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Abstract

The Large Hadron Collider (LHC) has recently delivered collisions at a center of mass energy
of 7 TeV and has therefore allowed for the rst time to test the validity of the Standard Model
(SM) at TeV scale. The precise measurement of electroweak processes constitute a central part
of this program. Diboson processes, in which pairs of electroweak bosons are produced, provide
in particular a good opportunity to test SM at these energies. They also allow to seek indirectly
for new physics through the search for anomalous triple gauge couplings. This thesis presents
a measurement of the inclusive cross section ofgpé Wg! mngprocess for phase spaces

E% > 15=60=90 GeV andR(n g) > 0:7 using 5.0 fb 1 of data collected with the CMS detector in

2011. A search for anomalous triple gauge bodtivg coupling is performed, resulting in limits

on the allowed values of the parametBks? andl 9.
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Chapter 1

Introduction

Particle physics is for decades trying to give an answer to several questions related to fundamental
structure of matter . What is the physics beyond Standard Model (SM) like? What is dark matter,
dark energy, nature of gravity? Is there a Higgs boson? The latest question was the one that
triggered the construction of several important experiments. At the Fermilab proton-antiproton
collider two detectors, DO and CDF, were operating from 1985. to 2011. and provided many
important observations and discoveries at an energy of about 2 TeV. However Higgs boson was not
discovered. Several years ago the Large Hadron Collider (LHC) at CERN started colliding protons
at center of mass energy of 7 TeV. Two general purpose detectors, ATLAS and CMS, are trying to

give a long anticipated answer to the question about the Higgs boson existence.

The ability to precisely measure the outgoing particles of SM Higgs decay was one of the most
important design requirements for the ATLAS and CMS detectors. Therefore their design allows a

precise measurement of leptons and photons.

Besides the search for the Higgs boson and physics beyond SM (new physiscs) measurements of
SM processes constitute an important task at the LHC. Besides checking the validity of the SM at
high energy some of these measurements also provide the ability of indirect search for new physics.
Diboson processes like §\provide an opportunity to measure a cross section and search for new

physics through the measurement of triple gauge boson couplings (TGC). In presence of new (yet

1



undiscovered) particles the TGC would be stronger therefore resulting in anomalous TGC (aTGC).

These couplings are the least well measured properties in the electroweak sector of the SM.



Chapter 2

Wg production at the LHC

2.1 The Standard Model of Particle Physics

The Standard modéel|[5] combines all our current knowledge of physics of elementary particles and
their interactions. Thoroughly tested by measurements for decades it has been proven correct at all
energies available in the laboratory. With the start of proton-proton collisions at the Large hadron

collider (LHC) at an energy of 7 TeV, the rst task was to check the SM predictions.

The electroweak theory, the combined theory of the electromagnetic and weak interactions, is the
most exciting part of the Standard Model. It includes the only massive force mediators, spontaneous

symmetry breaking with Higgs mechanism and V-A structure.

It is known that a renormalizable theory is a theory with local gauge invariance. The lagrangian of
the electroweak theory is required to be invariant urldf2), U (1)y transformations, where

stands for left-handed andlis the weak hypercharge.

The Lagrangian for a free fermion is:



L1=Y(@(ig™m mY;
=(L+ R(ig™m m)(L+ R); (2.1)
= L(ig™mL+ Rig™mR m(LR+ RL)

whereY is the fermion wave function_[6] aneh is the fermion massY has left-handedl() and

right-handed R) components that transform differently und&(2),. U (1)y transformation:

L1 0= da® T+ib(JY| .

. (2.2)
R! RO= gPYR

|
where T andY are generators of theU(2), andU (1)y groups.L is an isospin doublet whilR is

an isospin singlet, in case of leptons these are:

0O 1.0 1 0 1

L= @neA ;@nmA ;@ntA
& mo ot (2.3)

The Lagrangian 2|1 is required to be invariant under I8t#2). U (1)y transformations. Unlike

in quantum electrodynamics, wheog€1) local invariance is required, here the fermion mass term

of the Lagrangian is not invariant and is removed for now. One achieves invariance of the remaining
Lagrangian terms with the use of the 'covariant derivatig, where four vector boson eI!clkit‘\/m

andBM are introduced:

d . oY
for L: Dm= Tm+ igT Wm+ |g0§Bm; (2.4)

for R Dm= fm+ igogBm: (2.5)

Using these derivatives the Lagrangian becomes gauge invariant:



_ | |
L1=Lg"im T Wm ig%BmL
2 (2.6)
_ Y ’
+ Rg(i1m igOEBm)R

The Lagragian[ 2]6 includes terms for the fermion kinetic energy, interaction with vector bosons
|
W1, W2 W83 and B asociated with vector eldsV™ andB™. Since additional vector elds are

included in the Lagrangian the invariant kinetic energy of bosons needs to be included:

|
L 2 = 1-W|'T‘|.r|Wrnn }anan (27)
4 4
where
! ! ! ! !
Wmn= TWn ThWm gWm  Wy; (2.8)
and
Bmn= fmBn  ThBm: (2.9)

The nal term in [2.8 arise from the non-Abelian character of the group.

Ferminos have non zero masses as well as the electroweak MisoasdZ, while g is massless.

The Higgs mechanism [7] 8] 9] is used to provide masses to both bosons and fermions, while at
the same time keeping the Lagrangian gauge invariant. In the procedure few choices are made that
result with the desired properties. Four real scalar dfdsre introduced. The Lagrangian of the

scalar eldis:

L3=(TnF)'(T"F) V(F) (2.10)



whereV (F) is the potential of the eld. The potential is chosen to have the form:

V(F)= mFF+ 1 (FTF)% (2.11)

To achieve localSU(2). U(1)y invariance of the Lagrangiarf 2]10 titlg must belong to
SU(2)L U(1)y multiplets and the 'covariant derivativg” 2.4 has to be used. The elds are chosen

to form an isospin doublet:

0 1
f +
F=@ A (2.12)
f 0
where
f+= f—lér% (2.13)

fa+if
f0= —39% (2.14)
If the constantsnandl fulll m?< O0andl > 0, the potential has a 'Mexican-hat' shape, the point

F = 0 is unstable and there is a continuum of minimum values where:

F'F =

n?
o (2.15)

Choosing one minimum point gives the vacuum a preferred direction in isospin space, and the

symmetry is spontaneously broken. A minimum (vacuum value) is chosen at this point:

fo=fo=f4f2= e V2,

01

10 (2.16)
FO:p__@A

2 vy



This choice offF ¢ breaksSU(2) andU(1)y gauge symmetries whilg(1)em is unbroken. This

results in massivé/ andZ vector bosons and a massless photon.

Using 'covariant derivative' the Lagrangign 2|10 takes gauge invariant form:

| | | |
L3=F'(fm 9T Wmn igogBm)(‘ﬂm+ igT WM+ igo%(Bm)F V(X)
0 1
(2.17)

NI =

1 I 0
0 v (T 1OT Wa igB(1™+ 0T W™+ igZBN @A V(x
Vv

where a chosen vacuum poipt 2.16 and a corresponding weak hypercharg¥ walliare used.

The relevant term for boson masses is:

01
I 1 0
L 3boson massterrg% 0 v (igT Wn igO%Bm)(igT WM+ igO%Bm) @A
\Y
0 1
IR @Vt dBm OV QWi
8 1, A2 3
gWE+ igW2  gWe+ gB :
0 m m \Mn 1 Oml (2 18)

@ gW™+ gB™ gw™ igwm A @O A
gW™ + igWw™  gw™+ gBM™ v

O wy+ (Wi + 1 g o

For a charged vector boson a term of foMiX2 is expected and for a neutral boson of form
!
%ngz. Mixing of elds WMandB™is needed to recognize the physical vector bosnsZ and

the photon. This is achieved using the following identities:



2
1 5 (2.19)
Zn= pﬁ(g m gOBm);

The mass term can now be written as:

2 2
L 3boson mass term. (Vf‘r]) WEW™ + %(924_ d®)(Zm)?+ O(Am)?; (2.20)

where the boson masses are recognized:

V
Mw = 7?3;
My = \_2/ g2+ g; (2.21)
MA:

The Higgs mechanism is also used to generate fermion masseSU(Rg U(1)y gauge invari-
ant term in the Lagrangian representing the interaction of the Higgs eld to fermions can be written

as:

Ls= GeRF'L+LFR) (2.22)

The symmetry is spontaneously broken by choosing the vacuum jpoint 2.16 and expanding around
it:

0 1

F(x):pl—_@ 0 A (2.23)
2 v+ h(x):



To generate the electron mass equdtioh 2.3 is used:

La= %[V(e_ReL + gLer) + h(X)(ereL + eLer)]

G (2.24)
= p—%[V(ée+ h(x)(e8]:
To recognize the mass of electron the following is chosen:
p_
Ge=  20€ (2.25)
v
then
L.= mee nvbh(x)ee (2.26)

where the rst term is the electron mass term and the second describes the coupling of the Higgs

eld to electrons. Quark masses are generated in the same way.

Summing up all parts the total electroweak Lagrangian is:

L total = F T(m i!gT!Wm igogBm)(‘ﬂm+ i!gT!Wm+ ig‘%Bm)F V(X)
Gi(RFTL+ LFR) Gu(RFIL+ LF¢R)
+ Lg™(im !gT!Wm igo%(Bm)L (2.27)
+ Rg"(im igogBm)R
1 1

|
Z-Wm'nerl ZBm ann

whereF . is the new Higgs doublet used to generate masses of upper memheatsublets:



0o 1
f0
Fc=@ A (2.28)
f

The rstthermin equatio? represeits , Z, g and Higgs masses and couplings, the second
term lepton and quark masses and coupling to Higgs, the third and fourth terms lepton and quark
kinetic energies and their interaction with vector bosons and the nal two terms represent vector
bosons kinetic energies and self-interactions. Due to the last tefm]in 2.7 triple gauge couplings
(TGC)WWg andWW Zare allowed. Using identitigs 219 the part in the Lagrangian describing
TGC is:

Lrec=  igwwvV (W W' Wr W ")+ Wy W, V™ (2.29)

whereV™is AMor Z™, gwwz= ecoijw andgwwg = €. It can be seen that the allowed TGCs in SM
areWWg andWW Z

2.2 The procespp! Wg+ X! Ing+ X in proton proton col-

lisions

The production of gauge-boson pairs provide the test of the non-Abelian gauge symmetry of the
SM. Deviation from the SM predictions may come either from the presence of anomalous couplings
or the production of new heavy particles and their decays into vector boson pairs. Vector-boson pair

production also gives the most important background for a number of new physics signals.

W(g production in proton-proton collision at leading order (LO) includes the three processes shown
in Figure[2.1. These include initial state radiation, nal state radiation and the process via triple
gauge boson coupling. There is one additional process that dominates at very high energies, photon
bremstrahlung wherg;g! V@ is followed by photon radiation from the nal state quark. This

process is eliminated by requiring the photon to be isolated.
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Figure 2.1: Feynman diagrams of the §\production via nal (a) and initial (b) state radiation and via VgW
triple gauge coupling (c).

Table 2.1: Branching ratios foww* decay [1].
Decay mode Fraction

" n 10.80 0.09 %
e'n 10.75 0.13%
m"n 10.57 0.15%

hadrons 67.60 0.27%

The production mechanism at LO is through quark-antiquark anihilation and at NLO mainly quark-
gluon fusion. At LHC the NLO corrections are large due to large quark-gluon parton density at high

energies.

Finally, W can decay leptonically or hadronically with the branching ratios shown in[table 2.1.
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2.3 Radiation Amplitude Zero

A pronounced feature of @/production in hadronic collisions is the so-called radiation amplitude
zero (RAZ), the phenomena that all contributing helicity amplitudes vanish for a de ned angle of

the outgoing photon in the center of mass frame.

It is known that all SM helicity amplitudes of the parton-level subproeggs! W g vanish in
the centre of mass frame for aps= % [10,[11], whereq is the scattering angle of the
photon with respect to the quadg direction, andQ; (i = 1; 2) are the quark charges in units of
the proton electric charge e. In proton-proton collisions the dominant production proc®#gsdor
isud! W+ g where amplitudes vanish for cqs = % and the dominant production process for

W gisdu! W gwhere amplitudes vanish for cgs = %

This zero is dif cult to observe for numerous reasons. In a realistic experimental environment it is
always approximate or becomes a dip. Other contributing processes, higher order QCD corrections,
nite W width and nal state radiation are lling the dip. Detector resolution effects further dilute

the RAZ signal. It is also not possible to reconstruct the center of mass frame at a hadron collider
since the longitudinal momentum of the neutrino cannot be determined without ambiguities. Since
it is not possible to perform the measurement in the center of mass frame, a sensitive variable in
the laboratory frame must be found. Since W grate back to back in the center of mass frame,

dip is also expected in the W rapidity distribution and the same is true for the Vg aapidity
differencey(g) y(W) .HSince the rapidity difference is invariant under the longitudinal boost,
the rapidity difference in the laboratory framgg) Yy(W), also has a dip. Since the neutrino
longitudinal momentum is not measured in the detector we cannot reconstruct the W rapidity. In
the SM the dominant helicity iV g production isl w = 1 [12]. This means that the lepton

from the W decay tends to be emitted in the direction of the parent W, re ecting thus most of the
kinematic properties of the W. Therefore the correlation of W @napidities is mostly present in

lepton and rapidities. In the limit of massless particles the rapidity and pseudoradity are equal so

'Rapidity is de ned asy = %In E+ B;. WhereE is the energy of particle ang; is the component of momentum

along the beam axis.
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it is expected that the RAZ dip is also present in the pseudorapidity differef@e h(l). ﬂ The

pseudorapidity is precisely measured variable at CMS detector.

At the LHC we expect to see the RAZWig production as a dip at value 0im(g) h(l) distribu-
tion as shown in Figure 2.21[2].

Figure 2p2: The differential cross section for the photon-lepton pseudorapidity differengegpfor W* g!

I*ngat s= 14TeV in the SM. (a) The inclusive NLO differential cross section (solid line), together with
the O@s) O-jet (dotted line), and the (LO) 1-jet (dashed line) exclusive differential cross sections. (b) The
NLO W* g+ 0-jet exclusive differential cross section (dotted line) compared with the Born differential cross
section (dash-dotted line)![2].

The RAZ can also be expressed as the relativistic generalization of the absence of electric and
magnetic dipole radiation for nonrelativistic collisions of particles with the same charge-to-mass

ratio and g factor[[13].

Additional selection oWg events can be imposed in order to make RAZ more visible in the data.

Higher order QCD correction contributions that tend to Il in the dip can be reduced by imposing

2pesudorapidity is de ned ds=  Intan(q=2) = % In }E}%. Whereq is the angle between the particle momentum
p and the beam axigyz is the component of momentum along the beam axis.
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the jet veto, removing events with jet above soiehreshold. Process where thés a result of
lepton radiation, nal state radiation, also diminish the RAZ dip. These events can successfully be

removed by imposing the lower cut on transverse mass of three OM%&Q).

RAZ is also sensitive to the presence of anomalous triple gauge couplings. If they are present they
also change the shapelofg) h(l) distribution by lling the RAZ dip. However this is not the

variable most sensitive to anomalous couplings inilgechannel.

2.4 Triple Gauge Couplings

If the particle spectrum of the SM has to be enlarged with new patrticles (as in the Minimal Super-
symmetric Standard Model (MSSM) [14]) with mass values &5 1 TeV, their presence would

be manifested as small anomalous couplings at low energy.

Triple gauge boson couplings (TGC) are a consequence of the non-Abelian nature of the SM elec-
troweak sectoSU(2). U(1)y and are uniquely predicted. Many extensions of the SM predict
additional processes with multiple bosons in the nal state. Therefore, any deviation of the ob-
served value from the SM prediction could be an early sign of new physics at high energies. A
measurement of TGCs can thus be sensitive to new phenomena at high energies which would re-

guire more energy or luminosity to be observed directly.

The most general Lorentz invariant effective Lagrangian that descvib&®/ coupling has 14
independent parameters [15, 16], 7 parameter§fdf Zand 7 forWWg vertex. Assuming and

P conservation, only six independent couplings remain with a given effective Lagrangian:

;;\;3: igY (W, W™V W VW ™D+ ik W, WV ™0+ :\'A—\‘%’demw;”\/”d; (2.30)
whereV = gorZ, gwwg = € Owwz= ecotgw andqw is the weak mixing angle. Assuming
electromagnetic gauge invarian@,: 1, the remaining parameters that desck¥®/V coupling
areg{, kz, kg, | z andl g. Comparison with9 reveals that in the $iM= | g = 0 andgf =
kz=kg= 1.
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These ve couplings are further reduced to three independent couplings if one requires the La-

grangian to b&U(2). U(1)y invariant:

Dkz = Dgf Dkq tarfow; | =1g=1z (2.31)

In this studyDkgy andl g are measured froW/g production.

All anomalous couplings violate the partial wave unitarity at high energies. Thus, all Tevatron
studies of TGC de ne thes-dependence of the TGCs that preserve unitarity at high energies as

following:
ao

a(d= ———
S (1+ &LZp)"

(2.32)

Here,aq is a low-energy approximation of the coupliag$), wheres’s the square of the invariant
mass of the diboson system, adngp is the form factor scale, an energy at which new physics can-
cels divergences in the TGC vertex. In this study TGCs without form-factor scaling are measured,
as this allows to provide results without any particular bias that can arise due to the choice of the

form-factor energy dependence.

As a signature of aTGC in th&/g nal state one expects to observe a higher yield of events with
high E{ as shown in Fid. 2|3.

Figure 2.3: Simulatedes distribution for theWg process for different values of aTGC parameters. Process
is simulated with the SERPA generator([3] interfaced with PYTHIA[4].
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Different models of physics beyond the Standard Model result with different contributions to aTGC
parameters. Additional generation of heavy quarks and leptons would contribute vith?,
while the Minimal Supersymmetric Standard Model (MSSM) would result in the following upper

bounds|[14]:

jDkgj 2 10 %
jDkzj 2 10 2 (233
jlg 6 103
jlzi 6 10 %
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Chapter 3

The Large Hadron collider and the

Compact Muon Solenoid detector

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [17] is the most powerful collider in the world . The LHC was
installed in the existing LEP tunnel, a 26.7 km ring consisting of eight straight sections connected

by eight arcs, housed at a depth of 45 m to 170 m near the France-Switzerland border.

The two general purpose experiments, CMS and ATLAS, study Standard Model physics processes

and perform searches for physics beyond the Standard Model.

The LHC started colliding protons in 2009 at a center of mass energy of 1.18 TeV. Collisions con-
tinued in 2010 and 2011 at a center of mass energy of 7 TeV. During 2012 the energy of collisions

was enhanced to 8 TeV.

Since protons have higher mass they loose less energy than electrons via synchrotron radiation what
allows to reach higher energies. The main production process of Higgs boson in high energy proton-
(anti)proton collisions is gluon fusion. Since gluon density functions are identical in proton and

antiproton and producing high intensity antiproton beams is much more challenging and expensive,
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proton-proton collisions were the better choice. Ta@design of the LHC allows it to achieve

instantaneous luminosities beyond those seen in the Tevaproollisions.
The instantaneous luminosity for a symmetric colliding beam experiment such as the LHC is given

as:

NN2 f
Actt

(3.1)

wheren is the number of bunches per beaxhthe number of particles per bunchthe revolution
frequency , and\q¢ s the effective cross-sectional area of the beams. The beams are focused to 16
mm in each of the transverse directiossg @ndsy) which can be used to calculate the valué\gf

= 4psysy. The total integrated luminosity delivered in 2011 is shown in Figure 3.1.

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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Figure 3.1: The integrated luminosity both delivered by the LHC to CMS and recorded by CMS in 2010-
2012. The difference between delivered and recorded luminosities corresponds to a downtime less than 10%
for the CMS detector.

The CERN accelerator complex includes a series of components which progressively accelerate
the proton beams to higher energies. The LEP injection chain is used to accelerate the protons to
an energy of 450 GeV before entering the main ring. The rst stage uses the Linac2 to boost the

protons to 50 MeV in a series of radio frequency (RF) cavities, next the Proton Synchrotron Booster
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Figure 3.2: Overview of the CERN accelerator complex.
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(PSB) accelerates to 1.4 GeV and then the Proton Synchrotron (PS) to 24 GeV. The Super Proton
Synchrotron (SPS) accelerates protons up to a full injection energy of 450 GeV. Once they reach
the LHC, the bunched charged particles are accelerated by 400 MHz RF cavities resulting in high
energy bunches of protons with 25 ns gaps. In 2011 LHC running, every other RF bucket contains

a proton bunch, resulting in a bunch spacing of 50 ns. A schematic of accelerator stages is shown

in Figure[3.1.

The use of the existing LEP tunnel for the LHC accelerator created the design challenges for the
LHC, speci cally in terms of the size and power of magnets needed to direct the LHC proton
beams. Since the same magnetic eld can not be used to bend the counter circulating proton beams
in the same direction the magnets have unique twin-bore design shown in Figure 3.1 producing
oppositely-directed elds. To adequately bend the 7 TeV proton beam the dipole magnets with

magnetic eld of 8 T achieved by superconductors carrying the current of 11850A are used.

Figure 3.3: A schematic view of the construction of an LHC main dipole.
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3.2 The Compact Muon Solenoid Experiment

The central feature of the Compact Muon Solenoid (CMS) apparatus is a superconducting solenoid
of 6 m internal diameter, providing a magnetic eld of 3.8 T. Within the superconducting solenoid
volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorime-
ter (ECAL), and a brass/scintillator hadron calorimeter (HCAL). Muons are measured in gas-
lonization detectors embedded in the steel return yoke outside the solenoid. Extensive forward

calorimetry complements the coverage provided by the barrel and endcap detectors.

Layered design of CMS shown in Figyre [3.4 with multiple calorimeter and tracking detectors ar-
ranged to complement one another provides a nuanced view of collision events. A short descrip-
tions of the different subdetectors is given in the following subsections. A detailed description of
CMS can be found in[[18].

3.2.1 Coordinate system

The CMS detector has a cylindrical shape around the beam axis of 14.6m diameter and 21.6m
length, and consists of the barrel part in the middle and two endcaps on the sides. A right handed
Cartesian coordinate system is used within the CMS detector with the origin located at the assumed
interaction point at the center of the detector. The x-axis points horizontally towards the center of
the LHC ring, the y-axis points vertically outwards from the earth's center, and the z-axis is oriented

horizontally along the anticlockwise beam direction.

In the transverse (x-y) plane, the azimuthal anfgles measured from the x axis and the radial
. . P—>—5 : .
coordinate is denoted as=  x2+ y2. The polar anglel is measured from the z axis but more

often the pseudorapidity is used.

In inelastic collision of protons two partons (one from every proton) carrying a particular fraction

of proton momentum interact. This interaction is referred to as the hard process. The parton
momentum is longitudinal with negligible transverse component. Due to momentum conservation
the total momentum of particles originating from the hard process is also longitudinal. The particle
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Figure 3.4: A perspective view of the CMS detector with the major subsystems indicated.

22



trajectories are therefore often described in the transverse plane. A particle escaping the detection
creates an inbalance in the total transverse energy measurement, also called missing transverse

energy.

3.2.2 Magnet

The choice of the magnetic eld con guration was an important aspect driving the detector design
and layout. One of the design requirements of CMS is unambiguous determination of the sign for
muons up to momenta of about 1 TeV. This requires a momentum resolutioppf 10% at p

=1 TeV. Large bending power is needed to measure precisely the momentum of charged particles.
Superconducting technology is used. A 13-m-long solenoid with 5.9 m inner diameter produces a
longitudinal homogenous magnetic eld of 3.8T over a volume of more than 3D0Tine return

eld saturates the iron yoke, providing a consistent 2T eld throughout the outer muon system,
allowing large lever arm measurement of the transverse momentum for muons. The capabilities

and geometry of the magnet have guided the design of each of the CMS subsystems.

3.2.3 Tracker

The closest subdetector to the interaction point is the tracker, which is entirely based on silicon
semiconductor technology. A very ne granularity in the innermost part is essential to identify the
different vertices in a bunch crossing. Vertices correspond to the interaction points of the proton

collisions or the displaced decay of a short-lived particles.

The sensors are constructed as reversed-biased p-n diodes, which yield a detectable current when
the bias voltage across the diode is lowered by the ionization depositions caused by passing charged

particle.

The tracker can be divided into three regions containing detectors with different characteristics for

regions with different particle uxes.
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Closest to the interaction point where the particle ux is the highest0’/s atr 10 cm, pixel
detectors are placed. To achieve an optimal vertex position resolution, a design with an “almost”
square pixel shape of 1050 m? along the (ff ) and the z coordinates respectively is used. The
position resolution is 10 nm in the rf plane and 20 along z. There are 3 layers of hybrid

pixel detectors at radii of 4, 7, and 11 cm.

In the intermediate region (20 r 55 cm), the particle ux is low enough to enable the use of

silicon microstrip detectors with a minimum cell size of 10 cn80 mm.

In the outermost region (55 cm r 110 cm) of the inner tracker, the particle ux has dropped
suf ciently to allow use of larger-pitch silicon microstrips with a maximum cell size of 25 cm

180nm.
The layout of the complete CMS tracking detector is shown in Figufe 3.5.

The total area of the pixel detector is1n?, while the area of the silicon strip detectors is 26%)

providing coverage up tph j 2.5.

The tracker transverse momentum resolution upht¢ 1.6 is:

‘%’T =(15P  0:5)%(TeV) (3.2)

while the resolution gth j= 2.5 is equal:

‘%’f =(60Pr 0:5)%(TeV) (3.3)

The rst term corresponds to the measurement of curvature of particle track which is less precise
for high-momentum tracks since they become more straight. The second term corresponds to

interaction with the tracker material such as multiple scattering.
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Figure 3.5: Schematic cross section through the CMS tracker.

3.2.4 Electromagnetic and hadron calorimeter

The Electromagnetic Calorimeter (ECAL) is designed to detect and precisely measure the energy of
electrons and photons. Placing the ECAL inside the magnet, one avoids the signi cant degradation
seen is previous hadron collider experiment due to interactions with the magnet material. This

requires the ECAL to be compact, and therefore made with high transparent and dense interacting
material. These conditions ful ll lead tungstate (PbWO It has high density (8.28 g/cm),

short radiation length (0.89 cm) and small Moliere radius (2.2 cm). This enables the absorption of

electron and photon showers with reasonably short crystals. Crystals of a length of 25.8 radiation
lengths are used in the barrel and 24.7 radiation lengths in the endcaps. In 23 cm long crystals,
all but the most energetic electrons and photons deposit all of their energy via bremsstralung and
electromagnetic pair production. A good shower separation is ensured with a typical crystal cross
section 2.2cm 2.2cm. The readout electronics are collecting the scintillation light emitted in the

electromagnetic shower.

The Electromagnetic Calorimeter (ECAL) is a hermetic, homogeneous calorimeter comprising

61200 lead tungstate (PbWO4) crystals in the central barrel part in the jrarjgel.4442, closed
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by 7324 crystals in each endcap in the range 1j566] 3.0. Figurg 3.6 is a schematic showing
various features of the CMS ECAL.

Figure 3.6: Features of the CMS ECAL.

The ECAL energy resolution is given by:

2 2
Sg 2 2:8% 0:12 2
= = - 4 +( 0:3% 3.4
e © Peow T oEev (O o4

where the rst term corresponds to statistical uctuations and intrinsic shower uctuations, the
second term corresponds to electronic noise and pileup energy (energy deposition coming from
additional soft interactions) and the nal term corresponds to intrinsic detector non-uniformities

and calibration uncertainties.

Radiation damage is manifested as a change in crystal transparency, resulting in non-uniform scin-
tillation light transmittance as a function of time. This is monitored and corrected for using a laser

calibration system that records the change in transparency.

The ECAL is surrounded by a hadron calorimeter (HCAL) which is designed to detect particles
which primarily interact with atomic nuclei via the strong force. Strongly interacting particles
typically start showering in the ECAL, so a full picture of a particle energy comes from combining

information from both calorimeters. The HCAL consists of three sub-systems, shown in[Fidure 3.7.
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The HCAL barrel (HB) provides coverage up jtdn j 1.305, the HCAL endcap (HE) in the

range 1.305) hj 3.0 and the HCAL forward (HF) in the range 3j0 h j 5.0. The forward
calorimeters ensure full geometric coverage and therefore play a large role in the the measurement
of the transverse energy in the event. HB and HE are made up of interleaved layers of brass
radiator and scintillating tiles while HF is made of steel plates embedded with quartz bers to

better withstand the high radiation doses in that region.

Figure 3.7: Features of the CMS HCAL.

In the case of the HB and HE, brass acts as a non-ferromagnetic absorber with 5.82 interaction
lengths of material to encourage development of hadronic showers. The particles produced in
nuclear interactions of hadronic particles with the brass pass through the scintillating material and
produce light. The collected light is used as an estimate of the energy of the shower. In the case of
HF, Cherenkov radiation from the particles in the evolving shower traversing quartz bers is used

as energy estimate.

The energy resolution for HB and HE can be expressed as:
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SE 2 90%

2

SE T _ +( 4:5%)2 3.5
£ piE:GeV ( 0) (3.5)
while for HF the resolution is:
!
SE 2 172% 2
— = +( 9:0% 3.6
£ piE:GeV ( 0) (3.6)

The rst term in equations corresponds to statistical uctuations and intrinsic shower uctuations
(considerably larger than that of the ECAL), and the constant term is due to uncertainties in the

calibration.

3.2.5 Muon system

A good measurement of muons was a driving factor in the overall design of CMS. Muons pro-
duced in proton collisions in the center of CMS are measured in the inner tracker and in the muon

chambers placed outside of magnet.

The muon system consist of three types of gaseous particle detectors optimized for different envi-
ronments and goals — drift tubes (DTs) in the barrél [ 1.2), cathode strip chambers (CSCs) in
the endcapg hj 2.4), and resistive plate chambers (RPCs) covering nearly the entire barrel and

endcap regiong b j 1.6). The muon system is shown in Figlire] 3.8.

RPCs provide a fast response with good time resolution but with a coarser position resolution than

the DTs or CSCs. RPCs can therefore identify unambiguously the correct bunch crossing.

The DT chambers consist of multiple drift tubes lled with a gas mixture ionized by the passage of
charged patrticles. Each tube contains an anode wire held at high voltage and two cathode strips on

either side. As the particles traverse the drift tube, they ionize the gas in the tube, and the ionized

28



Figure 3.8: CMS muon system.

atoms are collected by the anode creating an electronic pulse. Each DT chamber consists of three
superlayers, each composed in turn of four layers of rectangular drift cells staggered by half a cell.
The two outer superlayers are oriented with the wires parallel to the beam to provide tracking in
the rf plane in which the muon bends due to the magnetic eld. The third superlayer, present only
in the rst three stations, measures the z coordinate. The spatial resolution of a DT chamber is 100
nm in the rf plane, and 150mm in the z direction, the drift time is up to 386 ns and the timing

resolution is 3.8 ns.

Each CSC is trapezoidal in shape and consists of 6 gas gaps, each gap having a plane of radial
cathode strips and a plane of anode wires running almost perpendicularly to the strips. The gas
ionization and subsequent electron avalanche caused by a charged particle traversing each plane of

a chamber produces a charge on the anode wire and an image charge on a group of cathode strips.
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The spatial resolution provided by each chamber from the strips is typically aboutr@0®&hile

the angular resolution if is of order 10 mrad.

RPCs are located both in the barrel and in the endcaps Their spatial resolution is limited, but their
time resolution is excellent ( 1 ns) and smaller than the 25 ns LHC bunch spacing. Therefore
RPC detectors are used to identify unambiguously the bunch crossing and to provide prompt trigger
decision. An RPC consists of parallel electrode plates, yielding a constant and uniform electric eld
across a gap lled with ionizing gas. The RPCs are constructed of two highly resistive electrodes
and a layer of readout strips immersed in a thin layer of inert gas. As charged particles pass the
gas is ionized and releases electrons which then, due to the electric eld in the RPC, ionize more
atoms, releasing more electrons in an "avalanche'. These avalanches of electrons are collected on a

cathode pad and used to deduce the timing and position of the incident particle.

Measurement of the momentum of muons using only the muon system is essentially determined
by the muon bending angle at the exit of the 4T coil, taking the interaction point as the origin of
the muon. The resolution of this measurement is dominated by multiple scattering in the material
before the rst muon station up tBr values of 200 GeV. For largé¥ the chamber spatial reso-

lution starts to dominate. For low-momentum muons the momentum resolution is dominated by
resolution in the silicon tracker. However, the muon trajectory beyond the return yoke extrapolates
back to the beam-line due to the compensation of the bend before and after the coil when multiple
scattering and energy loss can be neglected. This fact can be used to improve the muon momentum
resolution at high momentum when combining the inner tracker and muon detector measurements.

The muon momentum resolution is shown in Figure 3.9.

3.2.6 Reconstruction of objects

Reconstruction is the operation of constructing physics quantities from the raw detector signals
collected in the experiment. The reconstruction process can be divided into 3 steps, corresponding
to local reconstruction within an individual detector module, global reconstruction within a whole

detector, and combination of these reconstructed objects to produce higher-level objects.
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Figure 3.9: Muon momentum resolution.

Different particles provide different signatures in CMS detector sub-systems as shown in Fig-
ure[3.10. A muon will be measured in the tracker and in moun system loosing very little energy
in the calorimeters. An electron (and positron) will leave a track in the tracker and loose all its en-
ergy in ECAL, while a photon will be measured only in ECAL. Accordingly, different sub-systems

participate in a reconstruction process.

Reconstruction of muons

The muons (and antimuons) are detected in the r@mpe 2:4 by spatially matching the tracks
from the inner tracker and the outer muon system resultingRn @esolution of 1-5% for muons

with Pr up to 1 TeV. The reconstruction algorithm is described in detail in [19].

Muon objects are the association of two tracks, one in the silicon tracker (or tracker track), and a

second one in the muon systems (or standalone track). Starting from standalone track as input a

31



Figure 3.10: The CMS detector transverse section with simple particle topologies indicated.

matching tracker track is found and a global-muon track is tted combining hits from the tracker
track and standalone track. Compatibility in terms of momentum, position, and direction are con-

sidered in matching stand-alone muons to tracker tracks.

The CMS solenoid subjects the tracker to a 3.8T longitudinal magnetic eld, and the muon cham-
bers to a return eld in the opposite direction, of value2T. Hence the trajectory of a muon is

curved in opposite orientations in the tracker and in the muon chambers.

The degree of curvature gives the muon transverse momentum, while the orientation of the curva-
ture determines its charge. For a global muon, these parameters are mainly based on the tracker
information, because of the very precise inner tracking system. However the combination of these
two systems becomes important for muons with high momentum where the reduced bending of the

muon tracks limits the resolution of the inner tracking measurement.

Reconstruction of photons

Photon reconstruction begins with energy deposited in the ECAL. Since ECAL crystals in CMS

have a Moliere radius of 2.2 cm (the same as the physical width of their front face), a photon with
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1 GeV of energy deposits 95% of its energy into an array 05 Brystals. Material between the
interaction region and the ECAL cause roughly half of direct photons to convergfi@o pairs,
resulting in a deposit of energy more spread albr{due to the presence of the magnetic eld from

the solenoid). The ECAL crystal arrays have different geometry in the barrel and endcap, and in
addition, the magnetic eld is different, so energy deposits is grouped together in Super Cluster
(SC) by different algorithms: a "Hybrid Clustering Algorithm" in the barrel, and a "Mulg5

algorithm in the endcap [20].

For both algorithms the center of the photon shower is determined from a log-weighted energy

sum:

Qo
P
=

I Ei
, whereW = max 0;4:7+ log- 3.7
AW | 93E, G-

whereE; is the energy of thé" crystal in the SC.

The direction of the momentum of a photon candidate is determined by connecting a line from the
primary vertex to the position of the SC. Identi cation of photons is enhanced by the use of tracking
information as photons that do not convert leave no signal in the silicon detectors. Since there is
no alternate measurement of the particle’s momentum to compare to it is signi cantly harder to

identify real photons since there is a large background both from jets and from electrons.

Reconstruction of missing transverse energy (MET)

Neutrinos are not detected directly, but give rise to experimentally observed imbalance of trans-
verse energy, MET. This quantity is computed using a Particle Flow technigue [21], an algorithm
designed to reconstruct a complete list of distinct particles using all the subcomponents of the CMS
detector. The MET for each event is then determined as the negative vector sum of the transverse

momenta of all reconstructed particles in each event.
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Trigger at CMS (on-line event pre-selection)

Data are selected online using a two-level trigger system. The rst level (L1), consisting of cus-
tom made hardware processors, selects events in less thgnahile the high-level trigger (HLT)
processor farm further decreases the event rate from around 100 kHz to about 300 Hz before data
storage. At the HLT events are accepted if they match at least one of hundreds of differet "interest-

ing" signatures in the detector. In this work the one requiring Figimuon in event is used.

3.2.7 Data and simulation

To predict the results of colliding protons involves modeling of subatomic makeup of a proton,

the calculation of scattering amplitudes, the decay of unstable particles, and the hadronization of
quarks and gluons into jets. Next the response of the detector to these nal state particles must
be modeled. Knowledge of detector materials and positions of these materials is necessary for

accurate modeling of the detector response.

“Monte Carlo” techniqued [22] are generally used. Here a random number generator is interfaced
with the equations governing a certain process in order to produce a large number of simulated
collision events. The simulation of proton-proton collisions happens in several steps, each being
specialized to emulate a particular aspect of particle collisions. The rst stage is a matrix element
calculation which describes the differential cross section for a given hard scattering process. Next
stage takes the colored partons (quarks) and gluons produced in the hard scattering interaction
along with any radiated gluons and describes how they hadronize into colorless composite particles
in a parton showering process. Following stage describes the underlying event consisting of soft
interactions of the spectator partons which did not directly participate in the hard scattering. These
programs rely on parameterizations tuned rst by input from previous colliders extrapolated to
LHC energies and later retuned based on data from initial LHC funs [23]. A detailed description of
the CMS detector and magnetic eld is used as input to the GEANT4 package [24, 25], a software

toolkit for simulating the passage of particles through CMS detector.
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Chapter 4

Measurement ofWWg cross section

In this work the cross section for the procggs! Wg! mngat a center of mass energy of 7 TeV
is measured. As th@/g cross section diverges at LO for soft photons or those that are spatially

close to the charged lepton, the measurement is restricted to the following kinematic range:

The transverse photon energy must be larger than 15 GeV.

The muon and the photon must be spatially separated by
Y
DR(m g) (Df (m@))2+(Dh(mg))?> 0:7.

This measurement uses data collected during 2011 by the CMS detector corresponding to an inte-

grated luminosity of 5 fb?.

TheWg! mngnal state is characterized by a prompt, energetic, and isolated muon, signi cant
missing energy due to a neutrino, and a prompt isolated photon. Bé&igethere are several

other processes with identical nal state particles or with different outgoing particles giving similar
signature in the detector. In order to reduce these backgrounds, the selection criteria described in
Section 4.P are applied. The backgrounds and the methods used to derive their contribution are
described in Sectidn 4.3.
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The cross section is extracted using the expression:

N .
s=_— 9 (4.1)
whereNsjq is the number of observed signal everftss the geometric and kinematic acceptance,

e is the selection ef ciency for events in the acceptance,lant the integrated luminosity.

The produch egenis derived from the simulation. To account for differences in ef ciency between
data and simulation a correction factogs = e=egen, is used. The correction factor is derived by
measuring the ef ciency in the same way on data and simulation as described in $ectipn 4.2.7. The

productA e is replaced by the produBt ref, whereF A egen

S = —— ! 3 = ! ; (4.2)

Since the ef ciency depends on a particle kinematic the ef ciency is derived as the sum over all
. N . . .
eventsF is de ned asﬁ’ whereNacceptis the number of events passing all selection cuts, and

Ngen kiniS the number of generated events V\B?» 15 GeV,DR(ng) > 0:7.

Sources of systematic uncertainties are described in S¢ctijon 4.4.

4.1 Data samples

The used data set corresponds to luminosity of 5 itollected with the CMS detector at center of
mass energy of 7 TeV during 2011. The LHC beam conditions were rather different in two runs
taken during 2011, resulting in low- and high-pile-up (PU) periods. The average number of PU
interactions for the low-PU data set is 4.9 interactions per collision, while the high-PU set has an
average of 7.8 interactions. The former data set corresponds to about 2 & fintegrated lumi-
nosity and is referred to as 2011A in the text, the latter corresponds to 2 afial is referred to as

2011B. The combined data set are referred to as 2011A+2011B. The measurements are performed
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using the combined 2011A+2011B data set. To check the compatibility of results measurements
using 2011A and 2011B separately are also performed. The data set contains only certi ed CMS

data, which are recorded while all CMS subdetectors were opera