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Chapter 1

Introduction

The mechanism that gives masses to the elementary particles is not known
to this day. The most studied candidate is the so-called Higgs mechanism in
the Standard Model of elementary particles. There is a particular extension
of the Standard Model, the Littlest Higgs model.

From the collider physics point of view it is interesting because it pre-
dicts the existence of new particles and also there is an exciting connection
to the neutrino physics. With the introduction of scalar triplet Higgs, the
current neutrino mass problem can be solved. This thesis is dedicated to
the search for the experimental signatures that can lead to the discovery
of the scalar triplet component called doubly charged Higgs boson. Several
Monte Carlo studies have been carried out to derive appropriate selection
rules to distinguish the new particles from the Standard Model background.

This thesis is organized as follows. In the beginning there is a short
overview of the Large Hadron Collider (LHC) accelerator and Compact
Muon Solenoid (CMS) detector in Chapter 2. Chapter 3 discusses the elec-
troweak symmetry breaking (EWSB) problem and conventional solutions
in supersymmetry (SUSY). The Little Higgs framework as an alternative
to SUSY is introduced and related to neutrino physics and experimental
phenomenology at LHC. In Chapter 4 the principles of Monte Carlo (MC)
simulation experiments are described in context of CMS software environ-
ment and relevant characteristics of the performance of the detector are
outlined. In Chapter 5 the detection possibilities of doubly charged Higgs
boson in CMS experiment are shown. Chapter 6 contains conclusions. The
summaries of the related publications are given in the Chapter 7.



Chapter 2

CMS Detector at CERN

2.1 Large Hadron Collider

The Large Hadron Collider (LHC) is a circular particle accelerator at CERN
(European Organization of Nuclear Research) [25] whose circumference is
27 km (Figure 2.1). A main goal for the project is expected discovery of the
Higgs boson predicted by the mechanism of electroweak symmetry breaking
in the SM.

The LHC is installed to the tunnel of the previous accelerator LEP
(Large Electron Positron) [26] and started operation in October 2008 after
more than a decade of construction. Its beam energy is designed to reach
747 TeV and luminosity up to £ = 103* cm™2s™!, that is seven-fold increase
in energy and a hundred-fold increase in integrated luminosity over the
current hadron collider experiments.

There are four experiments located in the LHC tunnel: CMS (Compact
Muon Solenoid) [15], ATLAS (A Toroidal LHC ApparatuS) [13,14], LHCb
(Large Hadron Collider beauty) [16] and ALICE (A Large Ion Collider
Experiment) [17]. CMS and ATLAS are general multipurpose detectors for
investigating electroweak symmetry breaking through Higgs boson, looking
for phenomena beyond the Standard Model (supersymmetry), and to study
the high-Q? region in more detail. ALICE in designed to investigate heavy
ion physics (quark-gluon plasma) and LHCD is dedicated to b-physics and
CP-violation studies.

The LHC consists of several accelerator units (Figure 2.2). Two linear
accelerators LINAC2 and LINAC3 are used for the initial acceleration up
to 50 MeV and up to 1.4 GeV by booster. Then the beam is injected
into the PS (Proton Synchrotron) where protons gain energy of 26 GeV
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Figure 2.1: The Large Hadron Collider experimental sites above and un-
derground, seen from the north side of the ring.

with the final bunch structure. The next stage is SPS (Super PS) and
finally particles are injected into the LHC near IP2 or IP8 depending on
the circulation direction. At LHC the particles are accelerated from 450
GeV to 7 TeV (for proton beam).

To achieve such an high energy new types of superconducting magnets
had to be developed. The magnetic field that is needed is B = 8.33 T.
There are 1232 main dipoles around the ring, each of 35 tons and 15 m long.
Superconducting magnets are operating at superfluid He temperatures 1.9
K.

The beam consists of 2808 bunches, each bunch contains 1.14x10
protons (at full luminosity £ = 103 em=2s71). At the collision point the
bunch has longitudinal spread 7.5 cm. The transverse dimensions of the
beam are about one millimeter, but at the collision point is is squeezed by
400 quadrupole magnets to 15 um. The spacing of bunches in time is 25
ns and in space 7.5 m. Due to the filling scheme of the SPS, the structure
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Figure 2.2: Accelerator complex at CERN, the LHC beam is prepared by
several smaller facilities.

of the bunch spacing is quite complex. The gaps between bunches are used
for the calibration, synchronization, and resetting the front-end electronics.

The number of interactions or event rate R can be expressed as R =
L x o, where L is the luminosity and o is the cross section. For inelastic pp
collision (minimum bias events) ¢ is 60 mb, that makes 6 x 10% events per
second. This is approximately 25 collision per bunch crossing, meaning that
the rare interesting events are superimposed (piled-up) by many minimum
bias events.

The luminosity £ of an accelerator is defined as

ninz

L=f (2.1)

drooy
where n; and ns are number of particles in the colliding bunches, f is fre-
quency of the collisions, and ¢, and oy, characterize the Gaussian transverse
beam profiles. The luminosity is not constant in LHC, but decays expo-
nentially as £ = Loe "% due to the degeneration of the beam. The decay
time of the bunch intensity is written as

Teol — —, (22)



Circumference 26 659 m
Dipole operating temperature 1.9 K (-271.3 C)
Number of dipoles 1232
Number of RF cavities 8 per beam
Nominal energy, protons 7 TeV
FEnergy at injection 450 GeV
Nominal energy, ions (energy per nucleon) 2.76 TeV /u
Peak magnetic dipole eld (at 7 TeV) 833 T
Minimum distance between bunches 7m
Design luminosity 103%em 2571
Collision rate 45 MHz
Number of bunches per proton beam 2808
Number of protons per bunch (at start) 1.1x10!

Table 2.1: Some of the LHC parameters [12].

where Ny o describes the initial number of particles in the beam, oy
is the total cross section and k is the number of interaction points. For
nominal LHC condition that makes 7., ~45 h. This is time to reach 1/e
of the luminosity’s initial value. Other effects like intra-beam scattering
and beam-gas interactions make the actual luminosity lifetime even shorter
T ~15 h.

For estimating the detectors discovery potential it is important to know
the integrated luminosity. Before physics data taking some time Ty is
needed to fill the accelerator with bunches, ramp magnets etc.. Hence the
integrated luminosity could be calculated as

X x 24

Liot =
ot Trun[h] + Tfill [h]

ﬁOTﬁ(l _ G*Trun/‘rﬁ)’ (23)

where X is the run time per year, T}, is the total length of the physics
time and Lg is the initial luminosity. Considering the experience from SPS
and HERA the filling time could be estimated from 70 minutes to 7 hours.
For the designed luminosity (103* cm~2s~!) and an estimated physics time
of X = 40 days per year [18] this results in integrated luminosities between
16 fb~! to 24 fb 1.

The LHC parameters are summarized in Table 2.1 and the details of
the LHC machine can be found in the LHC Design Report [12].
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Figure 2.3: CMS detector.

2.2 CMS Detector

The CMS (Compact Muon Solenoid) is a general-purpose particle detector
with a emphasis on good muon detection. An overview of the CMS detector
is shown in Figure 2.3.

Its total length is approximately 21 m, the diameter is 15 m and it
weighs about 12500 tons. The detector has almost 47 coverage because
of its cylindrical design and planar endcaps. The CMS detector consists
of many different subdetectors, which are designed to identify different
physical objects.

The CMS detector has a cylindrical coordinate system with an z-axis
parallel to the beam direction. In the transverse plane the geometry of
CMS is described by the parameters radius (r) and angle ¢ that is the
angle in the zy-plane with respect to the z-axis. In the longitudinal plane
the z-coordinate along the beam axis and the angle © are used to specify

14
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Figure 2.4: A slice of the CMS detector. The traces of particles to be
detected are shown.

the detector coordinates. Instead of © often the pseudorapidity 7 is used:
)
n= —ln[tcm(g)]. (2.4)

CMS detector has a superconducting solenoid providing a 4 T magnetic
field parallel to the beam direction. The field makes charged particle to
bend their trajectories in the transverse plane of the detector, that enables
to measure particle momentum and charge. Inside the magnetic field are
the inner tracking system and the calorimeter. The muon detectors are
situated outside the coil, so the muons are exposed to a lower magnetic
field. The magnetic flux of the solenoid is returned by a set of iron yokes.
Between of the yokes are the muon chambers.

The inner tracking system has two different detectors: the silicon pixel
detector and the silicon strip detector. These are used to identify bottom
quarks by so called b-tagging and to reconstruct tracks and momenta. Next
layers are calorimeters: the electromagnetic (ECAL) and hadronic (HCAL)

15
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Figure 2.5: Layout of the CMS tracking detectors.

calorimeters, that measure the energies and positions of photons, electrons
and hadrons respectively. The muon system measures the charge and mo-
mentum of the muons. Figure 2.4 shows how different particles can be
detected in CMS detector.

In this thesis the final state to be detected consists mostly of muons. A
muon passing the silicon tracker leaves a bent track due to the magnetic
eld. Next it goes through the calorimeters and traverses through the muon
system, where the bending direction changes because the muon is exposed
to a reverse magnetic field. The muon system identifies the particle as
muon. Together with data from the tracker its track and momentum can
be reconstructed.

The subdetectors are described as follows in more detail starting from
the innermost subdetector until outermost layers. The precise information
can be found from Technical Design Reports of CMS [20-23,27-29].

2.2.1 Tracker

The tracker is the innermost part of the CMS detector that is dedicated
to the finding of tracks and vertexes. It occupies cylindrical volume with
the length of about 5.4 m and diameter of 2.4 m. It is placed in the 4 T
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magnetic field area that allows to measure the momentum of high energy
particles accurately.

The tracker system consists of highly segmented silicon pixel and silicon
strip detectors which measure the position, momenta and decay points
of the charged particles from the ionization along the path of a moving
particle. There is a single tracker in the barrel and one in each endcap. In
the barrel part, there are ten silicon strip layers and three pixel layers. The
silicon strip layers are divided to the Inner Barrel (TIB) and Outer Barrel
(TOB) that are made of 4 and 6 silicon strip layers respectively. In the
endcaps, there are 2 pixel layers, 3 inner disk (TID) and 9 outer forward
silicon disk detectors. The silicon strip modules in the endcaps (TEC) are
assembled on carbon-fiber support wedges. Layout of the CMS tracking
detectors can be seen in Figure 2.5.

There are 25000 silicon strip detectors with about 200 m? and the signal
is read out by 44 million electronic channels. The tracker coverage is up
to |n| = 2.5. The spatial resolution is 0,4 ~10 pm and o,, ~17 pm. The
momentum resolution of the tracker is AP/P ~[15(Pr/TeV)® 0.5|% for
In| < 1.6 and becomes [60(Pr/TeV)® 0.5]% as |n| approaches 2.5. That
makes for a muon with a pp of 100 GeV the accuracy of +£1.5 GeV for
In| < 1.6.

To protect the silicon detectors from aging because of the high radiation
flux, the full silicon tracker is operating at —10°C. A thermal shield is placed
outside of the tracker volume which provides insulation while a cooling
system extracts 60 kW of heat dissipated by the front end electronics.

More details of the tracking system can be found in [21].

2.2.2 Electromagnetic Calorimeter

Around the tracker is placed the electromagnetic calorimeter (ECAL),
which is designed to provide very good di-photon mass resolution because
of one important benchmark channel for detecting Higgs (H — 7).

The ECAL detector is a crystal-based scintillating calorimeter that of-
fers the best performance for energy resolution from electrons and photons.
The ECAL crystals are made of lead tungstate (PbWO,) that has very
fast light decay time and very high density (8.28 g/cm?). After 15 ns, al-
ready 60% if the light is emitted by the crystals (for example in the LEP
L3 experiment was used BGO crystals, where it took 300 ns) and 100 ns is
enough to collect the emitted light. The fast scintillator crystals are needed
because of the LHC very high event rate.

The crystal dimensions are 2.2 cm x 2.2 cm x 23 c¢m for the barrel

17
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Figure 2.6: The Supermodules, Modules and Submodules of the ECAL
detector.

crystals and 2.5 cm X 2.5 cm x 22 c¢m for the endcaps, corresponding
to a granularity of A¢ x An of 0.0175 x 0.0175 in the barrel. Electrons
and photons are almost entirely absorbed by ECAL crystals because of its
material has a very small Moliere Radius (2.19 cm). The size of the crystals
corresponds to about 26 radiation lengths. For 35 GeV electrons, 94% of the
energy is absorbed by 3 x 3 crystal arrays and 97% in 5 x 5 crystal arrays.
A disadvantage of the lead tungstate is its relatively low light yield, which
is about 14 times smaller than the one from BGO crystals (used in LEP
L3). This requires a good amplification within the photodetector at the end
of the crystals. The photodiodes have to operate in a very strong radiation
environment. In such a strong magnetic field photomultipliers cannot be
used. In the barrel part of the calorimeters avalanche photodiodes are used
and in the endcaps vacuum phototriodes are used that can operate in higher
levels of radiation.

There are about 76000 individual crystals in ECAL that are mechani-
cally organized into modules and supermodules. In the barrel, the crystals
are tilted in the transverse plane by 3 degrees, in order to minimize the
probability that particles pass through the inactive area between crystals.
The barrel crystals are assembled into 36 supermodules, each consisting of
4 modules with 50 submodules in the first module and 40 in the remaining
three modules. Those submodules are composed of 2 x 5 crystals. In total,
the barrel contains 61200 crystals. The supermodules have a wedge shape
and subtend an angle of 20 degrees. The overview of the ECAL modular
structure can be seen from Figure 2.6.

There is a preshower detector built in front of the calorimeter (|n| >
1.653). This allows to reject high-pr 7’s by measuring the transverse profile

18



of the electromagnetic shower after roughly three interaction lengths. The
preshower detector is built like a sampling calorimeter with lead as the
absorber and a layer of silicon strip sensors for the measurement of the
charged particles created in the shower. The strips from one plane are
orthogonal to these of the second plane, which gives a two-dimensional
position measurement with a precision of 300 um for a 50 GeV V.

The energy resolution can be expressed as a function of the energy as

follows: (®) S N
o 2 2 2 2

= — C 2.5
(T = () + () + 2 (25)
where the first term is the stochastic term, the second one is the noise and
the C? is a constant term. The stochastic term includes contributions from
fluctuations in the shower containment and photostatistics. The noise term

comprises contributions from the electronics readout and pile-up.

2.2.3 Hadronic Calorimeter

The hadronic calorimeter (HCAL) is designed to identify hadrons and jets
and to measure their energies. The hadronic calorimeter consists of four
subdetectors: barrel (HB), endcap (HE), outer (HO) and forward (HF)
detectors.

The HB and HE are placed between the ECAL and the magnet. These
are sampling calorimeters made of plastic scintillator plates and alternating
layers of brass. The HB has a coverage |n| < 1.4 and the HE covers the
region between |n| >1.5 and |n| <3.0. Each HB tower has a projective area
of An x A¢p = 0.087 x 0.087. Wavelength-shifting (WLS) fibers are placed
in the scintillator plates. The light collected from the scintillators are read
out by the Hybrid Photo Diodes (HPD) detectors.

The HB detector cannot absorb the hadronic showers fully. The HO is
made to catch the tails of the hadronic showers. The HO is a scintillator
detector, located between the magnet and muon system. It covers the
region |n| < 1.26.

The HF is located at 3.0 < |n| < 5.0 outside the magnetic coil. HF
calorimeters are designed to measure high energy jets with a good precision
(20% to 30% at 1 TeV) [24]. It is made of steel as the absorber and quartz
fibers as the active medium. Quartz fibers are chosen due to their radiation
hardness, because the forward calorimeters will experience extremely hard
particle fluxes. The short (1.43 m) and long (1.65 m) fibers are used. The
short ones start at the depth of 22 cm from the front of the detector making
it possible to distinguish showers originated from electrons and photons

19



pt=3.5,4.0,15, 6.0GeV

Figure 2.7: The bending od the muon tracks with different transverse mo-
mentum pp in the magnetic field.

that deposit a large fraction of their energy in the first 22 cm. The hadrons
produce signals in both segments. Test beam results yield a resolution in
the range from 30 GeV to 1 TeV given by

AE 1.22
E  \J/E(GeV)+0.05

More information about the HCAL can be found at [24].

(2.6)

2.2.4 Magnet System

The relative error of particle pr measurement is inversely proportional to
the magnetic field B. The compact muon solenoid design requires a very
strong magnetic field in order to induce enough bending of the energetic
charged particles. The basic goal is to reconstruct up to 1 TeV muons with
~10% pr resolution.

The bending of tracks with different transverse momenta pr in a 4
T field is illustrated in Figure 2.7. At this field strength, trajectories of
charged particles with pr > 0.7 GeV reach the ECAL front surface (in the
absence of tracker material), and muons with pr > 4 GeV extend through
the muon chambers.

The magnetic field is created by a superconducting coil by passing a
20 kA of current in the niobium-titanium superconductor. The magnet is

20
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situated just outside the calorimeters at a radius of 2.9 m, and returned by
3 layers of iron yokes with a combined thickness of 1.55 m in the barrel and
1.45 m in the endcaps.

Details on the CMS magnet can be found in the Magnet TDR [19].

2.2.5 Muon System

The overview of the muon system is given in Figure 2.8. There are four
muon detectors interleaved with return yoke plates and the whole muon sys-
tem is divided into a barrel part and two endcaps. The iron yokes are placed
between muon chambers to decelerate muons. There are approximately 16
interaction lengths before the last muon station is reached. This allows a
good muon detection. Unlike electrons, muons do not emit Bremsstrahlung
and they are expected to give very clear signatures. The muon chambers
are in a 2 T magnetic field. There are three combined technologies: drift
tubes (DT) in the barrel, cathode stripe chambers (CSC) in the endcap
and resistive path chambers (RPC) in both the barrel and endcaps.

DT-s are placed in the barrel, because the magnetic field is mainly

21



contained by the return yoke. The DT-s are assembled in drift chambers
containing 12 layers of tubes that are organized in 3 independent sub-units
made up of 4 planes with parallel wires. Two of the sub-units measure the
coordinate in the bending plane and the third measures the track coordinate
along the beam. The measurements are combined to form an oriented
segment used later on for track reconstruction. The forward environment
is very different from the central one, because the high particle flux requires
a better granularity and faster response. CSC-s are multiwire proportional
chambers where the cathode is subdivided into strips perpendicular to the
anode wires. The CSC can sustain highly varying magnetic field that is
present in its region between the solenoid and the return yoke.

The resistive plate chambers (RPC) are used in both, in barrel and
endcaps. RPC-s provide a lower resolution than the CSC-s and DT-s, but
they have faster timing signal with a time resolution of 2-3 ns. The RPC
consists of two parallel resin plates, with a high bulk of resistivity, separated
by a gas-filled gap of a few millimeters. Avalanches in the gas induce a fast
charge on the cathodes, that can be exploited without expensive electronics.
RPS-s complement DT-s and CSC-s as an additional sensitive planes in
higher trigger levels and offline reconstruction.

The reconstruction efficiency of the muon tracks is above 90% for 100
GeV muons in the pseudorapidity range covered by the muon chambers.
The momentum resolution measured in the muon system depends strongly
on the pseudorapidity. The muons with bigger pseudorapidity than |n| >
1.5 exit the solenoid and become therefore less bent. Using the muon
detectors together with tracker the resolution is about 1 - 1.5% for 10 GeV
muons and 6-17% for 1 TeV muons (depending on |n]).

2.2.6 Data Acquisition System

The LHC bunch crossing rate is 40 MHz. Each beam crossing at LHC
will result more than 20 inelastic pp collisions at the full fuminosity. This
corresponds to approximately ~1 MB of zero-suppressed data every 25 ns.
This is far too much to be handled with present day computers and the
data acquisition system has to reduce it by factor of 10°, keeping only the
interesting events. The schematic view of the CMS DAQ system is depicted
in Figure 2.9.

The trigger system consists of a Level-1 (L1) trigger and high level
trigger (HLT) that is working completely at the software level. For Level-
1 trigger it takes about 3.2 us to come to a decision and store the data.
Most of the time is consumed by the signal transfer from the front-end
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Figure 2.9: The CMS DAQ system [9].

electronics to the L1 logic system. The calculation in L1 trigger take less
than 1 ps. The data has to wait in the pipe-line buffers for 3.2us/25 ns
= 128 bunch crossings before it is decided whether it is kept or not. The
L1 trigger reduces the event rate to 100 kHz. The Level-1 trigger uses
calorimeter, muon system and global (combination) triggers, that combine
the data from calorimeters and muon system. The trigger primitive objets
are constructed using the detector systems. These objects are created only
if the pr or Ep are above some thresholds.

High Level Trigger (HLT) reduces the 100 kHz Level-1 event rate to
approximately 100 Hz. The calculations after Level-1 trigger are performed
in a single farm of about 1000 dual-CPU computers. First the high level
trigger makes a partial reconstruction using calorimeters and the muon
system. This stage refines the objects that are created in Level-1. Then the
results are combined with data from pixel and tracker for further rejection.
There is also offline reconstruction possible in HLT trigger algorithms.

For further details, see the trigger CMS technical design reports [2,22,
23].
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Chapter 3

Doubly Charged Higgs
Boson Beyond the Standard
Model

3.1 Motivations

The main motivation of the LHC experiment is to reveal the secrets of elec-
troweak symmetry breaking (EWSB) mechanism. The electroweak preci-
sion measurements predict a light Standard Model Higgs boson. However,
if the Standard Model Higgs boson H will be discovered at the LHC, the
question arises what stabilizes its mass against the Planck scale or some
other higher scale, e.g. Grand Unified Theories (GUT), quadratically diver-
gent radiative corrections. It is a huge gap between the natural Higgs scale
(102 GeV) and the Planck scale (10'? GeV) or the GUT scale (1016 GeV),
for example. Thus, the question is in the naturalness of the electroweak
Higgs.

In addition, after any solution of the puzzle of EWSB some urgent
question remains in particle physics: (i) cold dark matter seen in the astro-
nomical observations, (ii) neutrino masses seen through terrestial oscilla-
tion experiments and (iii) matter-antimatter asymmetry seen in the present
Universe. The questions have no definite answer in the framework of the
Standard Model. Naturally, the most excellent solution would involve the
EWSB mechanism, naturalness, neutrino masses, cold dark matter and
matter-antimatter asymmetry in a same model.

Below a conventional solution for some of the mentioned questions, su-
persymmetry (SUSY), will be discussed and subsequently a possible alter-
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native for SUSY, the Little Higgs framework will be introduced.

3.2 Solutions for Naturalness: Supersymmetry

First, let us present the diagrammatic view of the problem. If we add
some new fields above the Higgs scale as an extrapolation of the Standard
Model, quadratic divergences of the Higgs radiative corrections from the
heavy fields at the higher scale will start to spoil up our Higgs physics
at the lower scale. The reason is clear, there is no symmetry to protect
the scalar. Figure 3.1 shows the diagrammatic view of the problem. The
represented Feynman diagram is proportional to the mass squared of a
(heavy) higher scale boson.

Mpew > MH

Figure 3.1: Radiative correction to the Higgs boson mass from a boson field.
The new heavy fields between the electroweak and the Planck scale as an
extrapolation of the Standard Model spoil up our Higgs physics at the lower
scale due to the quadratic divergence of the Higgs radiative corrections.

To be more detailed, a (mass) parameter in a theory stays at a small
value under radiative corrections if the radiative corrections to this quan-
tity are multiplicative. This can happen if we set the parameter to zero
and it leads the theory to exhibit a symmetry which can forbid against
the radiative corrections. The symmetry “protects” the small value of the
parameter and it is said to be technically natural. This symmetry is called
a custodial symmetry. The Higgs boson has no custodial symmetry to pro-
tect its mass scale. This property makes fundamental scalars unnatural.
Thus, any scalar boson mass is typically subject to large radiative correc-
tions. Even in the case where the mass is set to zero initally, generally, the
corrections induce a mass. The situation was diagrammatically shown in
Figure 3.1.

However, there are some known possibilities to protect scalar mass:
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(i) Nambu-Goldstone bosons which can have technically natural low
masses due to their spontaneously broken chiral symmetry. The well-
know example is the m-meson in QCD.

(ii) Composite scalars which only form at a strong scale, for example,
a Agcp in QCD. They can receive additive renormalizations in the
order of the strong scale, for example, at Aqcp in QCD.

(iii) A technically natural mechanism for scalars with a low mass scale is
also provided by SUSY because the scalars are then associated with
fermionic superpartners. The chiral symmetries of these superpartner
fermions protect the mass scale of the scalars.

First, let us start with a canonical solution to the hierarchy problem,
SUSY. In particle physics, SUSY was proposed by Julius Wess and Bruno
Zumino [30] in 1973. The supersymmetric algebras had been studied by
Golfand and Likhtman [31] in the late 1960s. An initial idea was to find
connections between the known fermion and boson fields. It turned out
that the naive SUSY does not work between the Standard Model fields.
Unfortunately, if we count the bosonic and fermionic fields in the Stan-
dard Model it has the 28 bosonic and the 90 fermionic (96 with massive
neutrinos) degrees of freedom. In addition, the Higgs field can not be a su-
perpartner of the fermion content, since it has nonzero vacuum expectation
value (vev).

However, it is possible to define new SUSY fields which are supersym-
metric partners of the Standard Model fields. Below we will describe some
main ideas of SUSY for the Higgs physics referred from [32-35]. A possibil-
ity to save the Higgs mass in SUSY comes from the idea that the fermion
corrections can cancel the bosonic ones. Figure 3.2 presents a diagram of a
negative contribution to the Higgs mass. Naturally, a very exact correspon-
dance is needed between fermionic and bosonic fields in a model. SUSY
can guarantee it field-by-field using the idea of superpartner fields.

Shortly, we will describe the boson-fermion correspondance in SUSY.
Let b denote a boson field and f a fermion field. We know that fermion
fields anticommute, {f, f} = 0. Boson fields, on the contrary, commute,
[b,b] = 0. SUSY transformation between fermion and boson fields is

0b=c¢-f, (3.1)

where ¢ is the infinitesimal transformation generator (of the Poincare
group). We see from Equation 3.1 that ¢ anticommutes,

{e,e} =0. (3.2)
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H--< -- H
A A

Figure 3.2: The negative radiative correction to the Higgs boson mass from
a fermion field. Thus, the fermionic field is able to cancel some contributions
of the positive radiative correction of boson fields.

So, all the generators of SUSY are anticommuting, therefore they are
fermionic. Fermionic operator changes spin in units 1/2 and therefore it
always changes the type of statistics,

¢ : Fermi-Dirac < Bose-Einstein (3.3)

We note there exactly the same number of equal degrees of freedom of
fermionic and bosonic fields in the pure SUSY models. In addition, it can
be shown that due to the form of the superpotentials and the chirality
of the matter superfields at least two complex chiral Higgs multiplets are
presented to give masses to up and down quarks. Figure 3.3 shows the
diagrammatic vied of the cancellation.

_O. + --I;'-- o InA?

Figure 3.3: The bosonic and fermionic radiative correction to the Higgs
boson mass. The radiative contribution of the fields can cancel mutually.
The total contibution is oc InA2.

The exact cancellation of the radiative corrections takes place only in
exact SUSY. Only in exact SUSY the summation of the corrections gives
zero total contribution,

Z m%ermion - Z m%oson =0, (34)
N N
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where N is the order of the SUSY model. In addition to canceling the
radiative contributions of the Higgs field SUSY cancels all the field con-
tributions to the total vacuum energy. Hence, it can naturally solve the
vacuum energy problem in cosmology.

SUSY offers some possible solutions in particle physics and cosmology in
addition to the Higgs naturalness and the vacuum energy problem [36,37]:

e SUSY GUT models can predict correct running of the gauge couplings
of the strong and electroweak interactions.

e SUSY can unite gravitation (naturally, linearized as the gravitino
spin-2 field) and the SM spin-1 vector gauge fields into an united
superalgebra within the framework of quantum field theory.

e SUSY with R-parity proposes candidate(s) of cold dark matter in cos-
mology. The R-parity is needed to protect the light SUSY particle(s)
against their decay to the SM particles.

e SUSY field(s) can be used as the cosmological inflation field(s) in the
early stage of the Universe.

Unfortunately, in experiment we do not see any direct evidence of
SUSY [38]. It means that if there is SUSY it is broken at some energy
unreachable us. In broken SUSY the cancellation mechanism works up to
the SUSY breaking scale. Equation 3.4 should be modified as

Z m%ermion - Z m%oson = MSQUSY’ (3.5)
N N

where MS?USY is the scale of SUSY breaking. If we believe the Higgs boson
mass is at scale of 100 GeV and the Yukawa coupling is not very far from
one then the SUSY breaking scale should be around 1 TeV,

gMsusy x Mp. (3.6)
Thus, the signals of SUSY are reachable by LHC if SUSY manifests itself
in the Higgs physics.
3.3 Alternatives to Supersymmetry

The SUSY breaking complicates the vacuum energy problem again. The
vacuum energy should be in the scale of the SUSY symmetry breaking in a
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pure SUSY theory. As we can see in cosmology observations it is not true,
the observed value of the vacuum energy (Avacuum =~ (1073) eV*?) is many
orders of magnitude smaller. If the SUSY breaking scale is Aguysy ~ 1 TeV
then the gap between the observed vacuum energy Asacuyum in cosmology
and one in the SUSY breaking remains huge, Asusy /Avacuum =~ 103,

The simpler SUSY models, e.g. Minimal Supersymmetric Standard
Model (MSSM), suffer from the need of careful fine tuning. For example, it
is needed for the unification and the dark matter predictions. Also, SUSY
does not provide a natural solution for an other urgent problem in particle
physics, neutrino mass. Because of that, physicists also consider alternative
models. Let us list some of them below.

Top quark condensate. In this model the fundamental scalar Higgs field
is replaced by a composite field composed of the top quark and its
antiquark, called top condensate [39,40]. The top quark is the most
massive among all the SM fermions and its mass, estimated at 171
GeV, is comparable to the electroweak scale. The bound state of the
condensate described by a (1,2,—1/2) composite scalar field, where
the first number denotes the representation of SU(3)., the second one
the rep of SU(2) and the last one is the hypercharge. The conden-
sate subsequently breaks the electroweak and hypercharge symmetry
into electromagnetism. However, the simple versions of the top con-
densates fail experimentally. Only some more complicated versions of
the model have survived, e.g. top see-saw. The theories will be tested
soon at the LHC experiment. The simpler versions of the theory do
not solve neutrino mass problem and there is no candidate of dark
matter. However, there is a model to explain the masses borrowing
the idea of top condensate but using the condensate of right-handed
neutrinos [56].

Technicolor. The model contains no scalar field to explain the masses of
fermions and heavy vector bosons. The central idea of (rather differ-
ent) technicolor models is that the electroweak symmetry is broken by
a new strong gauge interaction [41]. The full gauge symmetry group
at high energies is G® H, where GG denotes the Standard Model gauges
and H is a new gauge getting strong at lower energies. The strong be-
haviour of H causes chiral symmetry breaking to occur in the model.
In other words, the fields of the model can acquire a vev dynamically.
If the vev is not G-invariant, this leads to spontaneous breaking of
G with no need for a fundamental scalar field. The masses are auto-
matically protected agaist radiation corrections by the new gauge H.
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The simpler technicolor models do not satisfy the electroweak preci-
sion tests. However, a set of new models called walking technicolor
has been proposed [42,43].

Little Higgs. The Little Higgs models are based on the idea that the
Higgs field is a pseudo-Goldstone arising from the breaking of a global
symmetry at TeV scale. The Little Higgs models borrow the results of
strong dynamic, the pions in QCD etc., for the electroweak symmetry
breaking. The Little Higgs models are using the idea of dimensional
deconstruction. In these theories, the total gauge group of the model
is in the form of a direct product of several copies of the same factor
group. For example, SU(2)®SU(2)...= SU(2)". Each SU(2) factor
group may be visualized as the SU(2) group living at a particular
point along an additional dimension of space. Thus, the Little Higgs
models borrow some ideas of extra dimensional models even though
the Little Higgs theory itself is 3 + 1 dimensional.

3.4 Little Higgs

In this work we study the LHC related phenomenology of the Littlest Higgs.
We are motivated by two reasons: (i) the rich spectrum of new particles
reachable for the LHC experiment, (ii) the Little Higgs model can be related
to neutrino physics. From collider physics point of view the model predicts
the existence of new particles, such as a set of heavy gauge bosons Wiy,
Zy, a vectorlike heavy quark pair T, T with charge 2/3, and triplet Higgs
bosons ®. If the new particle masses are O(1) TeV, direct tests of the
models are possible at the LHC experiments [52-54]. Also, there can an be
a exciting connection between high energy physics at the LHC collider and
lower energy physics at the neutrino experiments predicted by the Little
Higgs.

In the context of this work we are interested in the Little Higgs models
as a possible origin of non-zero neutrino masses [57-61]. The neutrino
mass mechanism which naturally occurs in those models is the triplet Higgs
mechanism [62,63], called the type IT see-saw. It employs a scalar with the
SU(2)r ® U(1)y quantum numbers ® ~ (3,2). The existence of such a
multiplet in some versions of the Little Higgs models is a direct consequence
of global symmetry breaking which makes the SM Higgs light.

For example, in the minimal Littlest Higgs model [64], the triplet Higgs
with non-zero hypercharge arises from the breaking of global SU(5) down
to SO(5) symmetry as one of the Goldstone bosons. Its mass Mg ~ g¢sf,
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where g; < 47 is a model dependent coupling constant in the weak coupling
regime [44], is therefore predicted to be below the cut-off scale A, and
could be within the mass reach of LHC. Although the triplet mass scale is
O(1) TeV, the observed neutrino masses can be obtained naturally. First,
non-observation of rare decays y — eee, p — ey, 7 — €0l, where { =
e, i, implies that the triplet Higgs boson Yukawa couplings Y;; must be
small, thus suppressing also the neutrino masses. Second, the vev of the
neutral component of triplet vg contributes at tree level to the SM oblique
corrections, and is therefore severely constrained by precision data. There
exist additional mechanisms which can explain the smallness of vg in the
Little Higgs models. In this work we assume that the smallness of vg is the
most natural explanation of the smallness of neutrino masses in the Little
Higgs models.

Let us describe shortly the type II see-saw and the relations with the
Little Higgs framework. In the case of the type II see-saw the SM content
is extended only by the addition of a SU(2) triplet of scalar fields with
the SU(2)r ® U(1)y quantum numbers & ~ (3,2). Let us denote the
components as

A= (AN A% A3, (3.7)
which has the physical eigenstates
(ATF, AT AY), (3.8)

where the physical states are defined as

1 1
ATH = (Al =A%), AT =A% A0= —
VoAl NG

The minimal gauge invariant Lagrangian has the Yukawa terms for the
lepton and the Higgs sector as follow,

Ly O [ ALy + puaH(G - A)TH + hec]

(Al +iA?).  (3.9)

. O U, e
— [RTMEA + (AT AP+ (HIH)ATR)  (3.10)

Ay
2
where o = 1,2, 3 is the SU(2) index and the repeated indices mean sum-
mation.

In the Lagrangian 3.10 above one d = 4 and one d = 5 operator emerges.
The d = 4 operator is

+ ZHATTA)? 4 €\ (AT A HT 0 H],

2
L=t = 2@(}1%)2, (3.11)
MA
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and the d = 5 operator leads to the mass term of the neutrino,

my, = —2AM2J’\2A2. (3.12)
It is a typical see-saw like term. The term has an important difference from
the mass term of the type I see-saw. It depends on the Yukawa coupling
YA only linearly. In this case, the left and right hand side have the same
number of parameters. It differs from the type I see-saw, where there are 9
unphysical parameters. It can shed some experimental light to the neutrino
parameters in this case [45].

As mentioned above, the Higgs triplet of the see-saw can be “bor-
rowed” from the Little Higgs framework. Thus it is a junction between
neutrino physics and electroweak physics of the Little Higgs models. We
can study the Drell-Yan pair production of doubly charged component of
the triplet [46-51] at the LHC,

pp — T, (3.13)
followed by the leptonic decays,
D — 00, (3.14)

Let us stress that: (i) the production cross section does not depend on
any unknown model parameter but only the mass of ®; (ii) smallness of
vg, related to the smallness of neutrino masses, implies that the decays
® — WW are negligible; (iii) the ® leptonic decay branching fractions do
not depend on the size of the Yukawa couplings but only on their ratios
which are known from neutrino oscillation experiments. In the triplet model
the normally hierarchical light neutrino masses predict

BR(® — pup) ~ BR(® — 77) ~ BR(® — ut) ~ 1/3. (3.15)

Therefore this scenario is predictive and testable at LHC experiments. The
different scenarios for the neutrino sector are carefully analysed in [11].
The LHC experiment produces ® singly and in pairs. The cross section
of the single ® production via the WW fusion process [48] g — ¢'¢'® scales
as ~ v%. In the context of the Littlest Higgs model this process, followed by
the decays ® — WW, was studied in Refs. [52,54,55]. The detailed ATLAS
simulation of this channel shows [55] that in order to observe an 1 TeV &,
one must have vy > 29 GeV. This result is in conflict with the precision
physics bound, ve < 1.2 GeV, as well as with the neutrino data. Therefore
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the WW fusion channel is not experimentally promising at the LHC. On
the other hand, the Drell-Yan pair production process pp — ®TTd~~ is
not suppressed by any small coupling and its cross section is known up
to next to leading order [49]. Possible additional contributions from new
physics such as Zp are strongly suppressed so we neglect those effects here.
Followed by the lepton number violating decays ®*+ — ¢+¢* this process
allows to reconstruct ®*+ invariant mass from the same charged leptons. It
is known that the SM background should be very small in the signal region.
If one also assumes, as it is done in this work, that neutrino masses come
from the triplet Higgs interactions, one fixes the ®** leptonic branching
ratios. This allows to test the triplet neutrino mass model at LHC.
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Chapter 4

Modeling the Signal at the
CMS Detector

Collisions of two bunches of particles in a accelerator experiment gives a
huge variety of new particles propagating through a detector. In order to
interpret any measurements, these collisions must be compared with theo-
retical predictions using comprehensive simulations of particle interactions
in the same conditions.

4.1 CMS Software Environment

The CMS experiment has put effort in building a common framework of
software packages which enable perform analysis tasks of any kind in a
consistent way.

The final goal is to detect all collision products as good as possible and
carry out different physics analysis. While the detector is being built, the
collisions are investigated using Monte Carlo (MC) simulation techniques;
starting from MC generated collision events, simulating the detector re-
sponse and finally performing the same physics analysis that will be used
in the real experiment (Figure 4.1). The Monte Carlo simulations help to
understand what will be seen in the detector, but also are very helpful to
develop particle reconstruction software needed for detector readout.

There are many standalone programs in CMS software. The software
components that were used in this thesis are described in following sections.
As the software has been continuously updated, some of the described re-
construction programs (ORCA [65], COBRA [68]) are already obsolete and
replaced with a new software framework CMSSW [66]. The details of the
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Figure 4.1: Chain of simulation and analysis stream in CMS.

CMS computing model and software architecture can be found in [67,68].

The CMS software packaged can be divided into FORTRAN based pro-
grams (CMSIM [69], CMKIN [70]) and C++ based programs (OSCAR
[71], ORCA [65], FAMOS [72]). The programs used in this thesis are FOR~
TRAN based Monte Carlo generator PYTHIA and detector simulation and
particle reconstruction programs CMSIM, ORCA, OSCAR and Objectiv-
ity/DB as an object-oriented database (OODB). The event reconstruction
and analysis using simulated events and real data can be carried out in an
identical manner using the same software.

4.1.1 Monte Carlo Event Generators

The first stage of testing theories in CMS detector is Monte Carlo simula-
tion. The Monte Carlo technique is a numerical method for obtaining an
estimate of the solution of a specified problem using a sequence of values of
a random variable. This method is used to simulate experimental data. In
high energy physics this simulation is done in two stages, event generation
and detector simulation.
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The event generators describe the creation of particles from a single p-p
scattering event and their further decays until they reach a stable state
within the scope of the experiment. The output from the generators is in
the form of four-momentum vectors, assuming the primary vertex position
is at (0,0,0,0), with respect to the detector frame.

There are several Monte Carlo event generators available for simulating
events ranging from simple back-to-back particle production used for de-
tector performance studies to the specific physics process arising from p-p
collisions at the LHC. The standard Monte Carlo generators PYTHIA [73]
and COMPHEP [74] were used to simulate the collisions between two pro-
tons at a centre of mass energy of 14 TeV.

The PYTHIA is one of the most widely used generators, which im-
plements a few hundred different physics processes, mainly one-body (e.g.
gg—H) or two-body (e.g. ¢ — WTW ™) production processes. It is a
leading order (LO) parton shower event generator for the description of
collisions at high energies between elementary particles (e+, e—, p and p).
It contains theories and models for several physics aspects, including hard
and soft interactions, parton distributions, initial and final state parton
showers, multiple interactions, fragmentations and decays. It is based on
the DGLAP evolution equations [75,76] and provides leading order calcu-
lations of the cross sections. The formation of hadrons is simulated using
the string (also called Lund) model. Simulating the LHC p — p scattering
process, PYTHIA simulation starts with a hard scattering process based
on the parton distributions of the beams, subsequently the fragmentation
and decays of particles are carried out until reaching stable particles. The
radiation of initial and final states of the incoming and outgoing partons
are taken account in the simulation, and also further effects that occur in
high luminosity environment like multiple parton scattering and soft gluon
emission from beam remnants.

In recent years, simulations of hard scattering processes have been sup-
plemented by specialized event generators, which are based on detailed Ma-
trix Elements (ME) calculations. The ME generators can simulate precisely
the complex topology and kinematics of multi-jet (parton) production in a
QCD process. However, the hadronization of the partons and the shower
evolution are still best simulated by MC generators. Hence, most of the
ME generators are interfaced with PYTHIA within CMKIN.

At TeV scale colliders one needs to calculate cross sections for a great
number of various reactions. The COMPHEP package [74] was used in some
cases in the thesis, when calculation of multiparticle final states in collision
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and decay processes was needed (tZ, bb events). COMPHEP enables to go
directly from the Lagrangian to the cross sections and distributions effec-
tively, with the high level of automatization. The COMPHERP is interfaced
to PYTHIA for further hadronization simulation.

4.1.2 Full Reconstruction Chain

The output of an event generator is used as input for a detector simula-
tion programs. Using several software packages the MC generated particles
were propagated through the detector (using CMKIN, OSCAR), simulated
the digital output from the detector electronics (ORCA) and finally recon-
structed (ORCA) all the particles back as they could be detected in a real
CMS detector. The subsequent physics analysis could be done in ORCA
or used the its output in ROOT [91] analysis skript.

CMKIN

CMKIN [70] is a FORTRAN based program, which provides a common
interface between physics event generators and CMS detector simulation
tools. It used to be a part of CMSIM [69] detector simulation tool that was
replaced by OSCAR [69] by the time of calculating the simulations that are
presented in this thesis. CMKIN was used for OSCAR and FAMOS [72]
detector simulation input.

CMKIN provides an interface to a number of physics generators like
PYTHIA, ISAJET and HERWIG. It also offers the possibility to use dif-
ferent external generators like ALPGEN, COMPHEP, MADGRAPH and
TOPREX. Cosmic rays simulation is available as well. Simple particle gen-
eration is also included, i.e. single and double particles as well as simple
multi particle events. The event output format follows the HEPEVT stan-
dard and additional information can be included by the user in the block
MCPARAM. The generator level information of particle kinematics and
the decay tree is kept as the “MC truth” which is then used to validate the
various analyses.

OSCAR

OSCAR [71] (Object oriented Simulation for CMS Analysis and Recon-
struction) is based on GEANT4 [77] which is a general toolkit for simulat-
ing the particle passage through matter [78]. OSCAR reads the individual
events from the CMKIN ntuple and simulates the effects of energy loss,
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Figure 4.2: The production chain for the full simulation at CMS. The
events are produced by a Monte Carlo generator (in this case PYTHIA and
COMPHEP), then the simulated hits computed by CMKIN and OSCAR
and finally the underlying event structure is created with the help of the
full reconstruction software ORCA. The data is read out as ROOT trees.

multiple scattering and showering, etc. in the detector materials. The
information is stored in the form of hits.

A simulated hit combines information about energy depositions in the
detector, their magnitude, the time at which they occur and their location.
In addition to the hits, OSCAR also produces simulated tracks and vertices.
This is the original Monte Carlo information about the interactions and
decays of particles in the detector.

OSCAR allows to have a full GEANT4 simulation of the apparatus
with a simple interface and provides a full description of the subdetectors
that are inside it. The package allows to run different phases of the detector
simulation: generation, particle tracking in the detector with hits recording,
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pile-up, signal and noise simulation, reconstruction and analysis.

The CMS detector description is taken from the Detector Description
Database (DDD) [79]. It includes geometrical shapes and dimensions, ma-
terial information and relative placement of each part of the detector.

ORCA

ORCA [65](Object-oriented Reconstruction for CMS Analysis) was a frame-
work for reconstruction and was intended to be used for final detector op-
timisations, global detector performance evaluation of trigger studies [80].

The ORCA project covered not only reconstruction tasks, but also in-
cluded code for simulating detector response and the Level-1 Trigger, as
well as High-Level Trigger and analysis code.

ORCA adopted a two-level decomposition — subsystems and packages —
to match the different tasks it covers. Typical subsystems were Calorime-
try, Tracker, Muon or Trigger matching the hardware components of CMS.
Other subsystems provided common services for several subdetectors (Com-
monDet, CommonReco), analysis tasks (Jets) or high-level reconstruction
(TrackerReco, MuonReco, Vertex). Finally, subsystems for High-Level-
Trigger selection and analysis are provided (ElectronPhoton, JetMetAnal-
ysis, MuonAnalysis, bTauAnalysis). The subsystem Workspace is meant
as a working environment for the users private code.

Other Related Projects

There are a lot of software projects that are related to the simulation tools
through data formats, data transfer or specific classes needed for different
projects.

e COBRA [68] (Coherent Object-oriented Base for simulation, Recon-
struction and Analysis) provides basic services and utilities for ana-
lyzing the data.

e IGUANA [81] (Interactive Graphics For User Analysis) is a graphical
tool for displaying events.

e SCRAM [82] (Software Configuration, Release and Management) is a
configuration management tool, a distribution system, a build system
and resource manager, with local resources and applications managed
in a transparent way.

e CRAB [83] is the CMS remote analysis builder.
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e FAMOS [72] is CMS Fast Simulation tool that provides the fast sim-
ulation takes the detector response into account by smearing the mo-
menta of the particle. The full simulation should give results which
are closer to the measurements, but the full detector simulation is
sometimes too time consuming and the fast simulation is used to
perform get some initial results.

4.2 Performance of the CMS Detector

4.2.1 Muons

There are two muon reconstruction algorithms in CMS detector: standalone
and global muon reconstruction. Standalone muon reconstruction uses only
data from the muon detectors. The global muon reconstruction extends the
muon trajectories to include hits from the silicon tracker (silicon strip and
silicon pixel detectors).

Standalone Muon Reconstruction

Muon reconstruction starts with the reconstruction of positions of hits in
DTs, CSCs and RPCs subdetectors. The hits within each DT and CSC
are matched forming segments, then the seeds are constructed by matching
and combining the segments. The state vectors (track position, momentum,
direction) associated with the segments found in the innermost chambers
are used to seed the muon trajectories, working from inside out, using
the Kalman-filter technique [84]. The predicted state vector at the next
measurement surface is compared with existing measurements and updated
accordingly. A suitable y? cut is applied in order to reject bad hits, mostly
due to showering, delta rays and pair production. The state vector is
propagated from one station to the next using the GEANT4 package [85],
which takes into account the muon energy loss in the material, the effect of
multiple scattering, and the nonuniform magnetic field in the muon system.
The procedure is iterated until the outermost measurement surface of the
muon system is reached. A backward Kalman filter is then applied, working
from outside in, and the track parameters are defined at the innermost
muon station. Finally, the track is extrapolated to the nominal interaction
point (defined by the beam-spot size: o,, = 15 um and o, = 5.3 cm) and a
vertex-constrained fit to the track parameters is performed. The result is
a StandAloneMuon class in ORCA reconstruction frame.
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Global Muon Reconstruction

The global muon reconstruction uses standalone muons as seeds. The global
muon reconstruction takes muons detected in the muon chambers and ex-
trapolates their tracks into the silicon detectors to pick up additional hits
and so better define the kinematics.

The GEANT4 package is used for the propagation through the steel, the
coil and the calorimeters. Silicon layers compatible with the muon trajec-
tory are determined and a region of interest is defined in which to perform
regional track reconstruction. Inside the interesting region, candidates for
the muon trajectory (regional seeds) are built from pairs of reconstructed
hits. The 2 hits forming a seed must come from 2 different tracker layers.
All combinations of compatible pixel and double-sided silicon strip layers
are used to achieve high efficiency.

The track reconstruction algorithm consists of three steps: trajectory
building (recognition of seeded pattern), cleaning of the trajectory (reso-
lution of ambiguities) and smoothing (final fitting). In the first step, the
trajectory builder transforms each of the seeds into a set of trajectories.
Subsequently the trajectory cleaner resolves ambiguities between multiple
trajectories, that could result from a single seed. In the final step, all recon-
structed tracks are fitted once again, without a beam-spot constraint, using
the hits in the muon chambers from the original standalone reconstruction
together with the hits in the silicon tracker. The result is a GlobalMuon
class in ORCA reconstruction frame.

Performance

The muon reconstruction performance for standalone and global muon re-
construction algorithms are shown in Figure 4.3 (for £ = 2x 103 cm2s71).
In the figure is shown muon reconstruction efficiencies, (¢/Pr) resolutions
and charge misidentification probabilities for “Long-Term Scenario” mis-
alignment scenario. Events are produced using the full detector simulation
package (OSCAR), which simulates the particle propagation and interac-
tions through the detector, taking into account effects from detector geom-
etry, detector materials, magnetic field, detector misalignment and event
pile-up.

4.2.2 Jets and Missing Transverse Energy

Due to the huge QCD cross section the jets will dominate high pp physics at
the LHC. Jet energy resolution is one of the key factors in separating signal
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Figure 4.3: Standalone (upper panel) and global muon (lower panel) recon-
struction: a) efficiencies, b) (¢/Pr) resolution and c¢) charge misidentifica-
tion probability as a function of pseudorapidity for detector misalignment
“Long-Term Scenario” scenario [9].

events from background. It is also important, because the jets reconstruc-
tion is very closely related to missing transverse momentum reconstruction
(EMss) which is the only way to identify neutrinos and other undetectable
particles.

Jets are searched globally, using HCAL and ECAL calorimeter towers.
The energy deposition in towers are used as a seed to several jet clustering
algorithms. There are three principal jet reconstruction algorithms coded
for CMS: the iterative cone [86], the midpoint cone [87] and the inclusive
kr jet algorithm [88,89]. The midpoint-cone and kp algorithms are widely
used in offline analysis in current hadron collider experiments, while the
iterativecone algorithm is simpler and faster and commonly used for jet
reconstruction in software-based trigger systems.

The vector sum of the transverse momenta of all final-state particles in
a proton-proton collision is constrained to zero by the initial state. This
constraint can be inverted and used as a means to detect and measure the
total transverse momenta of all undetectable or weakly interacting par-
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ticles, such as neutrinos, produced in the event. The missing transverse
energy (EM*) is a powerful tool for new physics discovery [90]. Much ef-
fort has been placed on the design of calorimeters for operation at hadron
colliders to have as complete coverage as possible for the purpose of making
a meaningful measurement of E’Tmss.
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Figure 4.4: Missing transverse energy: a) energy resolution, b) error in
the reconstructed EZ**¢ scale and c) error in the direction of vector Es
as a function of reconstructed EM¥$ before (open circles) and after jet
corrections (filled circles) for ¢t events [9)].

Accurate determination of the inclusive EJ'*$ spectrum is a difficult
problem, because various detector factors contribute in subtle ways. These
factors include energy resolution, limited detector coverage, non-linearity
of calorimeter response, granularity of detector measurement, material in
front of the calorimeter, the 4T magnetic field and its effect on low pp
charged particles, quantization of detector readout, electronic noise, event
pileup, and underlying event. The energy resolution and errors of EZ,W“S
reconstruction are shown in Figure 4.4.

4.2.3 71 Tagging

The probability of 7 lepton to decay hadronically is 65% (other main
channels go to muons and electrons with almost equal probability ~17%).
Hadronically decayed 7 leptons produce a jet-like cluster (7-jet) contain-
ing a relatively small number of tracks. 77% of these jets consist of only
one charged hadron and a number of 7¥s. These are so-called one-prong
decays. The probability of three-prong decay is ~ 21%, and higher orders
are already less important.

7-jet finding algorithms rely on lower level objects like tracks, calorime-
ter clusters, jet candidates, etc. After recognizing a jet-like stucture the
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main task is to distinguish it from other jets. There are huge number of
QCD jets that could give a similar signature, but also muons, electrons and
photons could be tagged as hadronic 7 if they have other tracks in vicinity.

There are a number of methods for identifying hadronic 7-jets. These
are based on 7 lepton and 7-jet properties such as lifetime (c7= 87.11 pum),
mass (m, = 1.78 GeV/c?), small charged particle multiplicity, and the
collimation and isolation of 7 decay products. The optimal combination
of the methods depends on the physics channel under consideration and
method parameters are often a part of the physics analysis. Subsequently
there is a very brief overview of the methods.

ECAL isolation method measures the localization of energy deposit in
electromagnetic calorimeter. The 7-jet must be well isolated in terms of
isolation parameter Pj,,; defined as

Pisor = Z Ep — Z Er (41)

AR<0.40 AR<0.13

where F7 is transverse energy deposit in electromagnetic calorimeter and
AR is the distance in n— ¢ space from the 7-jet axis. Jets with Pjsy < Pf;;ﬁ
are considered 7 candidate. The efficiency of the isolation criterion for
different PS“t values are given in Figure 4.5a.

Tracker isolation method reconstructs the signal cone (Rg) around lead-
ing track (tr1) where are other tracks with similar z-impact parameters
(Azy > |z — 27Y). A larger isolation cone (R;) is reconstructed where
are no more new tracks and this is considered as a isolation criteria. Effi-
ciencies for different isolation cone sizes can be seen in Figure 4.5b.

Tagging by impact parameter is considered after passing tracker iso-
lation. The impact parameter measures if the track originates from the
primary interaction vertex of from 7 decay. The impact parameter can be
computed in transverse plane or in three dimensions. The 7-jet must have
only 1 track (3 tracks are already inefficient for QCD-jet rejection) within
a significant impact parameter. The efficiencies for selecting 7 and QCD
jets in different bins of E%/I C can be seen in Figure 4.5¢. The upper cut
on the transverse impact parameter is increased starting from 100 pym (the
highest cross in each point) in steps of 100 pm.

There are several other methods like tagging with flight path, tagging
with mass, electron rejection, etc. (more details can be found from Ref [92]).
The 7-jet energy measurement precision can be seen from Figure 4.6.
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Figure 4.5: The efficiencies T-tagging methods for: a) ECAL isolation pa-

rameter, b) tracker isolation parameter efficiency for 7-jet as a function of

isolation cone for two values of signal cone Rg and c¢) impact parameter
tagging efficiency for selecting 7 and QCD-jets in different bins of E%/[ ¢
when the upper cut on transverse impact parameter is increased, starting
from 100 pm (highest cross in each set) in steps of 100 pm [9].
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Figure 4.6: a,b) the ratio r = E5¢¢/EMC as a function of the EMC (a)
and 7-jet pseudorapidity (b) for different final states of hadronic decays of
7 lepton. c¢) the ratio r = E}“/Eé\f[o for the not preselected QCD jets
(dash-dotted line), ”tau-like” QCD jets (dashed line) and the real 7-jets
(solid line) as a function of EMC [9].
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Chapter 5

Reconstruction and Analyses

5.1 Doubly Charged Higgs Production

At hadronic colliders like LHC and Tevatron the ®** can be produced
singly and in pairs. The main Feynman diagrams for ®** production are
shown in Figure 5.1: Drell-Yan pair production, Drell-Yan lepton produc-
tion with radiative ®** emission and WW fusion.
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Figure 5.1: ®** generation diagrams. From left to right: Drell-Yan pair

production, Drell-Yan lepton production with radiative ®** emission, WW
fusion.

The cross section of the single ®** production via the WW fusion
process [48] qq¢ — ¢'q P++ scales as ~ v%. In the context of the littlest Higgs
model this process, followed by the decays ®**+ — WEW=*, was studied in
Ref. [52,54,55]. The detailed ATLAS simulation of this channel have shown
that in order to observe 1 TeV ®**, one must have vg > 29 GeV [55]. This
is in conflict with the precision physics bound vg < 1.2 GeV as well as with
the neutrino data. Therefore the WW fusion channel is not experimentally
promising for the discovery of the doubly charged Higgs.

The another single production process is Drell-Yan lepton production

46



with radiative ®** emission. The coupling of this process is not known,
but the primary process of electron positron scattering has a very large
cross section, which could compensate for the low coupling. However this
particular diagram has not been calculated yet and hence its effects cannot
be estimated by the experiments.

The Drell-Yan pair production process [47,48] pp — ®TT®~~ is not
suppressed by any small coupling and its cross section is known up to next to
leading order [49] (possible additional contributions from new physics such
as Z' are strongly suppressed and can be neglected considering those effects
here). Followed by the lepton number violating decays ®*+ — (/% this
process allows to reconstruct ®*+ invariant mass from the same charged
leptons. Assuming that the neutrino masses come from the coupling to the
triplet Higgs, the ®** leptonic branching ratios can be fixed. Due to the
smallness of ve the decays to WW may be neglected. The advantages of
this process are the following:

1. The production cross section is known and it is independent from the
unknown parameters of the model.

2. The decay ®** — ¢*¢* is lepton number violating and allows to
reconstruct ®*+ invariant mass from the same charged leptons ren-
dering the SM background very small in the signal region. Therefore
it should provide a very clean detectable signature for the LHC de-
tectors.

3. The known neutrino mixing (m,);; = (Y );;ve predicts the branching
ratios as BR(®** — p*pu*) = BR(®*F — 7%7%) = BR(®*TF —
pF1E) = 1/3. Here it is assumed that neutrinos have a normal hier-
archy which implies negligible decay rates to the electron final states.

The Compact Muon Solenoid (CMS) is optimized for muon signals (in
the parameter range of pr > 2 GeV and n < 2.4 the discovery rate is close
to 95% [20]), hence the final states that are considered are different combi-
nations of muons, but tau leptons as well to improve discovery potential.

5.2 Invariant Mass Reconstruction

The ®*% is reconstructed using its decay products that could be muons or
tau leptons. As there are two simultaneously produced Higgs bosons the
final state consist of 4 leptons where the same charge leptons originate form
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one Higgs boson. There are five possible signatures that can be associated
to doubly charged Higgs pair.

e &®TT®~ — 4u: The cleanest and most simple channel.

e ®T*®~~ — 3ulr: The channel is easily reconstructable using
an assumption that the neutrino originating from the 7 decay is
collinear with 7-jet and gives majority to the missing transverse en-
ergy (Emss).

o &TT®~~ — 2427: The signature can be reconstructed using the
same assumptions for both 7-neutrinos. The whole E{}”SS vector has
to be used here, while in the previous channel only one component
was needed.

e ®T*®~~ — 1u37: The channel can be reconstructed theoretically
relying on an additional requirement that the two Higgs bosons have
equal invariant masses. However, the reconstruction is very sensitive
to the experimental accuracy of E’Tniss determination.

e &®TT®~~ — 47: The channel can not be reconstructed (and triggered
by the single muon trigger).

Before reaching the detector, 7 decays into an e, p or a hadronic jet
with branching ratios of 0.18, 0.17 and 0.65, respectively [97]. 7 hadronic
jets and p-s are well visible and reconstructible in the CMS detector. The
reconstruction of an energetic 7 from electron decay is very sensitive to
detector effects, involving sophisticated background processes [9], so its not
taken account losing 31% of the total signal. Such loss is still sufficiently
low and can be considered acceptable.

The reconstruction accuracy is reduced by the fact that a significant
fraction of 7 leptons (0.18) decays to secondary muons (x') which cannot
be distinguished from primary u-s in the detector. Some arbitrary propor-
tion of 7 energy is carried away by neutrinos in this process. As a result
there are more muons in final states. Occurrence probabilities of different
reconstruction channels are presented in Table 5.1. The second column
shows probabilities of Higgs decay to N p-s and M 7-s. The following
columns describe the final state after 7 decay to u/-s and/or jets. Different
columns mark the number of secondary p-s and the rows designate 7-jets
in the detector recordings. The events having at least one 7 — e in a final
state are not included. The proportions of reconstructible signatures are
marked in a boldface. The table shows that 0...3 7-jet channels together
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with p correction are almost equally important and overall reconstructible
channels comprise 64% of total events.

Decay channel After Higgs After 7 decay (= = jet,)

decay (z =7) | n=0 n=1 n=2 n=3 n=4
T~ —4p 0.1111 0.1111 | 0.0377 | 0.0107 | 0.0012 | 0.0001
ST — 3ulx | 0.2222 0.1443 | 0.0736 | 0.0125 | 0.0014
YT~ — 2u2zx | 0.3333 0.1407 | 0.0478 | 0.0054
OO~ — 13z | 0.2222 0.0610 | 0.0207
TP - 4z 0.1111 0.0198
Sum 1.0 0.64 + 0.05

[1Pe})

Table 5.1: Probabilities of all possible decay channels for ® pairs. “x
in the table marks 7 or, after 7 decay, 7-jet. “n” shows the number of
secondary muons (7 — p’) in the final state. The numbers marked bold

indicate possible reconstruction channels.

The invariant mass of ®*% is calculated from same charged lepton 4-
momentums using the equation

(mF*)? = (f +p3)% (5.1)

where p1 2 is the o or 7 4-momentum. Since the like-sign signal of u-s
or 7-s originate from a doubly charged Higgs boson, the invariant mass
peak measures the mass of doubly charged Higgs, m; = Mg. 4-p final
state allows to obtain invariant masses directly from Eq.(5.1). In channels
involving one or several 7-s, which are registered as 7-jets or secondary p-s
(marked as p’ below), the momenta of jets has to be corrected according
to the equation system:

P, = k'Ply, (5.2)

PTmiss = Zpé“w (53)
i

Mg++ = Mg, (5.4)

where i counts 7-s, p marks 3-momentum, pr, is the vector of trans-
verse momentum of the produced neutrinos, prm:ss is the vector of missing
transverse momentum (measured by the detector) and k; > 1 are positive
constants. Eq.(5.2) describes the standard approximation that the the de-
cay products of a heavily boosted 7 are collinear. Eq.(5.3) assumes missing
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transverse energy only to be comprised of neutrinos from 7 decays. In gen-
eral, it is not a high-handed simplification, because the other neutrinos in
the event are much less energetic and the detector error of ETTC”SS is order
of magnitude smaller. Using the first two formulas, it is possible to recon-
struct up to two 7-s per event. Additional requirement of Eq.(5.4) allows
to reconstruct the third 7 per pair event, although very low measurement
errors are needed.

As mentioned before the p; 2 may also belong to secondary muons,
that cannot be distinguished from primary ones. If reconstructed invariant
masses of @7 and &~ are considerably different, it can be suspected that
one or several p-s originate form 7 decays. In such cases the Eq.(5.2)-(5.4)
has to be used to correct the 4-momenta of decay products. When only
one secondary muon is present, E}mss points the same direction with its
pr. Otherwise ETTC”SS is a superposition of neutrino transverse momenta.
Such correction tightens the invariant mass peak of the signal and does not
produce any artificial background.

5.3 Monte Carlo Study of ®**

The signatures of the signal are usually overwhelmed by similar final states
originating form other processes. For example searching for doubly charged
Higgs (Mg++= 500 GeV) we are expecting 512 events during integrated
luminosity 300 fb~!, but only bb events produce 2.8 x 100 similar 2u+2u~
final states [4].

The main methodology is to simulate all possible background processes
with Monte Carlo generators and invent several selection rules to improve
signal (S) to background (B) ratio until the discovery is possible. The
Monte Carlo simulations are carried out in several stages as described in
Section 4. There are two levels of simulation: the physics generator level
where only momentum vectors of final particles are gained for signal and
background processes, and the full reconstruction level where the particles
are propagated through detector simulation and reconstructed using simu-
lated detector response. The full reconstruction is an order of magnitude
more time consuming.
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5.3.1 Generator Level Only Muon Final States
Four Muon Final States

The background arises mostly from the ZZ, bb and tf production and
their muonic decay. Data-sets of 2.8 x 107 bb,tt and 10° ZZ events for
the background, and the data-sets of 5 x 10° signal events with Mg =
200,500, 1000 GeV were generated. Because those particles are lighter than
® (the present bound from Tevatron is Mg > 136 GeV [95,96]) the back-
ground muons must have smaller pr and it should not give an invariant
mass peak. More details can be found from [5].

The selection rules that were applied on Monte Carlo generated particle
data were:

1. S1: Only the muons with pseudorapidity |n| < 2.4 are detectable in
the typical LHC detector, for example CMS [20]. Therefore, only the
particles with || < 2.4 were selected from Monte Carlo generated
data.

2. 52: All muons with transfer momentum pr < 25 GeV were neglected.

3. 58: Only the events with at least 2 positive and 2 negative muons, the
so called 2u™ 2~ events, were selected. The charge misidentification
rate is very low for the LHC detectors, as mentioned above.

4. §4: The both reconstructed invariant masses with opposite charges
were required to be approximately equal. This selection rule was con-
sidered with two different values: (1) a wider one, 0.5 < mj " /m;~ <
1.5 and (2) a more restrictive one, 0.9 < m;+/m;~ < 1.1, where m7*
is the invariant mass of the same charged muons.

The selection rule S1 was applied first as it is a natural restriction of the
real detectors at the LHC. The restriction of the detectors suppress mainly
the soft energy background as it is more boosted. The S2 filter rules out
all soft background particles and it saves computational resources for the
next steps of the analyses. The S3 rule is natural if we are looking for two
doubly charged Higgs bosons with the opposite charges and we have high
charge identification rate (0.95). The final rule, S4, is based on fact that the
invariant masses of same charged muon pairs have to be equal in the case of
pair production of doubly charged Higgs boson. Naturally, some freedom
is needed in the last condition due to decay width and experimental error
of the detector. Therefore, the two versions of the rule S4 is marked as S4;

and S4s.
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Table 5.2 describes the effect of the different selection rules. As one
can see, after the last selection S4 the background is almost eliminated
around the invariant mass peaks. Figure 5.2 plots the histogram for the
invariant mass distribution of the like-sign muons for Mg = 500 GeV and
Mgy 1000 GeV. The darkest histogram marks the signal left after the
passage of full selection and the lightest histogram marks the signal in the

detector (|n| < 2.4).

Process Number of invariant masses

no cut ‘ pr > 25 ‘ S4q ‘ S49
Energy range 100...300 GeV
tt— 2u2u~ 17192 875 381 86
bb — 2ut 20~ 20196 1009 0 0
Z7Z —2u2u~ | 1313 655 345 67
M3=200 GeV | 4831 (3593) | 3909 (3212) | 3664 (3178) | 3182 (2863)
Energy range 250...750 GeV
tt— 2u2u~ 754 76.6 13.6 0
bb— 2ut2u~ | 0 0 0 0
27 —2ut2u~ | 172 81.5 26.6 3.0
Ms=500 GeV | 151 (112) 143 (111) 129 (109) 98 (96)
Energy range 500...1500 GeV
tt— 2uT2u~ 18.4 1.9 0 0
bb— 2ut2u= |0 0 0 0
Z7 —2ut2u | 21.7 10.6 1.7 0
M3=1000 GeV | 4.52 (3.37) | 4.37 (3.36) | 3.87 (3.30) | 2.91 (2.88)

Table 5.2: The number of ®*+ candidates form 2724~ final states passing
all the selection rules. The primary 24724~ events are given in the brackets.
For the signal the branching ratios are BR(®** — p*pu®) = BR(®*F —
pErE) = BR(®FE — 757F) = 1/3.

For the mass Mg = 1 TeV one expects only ~ 3 doubly charged
Higgs candidates although the total number of produced ®*+ is ~ 33.
As BR(®** — p*pu®) = 1/3 the strong signal suppression occurs because
the probability for both ®** to decay to two muons is (1/3)? = 1/9. The
LHC can reach the ® mass close to 1 TeV in the best case. To fully use
CMS detector capacity must also be reconstructed tau leptons.
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Figure 5.2: Distribution of the invariant mass of two like-sign muons. The
darkest histogram marks the signal after full set of cuts for the 2472~ final
state in the case of Mg = 500 GeV and Mg = 1000 GeV (the left and right
panel, respectively). The background is very low around the invariant mass
peak of the Higgs signal. In addition to the standard model background,
the small “tail” of the self-generated ® — 7 — u background is visible at
the smaller invariant mass region close to the Higgs mass peak. The lighter
histograms mark the signal with less selections applied, as indicated in the
figures.

Two Muon Final States

In order to increase the LHC mass reach for ®** discovery it was also
studied the two like-sign muon final states (for details [4]). Although in
this case one can identify more signal event candidates, also the background
is larger. The dominant background processes giving 2u* final states are
listed in Table 5.3. Because the Monte Carlo generated data sets contain
also additional muons from secondary decays the process like Z° — putpu~
has to be added as additional background. Combining one of the Z decay
products with the secondary muon one gets the fake signal which has to
be eliminated. The tt, bb, ZZ background and the signal datasets are the
same as in the 44 study.

To minimize the background it is used the following selection rules. S1:
event is counted only if it contains at least one like-sign muon pair. S2:
event is rejected if it contains a quark with p}* ¥ > 20 GeV. This corresponds
to the jet veto and reduces the background from hadronic processes. S3:
only muons with the pseudorapidity n < 2.5 are observable in CMS or
ATLAS experiments. S4: it is required an opening angle between the two
like-sign muons to be ¢ < 2.5. S5: only muons with pr > 50 GeV are
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Process N S1 52 S3 S4 S5
expected | 2u® p%ft >20|n<25|¢<25 |pr>50

background
bb 2.8-101019.4-.10% | 2.6-107 | 2.5-10°| 1.2-10° 0
tt 1.3-10% | 1.4-107 | 3.6-10° |1.7-10° | 1-10° 4.4
WWw 2.7-10% | 1022 885 335 204 0
wZz 106 111 110 62 35 1.7

Z—2u | 1.5-10" |8.6-10°| 6.6-10° |2.6-10° | 1.5-10° | 12.8
7 — 27 2.5-10% [ 1.4-10° | 1.1-10° | 4.5-10%* | 2.6 - 10* 0

zZ7Z 177 369 363 207 115 7.5
total 26.4
signal

Mp =200 | 2-10* |1.6-10*| 1.6-10* | 1.3-10*| 8513 5832
Mg = 500 512 401 389 356 225 199
Mg = 1000 15 11 11 10 6 5.7

Table 5.3: The number of expected background and signal events for the
integrated luminosity 300 fb~!, and the number of ®** candidates from
the 2uT final states passing each cut. For the signal events we have taken
BR(®*T — utut) =1/3.

taken and the events with at least one like-sign muon pair are selected.
The number of events passing each selection rule are given in Table 5.3.

5.3.2 Full Reconstruction of ;4 and 7 Final States

The Monte Carlo generated events were propagated through CMS detector
with ORCA software to simulate the full detector response. Datasets were
produced with Higgs boson mass from 200 GeV to 600 GeV and background
processes that were taken account were as follows (for more details [2]):

o tt — WTW~bb generated by PYTHIA, COMPHEP, ALPGEN,
TOPREX and MADGRAPH with W boson decay W — v ({ =
e, i, 7) forced.

o tt Z— WHW~Zbb generated with COMPHEP. The W and Z bosons
are allowed to decay arbitrarily.
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e 7Zbb where the Z boson decays to muons and 7 leptons, generated

with COMPHEP.

e 77 generated with PYTHIA, where the Z bosons are forced to decay
leptonically (e, pt, 7). The contribution of 4* is included with m.- >12
GeV.

The next-to-leading order (NLO) cross sections times branching ratios
used for the backgrounds for t# —4l, Zbb, ZZ and tt Z are accordingly
88.4-10%, 52.4 - 103, 229.5 and 650 fb-s. The Monte Carlo statistics of the
generated background exceed 30fb~! except Zbb background, where it is
8fb~!. Therefore the results will be presented for an integrated luminosity
of 10fb~ 1.

The events were triggered by the single muon trigger at Level 1 and
HLT. After HLT the event was only used if it was possible to reconstruct
the event primary vertex. If the primary vertex failed to be reconstructed
the event was rejected.

The muons were reconstructed using Global Muon Reconstructor. The
7 leptons were reconstructed using 7-jet candidates and missing transverse
energy after selection cuts. The doubly charged Higgs boson invariant mass
was reconstructed from the same charge lepton pairs after all selection cuts.

The selection cuts used on muons:

e the transverse momentum must be higher than 50 GeV. For back-
ground events 80% of muons have pr less than 50 GeV while for the
signal with Higgs boson mass 200 GeV it is 27% and for higher masses
it reduces to around 10%.

e the distance to primary vertex in z-direction must not exceed 0.03
cm. It does not cut away any muons from the signal events but limits
analysis to leptons coming from the same primary vertex.

The selection cuts used on 7 jets:

e for 7 jets we consider 7 decays which involve 1 or 3 charged tracks.
We use 7-jet candidates which passed the 7-jet filtering algorithms
described in [92]. Two isolation criteria were used. Either one or
three charged tracks in the signal cone and no charged tracks in the
isolation cone or two tracks in signal cone and exactly one charged
track in the isolation cone.

e the maximal distance to the primary vertex in the z-direction of any
charged track in the 7 jet must not exceed 0.2 cm.
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mgi (GeV) 200 300 400 500
Nev expected at 10 h! 26 10 4 2
oNLOT stat 93.9719% 1 19.6728 | 5.9752 [ 2.2
+syst (fb) +12.2 +2.5 +0.8 +0.3
Luminosity for 1.3 3.0 7.7 16.8
95% CL exclusion, fb~*

Table 5.4: Expected number of events, NLO cross section with expected
statistical and systematic uncertainty of the cross section measurement at
10fb~1, and integrated luminosity needed for exclusion at 95% CL [2]

e the transverse energy of the hottest HCAL tower of the 7 jet must be
higher than 2 GeV. This cut eliminates 86% of all electrons taken as
7 candidates and only removes 7.5% of real 7 jets.

e the transverse energy of the 7 jet candidate must exceed 50 GeV. It
has been chosen to be the same as the cut used on muons.

e no muon track should be in a cone with AR = 0.3 constructed around
the 7-jet candidate. If there is, then the candidate is dropped. This
eliminates false 7-jet candidates which are generated when a charged
muon track passes the same region as photons or hadrons. With this
cut only a few real 7 jets are discarded; however most of the false 7
jets coming from this misidentification are rejected.

Missing transverse energy (ErTniSS) was reconstructed using calorimeter
Type 1 EXiss (EIISS with the jet energy corrections) and pr of muons.

Once the event leptons were reconstructed, some additional selections
were performed:

e 7 boson veto - if the odd sign pairing gives an invariant mass of 9145
GeV then these leptons are removed from further use.

e Same charge lepton pairs are reconstructed and only those recon-
structed Higgs candidate pairs whose invariant mass difference is
within 20% of each other are considered.

The reconstructed mass of doubly charged Higgs boson is shown on
Figure 5.3 for the Higgs boson masses 200 and 500 GeV.

The selection rule efficiencies for signal and background processes can
be found from [2]. Table 5.4 shows also the integrated luminosity needed
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Figure 5.3: The reconstructed invariant mass for M(®**)=200 GeV and 500 GeV.

for exclusion at 95% CL and summarizes the expected number of events at
10fb~! with expected statistical and systematic uncertainties.

5.3.3 Generator Level of ;4 and 7 Final States

The full detector study showed that the statistical information about events
was too scarce to work out the best kinematical selection rules. Because of
a big software change from ORCA, OSCAR, etc. to CMSSW framework
additional production of signal and background events was impossible for
almost a year. Consequently another generator level work was done on all
four-lepton final states. This work was meant to be more general, not only
for CMS detector. Nevertheless, the estimation of detector effects to the
discovery potentials was based on the CMS performance that was predicted
by the already obsolete version of CMS software.

This study comprised only the four-lepton background processes with
reasonable cross-sections: pp — tt, pp — ttZ, pp — ZZ (for more de-
tails [3]). The importance of other processes was ruled out by previous
studies. PYTHIA was used to generate tt and ZZ background (tt is forced
to decay to WWbb and W leptonically). COMPHEP was used to generate
the Ztt background via its PYTHIA interface [98,99].

Generated particles were reconstructed within the pseudorapidity region
In| < 2.4 and with transverse momentum higher than 5 GeV. These were
the natural restrictions of the CMS and ATLAS detectors at the LHC.
These restrictions suppressed mainly the soft Standard Model background.
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A clear signal extraction from the Standard Model background was
achieved using a set of selection rules imposed on a reconstructed events in
the following order.

e S1: events with at least 2 positive and 2 negative muons or jets which
had |n| < 2.4 and pr > 5 GeV were selected.

e 52: > pr (scalar) sum of 2 most energetic positive and negative p-s
or 7-jets had to be bigger than a certain value (depending on Higgs
mass). The advantage compared to the widely used pp cut for a single
particle can clearly be seen from Figure 5.4.

e 53: Z-tagging — if invariant mass of the pair of opposite charged u-s
or T-jets was nearly equal to Z mass (85-95 GeV), then the particles
were eliminated from the analysis.

e 54: as ®-s were produced in pairs, the reconstructed invariant masses
(in one event) had to be equal. We used the following condition for
further background suppression

0.8 <mft/m;~ <12 (5.5)

If the invariant masses satisfied the condition they were included to
the histogram. Otherwise it was suspected that some p-s might orig-
inate from 7 decay, and made an attempt to find corrections to their
momenta according to the method described above. Figure 5.5 gives
a clear picture of the behavior of signal and background under this
selection rule.

While the selection rules S1, S3 and S4 are independent of the Higgs
mass, the selection rule S2 () pr cut) has to be optimized for a certain
Higgs mass value. The cut may be set to a very high value which elimi-
nates all background events, but inevitable loss in signal may postpone the
discovery of new physics at LHC. Thus it was natural to take the mini-
mal discovery luminosity (L,) as the optimization criteria. Looking for
a cut value that enables to make a discovery with the lowest luminosity, we
are dealing with small signal and background expectations by definition.
Simple significance estimators cannot be exploited here. The log-likelihood
ratio (LLR) statistical method [100,101] was used to demand 50 discov-
ery potential to be bigger than 95% (1 — CLgyp > 0.95) as for a discovery
criteria. This is a rather strong requirement, because it allows to make
a discovery (meaning the fluctuation of background may mimic the out-
come of an experiment with probability less than 2.9 -10~7 (50) ) during
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Figure 5.4: The left panel shows the distribution of events according to
scalar sum of 2 most energetic (highest pr) positively and 2 most energetic
negatively charged muons or jets (> pr). The right panel shows the dis-
tribution of events considering traditional pr cut for single particles. Both
figures correspond to luminosity £ = 30fb~!.

the specified luminosity with a probability of 95% (if s+b hypothesis is
correct). The widely used convention, that significance should exceed five,
gives only 50% discovery potential in Gaussian limit and diminishes to very
small values when background approaches zero.

The best value for S2 cut does depend on Mg but is not too sensi-
tive to it. Typically the > pr can be assigned a value with a precision
of 100 GeV while affecting the minimum luminosity by only a couple of
percent. In the Table 5.5 the approximated middle point of this value is
given. As the best S2 cut is very strong, it suppresses almost entirely the
generated background (being combined with the other selection rules). For
Higgs masses above 500 GeV the background is totally suppressed and the
discovery potential criteria meets the requirement for 3 signal events (6 in-
variant masses). Nevertheless we cannot infer that the background is really
zero in nature. To estimate the statistical error due to final number of gen-
erated background events we have found 95% upper limit of background
according to Poisson statistics [2]. Using this limit in LLR analysis we get
much higher luminosities for discovery. Even a very small background ex-
pectancy (b = 0.01) gives some possibility to have one (9.9 - 1073) or two
(4.9-1075) background events in the experiment and these outcomes cannot
be interpreted as discovery anymore. This phenomenon shifts the minimal
required luminocity to much higher values denoted as L4, in Table 5.5
(marked as MC).

As the full detector simulation was not possible at that time due to
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Figure 5.5: Distribution of events according to the ratio of reconstructed
invariant masses (mg++/me--) (no other cuts are applied). The figure
corresponds to luminosity £ = 30fb~1.

the big software change the detector effects were estimated using simplified
smearing technique [3]. The result of such a distortion is a decrease in both
signal and background approximately by factor two (Table 5.5) (marked as
Det Eff). As the background and the signal decrease proportionally, the
luminosity needed for discovery roughly doubles.

Mass of ® 200 300 | 400 | 500 | 600 | 700 | 800 | 900 | 1000
Optimal S2 300 400 | 600 | 700 | 860 | 860 | 860 | 860 | 860
MC Lyin 025 109320 |36 |8 17 |34 |62 | 120
MC Lz 026 |1.03|31 |70 |17 |38 |77 | 160 | 320
Optimal S2 300 400 | 600 | 700 | 860 | 860 | 860 | 860 | 860
Det Eff £, | 0.526 | 1.20 | 3.0 | 6.6 |15 |30 | 60 | 111 | 200
Det Eff L4, | 0.546 | 2.19 | 6.5 | 16.6 | 39 | 8 | 190 | 420 | 900

Table 5.5: Optimal }_ pp cut for different Higgs masses and the correspond-
ing minimal discovery luminosities: the lower (L,i,) corresponds to the
generated background in our analyses and the higher (L£;,4,) corresponds
to 95% upper limit of the background error.
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Chapter 6

Conclusions

It is shown that the scalar triplet Higgs model is a very simple and promising
extension to the Standard Model. It provides an interesting connection
between high energy physics at the LHC collider and lower energy physics at
the neutrino experiments. The neutrino mass mechanism which naturally
occurs in those models can be directly tested through the detection of
doubly charged Higgs boson.

There is a very pure experimental signature from the leptonic decays
of Drell-Yan pair produced Higgs bosons. To investigate the detection
possibilities several Monte Carlo studies were carried out, including pure
physics generator level as well as full detector simulations. Appropriate
selection rules and reconstruction techniques were derived for four-lepton
signal using muons and 7 leptons. As it is found out from the Monte Carlo
simulations, the CMS experiment should be capable of detecting the Higgs
boson if its mass stays below 1 TeV.

Once it is found and sufficient statistical data is collected (in lower ®++
masses) about its leptonic decay branching ratios it will be possible to mea-
sure the currently unknown neutrino parameters that neutrino oscillation
experiments are not sensitive to. These include the mass hierarcy, the mass
of the lightest neutrino and the Majorana phases [11].
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Chapter 7

Summary of the Related
Publications

The thesis links the studies of five publications from the dissertant [1-5].
The work does not include the set of publication, reports and technical
notes from the dissertant, which are not directly related to the topic of the
current thesis. This excluded set of publications covers some experimental,
detailed technical and computational topics in particle physics [6-10].

7.1 Publication I

M. Raidal et al.
“Flavour physics of leptons and dipole moments.”
EPJ. C 57 (2008) 715 [arXiv:0801.1826].

This work has been done as a chapter of the report of the “Flavour
in the era of the LHC” workshop at CERN. In general, the report dis-
cusses a wide set of theoretical, phenomenological and experimental issues
related to flavour phenomena in the charged lepton sector and in flavour-
conserving CP-violating processes. The current experimental limits and the
main theoretical models for the flavour structure of fundamental particles
are reviewed carefully. The phenomenological consequences of the avail-
able data are analyzed to setting constraints on explicit models beyond the
Standard Model. The benchmarks for the discovery potential of forthcom-
ing measurements both at the LHC and at low energy (g—2, factories etc)
are presented. Some suggestions are made for possible future experiments.

In concrete, our studies in the current framework are focused on an
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open issue, the origin of non-zero neutrino masses in the context of Little
Higgs models. The neutrino mass occurs naturally in these models from
the triplet Higgs mechanism (type-1I see-saw) which employs a scalar with
the SU(2)1, x U(1)y quantum numbers ®(3,2). The existence of the triplet
in some versions of the Little Higgs models is a direct consequence of global
symmetry breaking. The global symmetry is needed to protect the Stan-
dard Model Higgs from the radiation corrections of higher scales. In other
words, the global symmetry is a possible solution for the hierarchy problem.
As an example, in the minimal Littlest Higgs model, the triplet Higgs with
non-zero hypercharge occurs from the breaking of global SU(5) down to
SO(5) symmetry as one of the Goldstone bosons. Its mass Mg, f, where
gs < 4m, is a model dependent coupling constant in the weak coupling
regime. It is therefore predicted to be below the cut-off scale A and it
could be within the mass reach of LHC. The present lower bound for the
invariant mass of ® is set by Tevatron to Mg > 136 GeV.

7.2 Publication II

G. L. Bayatian et al. [CMS Collaboration]
“CMS technical design report, volume II: Physics performance.”
J. Phys. G 34 (2007) 995.

This report is the result of several years of work of the CMS collabo-
ration on the preparation for physics analysis at the CERN LHC collider
experiment with the CMS detector. The report includes all the subprojects
in all areas (Detector, PRS, Software and Computing) in order to produce
the large Monte Carlo simulation samples needed, to develop the software
to analyse those samples, to perform the studies reported, and to review
the findings of the collaboration.

Our work covers Section 2 in Chapter 12 of the report, p.p. 392-402. We
have investigated the possibility of direct tests of little Higgs models incor-
porating the triplet Higgs neutrino mass mechanism at LHC experiments.
We have performed Monte Carlo studies of Drell-Yan pair production of
doubly charged Higgs boson &1+ (in the context of LHC). After the boson
is produced, it decays into leptons with the branching ratios fixed from
neutrino oscillation data. We propose appropriate selection rules for the
four-lepton signal, including reconstructed taus. The Standard Model back-
ground can be effectively eliminated in the context of the CMS detector, so
we optimize our analysis for a small number of signal events to reach the
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discovery at the lowest possible integrated luminosity. In this case, correct
statistical treatment of the discovery potential is a crucial aspect. Adding
detection efficiencies and measurement errors to our Monte Carlo analyses,
@t can be discovered with the integrated luminosities (exclusion at 95%
CL): 1.3 fb~! at Mg = 200 GeV, 3.0 fb~! at Mg = 300 GeV, 7.7 fb~! at
Mg = 400 GeV, 16.8 fb~! at Mg = 500 GeV.

7.3 Publication III

A. Hektor, M. Kadastik, M. Miintel, M. Raidal, and L. Rebane.

“Testing neutrino masses in little Higgs models via discovery of doubly
charged Higgs at LHC.”

Nucl. Phys. B 787 (2007) 198 [arXiv:0705.1495].

The possibility of direct tests of little Higgs models incorporating triplet
Higgs neutrino mass mechanism have been studied at the CERN LHC ex-
periments. We have used Monte Carlo techniques to study the Drell-Yan
pair production of doubly charged Higgs boson &1 followed by its lep-
tonic decays. The neutrino oscillation data fixes the branching ratios of
the decays. We have proposed some selection rules for the four-lepton sig-
nal including reconstructed tau leptons. The rules are optimized for the
discovery of @+ with the lowest LHC luminosity phase. We show that the
Standard Model background can be effectively eliminated. An important
aspect of our study is the correct statistical treatment of the LHC discov-
ery potential in the region of small event numbers. Together with included
detection efficiencies and measurement errors, in the Monte Carlo analysis
&1 can be discovered up to the mass 250 GeV in the first year of LHC,
and 700 GeV mass is reachable for the integrated luminosity L = 30 fb~!
of LHC.

7.4 Publication IV

B. C. Allanach et al.

“Les Houches ‘physics at TeV colliders 2005’ beyond the standard model
working group: Summary report.”

(2006) [arXiv:hep-ph/0602198].

This is a summary report of the fourth Workshop: “Physics at TeV
Colliders” in Les Houches which brought together theorists and experi-
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mentalists who were working on the phenomenology of the upcoming TeV
colliders. Although the summary report is not published in any journals, it
is well known and quite highly cited through electronic library servers. It
comprises several Beyond the Standard Model problems (SUSY and non-—
SUSY) as well as some computing tool issues.

Our work covers Part 28 in the report, p.p.191-196. Motivated by pre-
dictions of the littlest Higgs model, full detector simulation Monte Carlo
studies are carried out for doubly charged Higgs pair production. We as-
sume that triplet Higgs also generates the observed neutrino masses which
fixes the @+ leptonic branching ratios. This allows to test neutrino mass
models at LHC. We have generated and analyzed the signal as well as
the background processes for both four muon and two muon final states.
Studying the invariant mass distribution of the like-sign muon pairs allows
to discover the doubly charged Higgs with the mass Mg= 1050 GeV. Re-
laxing the neutrino mass assumption, and taking BR(® — p+ p) = 1, the
LHC discovery reach increases to Mg = 1.2 TeV

7.5 Publication V

A. Hektor, M. Kadastik, K. Kannike, M. Miintel, M. Raidal
“Studying doubly charged Higgs pair production at the LHC.”
Estonian Acad. Sci. Phys. Math. 55(2) (2006) 128.

The little Higgs models predict a rich phenomenology for the future
collider experiments. Our attention is focused on the littlest Higgs model.
We carry out a generator level Monte Carlo study of the doubly charged
Higgs pair production (pp — ®*T®~ 7). The branching ratios are fixed
using an assumption that, in addition, the observed masses of the neutrinos
are generated by triplet Higgs: BR (®** — p*u®) = BR (& — ptrt)
= BR (®** — 7%7%) = 1/3. We study the invariant mass distribution
of same-charged muon pairs (®**+ — 2u%) together with the background
processes from the standard model: bb, tt, and ZZ production. To suppress
the background, we propose a new type of selection rule, suitable in the case
of production of the pairs of equal mass particles (®**). This selection rule
ensures high significance of the signal over the background of the Standard
Model and implies a very small cut of the signal under study. At the Monte
Carlo level the doubly charged Higgs can be visible at the LHC in the mass
range up to approximate 1 TeV.
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Summary in Estonian

Topleltlaetud Higgsi Bosoni Detekteerimine CMSi
Detektoril

Elementaarosakeste Standardmudel on olnud &#rmiselt edukas kirjel-
damaks elektromagnetilist, norka ja tugevat interaktsiooni osakeste vahel.
Ometi on sellel ka méned olulised puudused, mis on pannud fiiiisikuid otsi-
ma vbimalikke taiendusi, et seletada teistest eksperimentidest teadaolevaid
andmeid, mida Standardmudel ei kirjelda. Uheks selliseks ajendiks on neut-
riinode ostsillatsioonidest teadaolevad neutriinode massid. Kuigi Standard-
mudelis sisalduv Higgsi véli voimaldab stimmeetria spontaanse rikkumise
kaudu seletada teiste osakeste masse, jitab see neutriinod massituks.

Lisades Standardmudelile skalaarse tripleti, millel on vastasmg&ju ainult
leptonite ja elektronorga sektoriga, voib ennustada uut osakest, topeltlae-
tud Higgsi bosonit. See on iiks SU(2), tripletse Higgsi bosoni komponent,
mis on seotud elektronorga siimmeetriarikkumise véiksema Higgsi mudeli-
ga.

Kéesolev doktorit66 (“Topeltlaetud Higgsi bosoni detekteerimine CMS-i
detektoril”) vatab kokku viis autori poolt doktoriopingute perioodil aval-
datud publikatsiooni, milles on uuritud topeltlaetud Higgsi bosoni avasta-
mise voimalusi peagi kidikumineval LHC kiirendil. Monte Carlo meetodiga
on uuritud bosonipaaride teket (pp — ®TT®~7) ja nende jérgnevaid la-
gunemisi leptoniteks. Erinevate lagunemiskanalite jaoks on vilja t66tatud
analiiiisialgoritmid, mis voimaldavad eristada otsitavat osakest teistest sa-
malaadseid eksperimentaalseid jélgi andvatest Standardmudeli taustaprot-
sessidest. Osutub, et topeltlaetud Higgsi boson on avastatav, kui selle mass
jéab alla 1 TeV.

Kui reaalses eksperimendis onnestub topeltlactud Higgsi boson leida
ja on olemas piisav statistika selle lagunemiskanalite kohta, on voéimalik
maéadrata nende harusuhete kaudu ka mitmeid neutriinode parameetreid, mis
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jaavad ostsillatsiooni eksperimentidele kéttesaamatuks (neutriinode massi-
de hierarhia, kergeima neutriino mass ja Majorana faasid).

Doktoritoé algab iilevaatega Suurest Hadronite Porkurist (LHC)
ja selle CMS-i eksperimendi riistvarast. Jargeb iilevaade elektronorga
stimmeetria rikkumise probleemist (EWSB) ja supersiimmeetriast (SUSY)
kui voimalikust lahendusest sellele. Alternatiivse voimalusena on tutvusta-
tud véaiksemat Higgsi mudelit ja nédidatud, kuidas seda saab siduda neutrii-
node fiitisikaga LHC eksperimendis. Neljas peatiikk kirjeldab Monte Carlo
eksperimentide pohimotteid ja annab iilevaate vastavast CMS tarkvarast.
Viies peatiikk votab kokku erinevad MC uuringud topeltlactud Higgsi bo-
soni kohta. T66 16ppeb pogusa kokkuvotte ja iilevaatega lisatud publikat-
sioonidest.
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measurement ofi — ey with polarized muons. Measuring the angular distributidrihe outgoing
electrons, one can determine the size of left- and rightleédrcontributions separately [639]. In addi-
tion, detecting also the electron spin would yield inforimaton the relative phase between these two
contributions [640]. We recall that the LHT model is pecuiiathis respect as it does not involve any
right-handed contribution.

On the other hand, the contribution of mirror leptons(go— 2),,, being a flavour conserving
observable, is negligible [628,631], so that the possiiderdpancy between SM prediction and experi-
mental data [641] can not be cured. This should also be tattavith the MSSM with largean 3 and
not too heavy scalars, where those corrections could béisagmt, thus allowing to solve the possible
discrepancy between SM prediction and experimental data.

5.1.3.3 Conclusions

We have seen that LFV decays open up an exciting playgrounte$ting the LHT model. Indeed,
they could offer a very clear distinction between this maatedl supersymmetry. Of particular interest
are the ratiosB(¢; — eee)/B(¢; — ev) that areO(1) in the LHT model but strongly suppressed in
supersymmetric models even in the presence of significaggdicontributions. Similarly, finding the
u — e conversion rate in nuclei at the same levelB{g — ey) would point into the direction of LHT
physics rather than supersymmetry.

5.1.4 Low scale triplet Higgs neutrino mass scenarios intlétHiggs models

An important open issue to address in the context of Littiggdimodels is the origin of non-zero neutrino
masses [642—-646]. The neutrino mass mechanism which tigtocaurs in these models is the triplet
Higgs mechanism [234] which employs a scalar with$i&2);, x U (1)y quantum numberg ~ (3,2).
The existence of such a multiplet in some versions of théelLlitiggs models is a direct consequence of
global symmetry breaking which makes the SM Higgs light. &ample, in the minimal Littlest Higgs
model [614], the triplet Higgs with non-zero hyperchargews from the breaking of globefU (5)
down to.SO(5) symmetry as one of the Goldstone bosons. Its nddss~ g, f, wheregs < 4 is a
model dependent coupling constant in the weak couplingrre47], is therefore predicted to be below
the cut-off scale\, and could be within the mass reach of LHC. The present losend for the invariant
mass of’ is set by Tevatron td/ > 136 GeV [648, 649].

Although the triplet mass scale is of ord®(1) TeV, the observed neutrino masses can be obtained
naturally. Due to the specific quantum numbers the triplgfgldiboson couples only to the left-chiral
lepton doubletd; ~ (2, 1), ¢ = e, u, 7, via the Yukawa interactions of Eq. (3.61) and to the SM Higgs
bosons via Eq. (3.62). Those interactions induce leptondiaviolating decays of charged leptons which
have not been observed. The most stringent constraint oviutkeeva couplings comes from the upper
limit on the tree-level decay — eee and i8% YV < 3-1075(M/TeV)? [650, 651]. Experimental
bounds on the tau Yukawa couplings are much less stringeln¢ hierarchical light neutrino masses
imply Y&¢, Y7# < Y7 consistently with the direct experimental bounds.

Non-zero neutrino masses and mixing is presently the orpgixentally verified signal of new
physics beyond the SM. In the triplet neutrino mass mechafi84] presented in Section 3.2.3.2 the
neutrino masses are given by

()" = Yvr, (5.26)

wherevr is the induced triplet VEV of Eq. (3.63). It is natural thaetemallness of neutrino masses is
explained by the smallness of. In the little Higgs models this can be achieved by requirtmg Higgs
mixing parametep: < My, which can be explained, for example, via shining of explEpton number
violation from extra dimensions as shown in Ref. [652, 688]f the triplet is related to the Dark Energy

181 Little Higgs models withI-parity there exist additional sources of flavour violatiosm the mirror fermion sector [628,
631] discussed in the previous subsection.
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of the Universe [654, 655]. Models with additional (approgte)T-parity [615] make the smallness of
v technically natural (if the-parity is exactyr must vanish). In that casérvr ~ O0(0.1) eV while
the Yukawa couplingd” can be of order charged lepton Yukawa couplings of the SM. Aesalt, the
branching ratio of the decay — WW is negligible. We also remind that- contributes to the SM
oblique corrections, and the precision data fik 2 - 10~ [656] sets an upper boung: < 1.2 GeV on
that parameter.

Notice the particularly simple connection between the flengiructure of light neutrinos and the
Yukawa couplings of the triplet via Eq. (5.26). Thereforelépendently of the overall size of the Yukawa
couplings, one can predict the leptonic branching ratiaketriplet from neutrino oscillations. For the
normally hierarchical light neutrino masses neutrino datplies negligibleT” branching fractions to
electrons and3(T"+ — ptut) =~ BTt — 7trT) =~ B(T*" — ptr+) ~ 1/3. Those are the final
state signatures predicted by the triplet neutrino mas$ergsm for collider experiments.

At LHC T+ can be produced singly and in pairs. The cross section ofrigeed™++ production
via the WW fusion process [650fg — ¢'¢’T*+ scales as- vZ. In the context of the littlest Higgs
model this process, followed by the decagst — WTW+, was studied in Refs. [657-659]. The
detailed ATLAS simulation of this channel shows [659] thabider to observe anTeV T, one must
havevr > 29 GeV. This is in conflict with the precision physics bound < 1.2 GeV as well as with
the neutrino data. Therefore thEWW fusion channel is not experimentally promising for the disary
of doubly charged Higgs.

On the other hand, the Drell-Yan pair production proces$,[660—666]
pp— T T~

is not suppressed by any small coupling and its cross seistiamown up to next to leading order [662]
(possible additional contributions from new physics suelra are strongly suppressed and we neglect
those effects here). Followed by the lepton number vialptiacaysr'**+ — ¢*¢*, this process allows
to reconstruc™** invariant mass from the same charged leptons renderinghhbagkground to be
very small in the signal region. If one also assumes thatrimeutnasses come from the triplet Higgs
interactions, one fixes thE+* leptonic branching ratios. This allows to test the tripletittino mass
model at LHC. The pure Monte Carlo study of this scenario shf8@5] that?’™* up to the mass 300
GeV is reachable in the first year of LHC (= 1 fb~!) and7** up to the mass 800 GeV is reachable
for the luminosity = 30 fb~!. Including the Gaussian measurement errors to the Monte Glael
corresponding mass reaches become [665] 250 GeV and 700r&péctively. The errors of those
estimates of the required luminosity for discovery deperahgly on the size of statistical Monte Carlo
sample of the background processes.

5.2 Flavour and CP-violation in SUSY extensions of the SM

Supersymmetric models provide the richest spectrum oblefiavour and CP-violating observables
among all models. They are also among the best studied scei@new physics beyond the Standard
Model. In this Section we review phenomenologically mogttiesting aspects of some of the supersym-
metric scenarios.

5.2.1 Mass insertion approximation and phenomenology

In the low energy supersymmetric extensions of the SM thetfiaand CP-violating interactions would
originate from the misalignment between fermion and sfermmass eigenstates. Understanding why
all these processes are strongly suppressed is one of the pnablems of low energy supersymmetry,
thesupersymmetric flavour and CP probleiithe absence of deviations from the SM predictions in LFV
and CPV (and other flavour changing processes in the quattrsegperiments suggests the presence
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Abstract

In this analysis note we discuss the search methods for doubly charged Higgs bosons pair-produced by
the Drell-Yan process (pp — ATTA~7). We investigate the decays involving both muons and taus.
The search is carried out over the mass range of 200 - 600 GeV with 100 GeV steps. Branching ratios
are assumed to be equal among the final states with yu, 7 and 77. The integrated luminosity used
in this study is 10 fb~! based on the amount of background datasets available. As no background is
expected we can measure the cross section directly and estimate the systematic and statistical uncer-
tainties. We are able to discover the doubly charged Higgs boson up to the mass of 210 GeV and can
set the 95% CL exclusion limit at the mass of 480 GeV.



1 Introduction

The main motivation of the Large Hadron Collider (LHC) experiments is to reveal the secrets of electroweak sym-
metry breaking. If the standard model (SM) Higgs boson will be discovered, the question arises what stabilizes its
mass against the Planck scale quadratically divergent radiative corrections. The canonical answer to this question is
supersymmetry which implies very rich phenomenology of predicted sparticles in the future collider experiments.

More recently another possibility of formulating the physics of electroweak symmetry breaking, called the little
Higgs, was proposed [2, 6, 3]. In those models the SM Higgs boson is a pseudo Goldstone mode of a broken global
symmetry and remains light, much lighter than the other new modes of the model which have masses of order the
symmetry breaking scale O(1) TeV. In order to cancel one-loop quadratic divergences to the SM Higgs mass a new
set of heavy gauge bosons W', Z’ with the SM quantum numbers identical to W Z, and a vectorlike heavy quark
pair T', T with charge 2/3 must be introduced. Notice that those fields are put in by hand in order to construct a
model with the required properties. However, the minimal model based on the SU(5)/SO(5) global symmetry, the
so-called littlest Higgs model [1], has a firm prediction from the symmetry breaking pattern alone: the existence
of another O(1) TeV pseudo Goldstone boson A with the SU(2)y, x U(1)y quantum numbers A ~ (3,2).

Interestingly, the existence of triplet Higgs A might also be required to generate Majorana masses to the left-
handed neutrinos [18]. Non-zero neutrino masses and mixing is presently the only experimentally verified signal
of new physics beyond the SM. In the triplet neutrino mass mechanism [14] the neutrino mass matrix is generated
via

(my)ij = (Ya)ijva, 1)

where (Y );; are the Majorana Yukawa couplings of the triplet to the lepton generations ¢, j = e, 1, 7 which are
described by the Lagrangian ~ B
L =il5,mY(r A)lp;+ h.c., ()

and v, is the effective vacuum expectation value of the neutral component of the triplet induced via the explicit
coupling of A to the SM Higgs doublet H as uA°H°HO. Here ;1 has a dimension of mass. In the concept of
seesaw 1 ~ Ma, and the smallness of neutrino masses is attributed to the very high scale of triplet mass Ma via
the smallness of va = pv?/M3, where v = 174 GeV.

However, in the littlest Higgs model the triplet mass scale is O(1) TeV which alone cannot suppress va . Therefore
in this model ;1 < Ma, which can be achieved, for example, via shining from extra dimensions as shown in
ref. [12, 13] or if the triplet is related to the Dark Energy of the Universe [15]. In that case va ~ O(0.1) eV
while the Yukawa couplings YA can be large. For the normally hierarchical light neutrino masses neutrino data
implies very small A decay branching fractions to electrons and BR(AT" — ptpu™) ~ BR(ATT — 777) ~
BR(A*T — pt77) ~ 1/3. We remind also that va contributes to the SM oblique corrections, and the precision
data fit T < 21074 [16] sets an upper bound va < 1.2 GeV on that parameter.

At LHC A** can be produced singly and in pairs. The cross section of the single A** production via the
WW fusion process [11] gqg — ¢'¢’ AT+ scales as ~ v3. In the context of the littlest Higgs model this process,
followed by the decays AT+ — WHW, was studied in ref. [9, 10, 4]. The detailed ATLAS simulation of this
channel shows [4] that in order to observe 1 TeV AT, one must have va > 29 GeV. This is in conflict with the
precision physics bound va < 1.2 GeV as well as with the neutrino data. Therefore the W'W fusion channel is
not experimentally promising for the discovery of very heavy doubly charged Higgs.

On the other hand, the Drell-Yan pair production process [8, 11] pp — ATTA~~ is not suppressed by any small
coupling and its cross section is known up to next to leading order [17] (possible additional contributions from new
physics such as Z’ are strongly suppressed for any practical purposes). Followed by the lepton number violating
decays A** — (*¢* this process allows to reconstruct A** invariant mass from the same charged leptons
rendering the SM background to be very small in the signal region. If one also assumes that neutrino masses come
from the triplet Higgs interactions, one fixes the A** leptonic branching ratios. This allows to test neutrino mass
models at LHC.

2 Event Generation

Signal samples are generated using PYTHIA. Only pair-production through Drell-Yan is assumed (no single pro-
duction through WW fusion). Datasets are produced from 200 GeV to 600 GeV Higgs mass with 100 GeV
increments. In the events produced, the taus can decay both leptonically and hadronically while in analysis we
only consider hadronic decays.



Both signal datasets and ZZ datasets have been generated with the aid of CMKIN 5.1.1. Full detector simulation
has been performed using OSCAR 3.6.5 in winter mode followed by digitization with ORCA 8.7.4. The full
analysis is performed in ORCA 8.9.4. Pileup is not used as it has no effect on muons and tau identification is not
affected by presence of low luminosity pile up as shown in [7]. Table 1 shows the amount of events generated for
the different signal datasets. Table 2 shows the amount of events analyzed for background datasets. NLO cross
sections used for the background samples can be seen in Table 3.

Table 1: Number of events generated for signal datasets
[mA=%)inGeV [ 200 | 300 | 400 [ 500 | 600 |
[Number of events | 2762 | 700 | 700 | 900 | 900 |

Table 2: Number of events analyzed for background datasets.
‘ background ‘ tt—41 ‘ Zbb ‘ Y44 ‘ tZ
| Number of events | 1170600 | 666 000 | 8489 [ 119542 |

Table 3: Background processes cross sections used (in fb)
‘ background ‘ tt—41 ‘ Zbb ‘ 77 ‘ tZ ‘
| Cross section times BR | 88.4-10% | 26.2-10% | 212 [ 650 |

3 Background processes

The important backgrounds which have to be considered for this analysis are as follows:

o tt— WTWbb for this dataset we have used generated samples with PYTHIA, CompHep, AlpGen, TopRex
and MadGraph. The W bosons have been forced to decay leptonically. The total integrated luminosity
available by these datasets is 22,fb~ 1. Official datasets used: hg03_wbwb_21_alpgen, hg03_wbwb_2]_comph,
hg03_wbwb_21_madgr, eg03_tt_2]1_pyth and eg03_tt_2I_topr.

o ttZ— WHTW~=Z%b the W and Z bosons are allowed to decay arbitrarily. For this dataset we have
used generated samples with CompHep with total integrated luminosity of 184 fb—!. Official dataset used:
bt03_ttZ_ttH

Zbb where the Z decays to muons or taus. The total integrated luminosity of this dataset is limited to 8 fb~*

due to low statistics available for the dataset hg03_mumubb_60_100. Official datasets used: hg03_mumubb_60_100,

hg03_mumubb_100, hg05_2tau2b_60_100_compHEP and
hg05_2tau2b_gt_100_compHEP.

ZZ/~* where the Z-s are forced to decay leptonically (e, u, 7). The total integrated luminosity for this dataset
is 127 fb~1. This dataset was generated in parallel with the signal dataset using the official CMKIN datacard
for ZZ production.

Considering the amount of total available background we use the assumption of total integrated luminosity of
1061,

4 Event selection

The events must be triggered in HLT (High Level Trigger) with at least one isolated muon present. We do not use
L1 trigger explicitly as HLT is only triggered when L1 trigger for a single muon is passed.

In addition to HLT trigger the event will only be used if it is possible to reconstruct the event primary vertex. The
vertex is reconstructed using the highest p; tracks. If the primary vertex fails to be reconstructed the event is
rejected.

The event selection efficiency is dependant on the doubly charged Higgs mass as can be seen in Table 4 which in
turn is dependent on lepton selection efficiency shown in Table 5. Background efficiencies are shown in Table 6.

5 Offline reconstruction and selection cuts

The muons are reconstructed using IsolatedGlobalMuonReconstructor. The tau leptons are reconstructed using tau
jet candidates and missing transverse energy after selection cuts. The doubly charged Higgs boson invariant mass
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is reconstructed from the same charge lepton pairs after all selection cuts.

The selection cuts used on muons:

o the transverse momentum must be higher than 50 GeV. For background events 80% of muons have p less
than 50 GeV. For 200 GeV signal it is 27% and for higher signal masses it reduces to around 10%. The
distribution can be seen on Figure 1.

o the distance to primary vertex in z-direction must not exceed 0.03 cm. This does not cut away any muons but
limits analysis to leptons coming from the same primary vertex. At low luminosity it does not cut anything
and is just a quality cut for the future use when a single event can have multiple collisions.

The selection cuts used on tau jets:

o for tau jets we consider tau decays which involve 1 or 3 charged tracks. We use ConcreteTauJetWithTracks
reconstruction object which implements the tau jet filtering algorithms described in Physics TDR volume 1.
Two scenarios are considered. Either 1 or 3 charged tracks in signal cone and no charged tracks in isolation
cone or 2 tracks in signal cone and exactly one charged track in the isolation cone.

o the maximum distance to primary vertex in z-direction of any charged track in the tau jet must not exceed
0.2 cm. At low luminosity it does not cut anything and is just a quality cut for the future use when a single
event can have multiple collisions.

o the hottest tau jet HCAL tower transverse energy must be higher than 2 GeV. This eliminates high energy
electrons which pass through ECAL and confuse the algorithm into considering the electron as a tau jet.
This cut eliminates 86% of all electrons considered as tau candidates and only removes 7.5% of real tau jets.
The distribution can be seen on Figure 2.

o the transverse energy of the tau jet candidate must exceed 50 GeV. It has been chosen to be the same as the
cut used on muons.

e no muon track should be in a cone with AR = 0.3 constructed around the tau jet candidate. If there is
then the candidate is dropped. This eliminates false tau jet candidates which are generated when a charged
muon track passes the same region as photons or hadrons. With this cut only a few real tau jets are discarded
however most of the false tau jets coming from this misidentification are discarded.

Missing transverse energy (E'7'**%) is reconstructed in three steps. As a first step the raw E7"*** is reconstructed
from the calorimeters. As step two Type 1 corrections (using the difference of raw reconstructed jets and calibrated
jets) are added to the E"7'*%. As a final step the muon transverse components are subtracted to get the real missing
transverse energy.

Only events with at least four muons or tau jets total are accepted. If the event is accepted a decision is made
wether it can be reconstructed. The possible final states are:

o ATTA~~ — 4 - this channel is investigated in previous subsection.

o ATTA~= — 3ulr - this channel is easily reconstructible as there is only one neutrino and it goes the
direction of the tau jet.

e ATTA~™~ — 2427 - this channel can also be reconstructed using the assumption that the neutrinos go the
same direction as the tau jets.

o ATTA™~ — 1437 - this channel can be reconstructed only with very good E7**¢ resolution as it requires
an additional assumption that the masses of the two reconstructed Higgs bosons are the same. However
the reconstruction is very sensitive to '/"*** accuracy and often the event has to be dropped due to absurd

T-lepton energies. These events are dropped with the invariant mass cut described below.

o ATTA~~ — 47 - this channel can not be reconstructed and in many cases will not trigger as no muons are
found in the event. This also contributes to a lower efficiency at HLT as these events do not pass the single
muon HLT trigger.



Once the event leptons are reconstructed, some additional tasks are performed:
o 7Y boson reconstruction - if the odd sign pairing gives an invariant mass of 91 + 5 GeV then these leptons
are removed from further use.

e Same charge lepton pairs are reconstructed and only those reconstructed Higgs candidate pairs whose invari-
ant mass difference is within 20% of each other are considered. The difference in background distribution
and signal distribution can be seen on Figure 2.

6 Efficiencies

Assuming the above mentioned branching ratios the expected theoretical limits on the different final state discovery
channels can be investigated. The branching ratio of tau leptons to tau jets is 65%, this gives:

o ATTAT™ — 3ulT = 2/9events * 0.65 = 14.4%.

o ATTATT 2427 = 3/9events * 0.65% = 14.1%.

o AYTATT — 137 = 2/9events * 0.65° = 6.1%.

So the total theoretical limit of discovery when searching with at least one tau jet in the final state gives 34.6%
efficiency. Using datasets which have been generated with the above mentioned branching ratios taken into account
the efficiencies of the different cuts at different doubly charged Higgs boson masses can be seen in Table 4. Taking
into account the signal cross section depending on the Higgs boson mass the total number of observable candidates
at an integrated luminosity of 10fb~" is given in Table 7.

Table 4: Trigger and cut efficiencies for signal as a function of the ATE mass. Total efficiency is the product of the single efficiencies.

mL (GeV) 200 300 400 500 600

HLT trigger 83.4% | 86.0% | 86.7% | 85.8% | 88.3%
Primary Vertex 96.7% | 98.5% | 97.0% | 97.5% | 98.0%
4 leptons in final state 9.9% 172 % | 23.6% | 24.7% | 26.7%
two pairs and at leastone 7 | 41.1% | 46.1% | 41.7% | 53.2% | 52.9%
Mass difference 71.9% | 772% | 80.4% | 74.3% | 63.6%
Total signal efficiency 2.3% 5.1% 6.6% 8.1% 7.7%

Table 5: Single muon and tau selection efficiencies and purity.
mi> (GeV) 200 [ 300 | 400 [ 500 | 600
Single p selection efficiency 70.7% | 82.0% | 86.1% | 87.2% | 89.2%
1 - purity of accepted muons: 0.1% 0.4% 0.8% 0.7% 1.0%
Single 7 selection efficiency 36.6% | 42.3% | 50.6% | 53.3% | 53.3%
1 - purity of accepted tau jets: | 2.2% 2.2% 4.2% 3.6% 3.2%

Table 6: Trigger and cut efficiencies for background. Total efficiency is the product of the single efficiencies.

Process tt ttZ 77 Zbb
HLT trigger 40.7% 20.3% 40.0% 42.1%
Primary Vertex 99.3% 99.8% 96.7% 98.2%
4 leptons in final state 0.0015% 0.04 % 3.0% 0.0005%
two pairs and at least one 7 - 0.1% - -
Mass difference - 100% - -
Total signal efficiency - 0.0008% - -

7 Systematic errors

At the integrated luminosity of 10fb~? the cuts implemented above result in almost background free signal. For
datasets with integrated luminosity above 10 b~ giving zero events (¢, ZZ*) we assume the background to be
zero events for the purpose of this study. For t£Z where we have one event passing all cuts in the dataset we
get 0.05 events when scaled with cross section and luminosity. For Zbb where we have background statistics for
8fb~! with zero events passing the cuts. We have run the same analysis with p; cuts 40 GeV, 30 GeV and 20 GeV
with also zero events passing the cuts which confirms our assumption that leptons coming from Zbb are too soft to
produce a background for our process. Considering the smallness of the background we assume no background at
10fb~1 for the following analysis.



The systematic errors used for signal is as follows:

e muon misidentification (Apu) - 1% per muon.
e muon isolation (Afi;ser)- 2% per event.

o tau jets (A7)- 9% per tau jet.

o luminosity (AL) - 5%.

e PDF and scale (Ao)- 10% (theoretical, not used when we have no background and go to cross section
measurement).

As the events are a mixture of different decay modes the total selection efficiency error (Aeg) is calculated per
decay channel and then added together using different weights to account for the non-uniform distribution within

the dataset
A3plT = \/3Ap% + AT? = 8.2%,

A2p27 = /2042 + 2A7% = 11.4%,
Alp3T = \/Ap® + 3A7% = 13.9%,

144A3plT 4+ 141A2027 + 61A1p37
346

giving

Aeg = =10.5%

The total systematic error for cross section measurement is then

A
27 At + AL + Aeg® = 13%.
a

The statistical errors were evaluated constructing the shortest Bayesian confidence interval for the confidence level
of 67%]5].

8 Results

The expected number of events and the NLO cross section with expected measurement errors (both statistical and
systematic) are given in Table 7.

Table 7: Expected number of events, NLO cross section and expected measurement errors

m%+ (GeV) 200 300 400 500 600
Expected nr of events at 10fb~ 1 26 10 4 2 1
NLO cross section and expected 119.3 16.6 B - ot3.4 +1.9 +1.3
measurement rors (in fb) 93.97193 £ 12.2 | 196788 +25 | 59731 108 | 22719+ 03 | 0.9t 3 +01
Statistical significance 5.37 3.50 2.36 1.69 1.28

The invariant mass plots for 200, 300, 400, 500 GeV doubly charged Higgs boson searches are shown on Figures
3 and 4.

The statistical significance and cross section distributions can be seen on Figure 5. As no events of background are
expected at 106~ we can detect the doubly charged Higgs boson with a mass of up to ~ 210 GeV. Reasonable
evidence at 3o level can be seen up to 340 GeV and 95% CL exclusion limit is at 480 GeV.
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Abstract

CMS is a general purpose experiment, designed to study the physics of pp
collisions at 14 TeV at the Large Hadron Collider (LHC). It currently involves
more than 2000 physicists from more than 150 institutes and 37 countries. The
LHC will provide extraordinary opportunities for particle physics based on
its unprecedented collision energy and luminosity when it begins operation in
2007.

The principal aim of this report is to present the strategy of CMS to explore
the rich physics programme offered by the LHC. This volume demonstrates
the physics capability of the CMS experiment. The prime goals of CMS are to
explore physics at the TeV scale and to study the mechanism of electroweak
symmetry breaking—through the discovery of the Higgs particle or otherwise.
To carry out this task, CMS must be prepared to search for new particles,
such as the Higgs boson or supersymmetric partners of the Standard Model
particles, from the start-up of the LHC since new physics at the TeV scale may
manifest itself with modest data samples of the order of a feW éiv less.

The analysis tools that have been developed are applied to study in great
detail and with all the methodology of performing an analysis on CMS data
specific benchmark processes upon which to gauge the performance of CMS.
These processes cover several Higgs boson decay channels, the production and
decay of new particles such @$and supersymmetric particleBs production
and processes in heavy ion collisions. The simulation of these benchmark
processes includes subtle effects such as possible detector miscalibration and
misalignment. Besides these benchmark processes, the physics reach of CMS
is studied for a large number of signatures arising in the Standard Model
and also in theories beyond the Standard Model for integrated luminosities
ranging from 1f5 to 30fbL. The Standard Model processes include QCD,
B-physics, diffraction, detailed studies of the top quark properties, and
electroweak physics topics such as the and Z° boson properties. The
production and decay of the Higgs particle is studied for many observable
decays, and the precision with which the Higgs boson properties can be
derived is determined. About ten different supersymmetry benchmark points
are analysed using full simulation. The CMS discovery reach is evaluated
in the SUSY parameter space covering a large variety of decay signatures.
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Furthermore, the discovery reach for a plethora of alternative models for new
physics is explored, notably extra dimensions, new vector boson high mass
states, little Higgs models, technicolour and others. Methods to discriminate
between models have been investigated.

This report is organized as follows. Chapter 1, the Introduction, describes
the context of this document. Chapters 2—6 describe examples of full analyses,
with photons, electrons, muons, jets, missig B-mesons and’s, and for
quarkonia in heavy ion collisions. Chapters 7-15 describe the physics reach
for Standard Model processes, Higgs discovery and searches for new physics
beyond the Standard Model.
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Table 12.3.The NLO background processes cross sections used (in fb).

background tt—-4 Zbb zz  ttz
Cross section times BR 88 10° 524.10° 229.5 650

section is 1% to 6%. The uncertainty on signal cross section is 10% to 15%. The uncertainty
on the luminosity is ~ 5% for an integrated luminosity of 107b.

Using a background cross section uncertainty of 6%, a signal cross section uncertainty
of 10% and a luminosity uncertainty of 5% the approximated uncertainties on the exclusion
mass limit and on the discovery mass limit are:

Exclusion Limit= (760*%3(bkg) + 10(signa) + 4(lumi)) GeV/c? (12.3)

Discovery Limit= (6507%%(bkg) *3 ,(signa) + 0.2(lumi)) GeV/c®>.  (12.4)

12.2.2. Search for the final states witheptons

12.2.2.1. Introduction. In this section, we discuss the doubly charged Higgs boson pair-
production via a Drell-Yan process and investigate decays which involve taus and muons. The
branching ratios are assumed to be 1/3 for the following three chanxigts> 2u*, A** —

wrr* andA** — 2t*. The reasoning comes from recent neutrino mixing measurements. As
the neutrino mixing matrix and doubly charged Higgs boson decays are directly related then
the appropriate branchings can be determined.

12.2.2.2. Event generation.The doubly charged Higgs boson pair-production via Drell-
Yan process is generated usimgraia. Datasets are produced with Higgs boson mass from
200 Ge\/c? to 600 GeV/c?. The taus from Higgs boson decays can decay both leptonically
and hadronically while in analysis we only consider hadronic decays.

The backgrounds which were considered for this analysis are as follows:

o tT — W*W bb generated byyTtria, ComPHEP, ALPGEN, ToPREX andMaDGraPH with
W boson decay W~ (v (£ = e, u, t) forced.

o tt Z — W*W~Z bb generated wittCompHEP. The W and Z bosons are allowed to decay
arbitrarily.

e Zbb where the Z boson decays to muons aréptons, generated witiompHEP.

e ZZ generated wittpyTHIA, Where the Z bosons are forced to decay leptonically:(e;).
The contribution ofy* is included with my- > 12 GeV/c2.

The next-to-leading order (NLO) cross sections times branching ratios used for the
backgrounds can be found in Tabl®.3 The Monte Carlo statistics of the generated
background exceed 30Th except Db background, where it is 8 fi}. Therefore the results
will be presented for an integrated luminosity of 10%b

12.2.2.3. Event selection and reconstructiofThe events are triggered by the single muon
trigger at Level 1 and HLT. After HLT the event is only used if it is possible to reconstruct the
event primary vertex. If the primary vertex fails to be reconstructed the event is rejected.

The muons are reconstructed using Global Muon Reconstructor.z Tleptons are
reconstructed using-jet candidates and missing transverse energy after selection cuts. The
doubly charged Higgs boson invariant mass is reconstructed from the same charge lepton pairs
after all selection cuts.



CMS Physics Technical Design Report, Volume II: Physics Performance 1379

The selection cuts used on muons are:

e The transverse momentum must be higher than 50/@eNor background events 80% of
muons have pless than 50 GeXt while for the signal with Higgs boson mass 200 Ge¥/
itis 27% and for higher masses it reduces to around 10%.

e The distance to primary vertex in z-direction must not exceed 0.03 cm. It does not cut away
any muons from the signal events but limits analysis to leptons coming from the same
primary vertex.

The selection cuts used arjets are:

e Forz jets we consider decays which involve 1 or 3 charged tracks. We u$et candidates
which passed the-jet filtering algorithms described irR80. Two isolation criteria are
used. Either one or three charged tracks in the signal cone and no charged tracks in the
isolation cone or two tracks in signal cone and exactly one charged track in the isolation
cone.

e The maximal distance to the primary vertex in the z-direction of any charged track in the
jet must not exceed 0.2 cm.

e The transverse energy of the hottest HCAL tower of thjet must be higher than 2 GeV.
This cut eliminates 86% of all electrons takenrasandidates and only removes 7.5% of
realt jets.

e The transverse energy of thget candidate must exceed 50 GeV. It has been chosen to be
the same as the cut used on muons.

e No muon track should be in a cone withR = 0.3 constructed around thejet candidate.
If there is, then the candidate is dropped. This eliminates fajgt candidates which are
generated when a charged muon track passes the same region as photons or hadrons. With
this cut only a few reat jets are discarded however most of the falgets coming from
this misidentification are rejected.

Missing transverse energfEfss) is reconstructed using calorimeter Typ&1iss (Ess
with the jet energy corrections) ang pf muons.

Only events with at least four objects, muonsrgets, are accepted. The possible final
states are:

o A*™*A™™ — 4u: this channel is investigated in the previous subsection.

o A**A™~ — 3ulr: this channel is easily reconstructible as there is only one neutrino and it
goes the direction of the jet.

e A*™"A™~ — 2u2t: this channel can also be reconstructed using the assumption that the
neutrinos go in the same directions as thets.

e A*A~~ — 1u3t: this channel can be reconstructed only with very g&§tFs resolution
as it requires an additional assumption that the masses of the two reconstructed Higgs
bosons are the same. However the reconstruction is very sensitE@¥oaccuracy and
often the event has to be dropped due to negatilepton energies.

o A*™"A~~ — 4r: this channel can not be reconstructed (and triggered by the single muon
trigger).

Once the event leptons are reconstructed, some additional selections are performed:

¢ Z boson veto: if the odd sign pairing gives an invariant mass of 81GeV/c? then these
leptons are removed from further use.

e Same charge lepton pairs are reconstructed and only those reconstructed Higgs candidate
pairs whose invariant mass difference is within 20% of each other are considered.

The reconstructed mass of doubly charged Higgs boson is shown on E@utfer the
Higgs boson masses 200 and 500 Ge/
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Figure 12.7. The reconstructed invariant mass fof M=) = 200 GeV/c? and 500 GeYc?.

Table 12.4.The signal selection efficiencies for differenf™ masses. Total efficiency is the
product of the single efficiencies.

mi* (Gev/c?) 200 300 400 500 600
Level 1 and HLT 83.7% 86.0% 86.7% 85.8% 88.3%
Primary vertex 96.9% 98.5% 97.0% 97.5% 98.0%
4 leptons in final state 10.1% 17.2% 23.6% 24.7% 26.7%
two pairs and at leastorne 44.9% 46.1% 41.7% 53.2% 52.9%
Mass difference 62.5% 77.2% 80.4% 74.3% 63.6%
Total signal efficiency 23% 51% 6.6% 81% 7.7%

12.2.2.4. Selection efficienciesThe upper limit of the signal selection efficiency is given by
the fraction of events with/381z, 2u27, 143t (r — hadrons) topology relative to all possible
final states with muons andleptons from decays of two Higgs bosons. Assuming the above
mentioned branching ratios the upper limitis35%. The fraction of every selected topology
is given below:

o A""A™™ — 3ulr = 2/9 eventsx 0.65= 14.4%
o A™ATT = 2127 = 3/9 events< 0.65 = 14.1%
o A™TA™™ — 113t = 2/9 eventsx 0.65° = 6.1%.

where 0.65 is the branching ratio af— hadrons decays. Tabl#2.4 summarises the
efficiencies of each selection (relative to the previous one) for the signal of differ&ht
masses. The lepton selection efficiency and purity is shown in Tebl& Background
efficiencies are shown in Table.6

12.2.2.5. Systematic errorsAt the integrated luminosity of 10} the cuts implemented
above result in an almost background free signal. For datasets with Monte Carlo statistics
above 30fb? giving zero Monte Carlo events after all selectiotis ¥ Z*) we assume the
background to be zero. F&rZ background where is one Monte Carlo event passing all cuts,
which corresponds to 0.05 expected events when scaled with cross section and luminosity.



CMS Physics Technical Design Report, Volume II: Physics Performance 1381

Table 12.5.Single muon and selection efficiencies and purity.

mi* (Gev/c?) 200 300 400 500 600

Singleu selection efficiency 70.7% 82.0% 86.1% 87.2% 89.2%
1 - purity of accepted muons:  0.1% 0.4% 08% 0.7% 1.0%
Singlet selection efficiency 36.6% 42.3% 50.6% 53.3% 53.3%
1 - purity of accepted jets: 22% 22% 42% 3.6% 3.2%

Table 12.6. Selection efficiencies for background. Total efficiency is the product of the single

efficiencies.

Process tt ttz Y4 Zbb

Level 1 and HLT trigger 40.7% 20.3% 40.0% 42.1%
Primary vertex 99.3% 99.8% 96.7% 98.2%

4 leptons in final state 0.0015% 0.04%  3.0% 0.0005%
two pairs and at least one — 0.1% - -

Mass difference - 100% - -

Total signal efficiency - 0.0008% - -

For Z bb background where the Monte Carlo statistics corresponds to'gibevents passed
all cuts. The analysis was repeated withcut on muon £ jet) of 40 GeV/c, 30 GeVc and
20 GeV/c, again with no events passing the cuts, which confirms the assumption that leptons
coming from Zbb are too soft to produce a background. Considering the smallness of all
backgrounds we assume no background at 1bfbr the following analysis.

The systematic uncertainties used for the signal are the following:

muon misidentification4): 1% per muon;

muon isolation A uise): 2% per event;

7 jets identification At): 9% perr jet;

luminosity (AL£): 5%;

PDF and scaleXo) 10% (theoretical uncertainty, it is not used for the signal cross section
measurement with no background).

As the events are a mixture of different decay modes the total selection efficiency
uncertainty QAes) is calculated per decay channel and then added together with the
corresponding weights:

A3ult = /3Au%+ A2 =8.2%,
A2u2T = /2Ap% +2AT% = 11.4%,
Alp3r =/ Ap?+3A12 = 13.9%,

144A3ult + 141A227 + 61A 1137
346
The total systematic error for cross section measurement is then

giving
=105%.

AES =

A
29 _ \/Amsoﬁ +AL%+ Ae? = 13%
o
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Table12.7 Expected number of events, NLO cross section with expected statistical and systematic
uncertainty of the cross section measurement at 18 fand integrated luminosity needed for
exclusion at 95% CL.

mi* (Gev) 200 300 400 500
Nev expected at 10 fb! 26 10 4 2
onlo £stattsyst (fo) 9397323 +122 19688 +25 5931 +08 224%+03
Luminosity for 13 3.0 7.7 16.8

95% CL exclusion, fo!

The statistical errors were evaluated constructing the shortest Bayesian confidence interval for
the confidence level of 679669.

12.2.2.6. Results. The expected number of events at 10%fland the NLO cross section with
expected statistical and systematic uncertainty of the cross section measurement are given in
Table12.7. Table12.7shows also the integrated luminosity needed for exclusion at 95% CL.
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Abstract

We have investigated the possibility of direct tests of little Higgs models incorporating triplet Higgs
neutrino mass mechanism at LHC experiments. We have performed Monte Carlo studies of Drell-Yan pair
production of doubly charged Higgs boson @+ followed by its leptonic decays whose branching ratios
are fixed from the neutrino oscillation data. We propose appropriate selection rules for the four-lepton
signal, including reconstructed taus, which are optimized for the discovery of @+ with the lowest LHC
luminosity. As the Standard Model background can be effectively eliminated, an important aspect of our
study is the correct statistical treatment of the LHC discovery potential. Adding detection efficiencies and
measurement errors to the Monte Carlo analyses, @+ can be discovered up to the mass 250 GeV in the
first year of LHC, and 700 GeV mass is reachable for the integrated luminosity L = 30 b1,
© 2007 Elsevier B.V. All rights reserved.

1. Introduction

The main motivation of the Large Hadron Collider (LHC) experiment is to reveal the secrets
of electroweak symmetry breaking. If the light Standard Model (SM) Higgs boson H will be
discovered, the question arises what stabilizes its mass against the Planck scale quadratically di-
vergent radiative corrections. The canonical answer to this question is supersymmetry, predicting
a very rich phenomenology of sparticles in the future collider experiments.

Alternatively, the light SM Higgs boson may signal some strong dynamics at high scale
A ~4xf, where f is the decay constant of the new strongly interacting theory [1]. The most

* Corresponding author.
E-mail address: liis.rebane @cern.ch (L. Rebane).

0550-3213/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.nuclphysb.2007.07.014
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interesting class of models in such a scheme are the little Higgs models [2—4]. In those mod-
els the SM Higgs boson is a pseudo Goldstone mode of a broken global symmetry and remains
much lighter than the other modes of the model, thus solving the little hierarchy problem and
postponing the solution to the fundamental hierarchy problem to the scale A. Those models are
also very interesting from collider physics point of view since they predict the existence of new
particles, such as a new set of heavy gauge bosons Wy, Zy, a vectorlike heavy quark pair T, T
with charge 2/3, and triplet Higgs bosons @. If the new particle masses are O(1) TeV, direct
tests of the models are possible at LHC [5-7].

An important open issue to address in the context of little Higgs models is the origin of non-
zero neutrino masses [8—12]. The neutrino mass mechanism which naturally occurs in those
models is the triplet Higgs mechanism [13,14] (sometimes called type II seesaw) which employs
a scalar with the SU(2) . x U (1)y quantum numbers @ ~ (3, 2). The existence of such a multiplet
in some versions of the little Higgs models is a direct consequence of global symmetry breaking
which makes the SM Higgs light. For example, in the minimal littlest Higgs model [15], the
triplet Higgs with non-zero hypercharge arises from the breaking of global SU(5) down to SO(5)
symmetry as one of the Goldstone bosons. Its mass Mg ~ g5 f, where g < 47 is a model
dependent coupling constant in the weak coupling regime [1], is therefore predicted to be below
the cut-off scale A, and could be within the mass reach of LHC. Although the triplet mass scale
is O(1) TeV, the observed neutrino masses can be obtained naturally. Firstly, non-observation of
rare decays u — eee, u — ey, T — L€L, where £ = e, |1, implies that the triplet Higgs boson
Yukawa couplings Y;; must be small, thus suppressing also the neutrino masses. Secondly, the
vaccuum expectation value (vev) of the neutral component of triplet vy contributes at tree level
to the SM oblique corrections, and is therefore severely constrained by precision data. There exist
additional mechanisms which can explain the smallness of ve in little Higgs models. Since the
smallness of vg is the most natural explanation of the smallness of neutrino masses in the little
Higgs models, we assume this to be the case in this work.

The aim of this paper is to study the possibility of direct tests of little Higgs models and
neutrino mass mechanisms at LHC experiments via pair productions and subsequent decays of
triplet Higgs boson. We study the Drell-Yan pair production of doubly charged component of
the triplet [16-21]

pp—>¢++d>77, (D

followed by the leptonic decays. Notice that (i) the production cross section does not depend
on any unknown model parameter but the mass of @ (ii) smallness of v in this scenario,
following from the smallness of neutrino masses, implies that the decays @ — WTW™ are
negligible, and we neglect this channel in the following analyses; (iii) the @™ leptonic decay
branching fractions do not depend on the size of the Yukawa couplings but only on their ratios
which are known from neutrino oscillation experiments. In the triplet model the normally hierar-
chical light neutrino masses predict BR(® ™+ — utut)~BR(®TF - t17) ~ BR(¢++ —
wTtT) A 1/3. Therefore this scenario is predictive and testable at LHC experiments.

The production process (1) has been studied before in various theory papers. In this work we
first carry out a pure Monte Carlo study of the signal and background processes in the environ-
ment of LHC detectors. After that we improve our analyses by adding particle reconstruction
efficiencies and Gaussian distortion functions for particle momentas and E ?iss. Those mimic the
detector inefficiency effects at the Monte Carlo level. We believe that those effects help us to
estimate the realistic mass reach of the LHC detectors to the process under study.
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In our study the new results are the following. For the signal reconstruction we use new
criteria, such as equality of invariant masses of positively and negatively charged leptons together
with total X' pr cut for all leptons, which allows us to achieve better reconstructions efficiencies
compared to the standard cuts. We also reconstruct tau lepton final states with more than one 7,
which has not done before in this context. As all the SM background can be eliminated in the
case of this process, correct statistical analyses of the results in the limit of no background is an
important aspect of our study. For the discovery criteria we have used the Log-Likelihood Ratio
(LLR) statistical method to demand 5o discovery potential to be bigger than 95% (1 — CL;4p >
0.95). Our results are optimized for the discovery of process (1) with the lowest possible LHC
luminosity. The pure Monte Carlo study shows that @+ up to the mass 300 GeV is reachable
in the first year of LHC (L =1 fb~!) and @+ up to the mass 800 GeV is reachable for the
luminosity L = 30 fb~!. Including the Gaussian measurement errors in the Monte Carlo the
corresponding mass reaches become 250 GeV and 700 GeV, respectively. The errors of our
estimates of the required luminosity for discovery depend strongly on the size of statistical Monte
Carlo sample of the background processes.

The paper is organized as follows. In Section 2 we present the collider phenomenology of
triplet Higgs boson and relate collider observables to neutrino mass measurements. In Section 3
we discuss the Monte Carlo produced signal and background processes. In Section 4 we present
the details of reconstruction and analysis procedure and results. Detector effects are discussed in
Section 5. Finally we conclude in Section 6.

2. Neutrino masses and collider phenomenology

In this work we consider little Higgs scenarios in which, due to the breaking of global sym-
metry protecting the SM Higgs boson mass, the spectrum of the model contains also a pseudo
Goldstone boson with the SU(2); x U(1)y quantum numbers @ ~ (3, 2) [15,22]. Although @
is predicted to be heavier than the SM Higgs boson, the little Higgs philosophy implies that its
mass could be O(1) TeV [1]. Due to the specific quantum numbers the triplet Higgs boson cou-
ples only to the left-chiral lepton doublets L; ~ (2, —1),i = e, u, T, via the Yukawa interactions
given by

L=iL{nY(t -®)L;+hc., 2)

where Y;; are the Majorana Yukawa couplings. The interactions (2) induce lepton flavour vio-
lating decays of charged leptons which have not been observed. The most stringent constraint
on the Yukawa couplings comes from the upper limit on the tree-level decay pu — eee and
is! YeeYey <3 x 1073 (M/TeV)2 [18,23]. Experimental bounds on the tau Yukawa couplings
are much less stringent. In our collider studies we take Y;; = 0.01 and rescale other Yukawa
couplings accordingly. In particular, hierarchical light neutrino masses imply Y, Ye;, << Yz
consistently with the direct experimental bounds.

According to Eq. (2), the neutral component of the triplet Higgs boson ®° couples to the left-
handed neutrinos with the same strength as @+ couples to the charged leptons. If ®° acquires a
vev vg, non-zero Majorana masses are generated for the left-handed neutrinos [13,14]. Non-zero
neutrino masses and mixing is presently the only experimentally verified signal of new physics

! In little Higgs models with T -parity there exist additional sources of flavour violation from the mirror fermion sector
[24,25].
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beyond the SM. In the triplet neutrino mass mechanism the neutrino masses are given by

(my)ij =Yijve. 3

We assume that the smallness of neutrino masses is explained by the smallness of v . In a realis-
tic scenario massless Majoron, the Goldstone boson of broken lepton number, must be avoided.
This is achieved by an explicit coupling of @ to the SM Higgs doublet H via u®°HHO [14],
where ¢ has a dimension of mass. If 4 ~ Mg, in the concept of seesaw [26] the smallness of
neutrino masses is attributed to the very high scale of triplet mass Mg because vy = uv>/M é,
where v = 174 GeV. However, in the little Higgs models the triplet mass scale O(1) TeV alone
cannot suppress v . Therefore in this model 1 <« Mg, which can be achieved, for example, via
shining of explicit lepton number violation from extra dimensions as shown in Refs. [27,28], or
if the triplet is related to the Dark Energy of the Universe [29,30]. Models with additional (ap-
proximate) T -parity [22] make the smallness of vg technically natural. However, if the T -parity
is exact, vy must vanish. In this work we do not consider the naturalness criteria and assume that
the above described neutrino mass scenario is realized in nature. In that case Yvg ~ O(0.1) eV
while the Yukawa couplings Y can be on the order of charged lepton Yukawa couplings of the
SM. As a result, the branching ratio of the decay @ — WW is negligible. We also remind that
vg contributes to the SM oblique corrections, and the precision data fit T <2x1074 [31] sets
an upper bound ve < 1.2 GeV on that parameter.

Notice the particularly simple connection between the flavour structure of light neutrinos and
the Yukawa couplings of the triplet via Eq. (3). Therefore, independently of the overall size of the
Yukawa couplings, one can predict the leptonic branching ratios of the triplet from neutrino os-
cillations. For the normally hierarchical light neutrino masses neutrino data implies negligible @
branching fractions to electrons and BR(® ™+ — utu™) ~ BR(@+t+ — tT¢ ) ~ BR(@T+ —
wttt) ~ 1/3. Those are the final state signatures predicted by the triplet neutrino mass mecha-
nism for collider experiments.

At LHC @ can be produced singly and in pairs. The cross section of the single @+
production via the WW fusion process [18] gg — q’'q’®@ ™ scales as ~ vé. In the context of
the littlest Higgs model this process, followed by the decays @ — W+ W™, was studied in
Refs. [5,7,32]. The detailed ATLAS simulation of this channel shows [32] that in order to observe
an 1 TeV @, one must have vy > 29 GeV. This is in conflict with the precision physics
bound vy < 1.2 GeV as well as with the neutrino data. Therefore the W W fusion channel is not
experimentally promising for the discovery of doubly charged Higgs.

On the other hand, the Drell-Yan pair production process pp — ® T @~ is not suppressed
by any small coupling and its cross section is known up to next to leading order [19] (possible ad-
ditional contributions from new physics such as Zy are strongly suppressed and we neglect those
effects here). Followed by the lepton number violating decays @*+ — ¢%¢* this process allows
to reconstruct @** invariant mass from the same charged leptons rendering the SM background
to be very small in the signal region. If one also assumes, as we do in this work, that neutrino
masses come from the triplet Higgs interactions, one fixes the ®** leptonic branching ratios.
This allows to test the triplet neutrino mass model at LHC.

3. Monte Carlo simulation of the signal and backgrounds
The production of the doubly-charged Higgs is implemented in the PYTHIA Monte Carlo

generator [33]. The final and initial state interactions and hadronization have been taken into
account. We have used the CTEQSL parton distribution functions.
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Table 1

Cross-sections, numbers of Monte Carlo generated events and the corresponding integrated luminosities of the gener-
ated events. For the signal events we have taken the branching ratios BR((D:H: — ,ui,ui) = BR((D:H: — Miti) =
BR(@FE - tFcE) =13

Process Total o N of events Corresponding
(fb) generated luminosity (fb_l)

Signal

Mg =200 GeV 7.78E+01 1.00E+05 1.28E+03

Mg =500 GeV 1.99E+400 1.00E+05 5.03E4+04

Mg = 1000 GeV 5.58E—02 1.00E+05 1.79E+06

Background

pp — 11 —> 4L 8.84E+04 2.55E+07 2.88E+402

pp—>ttZ 6.50E+02 1.50E+05 2.3E4+02

pp—ZZ 2.12E+02 1.00E+05 4.72E4-02

In the following analysis the normal hierarchy of neutrino masses and a very small value of
the lowest neutrino mass is assumed. Such a model predicts that Higgs decay into electrons can
be neglected and that there are three dominant decay channels for @t with approximately equal
branching ratios:

o DEE i E
o OEE L yErE

o OFE o E¢E,

We have studied only pair production of doubly charged Higgs due to the reasons pointed out
above. @** pair decay products can combine to five different t and 1+ combinations: 4, 3ulz,
2u2t, 1437 and 47. Before reaching the detector, T decays into an e, u or a hadronic jet (marked
as j below) with branching ratios of 0.18, 0.17 and 0.65, respectively [34]. T hadronic jets and p’s
are well visible and reconstructible in detector. The reconstruction of an energetic T from electron
decay is sensitive to detector effects, involving sophisticated background processes [35]. In the
current analyses we will neglect this channel, which will cause 31% loss of the total signal. Such
loss is still sufficiently low and can be considered acceptable. Table 1 gives the cross sections
and the Monte Carlo generated event numbers in our study.

The signatures of @ decay are very clean due to (i) high transfer momentum of the decay
products, (ii) lepton number violation and (iii) pair production of @. The Standard Model parti-
cles are lighter than @, so the background p’s and t’s must have smaller transverse energy and
they do not produce an invariant mass peak in u*u®, uTt+, T, final states. The present
lower bound for the invariant mass of @ is set by Tevatron to Mg > 136 GeV [36,37]. In our
study, four-lepton background processes with reasonable cross sections and high pr leptons arise
from three Standard Model processes

o pp — i,
o pp—ttZ,
e pp—~>ZZ.

PYTHIA was used to generate 7 and ZZ background (17 is forced to decay to WWbb and
W leptonically). The CTEQSL parton distribution functions were used. CompHEP was used to
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generate the Zrf background via its PYTHIA interface [38,39]. All the datasets were generated
in Baltic Grid. In addition to background processes shown in Table 1, some other four-lepton
background processes exist involving b-quarks in the final state (for example, pp — bb). As
such processes are very soft, it is possible to use the effective tagging methods [40] and totally
eliminate this soft background [41]. Also, we do not consider possible background processes
from the physics beyond the Standard Model.

4. Reconstruction and analysis of the Monte Carlo data

To study the feasibility of detecting the signal over background, we have to work with five
possible reconstruction channels according to the following final states.

o ®TT@ ™~ — 4y: The cleanest and most simple channel.

e ®Tt® "~ — 3ult: The channel is easily reconstructable using an assumption that the neu-
trino originating from the t decay is collinear with t-jet and gives majority to the missing
transverse energy (E ?iss).

e &TT® ™~ — 2u27: The signature can be reconstructed using the same assumptions for both
T-neutrinos. The whole E ?iss vector has to be used here, while in the previous channel only
one component was needed.

e &®Tt® ™~ — 1u37: The channel can be reconstructed theoretically relying on an additional
requirement that the two Higgs bosons have equal invariant masses. However, the recon-
struction is very sensitive to the experimental accuracy of E ?iss determination.

o ®tt®~~ — 41: The channel cannot be reconstructed (and triggered by the single muon

trigger).

First, we apply general detector related cut-offs for the Monte Carlo generated data. Gener-
ated particles were reconstructed within the pseudorapidity region || < 2.4 and with transverse
momentum higher than 5 GeV. These are the natural restrictions of the CMS and ATLAS detec-
tors at the LHC. Only the pseudorapidity region || < 2.4 is reachable for the detector and only
the events with pr > 5 GeV are typically triggered. These restrictions suppress mainly the soft
Standard Model background. The efficiency of lepton reconstruction and charge identification
rate are very high, we use the values 0.9 and 0.95, respectively [42].

The invariant mass of two like-sign p’s and/or t’s are calculated using equation:

2 2
(m7 )" = (P +p7)" 4)
where pj > is the p or T 4-momentum. Since the like-sign signal of @’s or t’s originate from
a doubly charged Higgs boson, the invariant mass peak measures the mass of doubly charged
Higgs, m; = Mg. 4-u final state allows to obtain invariant masses directly from Eq. (4). In

channels involving one or several 7’s, which are registered as 7-jets or secondary p’s (marked as
1 below), the momenta of jets has to be corrected according to the equation system:

Py = K Pl 5)
PTmiss = Z Pirw (6)
i

Mp++ =Mp——, @)
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Table 2

Probabilities of all possible decay chains for @ pairs in our scenario. “x” in the table marks 7 or, after t decay, t-jet.
The reconstructed signatures are marked in bold, the remaining signatures were not reconstructed. After omitting the
channels that include T — e decay, 69% of the total signal is left. In total 64% of the signal has been reconstructed

Decay channel After Higgs After T decay (x = jet;)
decay (x =) 0(t—=u) 1(t—pu) 2(t =) 3(t—=u) 4(t—u)
20 — 4u 0.1111 0.1111 0.0377 0.0107 0.0012 0.0001
2¢ — 3ulx 0.2222 0.1443 0.0736 0.0125 0.0014
2¢ — 2u2x 0.3333 0.1407 0.0478 0.0054
2¢ — 1u3x 0.2222 0.0610 0.0207
2¢ — 4x 0.1111 0.0198
Sum 1.0 0.64 4 0.05

where i counts 7’s, p marks 3-momentum, p7, is the vector of transverse momentum of the
produced neutrinos, pPrmiss is the vector of missing transverse momentum (measured by the de-
tector) and k; > 1 are positive constants. Eq. (5) describes the standard approximation that the
decay products of a heavily boosted t are collinear [42]. Eq. (6) assumes missing transverse
energy only to be comprised of neutrinos from t decays. In general, it is not a high-handed
simplification, because the other neutrinos in the event are much less energetic and the detector
error of E;’iss is order of magnitude smaller [43]. Using the first two formulas, it is possible to
reconstruct up to two t’s per event. Additional requirement of Eq. (7) allows to reconstruct the
third T per pair event, although very low measurement errors are needed.

A significant fraction of 7’s (0.18) decay into u'’s that cannot be distinguished from primary
w’s in the detector. Still, if reconstructed invariant masses of @++ and @~ are considerably
different, we can suspect that one or several w’s originate form t decays. In such case we can
again use Egs. (5)—(7) to correct the 4-momenta of decay products. When only one secondary
muon is present, E ?i“ points into the same direction as its pr. Otherwise E ?iss is a superposition
of neutrino transverse momenta. Such correction tightens the invariant mass peak of the signal
and does not produce any artificial background.

The occurrence probability of different reconstruction channels are presented in Table 2. The
second column shows probabilities of Higgs decay to N w’s and M t’s. Next columns describe
the final state after T decay to s and/or jets. Different columns mark the number of secondary
w’s and the rows designate t-jets in the detector recordings. The events having at least one
T — e in a final state are omitted in our analysis, as well as events with M > 3 or N(u') > 2.
The proportions of reconstructible signatures are marked in a bold-face. The table shows that 0-3
jet channels together with w correction are almost equally important and overall reconstructible
channels comprise 64% of total events.

A clear signal extraction from the Standard Model background can be achieved using a set of
selection rules imposed on a reconstructed event in the following order.

e S1: events with at least 2 positive and 2 negative muons or jets which have |n| < 2.4 and
pr > 5 GeV are selected.

e S2: > pr (scalar) sum of 2 most energetic positive and negative u’s or t-jets has to be
bigger than a certain value (depending on Higgs mass).

e S3: Z-tagging—if invariant mass of the pair of opposite charged 1’s or t-jets is nearly equal
to Z mass (85-95 GeV), then the particles are eliminated from the analysis.



A. Hektor et al. / Nuclear Physics B 787 (2007) 198-210 205

e S4: as @’s are produced in pairs, the reconstructed invariant masses (in one event) have to
be equal. We have used the condition

08 <m;t/m;~ <1.2. (8)

If the invariant masses satisfy the condition then we include them to the histogram, other-
wise we suspect that some p’s may originate from t decay, and make an attempt to find
corrections to their momenta according to the method described above.

The rule S1 is an elementary detector trigger. S2, performing scalar sum of pr, is an un-
traditional cut. The advantage compared to the widely used pr cut for a single particle is
clearly visible from Fig. 1. The left panel shows that the maximum of Higgs line reaches
clearly out of the background while on the right panel the maximum is deeply inside the back-
ground.

Z-tagging in S3 suppresses pp — ZZ and pp — ttZ background. S4 is based on the equality
of the invariant masses of like-signed w’s or t’s. Fig. 2 gives a clear picture of the behavior of
signal and background for the S4 selection rule. Naturally, some freedom is needed due to the @
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Fig. 1. The left panel shows the distribution of events according to scalar sum of 2 most energetic (highest p7) posi-
tively and 2 most energetic negatively charged muons or jets (3~ pr). The right panel shows the distribution of events
considering traditional pr cut for single particles. Both figures correspond to luminosity L = 30 b1,
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Fig. 2. Distribution of events according to the ratio of reconstructed invariant masses (1 g++ /mg——) (no other cuts are
applied). The figure corresponds to luminosity L = 30 o1,
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Table 3

Optimal ) pr cut for different Higgs masses and the corresponding minimal discovery luminosities: the lower (L pin)
corresponds to the generated background in our analyses and the higher (Lmax) corresponds to 95% upper limit of the
background error

Mass of @ (GeV) 200 300 400 500 600 700 800 900 1000
Optimal 3" pr for S2 (GeV) 300 400 600 700 860 860 860 860 860
MC Lppin (f61) 0.25 0.93 2.0 3.6 8 17 34 62 120
MC Lpax (f6=1) 0.26 1.03 3.1 7.0 17 38 77 160 320

decay width and experimental errors of the detector. We require that the ratio m;r+ /my "~ hasto
be in the region from 0.8 to 1.2.

While the selection rules S1, S3 and S4 are independent of the Higgs mass, the selection rule
S2 (3~ pr cut) has to be optimized for a certain Higgs mass value. The cut may be set to a very
high value which eliminates all background events, but inevitable loss in signal may postpone
the discovery of new physics at LHC. Thus it is natural to take the minimal discovery luminosity
(Lmin) as the optimization criteria. Looking for a cut value that enables to make a discovery with
the lowest luminosity, we are dealing with small signal and background expectations by defin-
ition. Simple significance estimators cannot be exploited here. We have used the log-likelihood
ratio (LLR) statistical method [44,45] to demand 5o discovery potential to be bigger than 95%
(1 — CLg4p > 0.95) as for a discovery criteria. This is a rather strong requirement, because it
allows to make a discovery (meaning the fluctuation of background may mimic the outcome of
an experiment with probability less than 2.9 x 107 (5¢)) during the specified luminosity with a
probability of 95% (if s + b hypothesis is correct). The widely used convention, that significance
should exceed five, gives only 50% discovery potential in Gaussian limit and diminishes to very
small values when background approaches zero.

The best value for S2 cut does depend on Mg but is not too sensitive to it. Typically the Y pr
can be assigned a value with a precision of 100 GeV while affecting the minimum luminosity
by only a couple of percent. In the Table 3 the approximated middle point of this value is given.
As the best S2 cut is very strong, it suppresses almost entirely the generated background (being
combined with the other selection rules). For Higgs masses above 500 GeV the background is
totally suppressed and the discovery potential criteria meets the requirement for 3 signal events
(6 invariant masses). Nevertheless we cannot infer that the background is really zero in nature. To
estimate the statistical error due to final number of generated background events we have found
95% upper limit of background according to Poisson statistics (Table 4, in brackets). Using this
limit in LLR analysis we get much higher luminosities for discovery. Even a very small back-
ground expectancy (b = 0.01) gives some possibility to have one (9.9 x 1073) or two (4.9 x 107)
background events in the experiment and these outcomes cannot be interpreted as discovery any-
more. This phenomenon shifts the minimal required luminosity to much higher values denoted
as Lyax in Table 3.

An example of invariant mass distribution after applying selection rules are shown in Fig. 3
for Mgy = 500 GeV. A tabulated example is given for Mg = 200, 500, 800 GeV in Table 4
corresponding to the luminosity L = 30 fb~!. The strength of S2 cut is clearly visible: al-
most no decrease in signal while the number of the background events descends close to final
minimum value. A peculiar behavior of S4—reducing the background, while also increas-
ing the signal in its peak—is the effect of applying the T — p’ correction method described
above.
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Fig. 3. Distribution of invariant masses after applying selection rules (S1-S4) for Higgs Mg = 500 GeV and the Standard
Model background (L = 30 fb~1). The histogram in the right panel is a zoom of the left histogram to illustrate the effects

of the selection rules S2-S4.

Table 4

Effectiveness of the selection rules for the background and signal. All event numbers in the table are normalized for
L =30 fb~!. The numbers in brackets mark errors at 95% confidence level for Poisson statistics. The signal increases
after S4 due to the reconstructed T — i’ decays

Process N of invariant masses

N of @ S1 S2 S3 S4
Energy range 150-250 GeV
Mg =200 GeV 4670 1534 1488 1465 1539
tr— 40 - 1222 (168) 172 (8.5) 134.(6.9) 17.6 (3.7)
t1Z - 21.3 (4.0) 15.5 (1.0) 6.3 (1.2) 2.2 (1.1)
ZZ - 95.0 (12.0) 22.5(0.7) 9.8 (0.5) 1.7 (0.2)

Energy range 375-625 GeV

Mg =500 GeV 119.2 48.4 4175 46.8 49.5

tr— 4¢ - 178 (28) 2.1(0.9) 1.65 (0.87) 0.10 (0.35)
tiZ - 6.6 (1.7) 2.3 (1.0) 1.0 (1.0) 0.00 (0.1)
ZZ - 9.4(2.9) 1.4 (0.2) 0.68 (0.19) 0.08 (0.09)
Energy range 600-1000 GeV

Mg =800 GeV 11.67 5.05 5.00 4.92 5.21

tf— 44 - 77 (12) 0.00 (0.22) 0.00 (0.22) 0.00 (0.07)
t1Z - 2.6(1.2) 0.39 (0.4) 0.39 (0.4) 0.00 (0.1)
zz - 2.5(0.8) 0.34 (0.16) 0.17 (0.09) 0.00 (0.02)

5. Including measurement errors to Monte Carlo

In this section we make an attempt to estimate simplified detector effects at the level of Monte
Carlo analyses. In order to do that we have added overall detection efficiencies for the Monte
Carlo generated p’s and t-jets—0.98 and 0.6, respectively. Additionally, we applied Gaussian
distortion functions to Monte Carlo produced data for u’s, t-jets and E ?‘iss which were used to
alter randomly those quantities in the analysis. Although the precision of u detection is sensitive
to pr of u and |n| we use the mean values for a rough estimation. We make the following
assumptions based on [41-43].
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Table 5

Optimal ) pr cuts and minimal discovery luminosities for different Higgs masses when the estimates of detector
measurement errors are taken into account. Two boundaries for the minimal luminosity are given: the lower (L pyjp)
corresponds to the generated background and the higher (Lmax) corresponds to 95% upper limit of the background error

Mass of @ (GeV) 200 300 400 500 600 700 800 900 1000
Optimal Y pr for S2 (GeV) 300 400 600 700 860 860 860 860 860
Det Eff Lpyin 1 0.526 1.20 3.0 6.6 15 30 60 111 200
Det Eff Lmayx (fb™1) 0.546 2.19 6.5 16.6 39 86 190 420 900
Table 6

The importance of reconstruction channels at Monte Carlo level and considering detector efficiency effects

Percentage of the channel after reconstruction

Decay channel 4u 3pulj 2u2j 1u3j T — W correction
Monte Carlo 21 28 26 9 16
MC + efficiencies 38 25 12 1 24

The direction of muon (z-jet) is altered with the Gaussian distribution: mean p = 0.0005
(0.031) and variance o2 = 0.003 (0.017). The transverse momentum is altered according to
the pr.rec/ PT.Monte Carlo Gaussian distribution: mean p = 1. (0.897) and variance 02 =0.03
(0.089). Both components of missing transverse energy are altered independently according to
the Gaussian distribution (mean 1 = 0 GeV and variance o> = 25 GeV) by adding the piece to
its Monte Carlo value.

The result of such a distortion is a decrease in both signal and background approximately by
factor two (Table 5). As the background and the signal decrease proportionally, the luminosity
needed for discovery roughly doubles. Remarkably the optimized S2 cut value does not change
significantly. The proportion of the reconstruction channels in the total analysis has changed
remarkably as shown in Table 6. The reason is clearly the small detection efficiency of 7-jets.
The 113 channel comprises only 1% of the total signal if the detector effects are considered,
while in the pure Monte Carlo analysis it forms 9%. The additional possible detector effects
make the T — p correction even more relevant.

6. Conclusions and outlook

We have studied possible direct test of little Higgs scenarios which light particle spectrum
includes a triplet scalar multiplet at LHC experiments. We have investigated the Drell-Yan pair
production of the doubly charged Higgs boson and its subsequent leptonic decays. In addition to
solving the little hierarchy problem, this scenario can also explain the origin of non-zero neutrino
masses and mixing via the triplet Higgs neutrino mass mechanism. Simple connection between
the observed neutrino mixing and triplet Yukawa couplings allows us to predict the leptonic
branching ratios of the triplet. Thus the experimental signatures of the model do not depend on
the size of the triplet Yukawa couplings allowing direct tests of this scenario at LHC.

In our analyses we have considered four © and/or t final states including up to 3 tau leptons.
We propose four selection rules to achieve the optimized signal and background ratio. As the
@ decays are lepton number violating, we have shown that the background can be practically
eliminated. In such an unusual situation we have used the LLR statistical method to demand
5o discovery potential to be bigger than 95% (1 — CL;4p > 0.95) as the discovery criterion.
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The results of optimized cut values are presented in Table 3. Considering the pure Monte Carlo
study, @+ up to the mass 300 GeV can be discovered in the first year of LHC (L =1 fb™!)
and @1 up to the mass 800 GeV can be discovered for the integrated luminosity L = 30 fb~!.
Including particle reconstruction efficiencies as well as Gaussian distortion functions for the
particle momentas and missing energy which mimic detector inefficiencies at Monte Carlo level,
our results show that @ can be discovered up to the mass 250 GeV in the first year of LHC
and 700 GeV mass is reachable for the integrated luminosity L =30 fb!.

For further studies of this scenario at LHC progress can be made both physics-wise as well as
technically. Full simulations of the detector effects are needed which also include the electron,
muon and tau final states. For better determination of statistical errors coming from the back-
ground studies bigger SM background datasets must be produced. This requires huge computing
resources. If these goals can be achieved, the proposed phenomenology opens a new window to
study the neutrino properties at colliders. In addition to the considerations in this paper, one can
determine at LHC experiments the hierarchy (normal or inverse) of light neutrino mass spec-
trum, and to estimate the two Majorana phases which are not measurable in neutrino oscillation
experiments [46].
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Testing the Littlest Higgs model in®™*+
pair production at LHC

A. Hektor, M. Kadastik, K. Kannike, M. iuitel and M. Raidal

Abstract

Motivated by predictions of the littlest Higgs model, we ryaout a
Monte Carlo study of doubly charged Higgs pair productiom ityp-

ical LHC experiment. We assume additionally that triplegé also
generates the observed neutrino masses which fixe®theeptonic

branching ratios. This allows to test neutrino mass moddl$i€. We

have generated and analyzed the signal as well as the backbpoo-
cesses for both four muon and two muon final states. Studhiednt

variant mass distribution of the like-sign muon pairs ade discover
the doubly charged Higgs with the ma&&, = 1050 GeV. Relaxing
the neutrino mass assumption, and takihg(®*+ — ptpt) = 1, the

LHC discovery reach increasesié; = 1.2 TeV

1. INTRODUCTION

The main motivation of the Large Hadron Collider (LHC) exp@nts is to reveal the secrets of
electroweak symmetry breaking. If the standard model (Shgklboson will be discovered,

the question arises what stabilizes its mass against theelPkcale quadratically divergent
radiative corrections. The canonical answer to this qaest supersymmetry which implies
very rich phenomenology of predicted sparticles in theritollider experiments.

More recently another possibility of formulating the phossof electroweak symmetry
breaking, called the little Higgs, was proposed [458, 422]5In those models the SM Higgs
boson is a pseudo Goldstone mode of a broken global symmetmeanains light, much lighter
than the other new modes of the model which have masses aftbelgymmetry breaking scale
O(1) TeV. In order to cancel one-loop quadratic divergencesedM Higgs mass a new set of
heavy gauge bosong”, Z’ with the SM quantum numbers identicalid Z, and a vectorlike
heavy quark paif’, T with charge 2/3 must be introduced. Notice that those figldgat in by
hand in order to construct a model with the required progsrtHowever, the minimal model
based on the&U(5)/S0O(5) global symmetry, the so-called littlest Higgs model [45%s a
firm prediction from the symmetry breaking pattern alone ¢xistence of anothé?(1) TeV
pseudo Goldstone bosdnwith the SU(2), x U(1)y quantum number$ ~ (3, 2).

Interestingly, the existence of triplet Higgsmight also be required to generate Majorana
masses to the left-handed neutrinos [523]. Non-zero meutriasses and mixing is presently
the only experimentally verified signal of new physics beydme SM. In the triplet neutrino
mass mechanism [524], which we assume in this work, the imeutnass matrix is generated
via

(my)ij = (Yo)ijve, Q)
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where(Ys);; are the Majorana Yukawa couplings of the triplet to the lefenerations, j =
e, i, 7 which are described by the Lagrangian

L =il mYg (1 ®)p; + h.c., )

anduvs is the effective vacuum expectation value of the neutralpament of the triplet induced
via the explicit coupling of® to the SM Higgs doublell as;®°H°H°. Herey has a dimension

of mass. In the concept of seesaw Mg, and the smallness of neutrino masses is attributed to
the very high scale of triplet masd, via the smallness afy = pv?/M2, wherev = 174 GeV.
However, in the littlest Higgs model the triplet mass scal®(1) TeV which alone cannot
suppressg. Therefore in this modegl <« Mg, which can be achieved, for example, via shining
as shown in ref. [525,526]. In that casg ~ O(0.1) eV. We remind also that; contributes to

the SM oblique corrections, and the precision datd'fit 2 - 104 [494] sets an upper bound
v < 1.2 GeV on that parameter.

The cross section of the single™ production via théV W fusion process [527}q —
q'q¢'®** scales as- v2. In the context of the littlest Higgs model this process,dakd by the
decaysd™ — WTWT, was studied in ref. [498,500,501]. The detailed ATLAS siatiain
of this channel shows [500] that in order to obsetvEeV ®** one must haves > 29 GeV.
This is in conflict with the precision physics boung < 1.2 GeV as well as with the neutrino
data. Therefore th&/ 1V fusion channel is not experimentally promising for the disry of
the doubly charged Higgs.

In this work we perform a Monte Carlo analyses of the DreliYair production [527,
528] pp — ®*T+*d~~ of the doubly charged Higgs boson followed by the leptonicays
o+t — 2/* in a typical LHC experiment. We assume that neutrino massasedrom the
coupling to the triplet Higgs which fixes the™ leptonic branching ratios. Due to the small-
ness ofve We can neglect the decaysliolV. The advantages of this process are the following.

1. The production cross section is known, it does not departil@unknown model param-
eters.

2. The decayp* — ¢*¢" is lepton number violating and allows to reconstrdiét” invari-
ant mass from the same charged leptons rendering the SMiackbvery small in the
signal region.

3. The known neutrino mixing Eq.(1) predicts the branchatgs asBR(®T+ — ptut) =
BR(®tt — 7t7t) = BR(®TT — ptrt) = 1/3. We assume that neutrinos have a
normal hierarchy which implies negligible decay rates ®électron final states.

We consider only the muon final states which are the easiestgerve at the LHC environ-
ment. We have generated the production process and thevieptecays ofb** as well as
the relevant background processes using PYTHIA Monte Ggetlwerator [17], and analyzed
both the2, ™2~ and2u™* final states. We have used the default set of PYTHIA parameter
(parton structure functions, gauge couplings etc.) extggitwe fix thed™ branching ratios
viaY " = \/2Y#" = Y77 = 1. Rescaling of those couplings to satisfy data from the search
for lepton flavour violating processes [527,529] does nfgtcafour results. We also comment
on the results of our analyses if this assumption is relareldzR(¢++ — ptut) = 1.
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Process N of expected S1 52 S3
events pr > 75 (50) GeV n<25 2ut2u~
background
27 — 2u2u~ 177 12 (42) 9.5 (30) 0.7 (3.0)
tt— 2ut2u~ 1.3-108 1.1-10% (6-10%) | 1-10* (5.8-10%) 0 (4.5)
bb — 2ut 2 2.8-10"° | 1.1-10*(1.1-10%) | 7.1-10® (8.5-10%) | 0 (0)
signal
Mg = 200 GeV 2.10% 5849 (9182) 5340 (8129) | 818 (1723)
My = 500 GeV 512 298 (330) 287 (314) 81 (97)
Mg = 1000 GeV 15 9.7 (10.1) 9.5 (9.8) 3.1 (3.3)

Table 1: The number of expected background and signal ef@ntise integrated luminosit$00 fb~!, and the
number of®** candidates from theu 2.~ final states passing each cut. For the signal events we hiese ta
BR(®T+ — ptut) =1/3.

2. FOUR MUON FINAL STATES

Considering the four muon final stateg ™2, ~ as the experimental signature for the process
pp — ®TTd~ we have reconstructed the invariant mass of two like-signmsy

mi = (pf +1p3)°, ®)

with the four-momentasg, ». Since the like-sign signal muons originate from the saméljou
charged Higgs boson, the invariant mass peak will measearélipgs massin; = Ms. The
four muon signature is the cleanest and the most robust dresbdckground arises mostly from
the Z0Z°, bb, andtt production and their muonic decay. Because those particketighter than
d (the present bound from Tevatronlig, > 136 GeV [530,531]) the background muons must
be softer and should not give an invariant mass peak. To estiha signal over background we
have applied three selection rules as follows. S1: all mudtistransverse momentum smaller
than 75 GeV (50 GeV) are neglected. The larger (smaheQut is appropriate for the heavier
(lighter) Higgs boson. S2: only the muons with pseudorapigi< 2.5 are detectable at CMS
or ATLAS and only those are selected. S3: only the events2tbsitive and 2 negative muons
are selected.

We have generated with PYTHIA Monte Carlo the dataseBs&f107 bb, tf and10® ZZ
events for the background, and the dataselslof signal events witl/s = 200, 500, 1000 GeV.
We have applied the selection rules described above analeeshe results taking into account
the cross section of the particular process. In Table 1 weepitehe expected number of back-
ground and signal events as well as the numbefis'sf candidates passing each selection rule.
We assume the total integrated luminosity to306 fb—1. The most effective cut is the, cut
and therefore applied first. As one can see, the backgrowsithisst eliminated, especially for
the cutpr > 75 GeV. In Fig. 1 we plot the histogram for the invariant massritigtion of the
like-sign muons passing all the cuts fdfs = 200 GeV andMgs = 500 GeV. The SM back-
ground is represented by black dashed line and the sign&dgalid line. For those values of
My the significances/+/B is huge.

For the massV/s = 1 TeV one expects only 3 signal candidates although the total
number of produce@®** is 30. Strong signal suppression occurs is because thelpligha
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Figure 1: Distribution of the invariant mass of two like-simuons after all cuts for thgu 2.~ final state in the
case ofMg = 200 GeV (left panel) and/s = 500 GeV (right panel) fop, > 75 GeV. The background is almost
invisible.

for both ®** to decay to two muons is 1/9. The expected background is (6] {ake Higgs
candidates depending on the cut, but the background occurs at low invariant mass. Three
Poisson distributed signal events with zero backgrounagt kigh invariant mass constitutes
the discovery ofb** at 95% C.L. However, iBR(®*T — utpu™) = 1 we expect to get 25.9
Higgs candidates fak/y = 1 TeV. In this case the LHC mass reach extends up to 1.2 TeV.

3. TWO MUON FINAL STATES

In order to increase the LHC mass reach 6" discovery we also study the two like-sign
muon final states. Although in this case one can identify nsigeal event candidates, also
the background is larger. The dominant background prosegsimg2.* final states are listed

in Table 2. Because the Monte Carlo generated data setscafga additional muons from
secondary processes we must also include the processeg’like i+~ to the background.
Combining one of theZ decay products with the secondary muon we get the fake sigmiah

has to be eliminated. The, bb, ZZ background and the signal datasets are the same as in the
4y study, in addition we have generated new background datef&1® events.

To minimize the background we use the following selectidesuS1: event is counted
only if it contains at least one like-sign muon pair. S2: evsrrejected if it contains a quark
with pjT"'t > 20 GeV. This corresponds to the jet veto and reduces the baskdifoom hadronic
processes. S3: only muons with the pseudorapiglity 2.5 are observable in CMS or ATLAS
experiments. S4: we require an opening angle between thikisveign muons to be < 2.5.

S5: only muons witlp; > 50 GeV are taken and the events with at least one like-sign muon
pair are selected. The number of events passing each seleatée are given in Table 2. The
total number of estimated background is 26 events whichrgetahan in the four muon case.
But also the signal is more prominent.

To see the invariant mass distribution of the like-sign maua@ plot in Fig. 2 the his-
tograms for the signal (red solid) and background (dasheskipfor M5 = 500 GeV (left panel)
andMs = 1000 GeV (right panel). As one can see, the invariant mass of vackgl muons
is smaller than the one of signal. Taking only the events wtlariant massn; > 300 GeV
one can get background free experimental signabof. In this channel the doubly charged
Higgs with the masd/, = 1050 GeV can be discovered. Again, HR(®tT — ptu®) =1
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Process N expected S1 S2 S3 S4 Sh
2ut | Pt >20GeV| <25 | ¢ <25 |pr>50GeV
background

bb 2.8-10 |9.4-108 2.6-107 2.5-10% 1.2 106 0

tt 1.3-10% |1.4-107 3.6-10° 1.7-105| 1-10° 4.4

WWw 2.7-10* 1022 885 335 204 0

w2z 106 111 110 62 35 1.7
Z —2u 1.5-107 |8.6-10° 6.6 - 10° 2.6-10° | 1.5-10° 12.8

Z — 21 2.5-10% | 1.4-10° 1.1-10° 4.5-10* | 2.6 - 10 0
Z7 177 369 363 207 115 7.5
total 26.4

signal

Mg = 200 GeV 2-10% 1.6-10% 1.6 - 104 1.3-10*| 8513 5832
Mg = 500 GeV 512 401 389 356 225 199
Mg = 1000 GeV 15 11 11 10 6 5.7

Table 2: The number of expected background and signal eventbe integrated luminositg00 fb~!, and
the number ofd** candidates from theu™ final states passing each cut. For the signal events we hiase ta
BR(®TT — ptut) =1/3.

we expect to get 15.9 Higgs candidates instead of 5.7, andd¢dtCeach 1.1 TeWp .

4. CONCLUSIONS

We have carried out Monte Carlo study of doubly charged Hjujs production followed by
the leptonic decays at the LHC experiments. Since the sibgfeproduction is strongly sup-
pressed, this is the only potentially observable channeH&. In addition, we have assumed
that triplet Higgs also generates the observed neutrincesaghich fixes th@*+ leptonic
decay branching ratios from neutrino data. We have gertethtesignal as well as the back-
ground processes for both four muon and two muon final staibsRYTHIA Monte Carlo,
and analyzed how to reduce maximally the SM background. €sults are plotted in Fig. 1
and Fig. 2 which show that the invariant mass distributiotheflike-sign muon pairs allows to
discover the doubly charged Higgs with the mass = 1050 GeV. Relaxing our assumption
about branching ratios, and assumiB@&(®*" — pTu*) = 1, the LHC discovery reach for
®** increases td/y = 1.2 TeV

Our results can be improved by including the tau-lepton mstraction to the analyses.
The background can further be reduced via vetoing the bethggents and by reconstructing
Z andt, and neglecting leptons from their decays. Neverthelésse gshe signal is so robust
and clean, our results show that this is not necessaryffox 1 TeV.
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Abstract. The little Higgs models predict a rich phenomenology for the future collider
experiments. Our attention is focused on the littlest Higgs model. We carry out a Monte
Carlo study of the doubly charged Higgs pair production (pp — ®TT®~7) in a typical
LHC experiment. The branching ratios are fixed using an assumption that, in addition, the
observed masses of the neutrinos are generated by triplet Higgs: BR(®*+ — pEpu®) =
BR(®+*+ — ,uiTi) =BR(®PFE — rE7E) = 1/3. We study the invariant mass distribution of
same-charged muon pairs (®*+ — 2,uii) together with the background processes from the
standard model: bb, tt, and ZZ production. To suppress the background, we propose a new
type of selection rule, suitable in the case of production of the pairs of equal mass particles
(®*F). This selection rule ensures high significance of the signal over the background of the
standard model and implies very small cut of the signal under study. At the Monte Carlo level
the doubly charged Higgs can be visible at the LHC in the mass range up to approximate 1 TeV.

Key words: little Higgs models, triplet Higgs, neutrino physics, LHC physics.

1. INTRODUCTION

The main motivation for the Large Hadron Collider (LHC) experiment is to
reveal the secrets of electroweak symmetry breaking. Still, after the possible
discovery of the standard model (SM) Higgs boson, a question will arise: what
stabilizes Higgs mass against the Planck scale quadratically divergent radiative
corrections? An answer to that question could be supersymmetry, which implies a
very rich phenomenology of predicted s-particles in the future collider experiments.
However, recently another possibility of formulating the physics of electroweak
symmetry breaking, so-called the little Higgs, was proposed [1~3].
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In the little Higgs models the SM Higgs boson is a pseudo Goldstone mode
of a broken global symmetry and it remains light. It is much lighter than the
other new modes of the model which have masses of order the symmetry breaking
scale O(1) TeV. In order to cancel one-loop quadratic divergences to the SM Higgs
mass, a new set of heavy gauge bosons W', Z' with the SM quantum numbers
identical to W, Z, and a vector-like heavy quark pair 7', T with charge 2/3 must be
introduced. Notice that those fields are put in by hand in order to construct a model
with the required properties. However, the minimal model, so-called littlest Higgs
model based on the SU(5)/SO(5) global symmetry, has a firm prediction from
the symmetry breaking pattern alone: the existence of another O(1) TeV pseudo
Goldstone boson ® with the SU(2), x U(1)y quantum numbers ® ~ (3,2) [4].

Another important and yet open question in particle physics is the mechanism
for providing the masses of neutrinos. The discussions lasted many decades and
were finalized with the experimental improvement of the neutrino oscillations at the
beginning of this millennium [°~7]. Interestingly, the existence of triplet Higgs ®
might also be required to generate Majorana masses to the left-handed neutrinos [®].
Nonzero neutrino masses and the mixing of neutrinos is the only experimentally
well verified signal about the unknown physics beyond the SM. In the triplet
neutrino mass mechanism [?], which we assume in this work, the neutrino mass
matrix is generated via

(my)ij = (Ya)ijve, (1

where (Y3);; are the Majorana Yukawa couplings of the triplet to the lepton
generations ¢, j = e, i, T, which are described by the Lagrangian

L=il§ Yy (1 @)y, + hec., 2)

and vg is the effective vacuum expectation value of the neutral component of
the triplet induced via the explicit coupling of ® to the SM Higgs doublet H as
p®CHOHO. Here p has dimension of mass.

In the concept of seesaw 1 ~ Mg and the smallness of neutrino masses is
attributed to the very high scale of triplet mass Mg via the smallness of ve =
pv? /M(%,, where v = 174 GeV. However, in the littlest Higgs model the triplet
mass scale is O(1) TeV, which alone cannot suppress ve. Therefore in this model
i < Mg, which can be achieved, for example, via shining as shown by Ma et
al. ['%11]. In that case vy ~ 0(0.1) eV. We also remind that vg contributes to the
SM oblique corrections, and the precision data fit T <2 x 1074 [12] sets an upper
bound vy < 1.2 GeV on that parameter.

The cross section of the single ®** production via the W W fusion process [
qq — ¢¢PTF scales as ~ v%. In the context of the littlest Higgs model
this process, followed by the decays ®** — WEW*, was studied in the
papers ['4716]. The detailed ATLAS simulation of this channel shows ['%] that
in order to observe 1 TeV &=+, one must have v > 29 GeV. This is in conflict

13]

129



with the precision physics bound v < 1.2 GeV as well as with the neutrino

data. Therefore the W fusion channel is not experimentally promising for the

discovery of the doubly charged Higgs.

In this work we perform a Monte Carlo analysis of the Drell-Yan pair
production ['*17] pp — ®+T®~~ of the doubly charged Higgs boson followed
by the leptonic decays ®** — 2/ in a typical LHC experiment. We assume that
neutrino masses come from the coupling to the triplet Higgs, which fixes the ®++
leptonic branching ratios. Due to the smallness of vg, we can neglect the decays to
WW. The advantages of this process are the following:

1. For all practical purposes the production cross section is well predicted; its
independence on the model-dependent unknown parameters can be neglected.

2. The decay ®*+ — ¢*¢* is lepton number violating and allows reconstruction of
®** jnvariant mass from the same charged leptons rendering the SM
background very small in the signal region. Therefore it should provide a very
clean detectable signature for the LHC detectors.

3. The known neutrino mixing Eq. (1) predicts the branching ratios as BR(®** —
ptpt) = BR(®TF — 7t7r%) = BR(®TT — pFrt) = 1/3. Here we
assume that neutrinos have a normal hierarchy, which implies negligible decay
rates to the electron final states.

In the current study we consider only the muon final states, which are the easiest
to observe at the LHC environment. For example, the Compact Muon Solenoid
(CMS) is optimized for muon signals and the discovery rate of energetic muons
(pr > 2 GeV and |n| < 2.4, where pr is transfer momentum) is close to 95% ['8].

We have generated the production process and the leptonic decays of ®++
as well as the relevant background processes using the PYTHIA Monte Carlo
generator [19]. We focus our study on the 272, final states as it is a very
characteristic signature compared to the SM signatures. We use the default set
of parameters (parton structure functions, gauge couplings, etc.) from CMS
CMKIN ['8], except that we fix the ®** branching ratios via Y§* = 2V} =
Yg$7 = 0.01. Rescaling those couplings to satisfy data from the searches for lepton
flavour violating processes [1320] does not affect our results. We also comment
on the results of our analyses if this assumption is relaxed and BR(®**

prpt) = 1.

—

2. SELECTION CRITERIA FOR THE 2;"2;~ SIGNATURE

Considering the four muon final states 2172y~ as the experimental signature
for the process pp — ®T+®~~, we have reconstructed the invariant mass of two
like-sign muons,

(mi=)* = (ot +12)", (3)

with the four-momentas p; 2 of muons. Since the like-sign signal muons originate
from the same doubly charged Higgs boson, the invariant mass peak will measure
the Higgs mass, m; = Mg. The four-muon signature is the cleanest and the most

130



robust one. In addition, as the doubly charged Higgs is produced in pairs, we can

use some unique selection techniques described below.

The background arises mostly from the ZZ, bb, and ¢t production and their
muonic decay. Because those particles are lighter than ® (the present bound from
Tevatron is Mg > 136 GeV [2122]), the background muons must have smaller pr
and it should not give an invariant mass peak. In addition, a self-generated low
background process exists: if the branching ratio allows ®** — 7%7% decay, then
we get some soft energy muons from the 7 decay (the branching ratio 7 — p is
approximately 20%).

We have applied four selection rules for our Monte Carlo generated particle
data:

S1: Only the muons with pseudorapidity |n| < 2.4 are detectable in the typical
LHC detector, for example CMS ['®]. Therefore, only the particles with
In| < 2.4 are selected from our Monte Carlo generation.

S2: All muons with transfer momentum pr < 25 GeV are neglected.

S3: Only the events with at least two positive and two negative muons,
so-called 2u" 24~ events, are selected. The charge misidentification rate is
very low for the LHC detectors as mentioned above.

S4: We require that both invariant masses in the pair production event be
approximately equal. For this selection rule we have considered two different
values of the cuts: (1) a wider one, 0.5 < m}H/mI__ < 1.5 and (2) a more
restrictive one, 0.9 < m}Hr / m;~ < 1.1, where mfi is the invariant mass of
the same charged muons.

The selection rule S1 is applied first as it is a natural restriction of the real
detectors at the LHC. The restriction of the detectors suppresses mainly the soft
energy background as it is more boosted. The S2 filter rules out all soft background
particles and saves computational resources for the next steps of the analyses. The
S3 rule is natural if we are looking for two doubly charged Higgs bosons with the
opposite charges and we have a high charge identification rate (0.95). The final rule,
S4, is based on the fact that the invariant masses of the same charged muon pairs
have to be equal in the case of pair production of doubly charged Higgs boson.
Naturally, some freedom is needed in the last condition due to decay width and
experimental error of the detector. Therefore, we applied the two versions of the
rule S4, marked below as S4; and S4,.

3. MONTE CARLO ANALYSES

We have generated with PYTHIA Monte Carlo the data-sets of 2.8 x 107
bb, tt and 10° ZZ events for the background, and the data-sets of 5 x 10° signal
events with Mg = 200,500,1000 GeV. We have applied the selection rules
described above and rescaled the results taking into account the cross section of
the particular process. The cross sections have been taken from the paper [°]. In
Table 1 we present the expected number of background and signal events, as well
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as the numbers of ®*+ candidates (2;:72u~ events) in total and in the detector
(In| < 2.4). We assume the total integrated luminosity of the LHC to be 300fb~L.

Table 2 describes the effect of the different selection rules. As one can see,
after the last selection S4 the background is almost eliminated around the invariant
mass peaks. In Table 3 we present the final significances of the Higgs signal and

Table 1. The number of expected background and signal events for the integral luminosity
of 300 fb~!. In case of Higgs events a self-generated background with 24+ 2y~ final state
exists, which originates from secondary tau decay to muons. So, the primary 272y~ events
are given in brackets. For the signal events we have taken the following branching ratios:
BR(®*F — pFpF) = BR(®F — pF7%) = BR(OTF — 757%)=1/3

Process Nof4¢ | Nof2ut2u~ N of 2u 24~ events
events events in detector (S1: || < 2.4)
Background
tt 2.6x107 4.6x10° 3.0x10°
bb 2.8x1010  2.5x107 9.7 %108
YA 2.1x10% 5.8%103 2.3x103
Signal
Mg =200 GeV 23354 4045 (2593) 2416 (1797)
Mg =500 GeV 596.4 102 (66.0) 75.6 (55.8)
Mg =1000 GeV 16.75 2.9(1.87) 2.26 (1.68)

Table 2. The number of ®** candidates form 2,172/~ final states passing all the selection
rules. The primary 2124~ events are given in brackets. For the signal the branching ratios
are BR(®F+ — /Liﬂi) =BR(®*T* — IuiTi) =BR(®F* — 7% = 1/3

Process Number of invariant masses
No cut | pr > 25 | S4, | S4,
Energy range 100—300 GeV
tz€—> 2ut2u~ 17192 875 381 86
bb — 22~ 20196 1009 0 0
727 —2ut2u~ 1313 655 345 67
Mgp=200GeV 4831 (3593) 3909 (3212) 3664 (3178) 3182 (2863)
Energy range 250—750 GeV
t)§~—> 2ut2u~ 754 76.6 13.6 0
bb — 2ut 2~ 0 0 0 0
727 —2ut2u= 172 81.5 26.6 3.0
Mg =500 GeV 151 (112) 143 (111) 129 (109) 98 (96)
Energy range 500—1500 GeV
t1€—> 2ut2u~ 18.4 1.9 0 0
bb — 22~ 0 0 0 0
27 —2ut2u~  21.7 10.6 1.7 0
Mg =1000 GeV 4.52(3.37) 4.37(3.36) 3.87(3.30) 2.91(2.88)
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Table 3. The significance and the percentage of invariant masses left after the selection process.
The primary 2172y~ events are given in brackets. For the signal the branching ratios are
BR(®** — ptpt) = BR(@Tt — pFrF) = BR(@TT — 7F7%) = 1/3. N/A - not
available

Process Significance Signal left after the selection, %

pr > 25 ] S4, [ S4, pr > 25 S44 S4y

Total background N/A 0.036 0.011 0.002
Mg =200GeV  77.5 1359 257.0 80.9(89.3) 75.8(88.4) 65.8(79.6)
Mg = 500 GeV 11.3 204 570 94.4(98.9) 855(97.2) 64.8(85.9)
Mg = 1000 GeV 1.2 2.9 %) 96.6 (99.7) 85.6(97.8) 64.3(85.4)

the final lefts of the background and Higgs signal after all the selection filters. The
significance is defined as S/+/B, where S and B are the numbers of the signal and
background events. Figure 1 plots the histogram for the invariant mass distribution
of the like-sign muons for Mg = 500 GeV and Mg = 1000 GeV. The darkest
histogram marks the signal left after the full selection and the lightest histogram
marks the signal in the detector (|| < 2.4). For those values of Mg the significance
is huge.

For the mass Mg = 1 TeV one expects only ~3 doubly charged Higgs
candidates, although the total number of produced ®* is ~33. As BR(®PT* —
ptp®) = 1/3, the strong signal suppression occurs because the probability for both
®** to decay to two muons is (1/3)2 = 1/9. So, the probability to produce two
or more Higgs pair events is about 40%. Thus, the LHC can reach the ® mass
close to 1 TeV. However, if BR(®** — p*u®) = 1, we expect to get ~ 26
Higgs candidates for Mg = 1 TeV. In this case the LHC mass reach extends up to
1.2 TeV.

4. CONCLUSIONS

We have carried out Monte Carlo study of doubly charged Higgs boson pair
production, followed by leptonic decays at the LHC experiments. Since the single
®*++ production is strongly suppressed, this is the only potentially observable
channel at the LHC. In addition, we have assumed that triplet Higgs also generates
the observed neutrino masses, which fixes the ®* leptonic decay branching ratios
from neutrino data. We have generated the signal as well as the background
processes for four muon final states with PYTHIA Monte Carlo, and analysed
how to reduce maximally the SM background to reach maximum significance of
the signal. Our results are plotted in Fig. 1, which show that the invariant mass
distribution of the like-sign muon pairs allows discovery of the doubly charged
Higgs with the mass close to Mg = 1 TeV. Relaxing our assumption about
branching ratios, and assuming BR(®** — p*p*) = 1, the LHC discovery
reach for ®*+ increases to Mg = 1.2 TeV
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Higgs 500 GeV and background | Higgs 1000 GeV and background |

N of invariant masses
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Invariant mass in GeV Invariant mass in GeV

Fig. 1. Distribution of the invariant mass of two like-sign muons. The darkest histogram marks
the signal after the full set of cuts for the 2;4™ 24~ final state in the case of Mg = 500 GeV
and Mg = 1000 GeV (the left and the right panel, respectively). The background is very
low around the invariant mass peak of the Higgs signal. In addition to the standard model
background, the small “tail” of the self-generated ® — 7 — u background is visible at the
smaller invariant mass region close to the Higgs mass peak. The lighter histograms mark the
signal with less selections applied, as indicated in the figures.

Our results can be improved by including the tau-lepton reconstruction in the
analyses. Alternatively, the background can further be reduced using some standard
methods: vetoing the b-tagged events, by reconstructing Z and ¢¢, and neglecting
leptons from their decays. In addition, the pair production gives some additional
possibilities of constructing new selection rules. Nevertheless, since the signal is
so robust and clean, our results show that this is not necessary for the region up to
Mg < 1TeV.
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Topeltlaetud Higgsi bosoni paarissignaali
uurimine LHC-eksperimendi juures

Andi Hektor, Mario Kadastik, Kristjan Kannike, Mait Miintel
ja Martti Raidal

Nn viikesed Higgsi mudelid lubavad mitmekesist osakeste fenomenoloogiat

tulevaste kiirendieksperimentide jaoks. Artiklis on uuritud vdimalikke eksperi-
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mentaalseid mérke nn viikseima Higgsi mudeli poolt ennustatud nihtustest skaa-
lal 0,2 kuni 1 TeV. Voimalike signatuuride uurimiseks on kasutatud meie poolt
PYTHIA Monte Carlo generaatoriga toodetud andmeid, mis vastavad topelt-
laetud Higgsi bosoni paaridele tiitipilise LHC-eksperimendi jaoks (prootonite
kokkupdrge masskeskme energiaga ~ 14 TeV, integraalne luminositeet 300 fb~1).
Selleks on fikseeritud topeltlaetud Higgsi erinevate lagunemiskanalite tdendosused,
kasutades meie poolt pakutud seost viikseima Higgsi mudeli ja neutriinode
massimaatriksi vahel. Signatuure on hinnatud samamaérgiliselt lactud miitionite
paaride invariantsete masside pohjal ja seda koos standardmudelist parit tausta-
protsessidega. Kuna tegemist on topeltlactud Higgsi paaride tekkimisega, siis saab
taustaprotsesside mahasurumiseks rakendada moningaid unikaalseid meetodeid.
Ténu sellele vdib signaali statistilist olulisust tunduvalt tdsta ja signatuuri on
voimalik muuta nahtavaks kuni piirkonnani, kui Higgsi mass ldheneb 1 TeV-ile.
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