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Chapter 186

Theory Introduction87

1.1 Introduction88

In this chapter a brief overview of the Standard Model is given, introducing the Higgs89

mechanism, the production at hadron colliders and the sensitivity prospects.90

1.2 Particles and Interactions91

The accepted model for elementary particle physics views quarks and leptons as the92

basic constituents of ordinary matter. Particles interact via four known basic forces –93

gravitational,electromagnetic, strong, and weak – that can be characterized on the basis94

of the following four criteria [1]: the types of particles that experience the force, the95

relative strength of the force, the range over which the force is effective, and the nature96

of the particles that mediate the force. The electromagnetic force is carried by the97

photon, the strong force is mediated with gluons, the W± and Z0 bosons transmit the98

weak force, and the quantum of the gravitational force is called graviton. A comparison99

of the (approximate) relative force strengths is given in Table 1.1. Gravity, on a nuclear100

scale, is the weakest of the four forces and its effect at the particle level can nearly always101

be ignored [1].102

The quarks are fractionally charged spin-1
2

strongly interacting particles which are

Type Relative Strength Field Particle
Strong 1 gluons

Electromagnetic 10−2 photon
Weak 10−6 W± Z0

Gravitational 10−38 graviton

Table 1.1: Relative strength of the four forces for two protons inside a nucleus.

7
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name symbol Q B S c b t
up u 2

3
1
3

0 0 0 0
down d −1

3
1
3

0 0 0 0
strange s −1

3
1
3

−1 0 0 0
charm c 2

3
1
3

0 1 0 0
bottom b −1

3
1
3

0 0 −1 0
top t −1

3
1
3

0 0 0 1

Table 1.2: Quark quantum numbers: charge Q, baryon number B,strangeness S, charm
c, bottomness b, and topness t.

known to form the composites collectively called hadrons:
{

qq̄ (quark + antiquark) mesons integral spin → Bose statistics
qqq (three quarks) baryons half-integral spin → Fermi statistics .

There are six different types of quarks, known as flavors: up (symbol: u), down (d),103

strange (s), charm (c), bottom (b), and top (t); their properties are given in Table 1.2.104

(Antiquarks have opposite signs of electric charge, baryon number, strangeness, charm,105

bottomness, and topness.)106

Quarks carry ”color” which enables them to interact strongly with one another.107

Each quark flavor can have three colors usually designated red, green, and blue. The108

antiquarks are colored antired, antigreen, and antiblue. Baryons are made up of three109

quarks, one of each color. Mesons consist of a quark-antiquark pair of a particular color110

and its anticolor. Both baryons and mesons are thus colorless or white. Because the111

color is different for each quark, it serves to distinguish them and allows the exclusion112

principle to hold.113

One important aspect of on-going research is the attempt to find a unified basis114

for the different forces. For example, the weak and electromagnetic forces are indeed115

two different manifestations of a single, more fundamental electroweak interaction. In116

Figure 1.1 the force merging at high energes is presented.117

The electroweak theory has had many notable successes, culminating in the dis-118

covery of the predicted W± and Z0 bosons (mW = 80.403 ± 0.029 GeV and mZ =119

91.1876±0.0021 GeV) [7]. However, the favored electroweak symmetry breaking mech-120

anism requires the existance of a scalar Higgs boson, as yet unseen.121

1.3 The Standard Model before Electroweak Sym-122

metry Breaking123

The Glashow–Weinberg–Salam electroweak theory which describes the electromagnetic124

and weak interactions between quarks and leptons, is a Yang–Mills theory based on the125
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Figure 1.1: Merging of the forces at high energy limit.
[]

symmetry group SU(2)L × U(1)Y [3]. Combined with the SU(3)C based QCD gauge126

theory which describes the strong interactions, it provides a unified framework to de-127

scribe the forces (Standard Model) [17]. The model, before introducing the electroweak128

symmetry breaking mechanism, has two kinds of fields:129

• The matter fields for the three generations of left–handed and right–handed chiral130

quarks and leptons, fL,R = 1
2
(1 ∓ γ5)f [17][7].131

• The gauge fields corresponding to the spin–one bosons that mediate the interac-132

tions.133

The matter fields ψ are minimally coupled to the gauge fields through the covariant134

derivative Dµ, defined as:135

Dµψ =

(

∂µ − igsTaG
a
µ − ig2TaW

a
µ − ig1

Yq

2
Bµ

)

ψ (1.1)

where Bµ and W 1,2,3
µ are the fields mentioned previously and corresponds to the136

generators Yq and T a respectively.137

The SM Lagrangian, without mass terms for fermions and gauge bosons is then138

given by:139

LSM = −1

4
Ga

µνG
µν
a − 1

4
W a

µνW
µν
a − 1

4
BµνB

µν (1.2)

+L̄i iDµγ
µ Li + ēRi iDµγ

µ eRi
+ Q̄i iDµγ

µQi + ūRi iDµγ
µ uRi

+ d̄Ri iDµγ
µ dRi

This Lagrangian is invariant under local SU(3)C × SU(2)L × U(1)Y gauge trans-140

formations for fermion and gauge fields [3]. Since there is experimental evidence for141
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massive bosons (Z,W), mass terms should be added. Thus, this leads to a manifest142

breakdown of the local SU(2)L × U(1)Y gauge invariance. There is a way of producing143

gauge bosons and fermion masses without violating the symmetry, this is called the144

Higgs mechanism.145

1.4 Higgs Boson in The Standard Model146

The Glashow - Weinberg - Salam (GWS) Electroweak theory initially considers four147

massless propagators which corresponds to following bosons [2]:148

W 1,2,3
µ , Bµ → W+,W−, Z, γ (1.3)

This transformation is the result of a phenomenon known as ”Spotaneous Sym-149

metry Breaking” and in the special case of electroweak force is known as the ”Higgs150

Mechanism” [3].151

The GoldStone Theorem152

For every spontaneously broken continuous symmetry, the theory contains massless153

scalar (spin–0) particles called Goldstone bosons. The number of Goldstone bosons is154

equal to the number of broken generators. For an O(N) continuous symmetry, there are155

1
2
N(N − 1) generators; the residual unbroken symmetry O(N − 1) has 1

2
(N − 1)(N − 2)156

generators and therefore, there are N − 1 massless Goldstone bosons. In other words,157

the breaking of a gauge symmetry comes along with the appearence of a massless boson,158

usually referred as the Goldstone boson [17].159

In the Higgs mechanism the scalar massless scalar field, make disappear the Gold-160

stone boson and produce mass. At that time the Higgs boson and the Higgs field ap-161

pears. The Higgs boson, produced as previously described, is a vector boson (spin=0),162

with no charge [7].163

1.5 Higgs Production at Hadron Colliders164

The main production mechanisms for Higgs particles at hadron colliders make use of165

the fact that the Higgs boson couples preferentially to the heavy particles, that is the166

massive W and Z vector bosons, the top quark and, to a lesser extent, the bottom167

quark. The four main production processes are thus [17]:168

• associated production with W/Z: qq̄ → V +H169

• vector boson fusion: qq → V ∗V ∗qq +H170
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(a)

Figure 1.2: The dominant SM Higgs boson production mechanisms in hadronic colli-
sions.

• gluon-gluon fusion: gg → H171

• associated production with heavy quarks: gg, qq̄ → QQ̄+H172

There are also several mechanisms for the pair production of the Higgs particles
[17]:

Higgs pair production : pp→ HH +X (1.4)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through173

heavy top and bottom quark loops, the associated double production with massive gauge174

bosons, qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ → HHqq.175

However, because of the suppression by the additional electroweak couplings, they have176

much smaller production cross sections than the single Higgs production mechanisms177

listed above [17].178

Also suppressed are processes where the Higgs is produced in association with one or179

more hard jets in gluon–gluon fusion, the associated Higgs production with gauge boson180

pairs, the production with a vector boson and two jets. Other production processes181

exist which have even smaller production cross sections. Finally, Higgs bosons can182

also be produced in diffractive processes. For the interesting exclusive central diffrac-183

tive processes, the mechanism is mediated by color singlet exchanges leading to the184

diffraction of the incoming hadrons and a centrally produced Higgs boson. A mixture185

of perturbative and non perturbative aspects of QCD is needed to evaluate the cross186

sections.187

1.5.1 Higgs Boson Production in Gluon–Gluon Fusion188

Gluon fusion through a heavy-quark loop (see 1.3) is the main production mechanism of189

the Standard Model Higgs boson at hadron colliders. When combined with the decay190
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Figure 1.3: Feynman diagram contributing to gg → H at lowest order.
[]

channels H → γγ, H → WW , and H → ZZ, this production mechanism is one of191

the most important for Higgs-boson searches and studies over the entire mass range,192

100GeV ≤MH ≤ 1TeV , to be investigated at the LHC [17].193

The dynamics of the gluon–fusion mechanism is controlled by strong interactions.194

In QCD perturbation theory, the leading order (LO) contribution to the gluon-fusion195

cross section is proportional to the square of the QCD coupling constant. The main196

contribution arises from the top quark, due to its large Yukawa coupling to the Higgs197

boson. The QCD radiative corrections to this process at next–to–leading order (NLO)198

increase the LO cross section by about 80−100% at the LHC. The next–to–next–to–199

leading order (NNLO) calculation has been consistently improved by resumming the200

soft–gluon contributions up to NNLL, this leads to an additional increase of the cross201

section of about 7−9% (6−7%) at
√
s = 7 (14)TeV [17]. The evaluation of electroweak202

(EW) corrections is dominated by a large uncertainty comes from the fact that it is not203

obvious how to combine them with the large QCD corrections.204

1.5.2 Higgs Boson Production in Vector–Boson Fusion205

The production of a Standard Model Higgs boson in association with two hard jets in206

the forward and backward regions of the detector, frequently quoted as the gvector-207

boson fusionh (VBF) channel, is a cornerstone in the Higgs-boson search both in the208

ATLAS experiment [23]. This channel contributes in a significant way to the inclusive209

Higgs production over the full Higgs mass range. The production of a Higgs boson +210

2 jets receives two contributions at hadron colliders. The hard jet pairs have a strong211

tendency to be forward.backward directed in contrast to other jet-production mech-212

anisms, offering a good background suppression (transverse-momentum and rapidity213

cuts on jets, jet rapidity gap, central jet veto, etc.).214

The measurement of the Higgs-boson couplings in VBF is essential for the mea-215

surement of the H → WW and H → ZZ couplings. Among the backgrounds that216

contribute to the final state, events from Higgs + 2jets production via gluon fusion217

are dominant. Although the final states are similar, the kinematic distributions of jets218

are very different due to the fact that in the gluon–fusion channel, the Higgs boson is219
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radiated off a heavy quark loop that couples to any parton of the incoming hadrons220

via gluons [23]. According to a next–to–leading order (NLO) estimation [24], the gluon221

fusion contribution shows that its residual scale dependence is still of the order of222

35%. Since, in the phase–space regions which are accessible at hadron colliders, VBF223

reactions are dominated by t-channel electroweak gauge–boson exchange, s-channel ex-224

change contributions and kinematically suppressed fermion interference contributions225

are disregarded [23].226

1.6 Higgs Branching Ratios227

Figure 1.4(a) presents the total Higgs boson production cross–section at
√
s = 7TeV228

and
√
s = 14TeV , whereas Figures 1.4(b) and 1.4(c) present the analytical contribution229

of each production mode for the different
√
s respectively [23]. It is obvious that gluon230

fusion, more usual at NNLO, is dominant but the uncertainty is estimated to be ∼ 15%231

due to large corrections for gluon initiated processes [25]. Vector–boson fusion comes232

second at NLO, with an uncertainty of ∼ 5%, and then follows associated production233

with small cross–section to background ratio, but revival is of interest in boosted jets234

[25].235

The branching ratios of each contributing procedure and width are presented in236

Figures 1.5(a), 1.5(b) and 1.5(c) respectively [23]. From Figure 1.5(c) it can be seen237

that for the intermediate to high mass range most sensitive channels are the ZZ and238

WW , whereas for low to intermediate range:239

• γγ: is very clean240

• ττ : needs distinctive production features to reduce background, ex. VBF [25]241

• bb: huge backgrounds from QCD242

• WW → 2ℓ+MET : very sentitive and less accurate243

• ZZ → 4ℓ: less sensitive but cleanest244

Figure 1.5(b) presents the same plot zoomed in the mass region between 90 and 210.245

Analytical branching ratios of each procedure for different Higgs masses can be246

found on Appendix B.247

1.7 ATLAS Sensitivity Prospects for Higgs Boson248

Production at 7/8/9 TeV249

The cross-section of the most significant processes for Standard Model Higgs boson250

production at the LHC and the ratio of the production cross–sections at different centre251
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Figure 1.4: Standard Model Higgs boson production cross sections.
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Figure 1.5: Standard Model Higgs boson decay branching ratio and width.
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(a) (b)

Figure 1.6: 1.6(a): Cross-section of the most significant processes for Standard Model
Higgs boson production at the LHC. 1.6(b): The ratio of the production cross-sections
at different centre-of-mass energies.

[]

of mass energies are presented in Figures 1.6 [23].252

Figure 1.7 shows the observed and expected exclusion limits, along with the expected253

±1σ and +2σ bands, as a function of Higgs mass for the H → 4ℓ with an integrated254

luminosity of 40 pb−1 [22]. The green and yellow bands indicate the range in which the255

limits are expected to lie. The production of a SM-like Higgs boson of MH = 200 GeV256

with a production cross-section of 18 times the SM value can be excluded at 95% C.L.257

The multiple of the cross-section which can be excluded using 1 fb−1 of data at 7258

TeV, shown in Figure 1.8 [22].259

1.8 Higgs→ 4ℓ Discovery Sensitivity260

The experimentally cleanest signature for the discovery of the Higgs boson is its ”golden”261

decay to four leptons (electrons and muons): H → ZZ → 4ℓ. The excellent energy262

resolution and linearity of the reconstructed electrons and muons leads to a narrow263

4–lepton invariant mass peak on top of a smooth background [8]. The expected signal264

to background ratio after all experimental cuts depends on the Higgs boson mass it-265

self, since it is a free parameter in the Standard Model. The major component of the266

background consists of irreducible ZZ → 4ℓ decays. The most challenging mass region267

is between 120 − 150GeV where one of the Z bosons is off–shell giving low transverse268

momentum leptons [8]. In this region backgrounds from Zbb̄ → 4ℓ and tt̄ → 4ℓ are269

important and require tight lepton isolation cuts to keep their contribution well below270

the ZZ continuum.271
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considered beyond the sensitivity of the experiment and a power constraint would be
invoked, but this does not occur for the observed limit. The median expected and the
observed 95% CLs upper limit, which coincide in this analysis, are also shown.
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Figure 1.8: The multiple of the cross-section, using 1 fb−1 of data at 7 TeV.
[]
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Chapter 2314

LHC Structure, Operation and315

Experiments316

2.1 Introduction317

The Large Hadron Collider (LHC) sits in a circular tunnel 27 km in circumference. The318

tunnel is buried around 50 to 175 m. underground. It straddles the Swiss and French319

borders on the outskirts of Geneva. The LHC is designed to collide two counter rotating320

beams of protons or heavy ions. Proton-proton collisions are foreseen at an energy of321

7 TeV per beam, the first collisions at an energy of 3.5 TeV per beam took place322

on 30th March 2010. The advantage of circular accelerators over linear accelerators323

is that the ring topology allows continuous acceleration, as the particle can transit324

indefinitely. Another advantage is that a circular accelerator is relatively smaller than325

a linear accelerator of comparable power. The beams move around the LHC ring326

inside a continuous vacuum guided by superconducting magnets that are cooled to327

1.9K by a huge cryogenics system. The cables conduct current without resistance in328

their superconducting state. The bbeams can be stored at high energy for hours. Some329

of the foundamental LHC parameters are given in Table 2.1 [2].330

Injection of hydrogen gas into a metal cylinder, called Duoplasmatron, and sur-331

rounding it with an electrical field, leads to break down of the gas into its constituent332

protons and electrons, see Figure 2.2 [2]. This process yields about 70% protons and it333

is the source of the protons. Analytically, the chemical reactions which take place are334

[2]:335

H2 + e− → H2 + +2e− (2.1)

H+
2 + e− → H+ +H + e− (2.2)

21
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LHC parameters

Circumference 26659m
Dipole operating temperature 1.9K
Number of arcs (2450m long) 8
Number of lattice cells per arc 23

Number of straight sections (545m long) 8
Main RF System 400.8MHz

Number of magnets (dipoles, quadrupoles ... dodecapoles) 9300
Number of dipoles 1232

Number of quadrupoles 858
Number of RF cavities 8/ beam

Nominal energy (protons) 7TeV
Momentum at collision 7TeV/c
Momentum at injection 450GeV/c
Nominal energy (ions) 2.76TeV/nucleon

Peak magnetic dipole field 8.33T
Current in main dipole 11800A

Energy density of the LHC magnets 500kJ/m
Main dipole coil inner diameter 56mm

Distance between aperture axes (1.9K) 194.00mm
Distance between aperture axes (293K) 194.52mm

Main Dipole Length 14.3m
Horizontal force at 8.33 T (inner and outer layer) 1.7MN/m

Maximum current with NO resistence (1.9Ke8.33T ) 17000A
Maximum current with NO resistence (1.9Ke0T ) 50000A

Number de strands per cable 36
Bending radius 2803.95m

Minimum distance between bunches ∼ 7m
Bunch spacing 25ns

Design Luminosity 1034cm−2 · s−1

No. of bunches / proton beam 2808
No. of protons / bunch (at start) 1.15 · 1011

Circulating current / beam 0.54A
Number of turns / second 11245

Stored beam energy 360MJ
Stored energy in magnets 11GJ

Beam lifetime 10h
Average crossing rate 31.6MHz

Number of collisions / second 600millions
Radiated Power / beam (syncrotron radiation) ∼ 6KW

Total crossing angle (collision point) 300µrad
Emittance ǫn 3.75µrad

β 0.55m

Table 2.1: Some of the LHC designed parameters [2]
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Figure 2.1: Schematic view of the LHC and the experiments.

H + e− → H+ + 2e− (2.3)

Protons are accelerated up to 100kV and then sent to a Radio Frequency Quadrupole336

(QRF), an accelerating component that both speeds up and focuses the proton beam.337

Four vanes (electrodes) provide a quadrupole RF field that provides a transverse focus-338

ing of the beam. Spacing of the vanes bunches and accelerates up to 750keV the beam.339

From the quadrupole, the particles are sent to the linear accelerator (LINAC2).The340

linac tank is a multi-chamber resonant cavity tuned to a specific frequency which cre-341

ates potential differences in the cavities that accelerate the particle up to 50MeV [2].342

Protons cross the linac and reach the 157m circumference circular accelerator Proton343

Synchrotron Booster (PSB) in a few microseconds. Actually, PSB is a circular four344

rings accelerator.345

The beam line to the PSB from the Linac is 80m long. Twenty quadrupole magnets346

focus the beam along the line two bending and eight steering magnets direct the beam.347

The PS Booster accelerates them to 1.4GeV (factor of 28) in 530ms, then after less348

than a microsecond they are injected in the 628m circumference circular accelerator349

Proton Synchrotron (PS) [2].350

In the PS protons can either be accelerated/manipulated/extracted in 1025ms or351

wait for 1.2 more seconds before being accelerated if they are part of the first PSB batch352

to the PS. They are accelerated to 25GeV [2]. The PS is responsible for providing 81353
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Figure 2.2: Injection of hydrogen gas into a metal cylinder, surrounded by electric field,
creates the proton beam.

[]
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bunch packets with 25ns spacing for the LHC.354

Triplets of 81 bunches formed in the PS and injected into the 7km circumference355

circular accelerator Super Proton Synchrotron (SPS), taking up ∼ 27% of the SPS356

beamline. They wait for 10.8, 7.2, 3.6, or 0. seconds whether they are part of the first,357

second, third, or fourth PS batch to the SPS[2]. The SPS accelerates them to 450GeV358

in 4.3 seconds, and sends it to the LHC [2].359

Protons are finally transferred to the LHC (both in a clockwise and counterclockwise360

direction, the filling time is 420 per LHC ring). The total LHC beam consists of 12361

”supercycles” of the 234 bunches from SPS [2]. They have to wait up to 20 minutes362

on the LHC 450GeV injection plateau before the 25 minutes ramp to high energy, and363

these 45 minutes dominates the transit time.364

The beams are stored at high energy for 10 hours, the so called ”beam lifetime”,365

and particles make four hundred million revolutions around the machine.366

The more is the density of the stored particles the more decreases the beam lifetime.367

Coulomb scattering of charged particles traveling together causes an exchange of mo-368

mentum between the transverse and longitudinal directions. Due to relativistic effects,369

the momentum transferred from the transverse to the longitudinal direction is enhanced370

by the relativistic factor γ. For stored beam, particles are lost if their longitudinal mo-371

mentum deviation exceeds the RF bucket or the momentum aperture determined by the372

lattice. This is called the Touschek effect (after the austrian phyisicist Bruno Touschek)373

and is generally the limiting factor in beam lifetime.374

After 10h of beam collisions, the beam itself is exhausted and is dumped. The375

dipole magnets are then ramped down to 0.54T and they stay at flat bottom for some376

2040min. Meanwhile beam injection is repeated before the magnets are ramped up377

again to 8.3T for another cycle of high energy collisions. The machine is designed to378

withstand some 20000 such cycles in 20 years lifetime [2].379

2.2 Proton Collisions380

In the LHC, proton bunches are accelerated (over a period of 25 minutes) to their381

peak 7TeV energy, and finally circulated for 10 hours while collisions occur at the four382

intersection points.383

Between each consecutive bunch there will be 7.5m. So, with a circumference of
27km there should be [2]:

26659/7.5 ∼ 3550 bunches (2.4)

To get a correct sequence of bunches injected into the ring and to be able to insert
new bunches when non-useful ones are extracted it is necessary to allow enough space
for that. The effective number of bunches per beam is 2808. Each bunch has 1.15 · 1011

protons (1cm3 STP of hydrogen has ∼ 1019 protons). Each bunch gets squeezed down
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Figure 2.3: Event with four Pileup Vertices recorded at the ATLAS detector on April
24th 2010 [2].

(using magnetics lenses) to 16 × 16µm section at an interaction point, where collisions
take place [1]. The ”volume occupied” for each proton in the inteaction point is:

(74800 × 16 × 16)/(1.15 · 1011) ∼ 10−4µm3 (2.5)

That is much bigger than an atom, so a collision is still rare. The probability of384

one particular proton in a bunch coming from the left hitting a particular proton in a385

bunch coming from the right depends roughly on the proton size (d2 with d ∼ 1fm)386

and the cross-sectional size of the bunch (σ2, with σ = 16µm) in the interaction point387

[2].388

Probability =
d2

proton

σ2
= 4 · 10−21 (2.6)

But with 1.15 · 1011 protons/bunch a good number of interactions will be possible389

every crossing. Now, the number of interactions will be:390

Probability ×N2(N = number ofprotons/bunch) =∼ 50 interactions every crossing
(2.7)

But just a fraction of these interactions (∼ 50%) are inelastic scatterings that give
rise to particles at sufficient high angles with respect to the beam axis. Therefore, there
are about 20 ”effective” collisions every crossing. With 11245 crosses per second we
get:

11245 × 2808 = 31.6millions crosses(′′average crossing rate′′) (2.8)
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(31.6 · 106crosses/s) × (20collisions/cross) = 600millions collision/s (2.9)

If we consider 3550 bunches: 11245 × 3550 = 40millions crosses = ∼ 40MHz.391

2.3 The LHC Experiments392

The two large experiments, ATLAS and CMS, are based on general-purpose detectors.393

They are designed to investigate the largest range of physics possible. Having two394

independently designed detectors is vital for cross-confirmation of any new discoveries395

made.396

Two medium-size experiments, ALICE and LHCb, have specialised detectors for397

analysing the LHC collisions in relation to specific phenomena.398

Two experiments, TOTEM and LHCf, are much smaller in size. They are designed399

to focus on ”forward particles” (protons or heavy ions). These are particles that just400

brush past each other as the beams collide, rather than meeting head-on401

2.3.1 ATLAS402

ATLAS is designed to investigate a wide range of physics, including the search for403

the Higgs boson, extra dimensions, and particles that could make up dark matter. It404

records sets of measurements on the particles created in collisions - their paths, energies,405

and their identities [7]. This is accomplished through six different detecting subsystems406

that identify particles and measure their momentum and energy. Another vital element407

of ATLAS is the huge magnet system that bends the paths of charged particles for408

momentum measurement [8].409

2.3.2 CMS410

The Compact Muon Solenoid (CMS) experiment uses a general-purpose detector to411

investigate a wide range of physics, including the search for the Higgs boson, extra412

dimensions, and particles that could make up dark matter. Although it has the same413

scientific goals as the ATLAS experiment, it uses different technical solutions and design414

of its detector magnet system to achieve these [4]. The CMS detector is built around415

a huge solenoid magnet. This takes the form of a cylindrical coil of superconducting416

cable that generates a magnetic field of 4 teslas, about 100 000 times that of the Earth.417

The magnetic field is confined by a steel ”yoke” that forms the bulk of the detector’s418

weight of 12500 tonnes.419
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2.3.3 ALICE420

The Large Ion Collider Experiment (ALICE) collides lead ions to recreate the conditions421

just after the Big Bang under laboratory conditions. The data obtained will allow to422

study a state of matter known as quark - gluon plasma, which is believed to have existed423

soon after the Big Bang. Collisions in the LHC will generate temperatures more than424

100000 times hotter than the heart of the Sun. The ALICE collaboration plans to study425

the quark-gluon plasma as it expands and cools, observing how it progressively gives426

rise to the particles that constitute the matter of our Universe today [5].427

2.3.4 LHCb428

The Large Hadron Collider beauty experiment (LHCb) specialises in investigating the429

slight differences between matter and antimatter by studying the ”beauty” quark. It430

uses a series of sub-detectors to detect mainly forward particles. The first sub-detector431

is mounted close to the collision point, while the next ones stand one behind the other,432

over a length of 20 m [2]. An abundance of different types of quark will be created433

by the LHC before they decay quickly into other forms. To catch the b-quarks, LHCb434

has developed sophisticated movable tracking detectors close to the path of the beams435

circling in the LHC.436

2.3.5 TOTEM437

the TOTal Elastic and diffractive cross section Measurement experiment (TOTEM)438

studies forward particles to focus on physics that is not accessible to the general-purpose439

experiments. Among a range of studies, it will measure, in effect, the size of the440

proton and also monitor accurately the LHC’s luminosity. To do this TOTEM must441

be able to detect particles produced very close to the LHC beams [6]. It will include442

detectors housed in specially designed vacuum chambers called ”Roman pots”, which443

are connected to the beam pipes in the LHC. Eight Roman pots are placed in pairs444

at four locations near the collision point of the CMS experiment. Although the two445

experiments are scientifically independent, TOTEM complements the results obtained446

by the CMS detector and by the other LHC experiments overall.447

2.3.6 LHCf448

the Large Hadron Collider forward (LHCf) experiment uses forward particles created449

inside the LHC as a source to simulate cosmic rays in laboratory conditions [7]. Studying450

how collisions inside the LHC cause similar cascades of particles to those of cosmic rays,451

it will help to interpret and calibrate large-scale cosmic-ray experiments that can cover452

thousands of kilometres.453
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Chapter 3483

Atlas Detector Description484

3.1 Introduction485

ATLAS (A Toroidal LHC Apparatus) is one of two General Purpose Detectors at the486

CERN Large Hadron Collider (LHC). The LHC will collide 7 TeV protons together487

with a center of mass energy of 14 TeV and a design luminosity of 10−34cm−2s−1 [7].488

The bunch crossing time will be 25ns and at full luminosity there will be approximately489

22 proton-proton collisions per bunch crossing. The detector is a cylinder with a total490

length of 42 m and a radius of 11 m and weighs approximately 7000 tones. To investigate491

the foundamental processes of nature at the Large Hadron Collider (LHC), detectors492

of unprecedented size and complexity were designed.493

The major ATLAS components are:494

• The Muon Spectrometer495

• The Inner Detector496

• The Calorimeters497

• Solenoidal and Toroidal Magnets498

• Data acquisition and Computing499

3.2 The Coordinate System500

The origin of the ATLAS coordinate system is defined as the nominal interaction point501

in the center of the detector [7]. The z-axis runs parallel to the beam line in counter-502

clockwise direction. The half of the detector that corresponds to positive values of z is503

referred to as side A and the other half as side C. The x-axis points to the center of504

the LHC ring and the y-axis points upwards to the surface, resulting in a righthanded505

31
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Figure 3.1: The Atlas Detector.
[]

orientation. The xy-plane is referred to as the transverse plane. The ATLAS detector506

has a global cylindrical structure, where each subdetector consists of concentric layers507

around the beam axis, the barrel component, and two endcaps formed by disks per-508

pendicular to the z-axis on each side of the interaction point. A coordinate system509

closely related to cylindrical coordinates is convenient. The radial distance is given by510

R =
√

x2 + y2. The azimuthal angle φ ∈ [−π, π] is the angle with the positive x-axis511

and increases in clockwise direction when looking down the positive z-axis. The polar512

angle θ ∈ [0, π] is defined as the angle with the positive z-axis, albeit generally replaced513

by the pseudorapidity η, which is given by514

η = −ln(tan[
θ

2
]) (3.1)

The preference for this quantity is motivated by the particle flux being roughly515

constant as a function of η. A direction (eta, φ) is assigned to reconstructed final state516

objects and the opening angle between two of them is denoted ∆R:517

∆R =
√

(∆η)2 + (∆φ)2 (3.2)
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3.3 Requirements518

The performance requirements for the design of the ATLAS detector are based on the519

processes that may be observed at this new energy scale, such as the production of the520

Higgs boson, SUSY particles or or any kind of Beyond the SM physics. The extensive521

variety of objects to be detected, the broad energy range of particles to be measured,522

the high radiation conditions and the high collision rate impose strict requirements on523

the detectorfs precision, speed, performance, radiation hardness, efficiency and accep-524

tance. The performance requirements in terms of resolution as well as the acceptance525

of each subdetector are summarized in Table 3.3 [8]. An additional challenge is the526

instantaneous selection of collisions to be stored, which is taken care of by the trigger527

system.528

Subdetector Required Resolution |η| coverage

Inner Detector σ(PT )/PT = 0.05%PT ⊕ 1% < 2.5

Electromagnetic Calorimeter Σ(E)/E = 10%/
√

E(GeV ) ⊕ 0.7% < 3.2

Hadronic Calorimeter Σ(E)/E = 50%/
√

E(GeV ) ⊕ 3% < 3.2

Σ(E)/E = 100%/
√

E(GeV ) ⊕ 10% (3.1, 4.9)
Muon Spectrometer σ(PT )/PT = 0.05% at PT = 1TeV < 2.7

Table 3.1: Performance requirements for the subdetectors of the ATLAS detector

3.4 The Inner Detector529

3.4.1 Introduction530

The Inner Detector is able to measure the tracks of the hundreds of charged particles531

that are produced in the proton-proton collisions in the middle of the detector every532

25ns. It consists of concentric layers of tracking detectors, with the highest precision533

detectors closest to the collision point. The colliding beams produce intense levels534

of radiation, making radiation hardness a top priority for the detector and readout535

electronics. At the same time, the amount of material in the Inner Detector must be536

minimized to avoid disturbing the trajectories of the particles.537

3.4.2 Pixel and Silcon Strip Detectors538

High precision and high efficiency semiconductor detector elements are needed near539

the collision point in order to distinguish individual particle tracks from the hundreds540

produced in each collision [7]. The closest detector layers contain over 80 million tiny541

rectangular pixels, which are capable of resolving particle positions to better than 14542
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Figure 3.2: Plan view of a quarter-section of the ATLAS inner detector showing each
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µm [9]. The pixel detectors use advanced silcon technology which provides excellent543

radiation hardness.544

Outside the pixel detector is the Semiconductor Tracker, where the precise (20 µm)545

tracking of charged particle continues using layers of silicon microstrip sensors. The546

silicon covers an area of 60 m2 and has over 6 million readout strips connected to547

custom radiation-hard ASICs. The dissipated power in the detector, up to 30kW , is548

removed by a cooling system, keeping the silcon temperature at -7 ◦C [10].549

3.4.3 Transition Radiation Tracker550

Further from the collision point is the Transition Radiation Tracker which contains551

hundreds of thousands of gas-filled ”straws” held at high voltage, each with a wire552

down its axis. Charged particles passing through the straw ionize the gas, producing553

electrical pulses. The timing of the pulse allows the distance between the particle track554

and the wire to be measured with a precision of 0.17mm [7]. Special materials between555

the straw tubes cause electrons passing through them to produce X–rays, a feature556

which helps ATLAS to distinguish electrons from other particles.557

When charged particles pass through, the gas inside the tubes is ionized and a558

voltage difference between the tube and the anode wire in its center causes the free559

electrons to drift towards the wire. The drift time is converted into the distance of the560

track to the wire.561

Transition radiation is emitted when highly relativistic charged particles pass the562

transition between two materials with different dielectric constants. The intensity of563

the transition radiation photons is proportional to the Lorentz factor of the traversing564

particle, which is much higher for electrons than for pions, at equivalent energies, due565

to their mass difference. The gas mixture inside the straw tubes contains xenon, which566

absorbs the radiation photons and thus produces a signal with a high amplitude when567

an electron passes through.568

The readout electronics of the tubes apply two distinct thresholds: a lower one that569

detects the ionization clusters and a higher one that is optimized for transition radiation570

from electrons and allows for rejection of tracks from π± background.571

3.4.4 Central Solenoid572

The central solenoid is located outside of the Inner Detector. The 5 tonne coil contains573

9km of superconducting wire cooled by liquid helium, and an electric current of 8000A574

produces a 2T magnetic field. The powerful magnetic field causes the charged particles575

to bend. The curvature of these tracks provide important information for determining576

the momentum and electric charge of each particle.577
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3.5 The Calorimeters578

3.5.1 Introduction579

After having traversed the inner detector, particles enter the calorimeter system, which580

is situated outside the solenoidal magnet that surrounds the inner detector. It extends581

from approximately 1.4m to 4.2m from the interaction point in the transverse plane [8].582

Firstly encountered is the electromagnetic calorimeter, which is optimized for the iden-583

tification and energy determination of photons and electrons. The hadronic calorimeter584

is dedicated to the reconstruction of hadronic showers from quarks, gluons and hadron-585

ically decaying taus. Altogether, the calorimeter system covers the full azimuth and586

the pseudorapidity range |η| < 4.9. Muons generally deposit a small fraction of their587

energy in the calorimeters and continue to be detected by the muon spectrometer. The588

transverse component of the undetected energy can be estimated by means of the ex-589

pected energy balance in the transverse plane. The performance of the calorimeters590

is of direct influence on this quantity, the missing transverse energy. Both the elec-591

tromagnetic and the hadronic calorimeter consist of sampling detectors, i.e. layers of592

passive, dense material alternated with layers of active material. The passive material593

causes incident particles to initiate a shower or cascade of secondary particles, which594

are detected in the active material. In sufficient successive layers, the primary particle595

will have transferred all its initial energy. Electromagnetic showers are the result of596

Bremsstrahlung and e+e− pair production and the characteristic interaction distance597

is the radiation length X0, the mean distance over which an electron loses all but 1/e598

of its energy, of the material. Hadronic showers are the result of nuclear interactions599

and develop over larger distances. The required depth of the material for complete600

containment of the shower is larger and is expressed in terms of the nuclear interaction601

length λ of the passive material.602

3.5.2 The Electromagnetic Calorimeter603

The electromagnetic calorimeter consists of a barrel that covers |η| < 1.475 and two604

endcap wheels at 1.375 < |η| < 3.200 [7]. The passive material employed in the605

electromagnetic calorimeter are lead plates folded into an accordion shape, as illustrated606

in Figure 3.3. The space between the plates contains a honeycomb structure that is filled607

with liquid argon. Charged particles produced in showers induce free charge by ionizing608

the liquid argon, which is collected on the readout electrodes. The barrel component609

shares its cryostat vessel with the solenoid magnet in order to minimize the amount610

of inactive material. Between the barrel and each endcap wheel, around |η| = 1.4,611

some space is available for cables and services for the inner detector. The thickness612

of the electromagnetic calorimeter varies from 22X0 to 33X0. The modules of which613

the electromagnetic calorimeter is composed are divided into three longitudinal layers.614
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The front layer is finely segmented in η, which facilitates γ/π0 separation. The middle615

layer is thickest and receives the larger part of the energy deposited by electromagnetic616

showers. The third layer has a coarse granularity and is mainly used to recover the tails617

of highly energetic electromagnetic showers and to discriminate between hadronic and618

electromagnetic showers based on the larger energy deposit by the former.619

The absorber plates of the Electromagnetic Calorimeter have a unique accordion620

geometry that provides uniform response over the entire angle of coverage. To read out621

the more than 100000 channels in the calorimeter, a radiation tolerant readout system622

was designed that consumes less than 1/10W per channel.623

3.5.3 The Hadronic Calorimeter624

The Hadronic calorimeter surrounds the electromagnetic calorimeter and constitutes a625

scintillator tile calorimeter at |η| < 1.7 and two endcap wheels at 1.5 < |η| < 3.2. The626

tile calorimeter in turn is divided into a central barrel at |η| < 1 and two extended627

barrels at 0.8 < |η| < 1.7. The gap in between contains cables, services and power628

supplies for the inner detector as well as for the electromagnetic calorimeter [7].629

The Hadronic calorimeter measures the energies of particles not stopped by the Elec-630

tromagnetic Calorimeter. In the barrel, the absorber layers are steel. Particle showers631

are sampled by the tiles of scintillatting plastic which emit light when charged particles632

pass through them. The light pulses are carried by optical fibres to photomultiplier633

tubes behind the calorimeter and converted to electronic signals.634

3.5.4 Endcap and Forward Calorimeters635

In the high radiation level region close to the proton beams, argon calorimeters with636

copper and tungsten absorbers are used for hadronic energy measurements. These ra-637

diation hard detectors extend the acceptance of the ATLAS calorimeter to nearly the638

full solid angle around the collision point. In order to estimate the missing transverse639

energy, as large hermetic calorimeter coverage as possible is pursued. The coverage in640

the very forward region, 3.1 < |η| < 4.9, is provided by three wheels on either side: one641

electromagnetic component and two hadronic components. With inner radii of approxi-642

mately 8cm, they are situated close to the beam and the expected radiation level is high.643

Closest to the interaction point is the electromagnetic component in which copper acts644

as the passive material. The two hadronic components employ tungsten and the active645

material in all three of them is liquid argon. On each side, the forward calorimeter646

wheels share the liquid argon cryostat with the electromagnetic and hadronic endcaps.647
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Figure 3.3: 3.3(a) The ATLAS Calorimeters. 3.3(b) Schematic view of a module in the
electromagnetic calorimeter, showing the typical accordion shape and the granularity
of the different layers.
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3.6 The Muon Spectrometer648

The muon spectrometer is the largest and outermost subdetector of ATLAS. With inner649

and outer radii of approximately 4.5m and 11m respectively and stretching out from650

about 7m to 23m from the interaction point on each side in the longitudinal direction,651

it occupies a volume of around 16000m3 [7]. It was designed to trigger on muons652

with high momenta, which play a role as a distinguishing feature in several interesting653

physics channels, as well as to reconstruct the tracks of muons that pass through with654

high precision. The components providing the first functionality are the Resistive Plate655

Chambers (RPC) and the Thin Gap Chambers (TGC), while the latter is achieved by656

the Monitored Drift Tube (MDT) chambers and the Cathode Strip Chambers (CSC)657

[1]. A representation of the muon spectrometer is shown in Figure 3.4, indicating the658

four different types of components. The arrangement is such that a particle originating659

from the interaction point will traverse three layers of muon stations as it is bended660

by the magnetic field. The muon spectrometer is designed to measure the electrical661

charges and momenta of muons. Muons are able to pass through calorimeter without662

being absorbed. The trajectories of muons are bent by a second set of powerful magnets663

(after the solenoid magnet), allowing the charges and momenta to be calculated.664

From studies based on 2010 data [16] a systematic uncertainty of ±7% is assigned to665

muon reconstruction. This uncertainty is dominated by the dependence of the efficiency666

on the transverse momenta and the uncertainty on the remaining π/K contamination667

in the data sample where the efficiency is measured. The trigger uncertainty, derived668

by changing the tolerance on the matching between tracks and trigger signals and com-669

paring measurements obtained in different trigger data streams, found to be ±2% [16].670

This number is a weighted average of the RPC and TGC trigger efficiency uncertain-671

ties, taking into account that there are two muons that can fire the trigger. As far as672

the energy scale and resolution is concerned, the uncertainty obtained by applying a673

smearing of MC muon momentum resolution and scale using parameters in agreement674

with the data (energy scale uncertainty of 2% and a resolution uncertainty of 5% in675

the barrel and 8.5% in the end–cap [16]). The total systematic systematic uncertainty676

estimated to be of ±7% [16].677

3.6.1 Monitored Drift Tubes (MDT)678

MDTs consist of arrays of gas - filled 3cm tubes with anode wires along their axes at679

high voltage. By measuring the time for electrons produced by ionization to drift to680

the wires, muon positions can be determined to 80 µm [1]. In the Barrel, the MDTs681

are installed as three cylindrical shells. In the End Cap, they form three wheels normal682

to the axis of ATLAS.683
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(a)
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Figure 3.4: A schematic view of the η (3.4(a)) and φ (3.4(b)) binning of the Muons
Spectrometer.

[]
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3.6.2 Cathode Strip Chambers(CSC)684

In those parts of the inner layer where the radiation is highest, CSCs are used to685

measure the muon trajectories. They are thin arrays of closely spaced parallel anode686

wires located between narrow metal cathode strips. Ionized gas from muons traversing687

the chamber produce electrical signals on the strips, allowing position measurements at688

the 60mm level [1].689

3.6.3 Thin Gap Chambers(TGC)690

The End Cap contains four layers of chambers with closely spaced wires, placed in a691

thin gap between resistive plates. The ionization signals from the different stations are692

used to identify the presence of energetic muons every 25ns, at each bunch crossing of693

the beams of LHC [1]. TGCs also furnish coordinates in the non–bending direction.694

3.6.4 Resistive Plate Chambers(RPC)695

In the Barrel the trigger is generated by chambers with a narrow gap where ionization696

by the muon is amplified in a strong electric field to generate signals on external strips.697

The position of the crossing track is measured with a time resolution of few ns. Three698

RPC stations are installed together with MDT chambers of the barrel. RPCs also699

provide second coordinate measurement [7].700

3.7 The Magnet System701

The ATLAS magnet system generates a magnetic field configuration such that the702

trajectories of charged particles are bended when traversing the tracking devices, the703

inner detector and the muon spectrometer. It consists of two superconducting magnet704

systems, a toroidal system and a central solenoid, that add up to a diameter of 22m and705

a length of 26m [1]. The toroidal magnet system provides a magnetic field inside the706

volume of the muon spectrometer, while the solenoidal magnet generates a homogeneous707

field parallel to the beam axis inside the inner detector. The curvature of the trajectory708

followed by a charged particle when passing through the field is used to determine its709

momentum. A schematic view of the magnetic field is depicted in Figure 3.5.710

3.7.1 Barrel and End–Cap Toroids711

In order to produce a powerful field to bend the paths of the muons, the ATLAS detector712

uses an exceptionally large system of air–core toroids arranged outside the calorimeter713

volumes. The large volume magnetic field has a wide angular coverage and strengths714

of up to 4.7T [7].715
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Figure 3.5: The ATLAS magnetic Field.
[]
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The toroid system contains over 100km of superconducting wire, and has a design716

current of 20500A [8].717

3.7.2 The Central Solenoid718

The solenoidal magnet system is aligned with the beam axis and produces an axial719

field throughout the volume of the inner detector. At the 7.730kA nominal operational720

current, the strength of the field varies from 2T at the interaction point to 0.9T [7].721

With an axial length of 5.8m and a diameter of about 2.5m, it is embedded inside722

the electromagnetic calorimeter. In contemplation of a minimal amount of material723

in front of the calorimeters, the solenoid shares its cryostat with the electromagnetic724

calorimeter.725

3.7.3 The Toroidal Magnet System726

The toroidal magnet system is built up of a barrel toroid and two endcap toroids.727

The barrel toroid consists of eight superconducting rectangular coils, each encased in a728

cryostat. The total assembly weighs 830 tons and adds up to 25.3m axial length and729

inner and outer diameters of 9.4m and 20.1m respectively [7]. Cooling down to the730

nominal operational temperature of 4.6K takes 5 weeks. The field strength provided731

by the barrel toroid at the nominal operational current of 20.5kA varies from 0.15T732

to 2.5T [7]. The endcap toroid systems consist of eight coils each, which are located733

interleaved with the barrel toroid coils on either side, thus generating a magnetic field734

in the endcap regions of the muon spectrometer. With an inner and outer diameter735

of 1.65m and 10.7m and an axial length of 5.0m each endcap toroid weighs 239 tons.736

Powered in series with the barrel toroid, the endcap toroids generate a field strength737

that varies from 0.2T to 0.35T at nominal operational current [7].738

3.8 Data Acquisition and Computing739

ATLAS is designed to observe up to nearly one billion proton–proton collisions per740

second, with a combined data volume of more than 60 million megabytes per second741

[1]. However, only a few of these events will contain interesting characteristics that742

might lead to new discoveries.743

To reduce the flow of data to managale levels, ATLAS uses a specialized multi–744

level computing system, the Trigger system, which selects events with distinguishing745

characteristics that make them interesting for physics analyses [2].746
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3.8.1 The trigger system747

Trigger is a system that uses simple criteria to rapidly decide which events in a particle748

detector to keep when only a small fraction of the total can be recorded. Trigger systems749

are necessary due to real–world limitations in data storage capacity and rates. Since750

experiments are typically searching for ”interesting” events that occur at a relatively751

low rate, trigger systems are used to identify the events that should be recorded for later752

analysis. The ratio of the trigger rate to the event rate is referred to as the selectivity753

of the trigger. For example, the Large Hadron Collider has an event rate of 1GHz, and754

the Higgs boson is expected to be produced there at a rate of at least 0.01Hz [1].755

Triggers usually make heavy use of a parallelized design, exploiting the symmetry of756

the detector: the same operation may be performed at the same time on different parts757

of the detector. Yet on a global scale they are essentially serial devices: in fact, they758

are usually divided in ”levels”. The idea is that each level selects the data that becomes759

an input for the following, which has more time available and more information to take760

a better decision.761

Custom hardware processors make an initial decision to keep an event in a few µs762

using coarsely segmented data from a subset of the detectors, while holding all the763

high–resolution data in pipelined memories. Commodity processors make subsequent764

decisions using more detailed information from all of the detectors in more sophisticated765

algorithms that eventually approach the final reconstruction.766

Each detector has its own trigger design and features. The ATLAS trigger system767

carries out the selection process in three stages, the first level (L1) is hardware-based768

and uses a coarse detector information, while the next two levels are based on the769

software algorithms and high-granularity detector information for a stricter selection of770

interesting events.771

The Level–1 trigger is a massively parallel system of specialized electronics that772

process a coarse subset of the data from every 25ns beam crossing interval. A decision773

to keep the data from an event is made less than two microseconds after the event774

occurred, and the event is then retrieved from pipelined storage buffers. Of 40 million775

bunch crossings per second, less than 100000 pass Level–1 [1].776

The Level–2 trigger is a large array of custom processors that analyse in greater777

detail specific regions of interest defined by the Level-1 system for each event [1]. In778

the mean time, the full event data is collected into buffers. Fewer than 1000 events per779

second pass Level–2, and have their data passed on the Level–3.780

In the Level–3 trigger, usually referred as ”Event Filter” (EF), a detailed analysis781

on the full event data is applied. Less than 100 events per second are left after the782

Level–3 analysis, and these are passed on to a data storage system for offline analysis.783
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Figure 3.6: A high-level view of the data flow and the principal processing stages
involved in this process.
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Chapter 4816

Data Driven Estimation of817

ZQQ→ Zµµ Background818

4.1 Introduction819

The decay channel H → ZZ(∗) → 4ℓ, where ℓ = e, µ, is one of the experimentally820

cleanest signatures for the search of the Standard Model Higgs boson. The main back-821

grounds to the H → ZZ∗ → 4ℓ search at LHC is the irreducible ZZ∗/γ∗ → 4ℓ, while822

the reducible backgrounds are mainly Z +QQ (Q=b or c), tt̄, and Z + light jets with823

one or more ”fake” leptons in the final state.824

For the high mass region, MH > 180GeV , the two on-shell Z bosons from the Higgs825

decay allow for a selection which strongly suppresses the reducible backgrounds leaving826

only the irreducible ZZ → 4ℓ component. At low Higgs masses, where one of the decay827

bosons is off-shell, contributions from Z + jets and tt̄ can be significant and tighter828

cuts are therefore applied to reduce these backgrounds to a level safely below the ZZ∗
829

continuum.830

This analysis presents a search for Z + µ+µ− events using the first 43pb−1 of pp831

collisions at the LHC at
√
s = 7TeV with the ATLAS detector. Events with a dilepton832

pair consistent with a Z decay, both Z → µ+µ− and Z → e+e− decays, are studied.833

With this search, which is using the same selection criteria with H → 4ℓ analysis, the834

Z+ heavy quark background is measured in a control region and it is compared with835

the corresponding Monte Carlo expectation. Further more, because of the low statistics836

of these early data, the Z + µ final state is also studied, allowing for more quantitative837

comparison of the different muon components in data and MC.838

Finally, the efficiency of the additional muon selection criteria is investigated using839

a tag and probe like method on muons originating from Z decays.840

49
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Figure 4.1: Feynman diagrams of the ZZ, Zbb and tt̄ production at the LHC.
[]

4.2 MC Samples841

The MC samples used for this analaysis, described detailed in Appendix A, include842

Z → µ+µ− and Z → e+e− samples generated by ”Pythia 6.4” [1]. Though, cross843

checks were made using ”Sherpa”[2], ”MC@NLO”[3] and ”ALPGEN” [4] generators.844

The results obtained from the previous are compatible with each other. ”Pythia”845

generators also used for ZZ, bb, cc, Z → ττ and Higgs with different masses processes.846

For the tt̄ background the ”MC@NLO” generator is used. Next–to– next–to leading847

order cross–section used for the simulation scaling to the data luminosity. The feynman848

diagrams of the production mechanisms of the backgrouns are illustrated in Figure 4.1849

and the corresponding cross sections are presented on Table 4.1. The pile up setup is850

bunch train with double trains of 225ns separation, within trains are 8 filled bunches851

with 150ns bunch separation [11]. As a result, the MC samples are reweighted to852

reproduce the vertex multiplicity observed in the data, see Table 4.2.853
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Sample Cross Section
H → ZZ → 4ℓ(MH = 120GeV ) 1.37 fb

Z → ℓℓ (PYTHIA) 0.989 nb
Z → ℓℓbb+ 0 parton (ALPGEN) 7.95 pb
Z → ℓℓbb+ 1 parton (ALPGEN) 3.01 pb
Z → ℓℓbb+ 2 parton (ALPGEN) 0.986 pb
Z → ℓℓbb+ 3 parton (ALPGEN) 0.472 pb

ZZ (PYTHIA) 1.02pb
tt̄ 164.6 pb

Table 4.1: Cross sections of the MC used for the analysis [5]. NNLO used except from
the tt̄ which is leading order logarithm approach.

Nvtx Reweight
1 1.90
2 1.21
3 0.86
4 0.66
5 0.58
6 0.47
7 0.54
≥8 0.32

Table 4.2: Pile-up reweight as a function of the number of primary vertices, NV tx.
All events with 8 or more vertices are grouped in the last category, owing to lack of
statistics.
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4.3 Lepton Definition854

This section contains a brief introduction to the muon and electron identification and855

reconstruction algorithms.856

4.3.1 Muon Reconstruction And Identification857

There are four basic algorithms for the muon reconstruction available:858

• Stand - alone: this reconstruction is based on the muon spectrometer information,859

independently of the inner detector. It is initiated locally in a muon chamber860

by a search for straight line track segments in the bending plane. A minimum861

of two track segments in different muon stations are combined to form a muon862

track candidate using three - dimensional tracking in the magnetic field. The863

track parameters are obtained from the muon spectrometer track fit and are864

extrapolated to the interaction point taking into account both multiple scattering865

and energy loss in the calorimeters.866

• Combined muons: this reconstruction associates a previously defined Stand–Alone867

muon spectrometer track to an inner-detector track, by performing a χ2-test, de-868

fined by the difference between the respective track parameters weighted by their869

combined covariance matrices. The parameters are evaluated at the point of clos-870

est approach to the beam axis. The track parameters are derived from a statistical871

combination of the two tracks or the refit of the ID and MS hits associated with872

the track.873

• Tagged muons: this reconstruction algorithm propagates all inner detector tracks874

with sufficient momentum out to the first station of the muon spectrometer and875

searches for nearby track segments in the muon chambers. If a segment is suf-876

ficiently close to the predicted track position, then the inner detector track is877

tagged as corresponding to a muon.878

• Calo Muons: Muons traverse the Inner Detector and the calorimeters in the AT-879

LAS experiment before reaching the Muon Spectrometer. The material thickness880

traversed by the muons is over 100 radiation lengths (X0), as presented in Figure881

4.2 [17]. By passing through this material, muons undergo electromagnetic inter-882

actions which result in a partial loss of their energy. As over 80% of this material883

is in the instrumented areas of the calorimeters, the energy loss can be measured.884

Calorimeter tagging algorithms identify inner detector tracks using the distinctive885

energy deposition pattern associated to minimum ionising particles and by those886

procedures calo muons are identified. Muon identification in the calorimeters can887

be used to recover low momentum (PT = 2 − 5GeV/c) muons, which produce888

marginal activity in the muon spectrometer.889
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Figure 4.2: Material distribution before the Muon Spectrometer in ATLAS as a function
of h. The material is expressed in radiation lengths (X0) [8].

[]

The combined and segment - tagged muons are used for this study. Efficiency checks890

using data from dimuon decays of the J/ ψ mesons and Z bosons, proved that using891

combined and segment-tagged muons leads to an agreement between data and MC892

efficiencies of better than 1 % and as a result no efficiency correction is needed [11].893

Inner Detector (ID) Track Requirements for Muon Identification894

A series of cuts are applied to muon candidates in order to ensure the quality of the895

reconstructed muons and as a result of the selection. These cuts are presented in Table896

4.3 and the efficiency of this selection is 96% [16].897

Requirements

|η| ≤ 2.5
NB−Layer Hits > 0 when B - Layer Hit expected

NPixel Hits +NCrossed Dead P ixel Sensors > 1
Hits NSCT Hits +NCrossed Dead SCT Sensors ≥ 6

NPixel Holes +NSCT Holes < 2
TRT extension nTRT

hits = the number of TRT hits on the muon track
nTRT

outliers = the number of TRT outliers on the muon track
n = nTRT

hits + nTRT
outliers

if |η| <1.9 n > 5 and nTRT
outliers > 0.9n

if |η| ≥1.9 and n > 5 nTRT
outliers > 0.9n

Table 4.3: ID track Requirements for muon identification
.
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4.3.2 Electron Reconstruction and Identification898

Electrons consist of electromagnetic clusters to which inner detector tracks are matched899

in a broad window between the cluster position and the extrapolated track. The base-900

line electron identification relies on cuts using variables that provide good separation901

between isolated electrons and jets. These variables include calorimeter, tracker and902

combined calorimeter/tracker information. They can be applied independently and903

three reference sets of cuts have been defined with increasing background rejection904

power: loose, medium and tight. In more details [9]:905

• Loose: A set of cuts performs a simple electron identification based only on limited906

information from the calorimeters. Cuts are applied on the hadronic leakage907

and on shower-shape variables, derived from only the middle layer of the EM908

calorimeter. This set of cuts provides excellent identification efficiency, but low909

background rejection.910

• Medium: By adding cuts on the strips in the first layer of the EM calorimeter and911

on the tracking variables, an effective rejection of π0 → γγ decays is achieved.912

Since the energy-deposit pattern from π0’s is often found to have two maxima913

due to π0 → γγ decay, showers are studied in a window ∆η × ∆φ = 0.125 × 0.2914

around the cell with the highest ET to look for a second maximum. If more than915

two maxima are found the second highest maximum is considered. The tracking916

variables include the number of hits in the pixels, the number of silicon hits and917

the tranverse impact parameter. The medium cuts increase the jet rejection by918

a factor of 3-4 with respect to the loose cuts, while reducing the identification919

efficiency by 10%.920

• Tight: Additional cuts are applied on the number of vertexing-layer hits (to reject921

electrons from conversions), on the number of hits in the TRT, on the ratio of922

high-threshold hits to the number of hits in the TRT (to reject the dominant923

background from charged hadrons), on the difference between the cluster and the924

extrapolated track positions in η and φ , and on the ratio of cluster energy to track925

momentum. Two different final selections are available within this tight category:926

they are named tight (isol) and tight (TRT) and are optimised differently for927

isolated and non-isolated electrons. In the case of tight (isol) cuts, an additional928

energy isolation cut is applied to the cluster, using all cell energies within a cone929

of ∆R < 0.2 around the electron candidate. This set of cuts provides the highest930

isolated electron identification and the highest rejection against jets. The tight931

(TRT) cuts do not include the additional explicit energy isolation cut, but instead932

apply tighter cuts on the TRT information to further remove the background from933

charged hadrons.934
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Since the very early data taking periods, Data and MC comparisons on electrons935

from W and Z decays, have revealed some discrepancies in the shower shape distribu-936

tions [9]. In order to maintain the robustness of the electron identification criteria the937

cut values used on the shower shapes are placed on the tail of the relevant distributions938

from data, thus maitaining high identification efficiency and reducing systematics [9].939

This is called the ”Robust” selection. An electron candidate may be found with the940

standard (cluster based) and softe (track based) algorithm, which is referred as ”au-941

thor” variable. For this study, candidates found by at least the standard algorithm and942

fulfilling robust medium selection are used [9].943

Dead Calorimeter Regions - OTx Maps944

Signals from the Liquid Argon Calorimeter are amplified, shaped and digitized on the945

front-end boards located on the detector. The digital data are then transferred through946

over 1700 optical links to the back-end electronic system located about 120 meter away947

for further processing. In each optical link, optical transmitter (OTx) converts the948

signals from electrical into optical form and sends them out through optical fiber. In949

each optical link the data of 128 channels are transmitted, if one optical link fails that950

leads to data loss of these channels. The front end borders are organised by calorimeter951

layers and therefore always correspond to the same layer. During the 2010 data taking952

period there were OTx failures in all 4 layers (presampler, first, second and third).953

Since electromagnetic cluster building is based on the second layer, electrons falling954

into a dead OTx region in the second layer are therefore unrecoverable [5]. Losses in955

the presampler and first layer are in principle recoverable but special energy corrections956

are needed. These corrections are available only for the presampler at present. In957

this analysis, the affected regions are excluded by applying an acceptance map on the958

data and MC (where only a fraction of dead regions are simulated). This results in an959

acceptance loss of 9% per electron. The back layer has very little impact on efficiency960

and energy measurements and it is therefore included without corrections. All dead and961

weak optical links were replaced in the 2010-2011 winter shut down, while the failure962

pattern is understood and appropriate measures have been taken. All affected regions963

of the calorimeter are thus expected to be recovered for the 2011 run.964

Electron Requirements965

Electron candidates should pass the selection presented in Table 4.4, in order to be966

considered as quality candidates. The efficiency of this selection is estimated to be 90%967

[9].968
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Electron Requirements

Candidates Excluded those from dead calorimetric Regions
author 1 or 3
|η| ≤ 2.47 (including crack region)

isEM true
Reconstruction Robust Medium

Table 4.4: Electron Requirements
.

4.4 Muon Additional Selection Criteria969

The final state of Z + µµ accepts significant contribution from Z + jets and tt̄ back-970

grounds. In order to reduce them below a safety level additional lepton selection, to971

those previously described, is required. Isolation and impact parameter criteria are972

used for further background rejection [8].973

4.4.1 Lepton Isolation974

Z + jets and tt̄ are the most important reducible backgrounds of our study. The heavy975

quark decays are expected to originate from secondary vertices and appear in a jet976

environment, since b and c quarks live long enough to decay at some distance from the977

interaction point. Additional contaminating sources are the light quark jets (pion or978

kaon decays and punch-through hadrons) and tt̄ decays. Muons coming from the latter979

interactions are in general consistent with originating from secondary verteces. Muons980

that originate from light quark jets populate in general the low PT spectrum and are981

characterized by relatively large difference between the transverse momenta measured982

in the inner detector and the muon spectrometer. In addition, such muons are not983

isolated. As opposed to these, the prompt muons from W or Z boson decays have984

on average just the opposite properties except that they originate from the interaction985

point. The muons in tt̄ decays originate either from W or from b–quark decays, sharing986

the corresponding characteristics.987

Muon isolation requirement can be separated into two types: calorimeter-based and988

track-based. The calorimeter isolation is determined by defining a cone around the989

muon trajectory with a minimum and maximum radius, so the cells, where the muon990

deposits its energy, can be excluded. The size of the inner radius must be optimised to991

collect most of the energy deposited by the muon and as little as possible from other992

particles. The energy deposited between the inner and outer radius is then the isolation993

energy. Track-based isolation is a very useful variable, as it has been shown to provide a994

better signal background discrimination [8], and can be used either together with or as995
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an alternative to calorimeter based isolation since the two are statistically independent996

as the information is provided by different parts of the detector.997

Isolation variables998

The ET measured in the electromagnetic calorimeter within a cone around the lepton999

(ΣET ) can be used as a standalone parameter. This variable is often referred to as the1000

isolation energy. It can be based on energy measurements or the sum of PT from all1001

tracks within the given cone. The relative isolation energy, where the isolation energy1002

is divided by the total combined lepton PT , is also a usefull parameter since it allows for1003

a cut yielding even better isolation. The value in the cone is assumed to be energy of1004

the lepton subtracted the value of other particles in the cone, this value can be negative1005

for muons. For this reason, the number of tracks around the reconstructed lepton is1006

used as an isolation variable for the muon and respectively the relative track isolation,1007

is defined as the ratio of the sum of the transverse momenta of the Inner Detector1008

tracks in a cone of radius ∆R =
√

∆η2 + ∆φ2 < 0.3 around the lepton over the lepton1009

PT . In order to minimize secondary, out of interest, ineractions (pile - up effect) vertex1010

proximity criteria and a PT threshold of 1GeV are applied.1011

The imposal of calorimetric and track isolation on muons reduces drastically the1012

reducible backgrounds, including the ”fake” muons of the Z + jets background. As1013

an example the distributions of the isolation variables used in this analysis for muons1014

originating from Higgs decays as well as muons originating from jets are shown in Figure1015

4.3. The isolation distributions of the a H → 4ℓ (M = 120GeV ) and a dijet sample1016

are presented. It can be observed that the signal peaks at 0 whereas the backgrounds1017

extends to higher values.1018

4.4.2 Impact Parameter Criteria1019

Due to the apreciable life time of the b–hadrons, some of the leptons from the Zbb̄1020

and tt̄ processes are expected to originate from displaced vertices, which can be used to1021

further reject the reducible backgrounds. The impact parameter significance, defined as1022

the impact parameter of the lepton normalised to its measurement error, is required not1023

to exceed a predefined value. In Figure 4.4 where the distributions of a H → 4ℓ (M =1024

120GeV ) and a dijet sample are presented, it shows how this requirement rejects the1025

background [8].1026



58CHAPTER 4. DATA DRIVEN ESTIMATION OF ZQQ→ Zµµ BACKGROUND

 R =30)∆ (
T

 /PT PΣ
0 0.2 0.4 0.6 0.8 1

N

-410

-310

-210

-110

1

Di-Jet

Higgs M=120GeV

(a)

 R =30)∆ (
T

 /PT EΣ
0 0.2 0.4 0.6 0.8 1

N

-510

-410

-310

-210

-110

1

Di-Jet

Higgs M=120GeV

(b)

Figure 4.3: 4.3(a) Track - based and 4.3(b) calorimetric isolation distributions in cone
∆R = 0.3 for muons originating from Higgs decays and jets. The isolations cuts at low
values of the relative isolation variable suppress the background.
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Figure 4.4: d0 significance distribution of muons from Higgs decays and muons from
jets. The application of this cut leads to background rejection.
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4.5 Event Preselection1027

4.5.1 Data Quality - GRL1028

This study uses data collected at a center of mass energy of
√
s = 7TeV in proton–1029

proton collisions by the ATLAS experiment from March 30 until October 31, 20101030

(data–taking periods A to I2). The data analysed passes the ”Good Runs List” (GRL)1031

selection, for which the LHC declared stable beams and the ATLAS detector was at1032

nominal high voltage. In addition, the GRL selection required the solenoid and toroid1033

elds to be both on and at nomimal conditions for good muon and electron momentum1034

measurements. The sub-detectors were also recording good data quality so that the1035

electron and muon identfication and reconstruction algorithms were oparating as ex-1036

pected. The corresponding total integrated luminosity after the data quality selection1037

applied in this analysis is 43.32pb−1 for the muons channel and 38.85pb−1 for the 2e2µ1038

channel, as determined by the standard ATLAS tool for luminosity calculation [18].1039

4.5.2 Trigger1040

The trigger requirements change as a function of increasing instantanous luminosity.1041

Events for the present analysis are selected by the triggers of Table 4.5, which correspond1042

to the lowest unprescaled triggers [12].1043

Run Numbers (R) Muons Stream Trigger Egamma Stream Trigger
R < 160899 L1 MU10 L1 EM14

160899 ≤ R < 165703 EF mu10 MG L1 EM14
165703 ≤ R < 167607 EF mu13 MG EF e15 medium

R ≥ 167607 EF mu13 MG tight EF e15 medium

Table 4.5: Triggers used for the different data taking periods for the muons and electrons
channels analysis

Level 1 (L1) muon trigger searches for patterns of hits in three trigger stations within1044

|η| < 2.4. The algorithm requires the hits in the different trigger stations to coincide1045

with a road which tracks the path of a muon from the interaction point through the1046

detector. The width of the road is related to the PT threshold to be applied, which is1047

set to 10 GeV (L1 MU10 trigger selection) or 14 GeV(L1 EM14).1048

The High Level Trigger (HLT) is a software based trigger, running on farms built1049

from commodity computing and network technology. It is subdivided into LVL2 and1050

the Event Filter (EF). The EF can take around 1s and should further reduce the rate1051

to ∼ 200 Hz. Both levels have access to the full granularity of all the detector data and1052

follow the principle of further refining the signatures identified at LVL1, see Figure 4.5.1053

The EF mu10 MG match reconstructed muon to EF muon object with dR < 0.3 and1054



60CHAPTER 4. DATA DRIVEN ESTIMATION OF ZQQ→ Zµµ BACKGROUND

Figure 4.5: Sketch of the ATLAS T/DAQ system. The places where the HLT and thus
the HLT Steering is deployed (LVL2/EF) are marked in grey.

[]

a PT threshold of 10GeV, whereas EF mu13 triggers have a threshold set to 13GeV.1055

EF e15 medium corresponds to medium electrons with PT above 15 GeV.1056

4.5.3 Leading Dilepton Selection1057

The event candidates are formed by selecting two opposite sign, same flavour di–leptons1058

in an event. The leading di–lepton, Z1, is defined as the one with invariant mass Mℓ1ℓ21059

closest to the nominal Z boson mass. Out of all possible remaining lepton pairs, the1060

second di–lepton, Z2, is chosen to have the invariant mass closest to the nominal Z1061

mass.1062

An initial selection requires the trigger criteria described in 4.5.2, a primary vertex1063

with at least three tracks associated to it and at least two same flavor leptons. The rest1064

of the selection is different for the Z → e+e− + µµ and Z → µ+µ− + µµ channels and1065

is described in details in the following subsections. Note that each lepton candidate1066

should be in well seperated from the other leptons of the event (DR ≥ 0.1).1067

Z12 → µ+µ−
1068

For the leading case of Z → µ+µ−, the ID track requirements for muon identification,1069

see Table 4.3 are applied to each muon of the dimuon pair. This selection requires1070

|η| ≤ 2.5, the number of Pixel hits and crossed dead Pixel sensors to be greater than1071

one, similar requirement is applied to the SCT hits and the SCT dead sensors, a Pixel1072

b–layer hit on the muon except the extrapolated muon track passed an uninstrumented1073
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Z → ee Z → µµ

Primary vertex Nvtx ≥ 1 with Ntrks ≥ 3 Nvtx ≥ 1 with Ntrks ≥ 3
|Zvtx| < 150 mm

Trigger Based on the increasing instantanous luminosity
PT > 20GeV

robust Medium Combined or Segment Tagged
|η| ≤ 2.47 |η| ≤ 2.5

author=1 or 3 B-layer Hit when expected
Z12 successful TRT extension

Pixel and SCT hits
Impact Parameter Criteria

Track Iso (30)/PT ≤ 0.2
Calo Iso (30)/PT ≤ 0.3

opposite charge
|M12 −MZ | ≤ 15GeV

PT > 3GeV
Combined or Segment Tagged

Additional Muons |η| ≤ 2.5
B-layer hit when expected, successful TRT extension

Pixel and SCT hits

Table 4.6: Summary of the event selection criteria
.

or dead area of the b–layer, SCT holes and Pixel holes to be less than two and a1074

successful TRT extension where expected. In addition to the ID qualiity requirements1075

a selection similar to The Higgs selection is applied. This requires a PT threshold of1076

20GeV , combined or segment tagged muons, a relative track isolation in cone 30 less1077

than 0.20 and relative calorimetric isolation at cone ∆R = 30 less than 0.30, impact1078

parameter criteria, opposite sign charges for the dimuon pair and mass close to the Z1079

mass within a range of 15GeV , see Table 4.7. The selection is such that it suppreses the1080

tt̄ background without affecting the signal. Note that the calorimetric isolation affects1081

less than 1% the signal and for that reason is not applied in the rest of the analysis.1082

Applying the above selection for the l1l2, the mass distribution before the mass cut1083

is presented in Figure 4.6, the Z peak is apparent with negligible background.1084

Z12 → e+e−1085

A similar procedure is perfomed for the case where Z12 decays to electrons. The elec-1086

trons selection requires the electron quality requiremenrs discussed in section 4.4 and1087
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H → 4ℓ Selection Criteria

PT > 20GeV
Track Iso (30)/PT ≤ 0.2
Calo Iso (30)/PT ≤ 0.3
Reconstruction Combined / Segment Tagged

Z0(PV ) ≤ 10mm
d0(PV ) ≤ 1mm
Charge opposite

Mass ℓ1ℓ2 |M12| ≤ 15GeV

Table 4.7: Higgs (H → 4ℓ) Selection Criteria for muons of the primary dilepton
.

the Higgs selection. The former reccomendation, is presented in Table 4.4, and accepts1088

robust medium electrons with authors 1 or 3, within |η| < 2.47 (including the crack1089

region) and fullfilling the isEM selection. All candidates from dead calorimetric regions1090

are excluded using OTx maps.1091

From the Higgs Selection, see Table 4.7, the PT requirement, the relative track1092

based and calorimetric isolation, the charge and mass cuts are applied to the dielectron1093

pair. A detailed study of the perfomance of the higgs cuts is presented in the following1094

subsection.1095

The mass M12 distribution before the mass cut |M12| ≤ 15GeV is presented in1096

Figure 4.6 for Data and MC.1097

4.5.4 Additional muon selection1098

The remaining muons of the event, which are required to be in a well seperated from the1099

ℓ1, ℓ2 and from each other, are required to pass the ID track requirements, presented1100

in Table 4.3, and a series of other cuts. In details, the latter include:1101

• PT > 3GeV1102

• Combined or Segment Tagged1103

• Z0(PV ) ≤ 10mm1104

• d0(PV ) ≤ 1mm1105

• Opposite Sign (in case of dimuon)1106
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Figure 4.6: Mass distribution of the leading dimuon pair (ℓ1ℓ2), the Z peak is apparent
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Note that in the case where two additional muons are found, no explicit mass cut1107

is applied to M34, however the ∆R cut between leptons sets a threshold. This is done1108

in order gain statistics and estimate the background in the control region.1109

Since only a few 4ℓ final state events were found in 2010 ATLAS data when the1110

selection as described above was applied, the 3ℓ final state was studied as well in order1111

to have statistics to study the proposed method. The main reason is a cross check of1112

the MC expectations in the control region, since the available statistics does not allow1113

an accurate measurement of the background contribution in the signal region.1114

4.6 Data Driven Estimation of ZQQ → Zµµ Back-1115

ground1116

The muons sources accompanying the Z are from heavy flavor (Q) or from π/K decays.1117

In this section, muons candidates originating from heavy flavor (Q) or from light jets1118

(q) are treated seperately. Special emphasis is given to lepton candidates originating1119

from Q, since ZQQ→ 4ℓ is the most important irreducible background to the H → 4ℓ.1120

The selection of the lepton candidates is described in Table 4.6 and in previous1121

section 4.5.4. For the additional muons the PT threshold applied is 3GeV in order to1122

gain statistics, but cross–checks are made with 5 and 7GeV thresholds.1123

Muons from π/K decays were subtracted using a weighting procedure, which as-1124

signs to each charged track, selected by the same selection as the additional muons, a1125
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probability to be reconstructed as a muon. The propability that a pion is reconstructed1126

as a muon has been studied using reconstructed K0
s → π+π− decays and the total1127

probability estimated to be 0.1% [13]. From that study, a 20% systematic uncertainty1128

is assigned.1129

The estimated rates of muons from heavy flavor decays per Z decay with the weight-1130

ing procedure applied on MC are presented in Table 4.8, for both decay channels1131

Z → µ+µ− and Z → e+e−, along with the corresponding truth rates. The estimated1132

and truth values (from MC) are in very good agreement and as a result the method1133

can be applied on Data.1134

PT cut (GeV) Z(Q→ µ)/Z decay (%) Z(QQ→ µ+µ−)/Z decay (%)
Estimated True Estimated True

3 0.538 0.535 ± 0.004 0.0114 0.0110 ± 0.0006
5 0.269 0.273 ± 0.003 0.0036 0.0033 ± 0.0004
7 0.163 0.163 ± 0.003 0.0013 0.0013 ± 0.0003

Table 4.8: Estimated and true events of Q → µ and QQ → µ+µ−, expressed in per-
centage of Z for MC, for different PT thersholds of the additional muons

Apart from the fake muons, the Z + µµ final state receive contributions from ZZ1135

and tt̄. In contrast, in the 3ℓ final state these contributions are estimated from MC to1136

be negligible (< 2% and PT independent). The detailed amount of their contribution1137

to the 3ℓ and 4ℓ final states as well as the Z + jets contribution estimated from MC1138

and given in Table 4.9.1139

3GeV
Sample Z + µ(pb) Z + µ+µ−(pb)
Z + jets 6.17 0.130

tt̄ 0.097 0.026
ZZ 0.003 0.005

7GeV
Sample Z + µ (pb) Z + µ+µ−(pb)
Z + jets 1.44 0.012

tt̄ 0.017 0.001
ZZ 0.012 0.005

Table 4.9: Estimated cross sections of the contribution to the final state of the Z+jets,
ZZ and tt̄ background, for different PT thresholds applied.

For the 4ℓ final state, the ZZ background contribution is estimated to be 30%1140
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Figure 4.7: Mass distributions of the quadraplets of the 4ℓ final state 4.7(a) and the
non-leading dimuon pair 4.7(b) for tt̄, ZZ, Z Inclusive proceses and Higgs (120GeV)
as signal for the luminosity of our Data (40 pb−1).
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for a PT threshold of 7GeV applied to the additional muons. The tt̄ background con-1141

tributes more for low PT thresholds. Figure 4.7 presents the mass distributions of the1142

quadraplets of the 4ℓ final state for tt̄, ZZ, Z Inclusive proceses and Higgs (120GeV)1143

for the signal, as well as the mass of the non-leading dilepton (M34). The mass of the1144

Higgs sample (120GeV) was choosen because of the lowest M34 mass that it gives. From1145

the M34 plot it is apparent that if an upper cut, between 60 and 70GeV , is set the ZZ1146

contribution could almost be eliminated.1147

4.7 Results of data to MC comparison1148

The selection, described previously for the leading dilepton 4.6 and the additional muons1149

4.5.4, is applied on both data and MC in this section. The properties of the additional1150

muons are compared with the corresponding from the MC. The procedure to estimate1151

the contribution of fake muons is applied on the data, while, due to low statistics, the1152

ZZ and tt̄ contributions are taken from MC.1153

When a Z candidate is found, the tracks are rewighted using the same probability1154

map as that of the MC and the π/K contamination is estimated. Figure 4.8 shows1155

the additional muon multiplicity in proportion of the Z decays, before and after the1156

subtraction of the π/K contamination. In Table 4.10 the exact numbers of additional1157

muons are reported, for both data and MC and for different PT thresholds.1158



66CHAPTER 4. DATA DRIVEN ESTIMATION OF ZQQ→ Zµµ BACKGROUND

Additional muonsN

0 0.5 1 1.5 2 2.5 3 3.5 4

)E
ve

nt
s

Z
(1

/N

-510

-410

-310

-210

-110

1
 = 7 TeVs, -1 L=43 pb∫

µ→Data Q

µData all 

µ→MC Q

Figure 4.8: Additional muon normalized multiplicity with a PT threshold of 3GeV ,
before and after the subtraction of the π/K contamination. The MC expectations is
also presented for heavy flavor.
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4.7.1 Z + µ1159

For the 3ℓ final state the agreement between data and simulation is investigated. Figure1160

4.8 presents the normalized per number of Z events found, while Figure 4.9 presents1161

the normalised PT spectrum for both data and MC.1162

When the isolation and impact parameter criteria are imposed on the additional1163

muons the efficiency recorded in data is (27 ± 3)%, which is in agreement with the1164

25% efficiency measured from the MC. The distribution of these properties, before this1165

additional selection, are presented in Figure 4.10. For the case of the calorimetric1166

isolation, the first bin shows discrepancies between data and MC. The pile–up is not1167

the cause, since the MC describes the pile–up conditions of our data. The rest of the1168

distribution though, as well as the other distributions are in agreement.1169

Additional Tracks Selection1170

Same selection criteria as for the additional muons are applied to tracks, excluding those1171

tracks which are associated to the Z boson leptons. The purpose is to be used for the1172

measurement of P (π/K → µ) rates. In this way, each event in the Z+tracks final state1173

can be assigned with a probability to contribute to the Z + µ or Z + µ+µ− final state,1174

yielding the predicted contaminating contribution NZ+(q→µ). The number of observed1175

Z + µ(µ) events after the subtraction of the contaminating NZ+(q→µ) contribution can1176
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Figure 4.9: 4.9(a) Additional muon normalized PT spectrum and 4.9(b) η distribution
with PT > 3GeV threshold, before and after the subtraction of the π/K contamination.
The MC expectations is also presented for heavy flavor.
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Figure 4.10: Track based and calorimetric isolation and d0 significance of extra muons
normalized to PT .
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Final State 3ℓ
Events Z + µ/Z × 10−2 Z + (Q→ µ)/Z × 10−2

pT > 3 GeV Data 241 (1.02 ± 0.07) 0.51 ± 0.08
MC 0.99 0.54 ± 0.05

pT > 5 GeV Data 103 (0.43 ± 0.04) 0.27 ± 0.05
MC 0.42 0.27 ± 0.02

pT > 7 GeV Data 51 (0.22 ± 0.03) 0.15 ± 0.03
MC 0.23 0.16 ± 0.01

Final State 4ℓ
Events Z + µµ/Z × 10−3 Z + (QQ→ µµ)/Z × 10−3

pT > 3 GeV Data 7 (0.30 ± 0.11) 0.20 ± 0.11
MC 0.232 0.114 ± 0.012

pT > 5 GeV Data 1 (0.04 ± 0.04) 0.03 ± 0.03
MC 0.060 0.036 ± 0.005

pT > 7 GeV Data 1 (0.04 ± 0.04) 0.03 ± 0.04
MC 0.027 0.013 ± 0.002

Table 4.10: Number of events Z + µ and Z + µ+µ− in data and rates of events per
Z decay of all additional muon events as well as the ones estimated to originate from
heavy quark decays in data and MC.

then be compared with the Monte Carlo predictions for each of the Z +µ or Z +µ+µ−
1177

processes, as presented in previous section. The properties of the tracks are presented1178

in Figures 4.11. The track multiplicity 4.11(a) seems to be harder in data for higher1179

PT values than expected from MC. Pile-up simulated samples were used for further1180

investigation, however no evidence was found that the pile-up is the cause. PT and η1181

distributions shapes though agree for data and MC.1182

4.7.2 Z + µ+µ−1183

The statistics of 4ℓ final states found is extremely limited, as presented in Table 4.10.1184

With a 3GeV cut seven cases with second dilepton are found, from which in only four1185

the additional dimuon is opposite sign. The mass distribution of the quadraplets with1186

opposite sign dileptons is presented in Figure 4.12 and it is in agreement with the MC1187

expectations.1188



70CHAPTER 4. DATA DRIVEN ESTIMATION OF ZQQ→ Zµµ BACKGROUND

tracksN

0 5 10 15 20 25 30

)E
ve

nt
s

Z
(1

/N

-610

-510

-410

-310

-210

-110

1
 = 7 TeVs, 

-1
 L=43 pb∫

Data

MC

(a)

(GeV)TP

4 6 8 10 12 14 16 18 20
 [1

/G
eV

]
T

) 
dN

/d
P

Z
(1

/N
-310

-210

-110

1

 = 7 TeVs, 
-1

 L=43 pb∫

Data

MC

(b)

η
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

η
) 

dN
/d

Z
(1

/N

0.06

0.08

0.1

0.12

0.14

0.16

0.18

 = 7 TeVs, 
-1

 L=43 pb∫

Data

MC

(c)

Figure 4.11: Additional tracks properties, 4.11(a) track multiplicity, 4.11(b) PT and
4.11(c) η distributions. The selection is the same of the muons accompaning the Z
boson.
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Figure 4.12: Mass distribution of four lepton events, where the non-leading dimuon is
opposite sign and the PT cut is 3GeV .
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4.8 Data Driven Efficiency Estimation of the Isola-1189

tion and Impact Parameter Requirements (by1190

using Z–decays)1191

Apart from the data driven estimation of the ZQQ background, the data driven signal1192

efficiency of the additional muon selection is of interest. This section presents a data1193

based study of the lepton selection criteria, these criteria are the impact parameter1194

significance, calorimetric and track based isolation. For the signal, the efficiency is1195

evaluated for Z decay events for different PT bins since low PT muons can be isolated.1196

A method similar to the ”tag and probe”, is used to measure the efficency of this1197

selection. Events with at least one dimuon pair, are required to have at least one1198

muon passing all the cuts of Table 4.3, this is defined as the tag muon. The additional1199

selection is applied to an opposite sign muon (probe) simultaneously or individually1200

each cut. In order to avoid biases in the estimation, the procedure is applied separately1201

in positive and negative charged tag muons. After the selection, the surviving number1202

of candidates is estimated with a fit on the dimuon invariant mass. A convolution of a1203

Breit-Wigner with a Crystal-Ball function is used for the signal and an exponential is1204

used for the background. Examples of the fitting are shown in Figure 4.13. Two cases1205

are presented, the upper row corresponds to the most difficult case (10 < P probe
T <1206

20GeV ) where significant background exists, especially in the case where no additional1207
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criteria are imposed to the probe muon, and the lower row corresponds to the case1208

40 < P probe
T < 50GeV , where the background is negligible.1209

The results of the application of the procedure for all the PT intervals and selections1210

are shown in Figure 4.14. The uncertainty is estimated by the quadratic difference of1211

the fit result uncertainties on the number of signal events. The uncertainty assigned1212

by this method is in general higher than the difference in the estimates produced by1213

different signal and background fitting functions and is therefore assumed to be the sys-1214

tematic uncertainty of the procedure. At high PT values, where the QCD background is1215

negligible, it reaches asymptotically the expected binomial estimate. The ratio between1216

Data and MC efficiencies, is shown in Figure 4.15.1217

The efficiency of the additional selection criteria is shown to be in very good agree-1218

ment between Data and MC for all PT intervals and no scale factor is needed to be1219

applied to the MC expectation. The overall efficiencies in data and MC, as well as their1220

ratio, are summarized in Table 4.11. The errors are due to systematic effects stemming1221

from the fit procedure on the data samples.1222

Selection Efficiency (Data) Efficiency (MC) Ratio

d0/σd0
< 3.5 0.995 0.996 1.000 ± 0.001

Calo Iso/PT < 0.3 0.995 0.995 1.000 ± 0.001
Track Iso/PT < 0.2 0.989 0.992 0.997 ± 0.002

All cuts 0.982 0.985 0.997 ± 0.002

Table 4.11: Efficiency in Data and MC for each selection requirement and their combi-
nation.
.

4.9 Conclusions1223

A search for event with 3ℓ and 4ℓ final states has been perfomed using the 43pb−1 of pp1224

collisions at
√
s = 7TeV of the ATLAS Experiment. The event studied demonstrated1225

good agreement of the simulation with the observation. The effect of the muon isola-1226

tion and the impact parameter criterias were studied and proved to be no discrepancy1227

between data and simulation. The extraction of the Z + (Q→ µ) control samples with1228

muons originating from the heavy quark decays allowed a quantitative comparison,1229

since Z + (QQ → µ+µ−) is limited by the large statistical uncertainties. No evidence1230

supports any disagreement between data and MC.1231

This analysis was perfomed for contributing to the H → 4ℓ (approved) conference1232

note, ”Search for the Standard Model Higgs boson in the decay channel H → ZZ(∗) →1233

4ℓ with 40pb−1 of pp collisions at
√
s = 7TeV ”, ATLAS-COM-CONF-2011-047.1234

http://cdsweb.cern.ch/record/1330414?
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Figure 4.13: 4.13(a): Dimuon mass distributions for 10 < P probe
T < 20 GeV in data

without additional requirements on probe muons. 4.13(b): all the requirements im-
posed. 4.13(c) and 4.13(d): Are the corresponding distributions for probe muons with
40 < P probe

T < 50 GeV. The vertical axis corresponds to the number of events whereas
the horizontal to masses (GeV)
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Figure 4.14: Probe muon efficiencies as function of the transverse momentum for both
data and simulation, imposing calorimeter isolation (a), track isolation (b), impact
parameter significance (c) and both isolation criteria simultaneously (d).
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Appendix A1281

MC Samples list1282

The MC samples used for the present analysis are:1283

mc10_7TeV.109065.PythiaH140zz4l - e540_s765_s767 - r13021284

mc10_7TeV.109291.Pythiazz4l - e530_s765_s767 - r1302,r14301285

mc10_7TeV.107660.AlpgenJimmyZmumuNp0_pt20 - e529_s765_s767 - r1302,r14301286

mc10_7TeV.107661.AlpgenJimmyZmumuNp1_pt20 - e529_s765_s767 - r1302,r14301287

mc10_7TeV.107662.AlpgenJimmyZmumuNp2_pt20 - e529_s765_s767 - r1302,r14301288

mc10_7TeV.107663.AlpgenJimmyZmumuNp3_pt20 - e529_s765_s767 - r1302,r14301289

mc10_7TeV.107664.AlpgenJimmyZmumuNp4_pt20 - e529_s765_s767 - r1302,r14301290

mc10_7TeV.107665.AlpgenJimmyZmumuNp5_pt20 - e529_s765_s767 - r1302,r14301291

mc10_7TeV.106088.McAtNloZmumu_no_filter - e521_s765_s767 - r13021292

mc10_7TeV.104994.Sherpa010103Z4jetstomumu - e550_s765_s767 - r13021293

mc10_7TeV.109345.T1_McAtNlo_Jimmy_2LeptonsMll60GeV - e583_s765_s767 - r13021294

mc10_7TeV.106047.PythiaZmumu_no_filter - e468_s765_s767 - r1302,r14301295

mc10_7TeV.106046.PythiaZee_no_filter - e468_s765_s767 - r1302,r14301296

mc10_7TeV.109385.AlpgenJimmyZmumubbNp0_3Leptons- e579_s765_s767 - r1302,r14301297

mc10_7TeV.109386.AlpgenJimmyZmumubbNp1_3Leptons- e579_s765_s767 - r1302,r14301298

mc10_7TeV.109387.AlpgenJimmyZmumubbNp2_3Leptons- e579_s765_s767 - r1302,r14301299

mc10_7TeV.109388.AlpgenJimmyZmumubbNp3_3Leptons- e579_s765_s767 - r1302,r14301300
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Table B.1: SM Higgs branching ratios in fermionic final states in the low- and
intermediate-mass range.
MH [GeV] H → bb̄ H → ττ H → µµ H → gḡ H → cc̄ H → tt̄
90 8.12 · 10−1 8.41 · 10−2 2.92 · 10−4 6.20 · 10−4 3.78 · 10−2 0.00
95 8.04 · 10−1 8.41 · 10−2 2.92 · 10−4 6.13 · 10−4 3.73 · 10−2 0.00
100 7.91 · 10−1 8.36 · 10−2 2.90 · 10−4 6.03 · 10−4 3.68 · 10−2 0.00
105 7.73 · 10−1 8.25 · 10−2 2.86 · 10−4 5.89 · 10−4 3.59 · 10−2 0.00
110 7.45 · 10−1 8.03 · 10−2 2.79 · 10−4 5.68 · 10−4 3.46 · 10−2 0.00
115 7.05 · 10−1 7.65 · 10−2 2.66 · 10−4 5.37 · 10−4 3.27 · 10−2 0.00
120 6.49 · 10−1 7.11 · 10−2 2.47 · 10−4 4.94 · 10−4 3.01 · 10−2 0.00
125 5.78 · 10−1 6.37 · 10−2 2.21 · 10−4 4.40 · 10−4 2.68 · 10−2 0.00
130 4.94 · 10−1 5.49 · 10−2 1.91 · 10−4 3.76 · 10−4 2.29 · 10−2 0.00
135 4.04 · 10−1 4.52 · 10−2 1.57 · 10−4 3.07 · 10−4 1.87 · 10−2 0.00
140 3.14 · 10−1 3.54 · 10−2 1.23 · 10−4 2.39 · 10−4 1.46 · 10−2 0.00
145 2.31 · 10−1 2.62 · 10−2 9.09 · 10−5 1.76 · 10−4 1.07 · 10−2 0.00
150 1.57 · 10−1 1.79 · 10−2 6.20 · 10−5 1.19 · 10−4 7.25 · 10−3 0.00
155 9.18 · 10−2 1.06 · 10−2 3.66 · 10−5 6.98 · 10−5 4.25 · 10−3 0.00
160 3.44 · 10−2 3.97 · 10−3 1.38 · 10−5 2.61 · 10−5 1.59 · 10−3 0.00
165 1.19 · 10−2 1.38 · 10−3 4.78 · 10−6 9.02 · 10−6 5.49 · 10−4 0.00
170 7.87 · 10−3 9.20 · 10−4 3.19 · 10−6 5.99 · 10−6 3.64 · 10−4 0.00
175 6.12 · 10−3 7.19 · 10−4 2.49 · 10−6 4.65 · 10−6 2.83 · 10−4 0.00
180 4.97 · 10−3 5.87 · 10−4 2.04 · 10−6 3.78 · 10−6 2.30 · 10−4 0.00
185 3.85 · 10−3 4.57 · 10−4 1.59 · 10−6 2.93 · 10−6 1.78 · 10−4 0.00
190 3.15 · 10−3 3.76 · 10−4 1.30 · 10−6 2.39 · 10−6 1.46 · 10−4 0.00
195 2.70 · 10−3 3.24 · 10−4 1.13 · 10−6 2.06 · 10−6 1.25 · 10−4 0.00
200 2.38 · 10−3 2.87 · 10−4 9.96 · 10−7 1.81 · 10−6 1.10 · 10−4 0.00
210 1.92 · 10−3 2.34 · 10−4 8.11 · 10−7 1.46 · 10−6 8.89 · 10−5 0.00
220 1.60 · 10−3 1.96 · 10−4 6.81 · 10−7 1.22 · 10−6 7.40 · 10−5 0.00
230 1.36 · 10−3 1.68 · 10−4 5.82 · 10−7 1.03 · 10−6 6.27 · 10−5 0.00
240 1.17 · 10−3 1.45 · 10−4 5.04 · 10−7 8.86 · 10−7 5.39 · 10−5 0.00
250 1.01 · 10−3 1.27 · 10−4 4.42 · 10−7 7.70 · 10−7 4.68 · 10−5 0.00
260 8.89 · 10−4 1.12 · 10−4 3.90 · 10−7 6.75 · 10−7 4.11 · 10−5 5.14 · 10−8

270 7.86 · 10−4 1.00 · 10−4 3.47 · 10−7 5.97 · 10−7 3.63 · 10−5 2.29 · 10−6

280 7.00 · 10−4 8.98 · 10−5 3.11 · 10−7 5.31 · 10−7 3.23 · 10−5 1.09 · 10−5

290 6.27 · 10−4 8.09 · 10−5 2.80 · 10−7 4.76 · 10−7 2.90 · 10−5 3.06 · 10−5

300 5.65 · 10−4 7.33 · 10−5 2.54 · 10−7 4.29 · 10−7 2.61 · 10−5 6.87 · 10−5

310 5.12 · 10−4 6.68 · 10−5 2.32 · 10−7 3.89 · 10−7 2.36 · 10−5 1.38 · 10−4

320 4.66 · 10−4 6.12 · 10−5 2.12 · 10−7 3.54 · 10−7 2.15 · 10−5 2.66 · 10−4

330 4.26 · 10−4 5.63 · 10−5 1.95 · 10−7 3.24 · 10−7 1.97 · 10−5 5.21 · 10−4

340 3.92 · 10−4 5.20 · 10−5 1.80 · 10−7 2.98 · 10−7 1.81 · 10−5 1.20 · 10−3

350 3.57 · 10−4 4.76 · 10−5 1.65 · 10−7 2.71 · 10−7 1.65 · 10−5 1.56 · 10−2

360 3.16 · 10−4 4.23 · 10−5 1.47 · 10−7 2.40 · 10−7 1.46 · 10−5 5.15 · 10−2

370 2.81 · 10−4 3.78 · 10−5 1.31 · 10−7 2.13 · 10−7 1.29 · 10−5 8.37 · 10−2

380 2.52 · 10−4 3.40 · 10−5 1.18 · 10−7 1.91 · 10−7 1.16 · 10−5 1.10 · 10−1

390 2.28 · 10−4 3.10 · 10−5 1.07 · 10−7 1.73 · 10−7 1.05 · 10−5 1.32 · 10−1

400 2.08 · 10−4 2.84 · 10−5 9.83 · 10−8 1.58 · 10−7 9.59 · 10−6 1.48 · 10−1

410 1.91 · 10−4 2.61 · 10−5 9.06 · 10−8 1.45 · 10−7 8.80 · 10−6 1.62 · 10−1

420 1.76 · 10−4 2.43 · 10−5 8.41 · 10−8 1.34 · 10−7 8.13 · 10−6 1.72 · 10−1

430 1.64 · 10−4 2.26 · 10−5 7.84 · 10−8 1.24 · 10−7 7.55 · 10−6 1.79 · 10−1

440 1.53 · 10−4 2.12 · 10−5 7.34 · 10−8 1.16 · 10−7 7.05 · 10−6 1.85 · 10−1

450 1.43 · 10−4 1.99 · 10−5 6.90 · 10−8 1.09 · 10−7 6.60 · 10−6 1.89 · 10−1

460 1.35 · 10−4 1.88 · 10−5 6.51 · 10−8 1.02 · 10−7 6.21 · 10−6 1.91 · 10−1

470 1.27 · 10−4 1.78 · 10−5 6.16 · 10−8 9.63 · 10−8 5.85 · 10−6 1.93 · 10−1

480 1.20 · 10−4 1.69 · 10−5 5.85 · 10−8 9.10 · 10−8 5.53 · 10−6 1.94 · 10−1

490 1.14 · 10−4 1.60 · 10−5 5.56 · 10−8 8.63 · 10−8 5.24 · 10−6 1.94 · 10−1
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Table B.2: SM Higgs branching ratios in fermionic final states in the high-mass range.
MH [GeV] H → bb̄ H → ττ H → µµ H → gḡ H → cc̄ H → tt̄
500 1.08 · 10−4 1.53 · 10−5 5.30 · 10−8 8.19 · 10−8 4.98 · 10−6 1.93 · 10−1

510 1.03 · 10−4 1.46 · 10−5 5.06 · 10−8 7.80 · 10−8 4.74 · 10−6 1.92 · 10−1

520 9.80 · 10−5 1.40 · 10−5 4.84 · 10−8 7.44 · 10−8 4.52 · 10−6 1.90 · 10−1

530 9.36 · 10−5 1.34 · 10−5 4.64 · 10−8 7.10 · 10−8 4.31 · 10−6 1.88 · 10−1

540 8.95 · 10−5 1.28 · 10−5 4.45 · 10−8 6.79 · 10−8 4.12 · 10−6 1.86 · 10−1

550 8.57 · 10−5 1.23 · 10−5 4.27 · 10−8 6.50 · 10−8 3.95 · 10−6 1.84 · 10−1

560 8.21 · 10−5 1.18 · 10−5 4.10 · 10−8 6.23 · 10−8 3.79 · 10−6 1.81 · 10−1

570 7.88 · 10−5 1.14 · 10−5 3.95 · 10−8 5.98 · 10−8 3.63 · 10−6 1.78 · 10−1

580 7.57 · 10−5 1.10 · 10−5 3.80 · 10−8 5.74 · 10−8 3.49 · 10−6 1.75 · 10−1

590 7.28 · 10−5 1.06 · 10−5 3.67 · 10−8 5.52 · 10−8 3.35 · 10−6 1.72 · 10−1

600 7.00 · 10−5 1.02 · 10−5 3.54 · 10−8 5.31 · 10−8 3.23 · 10−6 1.69 · 10−1

610 6.74 · 10−5 9.86 · 10−6 3.42 · 10−8 5.12 · 10−8 3.11 · 10−6 1.66 · 10−1

620 6.50 · 10−5 9.53 · 10−6 3.30 · 10−8 4.93 · 10−8 2.99 · 10−6 1.63 · 10−1

630 6.27 · 10−5 9.21 · 10−6 3.19 · 10−8 4.76 · 10−8 2.89 · 10−6 1.60 · 10−1

640 6.05 · 10−5 8.91 · 10−6 3.09 · 10−8 4.59 · 10−8 2.79 · 10−6 1.57 · 10−1

650 5.84 · 10−5 8.63 · 10−6 2.99 · 10−8 4.43 · 10−8 2.69 · 10−6 1.54 · 10−1

660 5.64 · 10−5 8.35 · 10−6 2.89 · 10−8 4.28 · 10−8 2.60 · 10−6 1.50 · 10−1

670 5.45 · 10−5 8.09 · 10−6 2.80 · 10−8 4.14 · 10−8 2.51 · 10−6 1.47 · 10−1

680 5.27 · 10−5 7.84 · 10−6 2.72 · 10−8 4.00 · 10−8 2.43 · 10−6 1.44 · 10−1

690 5.10 · 10−5 7.60 · 10−6 2.64 · 10−8 3.87 · 10−8 2.35 · 10−6 1.41 · 10−1

700 4.94 · 10−5 7.37 · 10−6 2.56 · 10−8 3.74 · 10−8 2.27 · 10−6 1.38 · 10−1

710 4.78 · 10−5 7.16 · 10−6 2.48 · 10−8 3.62 · 10−8 2.20 · 10−6 1.35 · 10−1

720 4.63 · 10−5 6.94 · 10−6 2.41 · 10−8 3.51 · 10−8 2.13 · 10−6 1.32 · 10−1

730 4.48 · 10−5 6.74 · 10−6 2.34 · 10−8 3.40 · 10−8 2.07 · 10−6 1.29 · 10−1

740 4.34 · 10−5 6.55 · 10−6 2.27 · 10−8 3.30 · 10−8 2.00 · 10−6 1.26 · 10−1

750 4.21 · 10−5 6.36 · 10−6 2.20 · 10−8 3.19 · 10−8 1.94 · 10−6 1.23 · 10−1

760 4.08 · 10−5 6.18 · 10−6 2.14 · 10−8 3.10 · 10−8 1.88 · 10−6 1.21 · 10−1

770 3.96 · 10−5 6.00 · 10−6 2.08 · 10−8 3.00 · 10−8 1.82 · 10−6 1.18 · 10−1

780 3.84 · 10−5 5.83 · 10−6 2.02 · 10−8 2.91 · 10−8 1.77 · 10−6 1.15 · 10−1

790 3.73 · 10−5 5.67 · 10−6 1.97 · 10−8 2.83 · 10−8 1.72 · 10−6 1.13 · 10−1

800 3.62 · 10−5 5.52 · 10−6 1.91 · 10−8 2.74 · 10−8 1.67 · 10−6 1.10 · 10−1

810 3.51 · 10−5 5.36 · 10−6 1.86 · 10−8 2.66 · 10−8 1.62 · 10−6 1.07 · 10−1

820 3.41 · 10−5 5.22 · 10−6 1.81 · 10−8 2.58 · 10−8 1.57 · 10−6 1.05 · 10−1

830 3.31 · 10−5 5.07 · 10−6 1.76 · 10−8 2.51 · 10−8 1.52 · 10−6 1.02 · 10−1

840 3.21 · 10−5 4.93 · 10−6 1.71 · 10−8 2.44 · 10−8 1.48 · 10−6 1.00 · 10−1

850 3.12 · 10−5 4.80 · 10−6 1.66 · 10−8 2.37 · 10−8 1.44 · 10−6 9.77 · 10−2

860 3.03 · 10−5 4.67 · 10−6 1.62 · 10−8 2.30 · 10−8 1.40 · 10−6 9.54 · 10−2

870 2.94 · 10−5 4.55 · 10−6 1.58 · 10−8 2.23 · 10−8 1.36 · 10−6 9.31 · 10−2

880 2.86 · 10−5 4.42 · 10−6 1.53 · 10−8 2.17 · 10−8 1.32 · 10−6 9.09 · 10−2

890 2.78 · 10−5 4.31 · 10−6 1.49 · 10−8 2.11 · 10−8 1.28 · 10−6 8.87 · 10−2

900 2.70 · 10−5 4.19 · 10−6 1.45 · 10−8 2.05 · 10−8 1.24 · 10−6 8.66 · 10−2

910 2.62 · 10−5 4.08 · 10−6 1.41 · 10−8 1.99 · 10−8 1.21 · 10−6 8.45 · 10−2

920 2.55 · 10−5 3.97 · 10−6 1.38 · 10−8 1.93 · 10−8 1.17 · 10−6 8.24 · 10−2

930 2.48 · 10−5 3.86 · 10−6 1.34 · 10−8 1.88 · 10−8 1.14 · 10−6 8.04 · 10−2

940 2.41 · 10−5 3.76 · 10−6 1.30 · 10−8 1.83 · 10−8 1.11 · 10−6 7.84 · 10−2

950 2.34 · 10−5 3.66 · 10−6 1.27 · 10−8 1.77 · 10−8 1.08 · 10−6 7.65 · 10−2

960 2.27 · 10−5 3.56 · 10−6 1.23 · 10−8 1.72 · 10−8 1.05 · 10−6 7.46 · 10−2

970 2.21 · 10−5 3.47 · 10−6 1.20 · 10−8 1.68 · 10−8 1.02 · 10−6 7.27 · 10−2

980 2.15 · 10−5 3.38 · 10−6 1.17 · 10−8 1.63 · 10−8 9.88 · 10−7 7.09 · 10−2

990 2.09 · 10−5 3.29 · 10−6 1.14 · 10−8 1.58 · 10−8 9.61 · 10−7 6.91 · 10−2

1000 2.03 · 10−5 3.20 · 10−6 1.11 · 10−8 1.54 · 10−8 9.34 · 10−7 6.74 · 10−2
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Table B.3: SM Higgs branching ratios in bosonic final states and Higgs total widths in
the low- and intermediate-mass range.
MH [GeV] H → gg H → γγ H → Zγ H → WW H → ZZ Total ΓH [GeV]

90 6.12 · 10−2 1.23 · 10−3 0.00 2.09 · 10−3 4.21 · 10−4 2.20 · 10−3

95 6.74 · 10−2 1.40 · 10−3 4.52 · 10−6 4.72 · 10−3 6.72 · 10−4 2.32 · 10−3

100 7.37 · 10−2 1.59 · 10−3 4.98 · 10−5 1.11 · 10−2 1.13 · 10−3 2.46 · 10−3

105 7.95 · 10−2 1.78 · 10−3 1.73 · 10−4 2.43 · 10−2 2.15 · 10−3 2.62 · 10−3

110 8.44 · 10−2 1.97 · 10−3 3.95 · 10−4 4.82 · 10−2 4.39 · 10−3 2.82 · 10−3

115 8.76 · 10−2 2.13 · 10−3 7.16 · 10−4 8.67 · 10−2 8.73 · 10−3 3.09 · 10−3

120 8.82 · 10−2 2.25 · 10−3 1.12 · 10−3 1.43 · 10−1 1.60 · 10−2 3.47 · 10−3

125 8.56 · 10−2 2.30 · 10−3 1.55 · 10−3 2.16 · 10−1 2.67 · 10−2 4.03 · 10−3

130 7.96 · 10−2 2.26 · 10−3 1.96 · 10−3 3.05 · 10−1 4.02 · 10−2 4.87 · 10−3

135 7.06 · 10−2 2.14 · 10−3 2.28 · 10−3 4.03 · 10−1 5.51 · 10−2 6.14 · 10−3

140 5.94 · 10−2 1.94 · 10−3 2.47 · 10−3 5.04 · 10−1 6.92 · 10−2 8.12 · 10−3

145 4.70 · 10−2 1.68 · 10−3 2.49 · 10−3 6.03 · 10−1 7.96 · 10−2 1.14 · 10−2

150 3.43 · 10−2 1.37 · 10−3 2.32 · 10−3 6.99 · 10−1 8.28 · 10−2 1.73 · 10−2

155 2.16 · 10−2 1.00 · 10−3 1.91 · 10−3 7.96 · 10−1 7.36 · 10−2 3.02 · 10−2

160 8.57 · 10−3 5.33 · 10−4 1.15 · 10−3 9.09 · 10−1 4.16 · 10−2 8.29 · 10−2

165 3.11 · 10−3 2.30 · 10−4 5.45 · 10−4 9.60 · 10−1 2.22 · 10−2 2.46 · 10−1

170 2.18 · 10−3 1.58 · 10−4 4.00 · 10−4 9.65 · 10−1 2.36 · 10−2 3.80 · 10−1

175 1.80 · 10−3 1.23 · 10−4 3.38 · 10−4 9.58 · 10−1 3.23 · 10−2 5.00 · 10−1

180 1.54 · 10−3 1.02 · 10−4 2.96 · 10−4 9.32 · 10−1 6.02 · 10−2 6.31 · 10−1

185 1.26 · 10−3 8.09 · 10−5 2.44 · 10−4 8.44 · 10−1 1.50 · 10−1 8.32 · 10−1

190 1.08 · 10−3 6.74 · 10−5 2.11 · 10−4 7.86 · 10−1 2.09 · 10−1 1.04
195 9.84 · 10−4 5.89 · 10−5 1.91 · 10−4 7.57 · 10−1 2.39 · 10−1 1.24
200 9.16 · 10−4 5.26 · 10−5 1.75 · 10−4 7.41 · 10−1 2.56 · 10−1 1.43
210 8.27 · 10−4 4.34 · 10−5 1.52 · 10−4 7.23 · 10−1 2.74 · 10−1 1.85
220 7.69 · 10−4 3.67 · 10−5 1.34 · 10−4 7.14 · 10−1 2.84 · 10−1 2.31
230 7.27 · 10−4 3.14 · 10−5 1.19 · 10−4 7.08 · 10−1 2.89 · 10−1 2.82
240 6.97 · 10−4 2.72 · 10−5 1.07 · 10−4 7.04 · 10−1 2.94 · 10−1 3.40
250 6.75 · 10−4 2.37 · 10−5 9.54 · 10−5 7.01 · 10−1 2.97 · 10−1 4.04
260 6.59 · 10−4 2.08 · 10−5 8.57 · 10−5 6.99 · 10−1 2.99 · 10−1 4.76
270 6.48 · 10−4 1.84 · 10−5 7.72 · 10−5 6.97 · 10−1 3.02 · 10−1 5.55
280 6.42 · 10−4 1.63 · 10−5 6.98 · 10−5 6.95 · 10−1 3.04 · 10−1 6.43
290 6.42 · 10−4 1.45 · 10−5 6.32 · 10−5 6.93 · 10−1 3.05 · 10−1 7.39
300 6.46 · 10−4 1.30 · 10−5 5.75 · 10−5 6.92 · 10−1 3.07 · 10−1 8.43
310 6.56 · 10−4 1.17 · 10−5 5.24 · 10−5 6.90 · 10−1 3.08 · 10−1 9.57
320 6.73 · 10−4 1.05 · 10−5 4.79 · 10−5 6.89 · 10−1 3.09 · 10−1 10.8
330 6.99 · 10−4 9.56 · 10−6 4.39 · 10−5 6.88 · 10−1 3.10 · 10−1 12.1
340 7.42 · 10−4 8.73 · 10−6 4.04 · 10−5 6.87 · 10−1 3.11 · 10−1 13.5
350 8.05 · 10−4 7.62 · 10−6 3.65 · 10−5 6.76 · 10−1 3.07 · 10−1 15.2
360 8.42 · 10−4 6.10 · 10−6 3.17 · 10−5 6.51 · 10−1 2.97 · 10−1 17.6
370 8.54 · 10−4 4.85 · 10−6 2.76 · 10−5 6.28 · 10−1 2.87 · 10−1 20.2
380 8.51 · 10−4 3.86 · 10−6 2.42 · 10−5 6.09 · 10−1 2.79 · 10−1 23.1
390 8.40 · 10−4 3.09 · 10−6 2.14 · 10−5 5.94 · 10−1 2.73 · 10−1 26.1
400 8.22 · 10−4 2.47 · 10−6 1.90 · 10−5 5.82 · 10−1 2.69 · 10−1 29.2
410 8.02 · 10−4 1.98 · 10−6 1.70 · 10−5 5.72 · 10−1 2.65 · 10−1 32.5
420 7.80 · 10−4 1.60 · 10−6 1.53 · 10−5 5.64 · 10−1 2.63 · 10−1 35.9
430 7.56 · 10−4 1.28 · 10−6 1.38 · 10−5 5.59 · 10−1 2.61 · 10−1 39.4
440 7.33 · 10−4 1.03 · 10−6 1.26 · 10−5 5.54 · 10−1 2.60 · 10−1 43.1
450 7.09 · 10−4 8.27 · 10−7 1.15 · 10−5 5.51 · 10−1 2.59 · 10−1 46.9
460 6.85 · 10−4 6.62 · 10−7 1.05 · 10−5 5.49 · 10−1 2.59 · 10−1 50.8
470 6.62 · 10−4 5.29 · 10−7 9.64 · 10−6 5.47 · 10−1 2.59 · 10−1 54.9
480 6.39 · 10−4 4.21 · 10−7 8.87 · 10−6 5.46 · 10−1 2.59 · 10−1 59.1
490 6.17 · 10−4 3.34 · 10−7 8.19 · 10−6 5.46 · 10−1 2.60 · 10−1 63.5
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Table B.4: SM Higgs branching ratios in bosonic final states and Higgs total widths in
the high-mass range.
MH [GeV] H → gg H → γγ H → Zγ H → WW H → ZZ Total ΓH [GeV]

500 5.96 · 10−4 2.64 · 10−7 7.58 · 10−6 5.46 · 10−1 2.61 · 10−1 68.0
510 5.75 · 10−4 2.09 · 10−7 7.03 · 10−6 5.46 · 10−1 2.61 · 10−1 72.7
520 5.55 · 10−4 1.65 · 10−7 6.53 · 10−6 5.47 · 10−1 2.62 · 10−1 77.6
530 5.36 · 10−4 1.30 · 10−7 6.08 · 10−6 5.48 · 10−1 2.63 · 10−1 82.6
540 5.17 · 10−4 1.04 · 10−7 5.67 · 10−6 5.49 · 10−1 2.65 · 10−1 87.7
550 4.99 · 10−4 8.52 · 10−8 5.30 · 10−6 5.50 · 10−1 2.66 · 10−1 93.1
560 4.82 · 10−4 7.16 · 10−8 4.95 · 10−6 5.51 · 10−1 2.67 · 10−1 98.7
570 4.65 · 10−4 6.28 · 10−8 4.64 · 10−6 5.53 · 10−1 2.68 · 10−1 104
580 4.49 · 10−4 5.80 · 10−8 4.35 · 10−6 5.55 · 10−1 2.70 · 10−1 110
590 4.34 · 10−4 5.64 · 10−8 4.08 · 10−6 5.56 · 10−1 2.71 · 10−1 116
600 4.19 · 10−4 5.77 · 10−8 3.84 · 10−6 5.58 · 10−1 2.72 · 10−1 123
610 4.04 · 10−4 6.12 · 10−8 3.61 · 10−6 5.60 · 10−1 2.73 · 10−1 129
620 3.90 · 10−4 6.66 · 10−8 3.40 · 10−6 5.62 · 10−1 2.75 · 10−1 136
630 3.77 · 10−4 7.36 · 10−8 3.21 · 10−6 5.64 · 10−1 2.76 · 10−1 143
640 3.65 · 10−4 8.19 · 10−8 3.03 · 10−6 5.66 · 10−1 2.77 · 10−1 150
650 3.52 · 10−4 9.12 · 10−8 2.86 · 10−6 5.67 · 10−1 2.79 · 10−1 158
660 3.40 · 10−4 1.01 · 10−7 2.70 · 10−6 5.69 · 10−1 2.80 · 10−1 166
670 3.29 · 10−4 1.12 · 10−7 2.56 · 10−6 5.71 · 10−1 2.81 · 10−1 174
680 3.18 · 10−4 1.23 · 10−7 2.42 · 10−6 5.73 · 10−1 2.82 · 10−1 182
690 3.07 · 10−4 1.35 · 10−7 2.29 · 10−6 5.75 · 10−1 2.83 · 10−1 190
700 2.97 · 10−4 1.47 · 10−7 2.18 · 10−6 5.77 · 10−1 2.85 · 10−1 199
710 2.87 · 10−4 1.59 · 10−7 2.06 · 10−6 5.79 · 10−1 2.86 · 10−1 208
720 2.78 · 10−4 1.71 · 10−7 1.96 · 10−6 5.81 · 10−1 2.87 · 10−1 218
730 2.69 · 10−4 1.83 · 10−7 1.86 · 10−6 5.82 · 10−1 2.88 · 10−1 227
740 2.60 · 10−4 1.95 · 10−7 1.77 · 10−6 5.84 · 10−1 2.89 · 10−1 237
750 2.51 · 10−4 2.07 · 10−7 1.69 · 10−6 5.86 · 10−1 2.90 · 10−1 248
760 2.43 · 10−4 2.19 · 10−7 1.61 · 10−6 5.88 · 10−1 2.91 · 10−1 258
770 2.36 · 10−4 2.30 · 10−7 1.53 · 10−6 5.89 · 10−1 2.92 · 10−1 269
780 2.28 · 10−4 2.41 · 10−7 1.46 · 10−6 5.91 · 10−1 2.93 · 10−1 281
790 2.21 · 10−4 2.53 · 10−7 1.40 · 10−6 5.93 · 10−1 2.94 · 10−1 292
800 2.14 · 10−4 2.63 · 10−7 1.33 · 10−6 5.94 · 10−1 2.95 · 10−1 304
810 2.07 · 10−4 2.74 · 10−7 1.27 · 10−6 5.96 · 10−1 2.96 · 10−1 317
820 2.00 · 10−4 2.84 · 10−7 1.22 · 10−6 5.97 · 10−1 2.97 · 10−1 330
830 1.94 · 10−4 2.94 · 10−7 1.16 · 10−6 5.99 · 10−1 2.98 · 10−1 343
840 1.88 · 10−4 3.04 · 10−7 1.12 · 10−6 6.01 · 10−1 2.99 · 10−1 357
850 1.82 · 10−4 3.13 · 10−7 1.07 · 10−6 6.02 · 10−1 3.00 · 10−1 371
860 1.76 · 10−4 3.22 · 10−7 1.02 · 10−6 6.03 · 10−1 3.01 · 10−1 386
870 1.71 · 10−4 3.30 · 10−7 9.83 · 10−7 6.05 · 10−1 3.02 · 10−1 401
880 1.65 · 10−4 3.39 · 10−7 9.44 · 10−7 6.06 · 10−1 3.03 · 10−1 416
890 1.60 · 10−4 3.47 · 10−7 9.07 · 10−7 6.08 · 10−1 3.03 · 10−1 432
900 1.55 · 10−4 3.54 · 10−7 8.72 · 10−7 6.09 · 10−1 3.04 · 10−1 449
910 1.50 · 10−4 3.61 · 10−7 8.38 · 10−7 6.10 · 10−1 3.05 · 10−1 466
920 1.46 · 10−4 3.67 · 10−7 8.07 · 10−7 6.12 · 10−1 3.06 · 10−1 484
930 1.41 · 10−4 3.75 · 10−7 7.77 · 10−7 6.13 · 10−1 3.06 · 10−1 502
940 1.37 · 10−4 3.81 · 10−7 7.49 · 10−7 6.14 · 10−1 3.07 · 10−1 521
950 1.33 · 10−4 3.87 · 10−7 7.22 · 10−7 6.16 · 10−1 3.08 · 10−1 540
960 1.29 · 10−4 3.93 · 10−7 6.97 · 10−7 6.17 · 10−1 3.08 · 10−1 560
970 1.25 · 10−4 3.98 · 10−7 6.73 · 10−7 6.18 · 10−1 3.09 · 10−1 581
980 1.21 · 10−4 4.03 · 10−7 6.50 · 10−7 6.19 · 10−1 3.10 · 10−1 602
990 1.17 · 10−4 4.07 · 10−7 6.29 · 10−7 6.20 · 10−1 3.10 · 10−1 624
1000 1.14 · 10−4 4.12 · 10−7 6.08 · 10−7 6.21 · 10−1 3.11 · 10−1 647
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Table B.5: SM Higgs branching ratios for 4-fermion final states for the low- and
intermediate-mass range.
MH [GeV] H → 4e H → 2e2µ H → 4ℓ H → 4q H → 2ℓ2q H → 4f
90 7.08 · 10−7 9.39 · 10−7 2.39 · 10−4 1.06 · 10−3 1.09 · 10−3 2.40 · 10−3

95 1.11 · 10−6 1.49 · 10−6 5.29 · 10−4 2.34 · 10−3 2.36 · 10−3 5.21 · 10−3

100 1.80 · 10−6 2.51 · 10−6 1.22 · 10−3 5.41 · 10−3 5.33 · 10−3 1.20 · 10−2

105 3.21 · 10−6 4.78 · 10−6 2.69 · 10−3 1.18 · 10−2 1.16 · 10−2 2.60 · 10−2

110 6.10 · 10−6 9.78 · 10−6 5.39 · 10−3 2.36 · 10−2 2.30 · 10−2 5.22 · 10−2

115 1.15 · 10−5 1.95 · 10−5 9.81 · 10−3 4.30 · 10−2 4.17 · 10−2 9.45 · 10−2

120 2.03 · 10−5 3.60 · 10−5 1.63 · 10−2 7.20 · 10−2 6.94 · 10−2 1.57 · 10−1

125 3.30 · 10−5 5.98 · 10−5 2.50 · 10−2 1.11 · 10−1 1.06 · 10−1 2.42 · 10−1

130 4.89 · 10−5 9.03 · 10−5 3.55 · 10−2 1.57 · 10−1 1.51 · 10−1 3.43 · 10−1

135 6.63 · 10−5 1.24 · 10−4 4.73 · 10−2 2.09 · 10−1 2.00 · 10−1 4.56 · 10−1

140 8.25 · 10−5 1.56 · 10−4 5.93 · 10−2 2.62 · 10−1 2.51 · 10−1 5.71 · 10−1

145 9.43 · 10−5 1.79 · 10−4 7.07 · 10−2 3.12 · 10−1 2.99 · 10−1 6.81 · 10−1

150 9.76 · 10−5 1.87 · 10−4 8.12 · 10−2 3.57 · 10−1 3.42 · 10−1 7.83 · 10−1

155 8.63 · 10−5 1.66 · 10−4 9.10 · 10−2 3.97 · 10−1 3.81 · 10−1 8.70 · 10−1

160 4.85 · 10−5 9.36 · 10−5 1.00 · 10−1 4.33 · 10−1 4.18 · 10−1 9.50 · 10−1

165 2.58 · 10−5 5.00 · 10−5 1.04 · 10−1 4.47 · 10−1 4.31 · 10−1 9.83 · 10−1

170 2.73 · 10−5 5.32 · 10−5 1.04 · 10−1 4.50 · 10−1 4.34 · 10−1 9.87 · 10−1

175 3.71 · 10−5 7.28 · 10−5 1.05 · 10−1 4.52 · 10−1 4.36 · 10−1 9.91 · 10−1

180 6.85 · 10−5 1.36 · 10−4 1.04 · 10−1 4.53 · 10−1 4.34 · 10−1 9.93 · 10−1

185 1.70 · 10−4 3.38 · 10−4 1.03 · 10−1 4.57 · 10−1 4.34 · 10−1 9.94 · 10−1

190 2.36 · 10−4 4.72 · 10−4 1.02 · 10−1 4.60 · 10−1 4.34 · 10−1 9.90 · 10−1

195 2.69 · 10−4 5.37 · 10−4 1.02 · 10−1 4.60 · 10−1 4.33 · 10−1 9.95 · 10−1

200 2.88 · 10−4 5.75 · 10−4 1.02 · 10−1 4.61 · 10−1 4.33 · 10−1 9.98 · 10−1

210 3.08 · 10−4 6.17 · 10−4 1.01 · 10−1 4.62 · 10−1 4.33 · 10−1 9.96 · 10−1

220 3.19 · 10−4 6.38 · 10−4 1.01 · 10−1 4.64 · 10−1 4.33 · 10−1 9.98 · 10−1

230 3.26 · 10−4 6.52 · 10−4 1.01 · 10−1 4.65 · 10−1 4.33 · 10−1 9.97 · 10−1

240 3.31 · 10−4 6.61 · 10−4 1.01 · 10−1 4.62 · 10−1 4.33 · 10−1 9.98 · 10−1

250 3.34 · 10−4 6.68 · 10−4 1.01 · 10−1 4.63 · 10−1 4.33 · 10−1 9.97 · 10−1

260 3.37 · 10−4 6.74 · 10−4 1.01 · 10−1 4.65 · 10−1 4.33 · 10−1 9.98 · 10−1

270 3.40 · 10−4 6.79 · 10−4 1.01 · 10−1 4.65 · 10−1 4.32 · 10−1 9.98 · 10−1

280 3.42 · 10−4 6.83 · 10−4 1.01 · 10−1 4.64 · 10−1 4.33 · 10−1 9.99 · 10−1

290 3.44 · 10−4 6.87 · 10−4 1.01 · 10−1 4.64 · 10−1 4.33 · 10−1 9.98 · 10−1

300 3.45 · 10−4 6.90 · 10−4 1.01 · 10−1 4.64 · 10−1 4.33 · 10−1 9.99 · 10−1

310 3.47 · 10−4 6.93 · 10−4 1.01 · 10−1 4.64 · 10−1 4.33 · 10−1 9.98 · 10−1

320 3.48 · 10−4 6.96 · 10−4 1.01 · 10−1 4.64 · 10−1 4.33 · 10−1 1.00
330 3.49 · 10−4 6.98 · 10−4 1.01 · 10−1 4.64 · 10−1 4.33 · 10−1 1.00
340 3.50 · 10−4 6.99 · 10−4 1.01 · 10−1 4.64 · 10−1 4.32 · 10−1 1.00
350 3.45 · 10−4 6.90 · 10−4 9.95 · 10−2 4.57 · 10−1 4.26 · 10−1 9.82 · 10−1

360 3.34 · 10−4 6.67 · 10−4 9.61 · 10−2 4.41 · 10−1 4.10 · 10−1 9.49 · 10−1

370 3.23 · 10−4 6.46 · 10−4 9.24 · 10−2 4.26 · 10−1 3.97 · 10−1 9.14 · 10−1

380 3.15 · 10−4 6.29 · 10−4 9.01 · 10−2 4.13 · 10−1 3.85 · 10−1 8.88 · 10−1

390 3.08 · 10−4 6.15 · 10−4 8.78 · 10−2 4.03 · 10−1 3.76 · 10−1 8.67 · 10−1

400 3.03 · 10−4 6.05 · 10−4 8.59 · 10−2 3.97 · 10−1 3.70 · 10−1 8.49 · 10−1

410 2.99 · 10−4 5.98 · 10−4 8.47 · 10−2 3.91 · 10−1 3.63 · 10−1 8.38 · 10−1

420 2.96 · 10−4 5.92 · 10−4 8.36 · 10−2 3.85 · 10−1 3.60 · 10−1 8.28 · 10−1

430 2.94 · 10−4 5.88 · 10−4 8.30 · 10−2 3.81 · 10−1 3.55 · 10−1 8.19 · 10−1

440 2.93 · 10−4 5.86 · 10−4 8.24 · 10−2 3.78 · 10−1 3.53 · 10−1 8.15 · 10−1

450 2.92 · 10−4 5.84 · 10−4 8.19 · 10−2 3.78 · 10−1 3.52 · 10−1 8.10 · 10−1

460 2.92 · 10−4 5.84 · 10−4 8.17 · 10−2 3.76 · 10−1 3.50 · 10−1 8.07 · 10−1

470 2.92 · 10−4 5.84 · 10−4 8.16 · 10−2 3.75 · 10−1 3.50 · 10−1 8.07 · 10−1

480 2.92 · 10−4 5.85 · 10−4 8.15 · 10−2 3.76 · 10−1 3.48 · 10−1 8.05 · 10−1

490 2.93 · 10−4 5.86 · 10−4 8.16 · 10−2 3.75 · 10−1 3.50 · 10−1 8.06 · 10−1
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Table B.6: SM Higgs branching ratios for 4-fermion final states for the high-mass range.
MH [GeV] H → 4e H → 2e2µ H → 4ℓ H → 4q H → 2ℓ2q H → 4f
500 2.94 · 10−4 5.88 · 10−4 8.16 · 10−2 3.75 · 10−1 3.50 · 10−1 8.06 · 10−1

510 2.95 · 10−4 5.90 · 10−4 8.17 · 10−2 3.76 · 10−1 3.51 · 10−1 8.07 · 10−1

520 2.96 · 10−4 5.92 · 10−4 8.19 · 10−2 3.77 · 10−1 3.51 · 10−1 8.09 · 10−1

530 2.97 · 10−4 5.94 · 10−4 8.21 · 10−2 3.78 · 10−1 3.51 · 10−1 8.12 · 10−1

540 2.98 · 10−4 5.97 · 10−4 8.23 · 10−2 3.78 · 10−1 3.52 · 10−1 8.14 · 10−1

550 3.00 · 10−4 6.00 · 10−4 8.26 · 10−2 3.79 · 10−1 3.53 · 10−1 8.16 · 10−1

560 3.01 · 10−4 6.03 · 10−4 8.28 · 10−2 3.81 · 10−1 3.55 · 10−1 8.18 · 10−1

570 3.03 · 10−4 6.05 · 10−4 8.31 · 10−2 3.82 · 10−1 3.56 · 10−1 8.21 · 10−1

580 3.04 · 10−4 6.08 · 10−4 8.34 · 10−2 3.83 · 10−1 3.57 · 10−1 8.24 · 10−1

590 3.06 · 10−4 6.11 · 10−4 8.37 · 10−2 3.85 · 10−1 3.59 · 10−1 8.27 · 10−1

600 3.07 · 10−4 6.14 · 10−4 8.39 · 10−2 3.86 · 10−1 3.60 · 10−1 8.31 · 10−1

610 3.09 · 10−4 6.17 · 10−4 8.43 · 10−2 3.86 · 10−1 3.61 · 10−1 8.35 · 10−1

620 3.10 · 10−4 6.20 · 10−4 8.45 · 10−2 3.89 · 10−1 3.63 · 10−1 8.37 · 10−1

630 3.12 · 10−4 6.23 · 10−4 8.52 · 10−2 3.91 · 10−1 3.64 · 10−1 8.38 · 10−1

640 3.13 · 10−4 6.26 · 10−4 8.51 · 10−2 3.92 · 10−1 3.65 · 10−1 8.45 · 10−1

650 3.15 · 10−4 6.29 · 10−4 8.55 · 10−2 3.93 · 10−1 3.67 · 10−1 8.49 · 10−1

660 3.16 · 10−4 6.32 · 10−4 8.58 · 10−2 3.95 · 10−1 3.68 · 10−1 8.52 · 10−1

670 3.17 · 10−4 6.35 · 10−4 8.64 · 10−2 3.96 · 10−1 3.69 · 10−1 8.53 · 10−1

680 3.19 · 10−4 6.38 · 10−4 8.64 · 10−2 3.98 · 10−1 3.71 · 10−1 8.57 · 10−1

690 3.20 · 10−4 6.41 · 10−4 8.67 · 10−2 3.99 · 10−1 3.72 · 10−1 8.64 · 10−1

700 3.22 · 10−4 6.43 · 10−4 8.74 · 10−2 4.01 · 10−1 3.74 · 10−1 8.64 · 10−1

710 3.23 · 10−4 6.46 · 10−4 8.74 · 10−2 4.02 · 10−1 3.75 · 10−1 8.65 · 10−1

720 3.24 · 10−4 6.49 · 10−4 8.78 · 10−2 4.04 · 10−1 3.76 · 10−1 8.69 · 10−1

730 3.26 · 10−4 6.51 · 10−4 8.80 · 10−2 4.05 · 10−1 3.78 · 10−1 8.71 · 10−1

740 3.27 · 10−4 6.54 · 10−4 8.85 · 10−2 4.06 · 10−1 3.79 · 10−1 8.73 · 10−1

750 3.28 · 10−4 6.57 · 10−4 8.89 · 10−2 4.08 · 10−1 3.80 · 10−1 8.77 · 10−1

760 3.29 · 10−4 6.59 · 10−4 8.91 · 10−2 4.11 · 10−1 3.81 · 10−1 8.79 · 10−1

770 3.31 · 10−4 6.62 · 10−4 8.95 · 10−2 4.09 · 10−1 3.83 · 10−1 8.80 · 10−1

780 3.32 · 10−4 6.64 · 10−4 8.95 · 10−2 4.10 · 10−1 3.85 · 10−1 8.84 · 10−1

790 3.33 · 10−4 6.66 · 10−4 9.00 · 10−2 4.14 · 10−1 3.83 · 10−1 8.86 · 10−1

800 3.34 · 10−4 6.69 · 10−4 9.03 · 10−2 4.14 · 10−1 3.84 · 10−1 8.90 · 10−1

810 3.35 · 10−4 6.71 · 10−4 9.06 · 10−2 4.13 · 10−1 3.88 · 10−1 8.93 · 10−1

820 3.36 · 10−4 6.73 · 10−4 9.07 · 10−2 4.15 · 10−1 3.88 · 10−1 8.95 · 10−1

830 3.38 · 10−4 6.75 · 10−4 9.09 · 10−2 4.17 · 10−1 3.91 · 10−1 8.98 · 10−1

840 3.39 · 10−4 6.77 · 10−4 9.14 · 10−2 4.18 · 10−1 3.90 · 10−1 9.00 · 10−1

850 3.40 · 10−4 6.79 · 10−4 9.14 · 10−2 4.21 · 10−1 3.91 · 10−1 9.03 · 10−1

860 3.41 · 10−4 6.81 · 10−4 9.18 · 10−2 4.20 · 10−1 3.92 · 10−1 9.04 · 10−1

870 3.42 · 10−4 6.83 · 10−4 9.21 · 10−2 4.22 · 10−1 3.94 · 10−1 9.06 · 10−1

880 3.43 · 10−4 6.85 · 10−4 9.22 · 10−2 4.23 · 10−1 3.94 · 10−1 9.08 · 10−1

890 3.44 · 10−4 6.87 · 10−4 9.25 · 10−2 4.23 · 10−1 3.95 · 10−1 9.11 · 10−1

900 3.45 · 10−4 6.89 · 10−4 9.27 · 10−2 4.23 · 10−1 3.96 · 10−1 9.13 · 10−1

910 3.46 · 10−4 6.91 · 10−4 9.29 · 10−2 4.25 · 10−1 3.97 · 10−1 9.16 · 10−1

920 3.47 · 10−4 6.93 · 10−4 9.32 · 10−2 4.26 · 10−1 3.99 · 10−1 9.18 · 10−1

930 3.47 · 10−4 6.95 · 10−4 9.34 · 10−2 4.26 · 10−1 3.98 · 10−1 9.20 · 10−1

940 3.48 · 10−4 6.97 · 10−4 9.37 · 10−2 4.28 · 10−1 3.99 · 10−1 9.22 · 10−1

950 3.49 · 10−4 6.98 · 10−4 9.39 · 10−2 4.30 · 10−1 4.00 · 10−1 9.24 · 10−1

960 3.50 · 10−4 7.00 · 10−4 9.41 · 10−2 4.30 · 10−1 4.02 · 10−1 9.25 · 10−1

970 3.51 · 10−4 7.02 · 10−4 9.43 · 10−2 4.30 · 10−1 4.03 · 10−1 9.28 · 10−1

980 3.52 · 10−4 7.03 · 10−4 9.45 · 10−2 4.32 · 10−1 4.04 · 10−1 9.28 · 10−1

990 3.53 · 10−4 7.05 · 10−4 9.47 · 10−2 4.33 · 10−1 4.04 · 10−1 9.31 · 10−1

1000 3.53 · 10−4 7.07 · 10−4 9.49 · 10−2 4.33 · 10−1 4.05 · 10−1 9.32 · 10−1
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