays as a functionefiggs mass.

. y
= 970000000 ———— b

(b)

O
{
ol

(a)

Figure 1.7: Diagrams: (a) associated production oHaggs decaying intdb with a Z boson;
(b) associated production ofZaboson with a b-jet.
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1.3 Theory of Strong Interaction

This section introduces the theory of the strong interastialso calledQuantum Chromo Dy-
namics(QCD). The main features of QCD that are relevant to underséaatddescribe the
hadron structure and calculate the evolution of partonscthrastitute hadrons will be discussed
in the following.

1.3.1 Parton Model

According to theParton Modelthe hadrons are strongly interacting particles built frcatence
guarksthat define the quantum numbers (charge, spin, isospin)eoh#éidrons and frorsea
guarksthat result from the gluon splitting inside the hadrons. Timedamental particles that
constitue the hadrongjjarksandgluong are calledpartons

It is possible to distinguish between two different combimas of valence quarks that give
origin to two different families of hadrons:

e MESONS(T;
e BARYONS qqq(ANTI-BARYONS qqg).

As an example the proton is a baryon made from the combingdtiod}. The charge of
the proton (in units of the electron charge) is the sum of tierges of its constituent quarks,
2/342/3+(—1/3) = +1, its baryon number is 1, and its lepton number is 0 (baryanber
and lepton number are additive quantum numbers. See TdhleAlneutron is made from the
combination{udd}. It has electric charge/3+ (—1/3) + (—1/3) =0, baryon number 1, and
lepton number 0. The success of the quark model in explasmagpredicting other experimen-
tally observed states led to its acceptance.

Despite this success, there are problem with this simgbctescription: the combination
{uuu} has been observed as the™* baryon. The existence of th"* presents a problem
because its spin, 3 3/2, is obtained by combining three identical fermions witk game
guantum numbers. This violates Fermi statistics. Anotheblem is that neither combinations
of more than three quarks or single quarks are observed.

The solution to these problems is the introduction of anotjuantum number called color. It
can have one of three values, called red (R), green (G), arad(Bly with antiquarks having
the values, G, andB. In QCD, bound states must be colorless, so mesons are fonorad f
one quark and one antiquark which carry a color and its atir¢like RR), while baryons are
formed from three quarks, one of each color, in an antisymmedmbination. Thus thA™
baryon consists of one u quark of each color.

Color is exchanged between quarks and gluons (both of whiely eacolor charge). Gluons
are the mediators of the strong force. They are colored tfbat carry color charge.

Unlike photons, which mediate a force that gets weaker wigtadce, gluons are responsible
for a binding force that strengthens with distance.

Gluons (and quarks) are colored, so cannot be observediditeecause bound states are
formed only as colorless objects. This behaviour is caltddraconfinement. Eventually, when
colored objects are pulled apart from other colored objas®ccurs in high-energy collisions),



CHAPTER 1. THEORETICAL OVERVIEW 13

the energy released is converted into new colored objeutis;@lorless objects are formed from
groups of the colored objects. Only colorless objects asended in particle detectors and are
detected as streams, or jets, of particles. It should be asigdd that leptons do not carry a
color charge, and thus do not feel the strong force. Thisagdiktinction between quarks and
leptons.

1.3.2 Hadron-Hadron collision

According to QCD the observed hadrons are composite patiobale of partons (quarks and
gluons). The quarks and gluons are the fundamental degréegdom to participate in strong

reactions at high energies. The collision between two helftwo protons at the LHC) can

be described as an interaction between partons that adgedtiite hadrons. A scheme of this
interaction is shown in figure 1.8.

Figure 1.8: Simplified scheme of hadron-hadron interaction

Scattering processes at high-energy hadron colliders ea@tabsified as either hard or soft.
Quantum Chromodynamics (QCD) is the underlying theory fosadih processes, but the ap-
proach and level of understanding is very different for the tases. For hard processes, e.g.
Higgs boson or higlpr jet production, the rates and event properties can be peedidth good
precision using perturbation theory. For soft processesaltes and properties are dominated
by non-perturbative QCD effects, which are less understood.

Assuming that the masses of the partons are negligible anthéntransferred quadri-momentum
Q from the initial to the final state satisfied the relati@f > M? (whereM is the mass of the
hadron), theBjorken scale variablés defined:

2
x— 3
2Mv
Being v the energy transfer in the interaction, theariable represents the fraction of the
guadri-momentum of the hadron carried by the interactirmgppa
The available energy in the center of mass of the collisié$),is related to the total energy in
the center of masg/s through the two Bjorken variables (one for each interactiaggn) by
the relation:

(1.14)
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S=X1X2S (1.15)

wherex; is the fraction of the quadri-momentum carried by the firstgabelong to an
interacting hadron anxb is the one carried by the second parton belong to the othenaicting
hadron (see fig. 1.8).

In the following | will discuss how the so calle@CD factorization theorencan be used
to calculate a wide variety of hard-scattering cross sestino hadron- hadron collisions. The
QCD factorization theorem states that the cross sectiongbfadmergy hadronic reactions with
a large momentum transfer can be factorized into a partegldteard scattering convoluted with
the parton distribution functions.

Theoretical predictions for processes at high transfegrestiri-momentun@ are based on the
following formula, which relies on the factorization thear:

OH,H, = %/dxldxz fan, (X, Q?) fo 1, (X2, Q%) X Gap(X1, X2, Q?) (1.16)
a'7

where fc 1 (X, Q?) is the parton density function (PDF) of the parnarrying a fractiorx of
the hadrorH momentum and,, is the parton-parton hard scattering cross-section desgri
the partonic reaction at the sc&)g.

The parton-level hard scattering cross section can be lesdcliperturbatively in QCD,
while the parton density functions parameterize the natupgeative aspect and can be only
obtained by some ansatz and by fitting the data.

A more detailed description of parton density function W given in section 3.1.2.

1.4 Beyond the Standard Model

As said before there are indications that the Standard Medebt the final theory of particle
physics and that more fundamental physics is left to be devenl. Experiments in the years
ahead will give insight into which, if any, of the proposedahetical extensions to the Standard
Model is correct. In this section, a few of the reasons foretkiensions are discussed.

1.4.1 Limitations of the Standard Model

One reason for introducing an extension to the Standard Medevealed when calculations
using the Standard Model framework include a Higgs bosoe. ifitiusion of the Higgs boson
in the theory leads to unphysical results in some calculatid’erturbative calculations of the
mass of the Higgs boson squared have quadratic divergeimieste terms appear in the sum.
It is theoretically possible to introduce countertermstia perturbation series which cancel
these divergences, but this has no physical justificatiod j@considered unnatural.

A second reason arises from the fact that several thedreticications of forces have
already occurred. Electricity and magnetism were onceghoof as unrelated, as were the
electromagnetic and weak forces. Thus, many theoristscexipat a theory that unifies all of
the forces should be the final theory. The Standard Modelratggzathe unified electroweak
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Figure 1.9: Evolution of the coupling strengths as a functbenergy in the Standard Model,
wherea; corresponds to U(1) (electromagnetic force),corresponds to SU(2) (electroweak
force), andas corresponds to SU(3) (strong force). Diagram from [8].

forces from the strong force, and does not include gravity.

The fundamental forces are each characterized by a cougtlieggth. The coupling strength
appears in all physical calculations, and is indicativehaf $trength of the interaction. These
coupling strengths have a dependence on the interactiogyemeore precisely, they depend on
the momentum transfé between two particles involved in an interaction. Figur@ dhows
the values of the coupling strengths as a functio@oT heoretical calculations in the Standard
Model predict that the coupling strengths are closer at Biggrgies than at lower energies. The
experimental data taken so far agree. However, the couptieggths will not meet exactly
without the existence of some new physics which affects tieppendence on the energy. Su-
persymmetry is one candidate for this new physics.

1.4.2 Super Symmetry

Supersymmetry is a proposed symmetry which relates fersniorbosons [6]. It postulates
that for every particle there is a corresponding spartidientical to the particle but with a spin
different by /2. If it exists, supersymmetry must be a broken symmetry iszao sparticles
have been detected with masses equal to the Standard Matielgsa

Supersymmetry solves the problems raised in section intliding Higgs bosons to give
mass to the particles. It introduces new terms into the tatiom of the Higgs mass squared
which cancel the terms that lead to the quadratic divergeli@so modifies the evolution of
the coupling constants so that they unify at a high energyfigere 1.10).

An example of spectrum of supersymmetric sparticles cpaeding to the particles of the
Standard Model is shown in table 1.5.

Note that in supersymmetry there are multiple Higgs bosamnd that the observable gauge
sparticles are formed as mixtures of the superpartnerseoStandard Model gauge patrticles.
The superpartners are technically flavor eigenstates.elib@me flavor eigenstate correspond-
ing to each degree of freedom of the Standard Model particlé®e observable spectrum of
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Figure 1.10: The evolution of the coupling strengths as atian of energy in supersymmetry,
wherea; corresponds to U(1) (electromagnetic forae),corresponds to SU(2) (electroweak
force), andas corresponds to SU(3) (strong force).

Standard particles Supersymmetric partners
Electric Particle | Spin | Sparticle| Spin Sparticle Mass
charge name eigenstate
-1 e 2 8,6 0 selectron
-1 u 3 m, R | O smuon
-1 T % T, TR 0 stau
0 V=V, Vi, Ve | 5 v 0 sneutrino
-2,+% [ g=duschbt 3 g.0r | O squark
0 g 1 ] 2 gluino
0 % 1 y % photino neutralinos
0 Z 1 70 3 zino X2... X3
0 hOHO,AY | 0 [ HY HY | 1 | neutral higgsino
+1 W+ 0 W 3 wino charginos
+1 H+ 0 H* 3 | charged higgsino X7, X5

Table 1.5: The particles of the Standard Model and theiresponding sparticles in supersym-
metic models.

sparticles (the mass eigenstates) are linear combinadfdhe flavor eigenstates.

As it is visible from table 1.5 for each standard fermion (taadicity states) there are two
superymmetric spin 0 partner§: and fr. These particles are callsfiermiongsquarks, slep-
tons, sneutrings For each gauge boson there is a superpartners o%spihedgaugino(wino,
zino, photing.

The strenght of interaction forces between these new pestare exactly the same of those
between Standard Model particles.

If SUSY were an exact symmetry, supersymmetric partneraldhtave the same masses
as standard particles. The fact that we have not still oleskesupersymmetric particles can be
traslated in the hypothesis that SUSY ishadidenor abrokensymmetry.
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Up to now we have not experimental observations of supecpest this shoud mean that they
are not existing particles or that their masses are not aiidesvith current available collider

energies.

| want to focus the attention on the lighter Higdg.(In the Standard Model, the production
of a Higgs boson in association with b quarks is suppressedekter, in a supersymmetric the-
ory for a large value of the ratio of the Higgs doublets vacuxmpectation values (called t8,
the b-quark Yukawa coupling can be strongly enhanced, agdsHproduction in association
with b quarks becomes the dominant production mechanisin [18

As it can be seen in figure 1.11, the process of a lighter suggd{droduced in association
to a b-jet can be mimed by tf+ b jet process when the Z boson and the Higgs boson decay
to the same final statbl,et e, utu—, 7717).

bh——p----- h b o h
Q . z Q z n .
B
) g IuuT b g b
9 U Q o * Q
(a) (b)

Figure 1.11: (a) Associated production of a Z boson and alesingavy quark (Q=c,b), (b)
associated production of the Higgs boson and a single bajtark.




Chapter 2

Experimental Apparatus

2.1 The LHC Accelerator Complex

The Large Hadron Collider [11] is a proton proton collidertthas been installed at CERN into
the tunnel where the Large Electron Positron collider (LEF)] was.

Figure 2.1: The Large Hadron Collider.

The CERN existing accelerators (LINAC, BOOSTER, PS, SPS) aretosattelerate pro-
tons up to 450 GeV. After the injection into the LHC, the two imsawill reach the energy of 7
TeV. In addition to the p-p operation, the LHC will be able tdlide heavy nuclei (Pb-Pb) at an
energy of 1125 TeV.

The LHC will provide a rich physics potential, ranging frohretsearch for new physics phe-
nomena to more precise measurements of Standard Model g@@amFurthermore, nucleus-
nucleus collisions at the LHC provide an unprecedented ibppity to study the properties of
strongly interacting matter at extreme energy density.

The two proton beams will travel in the opposite directioong two rings (the radius of each
ring is about 4.2 Km) crossing each other in eight pointsolr bf these intersections there are
the following detectors:

18
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ATLAS, A ToroidalLHC Apparats

CMS, CompactMuon Solenoid

e ALICE, A Largelon Collider Experiment

LHCDb, LargeHadronCollider bphysics

wPern Basst 1)
T30 o

Figure 2.2: System to inject proton beams into the final detliLHC.

The two proton beams will pass through oppositely directeldi fof 8.38 Tesla. These
fields are generated by superconducting magnets operatih@ &. The protons will come
in roughly cylindrical bunches, few centimeters long and feicrons in radius. The distance
between bunches is 7.5 m, in time 25 ns.In the high lumingdigse (18cm 2s1), the two
beams will be made of 2808 bunches of aboudt'f@otons each. During the initial phase, LHC
will run at a peak lower luminosity of Fcm2s71.

The uminosity.Z of a collider is a parameter of the machine that connectatieeaction cross
section @) with the number of events per unit timid):

Ne= %0 (2.1)

The luminosity is related to the properties of the collidimgams and can be expressed in
terms of the machine parameter:

fnino
41 ooy

where thef is the particle bunch collision frequenay, andn, are the number of particles
per bunchoy e oy are the parameters which characterise the beam profile idirtaetions or-
thogonal to the beam arkd equal to 0.9, depends on the crossing angle between thesbeam
LHC could reach a design luminosity of ¥8m~2s~1: this is important to study processes with
a small cross section value.

£ =F

(2.2)
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2.2 The ATLAS Detector

At the LHC the high interaction rates, radiation doses,igiarimultiplicities and energies, as

well as the requirements for precision measurements haveesestandards for the design of
particle detectors.

ATLAS is a general-purpose detector designed to maximieghysics discovery potential of-

fered by the LHC accelerator. Requirements for the detegtstem [13] have been defined

using a set of processes covering much of the new phenomenh wie can hope to observe
at the TeV scale. In the following | will focus the attentiondescribing subdetectors that are
fundamental for the reconstruction of the channel with a gdmoproduced in association to a
b-jet and the Z decaying into two muons of opposite charge.

2.2.1 The coordinate system and nomenclature

The coordinate system and nomenclature used for describangletector and the particles
emerging from the p-p collisions are briefly summarised hesehey are used repeatedly
throughout this thesis.

The beam direction defines tlzeaxis and thex —y plane is transverse to the beam direction.
The positivex-axis is defined as pointing from the interaction point to ¢eatre of the LHC
ring and the positivg-axis is defined as pointing upwards. The shlef the detector is defined
as that with positive and side€ is that with negative.

Muon Detectors EHlectromagnetic Calormeters

Sdaniodd Forward Calorimetars

Emdl Cap Torold

i Irener Detechor i
Pl Tt Hadranic Calorimetars Sieking

Figure 2.3: Schematic design of the ATLAS detector.
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As itis shown in figure 2.3 the ATLAS has a cylindrical geomeso it is useful to define a
cylindrical coordinate system (z,@,in order to measure particles coming from the collisinn:
is the position in the direction along the beam axis, R is #tkus in thex—y plane measured
from the nominal interaction point ang is the azimuthal angle measured around the beam
axis. The relation between R amdan be expressed using the polar arjl&he mathematical
descriptions of these variables are the following:

R=/X2+Yy2 (2.3)

z
0= arccos\/RZ:+22 (2.4)
Q= arctan)—/X (2.5)

A convenient set of kinematic variables for particles pretihin hadronic collisions is the
transverse momentupy , the rapidityy and the azymuthal angtg For a particle with energy
E and three momentur = { px, py, Pz}

Px=Prcosp,  py=prsing, pr=./PE+P,  Pz=P. (2.6)

Since the motion between the parton center of mass frameharithtdron laboratory frame
is along the beam directio@)( variables involving only the transverse componentsrarariant
under longitudinal boosts. It is thus convenient to write finase space element in cylindrical
coordinates as

d3 d
frj:dpxdpyfpzz prdprde

Both pt andg are boost invariant, so i@g

dp;

= (2.7)

We can also write the phase space element in term of the tapatiable defined as

_} E+p;
such as
d3
%P — prdprdgdy (2.9)

The use of boost invariant variables facilitates the dption of particle production in
hadronic collisions, since these phenomena are approgiyniabost invariant for not too ex-
treme values of rapidity. This fact is particularly simpteunderstand for high energy scat-
tering phenomena, where the incoming hadrons behave ash#faqnark and gluons, with a
given distribution in longitudinal momenta and limitedriszerse momentum. It is clear that,
depending upon the energy of the incoming constituentssahee hard scattering phenomenon
can take place with an effective center of mass (i.e. withrdereof mass for the incoming
constituents) that is moving along the collision directidexperimentally, it is convenient to
use the pseudorapidity: the pseudorapiditis defined as
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n= —In(tang) (2.10)
In terms of momenta it can be definied as
n=in(2EP 2.11)

pT

Being only a function of the angle, pseudorapidity is muchezdas measure than rapidity,
and it is simple to proof that in the limji > m ,we obtainn =y.

The detector is geometrically divided in three sections:
Barrel: |n| < 1.05
Extended Barrel: D5< |n| < 1.4
Endcap:|n| > 1.4

Other variables useful to describe particles emerging fitegninteraction are the tranverse
energyEr, the missing transverse energy'**and the angular distandeR:

EPSS= /(3 P2+ (3 y)? (2.13)

AR = \/An2 + A¢? (2.14)

where the sum is over all particles originating from the riatgion.

2.2.2 Physics requirements

The formidable LHC luminosity and resulting interactionerare needed because of the small
cross-sections expected for many of the processes medtatmwe (see figure 2.4).

However, with an inelastic proton-proton cross-sectio®@@inb, the LHC will produce a
total rate of 18 inelastic events/s at design luminosity. This presentsriaise experimental
challenge as it implies that every candidate event for neygiph will on the average be accom-
panied by~20 inelastic events per bunch crossing.

The nature of proton-proton collisions imposes anothdicdity: jet production cross-section
dominate over the rare processes mentioned above, regthendentification of experimental
signatures characteristic of the rare physics processgsdstion, such aE?“SS or secondary
vertices. Identifying such final states for these rare mses imposes further demands on
the particle-identification capabilities of the detectodan the integrated luminosity needed.
Viewed in this context, these benchmark physics goals canrned into a set of general re-
quirements for the detector:
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Figure 2.4: Proton-(anti)proton cross sections for séymacesses as a function of the center
of mass energy.

- a good charged-particle momentum resolution and reaaetgin efficiency in the inner
tracker. For offline tagging of -leptons and-jets, vertex detectors close to the interac-
tion region are required to observe secondary vertices;

- avery good electromagnetic (EM) calorimetry for electaond photon identification and
measurements;

- a full-coverage hadronic calorimetry for accurate jet amssing transverse energy mea-
surements;

- an high precision muon system that guarantees accurate mamentum measurements
over a wide range of momenta;

- a very efficient trigger system on high and low transversga@ntum objectsnfinimum
biasevents) with sufficient background rejection.

ATLAS has been designed in order to satisfy these requetsnen
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The magnetic system, subdetectors and the trigger systebmiafly introduced in the following
sections.

2.3 Magnetic System

The magnetic system consists of a central solenoid (CS) tlaides a solenoidal field of
2 Tesla for the inner detector and three large air-core dsydwo in the end-caps (ECT) and
one in the barrel (BT) that generate the magnetic field in themspectrometer (see figure 2.5).

Figure 2.5: View of the superconducting air-core toroid metgsystem.

The CS creates a solenoidal field with a nominal strength of 2 theainteraction point.
The real field provided by the CS is not uniformzmor in R direction. The position in front
of the Electromagnetic calorimeter requires a careful misation of matter in order to avoid
showering of particles before their enter the calorimeter.

The design of magnetic system was motivated by the need tadarthe optimised mag-
netic field configuration while minimizing scattering eftec
The two end-cap toroids (ECT) are inserted in the barrel dofBil") at each end and line up
with the central solenoid. Each of the three toroids cossi$teight coils assembled radially
and symmetrically around the beam axis.
Both BT and ECT generate a precise, stable and predictable n@afakl ranging from 3 to
8 Tm for the muon spectrometer. This field is produced in theebaegion (n| < 1.0) by
the BT and in the forward region @< |n| < 2.7) by the ECT, while in the transition region
(1.0< |n| <£1.4),itis produced by a combination of the two.
Due to the finite number of coils, the magnetic field providgdle toroids is not perfectly
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toroidal: it presents strong discontinuities in transitregions, as it can be seen in figure 2.6.
The lines are drawn in a plane perpendicular to the beammiieimiddle of an end-cap toroid
and the range between two consecutive lines is of 0.1 T.

L

- 23 4 5 6 7 8 9 10

5 mu1

Figure 2.6: Magnetic toroid field map in the transition regithe lines are drawn in a plane
perpendicular to the beam axis in the middle of an end-cagcdtor

2.4 Inner Detector

The inner detector (ID) is the innermost part of ATLAS and esidned to reconstruct the
production and decay points (vertices ) of charged pasgtiale well as their trajectories (see
figure 2.7).

It combines high resolution detectors (pixel) at the inraatiiy with tracking elements at the
outer radii covering the range pf| < 2.5 and it is placed within a solenoidal magnetic field of
2T. The outer radius of the ID cavity is 115 cm and its length m.

The overall layout consists of three different technolegithe pixel detector, at radii be-
tween 5 and 15 cm from the interaction region and the silidop sletector (SCT) at radi
between 30 and 50 cm (both of which use semiconductor trgdkichnology) and the transi-
tion radiation tracker (TRT) at outer radii.

Performance requirements of the ID include [13]:
e Resolution:op, /Pr = 0.05%Pr & 1%.

e Tracking efficiency better than 95% over the full coverageadolated tracks withPr > 5
GeV and a fake-track rate 1% of signal rates.
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Figure 2.7: 3D view of the Inner Detector system.

e At least 90% efficiency for reconstructing both primaBf & 5 GeV) and secondary
(Pr > 0.5 GeV) electrons. For primary electrons both bremssirahband trigger effi-
ciency are taken into account.

e Tagging of b-jets by displaced vertex with an efficieney40%. This is done with a
rejection of non b-hadronic jets 50. (At low luminosity, efficiency> 50% for tagging
b-jets).

¢ Identification of individual particles in dense jets and t&fotrons and photons that form
similar clusters in the EM calorimeter. Combined efficien€y® and EM calorimeter
for photon identification should be 85%.

Pixel Detector

The pixel detector is the closest to the interaction pointohsists of three layers in the barrel
and five disks in each end-cap. The system provides threespnmereasurements over the full
solid angle (typically three pixel layers are crossed)hwlie possibility to determine the impact
parameter and to identify short-life particles.

The required high resolution is provided by 140 millionsividual square pixels of 5imin

r — @ and 400umin z. The pixel detector yields excellent spatial resolutiorthie bending
plane of the solenoidal magnetic field, essential for trarsy¥ momentum measurement. The
position along the beam axis is measured with slightly lessipion.

SCT

The semi-conductor tracker (SCT) is designed to providetgigbcision measurements per
track to determine momentum, impact parameter and vertgxigo. It consists of four double
layers of silicon strips. It has a resolution of fifnin rgp and 580umin z, and can resolve 2
parallel tracks separated by 2@ or more: this permits to resolve ambiguities in the pattern
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recognition (assigning hits to track in the dense trackimgrenment).

TRT

The TRT constitutes the outermost part of the ID system. tisiis of 36 layers of 4 mm
diameter straw tubes interspaced with a radiator to enmisttian radiation (TR) from electrons.
The track density is relatively low at large radii giving anmoer of 36 points per track. This
insures good pattern recognition performance.

The drift-time measurement gives a spatial resolution 6f 18 per straw as well as a low and
a high threshold. Thus, the TRT can discriminate betwearsitian radiation hits that have
passed the high threshold, and tracking hits that have gélssdéow threshold.

2.5 Calorimeter System

The calorimeter (see figure 2.8) has been designed to provedsurements of the energy of
electrons, photons, isolated hadrons and jets as well asngigansverse energy. It is divided
into an Electromagnetic (EM) Calorimeter and a Hadronic Galeter each consisting of a
barrel and two end-caps.

The Electromagnetic Barrel Calorimeter (EMB) covers the pseuldity || < 1.475, the
Electromagnetic End-Cap Calorimeter (EMEC) cove75 < |n| < 3.2, the Hadronic End-
Cap Calorimeter (HEC) covers8l< |n| < 3.2, the Forward Calorimeter (FCAL) coversl3<

In| < 4.9, and the Tile Calorimeter (TileCal) coverg| < 1.7.

Because of its good hermeticity, the calorimeter as a whaleiges a reliable measure-
ment of the missing transverse energy'¢. Together with the Inner detector, the calorimeter
provides a robust particle identification exploiting theefilateral and good longitudinal seg-
mentation.

Electromagnetic Calorimeter

The Electromagnetic Calorimeter is a highly granular legditl argon sampling calorimeter
with accordion-shaped lead absorbers and kapton elestrddis geometry enables the detec-
tor to have a hermetically uniform azimuthal coverage.

The eletromagnetic shower develops in lead absorber platesabsorbers are folded into an
accordion shape and oriented aldd{gin the end-caps) to provide completesymmetry with-
out azimuthal cracks.

The total EM calorimeter presentsa20 radiation lengths in the barrel and in the end-caps re-
gion to reduce the error in the energy resolution due to todgial fluctuations of high energy
showers due to longitudinal leakage.

The particle identification is achieved by a fine longitudiawad lateral segmentation. The EM
calorimeter is longitudinally segmented in three layers@ pre-shower sampler that corrects
the energy loss in the material in front of the EM.
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Figure 2.8: General layout of the calorimeters showing algurmeticity.

The design of the electromagnetic calorimeter is driverhigyrequirements for energy and
spatial resolution for the Higgs processes involving dedalectrons or photons for the detec-
tion of new gauge bosonZ/(or W') decaying to electrons. The dinamical range of electronics
for the calorimeter extends from a few MeV for electrons frBameson decays to a few TeV
for the decay of a heavy vector boson. The ability to idenitfy energy electrons can im-
prove b-tagging by about 10%. The EM calorimeter is expettgorovide excellent energy
resolution,

o 10%

EGeV) ~ VEGeY) $0.7%

Hadronic Calorimeters

The hadronic calorimeters cover the pseudorapidity range: 4.9 using three different tech-
niques because of the wide spectrum of physics requirenagitsliffering radiation environ-
ments. The hadronic calorimetry in the region < 1.7 (Tile Calorimeter) uses iron absorbers
with scintillator plates. This technique offers good periance combined with simple, low-
cost construction. At larger rapidity (Forward Calorimstand End Cap Calorimeters), where
higher radiation resistance is required, the hadronicrica&dry is based on the use of liquid
argon.

The hadronic calorimeters are required to identify and meathe energy and direction of
jets as well as the tot&@{"s The required jet-energy resolution depends on the psapiitity
region and is given by:
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o  50% 3%
E(GeV) VE(GeV)
for|n|<3.2 and
0,
o 100% 10%

E(GeV)  VE(GeY)

for3.1<|n| < 4.9
Through their ability to measure quantities such as leakage isolation, the hadronic
calorimeters are well suited to complement the EM calorarsein electron and photon iden-
tification. Because of their total thickness in terms of iat#ion length ( 11A), the hadronic
calorimeters are capable of containing hadronic showeadtsw@nimizing punch-throughs into
the muon system.

2.6 Muon System

The Muon Spectrometer forms the outer part of the detectditas, in terms of volume, the
largest component of the detector. It is designed to deteaiged particles exiting the barrel
and end-cap calorimeters and to measure their momentune ipsudorapidity range| <
2.7. The accurate determination of the momenta of muonw/altbe precise reconstruction
of the short-lived particles that decay into muons (patiatointaining b or ¢ quarks). Since
many of the physics processes of interest involve the pitamtuof muons, therefore, the iden-
tification of muons provide also an important signature Fa& ¢vent selection (trigger) of the
experiment. In fact the Muon Spectrometer is also desigoédgger on these patrticles in the
region|n| <2.4.

The conceptual layout of the Muon Spectrometer is shown undi@.9: the different tech-
nologies employed are indicated. In order to have an accanaasurement of the momentum,
independently from the inner detector, the design of thenmapctrometer uses four different
detector technologies including two types of trigger chamsland two types of high precision
tracking chambers. The muon chambers form three conceyfiitdrical layers (each called
station) at radii around 5, 7.5 and 10 m in the barrel region and coypseadorapidity range of
In| < 1.0. In the forward region (D < |n| < 2.7), the chambers are arranged in four vertical
disks concentric and perpendicular to the beam axis atrdistaof 7.4, 10.8, 14 and 21.5 m
from the interaction point (see figure 2.10).

The precision measurements of the muon momentum in thel begien are based on the
sagitta of three stations in the magnetic field, where thétaag defined as the distance from
the point measured in the middle station to the straightdmenecting the points in the inner
and outer stations.

In the end-caps, the situation is different; the magnetid fepresent only between the inner
and the middle stations, therefore the momentum is detexmvith a point-angle measure-
ment: a point in the inner station and an angle in the combmieldle-outer stations.
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Figure 2.9: 3D view of the muon spectrometer showing areasred by the four different
chamber technologies.
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Figure 2.10: R-Z view of one quadrant of the muon spectromdtégh energy muons will
typically traverse at least three stations.
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The driving performance goal is a stand-alone transversaentum resolution of approx-
imately 10% for 1 TeV tracks, which translates into a sagiftabout 500um, to be measured
with a resolution ok 50 um. Muon transverse momenta down to a few GeV3(GeV, due to
energy loss in the calorimeters) may be measured by therepester alone. Even at the high
end of the accessible range @ TeV), the stand-alone measurements still provide adequat
momentum resolution and excellent charge identificatiee (8. 2.13).

2.6.1 Muon Chamber Types

As discussed in the previous section, the chambers araquesit at three stations along the
muon trajectory.

Thehigh precision tracking systesomprises the Monitored Drift Tubes (MDT) and the Cath-
ode Strip Chambers (CSC). The precision chambers are reqaireedsure spatial coordinates
in two dimensions and to provide good mass resolution asage#l good transverse momen-
tum resolution in both the low and high regions. The performance benchmark, given the
magnetic field and the size of the spectrometer, requiresiiquo resolution of 5qum. The
spectrometer is designed such that particles from theactien vertex traverse always three
stations of chambers.

The muon trigger systemomprises the Resistive Plate Chambers (RPC) in the barrehregio
and Thin Gap Chambers (TGC) in the forward region. These chentstermine the global
reference time (bunch crossing identification) and the nitemk coordinate in both directions.
The trigger system is designed to reduce the LHC interact® from about 1 GHz to the
foreseen storage rate of about 100 Hz. The trigger chamhesthme able to trigger with a well
definedPr cut-off and to measure the coordinates in the directionogidinal ¢ coordinate) by
the precision chambers with a resolution of 5-10 mm.

Precision chambers

Monitored Drift Tube (MDT) A monitored drift tube (MDT) chamber consists of three or
four layers (anultilayer) of 30 mm diameter cylindrical drift tubes each outfittedwatcentral
W-Re wire of 50um (see figure 2.11) on each side of a supporting frame. The MRimntlers
perform the precision coordinate measurement in the bgrainection of the air-core toroidal
magnet and therefore provide the muon momentum measurement

The four layers chambers are located in the innermost mutatibe stations where the back-
ground hit rates are the highest. An additional drift-tudngel makes the pattern recognition in
this region more reliable.

The MDTs are operated with a gas mixture of 93% Argon andC®s at a pressure of 3
atm. The tube lengths vary from 70 to 630 cm as a function ofndiea position around the
detector. The chambers are positioned orthogonal to theplane (wires parallel to magnetic
field lines) in both the barrel and end-cap regions, thusignog a very precise measurement
of of the axial coordinatez] in the barrel and the radial coordinat ih the transition and end-
cap regions. The MDTs provide a maximum drift time of aboud A6 and a single tube (wire)
resolution of 80um, while the resolution in the bending direction is géh. The momentum
resolution is shown in figure 2.13.

The precision measurement of muons tracks are done evemywiseéng MDTs except in the
innermost ring of the inner station of the end-cap, whereig@arfluxes are highest. In this
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Figure 2.11: Schematic view of an MDT module with detail o¢ tube arrangement in the
inlet.

Figure 2.12: Drift path of an ionized patrticle in a magnet&di
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region the CSCs are used.
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Figure 2.13Apt/pr as a function opt for muons reconstructed in the barrel regigng 1.5).

Cathode Strip Chambers (CSC) The CSC are multiwire proportional chambers with both
cathodes segmented, one with the strips perpendiculaetwities providing the precision co-
ordinate and the other parallel to the wires providing tla@$rerse coordinate. The position
of the track is obtained by interpolation between the changduced on neighbouring cathode
strips. The CSC wire signals are not read out.

Each CSC chamber consists of 4 layers. The CSC are operated with flammable gas
mixture of 80% Argon and 209% O, and provide a maximum drift time of 30 ns. An r.m.s time
resolution of 3.6 ns results in a reliable tagging of the beaossing..

The precision coordinate is obtained by measuring the ehadyuced on the cathode strips by
the avalanche formed on the anode wire. The cathode stepsi@nted orthogonal to the anode
wire and are segmented, to obtain a position measurememaweésolution of 62m per CSC
plane. In the non-bending direction the cathode segmentéicoarser leading to a resolution
of 5 mm.

The parallel strips provide the coordinate. Installed at a distance of seven meters from the
interaction point and.B < || < 2.7, these muon detectors are built to survive the high ramfiati
environment produced by the colliding high-energy protons

Trigger chambers

Resistive Plate Chambers (RPC) The trigger system in the barrel consists of three coneentri
cylindrical layers around the beam axis, referred to asttresttrigger stations.

The RPC is a gaseous parallel electrode-plate (i.e. no wetctbr. Each of the two
rectangular detector layers are read out by two orthogarassof pick-up strips: thg strips
are parallel to the MDT wires and provide the bending viewheftrigger detector, the strips
orthogonal to the MDT wires provide the second coordinatasneement which is also required
for the offline pattern recognition. The use of the two pedpeular orientations allows the
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measurements of thg and @ coordinates. The RPC combine an adequate spatial resobiftion
1 cm with an excellent time resolution of 1 ns.

The number of strips (average strip pitch is 3 cm) per chansbeariable: 32, 24, 16 im and
from 64 to 160 inp. When a particle goes through an RPC chamber, the primaryatoiz
electrons are multiplied into avalanches by a high eleéieid of typically 4.9 kV/mm. The
signal is read out via a capacitive coupling of strips on Isidies of the chamber.

Thin Gap Chambers (TGC) Thin Gap Chambers (TGC) provide two functions in the end-
cap muon spectrometer: the muon trigger capability and #terchination of the second, az-
imuthal coordinate to complement the measurement of the e bending direction.

They are very thin multi-wire proportional chambers The yiecity of TGC compared
to regular MWPC is that cathode-anode spacing is smaller ttr@node-anode (wire-wire)
spacing. This characteristic allows a shorter drift timd an excellent response in time of less
than 20 ns, which meets the requirement for the identifinadidounch crossings at 40 MHz.
The TGC are filled with a highly quenching gas mixture of 85@and 45%n-pentan@sH1o.
This allows TGC to work in a saturation operation mode withreetresolution of 5 ns and with
good performances in a high particle flux.

2.7 The Trigger and Data Acquisition System
As already discussed, LHC should work at a design luminasitg®*cm2s~1 in order to allow
the studies of rare events. This condition will lead to ov@iirzeractions per bunch crossing.
Thus, each second close to’ifteractions occur. Most of these interactions are minintiss
events that have a limited interest corresponding to an atrafudata of~ 4 x 10* Gbytes ™.
Therefore it is necessary to select interesting data inreodegister only the interesting portion
of the total amount of data coming from the collision. To Sigtthis request, a trigger system
and a data aquisition system (DAQ) (see figure 2.14) have thesigned with the challenging
role of selecting bunch crossings containing interestienes by reducing the data rate from
40 MHz (collision rate) to 100-200 Hz.

The trigger and Data Acquisition system (TDAQ) is organizethree trigger-levels (LVL-
1, LVL-2 and LVL-3 or event filter) as shown in figure 2.14. D&ons made by a given trigger
level are used as input at the subsequent level.

LVL1 The first level trigger (LVL1) is designed to operate at a maxin pass rate of 75 kHz.
The LVL1 decision is based on information with a coarse glaunity of two sub-detector
systems: the muon trigger chambers and the calorimetesgatthes for signatures of
high-Pr muons in the muon system trigger chambers (RPC and TGC), as@yfaatures
of jets, electrons/photons clustersleptons decays, and large missing transverse energy
(EMsY in the calorimeter. It also identifies Regions-of-intei@l) of the detector asso-
ciated with those signatures and informs the front-endiiepics.

LVL2 The second level trigger (LVL2) reduces further the evetd ta a maximum of 3.5 kHz
by using detailed information from the Rol.
For a LVL1 muon trigger, the LVL2 will use the information frothe precision MDT
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Figure 2.14: The trigger levels and DAQ.

chambers to improve the muon momentum estimate, which alfowighter cut on this
quantity. For a LVL1 calorimeter trigger, the LVL2 has ackés the full detector gran-
ularity, and has in addition the possibility to require a chatvith a track reconstructed
in the inner detector. The LVL2 has an event dependent lgtemagich varies from 1
ms for simple events to about 10 ms for complicated eventse¥ents accepted by the
LVL2, the data fragments stored in the Rol are collected bystiiealled Event Builder
and written into the Full Event Buffers. The event builderteys assembles and ships to
the LVL-3 trigger the full event data of all events acceptgdlie LVL-2. The average
event processing time at this level is about 40 ms per event.

The third trigger stage is called LVL3 and uses up to dateati@ténformation including
magnetic field maps, calibration results and full grantyaand precision of the calorime-
ter, muon system and ID to further reduce the event rate. Thelcan use complex
offline algorithms like track reconstruction, vertex fingjretc., because it has access to
the complete event. The stored data is reconstructed  gelntities like tracks, energy
clusters, jets, missing transverse energy, secondary dectices, etc. These quantities
are subject to various physics selection criteria in offlamalyses too, for example to
maximise the discovery potential for the Higgs particler ffe maximum trigger rate of
100-200 Hz the average event processing time will be of dalerseconds.

All the data flow between various front-end electronics aiffdent trigger levels is handled
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by the Data Acquisition (DAQ) system. It stores the inforimatfrom all detectors in pipelined
memories while decision is being made (latency) by the &igrystem. The DAQ also provides

configuration, control and monitoring of the detector dgritata-taking.

The different input and output data flows for the three letridger are summarized in table

2.1.
Trigger level Maximum flow | Maximum flow
of input data of output data
LVL1 40 MHz 75 kHz
LVL2 75 kHz 3.5 kHz
LVL3 3.5 kHz 100-200 Hz

Table 2.1: Input and Output data flows from the three leveth®fTDAQ.




Chapter 3

Software tools

In order to provide realistic predictions for the experit@mcapabilities of detecting physical
processes, the simulation of the detector response ineztt® a Monte Carlo generator is cru-
cial.

The whole software is implemented in a global framework temtin C++ programming lan-
guage, called ATHENA [22]. This framework is a working emriment under which the user
can apply his own analysis algorithm to select the signathadackgrounds he is interested in.
The ATLAS software framework is continously updated toalldevelopers to insert new code
and amend bugs. Periodically the whole software is reldased given a Release Number.
This is a group of three integers separated by dots, wher@rsh@umber is the major release,
the second indicates developer release, and the thirdaitedieninor changes. A summary of
all releases and their properties can be found in [23].

A detailed description of the performances of the deteatorits response to all the inter-
esting physics processes before the start up of LHC reqgthieegse of three separate software
modules that can be run either separately or in sequence thedATHENA infrastructure:

e event generation ;
e detector simulation;
e digitization.

The results of this thesis have been obtained using the ATAEamework. Different re-
leases have been used. They will be specified for each studypdd in the following chapters.

Event generation The first step of the event generation phase is implementéthwATHENA
using physics event generators.

Generally the generators simulate the collisions of variparticle species (protons, electrons,
...) at a given center of mass energy (see section 3.1). @enerlso simulate particles emerg-
ing from the interaction region. A physics event generatodpces lists of particles. The input
to the generator is usually in the form of beam energy, tabletecay probabilities, specific
particle reactions, and specific final state particles. Titput is a list of events which serve
as input to the simulation. Each particle is parameterizegdsticle-type, initial vertex, initial

37
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and final four-momentum vectors. Event generators are éetijuupdated to keep up with the
latest theoretical insights. In the case of LHC phenomegwlcalculations must include QCD
uncertainties due to the parton distribution functions tnedhadronisation.

Detector simulation Detector simulation is the simulated response of the daetéziparticles
generated in the interactions and their decay products.

There is not an unique way of implementing the detector satimrt. The accuracy by which
the detector performance need to be simulated stronglyndispen the purpose of the analysis.
Two types of detector simulation exist in the Atlas softwaemework: Geant4 full detector
simulation [30] ull simulationsee section 3.2) aniitl fast fast detector simulation [39f4st
simulationsee section 3.3).

The former is based on complete detector material desmnifticluding the best possible de-
tails. The latter does not consider detector materials taildeit only smears the kinematics of
the MC particles according to the expected detector pedona.

Full simulation is desiderable to study detector perforoesrand systematic uncertainties origi-
nating from the intrinsically limited detector resolutidout it is an intensive computing process
that can take up te- 30 minutes per event, using a large amount of memory, CPU akd di
space.

Fast simulation, on the other hand, takes a small fracti@nsgicond per event. For some feasi-
bility studies that require a large amount of statisticsngpte parameterisation of the smearing
of the particle observable parameters can be sufficiens fieians that for this kind of studies
also the fast simulation can be used.

To make final conclusions from the simulation studies, ofira needs to combine the results
coming from full and fast simulations.

Digitization The digitization step is the final phase, where the depositedgies in the vari-
ous detector elements are recorded, collected and regext@sorder to simulate the electronic
output from the detector. The digitization stage includesutation of physics effects specific
to each type of detector and of the front-end electronigsmese and of noise. The output of the
digitization is written into Raw Data Objects (RDO) to be usgdH®e reconstruction programs.
These reconstruction programs are the same that will bearssglthe experiment will start to
take data.

Figure 3.1 shows how the simulated raw data, Raw Data ObjecOJRIS produced from
the generated Monte Carlo (MC or Truth) events. In this schalseethe data flow produced by
the experiment is presented. ATLAS data will be recorded segaience of bytes that must be
converted by the ByteStream ConversionSvc into RDO in ordee tesled by the reconstruction
programs.

Reconstruction In order to convert this raw information to more fundameptatsics objects
the recorded events are processed through a set of comfgdsattans that constitue the recon-
struction process. This process will be discussed in mawlde section 3.2.2, neverthless in
summary here is a schematical division of such a processhirde main stages:

e data from each subdetector are reconstructed in stané-alode;



CHAPTER 3. SOFTWARE TOOLS 39

Generator HepMC Particle Filter M(E(:;:rr:;m Simulation

RDO Emulation RDO Input P L - MC Truth
Algorithm Digits pateaton s e -
'y i
et b , S— A——
5 . b ! y | ¢
MergedHits |- - Pile-U| - _
o P T s

Y
Raw Data ByteStream ByteStream
( Objects ConversionSvc | Wt AEAS

A
! Reco !

Figure 3.1: Schematic diagram showing the flow of MC datatbhosimulation and digitisation
process.

¢ informations from all sub detectors are combined to idgrnhE observable objects such
as tracks, muons, jets etc.;

¢ informations from different observable objects are corabliinto reconstruction algo-
rithms for selecting the signal and rejecting backgrounds.

3.1 Monte Carlo Events Generators

Events produced by Monte Carlo (MC) generators are esseoti of physics analysis. As
already discussed, to make a realistic estimation of fé@gifor future analysis, to compare
data with theoretical predictions, or to understand theaet performance in detail, the detec-
tor response to MC events need to be simulated.

There are many Monte Carlo generators in particle physiesmbst widely used areYTHIA
[24], HERWIG[26], ALPGEN[27], SHERPA25] andMC@NLOI[28], which are general pur-
pose Monte Carlo. They have been tested in many particle ghggperiments and are conti-
nously updated to include new process and the most receniatbns.

Each Monte Carlo generator is interfaced to a library calletRPDF [58] containing infor-
mations about different parton distribution functions@Bets. This interface provides the
possibility to choose among different PDF sets in order toegate data samples. A more de-
tailed description on PDF and kinematic range of validit}f s discussed in section 3.1.2.

In this analysis Monte Carlo event generators are used iniatyaf ways, from finding
characteristic spectra for variables associated @itloson and b quarks or b-jet to finding pre-
dictions for the cross section of signal and backgroundgssesPYTHIAandSHERPAevent
generators interfaced to the ATHENA framework have beed.use
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3.1.1 The QCD model

A general purpose Monte Carlo generator should contain alaiion of several physics as-
pects. After the two beam particles come in towards eaclr,offgecan try to follow the evolu-
tion of an event in timing order arranging it as follows:

¢ Initial State Radiation:
One shower initiator parton from each beam starts off a sempief branchings , such
asqg — qg, which build up an initial state shower according to QCD cktans. The
guarks can also radiate photons according to QED.

e Hard Process:
One incoming parton of the two showers enters the hard psoddse hard process may
produce a set of short lived resonances, likeZtgauge boson, whose decay to partons
has to be considered in close association with the hard psotself.

e Final State Radiation:
The outgoing partons generated in the final state of the HewdeBs may branch, just
like the incoming did, to build up final state showers.

e Hadronisation:
The QCD confinement mechanism ensures that the outgoingsjaarkgluons are not
observable. This mechanism forces all coloured partioéstd together in order to form
colour neutral hadrons, which can be experimentally detect

e Underlying Event:
Besides the hard process considered above, further interaghay occur between the
other partons of the two incoming hadrons. Tipically thegesaft interactions generating
low pr particles. In addition, in high-luminosity colliders, & possible to have several
collisions between beam particles in one and the same begssing, i.e. pile-up events,
which further act to build up the general particle produttativity that is to be observed
by detectors.

e Particle decays:
Many of the produced hadrons are unstable and decay further.

A sketch of these steps is the one in figure 3.2.

In the following sections | will go through these aspects imothe same order as given
above, but rather in the order in which they appear in thenaragexecution, i. e. starting with
the hard process.

Hard Process

The Hard Process yields the physical signal: two partoms fre two colliding hadrons interact
to produce the final state partons.
The inclusive cross sectionsr;(b) for hard production processes are calculable in termseof th
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Figure 3.2: Schematic drawing of an interaction involvingarks. First the hard-scattering
occurs which could include some initial and final state raolna(1). In this case a decay of
two photons (wavy lines) to two pairs of quarks (straigheshis shown. Then the Final State
Radiation (FSR) process occurs (2): many gluons (springilies) can be emitted which canin
turn decay to quark-antiquark pairs. This process occuibktha energy scale of each parton is
close totg. The non-perturbative hadronisation process then oc8)isslfich turns the partons

into hadrons. The latter can decay into a series of final gatecles (4) which are measured
by the detector (5). Finally objects such as jets are reoactsd from what is observed in the
detector (6). In this case four jets would be observed.

so called QCD-improved parton model formula 1.16.
For a more detailed description of the Hard Process | refsettion 1.3.2.

Initial and Final State Radiation

Thelnitial andFinal State QCD RadiatiolISR and FSR) process, also called fragmentation,
are the processes whereby the partons create many moragaftus process is illustrated in
the part (1) and (2) of figure 3.2. A quark can emit a gluon,a@gloan emit another gluon or
convert into a quark-antiquark pair. This process consnuil the virtual masses squared of
the partons are of the order of the infrared cut-off sdgléaken to be of the order of Ge\? .
Fragmentation models focus on the calculation of approteémmasults of parton showering
where the enhanced terms, such as soft or collinear partissiem from the primary par-
ton, are taken into account for all orders of the perturlgaéixpansion in terms dependent on
0s. The parton shower models represent an approximate patiwgtireatment of QCD dy-
namics at scales larger than The implementation of fragmentation models in Monte Carlo
simulations mostly use Sudakov form factors. These forrofaaletermine the probability of
evolving from the initial scalé to the shower cut-off scalg. Each parton species has its own
form factor. For more details see [9, 10].

Summarizing at high energy scale the fragmentatiogopih high energy partons (gluons
andqg couple) is described hyerturbative QCDAt small energy scale the soft gluon radiation
(or radiation from gluon of lowpt) must be described through fenomenological modeds (
perturbative QCD.
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Underlying Event

The presence of a significant amount of soft interactionaéen the colliding hadrons (beam-
beam remnant interactions), possible multiple partorractgons and gluon radiation from the
initial partons before the hard interaction (initial stedeliation) complicate things even further.
These additional processes are collectively known asutiterlying event From an experi-
mental point of view, in a hadron-hadron interaction witts jm the final state, the underlying
event is all the activity accompanying the two hard scatteretgoing jets. The underlying
event, along with the finite detector resolution, leads ®f#tt that it is not possible to unam-
biguously determine, even in Monte Carlo simulation, whieklfons came from which initial
parton, i.e. which hadrons belong to which parton jet. Inipossible to separate these two
components due to the lack of knowledge in modeling the uyiderjet structure.

The typical approach to modelize the UE is to rely on partasid energy densities in — @
regions that are well separated with respect to the pighbjects (for example jets). In shower
Monte Carlo model, the underlying event is a component of tbegss simulation that acts at
the end of the showering and before the hadronisation, ieracdcomplete the process descrip-
tion taking into account soft components (hadronic remmant multiple interaction).

Huge progress in the phenomenological study of the undweylgvent in jet events has been
achieved by the CDF experiment at the Tevatron [15, 16], usiagnultiplicity and transverse
momentum spectra of charged tracks in different regionb@fizimuth-pseudorapidity space,
defined with respect to the direction of the leading jet. Regjithat receive energy flow contri-
butions mostly by the underlying event have been identified.

Hadronisation

After the fragmentation, the low-momentum-transfer, kalistance regime is entered, in which
non-perturbative effects become important. The most itaporof these effects is hadronisa-
tion which converts the partons into the observed hadroa (B) of figure 3.2). Most mod-
els of these phenomena, when implemented in Monte Carlo atron$, assume that the two
processes, fragmentation and hadronisation, occur iresegand can thus be treated indepen-
dently [9].

In principle, the shower cut-oftp, is an arbitrary parameter, uncorrelated with the hadroni-
sation process but whep is increased, the parton shower is terminated earlier ag thre
fewer partons to hadronise. Thus the hadronisation motelsld have a paramet&y whose
effect cancels out when the parton shower model and the hsdtmn model are combined. In
practicetp is tuned such that the final number of hadrons agrees withriexgetal observation.

Particle decays

Not all the particles produced are stable, some of them hasleoe lifetime. The particles
with a life time shorter than a value fixed in the Monte Carlo eyator (default is typically
1.0 x 1078 9) are forced to decay. All other particles are considerelstay the MC generator.
Unstable particles with a longer lifetime are forced to gaoahe detector simulation as it will
be discussed in section 3.2.1.
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3.1.2 Parton Density Function (PDF)

The calculation of the production cross sections at hadotiiders for both interesting physics

processes and their backgrounds relies upon a knowledde aligtribution of the momentum

fraction x of the partons (quarks and gluons). If the understandin@@fperturbative correc-

tions to the hard scattering cross section of eq. 1.16 is odghape, the uncertainty on the
PDFs can limit the accuracy of the theoretical predictions.

In order to evaluate PDF uncertainties on some observald&#dtions or on cross section

prediction, is it possible to generate different data sanging different PDF sets. Here | will

briefly discuss how PDF are determined and which sets are disé common used nowadays.

Perturbative QCD does not provide the PDF’s analytic depacelas a funcion of (which
has a non perturbative origin) but through the DGLAP equati@] it provides the evolution
from a fixed scal&3 to a givenQ?.

The common way to obtain PDF’s as a functionxadind Q? is to parametrize the quark and
gluon density functions in order to perform a global fit of ekmental data.

All global analyses use a generic form for the parametopatf both the quark and gluon
distributions at some reference valQg:

F(x,Qo) = Apx(1—x)2P(x; A, ...) (3.1)

The reference valu@g is usually chosen in the range-12 GeV.
The first two factors, in general, are not sufficient to désedither quark or gluon distributions.
The termP(x; Ag, ...) is a suitably chosen smooth function, depending on one oe iparam-
eters, that adds more flexibility to the PDF parametrizationgeneral, both the number of
free parameters and the functional form can have an influenc¢ke global fit. No unanimous
agreement is anyway found on such parameterisations aricearumber of free parameters.
The current PDF sets are derived from global fits to the dvigldata, which include deep
inelastic scattering measurements at HERA and at fixed tasgetriments, Drell Yan mea-
surements and the Tevatron data on the inclusive jets ptioduend the W charge asymmetry.
Many different groups (CTEQ [50], MRST [51,52], ZEUS [53], H89]) work to provide PDF
sets and an estimation of the corresponding errors. Therdiftes among the results are due to
the different experimental inputs and treatment of thetbigzal and experimental uncertainties
entering the global fit. The theoretical uncertainties atated both to the parameterisation at
the Qg scale and to the perturbative part (missing orders and appations). The experimen-
tal uncertainties include statistical and systematicrsrom the input data and the correlations
among them. The central values of the PDF’s parametersspmnel to the best fit; they are
associated with uncertainties which are conventionalpmated along the eigenvectors of the
covariance matrix. In this way the error band for a given PBHS computed and the uncer-
tainty is then propagated to the variable under study. Fooiemxhaustive treatment see [10].
The newest PDFs, in most cases, provide the most accuratepdies of the world data and
should be utilized in preference to older PDF sets.



CHAPTER 3. SOFTWARE TOOLS

LHC parton kinematics
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Figure 3.3: Left) TheQ? — x kinematic plane for the LHC and previous experiments. Right)
PDF’s distributions af? = 10,000Ge\? obtained from CTEQ6.5M set.

Hard process and Parton Density Function at LHC

| showed in section 1.3.2 that the collision between two dasli(two protons at the LHC) can
be described as an interaction between two partons thatitwathe hadrons (see figure 1.8).
From the kinematic plan®? vs x in the left part of figure 3.3 it is visible that at the LHC the
very low- region will be accessible at the electroweak scale and thehigh one at the TeV
scale. At LEADING ORDER (LO) Z production occurs through tfge— Z processQ ~ 100
GeV). The momentum fraction is given for each partorkpy = MTZs eV, beingMz the center

of mass energy of the hard partonic process gisdhe center of mass energy of the reaction
(14 TeV).
From the kinematic plane in figure 3.3 it can be seen that dtaeamapidities the partons have
smallx, x; ~ X2 ~ 0.005; moving away from the central region they take highdower x,
always remaining within the range 19< x < 0.1 for measurable values of rapidity] < 2.5.
ForQ ~ 100 GeV the gluon distribution is dominantatalues of less than 0.1 with the valence
quark distributions dominant at higher The scattering happens between sea quarks; at such
high scale€Q? = M? ~10,000GeV? the gluon dominates (see figure 3.3, right) the sea quarks
are mainly generated via gluon splittigg— og.

One of the major influences of the HERA data has been to stebpeagiton distribution at
low x.
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3.1.3 Generator parameters

Many parameters are dependent on experimental obsernvagasured rather than analytical

expression and there are uncertainties on those variaQIE® processes are generally sensi-
tive to arbitrary choice of scales; sub-processes thatrapaay hard scattering usually involve

non-perturbative QCD processes that require parametemselelling (see discussion in sec-

tion 3.1.2). In this section | summarise these issues tegeatith the values selected for each
generator used to produce signal and background events.

The following parameters were used common to all generators

_ 1 .
® Uem= 13704

Ge = 1.1663910 °GeV2;

Mz =91.19 GeV[ mz = 2.495 GeV,

My = 80.42 GeV[ ww = 2.124 GeV:
e si? By =0.232;
e M; =175 GeV.

To generate samples used in the analysis performed witlhulllgesimulated sample, the lat-
est parton distribution set for leading-order generatammfthe CTEQ collaboration, CTEQ6L
[50] have been used. This includes latest data from expetsrad HERA [53] and Tevatron for
an improved parameterisation.

Samples used for the analysis with the fast simulation haes lyenerated using different
PDF sets in order to compare distributions, as it will be uksed in more detail in chapter 4.

All the samples used for the analysis (both for full and fastsgation studies) do not include
events with more than one proton proton collision per bunossing (pile up events). This is
reasonable for a luminosity of less tharPd6m 2 s~ sufficient for a first measurement of the
process studied in this thesis: pp Z(up) + b jet + X (where X states for everything in the
final state produced in association to the leading process).

3.2 The Full detector simulation and reconstruction

A detector simulation is crucial for understanding deteaftceptances and in many cases for
modeling backgrounds. The ATLAS full simulation paramizies the detector geometry and
material using Geant4 [30]. The kinematics of physical peses are reproduced to a certain
order of calculation by a Monte Carlo generator program (sete 3.1). As already described
the generator gives a set of four-vectors that are smear#tehyetector simulation. The sim-
ulation produces data banks from each subdetector idémit¢hose from collision data, and
the simulated data are analysed using the same code aslib®oalata. The digitised (real or
simulated) event data are read in by Reconstructiorsoftware which identifies particles and
measures their energies and momenta.
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3.2.1 GEANT4 Simulation

Geant4 [30] is a common tool used in high energy physics tailsita the particle propagation
through the detector and particle interaction with actwé passive materials. It is based on an
object oriented architecture, implemented using C++. Getakes into account a large number
of physics processes of interaction between the particidsltze detector. Firstly it displaces
the primary vertex position to take into account the finite$f the beam overlap region,then it
simulates the energy loss due to dead material inside tleetdetand saves into stored objects
the energy deposit in the active detector elements.

The simulation requires a precise geometrical descrifdhe detector components including
the materials used in the manufacture, as well as the magireti maps. Detector geometry
descriptions are stored in a database and retrieved byrtheation jobs. Geant4 creates a sim-
ulated detector in memory based on the description and thariages the interaction of input
particles with the detector.

Features required for the detector simulation were idextiéind results have been validated
with test-beam data [31], which provided tuning of the ral@vparameters. Validation with
test-beam results shows that in almost all cases, compasigb the test-beam data are in very
good agreement, normally at the level of 1% or better [32].

The precise description of the detector used in simulatimhraconstruction is an important is-
sue affecting the quality of calibration. Although implemtation of the detailed detector effects
and production efforts has been successful, full deteataulation is one of the most resource
consuming processes in producing MC based data and sigrtibpéimisation is desirable.

3.2.2 Offline reconstruction

The events recorded after the detector simulation prognarkept in a raw format (RDO)
which contains the digitized information from detector sylstems like the hits in the track-
ing and muon systems and the digitized counts in the caléeimeells. In order to convert
this raw information to more fundamental physics objedte klectrons, and provide useful
kinematic as well as quality information, the recorded ¢vere processed through a set of
computer algorithms called the offline event reconstructlo order to study the reconstruction
performances, the same algorithms which are under developfor the real data are applied
on simulated events.

The analysis shown in this thesis was realized using reaaigin done within Athena releases
12.0.4 and 12.0.6. A description of releases and changégdhaaccount moving from one
release into another, can be found in [23].

In the next few sections, | will give more detailed accounthow the offline reconstruction is
performed and | will refere to observables defined in sec@@nl such as transverse momen-
tum, rapidity and angular distance.

Inner detector tracks

Different stategies have been developed to reconstrutkgra the inner detector, here | will
discussed the most common used. Track reconstruction clagically sub-divided into three
stages:
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1. A pre-processing stage, in which the raw data from thel jpimd SCT detectors are con-
verted into clusters and the TRT raw timing information isnd into calibrated drift
circles. The SCT clusters are transformed into space-points

2. The default track-finding exploits the high granularifytiee pixel and SCT detectors to
find prompt tracks originating from the vicinity of the inéation region. First, track
seeds are formed from a combination of space-points in tiee thixel layers and the first
SCT layer. These seeds are then extended throughout the SGiftdrack candidates.
Next, these candidates are fitted, outlier clusters arevedi@mbiguities in the cluster-
to-track association are resolved, and fake tracks aretegje The selected tracks are
then extended into the TRT to associate drift-circle infation in a road around the
extrapolation and to resolve the left-right ambiguitiesnally, the extended tracks are
refitted with the full information of all three detectors ahé quality of the refitted tracks
Is compared to the silicon-only track candidates.

3. A post-processing stage, in which a primary-vertex finslersed to reconstruct primary
vertices.

This strategy is expected to give very high detection efficyeover the full detector accep-
tance,|n| < 2.5.

Calorimeter Tower and Topological Cluster

Calorimeter Towers are built from all calorimeter cells @néd in a region ofAn x A@) of
size equal t@0.1 x 0.1). Topological Clusters are built according to criteria thtritify signifi-
cant energy deposits in topologically connected cells aigular, cells with> 40 significance
(o being the standard deviation of fluctuation due to noise}aken as seeds and neighbour-
ing cells with> 20 significance are clustered to form energy blobs with a tliegensional
topology.

Jets

Jet algorithms are used to group the final state hadronsetgaanhose properties are as close
as possible to the initial parton carachteristics. We missingyuish between the so call@duth
JetsandReconstructed Jet3 hese definitions depend from the input of the algorithnthefjet
clustering algorithm run on "truth” particles (generatea the Monte Carlo program) inside
the detector acceptance, excluding neutrinos and muangtdwill be calledlruth Jets while

if the algorithm run over calorimeter towers or topologi€dusters (defined in the previous
paragraph) we will refer tReconstructed Jets

The comparison between the first and the second kind of jétbeva crucial tool in order
to disentangle detector and physics effects.

Two main classes of jet algorithms have been usedCibreeandky [36] algorithms. The
first class, the most widely used, looks at the energy degmbsitthe towers of the calorimeter
and define all particles within a physical cone of fixed sizeétong to the same jet. The dif-
ferent cone algorithms differ in the method used to find thal ftones, in the size of the cones,
or in the way of dealing with cones which overlap. This is thess of algorithms which is
discussed below.
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The second class of algorithms defines jets in terms of towhish are not close to each other
from a spatial point of view but are close to each othdtinky is proportional to the relative
transverse momentum between two particles.

Historically, cone algorithms have been used in hadrondm#, due to concerns about speed,
especially at the trigger level, and of large systematiea# in busy multi-jet environments.
Fast implementations of the algorithm [37], as well as detailed studies at the Tevatren p
forming precision measurements with the algorithm [38]dchdetailed comparisons of the
algorithm with cone-based ones at the LHC.

The offline reconstruction algorithms take as input Bfyordered list of calorimeter objects
(cells, towers or clusters). The jet reconstruction caasithe following steps:

e Removal of negative energy towers (or clusters) by combitiiegn with adjacent ones.
A list of proto-jets is also constructed using a simple grestering algorithm.

Removal of proto-jets with transverse energy smaller thamenghreshold.

Running of a jet finding algorithm (cone of kalgorithm) using seeds position defined to
be between proto-jets above a given threshold (defaidt is 2 GeV).

Jet calibration.

Removal of reconstructed jets below a given transverse gifdegault isEr > 10 GeV).

Jets labelling and tagging

Jets originating from the hadronisation of b quarks can bgdd by exploiting the high mass
and relatively long lifetime of B hadrons. The average iifet of the most commonly occurring
hadrons containing a b quark suchBas B°, Bs (~ 1.5 ps), is long enough to allow to a 10 GeV
B meson to cover a distance of the order 1 mm before decay.nergkthe tracks of charged
particles decaying from these hadrons have large impaateters with respect to the primary
vertex, and a reconstructable secondary vertex. Typigally originating from the hadroniza-
tion of b quarks contain 5 - 10 tracks,with about half of theeming directly from the B meson
decay. Therefore one can extrapolate the track measursifnemtthe inner detector to identify
the existence of a secondary vertex or evaluate impact gaeasnof the tracks with respect to
the primary vertex.

To evaluate the likelihood of a given jet to contain a B hadtbe track significance is calcu-
lated for each track by taking the ratio of the distance o$est approach to the primary vertex,
do, and the error on the measuremeg$ . Since the resolution in the x-y plane is an order of
magnitude finer compared to the resolution in the z diredtiens of microns against hundreds
of microns),dp is measured in the transverse plane only (in which case itlmeayenoted as
ap) although one could obtain more information from includthg longitudinal impact param-
eter (denoted a%). In fact an important improvement of the performances ef ltitagging
algorithm can be expected by combining thegitudinal significancevith thetransverseone:
this algorithm is called the IP3D b-tagging algorithm. Th&tiibution of track significance for
light jets and b-jets are used to construct the likelihoatttion R, andR, and finally, a weight
is given to the jet [45, 46]:
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- % % & %
Wjet—ie;t'n PD(@’O_}(J)/(P“(@’G_}O» - (3.2)

The power of the IP3D b-tagging method can be significantlyrosied by using additional
informations on the presence or absence of a secondarxvertiee jet. The algorithm using
secondary vertex is commonly called SV1.

In order to evaluate the goodness of this algorithm, it issfads to define thdo-tagging
efficiency themistag probabilityand thec, 1, light jets rejection

e b-tagging efficiency is the probability of a b-jet to be tagged as a b-jet.

e Mmistag probability: is the probability that a given non b-jet is tagged ad a b-Jétis
varies as a function of jgit andn. It also depends on whether the jet contairpiark
or T lepton.

e rejection: is the inverse of the mistag probability.

It has been proved that the use of both method (IP3D+SV1) menease the rejection of
light jets significantly, though it was also shown that theme has strong dependence on the
track reconstruction algorithm and validation of its pemi@ance may require an extensive study
with real data [45].

In this analysis, the b-tagging algorithm used is the onerttekes use of the 3D impact param-
eter and secondary-vertex reconstruction, (IP3D+SV1& diktribution of the weight is shown
in figure 3.4 separately for light, c and b-jets.
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Figure 3.4: Jeb-tagging weight distribution fob-jets, c-jets and light jets corresponding to the
IP3D+SV1 tagging algorithm.
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Muons

Muon reconstruction can be done using three differentesjras:

e Standalone Muons,
e Combined Muons,

e Calo-tagged Muons.

The differences among them depending on which detectovadved in.

The standalonaeconstruction is the direct approach to reconstruct siané muons by find-
ing tracks in the muon spectrometer, correcting for theggnkass in the calorimeters and then
extrapolating these towards the beam line. €ambinedmuons are found by matching stan-
dalone muons to nearby inner detector tracks and then camghiime measurements from the
two systems.

Multiple independent algorithms have been developed tdampnt each of these strate-
gies and the current baseline reconstruction includes tgarithms for each of the first two
strategies. Here | briefly describe the algorithms that mciuded in this reconstruction. The
algorithms are grouped into families such that each famitjudes one algorithm for each strat-
egy. The output data intended for use in physics analyslades two collections of muons,
one for each family, in each processed event. | refer to theatmns (and families) by the
names of the corresponding combined algorithms: Stacod38Muid [34].

Standalone muons Most of the muons, including those of best quality, are retrmcted by
independently finding tracks in the inner detector and my@tisometer and then combining
these tracks. The standalone reconstruction has two majos:sfirst build track segments in
each of the three muon stations and then link the segmentsnotfacks. The Staco-family
algorithm that finds the spectrometer tracks and extrag®ltem to the beam line is called
Muonboy [35]. On the Muid side, Moore [33] is used to find theckks and the first stage of
Muid performs the inward extrapolation.

The extrapolation must account for multiple scattering energy loss including that in the
calorimeter. Muonboy assigns energy loss based on the ialatesssed in the calorimeter.
Muid additionally makes use of the calorimeter energy mesments if they are significantly
larger than the most likely value and the muon appears todbetés.

The standalone spectrometer tracks can also be used alm@ntidy muons in regions be-
yond the coverage of the inner detectoi5(2 |n| < 2.7), recover muons for which the combi-
nation fails and as a check of inner detector performancey. lg&v momentum muons (around a
few GeV) may be difficult to reconstruct because they do noeprate to the outermost stations.

Combined muons Both of the muon combination algorithms, Staco and Muid, mabe
muon-spectrometer tracks with inner-detector tracks émtifly combined muons. The chi-
square, defined as the difference between outer and inm&nteators weighted by their com-
bined covariance matrix:

Xateh= (Tms — Tip)" (Cip +Cwms) ™ (Tms — Tip) (3.3)
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provides an important measure of the quality of this matchianised to decide which pairs are
retained. Herd denotes a vector of (five) track parameters—expressed aoiheof closest
approach to the beam line—afdis its covariance matrix. The subscript ID refers to the inne
detector and MS to the muon spectrometer (after extrapol@tcounting for energy loss and
multiple scattering in the calorimeter).

Staco does a statistical combination of the inner and otdek tvectors to obtain the com-
bined track vector:

T=(Cg+Cuyt) 1 (Cg Tio +Cyt Tms) (3.4)

Muid fits the combined track, starting from the inner traclkafid adding the points from the
muon-spectrometer track.

3.3 The Fast detector simulation and reconstruction

The program ATLFAST [39] provides a fast simulation of theéed¢or response in order to
simulate large samples of signal and background eventi@igs studies. It is inserted in the
official framework of the ATLAS experiment.

To keep the CPU time per event at a reasonable level, no ititaragith materials is simulated

and the detector description is based on parameterisedisgeéparticle kinematics accord-
ing to a simplified detector model.

There are no separate steps for simulation and reconstnucitihe basic informations on the
detector that are taken into account, are listed here:

e geometry of the subdetector systems;

e dimension of the transition region between barrel and eaplin the electromagnetic
calorimeter,

e granularity of the hadronic calorimeter;
o effects of the magnetic field.

In the following | will briefly describe the ATLFAST algoriths concerning studies devel-
oped in this thesis.

3.3.1 Reconstruction algorithms

The reconstruction of the physics objects in ATLFAST relies large extent on the Monte
Carlo truth information. Common to the reconstruction of d&jects in ATLFAST is that by
default no reconstruction efficiencies are applied. Thésgencies need to be taken into ac-
count by the user in the analysis. This applies to electrphsions and jets as well as to
ATLFAST tracks. It should be noted that efficiency factors emplicitly taken into account in
the T andb-tagging procedures.

In this section algorithms that allow to reconstruct eveyetserated by a Monte Carlo generator
will be described.

This is a schematic outline of the steps done by ATLFAST tomstruct each event:
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1. distinction betweersolatedandnon isolatedparticles;
2. definition ofcalorimetric clusterdrom non isolated particles;

3. definition ofjetsfrom calorimetric clusters.

Since the physic channel studied in this thesis includesnsiamd jets, in the following |
will briefly describe only the reconstruction alghoritms these objects.

Muons

There is no simulation of tracking in ATLFAST either in thenar detector or in the muon
spectrometer and reconstruction of muons is achieved bgrsngetheir truth energy. For each
true muon withpt > 0.5 GeV the reconstructed momentum is calculated from theerivuon
momentum. A Gaussian resolution function which dependgonn and @ is applied. In
order to definesolated muonshe following isolation criteria are applied to all muonatipass
transverse momentum and rapidity cuts after smearing (lautlept > 6 GeV,|n| < 2.5):

- there should be no further energy deposit within a conARE 0.4 around the muon
direction;

- the muon energy in a cone AR = 0.2 around the muon direction needs to be below a
threshold (typically 10 GeV).

Muons that do not pass these isolation criteria are cladsitBaon isolated muons

Jets

Transverse energies of albn isolatedparticles are deposited in the calorimeter cells of gran-
ularity n x ¢ 0.1 x 0.1 in the regionn| < 3.2 and 02 x 0.2 in the region 2 < |n| < 5. The
effect of the magnetic field on thg position of charged particles is parametrized. No lateral o
longitudinal shower development is simulated and no séiparbetween hadronic and electro-
magnetic components is taken into account.

All the calorimeter cells in which an amount of transversergyg over a threshold (ATL-
FAST default: 0 GeV) has been deposited, are ordered as éidnnaf increasing energy
(Et1 > Er2 > ET3 >...). The most energetic cell, with at ledst > 1.5 GeV, is considered
as the seed of the cluster. Using the calorimeter cellsexdesg above, clusters are formed us-
ing a cone algorithm withR=0.4 and a minimum energy of 5 GeV is required for the resgiltin
clusters.

The clusters may get re-classified as electrons, photous,dajets in one of the following
steps. If they are associated to one of these objects thegmeted from the list of clusters.

All clusters that have not been assigned to a true electréo aphoton are considered as
jets with a required minimum transverse energy (includingns) typically set to 10 GeV. The
jet energy is smeared according to the jet energy resolutiane details can be found in [13].
The jet direction coincides with the cluster direction. Aagate jet calibration step corrects the
jet energy for out-of-cone energy.
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Jets labelling and tagging

In ATLFAST jet labelling is achieved by considering the trygarton content of the jet: a jet is
labelled as &-jet if a truthb quark withpt > 5 GeV (after showering) is found within a cone of
AR = 0.3 around the jet axis. The same method is applied to tages j&t or aT-jet whenever
ac quark or ar lepton are found within a cone &R < 0.3 around the jet axis.

In the case none of the previous requirements are satidiegetis labelled as bBght-jet. No
attempt was made to distinguish betweed, s quarks and gluons.

In order to account for eventual large radiations from gaankd gluons from the hard process,
only the lastb (c) quark before hadronisation in the Monte Carlo particleemilbn is consid-
ered. The implementation of this condition is generatoredeient.

The estimation of the b-tagging performance can be dongusinables already defined
in section 3.2.2:b-tagging efficiencye,) andc andlight rejection(R;;). As &, has a slow
dependency on jet kinematics, ATLFAST set this value at at@on value of 60%. The rejection
is derived from full simulation samples as a functionpgfandn separately foc, T andlight
jets and in most physics analyses correspondsjéb andlight-jet mis-tagging efficiencies of
10% and 1% respectively.

Tracks

Charged and stable particle tracks from the generatorpyith 0.5 GeV and withn| < 2.5 are
considered as reconstructed ATLFAST tracks. Tracks intiher Detector with its solenoidal
magnetic field are usually represented by the following fixmmeters:

do: the transverse impact parameter;

Zp: the longitudinal impact parameter;

(: the azimuthal angle;

cot6yp: the cotangent of the polar angle;

%: the inverse transverse momentum proportional to the wackature.

These parameters are calculated from the nominal posifidregrimary vertex. They are
smeared with parametrized resolution functions which aotéor the measurement precision,
energy loss and multiple scattering as well as for hadramtieractions in the Inner Detector
material.

The output of the ATLFAST track selection and smearing pdoce is the equivalent to a re-
constructed track as resulting from full reconstruction.



Chapter 4

Studies using the FULL simulation

The main aim of this work has been to develop analysis teciesign order to extract events
containing a Z boson decaying into a muon pair produced iocgson to a b jet from back-
grounds. In this chapter | present a feasibility study ofdkpected number of events for signal
and for the background channels for data corresponding totegrated luminosity of ¥b—!
performed with a set of fully simulated signal and backgbMonte Carlo samples. The same
samples have been also used to test the performance of ingadgorithm, being this test nec-
essary to accomplish the study of the Z+b jet channel.

The production of simulated data has been done by the ATLAISkmwration inside the Athena
framework using?YTHIAandSHERPAMonte Carlo generators and the full simulation of the
detector response.

4.1 Introduction

This section summarises the preparations for cross sectiasurements. The aim of this
summary is to understand which are the important varialilasrieed to be evaluated using
Monte Carlo data sample in order to measure cross sections tveeexperiment will start to
take data.

Discussion on how to evaluate such variables will be givemeixt sections.

The measured cross section for a given channel is expressed a

N—-B
N XSS

whereN is the number of events selected applying a given set of cutelbected dataB is
the number of background event®) is the integrated luminosity arg is the efficiency of the
signal. s is often written as a product of the acceptance of the sigdafined as the fraction
of the signal that passes the kinematic and angular cutghameconstruction efficiency of the
signal within the fiducial acceptance [44].
The uncertainty on cross sections measurement gets aaiarib from the different terms. The
uncertainty ofN is of purely statistical origin depending only from the datdlected from
the experimentdN ~ +/N), and the relative uncertainty decreases with increasingriosity
following N/N ~ 1/v/.Z. The uncertainty on the machine luminos@iy? is expected to

g 4.1)
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decrease through improved understading of the LHC beammedeas and of the luminosity
detector response [14§B and d &s are of both theoretical and experimental origin. They both
depend from the limited Monte Carlo statistic available anodf systematic limits on measure-
ment (they can be due to reconstruction algorithms, theateincertainties...).

In the next sections | will discuss on how to evaluate the iefficy of the signaks and the
number of background evensfor an integrated luminosity of £b~! using the Monte Carlo
data samples. In this chapter | will consider only contiidmsg to the uncertainty oB and
&s due to the limited statistic of Monte Carlo data sample usesjramary of the systematic
uncertainties will be given in section 6.

4.2 Monte Carlo Data Samples and Cross Sections

In this section | will list the Monte Carlo data samples usegédorm the analysis and their
relative theoretical cross sections.

In this analysis pp— Z(up) + b jet + X is signal, where X states for everything in the final
state produced in association to the leading process. Tdl@tmaunds can be distinguished in
three cathegories. The first consists of events not con@iaiZ that decay into a muon pair,
but involving muons in the final state that pass the isolatioteria appearing as muons from
Z boson. In association to muons at least one jet is recansttand identified as a beauty jet.
These events aré¢t + X events involving at least one semileptonic decay in mdon; 17 + X
events with subsequentecay into muon, W~ uv + X with a second muon coming from a jet
or a second fake muon and QCD multi-jet events filtered to fatlmipresence of real muons or
hadrons misidentified as muorisb(+ X events). The second originates from events containing
a Z boson decaying into a muon pair (as the signal), but witloalight jet mis-identified as
a beauty jet. These are Zif) + c/light jet + X events. The third category consists oftZu(

+ (g jets + X where q could be either beauty or charm or light jetcaxding to theoretical
calculation that can be found in [19] the latter category megligible background in the LHC
environment. For this reason it has not been consideredsrattalyses.

Background events from cosmic muons can be eliminated inyaefécient way with timing
cuts. Relying on the Tevatron results, this background wgkented in this work. This appears
as a safe approximation for the ATLAS experiment, since tineaifon experiments are built
close to the surface, while the ATLAS detectoristl00 m underground.

A list of all samples used to simulate signal and backgroweats and their properties are
reported in the following:

pp — Z(up) +bjet + X

The signal sample pp> Z(uu) + b jet + X has been generated with Sherpa 1.0.9. The events
are preselected with a generator-level filter requiring taamns withp# >5GeV,|n*| < 3.
These filters have an efficiency of more than 90%.
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pp — Z(uu) + cllight jet + X

This sample pp— Z(uu) + cl/light jet + X is a background when the charm or the lightige
mistagged as a beauty jet.

It has been generated with Sherpa 1.0.9. The events ardqmteskwith a generator-level filter
requiring two muons wittpk > 5 GeV, |n#| < 3.

These filters have an efficiency of more than 90%.

pp — Z(up) + X

The inclusive sample pp~» Z(uu) + X includes both signal (when X contains at least one
beauty jet) and background events (when X contains chariglurjéts).

It has been generated with Pythia 6.403. The events arelcesgwith a generator-level filter
requiring at least one muon withf > 5 GeV and|n#| < 2.8, and a dimuon invariant mass
greater than 60 GeV.

These filters have an efficiency of about 90%. This sample bas bhsed both for signal and
background studies. It has been also used in order to comgsuts with the ones obtained
from pp— Z(uu) + b/cllight jet + X Sherpa samples.

pp — W (uv) +X

The inclusive pp— W (uv) + X sample can be a background when X contains a jet identified
as a beauty jet and a second real or fake muon pass the isatatiria (together with the muon
from the W) appearing as from the Z boson.

It has been generated with Pythia 6.403 The events are potselwith a generator-level filter
requiringpk > 5 GeV,|nH| < 2.8.

These filters have an efficiency of about 70%. This sample bas bsed not only as a back-
ground, but also to control the mis tagging rate as it will E=dssed in section 4.5.

pp — tt + X

The pp— tt background dijet sample has been generated with a Pytli& 6ing a generator
level filter which requires two electro magnetic clustergoérgy and at least one semileptonic
decay.

These filters have an efficiency of about 55%.

pp — Z(1T1) + X

The inclusive pp— Z(17) + X sample is a background when X contains a jet identified as a
beauty jet and when the leptons decay into muons that pass the isolation criteneagng
directly as from the Z boson.

It has been generated with Pythia 6.403. The events arel@cese with a generator-level filter
requiring at least one lepton withpt > 5 GeV andn'| < 2.8 and art invariant mass greater
than 60 GeV.

These filters have an efficiency of about 5%.
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QCD background (pp — bb (up) + X)

QCD multi-jet backgrounds for isolated highly-energeticansi result mainly from decays of

bb mesons. | thus uselab (uu) sample to evaluate this background. The sample has been
generated with Pythia 6.403. Two muons, one with> 4 GeV and the other witipk > 6

GeV, within the trigger acceptance [of!| < 2.4 are required in the final state.

These filters have an efficiency of the order of 10%.

A summary of the relevant informations (including crosstiees) for the datasets used is
shown in table 4.1. Reference cross sections used for thigsesmare collected in [43]. From
now on | will not include the X letter in mentioning the samglémplying that each sample in
the final state can contain other particles or jets producedsociation to the leading process.

Samples Number of| [ Ldt | Cross sections
events | (pb) o (pb)
pp— Z — Ul +bjet 9500 181.6 52.3
pp — Z — up + cllight jet 4000 4.3 930
pp— Z— U 263550 | 130.1 2015
pp— W — uv 114800 5.6 20510
pp — tt 62000 117.6 833
pp—Z— 1T 152400 | 75.63 2015
pp— bb — pu 29500 0.27 110500

Table 4.1: Fully simulated signals and background samp\&gLv), Z(up) and Z(1) inclusive
cross sections are normalised to the NNLO prediction; &ldther sample cross sections are
computed at NLO. They refer to specific samples used for tia$yais including pre selection
cuts mentioned above. Cross sections quoted here are edliedi43].

4.3 Events Selection

In this section | will discuss on how to select theiZu) + b jet signal from background events.

The selection efficiency of a sample is defined as the fractidhe sample that passes the
kinematic and angular cuts on muons and jets in the final.statde following | will list and
discuss on these cuts and | will report the efficiencies abtaafter the application of the cuts
themselves on the events of different data samples.

4.3.1 Trigger Selection

pp — Z (uu) + jets events are required to pass the isolated dimuoneriggach muon must
have a trasverse momentum greater than 10 GeV.



CHAPTER 4. STUDIES USING THE FULL SIMULATION 58

4.3.2 Muons

The muon reconstruction is done with the muon spectrometabmed with the inner detector
(see also section 3.2.2 for further details).

The Staco collection [35] is the current default for physaoslysis inside the Atlas Collabo-
ration but future analyses may make use of the Muid collaci8s#] or a mixture of muons
drawn from both of these and any future collections. | used3taco muon container requiring
for each event at least two muons with opposite charge. Tdwnstructed muon tracks should
satisfypr > 15 GeV andn| < 2.4.

Muons in jet tend to be produced within a decay cascade didugarticles, and should there-
fore not appear isolated in the detector, in contrast togpthic decays of Z boson. Isolation
is applied by requiring the angular distance between thentwons AR, = Anﬁu +A(p§u)
greater than 0.5.

The invariant mass of the muon pair is required to fulfil 70 GeWl,, < 110 GeV. If more

than two muons are reconstructed, the pair with the invarreass closest to thdz = 91.1876
+ 0.0021 [1] is chosen.

Figure 4.1 (a) shows the transverse momentum spectrum Iftheamuons found in the
analyzed data samples within| < 2.4, before any other cut is applied. Figure 4.1 (b) shows
the angular distana8R,,;; between two muons of opposite charge, transverse momeiiove a
15 GeV and|n| < 2.4. The two plots are scaled tbLdt = 1fb~ of integrated luminosity.
From figure 4.1 (b) it is clear that the decision to cut on thgudar distance between the two
muonsAR,,, > 0.5 has been taken primarly to reduce Q@b)(background.
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Figure 4.1: (a) : Distribution of the muon transverse momenin || < 2.4 before any other
selection cut. (b): Distribution of the angular distard®,,, between two muons of opposite
charge, transverse momentum above 15 GeVahe 2.4. The two plots are scaled joL dt =
1fb~! of integrated luminosity.
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Figure 4.2 shows the invariant mass of the muon pair, aftes cn muons. The plot is
normalized to 1f b~ integrated luminosity.
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Figure 4.2: Invariant mass of the muon pair after muon seleauts. The plot is normalized
to 1 fb~! integrated luminosity.

From this figure we see that cutting on muons considerablyaedbackgrounds not con-
taining a Z decaying into muon#f(, Z — 17 , W — pv and QCD multi-jetbb events). The
subsequent request on the invariant mass range of the mud@@&eV < My, < 110 GeV)
allows to an even better selection of the signal over the ¢pacinds of above.

4.3.3 Jets

In this thesis the standard cone algorithm jet reconstincvailable in the ATLAS software is
used. A jet is therefore defined by a direction, an energy armha size that corresponds to the
jet opening angle. | used jets clustered with the standatddSTseeded-cone algorithm with a
radius ofAR=0.4, built from topological cluster (see section 3.2.2).
It is required at least one jet in the event with transversener@umpr > 20 GeV in the range
In| < 2.4. In order to remove jets faking muons in the signal amglytbe angular distance
between Figure 4.3 shows the transverse momentum (a) and@sapidity (b) distributions
for signal and background events.

Figure 4.4 shows the transverse momentum (a) and pseudtityahi) distributions of jets
after cuts on muons and muon pair discussed in the previati®se All distribution are nor-
malized to/ Ldt = 1fb~? of integrated luminosity.

Comparing fig. 4.3 and fig. 4.4 we can conclude that the shapistoioditions is not influ-
enced by the cuts on muons and muon pair. Those cuts onlyeededraction of background
from the signal.
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Figure 4.3: Transverse momentum (a) and rapidity (b) distions of jets.
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Figure 4.4: Transverse momentum (a) and rapidity (b) ditrdms of jets after cuts on muons
inside the invariant mass range 70 Ge\W,,;; < 110 GeV and before any cut on jets.

4.3.4 Jettagging

Realistic estimation of rejection/mistag rate is cruciah® studies which depend on b-tagging.
In this analysis jets are labelled as b-jets using the b tepgligorithm with the highest light-jet
rejection power. This algorithm makes use of the 3D impacap&ter and secondary-vertex
reconstruction, IP3D+SV1. As already discussed in se@i@r2, tracks from B-hadrons de-
cays are expected to have on average a large and positiggdrar impact parametag and a
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large and positive longitudinal impact parametgr Combining the longitudinal and trasverse
significance in the functionm = Py(Syy, ) /Pu(Sey,2,) @nd applying a cut on the likehood func-
tion is possible to discriminate b jets from ¢ and light jeded [45] for additional information
about the algorithm).

In this analysis | cut on the b tagging weight parameteight> 5.

An explanation on why the value of 5 has been chosen to cuteb-tiagging weight will be
given in the following section.

4.3.5 Tests of b-tagging

Here | will discuss how to choose the value for the b tagginggtteparameter in order to
maximize both the efficiency in selecting Z + b jet events dr&rejection of the backgrounds
where a Z is produced in association to a charm or a light jétlavill give an explanation on
why it has been chosen to require the b tagging weight grézders.

Definitions and Events Selection

In order to define the Z + b jet efficiency and Z + c/light jet rjen, it is needed to know how
many jets derive from bottom, charm and light quarks. In ptherds, we need to know the
true flavor of the jet from the Monte Carlo truth informatiomsemind that a jet is labelled as
a b-jet if a b quark withpt > 5 GeV is found in a cone siz&R =0.3 around the jet axis. Same
procedure applies for c andets. If no beauty or charm aris found, the jet is labelled as light

(u,d, s, 9).

In section 3.2.2 | defined-jet efficiency mistag probabilityand rejection per jet, here |
recall the definitions and describe the cuts used in thisyarsalbut | will apply them per event.

TheZ + b jet efficiencyg, is defined as the ratio between the number of events conggdtin
least one Cone 0.4 true b-jet (from the MC truth informatiomigh Er > 15 GeV andn| < 2.5
above a chosen b tagging weight cut, and the number of eventaining at least one Cone
0.4 true b-jet inside the same transverse energy and rapaiges but before cutting on the b
tagging weight.

The Z + b jet mistag probabilityis the probability that a given event containing a non b-
jet (from the MC truth informations) inside the same tramseeenergy and rapidity ranges
(Er > 15 GeV andn| < 2.5) is tagged ad a Z+ b-jet everthfs,, ).

TheZ + c/light jet rejectionfactor is defined as the inverse of, respectively, ¢c and Jigfist
mistag probabilityR;, = 1/5misc/.- As an example R=100 means 1% mistag rate.

The b-tagging efficiency for Z + b jet events has been derisialgthe Monte Carlo sample
pp — Z(uu) + b jet , while the evaluation of the rejection factor for Zlght jet was done
using the inclusive pp~ Z(uu) sample (because of the poor statistic of-ppZ(uu) + c/light
jet sample).
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Results and distributions

Figure 4.5 (a) shows the b-tagging efficiency as a functiothefweight parameter after event
selection cuts (listed in section 4.3). Figure 4.5 (b) shtvesrejection factor for ¢ and light
guarks as a function of the b-tagging efficiency after theesagtection cuts.

From the two figures it is possible to decide at which weigig good to cut in order to maxi-
mize b tagging efficiency, and ¢ and light rejectioR; .

| decided to cut ab tagging weight> 5: this ensures an efficiency ef 60% for signal events
and gives rejection factolR; ~ 7 for Z(uu) + c jet andR, ~ 110 for Z(uu) + light jet back-
ground events, in fairly good agreement with what is fourrdotber physics channels [45, 46].
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Figure 4.5: B-tagging efficiency as a function of the weigthapaeter (a). Rejection factor for
c (black squares) and light (black stars) jets as a functidgheob-tagging efficiency (b).

In order to see how the chosen cut on the b tagging weight pearacts on the transverse
momentum distributions of jets of different flavors proddioe association to a Z boson, | used
the pp— Z(uu) inclusive data sample and | selected from the Monte CarlthTinformation
the flavor of the jets dividing in the following categories:

e b jets;

e Cjets;

light or gluon jets;

all jets of all flavour (it is the sum of all the three previowegories).

Figure 4.6 (a) shows the jet transverse momentum spectnumefuty, charm and light/gluon
jets after cuts on muon pair and on jets. Figure 4.6 (b) shbesame events of (a) when the
cut on the b-tagging weight is also added.

These distributions reflect the efficency fonig() + b jet events selection and the rejection
factor for Z(uu) + cllight jet events reachable when we apply the cut on bitaggeight pa-
rameterweight> 5. In fact it can be noticed that the application of this cldwas to extract
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Figure 4.6: Jet transverse momentum spectrum for beauwdyyrcand light/gluon jets in the pp
— Z(puu) inclusive data sample, before (a) and after (b) the cut erbttagging weight.

the signal events with an efficiency of about 60% and thatetecsed events obviously contain
background contamination from events containing a Z boswhjets that are mistagged as b
jets.

Figure 4.7 (a) shows the jet multiplicity for all the sampéddter selection on muon pair. The
same distribution after requiring b tagging weight paraameeight> 5 is in figure 4.7 (b). The
distributions are normalized tbLdt = 1fb~! of integrated luminosity.

As it is expected, samples that are dominated by the preséatdeast one b-jet per event
(signal and QCIbb background) are not so much influenced by the cut on b taggeighty
while the other samples are depressed. The depression iiacteases with the increasing of
jets multiplicity.

4.3.6 Event selection efficiency

In this section | want to give the event selection efficiea@a signal and background samples
obtained after the application of cuts on muons and jetserfitial states discussed in section
4.3.

The signal and background samples used for this analysestiesn described in section 4.2. |
recall and list here all the requirements for events sealacti

- at least two muons of opposite charge per event;
- pf > 15GeV;
- [nHl<2.4
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Figure 4.7: Jet multiplicity before cutting on jets (a) aritearequiring b tag weight- 5 (b).
All distributions have been obtained after cuts on muons @odn pair invariant mass and
normalized tof Ldt = 1fb~?! of integrated luminosity.

- ARy, > 0.5;

- 70 GeV< My, <110 GeV.

- ARy jet > 0.4;
_ pjl_et
- |ni®| < 2.5;

> 15 GeV;

The selection efficiency is defined as

Nsel
£ N, (4.2)
whereNgg| is the number of events selected after the requirementsovkalvhileN;; is the
number of events in each original sample of Monte Carlo daa {@ble 4.1).
The uncertainty on efficiency is of purely statistical onigi

The achievable efficiencies after the cuts on muons and maioimpariant mass are shown
in table 4.2. All cuts have been applied sequentially. Thegages are referred to the total
number of events in each sample.

After the selection of events that satisfies cuts on muonsdantlion invariant mass, re-
guirements on jets multiplicity, angular distance betwgss and muons, transverse momen-
tum, rapidity distribution and b tagging weight have beeplygd. Efficiencies obtained apply-
ing these cuts sequentially are listed in table 4.3.

Results of tables 4.2 and 4.3 have been used to estimate ttierraf signal and back-
ground events in a selected sample of 1'flof data. These estimations allow to obtain the
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Samples atleast | pf >15GeV| 70< My, <110
lutandluy— | |nH| <24 GeV
ARy, >05
Z = up 56.9+0.3 43.3t0.2 40.8+0.2
Z > up +bjet 91.1:2.0 74.1£1.6 70.8:1.6
Z = up +cllightjet|  92.73.0 741425 69.412.4
tt 11.4+0.1 1.8+0.1 0.49+0.03
W — uv 2.52+0.05 0.044+0.006 | 0.013+0.003
Z—1T1 23.1£0.2 3.3+0.1 0.40+0.02
QCDbb 76.1£0.1 0.12+0.02 0.06+0.01

65

Table 4.2: Selection efficiencies (expressed in %) aftecthe on muons and muon pair.

Samples atleastl | AR,_jet >0.4| p™ > 20 GeV| btag weight
jet per event Iniet <25 Wiet > 5
Z— uu 28.8+0.2 22.0+:0.1 14.9+0.1 1.13+0.02
Z - up+bjet | 56.6:13 | 427411 28308 | 15.4t0.6
Z >y +clightjet| 454i1.8 | 312014 | 17.6:0.9 0.550.1
tt 0.49+0.03 0.39+0.03 0.39+0.03 0.34+0.02
W — uv 0.013+:0.003| 0.010+0.003 | 0.010+0.003 | 0.009+0.001
Z— 1T 0.294+0.01 0.23+:0.01 0.15+0.01 0.020+0.003
QCD bb 0.06+0.01 0.05+0.01 0.05+0.01 0.03+:0.01

Table 4.3: Selection efficiencies (expressed in %) afterctite on jets (cuts on muons from
table 4.2 are also included).

number of background evenBsand the efficiency of the signal evengg)(that are in the for-
mula 4.1. Such estimations will be discussed in the nextsect

4.4 Number of events and ratio of cross sections

In this section | will give a first estimation of the expectadwber of events and the correspond-
ing fraction of the total sample for signal and for the backgnd channels after applying the

cuts outlined in in section 4.3 for an integrated luminosityl fo—.
The obtained values will be used to evaluate the cross seetim between the signal— pu
+ b jet and the inclusiv& — uu + jets cross section.

4.4.1 Number of events

The number of eventNey, passing a given set of selections is expressed as follows:

NeV:$0£

4.3)
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where.Z is the integrated luminosityg is the cross section of the channel we are consider-
ing; € is the selection efficiency of the sample defined as the traaif the sample that passes
the kinematic and angular cuts.

| used the formula 4.3 to give an estimation of the sample @smipn for an integrated
luminosity of 1fo~! after the events selection discussed in section 4.3. Cresisise used to
perform the calculation are listed in table 4.1, efficien@ee reported in tables 4.2 and 4.3.

The uncertainty on the number of selected events gets batibns from all the variables
in 4.3. In this analysis the uncertainty on the machine lasity . has not been considered.
The uncertainties due to the theoretical cross sectior@uledions are negligible respect to
uncertainties on the efficiencie®Ne, has been therefore evaluated from the propagation of
efficiencies uncertainties quoted in tables 4.2 and 4.3sdlage due to the limited number of
events of the Monte Carlo data samples available for thisyarsal

Table 4.4 shows the composition (in %) of a selected sample-efuu + jet events. The
requirement on b tagging weight to select events contaiaibget has not yet been applied.

Samples % Ney=£ dey
Z— uu | 83+3 | 300000+ 2000
tt 0.8+ 0.1| 3300+ 200
W — uv [ 0.6+0.2] 2000+ 600
Z—71r | 0.8+0.1] 3000+ 200
QCDbb | 15+ 3 | 55000+ 11000

Table 4.4: Fraction of the total sampleof— uu + jets events (in %) and number of expected
events for an integrated luminosity of 1fhafter applying the cuts outlined in section 4.3 not
including b tagging. The quoted uncertainties refer to thigefiMonte Carlo statistics.

The invariant mass of muon pair after all the selection cutsthe b tagging weight, is
shown in fig. 4.8 (a). Not including the cut on the b tagginggiimeans that we are selecting
Z — uu + jets with no preference on the jets flavor. The dominant gamknd to this selected
sample comes from QCD jets events, as evident from table 4.4.

SampleZ — uu + b jetandZ — uu + c/light jet have been used to estimate the fraction of
theZ — pu inclusive sample containing a beauty or a charm jet. Thdtresthat the fraction
of events containing a b jet correctly tagged is 68) % over the total. This means that after
all cuts (including the b tagging, see table 4.3) the numbb@&vents selected in thé — uu
sample contains a fraction of mistagged events of the orfd@70+ 11) %. Errors associated
to the estimation are due only to statistics.
This result is in agreement with the signal efficierggy~ 60% found in section 4.3.5 using
theZ — up inclusive sample. Based on rejection results for eventsaaing light jets R ~
110) and for events with c jeR¢ ~ 7), we can assume that the contamination of the signal is
essentially due td — uu + ¢ jet events (being the one frath— pu + light jet negligible).

Taking into account the fraction of mistagged events it isstlale to give a final estimation
of signal events and background contamination after al,c{ibcluding b tagging weight).
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Table 4.5 shows the composition (in %) of a selected sigmapsaafter all selection cuts have
been applied.

Samples % Ney =+ Gev
Z—uu+bjet| 25+5 14500+ 200
Z— upu+cjet| 13+3 8500+ 200

tt 45+1.1| 2800+ 200

W — uv 2.94+0.8| 1800+ 200

Z—TT 0.6+ 0.2 4004+ 60

QCDbb 63+ 34 | 330004+ 11000

Table 4.5: Fraction of the total sample (in %) and number gieeked signal and background
events for an integrated luminosity of 1fhafter all selection cuts. The quoted uncertainties
refer to the finite Monte-Carlo statistics.

The composition of the sample can also be seen from theldistyn of the invariant mass
of the muon pair in figure 4.8 (b).
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Figure 4.8: Invariant mass of the two muons after cuts on rmupmuon pair and jets not in-
cluding the b tagging weight cut (a) and including it (b). Thets are normalized to b1
integrated luminosity.

As expected, the most important background after all cutse€QCD pb) jets. This is due
to the fact that the cross section is very high with respec¢héosignal and also because this
background contains true b jets. Cutting on the b tagging hteaiow to reduce background
from samples not containing b jets, but increase the fraaidackground with true b jets in
the selected events.
It is possible to reduce this background reducing the iaveinnass range of the muon pair in
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order to exclude a bigger fraction dil{) events. If | cut on the invariant mass rarige+ 10
GeV (instead of the previous 20M;, < 110 GeV) leaving unchanged all other cuts on muons
and jets, the fraction of the signal sample increases régpéwe background.

Results after applying all cuts on muons and jets in the neariaat mass range oflz+
10 GeV are shown in table 4.6. Errors are due only to stadistic

Samples % Ney =+ Gev
Z— uUu+bjet| 45+9 | 13600+ 200
Z—up+cjet| 24+5 | 7200+ 200

tt 5.1+ 1.5| 1600+ 200

W — uv 0.6+ 0.6| 200+ 200

Z—1T 0.3+ 0.2| 100+ 40

QCDbb 25+ 22 | 7700+ 5500

Table 4.6: Fraction of the total sample (in %) and number gieeted signal and background
events for an integrated luminosity of 1 thafter all selection cuts in the invariant mass range
of My £ 10 GeV. The quoted uncertainties refer to the finite MontdeCstatistics.

In this case the QCDbp) has been reduced and we can also see that the error assaciate
this background estimation is very big due to the limitedistias of the sample itself. More we
reduce the mass range and more the low statistic does nattalloave a precise estimation of
this background.

In order to better estimate the contamination of the signaltd this background further studies
are required with larger QCD jets MC samples. Neverthlestharfuture it will be possible to
reduce the percentage from this backgrond exploiting miffemethods. One of this method
could be to fit on the di-muon pair invariant mass.

In addition, Tevatron experience [47, 48] make us confideat teal data will help in im-
proving the discrimination between signal and Q@b)(ets background. In such a case one of
the main background remainszj{) + c jet . A method to better discriminate this background
from the signal will be discussed in the next chapter.

4.4.2 Ratio of cross sections

In this section | want to give a first estimation of cross settatio between the signal— pu

+ b jet and the inclusiv& — uu + jets cross section using results reported in tables 4.4 and
4.5. Looking at ratios instead of a single cross sectiongs akeful because some systematic
uncertainties can be partially removed.

The value obtained from the analysis described in the pusvsection is the following:
[G(Z — Hp+bjet)

0(Z— pp+ jets)
The uncertainty refers only to the finite Monte Carlo statssti

Janalysis= 0.048+0.001 (4.4)
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We can make a comparison between this result and the themirptediction obtained run-
ning the MCFM [29] program within the same cuts on muons, muan gnd jets that have
been used in the analysis to select the signal (see sec. #h8)cone algorithm 0.4 has been
chosen to define jets and the PDF sets CTEQ6M has been used.

The cross section obtained with MCFM for the signal channil &greement with the one
found from the analysis on Monte Carlo data samples:

[O'(Z — Uu+Dbjet)
0(Z— pu+ jets)

Theoretical uncertainties have been automatically es¢iciay MCFM. They arise from the
choice of the renormalisation and factorisation scaled they also include PDF uncertainty.

ImMcem = 0.0479:+0.0002 (4.5)

The same ratio has been already evaluated by CDF [48] and D@fg¢@riments at Teva-
tron, finding a very good agreement with theoretical préains calculated using the MCFM
program.

4.5 b-tagging algorithm using pp— W (uv) inclusive sample

For analysis using b tagging, the estimation of the backgeurom well-known Standard
Model processes requires to know the tagging and mistaggfingency for the various fla-
vors of jets with high accuracy. The quality of Monte Carlo glation of these properties is
unknown and therefore strategies must be developed to mesiutagging and mistagging ef-
ficiencies directly from data. The b-tagging efficiency carchecked using-enriched samples.

We have seen in the previous section that a non negligibleuatraf background in the
selected sample is due to mis-tagged jets from ¢ and lightkqualhis can be controlled by
looking at the number of tagged jets in data samples thatintipte should not contaib-jets
at first orderW + jets production, for example, is such a kind of events.

TheW + jets events will be available with large statistics, in iéidd jets produced in associa-
tion with W boson will cover the fullpr range of the signal.

The inclusivelW — uv sample has been used to estimate the mis tagging rate astiafunc
of the transverse momentum of the jet produced in assogitdithe W boson.

45.1 Events Selection and Results

| analized events containing a muon frékhdecay within kinematic cuts on muon and jets in
the final state already listed in section 4.3. | recall themehe

e at least one muon in the event with:

- pf > 15GeV;
- |nH < 2.4;

e at least one reconstructed Cone 0.4 jet with:.
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- pi®'> 20 GeV:
- [ni® < 2.5;

After these selections, | looked for events where at leastjenis tagged as ljet by the
b-tagging algorithmwjet > 5). In this way it has been possible to calculate the numbevent
with at least one mistagged jet with respect to the total remolb events as function of the jet
transverse momentuipy.

As we can see in figure 4.9 we expect a mistagging rate at teedétew percent over the full
pt range of the signal per event.

This result is in good agreement with previous results olethusing fast simulation orlel+jet
sample [63].
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Figure 4.9: Mistagging rate di-jets evaluated from fraction of b-tagging jets in the-ppW
(nv) sample: relative error on background level per 5 Ge\pjebin.



Chapter 5

Studies using the FAST simulation

The production of data sample used to perform the analys@udsed in this chapter has been
done inside the Athena framework. The Monte Carlo chosenddyme these data samples is
PYTHIA

The pseudo data obtained with the fast simulation have bgedh lbasically for two reasons: to
perform preliminary studies on the parton distributiondtion of the b quark using different
PDF sets and to study the behaviour of some variables thahe&ignin distinguishing b jets
from c jets. This latter study was done to see if is it posdiblind variables that allow to reach
a better or comparable efficiency and purity of the signalianghrticular a better rejection of
Z(up) + c jet events respect to the one obtained using the b tagggight variable.

5.1 Preliminary studies ofb density function

An important source of theoretical systematic uncertamtt the LHC is represented by the
Parton Distribution Functions (PDF). If the understandaoighe perturbative corrections to
the hard scattering in th2 inclusive andZ+ jets cross sections is in good shape [62], the un-
certainty on the PDFs can limit the accuracy of the theaakpeedictions on cross section
measurements. This uncertainty will limit the differehtieoss section measurements and dis-
tributions of various observables in different channets @ample the transverse momentum,
the rapidity distribution of weak bosons or jets).

In this section | will show a preliminary study involving twahfferent PDF sets in the pp
— Z(up) + jets channel: CTEQ6I [50] and MRST2004 [52]. The study haspilmpose to
give a first rough estimation of the impact of the PDF uncetyaon transverse momentum and
rapidity distribution of theZ boson produced in association to a b-jet.

5.1.1 Monte Carlo Data Samples

The samples used for this study have been generated withvihEllIR Monte Carlo package
[24] interfaced to the library containing informations abdifferent PDF sets: LHAPDF [58].
The detector response has been simulated using the ATLFA8Kage [39].

71
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In order to produce these samples | started from the officlaOption used by the Atlas col-
laboration to generate and fully simulate theppZ(up) inclusive channel [57]. The above
JobOption has been modified to require the presence of atdeasjet in the final state, to
change the PDF sets and to be interfaced to the ATLFAST packag

The following samples have been produced:

e pp— Z(uu) +jets : CTEQSI [50];
e pp— Z(UU) +jets : MRST2004 [52].

The two samples have been generated without requiring aey éih muons from the Z
decay, but asking for a transverse momentum of the the jettgrthan 10 GeV in order to
avoid divegences in the cross sections. 200K events havedaeerated for each of the above
samples. The energy scale and Bjorken variable range ofitydiat each PDF sets is reported
in table 5.1 . For the study discussed in this thesis, the amges are equivalent, since we are
not sensible tax values less than I8 GeV? andQ? bigger than 10 GeV?.

PDF set Xmin | Xmax anin QanaX
(GeV?) | (GeV?R)
CTEQ6l |[10°| 1 1.69 10°
MRST2004| 10 ° | 1 1.25 10’

Table 5.1: Energy scale and Bjorken variable range of validit each set of PDF .

5.1.2 b parton and b jets distributions

In this section | want to discuss if the discrepancies betmtesnsverse momentum or rapid-
ity distributions of the b jets obtained with different PDé&ts are due to the hadronization and
reconstruction procedure or to the intrinsic differencethe treatment of b parton density func-
tion between CTEQ and MRST collaborations. In the latter caseould use this difference
to estimate the uncertainty on differential cross secti@asarements for the Zuft) + b jet
channel due to the b PDF. For this purpose | will show a comsparbetween distributions of
true b quarks (identified from the Monte Carlo Truth) and restarcted b-jets (tagged from the
ATLFAST b tagging algorithm discussed in section 3.3.1).

In order to select th&+b-jet signal | applied cuts both at parton level (on Montel€&ruth
b partons) and at reconstruction level (on ATLFAST b-jetsequired al least one b parton/jet
per event with transverse momentym > 15 GeV, and inside the pseudorapity rafige< 2.5.
Motivations for these choice have been already discussgelition 5.2.1.

Figure 5.1 assures that detector effects do not modify thpesbfpr and rapidity distribu-
tion of the b jet. They have been obtained using the CTEQG6| RiDFosit same results can be
obtained using MRST2004. All the plots are normalized to tim@iber of entries.
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The difference in transverse momentum and rapidity distiaims of the b-jet using the two
PDF sets is shown in fig. 5.2. The plots are normalized tb1® of integrated luminosity.
Only in the central rapity and low transverse momentum ithistions we have differences of
~ 5% between the two sets of PDF. Neverthless comparing ths#odtions with fig. 5.1 we
can conclude that the only discrepancy that can be useditoatstthe uncertainty on differ-
ential cross section measurements for the Z+b jet chanretalthe b PDF is the one in the
central rapidity region: this discrepancy is absent whemarapare Monte Carlo true b quarks
with ATLFAST reconstructed b-jets. This should mean that discrepancy is not due to the
hadronization or to the reconstruction procedure, but tiffardnce between the two PDF sets.
The same does not happen in the transverse momentum distng&luwhen we compare the
Monte Carlo true b quarks and the ATLFAST reconstructed ®#@dmentum distribution we
see that it already presents a discrepancy in thegpwegion.

Anyway further studies including errors associated to tB& Bhould be done in order to give
a more precise estimation of this discrepancy.

5.2 Studies of background from Z+c-jet

The measurement of tti+ b-jet cross section will be limited by systematic uncentias and
one important source of systematic uncertainty is relabetthé background due to c-jets that
are misidentified as b-jets.

The identification ob-jets takes advantage of several of their properties wHhiokvaus to dis-
tinguish them from jets which contain only lighter quarksesFof all being the fragmentation
hard, theb-hadron retains about 70% of the origifiejuark momentum. Furthermore, the mass
of b-hadrons is relatively highX 5 GeV), thus, their decay products have the opening angle
of the decay products large enough to allow separation aaya transverse momentum with
respect to the jet axis. The third property is the relativehg lifetime of hadrons containing a

b quark, of the order of 1.5 pst ~ 450um). | remind here (see also sec. 3.2.2) thittedron

in a jet with pr = 10 GeV will therefore have a significant flight path length= pBycrt, trav-
eling on average about 1 mm before decaying. Such displasides can first be identified
inclusively by measuring the impact parameters of the g&akm theb-hadron decay products.
As already mentioned in section 3.3.1, | remind that thesivarse impact parametel, is the
distance of closest approach of the track to the primaryexgobint, in ther — ¢ plane. The
longitudinal impact parametes, is thez coordinate of the track at the point of closest approach
in the beam line direction. The tracks frdsrhadron decay products tend to have rather large
impact parameters which can be distinguished from traemrsiing from the primary vertex.
This approach will be referred to later oniagpact parameter b-tagging

Finally, the semi-leptonic decays bfhadrons can be used by tagging the lepton in the jet. In
addition, thanks to the hard fragmentation and high masshafdrons, the lepton will have a
large momentum relative to the jet axis. This is the so-dadleft lepton taggindthe lepton
being soft compared to higpr leptons from Z decays).

In this section I will discuss the behaviour of some varialtkat could be used to distinguish
Z+b-jet fromZ+c-jet events, with the goal of being able to measure both tffevents. | am
also going to show that, rather than cutting on the singléalbéas, an alternative approach
for the precise estimation of such background could be aikwiate Analysis where selected
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variables are taken into account simultaneously by a comglgorithm (i.e. Neural Network,
Likelihood Estimator, etc) to discriminate between sigaadl background. The description of
these algorithms can be found in [55].

This study is motivated by the idea to find variables différfeam the ones used so far to
construct the b tagging weight and to see if they can be coedldimsuch a way to increase the
purity of Z+b-jet sample, reducing the background from mistaggectjet events.

5.2.1 Simulated Data Sample and Event selection

All the samples have been generated with the PYTHIA MontedJaatkage [24]. The detector
response has been simulated using the ATLFAST package [39].

In order to produce these samples | started from the officlaOption used by the Atlas col-
laboration to generate and fully simulate theppZ(uu) inclusive channel [57]. The above
JobOption has been modified to require the presence of atdeaget of a precise flavor asso-
ciated to theZ boson in the final state and in order to be interfaced to theFNRT package.
The contribution from virtual photon production (Drell4+Yawas switched off.

The following samples have been produced:
e pp—Z— up+bjet+X;
e pPp—Z— Uu +cjet+ X

From now on | will not include the X letter in mentioning thengales, implying that each
sample in the final state can contains other particles aagyjetuced in association to the lead-
ing process.

The above samples have been produced in two ways: first wigthtlom hard process and sub-
sequent fragmentation and conversion of partons into msditwat can decay if they are not
stable (but any initial or final state radiation (ISR, FSR) andarlying event (UE)) and second
including also ISR, FSR and UE (for more details see sec. )3.Eadt simplicity from now on |
will refere to the first kind of samples asly hard processamples implying that hadronization
and decay of unstable particles are always included. Pilatepactions coming from superpo-
sition of different events are not present in the produceddas.

The number of generated events, Pythia cross sectionsip@tesaand the corresponding inte-
grated luminosity are reported in Table 5.2.

Only hard process Hard process + ISR, FSR, UE
Process| Events Pythia J Ldt Pythia J Ldt
Cross Section (pb)| (pb™1) | Cross Section (pb)| (pb™?)
Z +b-jet| 50K 40.03 1250 40.47 1235
Z+c-jet| 50K 49.48 1010 49.41 1010

Table 5.2: Number of generated events, Pythia cross sscéind integrated luminosity for
generated samples.
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The analysis has been perfomed using the informationscsiot@ the ntuples, in particular
the muons, the jets and the tracks blocks already definectiiores.3.1.
The Cone 0.4 jet algorithm has been used for the jet reconistnuc
As it has been shown in the previous chapter cuts on muons aod pair do not influence the
distributions of jets, so in order not to loose statisticetiled to cut only on jets. | required
at least one jet in the event with transverse momem’fﬁ%> 15 GeV and inside the rapidity
range|n¢| < 2.5.

In table 5.3 the number of events obtained after applyingéhection cuts on the generated
samples with only hard process is shown.

MC TRUTH (HARD PROCESS ONLY) | ATLFAST (HARD PROCESS ONLY)
Cuts Z+ b-jet Z+c-jet Cuts Z+b-jet | Z+c-jet
Events Events Events | Events

atleast 1 MC jet 43542 48332 atleast 1 reco jet 31793 38388
p’Tet >15GeV | 28488 32146 p’Tet >15GeV | 24586 29689
In’et < 2.5 23740 26953 Ine <25 20297 24565

Table 5.3: Number of events after cuts (only hard process).

In table 5.4 the number of events obtained after the selectits on the generated sample
with also ISR, FSR and UE switched on is shown.

[ MC TRUTH (FULL PROCESS)

[ ATLFAST (FULL PROCESS)

|

Cuts Z+bjet | Z+cjet Cuts Z+bjet | Z+cjet
Events | Events Events | Events

atleast1 MC jet 47858 | 49527 | atleast1lrecojet 37895 | 43961
p® > 15GeV | 34160 | 39569 | pl >15GeV | 28647 | 35368
Inie <25 30080 | 35408 Ine <25 24598 | 30963

Table 5.4: Number of events after cuts (ISR, FSR and UE swdtcing.

For the selected events the following variables have begtiest:

¢ invariant mass of charged tracks in the jet;

e maximum impact parameter among the charged tracks in the jet

e relative transverse momentum between the jet axis and tididste muon from b or ¢

decay.

In section 5.2.2 the results obtained using only the first tdvthese variables will be dis-
cussed. In section 5.2.3 also the relative transverse miomewill be added to perform the

analysis.
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Multivariate Analysis

In the following sections the preliminary results obtairethlyzing the variables described
above with the Toolkit for Multivariate Analysis (TMVA) [35will be shown.

The analysis proceeds by first choosing variables that chmihalistinguishing signal from
background events. For each variable, statistical prigsdike mean, variable ranges are com-
puted to search for optimal cuts. Cut optimisation requiresestimator that quantifies the
goodness of a given cut ensemble. TMVA provides a ROOT [5@jgirated environment for
the evaluation of multivariate classification techniqueagsifiers) and the user can choose be-
tween a whole set of such classifiers. Maximising this egomainimises (maximises) the
background efficiencyg (background rejectiomg = 1 — gg) for each signal efficiencys.

The main advantage in using a Multivariate Analysis is esaiynbecause it does not apply
cuts on variables in sequence, but it makes a combinatiohaden variables in order not to
reduce the initial sample (like we do when we cut sequegjiaihd to enhance efficiency on
signal selection and backgroud rejection. TMVA is widelgds$n High Energy Physics.

For this first exercise | have used the following three cfessi Fisher Discriminant, Multi
Layer Perceptron (MLP) Neural Network and Likelihood Esttor.

The Likelihood Estimator consists of building a model of lpawility density functions that
reproduces the input variables for signal and backgroundafgiven event, the likelihood for
being of signal type is obtained by multiplying the signadlpability densities of all input vari-
ables, and normalising this by the sum of the signal and bacikgl likelihoods. Correlations
among the variables are ignored.

The Fisher Discriminant event selection is performed iraagformed variable space with zero
linear correlations, by distinguishing the mean valueshef gsignal and background distribu-
tions. No discrimination at all is achieved when a varialds the same sample mean for signal
and background, even if the shapes of the distributionsemedifferent.

The Multi Layer Perceptron organizes the neurons in layedsaaly allowing directional con-
nections from one layer to the immediate next one. Each tiwesd connection between the
output of one neuron and the input of another has an assoeieight. The value of the output
neuron is multiplied with the weight to be used as input vdtwehe next neuron.

A typical TMVA analysis consists of two indipendent phases:

- the training phase, where the multivariate classifierstai@ed, tested and evaluated,
using two separate input data files: one for the signal andartee background;

- the application phase, where the trained classifiers grkegito the classification prob-
lem implemented by the user in the analysis, using a morestieahput data file with a
mixture of signal and background events.

So far only the training phase has been implemented in tlalysis. Work is in progress to
implement also the application phase.

The Multivariate Analysis has been performed on the sampifls ISR, FSR and UE
switched off, in order to have a better control on the vagabl
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5.2.2 Impact parameter and invariant mass tracksb-tagging

Several techniques can be adopted to determine the heawy fdamtent of a jet in order to
extract the fraction of b jets. Here | will focus on the two pide discriminating variables:

e masstracks invariant mass of all the charged tracks inside a adRe= 0.4 around the
jet axis;

e dOmax maximum impact parameter among all the charged trackdarsscon@AR = 0.4
around the jet axis.

Due to the presence of neutral particles that do not leaekgrim the Inner Detectora full
reconstruction of the invariant mass is not possible. 8télinvariant mass of charged tracks
can constitute a good discrimination between jets contgibiand c quarks.

Figure 5.3 shows the invariant mass of all the charged trexshde a bottom and charm jet in
Z+blc jet events in the case of the only hard process (a) amthalso ISR, FSR and UE were
switched on (b). What we can conclude from this figure is thatder to discriminate between
the two different flavors of the jets we can cut on this vaeahbk it will be shown in the follow-
ing. For future analysis a better use of this variable coelddfit the shape of the distributions
since they look different between bottom and charm jets.
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Figure 5.3: The invariant mass of the charged tracks in a 0bA® = 0.4 respectively for only
hard process (a) and full process (b) for Z+b jet (black) and jét (red) events. Histograms
are normalized to the number of entries.

Another good discriminating variable between b and ¢ quisritse impact parameter itself:
as already discussed | expect to have a greater impact paraimethe b-hadrons events with
respect to c-hadrons, mainly due to the longer life time afrbas containing b quarks respect
to hadrons containing ¢ quarks. This is confirmed by the fig.vthere the dOmax ditribution
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Figure 5.4: The maximum impact parameter among the chargekistin a cone oAR = 0.4
respectively for only hard process (a) and full processgbyftb jet (black) and Z+c jet (red)
events. Histograms are normalized to the number of entries.

for tracks coming from bottom or charm jets in Z+b/c jet arewgh.

In order to show the effect of different cuts on the invariaaiss of charged trackn@sstrackg
and on the maximum impact parametd®@fax, | define theefficiencyin selectingZ — pu +
b jet (5.1):

where (\p) is the number of Z+ b-jet events (signal) after cuts on jatb@n different values
of the chosen parameter, whitas the number of signal events after only the cuts on jets.
| define for the background ttrejectionfactorr for Z — upu + c jet events (5.2):
Ne

r:l—E (5.2)

where () is the number of Z+c-jet background events after cuts angetd on different
values of the chosen parameter, wtlés the number of background events after only the cuts
on jets.
Errors associated tfficiencyandrejectionhave been calculated propagating errors on the num-
ber of selected events (for exam@disl, = /Np).

The following results are obtanined from the sample of 50&nes with only the hard pro-
cess switched on. Table 5.5 shows efficiency and rejecticorf@btained for different cuts on
dOmaxvalue.
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cuts onj[dOmay | Efficiency Rejection
Z+b Z+c

no cuts 1.00+0.01

>1mm 0.83+0.01| 0.36+ 0.01
> 2 mm 0.66+0.01| 0.67+£0.01
>3 mm 0.524+0.01| 0.814+ 0.02
>4 mm 0.414+0.01| 0.894 0.02
>5mm 0.33+0.01| 0.93+0.03

Table 5.5: Efficiency and rejection factor when cutting oma@.
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Table 5.6 shows efficiency and rejection factor obtaineddfferent cuts ormasstracks

value.

cuts onmasstracks| Efficiency Rejection
Z+b Z+C
no cuts 1.00+ 0.01
> 0.5 GeV 0.90+0.01| 0.16+0.01
> 1GeV 0.80+£0.01| 0.34+0.01
> 2 GeV 0.54+0.01| 0.62+0.01
> 3 GeV 0.36+0.01| 0.77+0.01
> 4 GeV 0.24+0.01| 0.85+ 0.02
> 5 GeV 0.17+0.01| 0.90+ 0.02
> 6 GeV 0.12+0.01| 0.93+ 0.03

Table 5.6: Efficiency and rejection factor when cuttingmasstracks

The table 5.7 shows efficiency and rejection factor obtagwdbining cuts on botdOmax

andmasstracks

After the analysis on the single parameters cuts and on théication of them, | can define
some ranges of values where the efficiency and the purityeo$étected events are quite good.
For the|dOmax parameter, the range is defined as [HOmax < 3 mm and for thenasstracks
the range is defined asf)< masstracks< 1.0 GeV. Using these cuts | can achieve an efficiency
of about 60% and a rejection factor of about 65-70%.

Results from Multivariate Analysis

The same two variables used above, can be used as the in@i@ato train the three TMVA
classifiers. The distributions of the input variables faynsil and background are shown in

figure 5.5.

It is useful to quantify the correlations between the in@riables. These are drawn in form

of a correlation matrix in figure 5.6.
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cuts on 2 variables

Efficiency
Z+b

Rejection
Z+c

masstracks> 0.5 GeV
&
|[dOmax > 1 mm

0.78+0.01

0.43+0.01

masstracks> 0.5 GeV
&
|[dOmax > 2 mm

0.63+0.01

0.69+ 0.01

masstracks> 0.5 GeV
&
|dOmax > 3 mm

0.50+0.01

0.83+ 0.02

masstracks> 1 GeV
&
|dOmax > 1 mm

0.70+ 0.01

0.53+0.01

masstracks> 1 GeV
&
|[dOmax > 2 mm

0.57+0.01

0.754+0.01

masstracks> 1 GeV
&
|[dOmax > 3 mm

0.45+0.01

0.86+ 0.02

81

Table 5.7: Efficiency and rejection factor when cutting bathdOmax and omasstracks
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Figure 5.5: Input variable distributions to train the TMVAassifiers.

The resulting relations between background rejectionugesgynal efficiency are shown in

figure 5.7 for the three classifiers.

Looking at the rejection background versus efficiency digihat (fig. 5.7) it is clear that
the Likehood Estimator is the best discriminating methothwain efficiency ot~ 70% with a
background rejection factor af 60%. The motivation can be explained if we consider that in
the Likelihood Estimator method the event selection is@sséy done fitting the histograms of
input variables, while in the method of Fisher Discrimintr event selection is performed by
distinguishing the mean values of the signal and backgralistdbutions. No discrimination
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Figure 5.6: Correlation between input variables: linearaation coefficients for the signal (a)
and background (b) training samples.

is achieved when a variable has the same sample mean fot aigghldackground, even if the
shapes of the distributions are very different: as it candamsn fig.5.5, this is the case of the
dOmaxparameter.
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Figure 5.7: Background rejection versus signal efficiendgioled by cutting on the classifier
outputs for the events of the test sample.

A comparable result can be also achieved if we cud®may > 1 mm andmasstracks> 1
GeV (see table 5.7), but the advantage in using a Multivawatalysis is that we do not loose
statistics cutting on variables. Neverthless, if we wantgach a better value for rejection in
order to have sample with a small background, it is convengefind additional discriminating
variables to introduce in the Multivariate Analysis. Theésahat | am going to show in the next
section.
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5.2.3 Soft muon b-tagging

I now want to exploit the features of the events which congamuon from b or ¢ decay. The
branching fraction of a b or c jets into leptonsas10% [1]. In spite of the poorer statistics,
the sample containing a muon has a very clean signature ghgpfiimuon at large angle with
respect to the jet axis. In the following | will refer to theseions asion isolatedmuons, to
distinguish them from the isolated muons from Z decay.

The analysis has been done comparing statistics and disbriis obtained from the truth
Monte Carlo informations (called from now &C TRUTH), with those obtained with the fast
simulation (labelled a8TLFAST).

Since Monte Carlo jets are built from the truth particles,hat truth level it is possible to
distinguish among three different categories:

e muons that come directly from a B hadron inside a b jet ,

e muons that come from a D hadron that has been produced thtieeiglecay of a B hadron
inside ab jet,

e muons that come from a D hadron inside a c jet .

The Z + b jet sample contains the first two categories, whigeZh+ ¢ jet sample contains
only the third category.
| remind that in ATLFAST the jet is labelled as b (¢ ) if a b qudckquark) with apt above
6 GeV, in a pseudorapidity rangr| < 2.5, lying in a cone ofAR < 0.3 is found. If not, it is
labelled as a light jet (see section 3.3.1). ATLFAST varahilo not allow to separate muons
that come directly from a D hadron inside a c¢ jet and muon frdnheadron produced after the
decay of a B hadron inside a b jet (at parton level this is exjeitt to the decalp — c). This
explains why there are more b jet events in the ATLFAST saroptapared to what | should
expect from MC truth.

To select a non isolated muon and to distinguish it from themsufrom the Z boson, (after
requirements on these muons), | asked for:

- p¥ <20 GeV

- ARy_jet < 0.4

- My <70 GeV

whereM,, is the invariant mass in case more than two muons are prestTe event.
These cuts are complementary to the ones used to seled¢edat@ons from the Z decay (see
section 4.3.2).

Tables 5.8 and 5.9 show the composition on the final sampiesadifthe cuts just described.

Figure 5.8 shows the muon transverse momentum from true b gatsl (from MC Truth in-
formation) in the only hard process sample (a) and when 8Ro FSR, UE have been switched
on (b).
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MC TRUTH ATLFAST
Z+b | Z+b—c | Z+c | Z+b | Z+cC
495 735 769 | 1055| 645

Table 5.8: Number of events with a third muon (only hard psscavitched on).

MC TRUTH ATLFAST
Z+b | Z+b—c | Z+c | Z+b | Z+cC
628 925 1114| 1974 | 1396

Table 5.9: Number of events with a third muon (ISR, FSR and Uicked on).

| Transverse momentum of muon | |_Transverse momentum of muon |
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Figure 5.8: Transverse momentum of muon from true b and dnetdC samples with only
hard process (a) and with also ISR, FSR, UE switched on (b).

Figures 5.9 (a) and (b) show the angular distance between amobtrue jets obtained using
MC truth variables respectively for sample with only hardgess and with also ISR,FSR and
UE switched on. Figures 5.9 (c) and (d) show the s&Rg_ je distribution obtained from the
ATLFAST reconstructed variables. The plots in figure 5.99ajl 5.9 (b) have been obtained
requiring p# > 6 GeV and|n*| < 2.5, namely the same cuts used in ATLFAST for muon
reconstruction (see section 3.3.1).

Relative transverse momentum between muon and jet axis

To the two discriminating variables used in the analysisulised in sez. 5.2.2, another possible
discriminating variable can be added when a beauty or charmkgdecay into a muon: the
relative transverse momentum between the muon and theiget lxs defined as:
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Figure 5.9: Angular distance between muon and MC jet in thggdawith only hard process (a)
and with also ISR, FSR, UE switched on (b). Angular distancevéenh muon and ATLFAST
reconstructed jet in the sample with only hard process (@Wéth also ISR, FSR, UE switched
on (d).

pRel = | pj| sin(arccog D PIet ) (5.3)
| Pl | Pet]
A schematic draft opR® is shown in figure 5.10.
Due to the bigger mass of the b quark, muons from b jets showe ap.F;e' value greater
than muons from c jets, as it is shown in the plots in fig. 5.I1bfmh Monte Carlo truth and
ATLFAST.
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Figure 5.10: Relative momentuﬂe') of muon respect to the jet axis.

For this analysis three variables were used to discrimiBatejet from Z+c jet events:
e ptrel : relative transverse momentum between muon and jet,

e masstracks invariant mass of all the charged tracks inside a abiRe= 0.4 from the jet
axis,

e dOmax maximum impact parameter among all the charged trackdarssconéAR = 0.4
from the jet axis.

Efficiency and rejection as a function of cuts on single \a@ds, are shown in fig. 5.12.

The table 5.10 shows efficiency and rejection factor obthowmbining cuts on two vari-
ables amon@?®!, domaxandmasstracks while the table 5.11 is obtained combining cuts on
all the three parameters.

Summarizing the results, | can obtain a good efficiencyg0f0% and purity of~ 80%
when cutting in the following ranges: <4 |[dOmaxX < 3 mm , 10 < masstracks< 2.0 GeV and
0.5< pRel < 1.0 GeV.

Results from Multivariate Analysis

The variables used to train the three classifiers are thedesesibed above.

Since only a fraction of 10 % of beauty and charm quark decay into muons, if | require
the precence of at least one non isolated muon (definied a&stios 5.2.3), the sample will be
reduced to a factor 4-6 % of the initial sample. Due to a non sufficient sample ofidated
data, for this analysis | increased the statistics of thigaindata samples to 350k events (hard
process only).

The distributions of the input variables for signal and lgaokind are shown in figure 5.13.
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Figure 5.11:p$eI between muon and MC true jet in the sample with only hard m®e¢a) and
with also ISR, FSR, UE switched on (bpR®! between muon and ATLFAST reconstructed jet
in the sample with only hard process (c) and with also ISR, FSRsWitched on (d).

Figure 5.14 shows the correlations between the input @sab

Figure 5.15 shows the classifier output distributions fgnal and background events from
the test sample. By TMVA convention, signal (backgroundés@ccumulate at large (small)
classifier output values. Hence, cutting on the classifigpudul can select the signal sample
with efficiencies and purities that respectively decreas®iacrease with the cut value. The
resulting relations between background rejection vergyrsak efficiency are shown in figure
5.16 for all classifiers that were used in this work.

By a preliminary glance at the plots of figure 5.15, it is pokesib see that the Likehood
Estimator is the best discriminating method, also if respethe previous study with only two
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Figure 5.12: Efficiency and rejection after applying cutsrelative tranverse momentum be-
tween muon and jetp®) (a), on the maximum impact parameter among all tracks énié

jet (dOmax (b) and on the invariant mass of all tracks inside thernedgstracks (c).

Table 5.10: Efficiency and rejection factor when cuttingpﬁﬁ' anddOmax

cuts on 2 variables | Efficiency Rejection
Z+b Z+c
pRe'> 0.5 GeV
& 0.73+ 0.05| 0.73+ 0.08
|[dOmax > 1 mm
pRe'> 0.5 GeV
& 0.60+ 0.04| 0.86+ 0.12
|dOmax > 2 mm
pRe'> 0.5 GeV
& 0.46+ 0.03| 0.94+ 0.20
|dOmax > 3 mm
pReT> 1 GeVv
& 0.4440.04| 0.95+0.20
|[dOmax > 1 mm
pReT> 1 GeVv
& 0.72+ 0.03| 0.68+ 0.07
masstracks> 1 GeV

variables, in this case the difference among all methodstishrat appreciable. This result de-
pends on how the three methods are built, as already distiussec.5.2.2.

In the future the combined use of those methods and the cisopamong results obtained
with different techniques can provide a powerful tool to ttohthe systematics. Templates
must be constructed from the best possible signal and bagkgmodels.
Other systematic effects on cross section meausuremdtendiscussed in the next chapter.
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Table 5.11: Efficiency and rejection factor when cuttingpi!, masstracksanddOmax

cuts on 3 variables

Efficiency
Z+b

Rejection
Z+c

pRe'> 0.5 GeV
& mass.tracks> 0.5 GeV
& [dOmax > 1 mm

0.71+ 0.05

0.74+ 0.09

pRe'> 0.5 GeV
& masstracks> 1 GeV
& [dOmax > 1 mm

0.66+ 0.04

0.77+ 0.09

pRe'> 0.5 GeV
& mass.tracks> 2 GeV
& [dOmax > 1 mm

0.49+ 0.04

0.85+0.12

pRe> 0.5 GeV
& mass.tracks> 3 GeV
|dOmax > 1 mm

0.32+ 0.03

0.90+ 0.15

pRe> 0.5 GeV
& mass.tracks> 2 GeV
& [dOmax > 2 mm

0.41+ 0.03

0.90+ 0.15

pRe'> 0.5 GeV
& mass.tracks> 0.5 GeV
& |[dOmax >3 mm

0.45+ 0.03

0.94+0.19

pRe'> 0.5 GeV
& masstracks> 1 GeV
& |dOmax > 2 mm

0.55+ 0.04

0.87+0.13

Normarzes

Figure 5.13: Input variable distributions to train the TM\¢hassifiers.
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Figure 5.14: Correlation between input variables: linearadation coefficients for the signal
(a) and background (b) training samples.
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Figure 5.15: Classifier output distributions for signal aadkground events from the test sam-
ple. Likelihood Estimator (upper plot), Fisher Discrimmgmiddle plot) and MLP-NeuralNet
(bottom plot) are shown.
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Figure 5.16: Background rejection versus signal efficiertatpimed by cutting on the classifier
outputs for the events of the test sample.



Chapter 6

Systematics Uncertainties

The uncertainties on cross section measurement due torstiteeffects have been neglected
in the analysis discussed in the previous chapters. Heieflyodiscuss the major contributors
to the systematic uncertainty on-2 uu + b jet cross section measurement.

The primary concern arises from the determination of jerggnscale and estimation of
b-tagging efficiency and rejection, which may alter the siengpmposition significantly. One
of the main theoretical uncertainties originates from theautainty on the parton content of the
proton (PDF) that affect calculation of signal and backgisbaross sections.

6.1 Jet Energy scale

Errors due to a miscalibration of the jet energy scale (JESEgpected to be one of the domi-
nant systematics for the determination ofiZ() + b jet cross-section.

The evaluation of JES uncertainty was done for Zh@V + jets channels [44, 65], in first ap-

proximation we can consider that the obtained results dain@bge much when we replace a
light jet with a b jet.

If the energy is miscalibrated by a positive correction, en@ts pass the selection cut and
therefore there will be more high multiplicity events andexiersa when the energy is miscali-
brated by a negative correction.

Figure 6.1 shows the relative systematic error on the ratavden measurement and theory for
the inclusive Z €"e™) + jets cross section (a) and for the transverse momentuhredéading
jet (b) expected for different uncertainties on the Jet Byn&cale. Ratio of 1 correspond not to
have systematic uncertainties.

ATLAS expects a limited precision on the jet energy scalenmfirst years, starting from un-
certainties at the level of 10% and converging eventuallyatas 1% : 1% corresponding to the
experiment challenging goal, 3% turn-on expected valués idr the worst case. If 3% error
on JES is achived in early data, the systematic uncertaimth® inclusive cross section is at
the same level as the sum of all the other statistical an@saic uncertainties. In this case,
the overall precision on the data/theory ratio expecteti wie first fo! of data is at the level
of 8-15% for topologie with 1-3 jets.

In the worst scenario, a jet energy scale uncertainty of 188alts in the dominant error on the

93
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cross section. In this case, the total uncertainty on thescsection is at the level of 15-30%.
But, if it is achieved the challenging uncertainty in JES of, ¥stematic errors decreases to
less than 0.5 %.
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6.2 PDF

An important source of theoretical systematic uncertamtin cross sections measurements at
the LHC is represented by the Parton Distribution Funct({®i3F). In the last years the PDF’s
knowledge has largely improved mainly thanks to HERA [60]isTimprovement reduces the
error on the Z + jets cross section calculations: each PDdtggnow quotes uncertainties lower
than 5%. The effect of such uncertainty on the on the ratio @sarement and theory for the
inclusive Z g"e") + jets cross section and and for the transverse momentuhne déading jet,
has been shown in figure 6.1. We can conclude that it becorsgsngortant respect to other
systematic effects with the increasing of jets multiplicind/or of the transverse momentum
of the leading jet. Neverthless the estimation of above wazed using the CTEQS pdf set,
using different sets it has been shown that they are in agremithin an error of- 8% [61,62].

Since at leading order the Z + b jet production can have ofigim the interaction of a
gluon and a b quark and because up to now the knowledge on tha&dnt of the proton is less
precise respect to the light quarks that can give origin &ozht jets process [10], we expect
that the error on the cross section measurement due to theuR@#ftainty will increase of a
few percent respect to the one quoted for the inclusive Zgeannel.
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6.3 b-tagging algorithm

Vertex tagging of jets requires fine tuning of the inner dieteperformance. Determination of
the b-tagging efficiency requires careful study of conteshples. The b-tagging performance
has been studied for several physics channels considdfiagedt tagging algorithms [46].

The contributions to the b tagging uncertainties have wdffe origins: they come from the
impact of the tracker material on performance, the setisitiv the calibration of tagging algo-
rithms, the impact of the pixel detector conditions, thes#@sity to the Monte Carlo modelling.
The overall impact is expected to be a 10-15% relative chantight jet rejection power. The
impact on b tagging performance due to each contributiorsisudsed in detail in [46].

In section 4.5 | discussed a strategy to measure the misiguggiie directly from data using
the W — uv inclusive sample that does not contain b-jet at the first ondgerturbartion
theory. The result is that this method allows to keep theagging below a value of 5% for the
gauge boson transverse momentuntdf00 GeV. So far no study in ATLAS has estimated the
accuracy with which fake rates can be measured. Howevegdlh@msthe Tevatron experience,
it seems that a 10% relative error could be achievable withpto1.



Conclusions

The production of a Z boson together with jets containingvigeguarks (c, b) is an impor-
tant signal at the hadron colliders. In this analysis | hanesgented a feasibility study of the
production ofZ bosons decaying to muons in association with b-jets peddrmith a set of

simulated fignal and background Monte Carlo samples carnefspg to an integrated luminos-
ity of 1fb—".

This channel will serve as one of the Standard Model bendkerfar physics analyses as

well as Beyond Standard Model signals. Furthermore, it s&TEs a clear and high statistics
channel to perform studies on the b parton content of theopr(®DF). The precise measure-
ment of Z + b jet cross section will help in reducing the cutrencertainty on the partonic
content of the proton. Such uncertainty is presently afigahe potential for discovering new
physics at LHC.
In order to measure the cross section when the experimeinstait to take data, we need to
have a good control of the possible background and of theipahsources of systematic uncer-
tainties. The main aim of this work has been to develop aisatgshniques in order to evaluate
the contamination of the signal from backgrounds and toyspagsible methods to extract sig-
nal from such backgrounds.

Z — uu + b jet events suffer from two different kind of background$e first consists of
events not containing a Z that decay into a muon pair, butvitvg muons in the final state that
pass the isolation criteria appearing as muons from Z boBoassociation to muons at least
one jet is reconstructed and identified as a beauty jet. Ténemats arett events involving at
least one semileptonic decay in muon;-Z11 events with subsequemtdecay into muon, W
— UV with a second muon coming from a jet or a second fake muon and Qdi)jet events
filtered to favour the presence of real muons or hadrons emsiiied as muonsp events). The
second originates from events containing a Z boson decayioga muon pair (as the signal),
but with a c or light jet mis-identified as a beauty jet. Thesea (uu) + c/light jet events.

It has been shown that the former, except Q®D) fets production, can be reliably estimated
from current Monte Carlo predictions, although in situ vesfion with data will be needetb
background dealing with rare fluctuations of large crossi@@@rocesses can only be crudely
estimated from current Monte Carlo simulation. With the sigta cuts used in the analysis
presented in this work we expect to select the signal eveittsam efficiency of of~ 40%

for an integrated luminosity of 1ft}, corresponding to a few months of running at moderate
luminosity (0.3nb~1s™1). The dominant contribute to the background comes frompjegduc-
tion in QCD processesl). The backgrounds frori ,Z — 17, W — pv and Z + light jet are
negligible, while the contamination from Z + c jet should Helee order of 10- 30% . The
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main limitation to the background estimation comes fromlitmited statistic of the available
Monte Carlo samples, especially the QQib) sample: after selection cuts only a few events
remain and the statistical error is really big. In order ttidreestimate the contamination of the
signal due to this background further studies are requiiddlarger MC samples. Neverthless,
| showed that it is possible to reduce the percentage frosackground optimizing cuts on
the variables and exploiting different methods to distisgwsignal from background (like fit on
the di-muon pair invariant mass). In addition, Tevatronezignce [47, 48] make us confident
that real data will help in improving the discrimination Ween signal and QCIbb) jets back-
ground. In such scenario one of the main backgrounds to heeeds from Z + c jet events
where the c is mistagged as a b jet.

The second part of this work concerned the study of a strateggduce this background re-
ducing the mistagging rate of c jets. Two different methoalstdgging of b jets have been
considered, which allow for the selection of samples wiffedent levels of efficiency and pu-
rity: the first is based on the impact parameter of tracks@ata to the jet and on the invariant
mass of these tracks, the second includes also the traasedéstive momentum between muon
and jet for events containing a third muon coming from theideptonic decay of a B hadron
inside the b jet. In the latter case the suppression of thkgoaand is certainly better, but the
statistic sample is strongly reduced. In both cases | ily&®td the potential of different tech-
niques and | showed that is possible to have a better digtaiion (especially for the case with
a third muon) using a Multivariate Analysis.

With the first method (impact parameter and invarian masging) it is possible to reach a
signal efficiency in selecting Z+ b jet event 8f70% a rejection factor of background events
of ~ 60%, while with the second method (soft muon tagging) theiefiicy is~ 90% and the
rejection isx 60%.

The first method can be useful in a first phase when the statdtibe quite small, while the
second (which exploit the third muon in the event) can be wgeeh the statistic will be im-
proved.

In the future the combined use of those methods and the casopaaimong results obtained
with different techniques can provide a powerful tool to ttohthe systematics and templates
must be constructed from the best possible signal and bagkdmodels.

Furthermore, | have investigated the possibility to cdntihe mistagging rate directly from
data. The b-tagging efficiency can be controlled by lookindp@ number of tagged jets in data
samples that in principle should not contain b jets at firdiegrlike W + jets events. What |
have shown is that we expect a mistagging rate per event hb®% over the fullpt range
of the signal.

The uncertainties on signal efficiency and background coimation in the selected sample
due to systematic effects have been neglected in this asalyg important elements of the
systematic errors that will affect the cross section meament of the Z— uu + b jet channel
have been enumerated and discussed. The main contribatsystematic uncertainties come
from the determination of jet energy scale, the estimatidn-tagging efficiency and rejection
and from the uncertainty on the parton content of the proRIDF). The overall systematic
uncertainty on cross section measurement considering these contributors is expected to be
between 15% and 30% depending essentially from the perforenand the knowledge of the
ATLAS experiment.
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