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Abstract

An analysis of the discovery potential of doubly charged Higgs bosons at the CMS detector
is presented in this diploma thesis. Investigated are doubly charged Higgs bosons, which
are pair produced through the Drell-Yan mechanism, in pp collisions at /s = 14 TeV.
The decay branching ratio into muon pairs is assumed to be 100%. The pure muonic
decay channel yields a clear signal which is almost free of background. Doubly charged
Higgs bosons with masses in the range 100 to 900 GeV are studied, for a low luminosity
scenario of £ = 2 x 1033cm™2s~!. The full detector simulation is used. Doubly charged
Higgs bosons in this production and decay channel with masses my++ < 650 GeV are
expected to be observable at CMS with a significance exceeding 50 at 10fb~! of integrated
luminosity. If no signal will be detected for this integrated luminosity, the existence of a
doubly charged Higgs Boson with mg++ < 760 GeV can be excluded at 95% confidence
level. This exceeds the current exclusion limit my++ < 136 GeV, set by CDF at Tevatron
Run II, by 624 GeV.
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Chapter 1

Introduction

Particle Physics is fundamental research. Its purpose is to find the smallest constituents
of matter and to understand the forces between them.

The basic building blocks of particle physics are summarized in the Standard Model. It
retraces the complexity of particle interactions found in several experiments to a few fun-
damental symmetries, called local gauge symmetries. In the Standard Model particles
interact by exchanging gauge bosons. For example, in weak interactions the W and Z
bosons are exchanged. One of the problems of gauge theories is that they predict massless
W and Z bosons, which is a contradiction to results from collider experiments.

One of the simplest ways of explaining massive gauge bosons and keeping the concept of
gauge theories as well is the Higgs mechanism. It predicts an additional particle, which is
called Higgs boson. By interacting with this Higgs boson the particles acquire their mass.

One of the aims of the future Large Hadron Collider (LHC) at the particle research center
CERN, is to collide particles with energies high enough to make the generation of Higgs
bosons possible. The task of the Compact Muon Solenoid (CMS) detector at the LHC is
to discover this Higgs boson, or to exclude its existence.

Except for simplicity there are no reasons why there cannot be more than one Higgs boson.
Some models like the “Left-Right Symmetric Model” and the “Higgs Triplet Model” (HTM)
introduce a more complex Higgs sector, with several Higgs bosons including a doubly
charged Higgs boson. These Higgs triplet models can give an answer to the question why
neutrinos are not massless as assumed in the Standard Model. The detection of a doubly
charged Higgs boson would provide evidence for these Higgs triplet models.

Previous searches at lepton and hadron colliders excluded the existence of doubly charged
Higgs boson with masses smaller than 136 GeV. The future LHC will be able to collide
protons with a centre of mass energy of 14 TeV. Therefore it will extent the current exclusion
mass limit to a much higher value or discover the doubly charged Higgs boson.

This diploma thesis studies the possible generation of pair produced doubly charged Higgs
bosons with the LHC and the feasibility of finding or excluding the existence of these
particles with the CMS detector.




CHAPTER 1. INTRODUCTION

The thesis starts with an introduction to the theory of particle physics presenting the
Standard Model and models beyond. Chapters 4 and 5 describe the experimental setup
used in this analysis, the “hardware” and “software” of the CMS detector. In chapters 6 to
9 the possibility of distinguishing signal and background with several selection criteria is
studied. The remaining signal and background events after the final selection are analyzed
in a statistical way in chapter 10. Mass limits for the discovery or exclusion of the signal
are obtained. The uncertainties of these mass limits are finally discussed in chapter 11.




Chapter 2

The Standard Model

The Standard Model is the established theory of particle physics. It deals with physics at
scales smaller than 1 fm. At such distances even protons and neutrons, the constituents of
atomic nuclei, do not appear as pointlike, but can be found to consist of other particles,
the so called quarks. Until now no substructure of quarks has been discovered. Therefore
they are assumed to be elementary particles. Electrons, surrounding atomic nuclei, are
another kind of particles which are assumed as elementary. The electron belongs to a class
of particles called leptons. Quarks and leptons are spin 1/2 particles, called fermions. An
overview over the fundamental fermions in the Standard Model is given in Table 2.1.

family electrical charge
I II TIII le]
leptons ©c BT L
Ve Vy Uy 0
u ¢t 2/3
quarks 4 s 1/3

Table 2.1: The different fermions and their electrical charges

As shown in this table, fermions can be subdivided into so called families. The particle mass
increases from one family to the next, but charge and other intrinsic particle properties
stay the same.

To each of these fermions belongs an anti-particle with opposite quantum numbers, like
the charge, but the same mass.

The forces between fermions are carried by particles with an integer spin, the gauge bosons.
Table 2.2 shows the fundamental forces, the corresponding gauge bosons and the fermions
which interact with these gauge bosons.

Except the gravitational force, all fundamental forces are described by the Standard Model.
The gravitational force is very weak, and plays therefore no role at the scales of particle
physics. Furthermore, the graviton has not been detected yet, and the opinions about its
existence are controversial.
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force gauge bosons fermions
strong gluon quarks
weak W and Z boson all fermions
electromagnetic photon all charged fermions
gravity “graviton” all fermions

Table 2.2: The fundamental forces, the corresponding gauge bosons, and the fermions which
interact with these bosons

As the Standard Model is a relativistic quantum field theory, fermions are substituted
by four-component wave functions 9 (%,t). The four components of ¥ (%,t) correspond to
particles and anti-particles with the two possible spin projections +1/2. Instead of 9(Z, 1),
which is a function of space and time, the state of a particle can also be defined as a
function of its momentum and energy.

Spin and momentum of a particle can be combined to form another quantity, the helicity
A. The helicity is the projection of the spin § onto the momentum |[p].

X=5-7/17 (2.1)

The helicity of massless particles is invariant under a Lorentz boost. In the special case
of massless particles the helicity of a particle can be identified with its chirality. Chirality
projection operators separate the wave function of a particle into a “left” and a “right
handed” component. Massive particles can change their helicity under a Lorentz boost,
but their chirality stays the same.

The interactions between fermions and bosons are described by gauge theories. The next
subchapter explains the concept of gauge theories at the example of Quantum ElectroDy-
namics (QED), further information about gauge theories and the Standard Model can be
found in 2] and [3].

2.1 QED and symmetries

In QED, the equation of motion for a free fermion is the Dirac equation.

(19" 9y —m) ¢ = 0, (2.2)

where v* are the 4 x 4 «y-matrices. An equivalent way of describing the propagation is via
the Lagrangian:

L= (" 9 — m) (2.3)

Gauge theories like QED are build upon local gauge symmetries.

What is meant by symmetry?

Feynman: ”A thing is symmetrical, if there is something we can do to it so that after we
have done it, it looks the same as before.”

Adapted to gauge theories this means, that if a system is symmetrical under a certain
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operation, this operation should not change the equation of motion. If 4 is a solution to
the Dirac equation, the transformed 4’ = U4, where U is the symmetry operator, should
also be a solution.

A special kind of transformations are gauge transformations. A gauge transformation
transforms the phase factor of a wave function.

PP =Uy U=e?9e (2.4)

where @) is the fermion charge. The important thing about gauge theories like QED is,
that they require the Lagrangian to be invariant under local gauge transformations. For
local gauge transformations the phase factor o depends upon space and time.

If the transformed 1 is inserted into the Lagrangian (2.3), an additional term proportional
to the derivative of o will be produced. To cancel this term and keep the Lagrangian
invariant under gauge transformations, the covariant derivative D# with a new field A* is
introduced:

0¥ = DV =0 +iQ A* (2.5)

where A* transforms as:
Ay — A, = Ay — Oua(z), (2.6)

Thus the additional term in the Lagrangian is cancelled. A, is associated with the photon
field.

The gauge transformation U(«) forms a mathematical group, U(1). In the following this
U(1) group will be called U(1)ey,, to distinguish it from other U(1) gauge groups.

It is also possible to require invariance against local gauge transformations with respect to
more complex groups, for example the SU(3) group in the gauge theory of strong interac-
tions, Quantum ChromoDynamics (QCD).

2.2 QCD

QCD is the theory of strong interactions between quarks and gluons. The knowledge about
QCD is therefore crucial for the understanding of physics at proton-proton colliders like
the LHC.

To each quark a charge called colour is attributed. The possible colours are red, green and
blue for quarks and antired, antigreen and antiblue for antiquarks. Detectable particles
have to be colour neutral. Thus a detectable particle has to consist of at least three
quarks in red, green and blue, or of a quark and an antiquark of a certain colour and its
corresponding anticolour. A single quark can not be colour neutral and hence can not exist
separated.

The Lagrangian which describes a free quark is:

L=q(iy"0,—m)q (2.7)
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Where ¢ is a colour triplet of wave functions:

q= (QTeda 9green leue) (28)

The requirement of invariance against local gauge transformations becomes in this theory a
requirement of invariance against colour transformations for a SU(3) group. The operator
U(z) looks like:

U(z) = ' 90@) ¢ (2.9)

where g is the equivalent to the charge in QED and determines the strength of the coupling.
t* are the generators of the SU(3) group. They can be represented as 8 linear independent
matrices. The generators behave like:

s — 5 =i f5t (2.10)

where f/* are totally antisymmetric SU(3) structure-constants. So in general neither the
generators nor the corresponding operators U(z) commute.

To make the QCD Lagrangian invariant under local gauge transformations, one has to
introduce a covariant derivative and new fields, the gluon fields G,.

D* = 0" + ity GSM. (2.11)

The gluon field transforms like:

T T - 1 -
-G, - U (t,G,)U 1—§U8“U ! (2.12)

These gluon fields can be associated with the gluons.

One difference between QED and QCD is, that the gauge bosons of QCD couple with equal
strength to all types of quarks, whereas the gauge boson of QED couples with different
strength to fermions with different charges.

A consequence of the non-commuting operators in QCD are terms in the Lagrangian which
are proportional to G® and G*. This corresponds to three and four gluon interactions. In
contrast to the photons in QED, gluons can interact with other gluons. Self-interacting
gluons lead to a weaker coupling for higher energies. This is called asymptotic freedom. For
reactions where a huge momentum is transferred, quarks behave as almost free particles.

As mentioned before quarks can only exist in colour neutral combinations, due to the
strong force. The strong force between the quarks increases with the distance between
the quarks. If the energy of the force field gets high enough, a new colour neutral pair of
quarks is produced. Together with the initial quarks the produced quarks can form new
particles. This is called fragmentation or hadronization.

Another gauge theory is the Glashow-Salam-Weinberg (GSW) theory, which combines the
description of electromagnetic and weak interactions.
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2.3 Electroweak Interactions

One example of a weak interaction is the S-decay in which a neutron decays to a proton,
an electron and an anti-neutrino.

An important property of weak interactions is, that left and right handed particles interact
differently. This implies parity violation. The parity operator P basically exchanges left
and right handed fields. Electroweak interactions are not symmetric under parity transfor-
mation, and therefore there is a difference in the interaction of left and right handed fields.
The simplest gauge-group which can explain the measured properties of weak interactions
is SU(2)xU(1). The gauge fields corresponding to the SU(2) group are called W', W2
W3, and the gauge field corresponding to the U(1) group is called B.

The SU(2) gauge fields couple only to left handed fermions while the U(1) field couples
to left and right handed fermions. In order to coincide with observations, fermions can be
arranged as multiplets of the weak isospin I:

Doublets (I = 1/2) of chiral left handed fields:

(), (), (), (0), (5), (0), e

The third component I3 of the weak isospin I equals 1/2 for the upper components of the
doublets and —1/2 for the lower components.

Singlets (I = 0) of chiral right handed fields:

R: eg pg 7T Ur dr Cr Sk tr br (2.14)

There are no wave functions in the Standard Model for right handed neutrinos. They have
no charge, so they do not interact electromagnetically and no right handed neutrinos have
been found in weak interactions. As they seem not to interact at all, they are assumed to
be non-existent in the Standard Model!.

The local gauge transformations, for left handed wave functions %7 and right handed
wavefunctions g, are:

For U(1):
W — et 0/2Yeel@) gy 10/ VRAE) g (2.15)

where ¢’ is the general gauge coupling for U(1) and Yz and Yg determine the different
coupling strengths for left and right handed fermions, they are called weak hypercharges.

For SU(2):
W, — 927 B@) gy (2.16)

where & is a vector of the three Pauli matrices and ¢ is the general gauge coupling for
SU(2).

!Some theories predict the existence of so called sterile neutrinos, which do not interact. These neutrinos
might explain the non-vanishing neutrino mass
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To emphasize the relation between the gauge groups and the hypercharge and isospin,
SU(2)xU(1) is often written as SU(2)7,xU(1)y.
The Gell-Mann-Nishijima-Relation between Y and I3 is:

Y
Q = E + 13, (2.17)

where Q is the measured electromagnetic charge.
The Lagrangian for free Dirac fields can be written as:
L=iYpy" 0utpr +iYrY" Oy v (2.18)

To make this Lagrangian invariant under SU(2);, and U(1l)y gauge transformations the
derivative 0, is substituted by the covariant derivative D,

!

Duzau-l—igI&’-Wu-i—i%YBu, (2.19)

where 1 is the wave function of a fermion. 1 can be symbolically denoted by:
p=|° (2:20)

The W and B fields can be linearly combined to the A* field, which is associated with the
photon, and to the Z* field, which is associated with the Z boson.

A* = cos(Ow) - B* +sin(fy ) - W ZF = —sin(0w) - B* + cos(Ow) - WH (2.21)

Since photons shouldn’t couple to neutrinos, the so called “Weinberg-Angle” has to solve
the following equations:

!

g g
/92 + 912 /92 + 912
The resulting part of the Lagrangian which corresponds to electromagnetic currents is:

Y,
L=-+1+/g%+ g"? cos(Ow) sin(6w) (éL vt e, — 7R erY" eR> A, (2.23)

In electromagnetic interactions there is no difference between left and right handed cur-

cos(fw) = sin(fw ) = (2.22)

rents, therefore:

=Yg =2 (2.24)
The coupling strength of the photon is determined by the electric charge Q.
= Q = Vg% + g2 cos(Ow) sin(6y) (2.25)
The resulting part of the Lagrangian for neutral weak currents is:
L= + @ (2.26)

cos(fw ) sin(Oy)

1 1 . _ . _
(—5 Ly v + 3 . v" e + sin? (Ow) e~y e, + sin? (Ow) ery* eR) Zy,
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W1 and W? can be combined to the force carriers of charged weak currents W+ and W .

Wt =W'+iW?)/vV2 W~ =W'-iW?/V2 (2.27)
The part of the Lagrangian for charged weak currents becomes:

L = ... — L,}LWJLGLWJ

\/ﬁ Sin(ew)

Q _ _
" Van 228

So far W and Z bosons are assumed to be massless, this is disproved by experiments.
Nevertheless, a possible inclusion of mass-terms:

m%B"B,, (2.29)

in the Lagrangian would break the gauge invariance. Another way has to be found. The
way chosen in the Standard Model is the Higgs mechanism.

2.4 Higgs-Mechanism

In order to give mass to W and Z bosons, two complex valued scalar fields in an isospin
doublet ¢ are introduced:

¢+
¢ = ( 4 ) (I=1/2,Y =1), (2.30)

with the corresponding Lagrangian:
L=(Du)'(D'¢) = V(¢)  V(h) = —12¢'¢ +N(¢'9) (2.31)
D, is the already known covariant derivative of the GSW theory.

V(D) ! V(@) u<o

~0,

o by

Figure 2.1: The Higgs Potential [4], for x> > 0 and p? < 0.
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Figure 2.1, shows the potential of the Higgs field. A non trivial minimum exists only for
2
u < 0.

In this case the ground state is degenerate, a whole ring of minima exists, with the radius:

2

v 7
=—=1/—— 2.32
#= = y-5 (232)
Arbitrarily the following state is chosen as ground state:
0
b0 = ( v ) using v = H, (2.33)
7 A

where v/ V2 is the so called vacuum expectation value. The field can now be expanded

around this ground state:
1 .
p=—. ST ) (2.34)
V2 v+n+ic

and inserted into the Lagrangian of equation 2.31, to obtain the interaction of this field
with the gauge bosons W and Z.

&1, & and ¢ can be eliminated by a gauge transformation and 7 can be assumed as small.
Therefore the Lagrangian becomes:

S % (0"n) (Bum) — w’n*| + ‘(]28—02(|Wu+|2 + W)+ g g Cf:f(zw) 1Z,° (235)
This Lagrangian includes three mass-terms. The mass of the W boson is:
my = % (2.36)
The mass of the Z boson is: ”
mz = m (2.37)

The third mass term is the mass term of a new neutral scalar particle, the Higgs boson:
mg =V2pu (2.38)

By the arbitrary choice of a special vacuum state the SU(2); and the U(1)y symmetry
are broken. The vacuum is filled with a field, the Higgs field. Particles acquire mass by
interacting with this field. The charged component of the chosen vacuum expectation value
is zero, so the photon doesn’t couple to the Higgs field and stays massless as required by
experiment. The U(1),,, symmetry remains untouched.

This breaking scheme can be symbolically denoted by:

SU(2), x U(1)y = U(1),,, (2.39)

10
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To explain fermion masses another term is added to the Lagrangian. This term describes
the so called Yukawa coupling of fermions to the Higgs field.

Ly ukawa = _gf (R (¢T L) + (Z ¢) R) (240)
Where L and R are the left handed fermion-doublet and the right handed fermion-singlet.

By inserting the different fermion families one gets the following coupling constants for the
coupling of a fermion f to the Higgs field:

gr =2 % (2.41)

The coupling strength of fermions to the Higgs field is proportional to the fermion mass.
The Yukawa coupling connects left handed and right handed fermion fields. As there are
no right handed neutrinos in the Standard Model, neutrinos do not couple to the Higgs
field and therefore gain no mass.

However recent neutrino oscillation experiments show that neutrinos have a tiny but non-
zero mass. In order to explain these neutrino masses, the Standard Model has to be
extended.

11






Chapter 3

Beyond the Standard Model

3.1 Neutrino Oscillations

The term “Neutrino Oscillation” describes the phenomenon that a neutrino of a certain
flavour, for example v, changes into a neutrino of another flavour v, or v, (for details
see [5]). This is only possible if neutrinos have a non-vanishing mass, and their mass
eigenstates are not equal to their flavour eigenstates. In this case the flavour eigenstates
Vo (@ = e,u,T) can be composed out of different mass eigenstates v; (i = 1,2,3) in the
following way.

Vo = Uuns Vs (3.1)

Where Uyyys is a unitary matrix called the Maki-Nakagawa-Sakata-matrix (MNS matrix)
and can be parametrized by three angles and one complex phase.

c12€13 512€13 513
Uuns = | —812C23 — C12523513€™®  clacos — S12893513€'®  sazci3 (3.2)
812893 — €12523513€'?  —c12893 — S12C23813€"?  cosci3

Where s;; = sin(6;;), ¢;j = cos(6;;) (1,j = 1,2,3) and 6;; are the three mixing angles.
The neutrino mass matrix elements m;; of the flavour eigenstates are related to the masses
m; of the neutrino mass eigenstates by:

mi; = UMNS diag(mlamQ,m?:) Ul?/;NS’ (33)

The neutrino mass eigenstates are stationary states and show a time dependence according

to:
1) (.’L‘, t) = e_iEitVi(xa O)a (34-)

where E is the neutrino energy. Using relation (3.1) and (3.4) the transition probability
for a flavour conversion v, — v can be calculated. The transition probability depends on
the square of the mass differences Am?j of the mass-eigenstates, on the mixing angles 6;;,
on the energy E of the neutrino and on the distance L the neutrino has travelled.

13
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Figure 3.1: Logarithmic plot of the transition probability P(vo — v4) as a function of L/E for
sin? 20 = 0.83. The brackets denote three possible cases: (a) no oscillation for (L/E << 1/Am?);
(b) oscillation (L/E =~ 1/Am?) and (c) average oscillations for (L/E >> 1/Am?) [5].

Figure 3.1 shows the transition probability P(v, — v4) as a function of ATmz%

Since an oscillation changes the flavour of the neutrino, such processes violate the lepton
family number conservation. The number of electron, muon or tau neutrinos L, L, L,
changes, but L = XL; is still conserved.

Several oscillation experiments study the transition probability of neutrino flavours at a
variety of energies and travelling distances to probe the different mixing angles and mass
differences.

The most recent results from these studies are [6]:
e Am?2, = (8.0£0.3)107%eV?
|Am,| = (2.5 £ 0.3)1073eV?

tan?(612) = 0.45 £ 0.05

sin?(26,3) = 1.02 + 0.04

o sin?(2613) = 0 + 0.05

As oscillation experiments only determine mass differences, there are two possible mass
hierarchies for three neutrino flavours, see Figure 3.2.

One possibility to explain neutrino masses is the Higgs Triplet Model (HTM).

14
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m2t==Vs === V>
. ==V,
or
= V;
| == V == V3

Figure 3.2: “Normal” and “inverted” mass hierarchy for three neutrino flavours [7].
3.2 Higgs Triplet Model

The Higgs Triplet Model [8] is a particularly simple model to explain the non-zero neutrino
mass without introducing a right handed neutrino. In the Higgs Triplet Model a complex
Higgs triplet (41, d2, d3) with the quantum numbers (I = 1,Y = 2) is added to the Standard
Model Higgs sector. The Lepton number L is explictly violated in this model, by assigning
L = —2 to the Higgs triplet. In common notation the Higgs triplet is written in a 2 x 2
representation (A = &-4).

+ ++
AE(AA/O“E _AA+/\/§’) (35)

where the charges of the matrix members are determined by the Gell-Mann-Nishijima-
Relation: ”
QA:[?‘“’,A]H-A (3.6)

The triplet Higgs fields have the following Yukawa couplings to leptons:
L = h;j L;l;: Cioo ALjr, + h.c., (3.7)

where h;; are coupling constants for the Higgs-Lepton coupling, Ly, is a left handed lepton
doublet L;;, = (vir,lir.), 1,j are flavour indices and C is the Dirac charge conjugation
operator.

The Higgs potential including the Standard Model Higgs sector ¢ = (¢*, ¢%)7, is:
Vo= m?(¢Te) + M\ (679)2 + M2Tr(ATA) + Ao [Tr(ATA)]? + A3 Det(ATA) (3.8)

1 .
+ M (¢79) TH(ATA) + X5 (97 03 ) Tr(AT 03 A) + (E“ (¢T ioy AT ¢) + h.c.) :
where \; are dimensionless quartic couplings, i is a dimensionful trilinear coupling and M
is the common triplet mass (M2AYA). From this potential a vacuum expectation value
v for the neutral member of the triplet Ay can be derived:
pv?

va = o (3.9)
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The neutrinos acquire mass by Yukawa coupling to the neutral Higgs triplet member. The
neutrino mass matrix elements (see eq. (3.3)) are proportional to the coupling constants
hij and to the vacuum expectation value va:

mij = V2 hijva (3.10)

The HTM states the existence of 7 Higgs bosons (H++, H=—,H+, H~, H°, A°, p0). H**
consists only of triplet fields, the other Higgs bosons are mixtures of doublet and triplet
fields. Except for hg the Higgs bosons are composed mainly of triplet fields, hg is a Standard
Model like Higgs boson and composed mainly of doublet fields. In the HTM the masses of
the physical Higgs bosons are related in the following way:

miae = M? 42 9_2 ME (3.11)
2 _ 2 >‘5 2
My+ = Myg+r +2 9—2 My, (3.12)
2 _ 2 )‘5 2
Mygo g0 = Mpg=x +29_2MW (313)

The observation of a doubly charged Higgs boson would be the most striking signature
of the HTM, as it decays into equally charged particles. In addition, the measurement of
the leptonic decay rates of H¥* and therefore of hij could help to determine the neutrino
mass matrix. The decay rate for H** — l;—Llji is related to h;; by:

mg++

8w

T(H* 5 IFIF) =S hi;|?, (3.14)

where S =1 (2) for i = j (i # 7).

The production and decay processes are determined by the couplings of the H™" boson.
H** couples to leptons, photons, W and Z bosons, singly charged Higgs bosons and to
itself. Triplet Higgs fields do not couple to quarks. This supresses all couplings of H*, A°
and h° Higgs bosons to quarks.

Another possibility to explain non-zero neutrino masses and also the smallness of these
masses are Left-Right Symmetric Models.

3.3 Left-Right Symmetric Models

Left-Right Symmetric Models [9-12] not only lead to a natural explanation of the smallness
of neutrino masses but give also a better understanding of parity violation.

In these models the lepton sector is symmetrized. The right handed fermion singlets of the
Standard Model and newly introduced right handed neutrinos are put together to form

SU(2) doublets:
UR,dR — Ur VR,lR — VR (315)
dr lr
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According to the SU(2), gauge fields which couple only to left handed particles a new gauge
group SU(2)g is introduced. The gauge fields of SU(2)r couple only to right handed par-
ticles. The gauge group of electroweak interactions SU(2)z, x U(1)y changes into SU(2)y,
x SU(2)g x U(1)y. The modified Gell-Mann-Nishijima-Relation for the Left-Right Sym-
metric Model is:

Y
Q=Lr+hLr+3 (3.16)

In Left-Right Symmetric Models, in contrast to the Standard Model, Y can easily be
calculated for quarks and leptons in the following way [12]:

Y=B-1I, (3.17)

where B is the Baryon number, B = 1/3 for quarks, B = —1/3 for anti quarks and B =0
for leptons. L is the Lepton number, L = —1 for leptons, L = 1 for anti leptons and L = 0
for quarks.

To each left and right handed quark doublet @1, @r and lepton doublet Lj, Lg the
following quantum numbers (Iy,,Ig,B — L) can be associated [12]:

1 1 11
QL . (5305 §) QR : (Oa Ea g) (318)
L (%,0,—1) L (0,%,-1), (3.19)

Associated to SU(2)g are three new gauge fields Wgri, Wge, Wrs which couple only to
right handed fermions.

The left and right handed fermions get equal masses by Yukawa coupling to a 2 X 2 matrix
¢ of scalar fields with the quantum numbers (I, Ir,B — L) = (1/2,1/2,0) [12].

o o
=1 - ; 3.20
b o (520
¢ fulfills the modified Gell-Mann-Nishijima-Relation.

The Lagrangian which describes the Yukawa coupling of fermions to ¢ is [11]:

Ly(p)=— > [@Li Y $prj +PLi EY dpr; + h-c-] ; (321)
Y=Q,L
=¥

where 17, and g are left and right handed wave functions. I‘;ﬁ- and E,; are coupling

parameters which have yet to be determined.

As right handed neutrinos with masses equal to the Standard Model neutrino masses seem
not to exist, the Left-Right Symmetry has to be a broken symmetry.

The symmetry can be spontaneously broken if the Higgs sector is enlarged. Scalar triplets
with the following quantum numbers (I1,,Ir,B — L) are introduced [12]:

Ar: (1,0,2) and Ag: (0,1,2) (3.22)
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The Yukawa couplings of the triplets are given by [11]:

ﬁy(A) = ng hLij o o9 A, LLJ' + ng hRij C_liO'Q Ag LR]' + h.c., (323)

hr, and hp are the coupling matrices. In the same manner as the Higgs triplet in the HTM,
Ay and Apg are written in common notation as [12]:

LA-F A++
ALr= ( ‘/Zo e 1LA’}1 ) (3.24)
LR T 3°LR

The Higgs potential involving ¢, Ay, and Ag can be constructed in such a way that the
minimum of the potential corresponds to the following vacuum expectation values [12]:

(#ho = (’g 3) (Arr) = ( o g) (3.25)

The choice of vg breaks the SU(2)g x U(1) p—r spontaneously to U(1)y. The non-zero vac-
uum expectation values of the bidoublet breaks the remaining SU(2)z x U(1)y to U(1)epm.
The following breaking scheme is obtained:

SU@2)1 x SU@)r x U1, x P8 SU2)1 x ULy 5 U(1)em (3.26)

P symbolically denotes the parity symmetry, which is broken by the choice of ug.

The gauge bosons W,,, and Z,, (m = 1, 2) of Left-Right Symmetric Models are composed
of the Standard Model like gauge fields Wp;, which couple only to left handed fermions,
and the newly introduced fields Wg; (i=1,2,3), which couple only to right handed fermions,
and the U(1) gauge field B.

The masses of the gauge bosons are given by [12]:

1
miy, o~ 5 g% (52 + & +202) (3.27)
1
my, =~ 5 g% (K% + &* +203) (3.28)
2 g 2 12 2
mzl ~ m (K: + K +4'UL) (329)
my, =~ 2(¢°+4%) vk (3-30)

It is assumed that g; = ggr as is natural in Left-Right Symmetric Models. g is used
instead of g7, and gr. W7 and Z; couple mostly to left handed fermions and can be iden-
tified with the Standard Model W and Z bosons. Wy couples mostly to right handed
fermions. To preserve the Standard Model relation between W7 and Z1, vy, has to be small
(v, € max(k,k')). vg is forced to be large [vg > k, k'], by experimental results from the
mixing of long and short lived K mesons [12]. A large value of vg leads to heavy W bosons.

Left-Right Symmetric Models state the existence of fourteen physical Higgs bosons [12].
Four doubly charged Higgs bosons, four singly charged Higgs bosons and six neutral Higgs
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bosons. The doubly charged members of the two Higgs triplet representations Afi and
Aﬁi remain unmixed and correspond to physical Higgs bosons. They are completly dif-
ferent particles and do not need to have the same mass or couplings.

The physical singly charged Higgs bosons (k' = 0 assumed) are [10]:

1 I

W = (¢ + AZL) (3.31)
1—|—2"°'22 ' V2ug R
YR
1 2
5 = 72(Af+\f% ¢%) (3.32)
14 2w K
+ =

k' needs to be zero if all the following requirements should be fulfilled [10]:
e 1o negative masses should be generated,

e Left-Right Symmetric Models should be consistent with experiments on flavour chang-
ing neutral currents,

o Left-Right Symmetric Models should be consistent with the experimentally obtained
mass ratios of Standard Model W and Z boson.

3.3.1 Neutrino Mass

In Left-Right Symmetric Models neutrinos obtain mass by two mechanisms [11]. Firstly
they can gain mass by the Standard Model Higgs mechanism, where the Yukawa coupling
to the bidoublet field ¢ connects left handed with right handed fermions (3.21). The
neutrino mass matrix (3x3) generated by this mechanism is:

1 *
My = E(Iﬁ '+ K .:.L) (333)

Since neutrinos are chargeless leptons, they can also gain a majorana mass by the coupling
of a neutrino and its hermitian conjugate neutrino to the triplet scalars Az, g, see equation
(3.23).

A vector €1, can be defined with all 6 left handed degrees of freedom for the neutrinos:

Ve
VL
Qp = = 3.34
L ( ()¢ > VLRr Yy ( )
Y1/ LR

With this vector the neutrino mass term including both types of mechanism is given by:
1
Ly =3 o c=' M, Qp + hc, (3.35)

with M, as the whole neutrino mass matrix (6x6):

M, = ‘/iﬁLhL My > (3.36)
My \/iv}k{h*R
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Unless there is an extraordinary hierarchy among the couplings, the requirements on vy,
and vg lead to vV2urhr < My, < V2vghg.

After diagonalization of M, one gets three heavy majorana neutrinos N and three light

neutrinos v; with approximate masses:

my = V2R my, = My, (V20 B) T M (3.37)

In this way the existence of three neutrinos which are much lighter than the other leptons,
could be explained by the existence of three very heavy neutrinos. This is called the

7

“see-saw” mechanism.

3.3.2 Couplings of A7,

The U(1)p_ symmetry prevents quarks from coupling to Higgs triplet members. AfLEi
and Aﬁi couple to leptons, vector bosons and singly and doubly charged Higgs bosons,
but they differ in their coupling strength.

Aj, can beidentified with the Higgs triplet of the HT'M. The production and decay processes
of Aiﬁi and of H** of the HTM are the same. The next sections will deal with the
production and decay processes of Afi and Aﬁi.

3.4 Production Processes

1. g7 = v/Z5, = AL RAL R (Fig. 3.3):
The doubly charged Higgs bosons are pair produced by the Drell-Yan process.

° g7 — /27 = ApTALT [13]:
This is the process studied in this diploma thesis. Z; can be identified with the
known Standard Model Higgs boson. The cross section of this process depends
only on the mass of the doubly charged Higgs boson.

° g7~ v/Z5 — AFTALT:
The cross section of this process depends on the unknown mass of Zs and on
the doubly charged Higgs boson mass. The results of the study presented in
this diploma thesis are for A:Lti only. Nevertheless, the used analysis method is
sensitive to this process, if four muon final states are possible for pair produced
++
AR,
2. Production by WI:',EQHiAjti vertex (Fig. 3.4) (H* stands for 6% and h*):
Afi couples only to the fields Wy, and AfLE whereas Aﬁi couples only to the fields
Wr and Aﬁ. Thus the following production processes are possible:

e Production by W6+ AT* vertex [8]:

Afi can be produced either by the process qg — Wli* — Afi(ﬁ or by fusion
of Wli and 6F.
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++

q LR

Figure 3.3: Feynman diagram for pair production of doubly charged Higgs bosons in leading
order.

+
1,2

Figure 3.4: Single production of A** by the le,EQHiAjEjE vertex.
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The associated production of §F and AT+

proceeds via a gauge coupling con-
stant and is not supressed by any small factor. For equal masses of 67 and A*+
the probability of this process is of comparable size to the probability of the
Drell-Yan process.

The production of Afi by fusion of I/VljE and 6T is surpressed as only the
V2

—L, couples to quarks.

bidoublet part 6%, which has a small weight

e Production by W;hiAﬁi vertex (Fig. 3.5):
This process is supressed as only the Aﬁ component of h* couples to Aﬁi and
Whry- Aﬁ has only a small weight X/_QL'UR in Bt

3. Production by T/T/'lj,EQWf*’LQAfLEﬁ2 vertex (Fig. 3.5):
Afj;z can be produced in this processes, either by real or by virtual W bosouns,

12

Figure 3.5: Single production of A** by the Wi5 W5 A*E vertex.

depending on the mass of Aﬁz and WfQ. The vertex of this process is given by:

1
—= 97 RULRWT Wi AT, (3.38)

V2

The coupling strength is therefore proportional to v, r

e Production by WEWEAT* vertex:

Due to the small value of vz, this production process is in most cases negligible.
e Production by WiWiEAZE vertex [9):
The larger vp is, the stronger is the coupling, but also the heavier is Wg. For
a Afﬁi mass higher than 1 TeV and a W mass lower than 1500 GeV, this cross
section exceeds the production cross section of the Drell-Yan process.
4. Production by H*H*AT% vertex (Fig. 3.6) [9]:
The coupling between two singly charged Higgs bosons and Af% arises by the
following quadratic term of the Higgs potential:

BiTr(pArP ALY + BoTr(PARSTAL) + BsTr(pARSTAT), (3.39)
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+
H =
Figure 3.6: Single production of A** by the H* H* vertex.

where 3; are coupling constants. This process is supressed by the small value of f;.
Large f3; would lead to a serious fine tuning problem. In the case of 6% this coupling
is also supressed by the small weight @ of ¢o.

The production process studied in this diploma thesis is: ¢g — v/Z7 — AZ“LAZ_.

3.5 Decay Processes

Assuming the Higgs boson which are mainly triplet to have masses similar to the mass of
Aﬁi and Afi, the most probable decay processes are [9]:

o AT — lily:

This is the kinematically most favoured decay and yields a very clear signal. The de-
cay width of this process depends on the lepton-number violating couplings h(r, r)i;-
These couplings have to be determined by experiment. The current experimental
limits on h(g g);; will be given later in this thesis. This diploma thesis arbitrarily
assumes a pure muonic decay of doubly charged Higgs bosons. The results obtained
with this assumption can easily be rescaled for other branching ratios. The decay
width is given by [8]:

mA:t:t

++ + + _ L,R 2
PALR 2 i pditry) = SST \hz,ryis|” (3.40)

where S = 1(2) for i=j (i#]j) and Iz g are respectively left and right handed leptons.
The decay width determines if doubly charged Higgs bosons decay inside the detector
or are quasi-stable particles (Section 3.6.2).

o Afi — H inQ where H* stands for 6+ and h*:
— AFE 5 SEWE [8]:
This process is driven by the SU(2) gauge coupling, and is not supressed by any
small factor. Depending on |m AxE— msx| this mode could dominate the signals
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of a doubly charged Higgs boson over a substantial region of the parameter
space.

— AFE = BEW, [9):
As the corresponding production process hjEWQjE — AT this decay process
is supressed by the small weight of Afﬁ in ht. Aﬁ is the component of h¥,
which couples to Aﬁi. For small values of the mass of Aﬁi this decay width
is considerably smaller than the width of the lepton pair channel.

) A:Ltf_-t — WfZWfQ [9]:
Ay, g couples to le,EQlef2 proportional to vy, g (see section 3.4 Production Processes).
This decay mode is supressed for the decay of Afi, due to the small vacuum expec-
tation value vy, but not for the decay of Afzi. For MW2:I: < 0.5 TeV, Ma, > 2 TeV
and hp,,; of order one the branching ratio of the process Af,’;i — W;ET/VQjE exceeds
the branching ratio of Aﬁi — Ul

In this diploma thesis doubly charged Higgs bosons are assumed to decay purely muonic.

3.6 Previous Experiments

The experiments which test the existence of doubly charged Higgs bosons can be sorted
into two categories, indirect searches and direct searches. Direct searches try to detect the
doubly charged Higgs boson directly with particle detectors like the CMS detector at the
LHC or the CDF detector at the Tevatron. Indirect searches test the existence of lepton
number violating processes, which might take place if a doubly charged Higgs boson is
exchanged. These searches can set upper limits on the non-diagonal couplings h;;.

3.6.1 Indirect Searches

Mode upper limit on hA;;
1 — eee huehee < 3.2 X 107" Gev—2. Mzii
= ey huehuu <2 x 10710 Gev—2. Mzii
ete” —ete” h2, <9.7x 1076 Gev—2- Miii
(9 —2)u h2, = 2.5 x107° GeV=2. M3,y

Table 3.1: The various modes which indirectly test the existence of A** and the corresponding
upper limits on h;; [9]

Table 3.1 shows recent limits on h;;, obtained by studying different processes which would
be affected by the existence of doubly charged Higgs bosons. The limit on hiw which
is shown in the last row of the table, is obtained by measuring (¢ — 2),, the anomalous
magnetic moment of the muon. The magnetic moment strongly depends on possible new

physics like doubly charged Higgs bosons which couple to the muon. The limits in Table
3.1 depend on the mass of Aﬁi and Afi. From the condition of vacuum stability, upper
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limits can be derived which do not depend on the doubly charged Higgs boson mass [9]:
hee, hpy < 1.2

3.6.2 Direct Searches

Direct searches for the existence of doubly charged Higgs bosons have been done at ex-
periments at eTe colliders like LEP [14] and at the proton anti-proton collider Tevatron.

The currently strongest limits have been set by the CDF collaboration at Tevatron [15].
The region 107° < hij < 0.5 has been probed. This coupling region corresponds to narrow
resonances which decay promptly (c7 < 10pm, where 7 is the lifetime of the doubly charged
Higgs boson). Assuming exclusive same sign lepton decays, lower limits of the Afi mass
have been set. The limits are 133 GeV, 136 GeV and 115 GeV for the decay channels ee,
pp and ey, respectively. On the mass of Aﬁi in the pp channel a lower limit of 113 GeV
could be set. All mass limits are set at 95% confidencel level.

CDF has also searched for doubly charged Higgs bosons which do not decay inside the
tracker h;; < 1072 [16]. A lower mass limit of 134 GeV could be set on quasi-stable doubly
charged Higgs boson production.

3.7 Summary of the Chosen Parameters

The doubly charged Higgs boson studied in this diploma thesis:

e is a member of the Higgs triplet Ay. Therefore it does not couple to right handed
particles and to quarks.

e is pair produced by the Drell-Yan process.
e is assumed to couple to muons with a branching ratio of 100%.

e is assumed to have the following coupling constant to muons: h,, = 0.1.

25






Chapter 4

LHC and the CMS Detector

This diploma thesis studies the possibility of finding or excluding doubly charged Higgs
bosons with the CMS detector. The future Compact Muon Solenoid (CMS) detector is
one of the four detectors at the Large Hadron Collider (LHC). LHC is situated at todays
largest particle physics laboratory, Conseil Europeen pour la Reserche Nucleaire (CERN)
on the border between France and Switzerland.

CERN was founded in 1954 as the European counterpart to the dominating American par-
ticle physic research centers. In 1954, 12 European states initially signed the CERN con-
vention, today 20 states are members of CERN. Several important inventions and discov-
eries, which are now regarded as milestones towards the understanding of particle physics,
have taken place at CERN. The invention of multiwire proportional chambers and drift
chambers by Georges Charpark in 1968, the discovery of neutral currents in 1973 and the
discovery of W and Z bosons in 1983 are just some examples.

CERN has hosted several large particle accelerators over the time, first the 28 GeV Proton
Synchrotron (PS), then the Super Proton Synchrotron (SPS), then the eTe™ collider LEP
(Large Electron-Positron collider), and currently the LHC which is nearly finished. From
2007 onwards LHC will be the most powerful particle accelerator in the world. It will
collide protons and heavy ions with energies unreached till now.

4.1 Physics at Proton - Proton Colliders

The task of particle colliders, like the LHC, is to collide as many particles as possible with
energies high enough to create new particles. The cross section o of a physics process gives
a measure for the probability of this process. The event rate dd—];’ of a certain process is
proportional to its cross section, the factor of proportionality is the luminosity L.

dN
—C. 4.1
g =L (4.1)
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To provide particles with enough energy for the collisions, they get accelerated in the
electrical fields of several cavities. One advantage of ring accelerators, like the LHC, is
that particles can get accelerated many times by the same cavity.

The luminosity for the collision of two bunches containing n; and ngy particles, depends on
the frequency f with which these particles circulate inside the ring:

ninz

L=f (4.2)

dmogoy’
where a gaussian beam distribution has been assumed. o, and o, are the gaussian trans-
verse beam profiles in horizontal (x) and vertical (y) direction.

One advantage of the proton-proton collider LHC is the negligible energy loss AE by
synchtrotron radiation. This is due to the large radius r of the ring and the relativly high
proton mass m. The relation between the energy loss of a particle per orbit, the radius of
the collider and the particle mass is:

4
AE =6.0-1072'GeV - (%) /r/km (4.3)

The disadvantage of proton-proton colliders is, that they collide non-elementary particles
and only direct inelastic collisions of the partons lead to “interesting” processes, where
heavy particles are generated. Elastic collisions lead to a pollution of the detector.

The parton energy Eparion is only a fraction z of the proton energy Epoton:

_ Eparton ( 4 4)

€Tr =
Eproton
In an inelastic collision the centre of mass energy of colliding partons s’ can be calculated
as:

Vs = Vg, (4.5)

where z, and z; are the energy fractions carried by the interacting partons. The cross
section o for a special (“interesting”) process at proton-proton colliders depends on the
density f; of the partons inside the proton.

o= / da, / dzy f1(21,Q2) folwa, Q) 6 (4.6)

6 can be calculated for the different processes and is the so called partonic cross section.
The function f;(x;, @?) is called parton density function (pdf). The parton density function
can be regarded as the probability that parton i takes part in a hard scattering process
with the total momentum transfer % and carries the momentum fraction z;. The parton
density functions used at the LHC are determined amongst others by experiments at the
hadron-electron collider HERA [17]. The knowledge of this functions is crucial for the
understanding of physics at the LHC. The partonic density functions for each of the partons
of the proton are shown in Figure 4.1. The protons consists of three valence quarks u, u
and d, gluons and several pairs of light quarks and corresponding anti-quarks.

Due to the high luminosity and centre of mass energy which are expected at the LHC, a
wide range of processes with different cross sections become observable. Figure 4.2 shows
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Overview of Parton Distribution Functions of the Proton
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—— Gluon /15
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Figure 4.1: Parametrization of parton distribution functions inside the proton [18].

2 g71, of various

the cross sections and the event rates, at a luminosity of £ = 1034 cm™
processes in dependency of the centre of mass energy!. The centre of mass energy at the
LHC /s = 14 TeV is marked in this figure. The total cross section is dominated by the
cross section of b quark pair production (Chapter 9). Special selection requirements have
to be used to filter rare events, like the one studied in this diploma thesis, out of the total

number of produced events.

4.2 The LHC Design

The LHC will be a ring accelerator, buried 50 m to 175 m below surface, with a circumfer-
ence of 27 km. Two beams of protons or heavy ions counter rotate in continuous vacuum
inside the LHC. The two beams circle in different ring-systems which have separate mag-
net dipole and quadrupole fields to bend and shape the beams. 1232 dipole magnets with
an operating magnetic field of 8.4 T are used in the LHC. To reach this magnetic field,
the magnets are cooled with superfluid helium to a temperature of 1.9 K. Proton-proton
collisions will take place at certain interaction points with a collision energy of 14 TeV.

To accelerate the protons or heavy ions up to this energy, several acceleration steps are
needed [20]:

4.2.1 Acceleration Chain

Figure 4.3 shows the whole acceleration chain and the different velocities reached at certain
points of the chain.

'LHC is expected to reach the luminosity £ = 10%* cm™2 s™' after the year 2008.
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Figure 4.2: The cross sections and event rates of different processes in dependency of the centre
of mass energy at proton-proton colliders [19].
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CERN Accelerators
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Figure 4.3: The whole CERN acceleration chain [20].
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e Linac 2
The upgraded linear accelerator Linac 2 provides protons with an energy of 50 MeV
and an intensity of 180 mA. These protons are pulsed in 20 us and led to the Proton
Synchrotron (PS)

e PS
PS is a synchotron accelerator which accelerates the protons to an energy of 26 GeV.
The protons are grouped into bunches of the final spacing of 25 ns. These bunches
are filled into the Super Proton Synchotron (SPS). One fill of the SPS requires three
or four cycles of the PS, where one cycle takes 3.6 s.

e SPS
In the SPS the proton bunches are accelerated to an energy of 450 GeV and extracted
to one of the two rings of the LHC, this takes about 21.6 s. This operation has to be
repeated 24 times for a full injection of both rings of the LHC.

e LHC
The LHC is filled in one injection with 2 808 proton bunches. Each bunch contains
1.1-10'" particles. The bunches are accelerated within 20 minutes from 450 GeV to
7 TeV. They meet at the four interaction points. Each 25 ns proton bunches will
collide at these points.

4.2.2 Time Schedule for the Start of the LHC [1]

e 2007
The LHC will operate only for a few weeks to test the collider and the experiments,
43 bunches should collide in this time scale. The luminosity for this start up is
L = 10*2cm~2s7!. This would give an average of 3 inelastic collisions per bunch
crossing. If data will be taken, an integrated luminosity of 10 pb~! could be collected.

e 2008
The LHC should operate at a luminosity of £ =~ 2-1033cm=2?s~!. The bunch spacing
should be 75 ns at the beginning and 25 ns later on.

o after 2008
The design parameters £ = 10%*cm~2s~! and a bunch spacing 25 ns should be
reached.

The integrated luminosities should be 1 fb~! during the intial operation, 10 - 30 fb—! in the
so called low luminosity phase with £ ~ 2-1033cm™2s~! and 100 - 300 fb~! over several

years of operation at the so called high luminosity phase £ = 103*cm 257!,

4.3 The CMS Detector

The CMS detector (Fig. 4.4) is a so called multi-purpose detector. It should basically be
able to identify all particles generated in the collisions, and to determine their main proper-
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ties. The name of the detector, Compact Muon Solenoid, phrases its basic properties: the
compact design, the emphasis placed on a highly efficient muon detection and measurement
and the fact that the detector is based around a single superconducting solenoid.

Superconducting Solenoid

Silicon Tracker

Very-forward
Calorimeter

Pixel Detector

Electromagnetic

Calorimeter Muon

Compact Muon Solenoid

Figure 4.4: The CMS detector [1].

The compactness of the CMS design can be estimated by comparing it to the other multi-
purpose detector at the LHC, ATLAS. The CMS detector weights 12 500 tonnes, which is
double the weigth of ATLAS, but with its length of 21 m and its diameter of 15 m it is
eight times smaller than ATLAS.

The highly efficient muon system of CMS is crucial for detecting new physics, as muons
provide clean signatures for a wide range of physics. The muon system should identify
muons, measure their momentum precisely and provide fast information to decide if an
event is “interesting” or not. The muon system is described in detail in chapter 4.3.4.

To measure the charge and the momentum of charged particles, particle detectors need
a magnetic field, which bends the tracks of charged particles according to their momen-
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tum. The magnet used in the CMS detector is a superconducting solenoid magnet with a
magnetic field of 4 Tesla. Its length is 13 m and its inner diameter is 5.9 m. To keep the
magnet superconducting it is cooled with liquid helium. The magnet will store an energy
of 2.7 GJ. A map of the expected magnetic field of the detector is shown in figure 4.5. It
can be seen, that the magnetic field in the barrel is quite homogenous, in contrast to the
inhomogenous field in the endcaps. The magnetic induction should be about 4 Tesla in
the coil and in the innermost section of the endcap yoke, and about 1.7 Tesla in the barrel
part of the return yoke and in the outermost disk of the endcap yoke. See [1] for further
information about the superconduction solenoid and the magnetic field expected at CMS.

Figure 4.5: CMS magnetic field map [19].

Figure 4.6 shows a vertical slice through the detector, where all important parts of the de-
tector can be seen: Central Inner Tracker, Electromagnetic Calorimeter, Hadronic Calorime-
ter, Solenoid, the iron return yoke plates of the maget and the Muon System.

The detector is built in an onion-like structure surrounding the interaction point (Fig. 4.4).
One of the reasons for this design is the intention to discriminate between particles with
different energy losses and different reach in material. Electrons and photons shower mainly
in the Electromagnetic Calorimeter, where their energy can be measured precisely. Hadrons
which interact via the strong interaction deposit most of their energy in the Hadronic
Calorimeter. Muons should be the only charged particles which travel through all iron
return yoke plates and reach the Muon System. The different detector parts are described
in the following sections. For more detailed information about the detector see [1].

4.3.1 The Inner Tracking System

The Inner Tracker System is the innermost part of the detector and is built close to the
beam pipe. The Inner Tracker should measure the multiplicity of particles generated at the
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Figure 4.6: Slice through the CMS detector showing particles incident on the different detector
parts [21].

interaction point with high momentum resolution. It should be able to reconstruct muons,
isolated electrons and hadrons tracks with an efficiency of better than 98%. It should
also have a high spatial resolution to identify tracks coming from detached vertices and be
robust enough to survive in this region of strong radiation. Furthermore it should be built
as transparent (small number of radiation lengths) as possible to prevent e.g. electrons
from radiating before they reach the electromagnetic calorimeter.

To fulfill all these tasks the inner tracking system is divided into two parts:

e The pixel detectors, closest to the interaction vertex (at a radius r > 4 cm). This is
the region of high particle fluxes, i.e. ~ 107/s at 7 ~ 10 cm.

e The silicon microstrip detectors at the region of intermediate particle fluxes (r >
20 cm).

Both detectors are semi-conductor detectors. The readout of all Tracker sub-detectors is
analog using the information of the charge deposited on each strip or pixel. The charge-
sharing among neighbouring pixels is due to the 4 T magnetic field. Analog readout
improves the resolution compared to a digital readout, where the resolution of the detector
is determined by the pixel or strip size.

The momentum resolution of the tracking system together with the momentum resolution
of the muon system is shown in Figure 4.13.

Further information about the CMS tracker can be found in [22].
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The Silicon Pixel Detector
The Pixel Detector consists of three barrel layers (length = 53 cm) and two forward and
two endcap disks (inner radius 6 cm outer radius 15 cm) on each side. The disks are placed

at |z| = 34.5 cm and 46.5 cm. The total area of the pixel detector is &~ 1m? and comprises
66 million pixels. The pixel size is 100 x 150 pm.

The Silicon Strip Detector

Figure 4.7 shows the design of the Silicon Strip detector. It can be divided into four parts:

End cap -TEC-

24 m

210 m? of silicon sensors
6,136 Thin detectors (1 sensor)
9,096 Thick detectors (2 sensors)
9,648,128 electronics channels

Support tube

Figure 4.7: The CMS Silicon Strip detector, consisting of TID, TIB, TOB, TEC. The Silicon
Pixel detector is indicated as pink tube in the center of the Silicon Strip detector [22].

Inner Barrel (TIB), Outer Barrel (TOB), Inner Disks (TID) and End Cap (TEC). Together
cover these parts a cylindrical volume with a length of 5.4 m, an inner radius of 0.2 m and
an outer radius of 1.2 m.

The division between inner barrel and outer barrel is due to the particle flux environments
depending on the distance to the beam pipe. The Inner Barrel is close to the beam, its
granularity has to be high to separate between neighbouring tracks. The single point
resolution of the Inner Barrel is 23 — 34 ym in the r — ¢ directions and 230 pym in z. To
achieve this resolution the distances between the single strips are very small (strip pitch
80 um to 120 pm) and the thickness of the sensors is 320 pym. For the larger pitches,
the analog readout does not significantly improve the resolution, as most of the charge is
deposited on a single strip. The occupancy in the inner barrel is &~ 2 — 3% /LHC crossing.

The Outer Barrel works in an environment with lower particle fluxes where the single
point resolution can be reduced to keep under controll the overall cost of the tracker.
Wider pitches between the strips (120 ym to 180 um), longer strips and thicker silicon
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sensors (500 pm) are used in the outer barrel. The single point resolution of the Outer
Barrel is 35 pm in the r — ¢ directions and 530 pym in z. The occupancy in the outer barrel
is =~ 1%/LHC crossing.

The full silicon strip detector covers the region |n| < 2.5. The operating temperature will
be around —20° C to ensure that the silicon survives the high radiation environment.

4.3.2 The Electromagnetic Calorimeter

In the Electromagnetic Calorimeter (ECAL) scintillating crystals absorb the radiation
deposited by electromagnetically interacting particles, photons or parts of the electromag-
netic fraction of jets. Shortly after this absorption the crystals emit light of a characteristic
spectrum. To measure the energy of electromagnetically charged particles as precisely as
possible the particles have to be stopped inside the Electromagnetic Calorimeter. To keep
the Electromagnetic Calorimeter small the scintillating crystals in the CMS detector con-
sist of lead tungstate PbWOy, which has a short radiation length of (Xo = 0.89 cm). The
scintillating crystals are fast (80% of the light is emitted within 25 ns) and radiation hard
(up to 10 Mrad) which is important in the high radiation environment inside the CMS
detector.

The photodetectors which detect the light emitted by the crystals are silicon avalanche
photodiodes (ADPs) in the barrel and vacuum phototriodes (VPTs) in the endcap. These
photodiodes and phototriodes have a high intrinsic gain which amplifies the low light yield
(30y/MeV) of the scintillators.

Both the crystal light yield and the photodetector gains have a strong temperature depen-
dence. Therefore the temperature should be kept stable within 0.1°C.

The electromagnetic calorimter is divided into a barrel section (EB) and endcaps (EE)
(Fig. 4.8). The barrel has a length of ~ 6 m, an inner radius of 1.3 m and an outer
radius of 1.8 m. It covers 0 < |n| < 1.479. The crystals in the barrel have a size of
22 x 22 x 230 mm?. The front face of the crystals points towards the interaction region.
The endcaps are placed at |z| = 314 cm.

A preshower device is placed in front of each endcap. It consists of a lead absorber, which
covers a range from 1.65 < |n| < 2.61, and 2 planes of silicon strip detectors for readout
with a pitch of 1.9 mm. This device should improve neutral pion and photon separation.
The lead absorber initiates photon showers.

Electromagnetic Calorimeter Performance

The energy resolution of the Electromagnetic Calorimeter has been tested in a test beam.
The resolution is parametrized as a function of energy [1]:

(-G w
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Figure 4.8: Transverse section through the ECAL, showing the geometrical configuration [1].

where S is the stochastic term, N the noise and C a constant term. The measured values
are: S = (3.63+0.1%) vVMeV, N =124 MeV and C = 0.26 + 0.04%.

4.3.3 The Hadron Calorimeter

The main task of the hadron calorimeter is to stop strongly interacting particles and to
measure their energy precisely. If the transverse component of the energy carried away by
particles in one event can be measured precisely, the so called missing transverse energy
(Emiss) can be calculated. In this way non-interacting particles like neutrinos can be seen
indirectly.

Therefore the hadronic calorimeter is built of absorber material with short interaction
lengths and provides an almost full angular coverage of |n| < 5.

The Calorimeter is divided into four parts. Three parts are inside the magnet coil, the
barrel hadronic calorimter (HB), which covers the region |p| < 1.3, two endcap hadron
calorimeters (HE),which cover |p| < 3 and for even more forward regions the forward
calorimeter (HF). The outer calorimeter (HO) is positioned outside the magnet to improve
the shower containment. The hadronic calorimeter provides a full angular coverage of
In| <'5.

Barrel Hadronic Calorimeter and Endcap Hadronic Calorimeter

The absorber material used inside the barrel and the endcap is brass, which has a reason-
ably short interaction length. Plastic scintillator tiles are the active medium which detects
energy deposited inside the barrel and the endcap. The readout is done by wave-length
shifting plastic fibres.

The Barrel Calorimeter is diveded into two half barrels, which are structured into eighteen
20° wedges in ¢ [23]. Each wedge consists of alternating 17 layers of 50 mm thick brass
plates and 4 mm thick readout scintillators.
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The endcap hadronic calorimeters consists of eighteen 20° modules. These modules are
made of 19 layers of brass and scintillator.

Forward Hadronic Calorimeters

The forward hadronic calorimeter should improve the measurment of E7"*$ and enable the
identification and reconstruction of very forward jets. The forward calorimeters are located
11.2 m from the interaction point and have a length of 1.65 m and a radius of 1.4 m. Each
forward calorimeter is constructed of 18 wedges. They wedges are made of steel absorbers
and embedded radiation hard quartz fibers running parallel to the beam axis. This fibers
provide a fast collection of so called Cherenkov light.

Outer Hadronic Calorimeter

The outer calorimeter should absorb the strong interacting particles which reaches the
region beyond the magnet. This calorimeter increases the effective thickness of the hadron
calorimeter to over 10 interaction lengths. The outer calorimeter consists of two layers of
scintillators on either side of an iron absorber. The outer calorimeter is located outside
the solenoid but inside the barrel muon system. It is divided into five rings.

Hadronic Calorimeter Performance

The resolution of the missing transverse energy a(Egzliss ) in QCD dijet events with pile-up

o(BF*) = 1.0/ Er, (4.8)

as a function of the transverse energy Er. Energy clustering corrections are not made.

is given by [1]:

The average missing transverse energy is:

(BP*) ~1.25¢/ Y Er. (4.9)

4.3.4 The Muon System

Three types of gaseous detectors are used in the muon system (Fig. 4.9), Drift Tubes (DT,
Cathode Strip Chambers (CSC) and Resistive Plate Chambers (RPC). These gaseous de-
tectors are chosen accordingly for the different environments in barrel and endcap. Drift
Tubes (DT) are the detectors of choice for the large area of the barrel (|n| < 1.2) with
its relatively low expected rate and low residual magenetic field (less than 1 T). They are
designed for providing a very good spatial resolution in this environment. CSCs provide
a relativly precise spatial and time resolution even in the high magnetic field and high
particle rate environment of the endcap region (|n| < 2.4). DTs and CSCs are supple-
mented in barrel and endcap by Resistive Plate Chambers (RPC), which have a less good
spatial resolution, but a much better time resolution and are very fast. See [24] for further
information about the muon system.
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Figure 4.9: Longitudinal cut of the CMS Muon System [1].

Drift Tube Chambers

The Barrel Detector (Fig. 4.10) is divided into 5 wheels which are themselves divided into
four concentric cylinders with growing diameter around the beam pipe and 12 wedges with
each covering a 30° azimuthal angle.

The naming conventions of the four cylinders, called stations, can be seen in figure 4.9. The
chambers in station MB 1 - 3 consist out of three so called superlayers, chambers in MB4
out of two. Between two superlayers which measure the ¢ coordinate is one superlayer
which measures the z coordinate, called 8 superlayer, and is therefore rotated by 90°. The
bending of the muon track in the r — ¢ plane is directly related to the muon momentum.
To improve the precision with which the track direction in the r — ¢ bending plane can
be measured, a honeycomb structure has been inserted between one ¢ superlayer and the
other two superlayers. This gives a lever arm of about 28 cm. Each superlayer is divided
into four layers of Drift Tube cells.

One drift tube cell can be seen in figure 4.11. Drift Tubes are a type of gaseous detectors
called drift chambers. Drift chambers provide a high spatial resolution by measuring the
time span between the transition of the chamber by a charged particle and the detection
of the signal by the drift chamber. This time span is called drift time. The cell layers are
shifted by half a cell width in respect to each other, in order to resolve if a track has passed
left or right of the anode wire.

A hit can be measured by a Drift Tube cell with an efficiency larger than 99%. The
resolution of each chamber in ¢ should be better than 100 ym in position and 1 mrad in
direction.
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Figure 4.10: Installation of DT chambers into the Barrel Detector [1].
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Figure 4.11: Cross section of a CMS drift cell with isochrones and drift lines of electrones [25].
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Cathode Strip chamber

The CSC system is fixed onto the endcap iron return yokes and consists of four discs
per endcap (ME1l to ME4 from inside out). The innermost disc ME1 is divided into
two concentric rings, ME2 - ME3 are divided into three rings. The rings themselves are
segmented into trapezoidal chambers.

A single chamber is composed out of six layers of Cathode Strip Chambers. Cathode Strip
Chambers are multi-wire proportional chambers with segmented cathode readout. Each
anode wire of a multi-wire proportional chamber acts as single independent detector. The
cathodes are segmented into strips, which are aligned perpendicular to the wires. Cathode
Strip chambers provide a precise space and time information in the high magnetic field
and high particle rate in the endcaps.

The spatial resolution provided by the strips is ~ 200 pym. The angular resolution is
~ 10 mrad.

Resistive Plate Chambers

In the barrel region the first two DT stations are sandwiched by RPCs and to each of the
two outer stations one RPC is attached (Fig. 4.9). For the initial low-luminosity run, the
RPC system is limited to |n| < 1.6. RPCs are fast triggers which can identify candidate
muon tracks and assign the right bunch crossing with high efficiency.

One RPC chamber consists of a pair of parallel bakelite plates separated by a 2 mm small
gap with a voltage of 9.5 kV between the first two neighbouring plates and the last two
neighbouring plates.

The readout is done by strips in the endcap (aligned perpendicular to the beam) and in
the barrel (aligned parallel to the beam), where the ¢ coordinate is measured with higher
spatial resolution using the signal interpolation of adjacent strips than the r coordinate,
which is only constrained by the strip length.

Muon System Performance

The transverse muon momentum is determined by measuring the track bending. The
bending is defined by the sagitta s (Figure 4.12), which is inversly proportional to the
transverse muon momentum

B 1
s=03-L% — o« —, (4.10)
8pr  pr
where B is the magnetic field strength. The resolution obtained for the sagitta is therefore

proportional to the transverse momentum resolution
As  Apr
—x —.
$ pr

(4.11)

The uncertainty of the sagitta measurement is assumed to be independent of pr, this
leads to a linear increase of Apr with pr. Together with a constant uncertainty, which is
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L

Figure 4.12: The muon track describes a circular path with the radius R via the points A and
B. L is the distance between the two points.

due to multiple scattering of muons in the detector material, the total uncertainty of the
transverse momentum is a function of pp:

AL _ S P (4.12)

br

with the parameters m and b. These parameters have to be determined separately for the
tracker and for the muon system. Due to the fact that the magnetic field lines are mostly
parallel to the z-axis, the muon tracks are dominantly bended in the r — ¢ plane. In this
case there is no difference between the uncertainty of the momentum measurement and
the uncertainty of the transverse momentum measurement. To first approximation the
transverse momentum resolution equals the momentum resolution.

The momentum resolution Ap/p in dependency of the momentum is shown in figure 4.13.
The muon momentum resolution of the muon system alone is compared to the resolution
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Figure 4.13: The momentum resolution versus p using the muon system only, the inner tracker
only, or both (“full system”) [1].
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of the inner tracker system and the full system. The left plot shows the resolution for the
barrel region |n| < 0.2, the right plot shows the slightly worse resolution for the endcap
region, 1.8 < |n| < 2.0. For low p muons the momentum resolution of the muon system
is limited by multiple scattering and the best momentum resolution of the “full system” is
given by the tracker. For muons with momenta greater than 100 GeV, the extrapolation of
the muon track from the muon system back to the beam line can be used to improve the
full momentum resolution. The spatial resolution of the muon chambers starts to dominate
the momentum resolution. 4.5%+/p/TeV provides a good phenomenologically description
of the muon momentum resolution in this pr region for barrel and endcap [24].

4.3.5 Luminosity and Luminosity Monitor

In order to determine the cross section o of a certain process by measuring its event rate
R, one needs to know the so called instantaneous luminosity £.

R=Lo (4.13)

The luminosity decreases during the runtime of the LHC due to beam losses, and has
therefore to be monitored.

At the LHC several possibilities to determine the luminosity are studied, see [1] for detailed
information. One can distinguish between online techniques, which determine the average
luminosity during the run at real time, and offline techniques which detemine the integrated
luminosity.

One possible offline technique, at least at low luminosity is the usage of the TOTEM
experiment [26]. TOTEM measures the number of elastic interactions N,; and Ng;/dt, for
small momentum transfer t, and the number of inelastic interactions N;p¢. The so called
Roman Pots of the TOTEM experiment are used for the measurment of N and N /dt
and the forward inelastic detector of TOTEM and the hadronic forward calorimeter of
CMS are used to measure N;pg;-

Using the optical theorem, which relates the total cross section to the imaginary part of
the forward scattering amplitude, the following relation between the total cross section and
Nei, Niner and dNg;/dt is obtained:

dNel> 167 1
= 4.14
ot ( dt t=0 Net + Niper 1 + pQ’ ( )

where p is the ratio of the real to the imaginary part of the forward scattering amplitude.
The error on the total cross section obtained by this method is expected to be smaller
than 5% [55]. The total event rate is the sum of the event rates of elastic and inelastic
processes. Because of this, the integrated luminosity L;,: can be calculated by:
N; N,
Lint — inel T Vet (415)
Otot

TOTEM will operate at low luminosity with different machine optics, this will introduce
additional uncertainties.
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One could also use a special benchmark processes, like the production of W and Z bosons
with precisely measured event rate and with well known cross section to calculate the
luminosity by equation 4.1. The precision of this method is limited by the precision with
which the event rate can be determined and by the theoretical uncertainties on the cross
section and the inelastic parton density functions.

4.3.6 Trigger and Data Aquisition

The bunch crossing rate at the LHC is about 40 MHz. On average 20 interactions take
place at one bunch crossing. The corresponding data rate in the CMS detector will be of
the order of 1 MHz. Today's storage devices are restricted to a storage capability of about
100 Hz at data rates of ~100 MB/s.

However, only the interactions where partons collide inelastically are of interest at the
CMS detector.

The task of the trigger system is to reduce the amount of data, by identifying and storing
only “interesting” events. To fulfill this task, the trigger system rejects or accepts events
by certain criteria. The trigger system provides different triggers which vary in the used
criteria. The user can choose the trigger which fits best for his analysis in terms of signal
efficiency and background rejection. Criteria might be for example the lepton momentum
or the amount of energy stored inside the calorimeters.

The CMS triggersystem works basically in two steps to surpress the storage of “uninter-
esting” events. The two steps are the Level 1 trigger and the High-Level trigger. The
High-Level Trigger System can be roughly divided into Level-2 and Level-3 triggers. At
each level the sorting criteria get stricter and the sorting more time consuming.

1. Level-1 trigger [19]:

The Level-1 trigger uses coarsely segmented detector data from muon detectors and
calorimeters. The information of different subsystems is not combined. The high-
resolution data is held in pipeline memories. The Level-1 trigger is based on custom
electronics. The decision has to be available only 3.2 us after the corresponding
bunch crossing, to limit the amount of data stored in the pipeline memories. The
Level-1 trigger lowers the passed rate of events to 100 kHz. Different thresholds
are used for low and high luminosity scenarios, due to the different amount of data.
Once the Level 1 trigger accepts an event, the high-resolution data is readout of the
front-end electronics and then piped to the High-Level trigger.

2. High-Level Trigger (HLT) [27]
The decision of this trigger system is based on PC farms and not on hardware pro-
cessors. A Level-2 trigger uses typically only the information from the calorimeter
and the muon system. For the Level-3 triggers the information from distinct detector
parts are combined and full tracks are reconstructed. The HLT system reduces the
event rate to 100 Hz.

The special set of trigger choosen in this analysis will be described in chapter 7.1 .

45






Chapter 5

CMS Software

To study the possiblity of finding or excluding a certain process with a detector, this
specific process, backgrounds which can fake the signature of the process and corresponding
detector signals have to be simulated. Once the detector is delivering data the detected
signals can be compared to the expected signal of the simulation.

The simulation of signal and background processes is done by so called event generators:

5.1 Event Generators

LHC Monte Carlo event generators like PYTHIA [28], HERWIG [29] and TopRex [30] can
be used to simulate the generation of events, i.e. sets of outgoing particles produced in
the interaction between two incoming particles. The event properties should be described
as accuratly as possible. To simulate the generation of an event, event generators need
certain parameters as input:

e The parton density functions (Section 4.1), determined by experiments.

e The cross section of elementary particle interactions, calculated to a certain level of
accuracy using the underlying theory of physics.

e The decay products and branching ratio of unstable hadrons.
e Models which describe the hadronization of quarks.

e The model parameters for the generation of Beyond Standard Model processes, like
the one studied in this diploma thesis (Section 3.7). This parameters are for example
the mass of the generated particle and its coupling constants.

These parameters can be set in CMKIN [31] datacards. The CMKIN package offers a way
to inerface event generators with the CMS detector simulation. CMKIN is based on the
programming language Fortran [32].

CMKIN datacards can also be used for initiating so called pre-selection cuts. These pre-
selection cuts limit the amount of generated and stored events. Only the events get stored
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which fulfill the pre-selection criteria. This reduces the computing time used to generate
and reconstruct all events. CMKIN can convert the generator internal event structure to
a common block HEPEVT, a standard to store the kinematic information of particles,
and from HEPEVT to HBOOK n-tuples. The n-tuples can be used as an input to the
detector simulation packages. The n-tuples contain the decay chain for a process. The
decay chain consists of the following information about each particle in a process: type,
mother particle, momentum, energy, mass and the point of creation.

The event generator used for the generation of the signal events in this diploma thesis is
PYTHIA. In addition to the full event simulation provided by PYTHIA, the hard process
kinematics of some of the background processes have been generated using CompHEP [33].
The Event Generator CompHEP calculates the kinematics of multiparticle final states in
collision and decay processes.

5.2 Detector Simulation

e OSCAR

OSCAR (Object-Oriented Simulation for CMS Analysis and Reconstruction) [34]
takes the CMKIN output and simulates the interaction of the generated particles
with the detector. In combination with GEANT4 (Geometry and Tracking) [35], the
whole (planned) detector, magnetic fields, material distribution and properties are
simulated. The energy loss and scattering of particles and their decay products along
with their path through the detector is calculated. Due to the high complexity of
this process it takes about 5 hours for 1000 events. This is large in comparison to
the 6 minutes CMKIN needs for generating the same amount of events.

e ORCA digitisation

ORCA (Object-Oriented Reconstruction for CMS Analysis) [36] takes the OSCAR
output and simulates the response of the readout electronics. Before the detector
signals get digitized by OSCAR, pile-up signals and minimum bias events get mixed
with the signal event. Pile-up signals are generated by particles from previous bunch
crossings which still linger inside the detector. Minimum bias events are events from
other collisions, elastic and inelastic, at the same bunch crossing. The amount of
this pile-up and minimum bias events enlargens with higher luminosity. Therefore
two scenarios with different amount of pile-up and minimum bias events can be
chosen with OSCAR, the low luminosity scenario £ = 2-10*3cm~!s~! and the high
luminosity scenario £ = 103*cm~!s~!. In this diploma thesis the pair production of
doubly charged Higgs bosons has been studies for the low luminosity scenario. See
[1] for further information about minimum bias events and pile-up at the LHC.

e ORCA reconstruction
High-level objects, like particle tracks, vertices and their parameters get recon-
structed by ORCA. This part of the reconstruction is the same for real and simulated
events. Different reconstruction mechanisms optimized for special tasks, for exam-
ple the reconstruction of muon tracks using the whole detector information, can be
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choosen at this stage. The information about several trigger levels is also accessible
at this level, and can be used to select events which are interesting for a special anal-
ysis. The output of this part of the analysis is stored in so called DST-files (Data
Summary Tape files) and can be analysed with different program packages. The
package used for this diploma thesis is called PAX.

e PAX

PAX (Physics Analysis eXpert) [37] is a toolkit based on the programming language
C-++. It provides ready made containers for physical objects like fourvectors, vertices
and collisions. The objects stored in these containers can easily be accessed and linked
with each other, to describe a full decay chain. Objects like four vectors can also be
combined to test several hypotheses about the decay chains. PAX can keep different
event interpretations simultaneously and add new event interpretations. Figure 5.1
shows the container structure in PAX.

PaxEventinterpret

PaxCollisionMap PaxVertexMap PaxFourVectorMap

Hep3Vector HepLorentzVector
PaxCollision||| PaxVertex | |PaxFourVector
print() x(),y(,2() px().py(),pz()
lock() lock() lock()
relations relations relations
PaxUserRecord

Figure 5.1: The basic unit in PAX: the event interpretation together with the classes for collisions,
vertices, fourvectors and user records [38].

5.3 Computing with GRID

The simulation, reconstruction and analysis of the huge amount of data for the CMS
detector requires storage, networking and processing power, which exceeds by far the ca-
pabilities of CERN’s central computing systems. The idea of the CMS computing system
is therefore, to distribute the computational power over a worldwide network of computer
clusters, called the LHC Computing Grid. The main center of this network are the compu-
ting systems at CERN. Different sub-centers, are located all over the world. The challenge
of the LHC Computing Grid is the seamless exploitation of these different centers. Users,
data-samples and software have to be linked with each other, by keeping the time span
needed for this linking process as small as possible. For further information about the
CMS computing system see [39] and [40].
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Chapter 6

H™* at Generator Level

As mentioned in chapter 3, this analysis will deal with the doubly charged Higgs boson of
Aj, triplet representations, which does not couple to right handed fermions. This doubly
charged Higgs boson is predicted by Higgs triplet models. In the following it will be called
H** for simplicity. The studied production process is pair production. A branching ratio
of 100% into muons is assumed. The coupling constant h, of H** to muons has been
chosen as hy, = 0.1 which is consistent with experimental constraints (see chapter 3.6.1)
and forces the doubly charged Higgs boson to decay before it reaches the tracker.

6.1 Event Generation

6.1.1 Signal

The Monte Carlo event samples for the signal have been generated at leading order (LO)
using the event generator PYTHIA 6.227 in combination with CMKIN 4 3 1 (Section
5.1). A collection of signal datasets has been produced for mg++ ranging from 100 GeV
to 900 GeV. The number of signal events has been scaled to next-to-leading order (NLO)
expectations using the NLO cross sections calculated by Spira and Miihlleitner [13]. These
corrections increase the cross section by about 20 - 30%. The NLO corrections are the
standard QCD corrections for the Drell-Yan process, with virtual gluon exchange, gluon
emission and quark emission in the initial state. The uncertainties on these cross sections
are 10 - 15%, this includes systematic uncertainties of the parton density functions. Figure
6.1 shows the cross section in LO and NLO. In Table 6.1 the number of generated events
can be compared to the number of expected events calculated with the NLO cross section
for an integrated luminosity of 10 fb=1.

It can be seen that the number of generated signal events exceeds by far the number of
expected events, this minimizes the statistical error of the studies done with the generated
data samples.
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Figure 6.1: Cross section for pair production of H**.

mp=+ in GeV | Number of generated events | Number of expected events for 10 fb=!
200 8837 939
300 9000 196
400 1350 59
450 5000 35
550 5000 14
600 2500 9
650 5000 6
700 4840 4
750 4860 3
800 5000 2
900 5000 1

Table 6.1: Number of events generated with PYTHIA for different Signal Data samples (before
any preselection) and the number of expected events calculated with the NLO cross section [13]
for an integrated luminosity of 10 fb—1.
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6.1.2 Background Processes

Important background processes with a possible four muon final state are:
o pp — tt — WHW bb — 2u + 2 + X (called #¢ background)
o pp — (Z(*)/'y*) bb — 2u + 2 + X (called Zbb background)
o pp— (ZW/y) (ZM)/y) = 2u + 2 (called ZZ — 4p background)
e pp — (Z(*)/fy) (Z(*)/'y) — 27 + 2 (called ZZ — 2p27 background)

The background contribution from bb production has also been investigated. bb background
is the QCD background which yields the highest probabilty to fake events with multiple
muons. This background will be discussed separately in chapter 9, as it has been found to
be negligible after trigger selection and by requiring four reconstructed muons.

The tt event sample is generated using PYTHIA with CMKIN 1 1 0 including LO pro-
cesses gg — tt and qq — tt. The W bosons in the ¢ data sample are forced to decay into
electrons, muons and taus. The tau leptons are forced to decay into electrons and muons.

The Zbb and the Z Z backgrounds originate either from gluons or quarks in the initial state.
The Zbb sample is generated using CompHEP 4.2 and PYTHIA with CMKIN 3 1 0.
The Z boson in the Zbb sample is generated with m Z/y+ > 9 GeV and is forced to decay
into muons. The b and b quarks decay without constraints.

For the ZZ background samples only the production from ¢ collisions is simulated, as
neither PYTHIA nor compHEP include the process gg — (Z®)/y*) (Z*)/y*). The gg —
Z Z*) cross section was estimated to be 20% [41] of the ¢ — ZZ™) cross section at leading
order. The next-to-leading-order corrections are still unknown. The LO generation of the
process g — ZZ™) is done using CompHEP as it includes both t- and s-channel diagrams
(Figure 6.2 and Figure 6.3). In the ZZ — 4y sample both Z bosons are forced to decay
into muons. In the ZZ — 27 + 2u sample one Z boson is forced to decay muonically, the
second one is forced to decay into taus. The muons generated in Z decays are forced to be
generated with pr > 3 GeV and |n| < 2.5. The taus decay without constraints.

Figure 6.2: t-channel Feynman diagram for Figure 6.3: s-channel Feynman diagram for
the process g7 = ZZ™). the process g7 — ZZ™).

All processes are generated at LO. The cross sections obtained at LO are scaled to NLO.
For the ¢t sample the NLO total cross section is 840 pb [42]. Thus using the branching
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ratios Br(W — lv), Br(t — pvv) and Br(t — evv) taken from the Particle Physics
Booklet [43] the NLO cross section for the produced sample is calculated to be 53 pb. For
the Zbb sample the NLO order cross section, 278.4 pb, is obtained by scaling the LO value
of 116 pb, provided by CompHEP, with a K-factor Kxyro = 2.4 £ 0.3, calculated with
MCFM [44]. The LO cross sections for ZZ — 4u and ZZ — 2u27 are respectively 113 fb
and 157 fb. The NLO cross section for the ZZ backgrounds is scaled by means of the K
factor Kyro = 1.35 [45]. It is evaluated for the t-channel contribution with MCFM and
MadGraph [46].

The NLO cross sections for the four most important backgrounds can be seen in Table 6.2.

backgrounds Z7Z —4p ZZ — 2u+21 Zbb tt
NLO cross section o [fb] 153 212 278-10% 53-10°

Table 6.2: NLO cross sections for background datasamples. In the ZZ — 4 datasample the Z
bosons are forced to decay into four muons with pr > 3 GeV and |n| < 2.5. In the ZZ — 2u27
datasample one Z boson is forced to decay into muons with pr > 3 GeV and |n| < 2.5 and one
is forced to decay into taus with pr > 3 GeV. The NLO cross section for the Zbb background
includes the branching ratio Z — 2u the b quarks decay without constraints. In the ¢ sample the
W bosons are forced to decay leptonically. If taus are produced in this decay, these taus are forced
to decay into electrons and muons.

6.2 H** properties at Generator Level

6.2.1 H*™ mass distribution

One basic property of the doubly charged Higgs boson is its decay width, which is given
by:

mg++

D(HEE s ,E,%) =
( pEp) &

[ (6.1)

For the chosen coupling constant of h,, = 0.1 the decay width becomes very narrow. It
increases only linearly with the mass. The width of the mass distribution corresponds
to the decay width of the doubly charged Higgs bosons, which have been produced in a
Breit-Wigner resonance. Figure 6.4 shows the mass distributions of doubly charged Higgs
bosons with masses of 200 and 900 GeV, and the fitted Breit-Wigner curves. The width
of the fitted curves are 0.08 & 0.02 GeV and 0.4 £ 0.2 GeV, they are compatible with the
calculated decay widths of ~ 0.08 GeV and ~ 0.36 GeV, respectively.

6.2.2 pr and Energy distribution of H**

Two other characteristic quantities of the doubly charged Higgs boson are its transverse
momentum and its energy. As doubly charged Higgs bosons are pair produced and energy
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Figure 6.4: Mass distribution of the generated H** for a mass of 200 GeV (upper plot) and a
mass of 900 GeV (lower plot). Breit-Wigner curves have been fitted to both distributions.

is conserved, the energy Fq and F» of the two Higgs bosons is related to the centre of mass
energy FE.y, of the two interacting partons by:

Een = E1 + Ez, (62)

assuming that no other particles have been generated i.e. initial and final state radiation
are neglected. The probability for two partons to collide with a centre of mass energy F,p,,
decreases with F,;,. This leads to a decreasing energy distribution of the pair produced
doubly charged Higgs boson. Figure 6.5 shows the energy distribution for three different
doubly charged Higgs boson masses. Due to the relation between total energy, momentum
and rest-mass of a particle:

E? = p* + m?, (6.3)

it is necessary that E > m, this can also be seen in Figure 6.5. Figure 6.6 shows the
transverse momentum distribution which is independent of longitudinal boosts. The dis-
tributions get more shallow and peak at higher momenta for larger doubly charged Higgs
boson masses. This is in principle due to the relation 6.3. As already mentioned, the en-
ergy needed to generate a particle increases with its mass. If the provided energy is greater
than the mass of the particle, it is not generated at rest but with a certain momentum
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6.2. HE* properties at Generator Level

p = VE? —m2. The same difference between provided energy and mass leads for heavier
particles to higher resulting momenta than for lighter particles. Using this relation and

the energy distributions of Figure 6.5 the momentum distributions of Figure 6.6 become

understandable.
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6.2.3 H** Angular Distributions
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Figure 6.8 and Figure 6.7 show the angular distribution of the generated doubly charged

Higgs bosons.
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Figure 6.7 shows the cos(90° — ) distribution of doubly charged Higgs bosons for three dif-
ferent masses. If doubly charged Higgs bosons would fly homogenously in all directions, the
cos(90° — 0) distribution would be flat. Instead the distributions peak at cos(90° — ) =1,
thus doubly charged Higgs bosons fly mainly transverse to the beam line. With decreasing
doubly charged Higgs boson masses, and therefore decreasing pr, the distributions get
more shallow. Low pr doubly charged Higgs bosons fly more often along the beam line.

The two pairproduced doubly charged Higgs bosons are uniformly distributed in ¢ as can
be seen in Figure 6.8. The distance in ¢ between the two Higgs bosons is shown in Figure
6.9. This distance peaks strongly at A¢ ~ 3.1 rad. The two Higgs bosons are emitted
mostly in opposite directions in ¢, as expected if y/Z decay almost in rest.
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Figure 6.9: Distribution of the distance in ¢ between Ht* and H=~.

6.2.4 H** Decay Products

Each of the two generated doubly charged Higgs bosons decays into two equally charged
muons. These muons may be detected with the CMS muon system. Figure 6.10 shows
the momentum distribution of the generated muons. In Section 6.2.2 the increase of the
transverse momentum of H** with its mass has been described. Due to momentum con-
servation the muons generated in H** decays show the same dependency of the transverse
momentum on the H** mass. Figure 6.11 shows the pseudo-rapidity distribution of the
muons. Due to the lower transverse momentum, muons generated in the decay of light
doubly charged Higgs bosons show a more shallow distribution than muons generated in
the decay of heavier doubly charged Higgs bosons.
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The distance in ¢ between two same sign muons is shown in Figure 6.12. This distribution
peaks at a distance of 90° between the muons. The distribution is shifted to larger A¢
values for larger doubly charged Higgs boson masses.

6.3 Reconstructed Invariant H** mass

In order to reconstruct the doubly charged Higgs bosons, the generated muons are divided
into positive and negative charged muons and sorted with increasing pr. The invariant
masses of the two highest pr muons with positive charge and of the two highest pr muons
with negative charge are calculated. It is assumed that these calculated invariant masses
correspond to the invariant masses of the doubly charged Higgs Bosons (Figure 6.13).
In this analysis it has been checked that at generator level the four highest pr muons
correspond to the four muons of the Higgs decays.

recongtruct invariant mass

Figure 6.13: To reconstruct the mass of H¥*, the invariant mass of two muons with the same
charge is calculated.

In Figure 6.14 the mass distribution of the reconstructed doubly charged Higgs bosons is
compared to the mass distribution of the generated doubly charged Higgs bosons for the
signal samples with mg++ = 200 GeV and 900 GeV. The number of events is normalized to
10 fb~!. Whereas the distributions of the generated doubly charged Higgs boson masses are
symmetric about the mean values of 200 GeV and 900 GeV, respectively, the distributions
of the reconstructed doubly charged Higgs boson masses show an asymmetry. Due to
the final state radiation reconstructed doubly charged Higgs boson masses are in general
smaller than generated masses. Thus the number of reconstructed masses smaller than the
mean value exceeds the number of reconstructed masses larger than the mean value.
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Figure 6.14: The mass distribution of the generated doubly charged Higgs bosons compared to the
mass distribtution of the reconstructed doubly charged Higgs bosons (the procedure is described in
section 6.3). The upper plot shows the mass distributions for the signal sample my++ = 200 GeV,
the lower plot shows the mass distributions for the signal sample mg++ = 900 GeV. The event
numbers have been normalized to an integrated luminosity of 10 fb=!.
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6.4 Generator Level Pre-selection

To reduce the amount of time needed to reconstruct signal and background events, cuts
have been applied on generator level. These cuts are called pre-selection cuts. Pre-selection
cuts have to be chosen much softer than the final cuts in the analysis, in order to ensure
that the final number of selected events is not affected by the pre-selection cuts.

On each sample the following preselection cuts have been applied:

e The final state of an event should contain at least two positively and two negatively
charged muons;

e All these muons should have a transverse momentum of pr(u) >3 GeV and a pseu-
dorapidity |n(u)| < 2.4.

6.4.1 Signal

The signal samples can be studied before and after the pre-selection. The distributions of
characteristic quantities before the pre-selection can be used to estimate the pre-selection
efficiency of each single cut.

The requirement on the number of generated positively and negatively charged muons is
fulfilled all the time, as the doubly charged Higgs bosons are forced to decay into two
equally charged particles.

If more than four muons have been generated, then the muon with the fourth highest
transverse momentum determines if an event is selected or not. If this muon has a momen-
tum smaller than 3 GeV this event will not be selected. The plots in Figure 6.15 show the
momentum distribution of the fourth highest pr muon. The plot on the left shows the full
distribution up to a momentum of 500 GeV. The plot on the right shows the distribution up
to a momentum of 100 GeV. The transverse momentum increases with the doubly charged
Higgs boson mass. Therefore the cut on pr > 3 GeV reduces a higher percentage of the
events which are generated at small doubly charged Higgs boson masses.

With respect to the events with at least four muons, which have pr > 3 GeV, only the
events are chosen, where at least four of these muons have also an absolute pseudo-rapidity
of |n| < 2.4.

Figure 6.16 shows the |f| distribution of the fourth lowest || value of the muons with
pr > 3 GeV. The distribution gets more shallow and peaks at higher |f| for decreasing
doubly charged Higgs boson masses. The cut on |p| < 2.4 reduces a higher amount of
events corresponding to small doubly charged Higgs boson masses.

The total pre-selection efficiency for the signal data samples with mpg++ = 200 GeV,
450 GeV and 900 GeV is shown in Table 6.3. As expected, the efficiency increases with
the mass of the doubly charged Higgs boson.
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Figure 6.15: On generator level four muons with py > 3 GeV are selected. This plot shows the
distribution of the fourth highest muon momentum of all muons in one event. The distribution is
shown for the signal samples mg++ = 200 GeV, 450 GeV and 900 GeV for two different ranges of
the momentum.

m(H**) in GeV
pre-selection efficiency in %

200
70+ 1

450 900
84 +£2 90 +£2

Table 6.3: Pre-selection efficiency ¢ for signal datasamples with m(H**) = 200, 450 and 900
GeV, the errors are statistical only

6.4.2 Background

The background samples are officially generated samples and can only be studied after the
pre-selection cuts have been applied.

Special care has to be taken of the forced tau decay in the ¢ sample. The forced decay of
taus into electrons and muons leads to wrong pre-selection efficiencies, since PYTHIA uses
wrong branching ratios for forced subsequent multiple decays. Each selected event has to
be reweighed in order to get the correct pre-selection efficiency. The event weigth depends
on the number of taus forced to decay into muons. The applied corrections are described
in [47].

Table 6.4 shows the reweighted number of generated background events after pre-selection
and the corrected pre-selection efficiencies [47], i.e. the number of reweighted events after
the pre-selection divided by the number of events before the pre-selection.

Background ZZ > 4p ZZ —2u+21 Zbb— 4y tt— 4p
Number of selected events 118000 10000 112500 55717
Pre-Selection efficiency in % 57.3 0.8 0.1 0.3

Table 6.4: Number of generated events in the background Monte Carlo data samples, after pre-
selection
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Figure 6.16: The distribution of the fourth lowest |n| value of the muons with pr > 3 GeV.

The relatively low pre-selection efficiencies can be understood by looking at each pre-
selection cut.

The cut on the number of generated muons will reduce the number of events in all back-
ground samples, except the ZZ — 4u sample, where the generation of four muons is
forced. In all other background samples only the generation of two muons is forced, other
muons can be generated in inclusive b decays (Zbb and £ sample) or T decays (ZZ — 2u2T
sample).

Figure 6.17 shows the distribution of the fourth highest muon momentum in one event.
The cut on pr > 3 GeV is clearly visible. In contrast to the same distribution for signal
events (Figure 6.15) this distribution peaks at very low pr. Especially the Zbb background
contains very low pr muons generated in b decays. The ZZ — 4u background will not be
reduced by this cut, as the muons are generated with pyr > 3 GeV.

Figure 6.18 shows the distribution of the fourth lowest |n| value of muons with pr > 3 GeV.
The cut on |n| < 2.4 is clearly visible. Compared to the signal samples in Figure 6.16, the
distributions of the muons in the background samples peak at relatively high |n| values.
The sample which peaks at the highest |7| values is the ZZ — 2u27 sample, therefore this
sample is reduced the most by this cut.
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6.4. Generator Level Pre-selection
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Figure 6.17: Distribution of the fourth high-
est transverse muon momentum in one event.
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Figure 6.18: Distribution of the fourth lowest
|n| value of the muons with pr > 3 GeV.
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Chapter 7

Online Selection and Reconstruction

The signal of this study is characterized by four muons in the final state. A good muon
reconstruction is therefore crucial.

The muon reconstruction at CMS can be divided into two parts: The online selection and
the offline reconstruction. For both parts the concept of “regional reconstruction” is used.
Regional reconstruction reduces the amount of information needed for the reconstruction
of a physical object, i.e. the reconstruction is done for only a part of the detector.

Common of the two parts of the muon reconstruction are the standalone muon reconstruc-
tor (named Level-2 for online selection) and the global muon reconstructor (named Level-3
for online selection).

7.1 Online Selection

As described in chapter 4.3.6, the online selections can be divided into three levels, where
Level-1 is based on custom electronics and Level-2 and Level-3 (both belong to the HLT)
are so called software triggers. The Level 1 muon trigger uses all three types of muon
detectors in the CMS muon system, Drift Tubes (DT), Cathode Strip Chambers (CSC)
and Resistive Plate Chambers (RPC) (a more detailed description of the muon system is
given in Section 4.3.4 and in [1]). The Level-1 muon trigger identifies muons, determines
their transverse momenta and locations, and assigns the trigger data to the correct bunch
crossing.

The muon candidates identified by the Level-1 muon trigger are used as seeds for the Level
2 muon reconstruction. The Level-2 candidates are used as input for Level-3.

The requirements which an event must fulfill to be triggered as di-muon event by the
different trigger levels are, with respect to the low luminosity scenario:

e Level-1 [19]
Two identified muons are required which have a well measured |pr| > 3 GeV and
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|n| < 2.1 (the start-up scenario has been implemented in ORCA for the Level-1
trigger).
o HLT [27]

— Level-2
The reconstructed tracks in the muon system need to have a valid extrapolation
to the collision vertex. Required are also at least one reconstructed DT track
segment in the barrel region and the sum of the numbers of DT track segments
and RPC hits must exceed three. At least one muon should be isolated by
calorimeter isolation (the isolation algorithms are described in Section 7.1.1).

— Level-3
Required are more than five silicon hits in total from the pixels and silicon
strips in the inner tracking system. At least one muon should be isolated by
tracker and pixel isolation (definition in Section 7.1.1). Two muons should be

reconstructed which originate from the same vertex in z (£5 mm), and are
separated by A¢ > 0.05, |An| > 0.01 and Apr > 0.1 GeV.

The two muons should also have |pr| > 7 GeV and |n| < 2.4.

This analysis uses the information if an event is accepted or not by the Level-1 Di-Muon
trigger and by the High-Level Di-Muon trigger.

7.1.1 Muon Isolation

Three different isolation techniques are used in the HLT: Calorimeter Isolation, Pixel Iso-
lation and Tracker Isolation. All three techniques are based on the measurement of the
momentum or energy deposited in two cones around the reconstructed muon track, see
Figure 7.1. The deposited energy is the transverse energy measured inside the calorimeter,
for the Calorimeter Isolation, or the sum of the transverse momenta measured by the pixel
detector, for the Pixel Isolation, or the sum of the transverse momenta of a Level-3 muon,
for the Tracker Isolation.

The cones are defined by the maximum value of AR = /(An)? + (A¢)2. An and Ag are
the distances from the muon direction in 1 and ¢. The radius of the inner cone is AR;,
the radius of the outer cone is AR,. The cone axes are defined by the muon direction at
the vertex.

The inner cone, also called veto cone, should contain most of the energy deposited by the
muon itself. The definition of the veto cone is an inherent process of the different isolation
techniques. The energy deposited in the veto cone, called veto value, is subtracted from
the energy deposited in the outer cone. The remaining energy should be close to zero if
the muon is isolated. In order to decide if a muon is isolated, a threshold for the remain-
ing energy and a cone size is defined. The used combination of these values is obtained
by maximising the rejection of bb — uX events (“reference background”) and keeping the
efficiency for W — puv events (“reference signal”) at > 97%. Further information on the
isolation algorithm can be found in [1].
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H

2

Figure 7.1: Schematic illustration of the isolation cones. The muon direction at the vertex
defines the cone axes. The energy deposit (> pr, > Er) in the outer cone, with the radius AR,,
is computed, and the contribution of the muon itself is removed by excluding the veto cone, with
the radius AR; [48].

7.1.2 Performance

Due to the pre-selection requirements (4 muons with pr > 3 GeV and |n| < 2.4) the Level-1
Trigger efficiency is > 99% for signal and background. As the signal events contain four
isolated high pr muons good trigger efficiencies are expected. If more than two muons have
a momentum higher than 7 GeV, the momentum requirement of the HLT will be fulfilled.
Figure 7.2 shows the distribution of the second highest transverse muon momentum in
one event before the trigger selection has been applied. The distribution is shown for all
background samples and for the signal sample m g++ = 200 GeV which provides the lowest
transverse muon momenta of all studied signal samples (see chapter 6). It can be seen
easily that a cut which requires two muons with a transverse momenta > 7 GeV reduces a
much higher amount of background events than of signal events.

The efficiency for a reconstructed event to be triggered by the Level-1 Di-Muon Trigger
and by the High-Level Di-Muon Trigger after preselection is within uncertainties > 99%
for the signal. The corresponding efficiencies for the background samples are shown in
Table 7.1, it is 80% for the ZZ — 4u sample, with its isolated relatively high p; muons,
and ~ 70% for the other background samples.

Z7 —4u  ZZ — 2u21  Zbb —4u  tt — 4p
L1+HLT efficiency [%] | 79.8 + 0.3 68 + 1 67.3 £ 0.3 64.6 0.4

Table 7.1: Level-1 (L1) plus High-Level Trigger (HLT) efficiency for all background processes,
errors are statistical only.
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Figure 7.2: Distribution of the reconstructed second highest transverse muon momentum for all
background samples and for the signal sample mg++ = 200 GeV, without online selection applied.
The number of entries is normalized to one.

7.2 Offline Reconstruction

The reconstruction algorithm used in this analysis is the so called global muon reconstruc-
tor. The global muon reconstuctor is based on the standalone muon reconstructor, which
uses information from the local muon reconstructor as seed.

Local Muon Reconstructor

The local muon reconstructor reconstructs muon track segments inside the muon system,
using hits measured with the different gaseous detectors in the muon system.

Standalone Muon Reconstructor

These track segments are taken as seeds for the standalone muon reconstructor. The
seeds define a region of interest used for further reconstruction. The standalone muon
reconstructor combines the reconstructed track segments of the local muon reconstructor
with information from the resistive plate chambers to form a complete track through the
muon system, using the Kalman filter technique [1]. This track is extrapolated towards
the beamline.
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Global Muon Reconstructor

The global muon reconstructor combines the reconstructed tracks of the standalone muon
reconstructor with hits measured by the silicon tracker and the pixel detector. Muon
energy loss in the material and effects of multiple scattering are taken into account. A refit
is done to find the best track by matching the information from muon system and tracker
system [1].

7.2.1 Reconstruction Performance

Figure 7.3 shows the distance in AR = /(An)2 + (A¢)? between reconstructed and gen-
erated muons, for the signal sample with doubly charged Higgs boson mass of my++ =
200 GeV.

The distance between generated muons and the corresponding reconstructed muons peaks
very narrow at zero. For the signal sample with mg++ = 200 GeV the distance is
AR < 0.9 mrad for 99% of the muons. In the following studies about the reconstruction
performance it is assumed that, if the distance between a reconstructed and a generated
muon is smaller than 0.9 mrad, these muons are the same.

If two reconstructed muons have a distance smaller than 0.9 mrad to one generated muon,
the reconstructed muon with the smallest distance is assumed to be the same muon as the
generated muon.

0.0002 rad
o
-
N

PRI SR S PRI

[ R
0.0005 0.001 0.0015 0.002 0.0025 0.003
AR [rad]

o
o

Figure 7.3: AR = /(An)? + (A¢)? between generated and reconstructed muons of the signal
sample myx+ = 200 GeV.

Figure 7.4 shows the reconstruction efficiency for muons as a function of 5 for the signal
data sample mg++ = 300 GeV. The efficiency drops at the borders of the detector wheels,
nevertheless it is always > 87% in the region |n| < 1.8.
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Figure 7.4: Reconstruction efficiency for muons as a function of 1.

Muon Momentum Resolution

The transverse muon momentum resolution % (Section 4.3.4) can be transformed into

%. 1/pr is proportional to the sagitta s. The statistical fluctuations of sagitta
measurements, and therefore also of 1/pr measurements, follow approximately a gaussian
distribution. The uncertainty A(1/pr) equals the width o(1/pr) of the corresponding
gaussian distribution. Thus the transverse momentum resolution can be expressed by the

quantity o (ﬁ - Iﬁ) x p§". Where p}¢¢ and pf"" are respectively the generated trans-
T T
verse momenta and the reconstructed transverse momenta of the muons. o (zﬁ - ﬁ)
T T

denotes the gaussian width of the distribution (# — ﬁ). Figure 7.5 and Figure 7.6
T

show the transverse momentum resolution as a function of p¥"" for muons reconstructed in
the barrel region |n| < 0.2 and muons reconstructed in the endcap region 0.8 < || < 1.2,
respectively. The generated and reconstructed muons of all signal samples have been used,
to minimize statistical fluctuations. Figures 7.5 and Figure 7.6 can be compared to the
plots in Figure 4.13 in Section 4.3.4 which show the same distributions for an official muon
sample. All plots show the same almost flat part of the distribution for pf-" smaller than
~ 100 GeV. The momentum resolution of the muon system for low pr muons is limited by
multiple scattering and the best momentum resolution is given by the tracker. For muons
with pr > 100 GeV, the spatial resolution of the muon chambers starts to dominate the

distribution.
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Figure 7.5: Transverse momentum resolution Figure 7.6: Transverse momentum resolution
for all reconstructed muons in the signal sam- for all reconstructed muons in the signal sam-
ples with |n| < 0.2. ples with 0.8 < |n| < 1.2.

Reconstructed HE*

Figure 7.7 shows the invariant reconstructed Higgs boson mass m(u*u®) (the invariant
mass of the Higgs boson is reconstructed by calculating the invariant mass of the two
equally charged muons with the largest transverse momentum, as descibed in Section 6.3)
for two example signal masses and for the four background data samples. For the two
signal samples the invariant mass distribution is shown before and after the full detector
simulation. The invariant mass distributions of the backgound samples have been added
up. All distributions are scaled to an integrated luminosity of 10 fb~!. The integral
of the distribution at generator level is larger than the integral after the detector level,
as not all muons are reconstructed, see Figure 7.4. The smearing of the invariant mass
distribution due to detector effects is much worse for the signal sample mpg++ = 600 GeV
than for the signal sample my++ = 200 GeV. This can be attributed to the worsening of
the detector resolution for high doubly charged Higgs boson masses. It can be explained
by the worsening of the muon pr resolution with increasing pr, see Figures 7.5 and 7.6.
Increasing doubly charged Higgs Boson mass is correlated to increasing muon pr.

The detector resolution g for the reconstructed doubly charged Higgs boson mass has
been estimated by:

O'Zec = O'Sen + O'get = Odet = Uvgec - Jgen’ (71)
where 07¢. and ogep, are the widths of the mass distributions, using once generated muons
and once reconstructed muons. The reconstruction technique is explained in detail in
Section 6.3. It has been assumed that the reconstructed Higgs boson mass distributions are
gaussian. oge, is determined by the width of the Breit-Wigner distribution and radiative
corrections. It ranges from ~ 4.5 GeV at mpy+x = 200 GeV to ~ 5.5 GeV at my+x =
800 GeV. Figure 7.8 shows ogge; as a function of the doubly charged Higgs boson mass. All
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Figure 7.7: The invariant mass distribution of the signal sample mg++ = 300 GeV and of the
signal sample mg++ = 600 GeV before and after the detector simulation and the invariant mass
distribution of the four backgrounds after the detector simulation. The event numbers have been
normalized to an integrated luminosity of 10 fb=1.
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signal samples have been used, in order to minimize statistical fluctuations. g4es is almost
proportional to the doubly charged Higgs boson mass. A straight line with the following
parameters and errors:

mpg++

GeV

Gaer = (—34(£0.9) + 0.040(£0.001) - ) Gev, (7.2)

can be fitted to the distribution. The measured detector resolution determines the accuracy
which can be achieved for the reconstruction of doubly charged Higgs boson masses. It
depends on the resolution of the muon energy and transverse momentum.
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Figure 7.8: Mass resolution o4, as a function of mg+x+.
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Chapter 8

Final Event Selection

Very few cuts have been used in this study in order to keep the signal efficiency as high as
possible. Due to the decay in equally charged muons the reconstructed invariant mass peak
of the signal can be clearly distinguished from the background distribution, even before
the final selection. The following offline event selection cuts have been applied:

8.1 Cut on the Number of Reconstructed Muons

The first step in the offline event selection is to require four reconstructed muons with
pr > 8 GeV in |n| < 2.1. The requirements on 7 and pr are direct consequences of the 7
and pr thresholds of the Di-Muon trigger (see chapter 7.1).

Figure 8.1 shows the number of triggered and reconstructed muons per event, for all back-
ground samples and for the myg++ = 200 GeV signal. Since only events with more than
four muons are chosen, especially the number of Zbb background events is reduced strongly.

The efficiency of the selection cut, for events which passed the HLT selection, is shown in
Table 8.1 for the background data samples. It is much larger for signal events, e.g. the
sample mg++ = 300 GeV has an efficiency of 76 & 1%. This cut diminishes significantly
the amount of background.

27 —4u  Z7 —2u2r  Zbb —4p  tt — 4dp
4y reconstruction efficiency [%] | 26.5 £ 0.2 226 £ 0.6 129 £0.1 30.2 £ 0.3

Table 8.1: Efficiency of selecting an event with four reconstructed muons with pr > 8 GeV in
|| < 2.1 for the background samples, errors are statistical only.

8.2 Impact Point Cut

Events with muons from different collisions, i.e. two or three muons from one collision
and one or two from another, may become a significant source of background because of
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Figure 8.1: Number of reconstructed muons per event, the total number of entries is normalized
to one.

the much higher rates compared to genuine 4y processes. To suppress this background a
vertex cut is applied.

For each muon in an event the Impact Point is determined. The Impact Point can be found
by extrapolating the reconstructed muon trajectory towards the beamline. The point of
closest approach to the origin of the detector coordinate system is defined as Impact Point
[49].

The longitudinal distances |Az| between the Impact Points of all muons are calculated for
each event. The largest |Az| is required to be smaller than 0.05 cm.

Figure 8.2 shows the distribution of the largest distance |Az| between muons generated in
the decay of doubly charged Higgs bosons for the signal sample mpy++ = 200 GeV. For
< 99.6% of the events is |Az| < 0.05 cm.

The width of this distribution is much smaller than the width of the z distribution for
the Impact Points of all muons in the same sample. This distribution is plotted in Figure
8.3. The gaussian width of the z distribution is 5.3 & 0.1 ¢cm and it corresponds to the
longitudinal size of the interaction region of the LHC beam of about 5 cm.

Assuming a flat distribution of z over a width of 5 cm the largest distance |Az| between
different collision vertices is, with a probability > 99%, larger than 0.05 cm. The efficiency
of this cut, for signal data samples with included pile-up, is ~ 96% as can be seen in Table
8.3. This cut also reduces the Zbb and the tf background by roughly a factor two (see
Table 8.2), due to the displaced vertices of the muons generated in b decays.
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Figure 8.2: Distribution of the largest Az be-
tween muons generated in the decay of dou-
bly charged Higgs Bosons for L = 10fb~! and
myg++ = 200 GeV.

Figure 8.3: Distribution of z of all muons,
generated for L = 10fb~! and mpy::x =
200 GeV. A Gaussian curve is fitted to the dis-
tribution.

8.3 Results

Table 8.2 and Table 8.3 show the NLO cross sections times efficiency after each of the
selection cuts described in the last sections. These values are shown for each background

sample in Table 8.2 and for the signal samples with doubly charged Higgs masses of 300,
600 and 800 GeV in Table 8.3.

tt Zbb Z7 — 4Ap | Z7 — 2u2T
Production cross section(NLO) [fb] | 53-103 278103 153 212

Preselection [fb] 232 + 1 200 =1 | 87.4+0.3 | 1.63 & 0.02
Level-1 Trigger [fb] 232 + 1 289 +1 | 87.3+0.3 | 1.63 £ 0.02
High Level Trigger [fb] 149 + 1 195+ 1 | 69.7+0.3 | 1.10 + 0.01
4 p reconstructed 4514+ 0.4 | 251+ 0.3 | 185 + 0.1 | 0.25 % 0.01

(pr > 8 GeV, |n| < 2.1) [fb] ' ' ' ' ' ' ' '
Impact Point Cut [fb] 228 +£0.3 | 13.1+£0.2 | 16.9 £ 0.1 | 0.22 £ 0.01

Table 8.2: The NLO cross sections for background events with forced decay modes after each
stage of the event selection. Errors are statistical only.

Figure 8.4 shows the invariant mass of the reconstructed doubly charged Higgs bosons
before and after the final selection for signal events (mpy++ = 300 GeV and mpy++ =
600 GeV).

The chosen bin size is 20 GeV, this bin size is comparable to the detector resolution of the
doubly charged Higgs Boson mass et for my++ = 600 GeV (Section 7.2.1).
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8.3. Results

H** mass 300 GeV 600 GeV 800 GeV
Production cross section(NLO) [fb] 19.6 0.909 0.201

Preselection [fb] 174+ 0.3 | 0.85 £ 0.02 | 0.190 + 0.004
Level-1 Trigger [fb] 17.3 £ 0.3 | 0.85 £ 0.02 | 0.190 £ 0.004
High Level Trigger [fb] 171+ 0.3 | 0.83 £ 0.02 | 0.188 &+ 0.004
4 p reconstructed 13.0 £ 0.2 | 0.70 £ 0.02 | 0.158 =+ 0.003

(pr > 8 GV, || < 2.1) [fb] Rl I el e ‘
Impact Point Cut [fb] 125 £ 0.2 | 0.67 £ 0.02 | 0.153 £ 0.003

Table 8.3: Production cross sections (NLO) for signal events with mg++ = 300, 600, 800 GeV
and forced decay into four muons after each stage of the event selection. Errors are statistical only.
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Figure 8.4: Reconstructed invariant mass of H** candidates, (top) after trigger selection, (bot-
tom) after final selection. The total number of events is normalized to 10 fb~!.

Even before the final selection, the Higgs mass is clearly distinguishable from the back-
ground. Nevertheless, loosening the offline requirements of this selection, in order to im-

prove the signal efficiency, would not make any sense.

The signal efficiency is mostly

effected by requiring the presence of four reconstructed muons. If only three or two muons

were required instead, all processes in which only two or three muons are produced would

become additional backgrounds. This would reduce the signal significance.
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Chapter 9

bb Background

Events generated in strong interactions, so called QCD events, are a huge problem for
many signal processes at the LHC, due to their relatively large cross section. The signal
processes studied in this thesis have cross sections of a few fb at the LHC while the pair
production of b quarks for example has a cross section of about a few ub.

9.1 Background at Generator level

The pair production of b quarks, in the following called bb background, provides the QCD
events with the highest probability of faking signal events with multiple muons in the final
state. Two important Feynman diagrams for the pair production of b are shown in Figure
9.1 and Figure 9.2. The bb background is generated in several sub-samples using PYTHIA

g9 b g
CETTTTETTETTTET
g
/
a9 b 9 b
Figure 9.1: s-channel Feynman diagram for

the production processes: g§ — bb and gg — Figure 9.2: t-channel Feynman diagram for
bb. the production process: gg — bb.

ol

with CMKIN 1 _0_2. Each sub-sample requires two b jets in the region |n| < 2.4 within a
certain pr range. pr is the transverse momentum of the final state partons in the total rest
frame of the hard scattering process. The sub-samples are distinguished by their different
pr ranges, and have been reconstructed and analysed separately. Table 9.1 shows the
different bb samples with their pr ranges and the integrated luminosity corresponding to
the number of simulated bb events for each sample [50]. It can be seen, that the integrated
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luminosity corresponding to the number of generated events is much lower than 10 fb1,
which is the integrated luminosity expected after the first year of data-taking at the CMS
detector. This discrepancy illustrates the main problem of bb background studies, the
amount of simulated events is not sufficient.

Official sample fy vegion [GeV] integrated luminosity corresponding
to the number of generated events [fb!]
bt03_b_ pt30-50 30 < pr < 50 39.4-106
bt03 b pt50-80 50 < pr < 80 187.1.1076
bt03_b_pt80-120 | 80 < pr < 120 1.4-1073
bt03_b_pt120-170 | 120 < pp < 170 10.2-1073
bt03_b_ pt170up pr > 170 49.6-1073

Table 9.1: The different bb samples
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Figure 9.3: Distribution of the reconstructed invariant mass of H** candidates for all bb samples,
at generator level. The number of entries of the different samples have been stacked. The total
number of events is scaled to an integrated luminosity of 10 fb—!.

Figure 9.3 shows the reconstructed invariant mass of H** candidates, at generator level.
The different bb samples have been added up. Due to the lack of simulated bb background
events, the number of generated events has to be multiplied by a factor much larger than
one, to be scaled up to an integrated luminosity of 10 fb~1.

Beyond an invariant mass of roughly 300 GeV, nearly no background events have been
simulated. The amount of background in this region can be estimated by fitting an ex-
ponentially decreasing curve to the distribution. This method is based on the physical
assumption, that a mass distribution reconstructed from decay products of a non-resonant
state typically follows, at least locally, an exponentially decreasing curve.
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Figure 9.4: Distribution of the reconstructed invariant mass of H** candidates for all bb samples,
at generator level. An exponentially decreasing curve is fitted to the stacked background. The
invariant mass distribution for three signal samples with m(H*%) = 200 GeV, 450 GeV, 700 GeV,
is also shown. The number of events is scaled to an integrated luminosity of 10 fb=!.

Figure 9.4 shows a possible fit of an exponential curve to the background distribution, for
invariant masses greater than 50 GeV. This method of estimating the bb background is
very dependent on the mass region chosen for the fit. The resulting curve is therefore only
used as a rough estimate. The parameters of the curve and the errors of the fit are:

dN
d(m(u*p*))

where m (u® p¥) is the reconstructed invariant mass of the H** candidates, in GeV. Before

m(p*pF)

/50 GeV = exp [18.8(%1-1073) — 0.03(£1-107°) v |

(9.1)

any selection cut has been applied, the bb background is a major background to the studied
signal processes.

9.2 Online Selection

The online selection removes nearly all simulated bb events. Due to the facts, that:
e all muons generated in the decay chain of b quarks are low pr muons, see figure 9.5,
e in most events less than two muons are reconstructed, see figure 9.6,

e the isolation algorithm of the muon High-Level trigger is optimized on rejecting the
non-isolated muons from bb decays, see section 7.1.1.

After the HLT selection only one out of all simulated events remains. This event belongs
to the sample: 80 GeV < pr < 120 GeV and corresponds to a number of 7018 remaining
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Figure 9.5: Distribution of the second highest
reconstructed transverse muon momentum in
one event, no trigger selection applied. The
bb samples have been stacked, the number of
events corresponds to an integrated luminosity
of 10 fb~1.
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Figure 9.6: Distribution of the total num-
ber of reconstructed muons per event, no
trigger selection applied. The bb samples
have been stacked, the total number of events

corresponds to an integrated luminosity of
10 fb— 1.

events at a luminosity of 10 fb—!. With a total number of ~ 4.7 - 10! expected events after

reconstruction before the application of any selection cut, the trigger selection efficiency is

< 15-10719%.

9.3 Final Selection

The cut on the number of reconstructed muons removes the last remaining simulated bb

event. Due to the lack of simulated events, no sensible efficiency of this cut can be obtained.

To estimate the rejection power of this cut, the cut is applied before the trigger selection.

It is found that only 161-1075% of all events provide at least four reconstructed muons,
see figure 9.6. Using this rejection factor on the remaining 7018 events (for 10 fb=1!) after
the trigger selection, all but one event is rejected.

Thus the bb background can be savely neglected for this analysis.
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Chapter 10

Statistical Interpretation

10.1 Statistical Interpretation

10.1.1 The CL, Method

The final invariant mass spectrum, which is presented in chapter 8, has to be tested in a
statistical manner to decide, up to which invariant H** mass an existing signal can be
discovered or a non-existing signal excluded. For this statistical investigation two hypothe-
sises are tested using the CLs-method [51-53]: the hypothesis that the generated invariant
mass spectrum consists only of background events and the hypothesis that the generated
invariant mass spectrum consists of signal plus background events. A statistical estimator
is needed, which makes it possible to decide which of the two hypotheses fits best. The
statistical estimator used in the CLs;-method is Q) = Hfil Q;. Q; is the likelihood ratio
of the probability of finding n; entries in a bin if the signal plus background hypothesis is
true, to the probability of finding n; entries if the background only hypothesis is true:

P(p = si(mp++) + by; ng)

Pla=bsm) (10-1)

Qi(mpsx) =

where s; is the number of signal events in bin ¢ and b; is the number of background events
in bin 3. P(u;n) is the probability of finding n events if x4 are expected. @; is calculated
for each bin 4, of the generated invariant mass spectrum.

Assuming the number of entries in a certain bin to be Poisson distributed:

P(uin) = £ et (10.2)

the log-likelihood ratio —21n @ becomes:

N N
S S;
—2InQ(mg++) = —2 i_g 1 [nz In (1 + b—:) — si] = 280t — 2 E n; In (1 + b_> . (10.3)

i=1 t

Figure 10.1 shows the distribution of —21n @) for various doubly charged Higgs boson masses
for the background only hypothesis and for the signal plus background hypothesis.
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Figure 10.1: —21In (@ as a function of the doubly charged Higgs boson mass for the background
only hypothesis and for the signal plus background hypothesis, errors are statistical only.

To determine the compatibility of a certain measured —2In () value with the signal plus
background or with the background only hypothesis, —2In(Q is calculated for several
“pseudo-experiments”. For this “pseudo-experiments”, the number of entries n; in a certain
bin are generated as Poisson distributed random numbers, once for the signal plus back-
ground hypothesis, with the mean value u = s; + b;, and once for the background only
hypothesis with u = b;.

As a result one obtains two almost Gaussian shaped distributions for each doubly charged
Higgs boson mass. Figure 10.2 shows these two distributions, once for a low mass doubly
charged Higgs boson and once for a high mass doubly charged Higgs boson. For a low
doubly charged Higgs boson mass, the invariant mass spectrum of the signal can be clearly
distinguished from the background. The —2In ) distributions corresponding to the signal
plus background and to the background only hypothesis are clearly separated and have
nearly no overlap. With increasing doubly charged Higgs boson mass, the signal peak
in the invariant mass spectrum gets smaller and becomes less distinguishable from the
background. The two —21nq distributions P, and Py show a significant overlap.

In the case of existing real data, the —21n () value of the measured data can be calculated
and compared to the two integral-normalised distributions Psj and P,. The confidence
level for the compatibility of the measured data with the background only hypothesis (CLy)
and the confidence level for the compatibility of the measured data with the signal plus
background hypothesis (CLgyp) can be calculated by:

CLy = Py(z)dx (10.4)
Xo
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Figure 10.2: Distribution of the variable —21n @) for the signal plus background hypothesis (Ps4)
and for the background only hypothesis (P;). The distributions are normalized to one and shown
for a signal mass of 400 GeV (left plot) and for a signal mass of 800 GeV (right plot).

CLs+b:/ Psyo(z)dz (10.5)
Xo

The integration border Xg is the —21n ) value of the measured data.

For the analysis presented in this diploma thesis no real data exists. In this case, two
probabilities can be determined:

e The probability, for the background only distribution to fake a signal. The confidence
level corresponding to this probability is 1 — C'L;, where the integration border X
is the mean value of the signal plus background distribution. If a signal will be
detected, it can per convention only be claimed as discovery, if the probability for
detecting a non-existing signal is smaller than 5¢.

1-CLy <2.85-10". (10.6)
e The probability, for an existing signal to be undetected. The confidence level corre-

sponding to this probability is CLs;4, where the integration border X is the mean
value of the background only distribution. For low signal and background rates the

use of the normalized CL; := Cgf‘“’ instead of CLs,p is more sensible, see [53]. If
b
no signal will be detected, the existence of a signal can only be excluded with 95%

confidence level if:
CLs+b

CLy

CL, := < 0.05. (10.7)

Both confidence levels CL; and CLg, 4 are marked in figure 10.3.

In order to calculate the statistical errors the distributions P, and P, are assumed to
be Gaussian. The widths o of P, and P, are determined. The integration borders X
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Figure 10.3: Distribution of the variable —21n @ for signal plus background hypothesis Psyp and
for the background only hypothesis P,. The distributions are shown for a signal mass of 800 GeV.
The confidence levels 1 — CL, and CL44 are shown for the case that no real data exists. In this
case the integration borders Xy for C Ly and C'L,} are the mean of the Py distribution and the
mean of the P, distribution, respectively.

are changed by +10 and +20. The resulting changes in the confidence levels are taken as
statistical errors.

10.1.2 Background Event Statistic

For invariant masses greater than ~ 500 GeV, the unscaled number of simulated events
which pass the final selection cuts is almost zero, as shown in Figure (10.4) and Figure
(10.5). Nevertheless, zero simulated background events do not necessarily mean zero back-
ground events in reality. Two possibilities for estimating the background distribution in
this region are:

1. The empty bins are filled, using Poisson statistics:
The N bins in the invariant mass spectrum are assumed to be the result of N indepen-
dent Poisson counting experiments. If a backgrounds has no entries in a certain bin,
the mean of the corresponding Poisson distribution has, at 95% confidence level, to
be < 3 events. To stay conservative the bin is filled with 3 background events which
are multiplied by the corresponding scale factor. The scale factor enlargens the total
number of generated events to the number of events expected for the studied inte-
grated luminosity. This procedure is repeated for each background. In this method
it is therefore assumed, that independent of the actual amount of generated back-
ground events the real background distribution is not described accordingly by the
simulated distribution. Especially for background samples like ZZ — 2724, where a
large percentage of the generated events is reduced by selection cuts, zero events after
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dN
dm(pepe

)/ZOGeV

the selection cuts might really correspond to zero events in reality. The described
method would therefore seriously overestimate the amount of expected events for this
background sample.

This method of estimating the amount of background events is valid and compatible
with Poisson statistics but rather conservative. Figure 10.4 shows the invariant mass
spectrum before and after the bins have been filled.
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Figure 10.4: Distribution of the invariant Figure 10.5: Distribution of the invariant

reconstructed H** mass for all background
events, at an integrated luminosity of 10 fb=1!,
before and after the empty bins have been filled
with upper limits from Poisson statistics.

reconstructed H** mass for all background
events at an integrated luminosity of 10 fb—1!,
and the exponential curve fitted to the back-
ground.

2.

An exponential decreasing curve is fitted to the reconstructed invariant mass spec-
trum of the background:

The mass distribution reconstructed from the decay products of a non-resonant state
typically follows (at least locally) an exponentially decreasing curve. By fitting an ex-
ponential curve to the invariant mass spectrum the number of expected events in the
different bins can be estimated. The curve is fitted to the invariant mass spectrum
for masses larger than 200 GeV, because below this limit enough background events
have been generated and above this limit the invariant mass distribution follows an
exponential decreasing function. The fitted curve and the errors on this fit are:

dN
d(m(u*p*))

where m(u*u¥) is the reconstructed invariant mass in GeV. Figure 10.5 shows the

m (p*p)

20 GeV = 4.5(+1) —1.5-102(+4-1073) -
/ eV = exp |4.5(£1) ( ) GV |

(10.8)

generated and reconstructed distribution of the invariant mass and the exponential
curve fitted to this distribution. The parameters of the exponential curve depend
strongly on the mass region chosen for fitting the curve.

Both methods have their advantages and disadvantages. The more conservative method

1 is chosen and applied in this work. The exclusion and discovery limits obtained with
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method 2, are taken as an estimate of the systematical error on the number of background
events.

10.1.3 Discovery Limit
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Figure 10.6: 1-CL; as a function of the re- Figure 10.7: The discovery limit as a function
constructed invariant doubly charged Higgs bo- of the integrated luminosity. The branching
son mass, the discovery limit is 650 GeV. ratio BR(H** — 4p) = 100% is not varied.

Figure 10.6 shows the value of 1-CL; for different doubly charged Higgs boson masses
at an integrated luminosity of 10 fb~!. For masses smaller than 650 GeV the signal plus
background expectation exceeds the background only expectation by more than 50, and
more than four events remain after the final selection. The £1 and +2 -0 bands are
obtained by varying the integration border Xg of equation 10.4 by £1 and £2 -o, where o
is the width of the Py, distribution (Section 10.1.1). They indicate statistical errors.

In order to investigate the dependency of the discovery limit on the luminosity, the discov-
ery limits for integrated luminosities in the range of 1 - 50 fb~! (Figure 10.7) are calculated.
With an integrated luminosity of 1 fb~! a 50 discovery level can be obtained for a doubly
charged Higgs boson mass of 450 GeV, with two detectable events after the final selection.
With an integrated luminosity of 50 fb~! the 50 discovery limit increases up to 800 GeV.

Approximatly eight events remain after the final cuts at this integrated luminosity and
mass.

10.1.4 Exclusion Limit

Figure 10.8 shows the value of C'L; as a function of the doubly charged Higgs boson mass.
If no signal can be detected for an integrated luminosity of 10 fb~! the existence of a doubly
charged Higgs boson in the four muon decay channel can be excluded at 95% confidence
level up to a mass of 760 GeV. The +1 and +2 -0 bands indicate the statistical errors and
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Figure 10.8: C'L, as a function of the recon- Figure 10.9: The exclusion limit as a function
structed invariant doubly charged Higgs boson of the integrated luminosity. The branching
mass, the exclusion limit is 760 GeV. ratio BR(H** — 4u) = 100% is not varied.

have been obtained by varying the integration border X of equation 10.5 by £1 and +2 o,
where o is the width of the distribution P,. The ¢ bands are not totally smooth, due to the
finite number of investigated doubly charged Higgs boson masses. For each investigated
mass point the o values are calculated, in the region between these mass points the ¢ bands
are extrapolated. Nevertheless the exclusion mass limit is nearly unaffected by this, due
to the small steps of only 50 GeV in which the doubly charged Higgs boson mass is varied
in the interesting region between 550 and 800 GeV.

The dependency of the exclusion limit on the luminosity is shown in Figure 10.9. With an
integrated luminosity of only 1 fb~! an exclusion limit at 470 GeV can be set, in the case
that no signal will be discovered.

With 50 fb~! the 95% confidence limit increases up to 1 TeV.

Figure 10.10 shows the exclusion limit for different branching ratios of the doubly charged
Higgs boson into two muons. For example, equal branching ratios into up, pur and 77
could be assumed. Using the resulting branching ratio of pair produced Higgs bosons into
four muons BR(H™* + H~~ — 4u) = 1/3, an exclusion limit of &~ 410 GeV can be set, if
after the appliciation of the presented selection cuts no signal can be detected. This decay

mode is discussed in [54], with respect to “The Higgs Triplet Model” and recent results on
neutrino mass parameters.
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Figure 10.10: The exclusion limit as a function of the branching ratio squared.
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Chapter 11

Systematic Uncertainties

The systematic errors which might affect this analysis have to be studied in detail once
the detector is taking data. Here only rough estimations of the resulting uncertainties on
exclusion and discovery limits are given. These estimations are useful to obtain a forecast
on the relative importance of the different systematic errors for this analysis.

Associated with the production rates are:
e the uncertainties of the parton density functions and QCD scales at NLO,
e the uncertainty on the LHC luminosity,
e the uncertainty due to the lack of simulated background events (see section 10.1.2).

Associated with the CMS detector performance (hardware/software) and analysis-specific
cuts are:

e the uncertainties of the trigger efficiencies,
e the uncertainty of the muon reconstruction efficiency,
e the uncertainty of the efficiency of the Impact Point cut,

e the uncertainty on the resolution of the reconstructed doubly charged Higgs Boson

mass.

The uncertainty on the background cross section related to parton density functions and
QCD scales have been taken from studies of the Standard Model H — ZZ — 4y process.
H — ZZ — 4y and HTTH~~ — 4y have the same background processes. H — ZZ — 4y
is one of the benchmark processes of the future CMS detector and is therefore studied in
detail (see for example [55]). The uncertainty obtained on the background cross section is
1% to 6% [56].

The uncertainties on the signal production, which are related to the NLO corrections and
to the parton density functions have been calculated by Spira and Miihlleitner to be 10%
to 15% [13].
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The uncertainty on the luminosity for the first few years of data taking is estimated to be
5% |55].

In [57] it is explained how the muon reconstruction efficiency should be obtained from
data, using the Single-Muon HLT with pr > 19 GeV. The uncertainty should be smaller
than 1%.

The muon trigger efficiency, being very close to 100% due to the presence of four muons,
should not have substantial systematic errors.

The efficiency of the Impact Point cut could possibly also be evaluated by data, using the
inclusive Z sample and minimum bias events. This has yet to be studied in detail.

The resolution of the reconstructed doubly charged Higgs boson mass has been studied in
section 7.2.1. The uncertainty of the resolution and the implication on the exclusion limit
still need to be studied.

11.1 Approximated total uncertainties

Assuming a total systematic error on the background cross section Gpackground of 6%, using
an uncertainty of 5% on the luminosity and an uncertainty on the signal cross section og;gnai
of 10%, the systematic errors on exclusion and discovery limits can be approximated as:

Exclusion Mass Limit = (760 fo's(obackgmund) + 10(0signar) £4(L)) GeV (11.1)
Discovery Mass Limit = (650 T35 (Gbackground) T 4(Tsignat) £ 0.2(L)) GeV  (11.2)

If the less conservative method 2 of section 10.1.2 is used, the exclusion and discovery limit
improve to 800 GeV and 900 GeV, respectively. At 900 GeV only one event remains after
all cuts. To obtain at least three detectable events, at an integrated luminosity of 10 fb~1,
the doubly charged Higgs boson mass has to be smaller than 700 GeV. The variation in
the exclusion and discovery mass limit, for the different methods used to estimate the
background contribution, can be regarded as systematic uncertainty, due to the lack of
simulated background events for higher doubly charged Higgs boson masses.
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Conclusions

A feasibility study for the discovery of pair produced doubly charged Higgs bosons with the
full detector simulation has been presented. A branching ratio of 100% into muons has been
assumed. The doubly charged Higgs boson mass, which is the only free parameter for pair
produced doubly charged Higgs bosons, has been investigated in the range 100 to 900 GeV.
All Standard Model background processes have been taken into account. According to the
low luminosity phase of the LHC (£ = 2-1033cm 2s 1), on average 3.5 pileup events have
been mixed with the signal and background samples. For signal and background NLO cross
sections have been used. Due to the decay of each doubly charged Higgs boson into two
equally charged muons this process provides a very characteristic signature and is almost
background free.

It has been shown, that pairproduced doubly charged Higgs Bosons with a branching of
100% into muons, can be discovered (50) with an integrated luminosity of 10fb~! in the
mass range of 100 to 650 GeV. If no signal is visible at CMS, an exclusion limit at 95% CL
of my++ = 760 GeV can be set. This improves the current exclusion limit for this channel
of mpg++ < 136 GeV, set by CDF at Tevatron Run II, by 624 GeV.

Systematic uncertainties resulting from higher order cross sections, parton density func-
tions and scale dependencies have been calculated for the signal [13]. The systematic
uncertainties of the backgrounds have been taken from studies of the Standard Model
process H — ZZ — 4pu, which has the same backgrounds and is studied in detail as a
benchmark process for the CMS detector.

93






Appendix A

A.1 Units

The variables used in this thesis are given in natural units. Natural units are defined by:

h=1 (A.1)
c=1 (A.2)
Therefore energy, mass, momentum, 1/time and 1/length can be displayed with the same
unit. The unit chosen by convention is eV, which is the energy gained by an electron

moving through a potential difference of one volt. In the “International System of Units”
an energy of one €V corresponds to:

1 eV = 1.602176462(63) - 1071°J (A.3)

The electrical charge is given in units of the “elementary electrical charge” e, which is the
charge of the electron.

A.2 Conventions

Throughout the analysis the summation convention of Einstein has been used. Repeated
indices one up one down, such as in equation A.4, are implicitly taken to be summed.
Example:

m
u'e; = Z u'e; (A.4)
i=1

95



APPENDIX A. A.2. Conventions

The CMS Detector at point 5 of LHC

Figure A.1: The CMS coordinate system. Taken from [58] and modified.
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A.3 Coordinate System

The CMS coordinate system is shown in figure A.1. The cartesian system (x,y,z) is right
handed, with the nominal interaction point as origin and the x-axis pointing towards the
center of the LHC ring. The polar coordinates are defined by:

¢ = arctan (g) (A.5)
0 = arccos (ﬁ) (A.6)

A.4 Kinematic Quantities

Definition of some often used kinematic quantities:

2= - n (2) an

pr =/ (D)% + (py)? (A.8)

e Pseudorapidity 5

e Transverse Momentum pr:

A.5 Background samples

Official sample # generated and preselected events
mul3_tt_4mu 95 000
mul3e_zbb_4mu_compHEP 100 000
mulO3e_zz_zmu_4mu_compHEP 118 000
mu03d_zz_zmu_2mu_2tau_compHEP 1000
bt03_b_ pt30-50 150 000
bt03_b_ pt50-80 150 000
bt03_b_ pt80-120 150 000
bt03_b_pt120-170 150 000
bt03_b_pt170up 150 000

Table A.1: The different background samples

A.6 CMKIN card

An example CMKIN card used to produce the signal sample mg++ = 200 GeV.
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Data card:

Hpp --> mu mu

Hpp mass = 200 GeV

defined by Tanja Rommerskirchen 24.06.200 (rommersk@physik.rwth-aachen.de)

OO0

LIST

Q

Pythia parameters

Q

Specify output file:

CFIL ’EVT0’ ’mcevents_Hpp_200_mumu.ntpl’

PMAS 5,1
PMAS 6,1

I

4.8 !mass of b quark

I

175.0 !mass of top quark

PMAS 353,1
PMAS 354,1

200 ! mass of Hlpp
200 ! mass of Hrpp

MSEL = 0 ! Hlpp production
MSUB 349
MSUB 351

]
o =

Q

PARP 181
PARP 182
PARP 183

Q
o
o O

(@]
I
o

98



A.6. CMKIN card

APPENDIX A.

PARP
PARP
PARP
PARP
PARP
PARP

QOO0

C Switch

MDME
MDME
MDME
MDME
MDME
MDME
MDME

MSTJ
MSTP
MSTP
MSTP
MSTP
MSTP
PARJ
PARP
PARP
PARP
PARP
PARP

184
185
186
187
188
189

off

4271,
4272,
4273,
4274,
4275,
4276,
4277,

33 =
51 =
81 =
82 =
71 =
82 =
89 =
83 =
84 =
90 =

O O O O © ©

all Hlpp decay channels beside Hlpp --> mu mu

T e
Il

0.16

-1
-1
-1

-1
-1
-1

' Hl --> e + e
' H1 --> e + mu
! H1 --> e + tau
! Hl --> mu + mu
! H1 --> mu + tau
! H1 --> tau + tau
' H1 --> W+ W

!Choice of the fragmentation function
!wvhich order running alphaS
! (D=0) inclusion of K factors in hard cross sections for parton-parton
!structure function chosen
'multiple parton interactions 1 is Pythia default
!Defines the multi-parton model
!for which ctau 10 mm
!'pt cutoff for multiparton interactions
!sqrts for which PARP82 is set
'Multiple interactions: matter distrbn parameter Registered by Chris
!Multiple interactions: matter distribution parameter Registered by
!'Multiple interactions: rescaling power Registered by Chris.Seez@ce
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APPENDIX A.

A.6. CMKIN card

C GENERATOR

C oo
KSEL = 0
NSEL = 5000
TRIG = 100000
ECMS = 14000
MRPY 1 = 1293894893948
PARP 85 = 0.33
PARP 86 = 0.66
PARP 87 = 0.7
PARP 88 = 0.5
PARP 91 = 1.0

C ool

END
EQF

!similar to Pythia’s MSEL
Imaximal number of subevents per AA event (hier einstellen wieviele Events
!maximum number of tries
!center of mass energy
!random seed for PYTHIA

!gluon prod. mechanism in MI Registered by Alexandre.Nikitenko@cern.ch
!gluon prod. mechanism in MI Registered by Alexandre.NikitenkoQcern.ch
! Registered by Alexandre.Nikitenko@cermn.ch

! Registered by Alexandre.Nikitenko@cern.ch

'kt distribution Registered by Alexandre.Nikitenko@cern.ch
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