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1 Introduction

1.1 Physics at the ILC

For more than twenty years, an advanced electron-positron collider has been put
forward as a key component of the future program of elementary particle physics.
We have a well-established Standard Model of particle physics, but it is known to be
incomplete. Among the many questions that this model leaves open, there are two
— the origin of the masses of elementary particles and the particle identity of cosmic
dark matter — that should be addressed at energy scales below 1 TeV. It has been
appreciated for a long time that a next-generation electron-positron collider would
give us the ability to make precision measurements that would shed light on these
mysteries.

Now the technology to build this electron-positron collider has come of age. This
report is a volume of the Technical Design Report for the International Linear Collider
(ILC). The accompanying volumes of this report lay out the technical design of a high-
luminosity ete™ collider at 500 GeV in the center of mass and of detectors that could
make use of the collisions to perform high-precision measurements. In this volume,
we summarize the physics arguments for building this collider and their appropriate
relation to the situation of particle physics as of the fall of 2012. The discussion
in this volume supplements the presentation of the physics opportunities for a 500
GeV ete™ collider given in the review articles [1,2,3], the 2001 regional study reports
[4,5,6], the 2006 study of ILC/LHC complementarity [7], and the 2007 ILC Reference
Design Report [8].

There are two important reasons to review the physics arguments for the ILC now.
First, the Large Hadron Collider (LHC) has now begun to explore the energy region
up to 1 TeV in proton-proton collisions. The LHC experiments have discovered a
resonance that is a strong candidate for a Higgs boson similar to that of the Standard
Model and have measured the mass of this resonance to be about 125 GeV [9,10]
It has been understood for a long time that there are intrinsic limitations to the
ability of hadron colliders to study color-singlet scalar particles, and that precision
measurements, to the few percent level, are needed to place a new scalar particle
correctly within our model of particle physics. The ILC is an ideal machine to address
this question. In this report, we will describe the system of measurements that will
be needed to probe the identity of the Higgs boson and present new estimates of the
capability of the ILC to make those measurements.

We will also describe many other opportunities that the ILC provides to probe
for and study new physics, both through the production of new particle predicted
by models of physics beyond the Standard Model and through the study of indirect



effects of new physics on the W and Z bosons, the top quark, and other systems that
can be studied with precision at the ILC. It is important to re-evaluate the merits of
these experiments in view of new constraints from the LHC, and we will do that in
this report.

The experience of operating the LHC and its detectors also allows us to make
more concrete projections of the long-term capabilities of the LHC experiments and
the complementarity of the measurements from the ILC experiments. We have tried
to incorporate the best available information into this report.

A second reason to revisit to physics case for the ILC is that the studies for the
technical design and benchmarking of the ILC detectors have given us a more precise
understanding of their eventual capabilities. In many cases, the performance of the
detectors found in full-simulation studies exceeds the capabilities claimed from studies
done at earlier stages of the conceptual detector design process. Our estimates here
will be based on these new results.

To support a major accelerator project such as the ILC, it should be a criterion
that this project will advance our knowledge of particle physics qualitatively beyond
the information that will be available from currently operating accelerators, including
the results expected from the future stages of the LHC. In this report, we will address
this question. We will demonstrate the profound advances that the ILC will make in
our understanding of fundamental physics.

1.2 Advantages of ete™ Colliders

Over the past forty years, experiments at proton and electron colliders have played
complementary roles in illuminating the properties of elementary particles. For ex-
ample, the bottom quark was first discovered in 1977 through the observation of
the T resonances in proton-proton collisions. However, many of the most reveal-
ing properties of the b quark, from its unexpectedly long lifetime to its decays with
time-dependent CP violation, were discovered at ete™ colliders.

Today, the LHC offers obvious advantages for experimenters in providing very
high energy and very high rates in typical reactions. The advantages of the ILC are
different and perhaps more subtle to appreciate. In this section, we will review these
advantages in general terms. We will revisit these points again and again in our
discussions of specific processes that will be studied at the ILC.



1.2.1 Cleanliness

An elementary difference between hadron and electron collisions is apparent in the
design of detectors: The environment for electron-positron collisions is much more
benign. At LHC energies, the proton-proton total cross section is roughly 100 mb. In
the current scheme for running the LHC, proton-proton bunch collisions occur every
50 nsec, each bunch crossing leads to about 30 proton-proton collisions, and each
of these produces hundreds of energetic particles. At the ILC, the most important
chronic background source comes from photon-photon collisions, for which the cross
section is hundreds of nb. Bunch crossings are spaced by about 300 nsec; at each
bunch crossing we expect about 1 photon-photon collision, producing a few hadrons
in the final state. Each ete™ bunch crossing does produce a large number of secondary
electron-positron pairs, but these are mainly confined to a small volume within 1 cm
of the beam.

The difference between hadron-hadron and ete™ collisions has profound implica-
tions for the detectors and for experimentation. The LHC detectors must be made
of radiation-hard materials to handle a high occupancy rate. They must have thick
calorimeters to contain particles with a wide range of energies, requiring also the
placement of solenoids inside the calorimeter volume. They must have complex trig-
ger systems that cut down rates to focus on the most interesting events. At the ILC,
tracking detectors can be made as thin as technically feasible. All elements, from
the vertex detector to the calorimeter, can be brought much closer to the interac-
tion point and contained inside the solenoid. The ILC detectors are projected to
improve the momentum resolution from tracking by a factor of 10 and the jet energy
resolution of the detector by a factor of 3 or better. The very close placement of
the innermost pixel vertex detector layer leads to excellent b, charm and 7 tagging
capabilities. In addition, the complications in analyzing LHC events due to hadrons
from the underlying-event and pileup from multiple collisions in each beam crossing
are essentially removed at the ILC. The eTe™ environment thus provides a setting in
which the basic high-energy collision can be measured with high precision.

1.2.2 Democracy

The elementary coupling e of the photon is the same for all species of quarks and
leptons, and the same also for new particles from beyond the Standard Model. Thus,
ete™ annihilation produces pairs of all species, new and exotic, at similar rates.

At the LHC, the gluon couples equally to all quarks and to new colored parti-
cles. However, here, this democracy is hardly evident experimentally. Soft, non-



perturbative strong interactions are the dominant mechanism for particle production
and involve only the light quarks and gluons. Further, because the proton is a com-
posite object with parton distributions that fall steeply, the production cross sections
are much lower for heavy particles than for light ones. At the LHC, the cross section
for producing bottom quarks is of the order of 1 mb, already much lower than the
total inelastic cross section. The cross section for top quark pair production at the 14
TeV LHC is expected to be about 1 nb. Production cross sections for new particles
will be 1 pb or smaller. Thus, interesting events occur at rates of 10~7 to 107!3 of
the total event rate. This implies, first, that a trigger system is needed to exclude
all events but 1 in 10° before any data analysis is possible. Beyond this, only events
with unusual and striking properties can be recognized in the much larger sample of
background QCD events. A new particle or process can be studied only if its signals
can be clearly discriminated from those of QCD reactions.

At the ILC, the cross sections for light quark and lepton pair production are much
smaller, but also more comparable to the cross sections for interesting new physics
processes. The main Standard Model processes in ete™ annihilation — annihilation
to quark and lepton pairs, annihilation to W*W =, and single W and Z production
— all have cross sections at the pb level at 500 GeV. New particle production pro-
cesses typically have cross sections of order 10-100 fb and result in events clearly
distinguishable from the basic Standard Model reactions.

This has a number of important implications for e*e~ experimentation. First, no
trigger is needed. The ILC detectors can record all bunch crossings and performed any
needed event reduction offline. Second, no special selection is needed in classifying
events. That is, all final states of a decaying particle, not only the most characteristic
ones, can be used for physics analyses. At the LHC, it is not possible to measure
absolute branching ratios or total widths; at the ILC, these quantitites are directly
accessible. Third and perhaps most importantly, at the ILC, it is much easier to
recognize W and Z bosons in their hadronic decay modes than at the LHC. Since
most W and Z decays are to hadronic modes, this is a tremendous advantage in the
systematic study of heavy particles whose decay products typically include the weak
bosons. We will see that this advantage applies not only to exotic particles but also
in the study of the top quark and the Higgs boson.

The Higgs boson is produced in roughly one in one billion pp collisions at LHC
energies. The modes actually used in the Higgs discovery occur at the rate of one
in a trillion pp collisions. At the ILC, Higgs events occur at about 1% of all ete™
annihilations, and the resulting events are quite characteristic. They can be picked
out and analyzed by eye. Figure 1 shows typical simulated events of ete™ — Zh.
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Figure 1: Simulated e™e™ — Zh events: Top: ete™ — Zh — p~pu~ 7777 ; Bottom: ete™ —

Zh — bbbb [11].
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1.2.3 Calculability

At the LHC, all cross section calculations rely on QCD. Any theoretical calculation of
signal or background has systematic uncertainties from the proton structure functions,
from unknown higher-order perturbative QCD corrections, and from nonperturbative
QCD effects. NLO QCD corrections to cross section calculations are typically at
the 30-50% level. For the Higgs boson cross section, the first correction is +100%.
To achieve theoretical errors smaller than 10% requires computations to NNLO or
beyond, a level that is not feasible now except for the simplest reactions.

At the ILC, the initial-state e~ and e™ are pointlike elementary particles, coupling
only to the electroweak interactions. The first radiative corrections to cross sections
are at the few-percent level. With effort, one can reach the part-per-mil level of
theoretical precision, a level already achieved in the theoretical calculations for the
LEP program.

Thus, it is possible to study heavy particles through their effects in perturbing
the Standard Model at lower energies. For example, the LHC will be able to detect
Z'" bosons up to 4-5 TeV by searches for production of high-mass p*pu~ pairs. The
ILC at 500 GeV is sensitive to the presence of bosons with comparably high masses
by searching for deviations from the precise Standard Model predictions for ete™ —
ff cross sections. By studying the dependence of these deviations on flavor and
polarization, the ILC experiments can reconstruct the complete phenomenological
profile of the heavy boson. Similar precision measurements can give new information
about heavy particles that couple to the top quark and the Higgs boson.

Beyond this, the high precision theoretical understanding of Standard Model signal
and background processes available at the ILC can make it possible to find elusive
new physics interactions, and to characterize these interactions fully.

1.2.4 Detail

Because of the simplicity of event selections at the ILC and the absence of a compli-
cating underlying event, physics analyses at the ILC can be done by reconstructing
complete events and determining quark and lepton momenta by kinematic fitting.
Such an analysis reveals the spin-dependence of production and decay processes. The
ILC will also provide polarized electron and positron beams, and so the processes
studied there can be completely characterized for each initial and final polarization
state.

We are used to thinking of quarks and leptons at low energy as single massive

11



...............

s s
0 50 100 150 200 250

Energy (GeV) cos 6

Figure 2: Spin asymmetries in eTe™ — tf: For the two fully polarized beam initial state
(e;zeJLr - red, solid, eZeE - blue, dotted), the figures show: Left: the energy distributions of
the W and ¢ (or d, s quark), Right: the cos@ distributions of the b and /.

objects. However, at energies above the Z° mass, the left- and right-handed compo-
nents of quarks and leptons behave as distinct particles with different SU(2) x U(1)
quantum numbers. The weak-interaction decays of heavy particles, including the top
quark and the W and Z bosons, have order-1 spin asymmetries. These spin effects
are difficult to observe at hadron colliders. Most typically, they are used as inputs to
perform signal /background discrimination using the matrix element method of mul-
tivariate event selection. At the ILC, they are obvious aspects of the physics. That
is, we do not rely on the correctness of the predicted Standard Model distribution
but instead observe these distributions in full detail. In Fig. 2, we present an array of
nontrivial energy and angular distributions generated by the spin asymmetries in the
process ete” — tt. In every process studied at the ILC, spin effects provide a crucial
new handle on the physics, allowing us to make interpretations at the basic level of
the underlying weak-interaction quantum numbers.

1.3 Modes of Operation of the ILC

At a proton-proton collider, one creates collisions at a fixed center of mass energy,
relying on the energy distribution of partons in the proton to sample a range of
collisions energies for elementary processes. At a circular ete™ collider, the maximum
energy is preset by the size of the ring, and typically the performance of the accelerator
is best just near this maximum energy. An ete™ linear collider is more forgiving
in terms of operating at different energies and in different running conditions. In
principle, it is possible to run at any energy up to the energy set by the length of the
machine, with a penalty in luminosity roughly proportional to the reduction in the

12



Energy Reaction Physics Goal Polarization

91 GeV ete” = 7 ultra-precision electroweak A

160 GeV ete” - WW ultra-precision W mass H

250 GeV ete” — Zh precision Higgs couplings H
350400 GeV ete” — tt top quark mass and couplings A
ete” - WW precision W couplings H

ete™ — voh precision Higgs couplings L

500 GeV ete” — ff precision search for Z’ A
ete” — tth Higgs coupling to top H

ete™ — Zhh Higgs self-coupling H

ete™ — xx search for supersymmetry B

ete” — AH,HYH~ search for extended Higgs states B

700-1000 GeV ete™ — vohh Higgs self-coupling L
ete” - voVV composite Higgs sector L

ete™ — vutt composite Higgs and top L

ete” — tt* search for supersymmetry B

Table 1: Major physics processes to be studied by the ILC at various energies. The table
indicates the various Standard Model reactions that will be accessed at increasing collider
energies, and the major physics goals of the study of these reactions. A reaction listed at
a given energy will of course be studied at all higher energies. The last column gives the
motivation for the use of polarized beams. Polarization is always an important component
of the ILC program, but for different reasons in different reactions. The codes A, H, L,
and B are explained in the text.

energy. Increasing the length of the machine of course requires the purchase of more
components, but in principle a linear collider can also be lengthened to smoothly raise
its maximum collision energy if physics discoveries call for this.

This flexibility has let the designers of the ILC to envision an experimental pro-
grams at series of energies well adapted to individual physics goals. In Table 1, we
list possible center of mass energies at which the ILC could be run. These encompass
the following:

e 91 GeV and 160 GeV: These energies correspond to the Z resonance and the
threshold for ete™ — WTW~. The ILC is capable of achieving a luminosity
much higher than that of the LEP program of the 1990’s. This motivates
a Giga-Z program, to improve the precision electroweak measurements of 7
asymmetries and couplings by an order of magnitude, and a Mega- W program
to measure the W mass with MeV precision.

13



e 250 GeV: This energy is the peak of the cross section for the reaction ete™ —
Zh, for h the new boson resonance discovered near 125 GeV. Whether or not A
is a Higgs boson, these experiments will begin the precision study of the nature
and couplings of this particle. The h production events are tagged, allowing
study of invisible and unexpected decay modes.

e 350-400 GeV: Within a few GeV of 350 GeV, the e"e~ annihilation cross
section is expected to show a prominent rise associated with the threshold for
top quark pair production. Because of its short lifetime, the top quark has
no stable bound states. Instead, it has a threshold structure whose shape is
precisely predicted by perturbative QCD. Measurement of this threshold shape
will yield the top quark mass to an accuracy of 100 MeV for input to grand
unification and other fundamental physics predictions. Measurements of the full
details of the tf final states near threshold and in the continuum will provide
a new program of precision measurements constraining electroweak symmetry
breaking.

The Higgs boson reaction ete™ — vDh turns on in this energy region. The
study of this reaction gives a measurement of the hWW coupling, an essential
ingredient in a program of precision Higgs boson studies. The cross section for
this reaction grows at higher energies roughly as log(Ecy/my), providing large
statistics for the study of rare Higgs decays.

Finally, the reaction ete™ — WTW ™~ becomes exceptionally sensitive to pos-
sible modification of the Standard Model couplings at high energy, with the
effect of modified couplings growing as (E/m,)? In this energy region and
above, precision W coupling measurements provide a third powerful probe for
new physics.

e 500 GeV: Running at the full energy and highest luminosity of the ILC in-
creases the power of the precision experiments just described. In addition,
precision studies of two-fermion reactions ete~ — ff can probe sensitively for
vector resonances at high energy, new fermion interactions, and quark and lep-
ton compositeness. This program also allows us to search for new particles such
as color-singlet supersymmetry particles and states of an extended Higgs sector
in parameter regions that are very difficult for the LHC experiments to explore.

e up to 1000 GeV: Running at even high energies, which is envisioned in up-
grades of the ILC, allows a number of new measurements sensitive to the Higgs
boson coupling to the top quark and the Higgs boson self-coupling, to additional
probes of strongly-interacting or composite models of the Higgs boson, and to
searches for new exotic particles.

14



The exact run plan that will be carried out at the ILC will depend on the situation
in particle physics at the time of the ILC operation, taking into account new discover-
ies and measurements from the LHC in its running at 14 TeV. For definiteness in our
projections for the ILC capabilities for Higgs boson couplings, we will discuss here a
canonical program with stages at 250 GeV, 500 GeV, and 1000 GeV, with integrated
luminosity 250 fb~t, 500 fb~!, and 1000 fb~!, respectively, at these stages.

Both the electron and the positron beams at the ILC will be polarized. As we have
emphasized already in the previous section, ILC cross sections depend on beam po-
larization in order 1. Thus, polarization is an essential ingredient in the experimental
program.

In Table 1, we have devoted the last column to the role of polarization in the study
of each of the major physics reactions. Beam polarization always plays an important
role, but this role differs from one reaction to the next [12]. Going down the Table,
we see four distinct modes in which beam polarization is used. These are:

A: At the Z resonance, in the precision measurement of the electroweak couplings
of the top quark, and in precision measurement of ete™ — ff, the beam po-
larization asymmetry is a crucially informative observable.

H: In e'e™ annihilation, an electron annihilates a positron of the opposite helicity.
Thus, opposite polarization of electrons and positrons (ef ef; and eze; ) enhances
the luminosity.

L: Certain Standard Model processes, especially at high energy, occur dominantly
from the e; e}, polarization state. Polarizing to this state greatly enhances the
rates and suppresses background.

B: Conversely, new physics searches at high energy benefit from use of the polar-

ization state eze; to suppress Standard Model background.

In this volume, we will discuss only ete™ experiments, but the ILC also has the
possibility of hosting experimental programs with vy and e~ e~ collisions. A review
of these options and more detailed discussion of the role of polarization can be found
in Part 4 of [4].

1.4 Key Physics Explorations at the ILC

In the following sections of this volume, we will present the major aspects of the
physics program of the ILC in detail. We will see explicitly how the features of ete™
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experimentation and the specific reactions outlined above translate into measurements
with direct and illuminating physical interpretation.

We begin by discussing the ILC program on the Higgs boson. There is now great
excitement over the discovery of a bosonic resonance at the LHC whose properties
are consistent with those of the Higgs boson [9,10]. This particle might indeed be
the Higgs boson predicted by the Standard Model, a similar particle arising from a
different model of electroweak symmetry breaking, or a particle of totally different
origin that happens to be a scalar resonance. To choose among these options, detailed
precision measurements of this particle are needed.

In Section 2, we will present the program of precision measurements of the prop-
erties of this new boson that would be made by the ILC experiments. Since the new
boson is observed to decay to WW and ZZ at rates comparable to the predictions for
the Standard Model Higgs boson, we already know that its production cross section
at the ILC will be sufficient to carry out this program. We will first set out the re-
quirements for an experimental program that has sufficient sensitivity to distinguish
the various hypotheses for the nature of the new scalar. Very high precision—at the
level of percent accuracy in the new coupling constants—is needed. It is unlikely
that the LHC experiments will reach this level of performance. We will then de-
scribe the variety of measurements that the ILC experiment would be expected to
carry out for this particle at the various stage of ILC operation. As we have already
emphasized, the ILC program on the Higgs boson includes experiments at 250 GeV,
the peak of the cross section for ete~™ — Zh, and at higher energies to access the
process ete™ — vvh with WW fusion production of the Higgs boson. We will show
that these measurements will be extremely powerful probes. They will definitively
settle the question of the nature of the new boson and will give insight into any larger
theory of which it might be a part.

The LHC has not yet provided evidence for signals of new physics beyond the
Standard Model from its early running at 7 and 8 TeV. There are two distinct atti-
tudes to take toward the current situation. The first is that it is premature to draw
any conclusions at the present time. The LHC experimental program is still in its
early stages. The accelerator has not yet reached its design energy and has so far
accumulated only 1% of its eventual data set. The second is that the discovery of the
new scalar boson—especially if turns out to have the properties similar to the Stan-
dard Model Higgs boson—and the deep exclusions already made for supersymmetry
and other new physics models have already changed our ideas about new physics at
the TeV energy scale. Our information from the LHC is certainly incomplete. We
look forward to new information and new discoveries in the LHC run at 14 TeV that
will take place in the latter years of this decade. And, yet, we must take seriously
the implications of what we have already learned.
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Though the Standard Model of particle physics is internally consistent and, so far,
is not significantly challenged experimentally, it is incomplete in many respects. Most
challenging is the lack, in the Standard Model, of any explanation for the spontaneous
breaking of electroweak symmetry that leads to the masses of all quarks, leptons, and
gauge bosons and provides the qualitative structure of their fundamental interactions.

The problem of electroweak symmetric breaking has motivated a large number of
proposals for new physics at the TeV energy scale. These proposals fall into three
classes. The first postulates that electroweak symmetry is broken by new strong
interactions at the TeV energy scale. In these models, the key observables are the
parameters of weak vector boson scattering at TeV energies. The discovery of a new
light scalar, especially if its couplings to W and Z are seen to be those characteristic
of a Higgs boson with a nonzero vacuum expectation value, deals a signficant blow
to this whole set of models.

The second class of models posulates that electroweak symmetry breaking is due
to the expectation value of an effective Higgs field that is composite at a higher mass
scale. Little Higgs models, in which the Higgs boson is a Goldstone boson of a higher
energy theory, and Randall-Sundrum models and other theories with new dimensions
of space, are examples of theories in this class. These theories predict new particles
with the quantum numbers of the top quark and the W and Z bosons, with TeV
masses. These particles should eventually be discovered at the LHC in its 14 TeV
program. The other crucial predictions of these models are modifications of the
couplings of the heaviest particles of the Standard Model, the W, Z, and top quark.
The ILC is ideally suited to observe these effects through precision measurement of
the properties of W, Z, and t. Extreme energies are not required; the ILC design
center of mass energy of 500 GeV is quite sufficient.

The third class of models postulates the Higgs field as an elementary scalar field,
requiring supersymmetry to tame its ultraviolet divergences. The LHC has now ex-
cluded the constrained supersymmetric models that were considered paradigmatic in
the period up to 2009 for masses low enough that supersymmetry dynamics naturally
drives electroweak symmetry breaking. However, supersymmetry has a large param-
eter space, and compelling regions are still consistent with the LHC exclusions. The
typical property of these regions is that the lightest supersymmetric particles are the
fermionic partners of the Higgs bosons. These particles are very difficult to discover
or study at the LHC but are expected to be readily accessible to the ILC at 500 GeV.
Models of this type are also likely to contain additional Higgs bosons at relatively low
masses that would be targets of study at the ILC.

Thus, we argue, the exclusion of new physics at this early stage of the LHC
program, combined with the observation of a new boson resembling the Standard
Model Higgs boson, strengthens the case for the ILC as probe of new physics beyond
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the Standard Model.

In Sections 3-7 of this report, we will explain this viewpoint in full detail. We will
begin in Section 3 with a review of the ILC program on ete™ — ff processes, where
f is a light quark or lepton. The precision study of these processes is sensitive to new
heavy gauge bosons. These reactions also probe models with extra space dimensions,
and models in which the electron is composite with a very small size. We will explain
how experiments at 500 GeV can reveal the nature of any such boson or composite
structure, qualitatively improving on the information that we will obtain from the

LHC.

In Sections 4-5, we will describe the ILC program relevant to models with a light
Higgs boson that is composite at a higher energy scale. In Section 4, we will review
the ILC program on the W and Z bosons. We will describe the capabilities of the ILC
for the measurement of W boson couplings and W boson scattering. We will show
that how these measurements are capable of revealing new terms in the couplings of
W and Z induced by Higgs composite structure.

In Section 5, we will review the ILC program on the top quark. We will describe
the study of top quark production at threshold and at higher energies near the max-
imum of the cross section for ee™ — tf. This study gives new, nontrivial, tests of
QCD and also gives access to couplings of the top quark that are extremely difficult
to study at the LHC. In models in which the top quark couples to a composite Higgs
boson or a strongly interacting Higgs sector, the couplings of the top quark to the Z
boson provide crucial tests not available at the LHC. We will describe the beautiful
probes of these couplings availabe at the 500 GeV ILC.

In Sections 6-7, we will discuss the ILC program in searching for and measuring
the properties of new particles predicted by supersymmetry and other models in
which the Higgs boson is an elementary scalar field. We will discuss particles that,
although they are within the energy range of the ILC, they would not be expected
to be found at the LHC at the current stage of its program. These particles might
be discovered at the LHC with higher energy or luminosity, or their discovery might
have to wait for the ILC. In either case, the ILC will make measurements that will
be key to understanding their role in models of new physics.

In Section 6, we will review ILC measurements on new bosons associated with
the Higgs boson within a larger theory of electroweak symmetry breaking. We will
note many aspects of these more complex theories that the ILC will be able to clarify,
beyond the results anticipated from the LHC.

In Section 7, we will review the program of ILC measurements on supersymmetric
particles that might be present in the ILC mass range. In this discussion, we will re-
view the current constraints on supersymmetry. We will observe that many scenarios
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are still open in which new particles can found at the 500 GeV ILC. We will present
the detailed program of measurements that the ILC can carry out on these particles.
This discussion will also illustrate that broad capabilities that the ILC experiments
provide to understand the nature of new particles discovered at the LHC, whatever
their origin in terms of an underlying model.

As we have already noted, the current exclusions of new particles by the LHC
experiments drive us, in models of supersymmetry, to models in which the lightest
supersymmetric particles are the charged and neutral Higgsinos, which would natu-
rally lie in the 100-200 GeV mass range. These particles are very difficult to identify
at the LHC but would be easily seen and studied at the ILC. More generally, if su-
persymmetry is indeed realized in nature, the ILC can be expected to directly probe
those parameters of supersymmetry most intimately connected to the mechanism of

electroweak symmetry breaking. We will explain this point of view in detail in Section
7.

Finally, in Section 8, we will discuss the role of the ILC in understanding cosmology
and, in particular, the unique experiments possible at the ILC that will shed light
on the nature of the dark matter of the universe. Section 9 will give some general
conclusions.
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2 Higgs Boson

Precision studies of the weak interactions at LEP, SLC, Tevatron, and LHC have
shown that they are described by a spontaneously broken SU(2), x U(1)y gauge
theory. The quantum numbers of all fermions are verified experimentally, and the
properties of the heavy vector bosons W and Z predicted by the theory are in excellent
accord with the theory at the level of one-loop electroweak corrections [1]. However,
the basic SU(2) x U(1) symmetry of the model forbids the generation of mass for
all quarks, leptons, and vector bosons. Thus, this symmetry must be spontaneously
broken. The theory of weak interactions then requires a vacuum condensate that
carries charge under the SU(2), x U(1)y gauge groups.

In local quantum field theory, it is not possible to simply postulate the existence
of a uniform vacuum condensate. This condensate must be associated with a field
that has dynamics and quantum excitations. To prove the correctness of our theory
of weak interactions, it is essential to study this field directly and to prove through
experiments that the field and its quantum excitations have the properties required
to generate mass for all particles. We have little direct or indirect information about
the nature of this field. The Standard Model postulates the simplest possibility, that
the needed spontaneous symmetry breaking is generated by one SU(2) doublet scalar
field, the Higgs field, with one new physical particle, the Higgs boson. The true story
of electroweak spontaneous symmetry breaking could be much more complex.

The Higgs field, or a more general Higgs sector, couples to every type of particle.
It likely plays an important role in all of the unanswered questions of elementary
particle physics, including the nature of new forces and underlying symmetries, CP
violation and baryogenesis, and the nature and relation of quark and lepton flavors.
To make progress on these problems, we must understand the Higgs sector in detail.

In July 2012, the ATLAS and CMS experiments presented very strong evidence
for a new particle whose properties are consistent with those of the Standard Model
Higgs boson [2,3]. Additional evidence for this particle was provided by the CDF and
DO experiments [4]. This gives us a definite point of entry into the exploration of the
Higgs sector. It would be ideal to produce this particle in a well-controlled setting
and measure its mass, quantum numbers, and couplings with high precision. The
particle is at a mass, 125 GeV, that is readily accessible to a next-generation e*e™
collider. It has been observed to couple to ZZ and WW, insuring that the major
production reactions in eTe™ collisions are present. The ILC is precisely the right
accelerator to make these experiments available.

Though there is no reason to believe that the simple picture given by the Standard
Model is correct, the minimal theory of electroweak symmetry breaking given by the
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Standard Model is a convenient place to begin in describing the capabilities of any
experimental facility. This is especially true because, as we will discuss in Section
2.2, most models with larger and more complex Higgs sectors contain a particle that
strongly resembles the Standard Model Higgs boson.

In this section, then, we will describe the capabilities of the ILC to obtain a
comprehensive understanding of the Standard Model Higgs boson. In Section 2.1, we
will review the Higgs mechanism and write its basic formulae. In Section 2.2, we will
discuss the relation of the Standard Model Higgs boson to similar particles in more
general theories of elementary particles. We will review the Decoupling Theorem
that requires a boson similar to the Standard Model Higgs boson in a wide variety of
models, and we will review the expected sizes of deviations from the simplest Standard
Model expectation. In Section 2.3, we will review the prospects for measurements on
the Higgs boson at the LHC. In Sections 2.4-2.6, we will discuss the capabilities of the
ILC to measure properties of the Higgs boson in stages of center of mass energy—250

GeV, 500 GeV, and 1 TeV.

The prospects for the ILC to investigate other possible states of the Higgs sector
will be discussed separately in Chapter 6 of this report.

2.1 The Higgs mechanism in the Standard Model

We begin by briefly reviewing the Higgs mechanism in the Standard Model (SM).
In the SM, electroweak symmetry is broken by an SU(2)-doublet scalar field,

¢ = ( (h+v)/\/%++ iG°/\/2 > ' D

Here h is the physical SM Higgs boson and G and G are the Goldstone bosons eaten
by the W and Z. Electroweak symmetry breaking is caused by the Higgs potential,
the most general gauge-invariant renormalizable form of which is,

V = 12070 + A (0f)”. (2)

A negative value of p? leads to a minimum away from zero field value, causing elec-
troweak symmetry breaking. Minimizing the potential, the Higgs vacuum expectation
value (vev) and the physical Higgs mass are

v? = —p? /X~ (246 GeV)?, mi = 2M\” = 2. (3)

For my, ~ 125GeV, we have a weakly coupled theory with A ~ 1/8 and |u?| ~ m¥;.
The potential also gives rise to triple and quartic interactions of h, with Feynman
rules given by
2 2
hhh: —6i\v = —3i2 hhhh: —6i\ = —3i—2 (4)
v v
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The couplings of the physical Higgs boson to other SM particles are predicted
entirely in terms of v and the known particle masses via the SM Higgs mass generation
mechanism. The couplings of the W and Z bosons to the Higgs arise from the gauge-
kinetic terms,

LD (D"®)(D,®), D, =0, —igAiT* —ig B,Y, (5)

where g and ¢ are the SU(2); and U(1)y gauge couplings, respectively, and the
hypercharge of the Higgs doublet is Y = 1/2. This gives rise to the W and Z masses,

v v
mw =495, mz = Vg2+g/2§7 (6)

2
and couplings to the Higgs given by

2 2 2 2
g M, ., .g M,
WIW,h 5 G = 22—U Gy WW, hh 05 G = 21—U2 Gy
2 .2 2 2 2 2
(9" +97)v M (9°+yg M
Z,Zyh zggw = 2@729/“,, Z,Zy,hh z%gw = 2@U—2Zg,“,(7)

The photon remains massless and has no tree-level coupling to the Higgs.

The couplings of the quarks and charged leptons to the Higgs arise from the
Yukawa terms,

LD —ylam® Qry — yldr® Qry — v lr® Lr; + hoc., 8)

where Qp, = (ur,d,)T, Ly = (v, er)”, ® = io®®* is the conjugate Higgs doublet, and
y*, y¢, and y* are 3 x 3 Yukawa coupling matrices for the up-type quarks, down-type
quarks, and charged leptons, respectively. The Yukawa matrices can be eliminated in
favor of the fermion masses, yielding Higgs couplings to fermions proportional to the
fermion mass,

WFf: —i%:—iT, 9)

where ysv/ V2=m ¢ is the relevant fermion mass eigenvalue.

Thus we see that, in the SM, all the couplings of the Higgs are predicted with
no free parameters once the Higgs mass is known. This allows the Higgs production
cross sections and decay branching ratios to be unambiguously predicted. The key
regularity is that each Higgs coupling is proportional to the mass of the corresponding
particle. One-loop diagrams provide additional couplings and decay modes to gg, 77,
and vZ. In the SM, the Higgs coupling to gg arises mainly from the one-loop diagram
involving a top quark. The Higgs couplings to vy and «Z arise at the one-loop level
mainly from diagrams with W bosons and top quarks in the loop.
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Figure 3: Branching fractions of the Standard Model Higgs as a function of the Higgs mass.

The Higgs boson branching fractions in the Standard Model are currently pre-
dicted with relatively small errors, of the order of 5% in most cases. A current
assessment is given in [5]. These errors may be improved to below the 1% level in
the era in which the ILC experiments will run. A case of particular interest is the
partial width for h — bb The uncertainty estimated in [5] is 3%. The estimate is
dominated by errors of order 1% on the measured values of my;, and «, and by errors
from missing electroweak radiative corrections at NLO. The uncertainty from trunca-
tion of the QCD perturbation series is much smaller, 0.2%, since this series is known
to N*LO from a heroic calculation by Baikov, Chetyrkin, and Kiihn [6]. The MS
bottom quark mass is already known better than the estimate used in [5]. QCD sum
rules [7] and lattice gauge theory calculations [8] give consistent estimates with errors
below 0.6%. The same papers give also give consistent estimates of the M.S charm
quark mass at 3 GeV, with an error on the lattice side of 0.6%. The lattice results,
based on our precise knowledge of the heavy quark meson masses, are improvable.
Electroweak radiative correction calculations to NNLO are within the state of the
art. The value of o, will be known with an error well below 1% from event shape
measurments at the ILC. In all, we expect that the theoretical error on I'(h — bb)
will be below 1% in the era when the ILC measurements on the Higgs boson are
ready for interpretation. Most of the considerations of this paragraph apply also to
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Figure 4: Regions of stability and instability for the Higgs potential of the Standard Model,
in the plane of my, vs. my, from [14]. The right-hand figure show the 1, 2, and 3 o contours
corresponding to the currently preferred values of the Higgs boson and top quark masses.

the partial width for I'(h — ¢¢). In particular, the same papers cited above give also
give consistent estimates of the MS charm quark mass at 3 GeV, with an error on
the lattice side of 0.6%. We expect that the total theoretical error on this quantity
can be brought down close to 1%.

Figure 3 plots the branching fraction of the Standard Model Higgs boson as a
function of the Higgs mass. The figure tells us that the Higgs boson mass of my =~
125 GeV provides a very favorable situation in which a large number of decay modes
have similar sizes and are accessible to experiments that provide a large Higgs event
sample. The ILC, including its eventual 1 TeV stage, will allow measurement of the
Higgs boson couplings to W, Z, b, ¢, 7, and u, plus the loop-induced couplings to
99, v, and vZ. The regularity of the SM that the Higgs couplings are precisely
proportional to mass can thus be verified or refuted through measurements of many
couplings spanning a large dynamic range.

A deviation of any of the tree-level Higgs boson couplings to WW, ZZ, or SM
fermions indicates that additional new physics—either additional Higgs boson(s)
or electroweak symmetry-breaking strong dynamics—is needed to generate the full
masses of these particles and to assure good behavior of the associated scattering
amplitudes in the high-energy limit [9,10].

The Higgs potential in the Standard Model has another very unusual feature to
which we call attention. These remarks apply specifically to the situation in which
there is no new physics close to the TeV energy scale. In that case, for large values of
the top quark Yukawa coupling y;, renormalization group running to small distance
scales drives the Higgs coupling A negative and creates an instability of the Higgs
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potential [11]. If the low-energy value of A is large enough, the Higgs potential is
stable for all values of (®) below the Planck scale. However, it turns out that the
currently measured value of the top mass is too high to guarantee stability for a
Higgs boson mass value of 125 GeV. The minimum of the Higgs boson potential
corresponding to the Standard Model might still be metastable for times longer than
the age of the universe [12].

The stability region of the Standard Model, in relation to the current value of
the top quark mass and the value near 125 GeV for the Higgs boson mass, is shown
in Fig. 4 [13,14]. There is a small sliver of the (mj, m;) plane in which the Higgs
potential is metastable, and the currently preferred values lie in that region. However,
as shown in the inset, these values are plausibly consistent with eternal stability of
the Standard Model. If the Standard Model turns out to be correct, we will need to
know the value of the top quark mass very precisely to understand its eventual fate.
As we will discuss in Section 5.1, it is not clear that hadron collider experiments will
provide a substantially improved measurement of the top quark mass. Only the ILC,
which will measure the top quark mass to an accuracy of about 100 MeV, will have
the power to resolve the question of the ultimate fate of the Standard Model vacuum.

2.2 Higgs coupling deviations from new physics

2.2.1 'The Decoupling Limit

In this section, we will discuss possible modifications of the Higgs boson couplings
that might be searched for in precision Higgs experiments. It is a general property in
many class of models of new physics beyond the Standard Model that they contain a
light scalar field, elementary or effective, whose vacuum expectation value is the main
source of electroweak symmetry breaking. It is possible that this particle can look very
different from the Standard Model Higgs boson. At the moment, there is much interest
in this question, stimulated by the values of the first measured Higgs production rates.
Models predicting such large deviations can be found in [15,16,17,18] and other recent
theoretical papers. If it turns out that the new boson has couplings very different
from the Standard Model predictions, it will of course be important to measure those
couplings as accurately as possible.

However, it is much more common that the lightest Higgs boson of new physics
models has coupling that differ at most at the 5-10% level from the Standard Model
expectations. This point was made recently through the study of a number of ex-
amples by Gupta, Rzehak, and Wells [19]; we will provide some additional examples
here. A future program of Higgs physics must acknowledge this point and strive for
the level of accuracy that is actually called for in these models.
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The logic of this prediction is expressed by the Decoupling Limit of Higgs models
described by Haber in [20]. Consider a model with many new particles, in which all of
these new particles are heavy while an SU(2) doublet of scalars has a relatively small
mass parameter. There are many reasons why the mass parameter of the doublet
might be smaller than the typical mass scale of new particles. It might be driven
small by renormalization group running, as happens in supersymmetry; it might be
suppressed because the scalar is a pseudo-Goldstone boson, as happens in Little Higgs
models. In any event, if there is separation between the masses of other new particles
and the mass parameter of the scalar doublet, we can integrate out the heavy particles
and write an effective Lagrangian for the light doublet. The resulting effective theory
is precisely the Standard Model, plus possible higher-dimension operators. If the light
doublet acquires a vev, its physical degree of freedom is an effective Higgs particle,
with precisely the properties of the Standard Model Higgs up to the effects of the
higher-dimension operators. These effects are then required to be of the order of

mi/M?* or m?/M?, (10)

where M is the mass scale of the new particles. The following sections will give quan-
titative examples of Higgs coupling deviations that follow this systematic dependence.

2.2.2 Additional Higgs bosons

If there is one doublet of Higgs field that breaks the electroweak gauge symmetry,
there could well be more. Models that give mechanisms of electroweak symmetry
breaking often require more than one Higgs field doublet. A prominent example
is supersymmetry, which requires one Higgs doublet to give mass to the up-type
fermions and a different Higgs doublet to give mass to the down-type fermions. Any
enlargement of the Higgs sector has visible effects on the couplings of the lightest
Higgs boson.

We can explore this in the case of the model with two Higgs doublets.

Both doublets contribute to the W and Z masses. If fermions acquire masses from
one or the other doublet, their couplings to the lightest Higgs boson are modified
according to the Higgs sector mixing angles o and 3. For the Higgs structure of the
MSSM, the couplings of the light SM-like Higgs boson h are modified at tree level to

IV in(f — a)
JhsmVV

it Ghee _ sin(8 — a) 4 cot G eos(f — )
ghSMtt ghSMCC
Ghbb 9hrr

- = sin(3 — a) — tan B cos(3 — ). (11)

Ghgpibb GhgyrT
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The constrained form of the MSSM Higgs potential lets us express the couplings in
terms of the mass M, of the CP-odd Higgs boson A° (for large M,, the other Higgs
states HY and H* are nearly degenerate with A%). For tan 3 larger than a few, this

yields [29]
ghvv 1— 2027”% cot? 3

4
GhsmVV my

12

Ghtt = Ghee ~ 1 — M
Gheutt  Ghsyee m?
r 2cm?
Ghbb _ 9h ~ 14 227 (12)
Ghsnibb Ghgurr my

where ¢ captures the SUSY radiative corrections to the CP-even Higgs mass matrix.

We will review the LHC capabilities for detecting the heavy Higgs states in Section
6. The reach depends strongly on tan 3, but for moderate values of tan 3 it will be
very difficult for the LHC to observe these states if their masses are 200 GeV. If we
choose this value as a reference point, then, for tan 3 = 5 and taking ¢ ~ 1, the h°
couplings are approximately given by

200 GeV\*
IV~ 1 - 0.3% (—e)
GhguVV ma
o 2 ?
gnit _ gn ~ 1o 1.7%( 00 GeV)
ghSMtt ghSMCC ma
- 200 GeV '\’
gnh bty 4 40% (—e) . (13)
Ghgnibb Ghgurr ma

At the lower end of the range, the LHC experiments should see the deviation in the
hbb or hTt coupling. However, the heavy MSSM Higgs bosons can easily be as heavy
as a TeV without fine tuning of parameters. In this case, the deviations of the gauge
and up-type fermion couplings are well below the percent level, while those of the
Higgs couplings to b and 7 are at the percent level,

- 1 TeV?
L/ SN 1+1.7%( ° > : (14)
Ghgnibb Ghgyrr ma

In this large-m 4 region of parameter space, vertex corrections from SUSY particles
are typically also at the percent level.

More general two-Higgs-doublet models follow a similar pattern, with the largest
deviation appearing in the Higgs coupling to fermion(s) that get their mass from the
Higgs doublet with the smaller vev. The decoupling with m 4 in fact follows the same
quantitative pattern so long as the dimensionless couplings in the Higgs potential are
not larger than O(g?), where g is the weak gauge coupling.
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2.2.3 New states to solve the gauge hierarchy problem

Many models of new physics are proposed to solve the gauge hierarchy problem by
removing the quadratic divergences in the loop corrections to the Higgs field mass
term g2 Supersymmetry and Little Higgs models provide examples. Such models
require new scalar or fermionic particles with masses below a few TeV that cancel the
divergent loop contributions to u? from the top quark. For this to work, the couplings
of the new states to the Higgs must be tightly constrained in terms of the top quark
Yukawa coupling. Usually the new states have the same electric and color charge as
the top quark, which implies that they will contribute to the loop-induced hgg and
h~~ couplings. The new loop corrections contribute coherently with the Standard
Model loop diagrams.

For scalar new particles (e.g., the two top squarks in the MSSM), the resulting
effective hgg and h~y~vy couplings are given by

o2m?
Ghgg X ‘F1/2(mt) + —Qt Fo(mry)
mrp

Y

4 42m?
Jhyy X ‘F1(mw) + —Fl/Q(mt) + ——;FO(mT) )

15
3 3 ma, (15)

Here Fi, Fy/,, and Fj are the loop factors defined in [21] for spin 1, spin 1/2, and spin
0 particles in the loop, and my is the mass of the new particle(s) that cancels the
top loop divergence. For application to the MSSM, we have set the two top squark
masses equal for simplicity. For fermionic new particles (e.g., the top-partner in Little
Higgs models), the resulting effective couplings are

2

m
Ghgg o< |Frj2(my) + _§F1/2(mT> )
mr
4 4 m?
Gy X | Fi(mw) + 5 Fije(my) + ——§F1/2(mT) . (16)
3 3my,

For simplicity, we have ignored the mixing between the top and its partner. For
my, = 120-130 GeV, the loop factors are given numerically by Fj(my ) = 8.2-8.5
and Fyjo(m) = —1.4. For mgp > my, the loop factors tend to constant values,
Fijo(mp) — —4/3 and Fy(mrp) — —1/3.

Very generally, then, such models predict deviations of the loop-induced Higgs
couplings from top-partners of the decoupling form. Numerically, for a scalar top-
partner,

1 TeV \ 2 1 TeV)”
g"igl—i—l.zl%( eV>’ M:1—0.4%( ev), (17)

Ghsmgg mr Ghsmyy mr
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and for a fermionic top-partner,

1 TeV? 1 TeV\”
M:Hzg%( e\/), M:l—o.s%( ev>_ (18)

Ghsmgg mr Ghsmyy mr

A “natural” solution to the hierarchy problem that avoids fine tuning of the Higgs
mass parameter thus generically predicts deviations in the hgg and hvyvy couplings at
the few percent level due solely to loop contributions from the top-partners. These
effective couplings are typically also modified by shifts in the tree-level couplings of

h to tt and WWV.

The Littlest Higgs model [22,23] gives a concrete example. In this model, the one-
loop Higgs mass quadratic divergences from top, gauge, and Higgs loops are cancelled
by loop diagrams involving a new vector-like fermionic top-partner, new W’ and Z’
gauge bosons, and a triplet scalar. For a top-partner mass of 1 TeV, the new particles
in the loop together with tree-level coupling modifications combine to give [24]

Ihgs (5% ~ 9%)

Ghsmgyg

I (5% ~ 6%), (19)
Ghsmyy

where the ranges correspond to varying the gauge- and Higgs-sector model parame-
ters. Note that the Higgs coupling to ~7 is also affected by the heavy W' and triplet
scalars running in the loop. The tree-level Higgs couplings to tt and WW are also
modified by the higher-dimension operators arising from the nonlinear sigma model
structure of the theory.

2.2.4 Composite Higgs

Another approach to solve the hierarchy problem makes the Higgs a composite bound
state of fundamental fermions with a compositeness scale around the TeV scale. Such
models generically predict deviations in the Higgs couplings compared to the SM due
to higher-dimension operators involving the Higgs suppressed by the compositeness
scale. This leads to Higgs couplings to gauge bosons and fermions of order

Iher 1+ O@2/f2), (20)

ghSMmc

where f is the compositeness scale.
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As an example, the Minimal Composite Higgs model [25] predicts [26]

0= ghvv _ m

Ghgy VV
o= gnff V1I—=¢& (MCHM4) (21)
N Ghsmff B (1 - 25)/ 1-¢ (MCHM5),

with £ = v?/f%. Here MCHM4 refers to the fermion content of the original model
of Ref. [25], while MCHMS5 refers to an alternate fermion embedding [27]. Again,
naturalness favors f ~ TeV, leading to

1 TeV)?
gV 1_3%< e\/)

JheVV f
2
gy | 1-3% (%) (MCHM4) o)
— 2
Thorcs f 1 9% (1 %V) (MCHMS).

2.2.5 Mixing of the Higgs with an electroweak-singlet scalar

If the SM Higgs mixes with an electroweak-singlet scalar, all Higgs couplings become
modified by the same factor,

52
A —T =cosf ~1——, (23)

GhsmVV Ghsmtf 2

where h = hgy cosf 4 S'sin 6, S is the singlet, and the last approximation holds when
0 =sinf < 1. The orthogonal state, H = —Hgysinf + S cos 0, has couplings to SM
particles proportional to — sin 6.

When H is heavy, the size of sinf is constrained by precision electroweak data
(assuming no cancellations due to other BSM physics). At one loop, the contributions
to the T" parameter from h and H are given by [19]

T = Tsm(my) cos® 0 + Ty (myr) sin® 6, (24)

where Ty (m) refers to the SM T' parameter evaluated at a Higgs mass m. The same
form holds for the S parameter. Large my is therefore only consistent with precision
electroweak constraints for small sin 0; for example, for my = 1 TeV, Ref. [19] finds
sin?@ < 0.12, corresponding to Ghzz | 9o ze = 1 — 6%.

Similar effects follow from mixing of the SM Higgs with a radion in Randall-
Sundrum models or a dilaton in models with conformally-invariant strong dynamics.
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The couplings of a radion or dilaton to SM particles are suppressed by a factor v/ f
compared to those of the SM Higgs, where f is the scale of the warped or conformal
dynamics. The couplings of the mass eigenstate h = Hgy cos @ + y sin 6 are modified
according to

2
v _ _9hit :(3050+Esin9:1—5——1—26. (25)
JHsMVV  GHsuff f 2 f

For f ~ 1 TeV and sin? 4 as above, this corresponds to ghue/groyze = 1 — 6% £ 8.5%,
where we allow for either sign of 4.

2.2.6 The case of supersymmetry

The MSSM contains a mixture of effects discussed in the previous sections. It has an
extended Higgs sector, affecting the tree level couplings to the lightest Higgs boson h,
and it also introduces new particles, the top squarks, gauginos, and Higgsinos, whose
loops cancel the quadratic divergences in the Higgs field mass term.

Supersymmetry is described by a large parameter space with many options for
the form of the new particle spectrum. We will discuss this parameter space in some
detail in Section 7. Here, we will give some examples of the effects that might be
expected in the Higgs boson couplings.

We have already pointed out that the parameter space of the MSSM contains
scenarios that give order 1 corrections to the Higgs boson couplings; examples are
given in [15]. A more typical situation with heavy superparticle masses is given by
the m;"* benchmark scenario studied in [28,29], with m4 = 1 TeV, tan 8 = 5. This
parameter set yields masses for the two top squarks of 857 GeV and 1200 GeV. We
compute the Higgs couplings using HDECAY4 .43 [30]. The Higgs couplings to gg and
~v are modified mainly by the loop effects from the new particles, to give

Ghgg - _ 1 _ o7

Ghsngg

Iy 0.2%, (26)
Ghsmyy

These estimates include the effect on the vy coupling of charginos in the loop, since
the lightest chargino mass is 201 GeV in this benchmark scenario, and the modifica-
tion of the tree-level htt coupling due to the presence of the second Higgs doublet.
The couplings to massive vector bosons and to ¢¢ and 777~ come mainly from the
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Figure 5: (a) Fractional correction to the hbb coupling due to loop diagrams with super-
symmetric particles in the MSSM, from [31], as a function of the mass of the gluino. (b)
Values of 7y, the ratio of I'(h — bb) to its Standard Model value, in a large set of MSSM
models randomly generated in a 19-dimensional model space and then selected to satisfy
all current experimental constraints, from [32].

modification of the tree-level couplings. One finds

IV oo, e 1 0.3%

GhsmVV Ghgnice
It _ 1 4 2.5%. (27)
ghsMTT

Finally, the hbb coupling receives corrections both from this source and from a loop
effect involving the supersymmetry partners of the b and t quarks

Ghbb
Ghgnibb

=1+ 3.5%. (28)

It is dangerous, though, to view any particular model as typical in a model space as
diverse as that of supersymmetry. As was shown already in [31], the loop corrections
to the hbb vertex, though they formally follow the decoupling law, can be numerically
large, especially for large values of tan 5. Fig. 5(a) illustrates this by showing the
fractional correction to the hbb vertex for three values of tan 3. Fig. 5(b) shows the
distribution of )

ry = —Jb_ (29)

Ihgprbb
in a very large sample of MSSM models satisfying current experimental constraints—
including my, = 125.0 &+ 2.0—generated in a 19-parameter supersymmetry parameter
space [32]. Decoupling gives many models where 7}, is very close to 1, but there are
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also models with deviations from 1 of all magnitudes that are found as we explore
the parameter space. The figure makes clear that 7, is a useful discriminator of
new physics models, both at the accuracy of a order-1 measurement and at any
successive level of accuracy down to the percent level. Similar conclusions hold for all
other coupling deviations, though it is the deviation in the hbb coupling that is most
sensitive as the superpartner masses become large.

2.2.7 Conclusions

Though large deviations are possible in some models, the more general expectation
in models of new physics is that a light Higgs boson has couplings to vector bosons,
fermions, gg, and v similar to those of the Higgs boson of the Standard Model. Thus,
the study of the Higgs boson couplings is likely to require precision measurements.
Nevertheless, there are many models in which some of the Higgs couplings have 5-
10% discrepancies from their Standard Model values. Discovery of these discrepancies
would be an important clue to the nature of new physics at higher mass scales. To
recognize these effects, it is important to be able to measure the Higgs boson couplings
comprehensively and with high accuracy. We will now discuss how that can be done.

2.3 Status and prospects for Higgs measurements at LHC

The ATLAS and CMS experiments have now demonstrated that they have the
capability to study the Standard Model Higgs boson. They have presented strong ev-
idence for a scalar particle of mass about 125 GeV that is consistent with the profile
of the Standard Model Higgs. The isolation of this signal in the LHC environment
is extremely challenging. The strongest signal of the Higgs boson so far observed at
the LHC comes in the Higgs decay to v, a process that occurs less than once in 10!
proton-proton collisions. However, the Tevatron and LHC experiments have proven
that they can make measurements of such rare events in the high background condi-
tions of hadron colliders. In this section, we will review how far the LHC experiments
are expected to go toward a comprehensive understanding of the Higgs boson in the
case in which this particle has the couplings expected in the Standard Model.

2.3.1 The LHC Higgs discovery

As of July 2012, ATLAS and CMS presented Higgs results based on integrated lu-
minosities up to 5.1 fb~! at 7 TeV plus 5.9 fb™! at 8 TeV [33,34]. Each experi-
ment observes an excess in vy with local significance of 4.1-4.50 and an excess in
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40 (consistent with being from ZZ*) with local significance of 3.2-3.40. The signal
strengths in these channels are consistent with SM expectations. The LHC experi-
ments made a measurement of the resonance mass in these two final states with the
result 125.34+0.4 (stat) £0.5 (syst) GeV (CMS) and 126.0+£0.4 (stat) £0.4 (syst) GeV
(ATLAS).

CMS also presented results including 8 TeV data for the final states bb, 77, and
WW [34]. ATLAS has presented results including 8 TeV data for the WW final
state [35]; results for the other channels are expected soon. These final states have
poorer mass resolution than vy and ZZ* — 4¢. ATLAS observes an excess in the
WW channel at the 3.20 level. CMS sees a modest excess in WW at the 1.50 level
and no excess in the bb and 77 channels. The rates in these channels are also broadly
consistent with SM expectations.

A summary of the ATLAS and CMS results as of August 2012 have been published
in [2,3].

In addition to inclusive Higgs production, which is dominated in the SM by gluon
fusion, the ATLAS and CMS analyses include event selections with enhanced sen-
sitivity to vector boson fusion (VBF) and Higgs production in association with W,
Z, or tt. As of the fall of 2012, these subdominant production modes have not been
conclusively observed.

The Tevatron experiments CDF and DO have also presented evidence for the
presence of this particle [4]. The Tevatron search specifically targets the production
reactions qg — h + W, Z with the decay h — bb. The significance is 2.7 ¢ assuming
the resonance mass given by the LHC experiments.

Observation of the Higgs candidate in vy excludes the possibility of the resonance
being a spin-1 particle via the Landau-Yang theorem [36]. Observation of a signal in
the ZZ* final state strongly disfavors the possibility that it is a pseudoscalar because
in this case the ZZ coupling must be loop-induced; most pseudoscalar models predict
a ratio of rates in ZZ* versus 7y much smaller than observed. Prospects for direct
LHC measurements of the spin and CP quantum numbers will be discussed below.

2.3.2 Prospects for measuring the Higgs mass and quantum numbers at LHC

The mass of the Higgs boson is an intrinsically important parameter of the Standard
Model. Moreover, the Higgs mass must be known accurately in order to interpret
other measurements in precision Higgs physics. In particular, because the Higgs
decay widths to WW and ZZ depends sensitively on m;, below the W threshold,
a precise measurement of the Higgs mass is necessary in order to extract the Higgs
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couplings from branching ratio measurements. For mj, = 115-130 GeV, each 100 MeV
of uncertainty in my, introduces 0.6-0.5% uncertainty in the ratio of the hbb and hW W

couplings, gs/gw -

The LHC is expected to make a precision measurement of the mass of the Higgs
boson. As of this writing, the LHC experiments have already measured the Higgs mass
with an uncertainty of 0.4 GeV (statistical) and 0.4-0.5 GeV (systematic) [33,34].
Most of the sensitivity to the Higgs mass around 125 GeV comes from the v+ channel,
with a subleading contribution from the ZZ* — 4¢ channel. The ATLAS and CMS
experiments estimate that, with large data samples ~ 300 fb~!, they can determine
the Higgs mass in absolute terms to an accuracy of 0.1 GeV [37,38,39]. Interference
of the continuum gg — <7y background with the diphoton signal shifts the peak
downward by ~ 150 MeV or more [40] and must be taken into account at this level
of precision.

The LHC also has excellent prospects to answer the question of the spin and parity
of the Higgs boson. The SM Higgs coupling has the special form AV, V#, which arises
specifically from the kinetic term of a scalar field with a vacumm expectation value
that breaks SU(2) x U(1) symmetry. In contrast, generic loop-induced couplings for a
neutral scalar take the form ¢V, V#* for a CP-even scalar, or gbVW‘N/’“’ for a CP-odd
scalar, with Vv = e"??V,s. These loop-induced couplings are typically suppressed in
size by a factor a/4m. So, already, the fact that the boson found by ATLAS and CMS
is seen in its decay to ZZ* provides prima facie evidence that this boson is a CP even
scalar with a vacuum expectation value. The true test of this hypothesis will come in
the study of angular correlations in the boson’s decays. The study of h — ZZ* — 4
leptons is especially powerful [41,42,43]. The possible structures of couplings can also
be distinguished experimentally using angular correlations of the forward tagging jets
in weak boson fusion Higgs production or the four final-state fermions in h — V'V
decays. For example, the azimuthal angle A¢,;; of the forward tagging jets in weak
boson fusion has a fairly flat distribution for the SM AV, V# coupling, while for the
CP-even loop-induced vertex the distribution peaks at A¢;; ~ 0, 7 and for the CP-
odd vertex it peaks at 7/2, 37/2 [44,45,46]. Tests of the Higgs spin from h — vy
decays are discussed in [47,48].

2.3.3 Prospects for determining the Higgs couplings from LHC data

The LHC experiments are in principle sensitive to almost the full range of SM Higgs
couplings. The decays to vy, ZZ and WW are already seen. The decay to 7777 is
expected to be straightforward to observe with luminosity samples of 30 fb™! at 14
TeV. The decay to bb and the process pp — tth should also be observed with similar
luminosity samples, although that observation is much less straightfoward. We will

36



discuss the observation of h — bb further below. The LHC observations are sensitive
to the hgg coupling because gg — h is a primary model fol production of the Higgs
boson at the LHC. The only significant decay mode of the SM Higgs boson omitted
from this list is h — c¢, for which there is currently no strategy proposed. However,
this is a relatively minor mode, with a branching ratio of about 3% for a Higgs boson
of mass 125 GeV. In addition, it is possible to discover or bound invisible modes of
Higgs decay by observing the W fusion production of a Higgs with two forward
tagging jets [50].

By measuring the o - BR for the various Higgs production modes and decay into
the observable final states, it is possible to measure the couplings of the Higgs boson
in a model-independent way from LHC data. There is one problem that must be

understood. An observable o(AA — h) - BR(h — BB) depends on the Higgs boson
couplings through the factor

g*(hAA)g*(hBB)
I'r

where I'r is the total width of the Higgs. For a Higgs boson of mass 125 GeV, the
total width is expected to be about 4 MeV. Such a small value cannot be measured
directly at either hadron-hadron or ete™ colliders, so it must be determined by this fit.
However, there might always be decay modes of the Higgs boson that are unobservable
in the LHC experimental environment. The presence of such modes would increase
I'r, and so we need a constraint that puts an upper limit on I'7.

. (30)

This constraint comes from the fact, under rather general conditions [51], that
each scalar with a vev makes a positive contribution to the masses of the W and Z.
Since the Higgs couplings to the W and Z also arise from the vev, this implies that
the coupling of any single Higgs field is bounded above by the coupling that would
give the full mass of the vector bosons. This implies

gZ(hWW) < g2(hWW)|5M and gQ(hZZ) < gQ(hZZ)\SM (31)

Then the measurement of the o - BR for a process such as WW fusion to h with
decay to WW*, which is proportional to g*(hWW)/T'r, puts an upper limit on I'z.
This constraint was first noticed and applied to Higgs coupling fitting by Diihrssen
et al. [52]. In the literature, this constraint is sometimes applied together with the
relation

G (WWW)/g*(hZ Z) = cos? 0, . (32)

The relation (32), however, requires models in which the Higgs is a mixture of SU(2)
singlet and doublet fields only, while (31) is more general [53].

This observation allows model-independent fits to the Higgs couplings from LHC
data, but it still leaves an important source of difficulty. A SM Higgs boson of mass
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125 GeV has a 60% branching fraction to the final state bb. Thus, measurements that
involve the bb final state play a large role in determining the Higgs total width, and
any errors in that determination feed back into all Higgs couplings. Unfortunately, it
is very difficult to observe decays h° — bb at the LHC. The simple argument for this
is that the cross section for producing h® — bb is of the order of pb while the cross
section for producing a pair of b jets at the Higgs boson mass is of the order of ub.
The literature on Higgs boson measurements at the LHC has gone through cycles of
optimism and pessimism about the possibility of overcoming this problem. Currently,
we are in a state of optimism, due to the observation of Butterworth, Davison, Rubin,
and Salam that highly boosted Higgs bosons can be distinguished by recognizing the
Higgs as an exotic jet with special internal structure [54]. The Butterworth et al.
paper discussed the observation of h — bb in the reactions pp — W, Z + h. Plehn,
Salam, and Spannowsky have argued that an extension of this technique also allows
the study of pp — tt + h with h — bb at the LHC [55]. However, it is one thing to
observe these processes and quite another to use them to measure Higgs couplings
with high precision. It is not yet understood how to calibrate these methods or what
their ultimate systematic errors might be. Further, the selection of particular jet
configurations potentially introduces large theoretical errors into the calculation of
the relevant cross sections. The uncertainty in the extraction of couplings from these
channels propagates back into the whole system of couplings determined from LHC
data.

Over the years, there have been many attempts to estimate the ultimate sensitivity
of the LHC experiments to the Higgs boson couplings. Most serious work on this
subject to date, is the 2003 Ph.D. thesis of Diihrssen [56] and the subsequent analysis
of this work with Heinemeyer, Logan, Rainwater, Weiglein, and Zeppenfeld [57]. This
work has been updated by the SFitter group in [59,60] and in the recent paper [61].
Other analysis using stronger model assumptions have been given in [49] and [58]. It
is clear from the explanation given in the previous paragraph that any such analysis
from before 2010 is excessively optimistic.

We have tried to make our own analysis of the model-independent LHC sensitiv-
ity to Higgs couplings, also bringing up to date the estimates in [56] and taking into
account new results on the LHC capabilities for Higgs couplings presented by the
ATLAS and CMS collaborations in [62,63,64]. The results are shown in Fig. 6. The
details of the analysis are given in [65]. For comparison, the most recent estimates
from the Sfitter group are shown in Fig. 7. The results differ in some details, but
they are qualitatively similar. In [64], the CMS collaboration has presented a second
scenario with more optimistic projections; however, these are based on the assump-
tion, so far unsupported by simulation work, that systematic errors can be decreased
with increasing data sets as 1/ VN, even in the high-luminosity LHC era.
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Figure 6: Estimate of the sensitivity of the LHC experiments to Higgs boson couplings in
a model-independent analysis. The methodology leading to this figure is explained in [65].
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Figure 7: Estimate of the sensitivity of the LHC experiments to Higgs boson couplings in
a model-independent analysis from the SFitter group [61].
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This estimate leads to a quite definite conclusion. The LHC experiments will be
able to simultaneously determine the Higgs couplings to Standard Model particle in a
way that is, if not completely model-independent, at least relies onlly on the minimal
theoretical assumptions described above. These determinations should be accurate
enough to confirm or refute the hypothesis that the particle recently observed has
the profile of the Standard Model Higgs boson. However, these experiments will not
provide sufficient accuracy in the Higgs couplings to test for the deviations expected
in new physics models in the Decoupling Limit. That is, they will not be able to
access the deviation of Higgs couplings from the Standard Model for most of the
effects described in Section 2.2. To reach the level required for this, a stronger tool
is needed.

2.3.4 Prospects for measurement of the triple Higgs coupling at the LHC

Measurement of the Higgs quartic coupling parameter A provides a test of the elec-
troweak symmetry breaking mechanism through the structure of the Higgs potential.
This coupling can be probed via a measurement of the triple-Higgs vertex, which
contributes along with other diagrams to Higgs pair production. This coupling can
be significantly modified in models with extended Higgs sectors, in particular in mod-
els that increase the strength of the electroweak phase transition to provide viable
baryogenesis [66]. For Higgs pair production via gg — hh, low-mass new physics in
the loops can rather significantly affect the cross section even if it does not have a
large effect on the gg — h cross section [67,68].

Measuring the triple Higgs coupling at the LHC is very challenging for a 125 GeV
Higgs boson. The largest production cross section is gg — hh, with other potential
production modes (VBF qq — qqhh, g — Vhh, and gg,qq — tthh) being severely
rate-limited. The 4W final state has been studied for m;, > 150 GeV [69] and was
found to be promising for my, ~ 170-200 GeV at the high-luminosity (103 cm=2s71)
LHC [70]; however, this final state is suppressed by the falling h — WW branching
ratio at lower masses (a factor of (0.22)? = 0.048 at my, = 125 GeV, compared to 0.92
(0.55) at my, = 170 (200) GeV). This suppression will be compensated somewhat by
an enhanced production cross section at lower masses, but no LHC study has been
done in the 4W final state for a low-mass Higgs.

The 4b and bbr7 final states were studied for a 120 GeV Higgs in Ref. [71,72] and
the more promising bbyy final state was studied in Ref. [73]. The expected triple-
Higgs coupling sensitivity can be expressed as Alyp, = A/Agy — 1, assuming no new
particles contribute to the gg — h and gg — hh loops. The results, summarized in
Table 2, indicate that only order-1 sensitivity will be possible.
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LHC (300 1) SLHC (3000 fb— 1)

D[] —68<Ahgn <101 —3.1< Ay < 6.0
bbrT [71] - —1.6 < A)\hhh < 3.1
LHC (600 fb 1) SLHC (6000 fb 1)

bbyy [73] —0.74 < Adppn < +0.94  —0.46 < Adppy, < +0.52

Table 2: Expected Higgs self-coupling lo sensitivity limits for m;, = 120 GeV, from
Refs. [71,73]. Sensitivity is expressed in terms of AXppn = A/Asm — 1. The bbr7 final
state signal cross section is too small to be observed at the 300 fb~! LHC [71].

The ATLAS submission to the European Strategy Study [62], gives some new
results on the measurement of the triple Higgs coupling. The report estimates that,
with 3000 fb~! and combining both LHC experiments, “a ~ 30% measurement of
Aggg may be achieved”. We look forward to the studies, not yet reported, that will
support this conclusion.

2.4 Higgs measurements at ILC at 250 GeV

The physics program of the LHC should be contrasted with the physics program
that becomes available at the ILC. The ILC, being an e*e™ collider, inherits tradi-
tional virtues of past ete™ colliders such as LEP and SLC. We have described these
in Chapter 1: the ILC offers well defined initial states, a clean environment, and
reasonable signal-to-noise ratios even before any selection cuts. Thanks to the clean
environment, it can be equipped with very high precision detectors. The experimen-
tal technique of Particle Flow Analysis (PFA), described in Volume 3 of this report,
offers a qualitative improvement in calorimetry over the detectors of the LEP era
and sufficient jet mass resolution to identify W and Z bosons in their hadronic decay
modes. Thus, at the ILC, we can effectively reconstruct events in terms of funda-
mental particles — quarks, leptons, and gauge bosons. Essentially, we will be able to
analyze events as viewing Feynman diagrams. By controlling beam polarization, we
can even select the Feynman diagrams that participate a particular reaction under
study. The Higgs boson can be observed in all important modes, including those with
decay to hadronic jets. This is a great advantage over the experiments at the LHC
and provides the opportunity to carry out a truly complete set of precision measure-
ments of the properties of the Standard-Model-like Higgs boson candidate found at
the LHC.

The precision Higgs study program will start at /s = 250 GeV with the Higgs-
strahlung process, ete™ — Zh (Fig. 8 (left)).The production cross section for this
process is plotted in Fig. 9 as a function of /s together with that for the weak boson
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Figure 8: Feynman diagrams for the three major Higgs production processes at the ILC:
ete”™ — Zh (left), ete™ — vwH (center), and ete™ — ete™ H (right).
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Figure 9: Production cross section for the ete™ — Zh process as a function of the center

of mass energy for mj, = 125 GeV, plotted together with those for the WW and ZZ fusion
processes: ete” — vUH and ete™ — ete  H.

fusion processes (Figs. 8-(center and right)). We can see that the Higgs-strahlung
process attains its maximum at around /s = 250 GeV and dominates the fusion
processes there. The cross section for the fusion processes increases with the energy
and takes over that of the Higgs-strahlung process above /s 2 400 GeV.

The production cross section of the Higgs-strahlung process at /s ~ 250 GeV is
substantial for the low mass Standard-Model-like Higgs boson. Its discovery would
require only a few fb~! of integrated luminosity. With 250fb~!, about 8. x 10* Higgs
boson events can be collected. Note that, here and in the rest of our discussion, we
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take advantage of the ILC’s positron polarization to increase the Higgs production
rate over that expected for unpolarized beams.

The precise determination of the properties of the Higgs boson is one of the main
goals of the ILC. Only after this study can we settle the questions of whether the
new resonance is the Standard Model Higgs boson, a Higgs boson of a more general
theory, or a particle of a different origin. Of particular importance are the Higgs
boson mass, my, and its branching ratios.

Before we elaborate more on the Higgs branching fraction measurements, we turn
our attention to the measurements of the mass and spin of the Higgs boson, which are
necessary to confirm that the Higgs-like object found at the LHC has the properties
expected for the Higgs boson.

2.4.1 Mass and Quantum Numbers

We have discussed in the previous section that the LHC already offers excellent ca-
pabilities to measure the mass and quantum numbers of the Higgs boson. However,
the ILC offers new probes of these quantities that are very attractive experimentally.
We will review them here.

We first discuss the precision mass measurement of the Higgs boson at the ILC.
This measurement can be made particularly cleanly in the process ete™ — Zh, with
Z — putp~ and Z — ete” decays. Here the distribution of the invariant mass recoil-
ing against the reconstructed Z provides a precise measurement of my,, independently
of the Higgs decay mode. In particular, the pu+p~ X final state provides a particularly
precise measurement as the e™e” X channel suffers from larger experimental uncer-
tainties due to bremsstrahlung. It should be noted that it is the capability to precisely
reconstruct the recoil mass distribution from Z — p*pu~ that defines the momentum
resolution requirement for an ILC detector.

The reconstructed recoil mass distributions, calculated assuming the Zh is pro-
duced with four-momentum (1/s,0), are shown in Fig.10. In the ete” X channel
FSR and bremsstrahlung photons are identified and used in the calculation of the
ete™(ny) recoil mass. Fits to signal and background components are used to extract
my,. Based on this model-independent analysis of Higgs production in the ILD de-
tector, it is shown that my can be determined with a statistical precision of 40 MeV
(80 MeV) from the utpu~X (ete” X) channel. When the two channels are combined
an uncertainty of 32 MeV is obtained [74,75]. The corresponding model independent
uncertainty on the Higgs production cross section is 2.5 %. Similar results were ob-
tained from SiD [76]. It should be emphasized that these measurements only used
the information from the leptonic decay products of the Z and are independent of
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Figure 10: Results of the model independent analysis of the Higgs-strahlung process
ete” — Zh in which (a) Z — p*p~ and (b) Z — eTe (ny). The results are shown
for P(et,e™) = (+30%, —80%) beam polarization.

the Higgs decay mode. As such this analysis technique could be applied even if the
Higgs decayed invisibly and hence allows us to determine the absolute branching ra-
tios including that of invisible Higgs decays. By combining the branching ratio to
Z 7 with the production cross section, which involves the same g7, coupling, one
can determine the total width and the absolute scale of partial widths with no need
for the theoretical assumptions needed for the LHC case. We will return to this point
later.

It is worth noting that, for the ™~ X channel, the width of the recoil mass peak
is dominated by the beam energy spread. In the above study Gaussian beam energy
spreads of 0.28% and 0.18 % are assumed for the incoming electron and positron
beams respectively. For ILD the detector response leads to the broadening of the
recoil mass peak from 560 MeV to 650 MeV. The contribution from momentum
resolution is therefore estimated to be 330 MeV. Although the effect of the detector
resolution is not negligible, the dominant contribution to the observed width arises
from the incoming beam energy spread rather than the detector response. This is no
coincidence; the measurement of my from the ptp~X recoil mass distribution was
one of the benchmarks used to determine the momentum resolution requirement for
a detector at the ILC.

If there are additional Higgs fields with vacuum expectation values that contribute
to the masses of the Z, the corresponding Higgs particles will also appear in reactions
ete™ — ZI, and their masses can be determined in the same way.
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Figure 11: Left: Threshold scan of the ete™ — Zh process for my;, = 120 GeV, compared
with theoretical predictions for J© = 0%, 17, and 2% [77]. Right: Determination of C P-
mixing with 1-0 bands expected at /s = 350 GeV and 500 fb~! [79)].

We now turn to the determination of the spin and CP properties of the Higgs
boson. The h — v decay observed at the LHC rules out the possibility of spin 1 and
restricts the charge conjugation C to be positive. We have already noted that the
discrete choice between the CP even and CP odd charge assignments can be settled
by the study of Higgs decay to ZZ* to 4 leptons at the LHC.

The ILC offers an additional, orthogonal, test of these assignments. The threshold
behavior of the Zh cross section has a characteristic shape for each spin and each
possible CP parity. For spin 0, the cross section rises as  near the threshold for a
CP even state and as (3% for a CP odd state. For spin 2, for the canonical form of
the coupling to the energy-momentum tensor, the rise is also 32. If the spin is higher
than 2, the cross section will grow as a higher power of 3. With a three-20 fb~!-point
threshold scan of the ete™ — Zh production cross section we can separate these
possibilities as shown in Fig. 11 (left) [77]. The discrimination of more general forms
of the coupling is possible by the use of angular correlations in the boson decay; this
is discussed in detail in [78].

At energies well above the Zh threshold, the Zh process will be dominated by
longitudinal Z production as implied by the equivalence theorem. The reaction will
then behave like a scalar pair production, showing the characteristic ~ sin®# depen-
dence if the h particle’s spin is zero. The measurement of the angular distribution
will hence strongly corroborate that the A is indeed a scalar particle.
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The analytic power of the ILC is emphasized when we consider more detailed
questions. It is possible that the A is not a CP eigenstate but rather a mixture of CP
even and CP odd components. This occurs if there is CP violation in the Higgs sector.
It is known that CP violation from the CKM matrix cannot explain the cosmological
excess of baryons over antibaryons; thus, a second source of CP violation in nature
is needed. One possibility is that this new CP violation comes from the Higgs sector
and gives rise to net baryon number at the electroweak phase transitions, through
mechanisms that we will discuss in Section 9.1 of this report. For these models, the h
mass eigenstates can be mainly CP even but contain a small admixture of a CP odd
component.

A small CP odd contribution to the hZZ coupling can affect the threshold be-
havior. The right-hand side of Fig. 11 shows the determination of this angle at a
center of mass energy of 350 GeV from the value of the total cross section and from
an appropriately defined optimal observable [79].

Tests of mixed CP property using the hZZ coupling may not be the most effective
ones, since the CP odd hZZ coupling is of higher dimension and may be generated
only through loops. It is more effective to use a coupling for which the CP even and
CP odd components are on the same footing. An example is the h coupling to 7777,
given by

AL = —%h 7(cosa +isinay®)T (33)

for a Higgs boson with a CP odd component. The polarizations of the final state
7s can be determined from the kinematic distributions of their decay products; the
CP even and odd components interfere in these distributions [80,81]. In [82], it is
estimated that the angle o can be determined at the ILC to an accuracy of 6°.

2.4.2 Inclusive cross section

Whereas all Higgs boson measurements at the LHC are measurements of o - BR, the
ILC allows us to measure the absolute size of a Higgs inclusive cross section. This
can be done by applying the recoil technique discussed above to the measurement
of (ozn) for the ete™ — Zh process. The measurement gives the cross section to
a relative accuracy of 2.5% at 250 fb~! without looking at the h decay at all. This
cross section is indispensable for extracting branching ratio (BR) from the event rate,
which is proportional to oz, - BR, and limits its precision.

It is worth noting that the inclusive cross section is a direct measure of the h to ZZ
coupling (gnzz). This single measurement at the ILC is capable of determining this
coupling to 1.3%. If the h particle is a scalar particle, this coupling must originate
from a gauge-kinetic term of the form given by Eq.(5) with one ® leg replaced by
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the vacuum expectation value associated with the h particle. The observation of
this coupling is, therefore, a strong evidence of the existence of a vacuum condensate
associated with the h particle. Moreover, the vacuum expectation value here has no
solid reason to saturate the standard model value, v = 246 GeV. The gz coupling
hence measures to what extent the vacuum expectation value associated with the
multiplet to which the h particle belongs explains the mass of the Z boson. This
measurement, even considered alone, has extraordinary power to address the most
basic issues in the breaking of electroweak symmetry.

As noted above, the ILC will not be capable of directly observing the width of the
Higgs boson if it is as small as the Standard Model prediction of 4 MeV. However,
because the ILC experiments can make this inclusive cross section measurement, they
can also determine the width of the Higgs boson in a completely model-independent
way. As a first step, note that the recoil technique gives Higgs boson branching ratios
directly. We identify a Z boson at the correct lab energy to be in recoil against the
Higgs and count events on the opposite side in every final state. Then the total width
of the Higgs is given by the formula

T'(h — Z2)

r, —=—_—_—" """/
" BR(h— ZZ)’

(34)

The quantity I'(h — ZZ) is directly proportional to the inclusive cross section. The
Higgs branching ratio to ZZ is unfortunately quite small, so the direct measurement
of this quantity at 250 GeV is statistics limited. In Section 2.5, we will explain how
this quantity can be determined more accurately from data at higher energy. We will
demonstrate there that, with 500 GeV data, the ILC should achieve an unambiguous
measurement of the Higgs boson width to 6% accuracy.

2.4.3 Branching ratios and couplings

As we have just explained, the measurement of the inclusive cross section of the
ete™ — Zh process allows us to directly extract the h particle’s branching fractions.
A precise measurement of the absolute branching ratios of the Higgs bosons is an
important test of the mass generation mechanism and provides a window into effects
beyond the SM. For the branching ratio measurements we again use the ete™ — Zh
process, but this time exploiting all the decay modes of the Z boson including the
Z — qq and Z — vv decays. The use of fully hadronic final states is possible only
in a very clean environment of an e*e™ collider. In the clean environment of the ILC
we can also use a high performance micro-vertex detector, placed very close to the
interaction point, which make it possible to identify not only h — bb but also h — c¢
decays. Figure 12 shows a lego plot of the multivariate estimate of b-likeness vs.
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Figure 12: Two-dimensional images of the three-dimensional template samples as a function
of b-likeness v.s. c-likeness. The bottom row shows Higgs decays, left to right, to bb, c¢, and
gg. The top row shows, left to right, the full Monte Carlo Higgs sample after event selection,
the Higgs decays to non-2-jet modes, and the Standard Model background. From [83].

c-likeness for the template samples of the signal and the SM background events. We
can see the clear differences between the different decay modes of the Higgs boson.
Thanks to these clear differences, a fit using these templates hence provides separate
measurements of the cross section times branching fraction for the Higgs decays to
bb, c¢, and gg with negligible mutual correlation. Together with the measurement
of the h — 777~ decays, we can access the Yukawa couplings of both up-type and
down-type fermions and test the coupling-mass proportionality. The loop-induced
h — gg decay is indirectly sensitive to the top Yukawa coupling and possibly other
new strongly interacting particles that couple to the Higgs particle but are too heavy
to produce directly. By the same token, the h — v and the h — Z~ decays are also
important as tools to probe heavy particles with electroweak charges.

The expected accuracies on the branching ratios are summarized in Table 3. It
is worth noting that these full simulation results are consistent with the past fast
simulation results [86,87,88,89,92].

The h decay to invisible final states, if any, can be measured by looking at the
recoil mass under the condition that nothing observable is recoiling against the Z
boson. Higgs portal models predict such decays and provide a unique opportunity
to access dark matter particles [90]. The main background is eTe™ — ZZ followed
by one Z decaying into a lepton pair and the other into a neutrino pair. With an
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mode | BR|o:-BR(f) | New/250fb "' | A(o- BR)/(c - BR) | ABR/BR

h— bb 65.7% 232.8 58199 1.0% 2.7%
h— C 3.6% 12.7 3187 6.9% 7.3%
h— gg 5.5% 19.5 4864 8.5% 8.9%
h— WW* | 15.0% 53.1 13281 8.1% 8.5%
h— = | 8.0% 28.2 7050 3.6% 4.4%
h— 272 | 1.7% 6.1 1523 26% 26%
h—~y | 0.20% 1.02 255 23-30% | 23-30%

Table 3: Expected accuracies for the A boson branching ratios obtained with full detector
simulations at the /s = 250 GeV assuming £ = 250 fb~! and (e™,e™) = (0.8, 40.3) beam
polarization[83,85,84]. The errors on BR include the error on o of 2.5% from the recoil mass
measurement.

integrated luminosity of 250fb™! at /s = 250 GeV, the ILC can set a 95% CL limit
on the invisible branching ratio to 4.8% using the golden Z — p*pu~ mode alone[91].
Using other modes including Z — ¢g, we could improve this significantly to 0.8%
[93].

The branching fraction measurements discussed so far are still statistics limited. If
we are to improve the measurement precisions by increasing the integrated luminosity
by doubling the number of bunches or by running longer, etc., we will need to estimate
the systematic errors that may limit the measurement in particular for h — bb. The
systematic error from the uncertainty in luminosity measurement should be less than
0.1% and thus negligible. The dominant source of systematic errors is probably
that from flavor identification and the separation of Z plus jet signal from Standard
Model backgrounds using the multivariate analysis described above. We are still
in the process of optimizing this analysis, but we expect the systematic error due to
flavor-tagging can be controlled by using the calibration processes ZZ, Zv, and WW
all of which have large cross sections. These calibration samples will also allow us to
calibrate and normalize the background estimate.

To determine the absolute normalization of Higgs boson partial widths from the
measurements of branching ratios, we need to combine these with an accurate value
of one partial width or cross section. As described above, the 250 GeV running of the
ILC for 250 fb~! will determine the cross section for eTe™ — Zh very accurately, to
2.5%. The value can be directly converted to g,zz or to the absolute partial width
['(ZZ). However, to use this value to normalize the other Higgs partial widths in a
completely model-independent analysis, we would need to use the formula similar to
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(34)

BR(A)
BR(ZZ)’
and so we again need to measure the branching ratio for h — ZZ*. This is not easy
to do at the ILC because it is a rare mode giving low statistics for a Higgs boson
with m; ~ 120 GeV. No full simulation study of the h — ZZ* branching ratio in
ete™ — Zh is currently available. We will therefore use the result of the h — WW*
study [85] and scale accordingly. The error for the h — WIWW* decay implies a 26%
relative error for the h — ZZ* branching ratio. The use of the formula (35) then
implies that the uncertainties in absolute partial widths or Higgs couplings are those
listed convolved with 2.5 26%. This significantly degrades the precision information
obtained at the ILC.

T(A)=T(22)- (35)

An alternative is to use the theoretical assumption
g(WWW)/g(hZZ) = cos® Oy (36)

to tie together the hZZ and hWW couplings. Now BR(WW™*) can be used in the
denominator of Eq.(35). The error added in converting from branching ratios to
partial widths is 2.5 ® 8.6% = 9.0%.

A better way is to use the WW fusion process, ete™ — vwh. The cross section for
this process is proportional to g*>(hWW) and thus to the h — WW* partial width.
Although the WW fusion cross section is small at /s = 250 GeV, 181b for m,;, =
120 GeV and the standard left-hand beam combination, (P,-, P.+) = (—0.8,40.3),
the expected yield exceeds 4k events and allows the measurement of the WW fu-
sion cross section to Ac(WW)/a(WW) = 7.2% for the 250fb~'. Combining the
BR(WW*) measurement, this implies that the total width can be determined to 11%
in a completely model-independent way from 250 GeV data alone[94]. As we will see
below, the determination of the absolute strength of the Higgs coupling to WW is
expected to be further improved by a measurement of the WW fusion cross section
at /s = 500 GeV. The 500 GeV data can also be used to improve the accuracy on
the BR(WW™).

So far we have been dealing with the branching ratios and partial widths after
phase space integration. The h — WIWW* decay provides an interesting opportunity
to study its differential width and probe the Lorentz structure of the AW W coupling
through angular analyses of the decay products. The relevant part of the general
interaction Lagrangian, which couples the Higgs boson to W bosons in a both Lorentz-
and gauge-symmetric fashion, can be parameterized as

b b
+ — _ + 4 _ uvoT + —
. A) h WIW ™ 4 Sh WEW™ 4 Sh " TWEW - (37)

1
LhWW == Zm%/V (— + 2
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Figure 13: Distribution of the angle ¢ between two decay planes of W and W* from the
decay H — WW™* — 4j with the inclusion of anomalous couplings [95]. (a) The SM curve
along with that fora =1, b = b= 0, A =1 TeV; the position of the minimum is the same
for both distributions. (b) The SM result with the cases b = +5, a = b = 0, A = 1 TeV;
the position of the minimum is now shifted as discussed in the text.

where W;j is the usual gauge field strength tensor, ¢#¥?7 is the Levi-Civita tensor,
v is the VEV of the Higgs field, and A is a cutoff scale*. The real dimensionless
coefficients, a, b, and I;, are all zero in the Standard Model and measure the anomaly
in the hWW coupling, which arise from some new physics at the scale A. The
coefficient a stands for the correction to the Standard Model coupling. The coefficients
b and b parametrize the leading dimension-five non-renormalizable interactions and
corresponding to (E-E—B-B)-type C' P-even and (E-B)-type C' P-odd contributions.
The a coefficient, if nonzero, would modify just the normalization of the Standard
Model coupling, while the b and b coefficients would change the angular correlations
of the decay planes. This effect is shown in Fig.13. Nonzero b and b would also modify
the momentum distribution of the W boson in the Higgs rest frame. Simultaneous
fits to pw and @pjane result in the contour plots in Figs.14 and 15.

2.5 Higgs measurements at ILC at 500 GeV

The two very important processes will become accessible for the first time at
Vs = 500 GeV. The first is the ete™ — tth process [96,97], in which the top Yukawa
coupling will appear in the tree level for the first time at the ILC. The top quark, being
the heaviest matter fermion in the Standard Model, would be crucial to understand
the fermion mass generation mechanism. The second is the ete™ — Zhh process,

* The Lagrangian (37) is not by itself gauge invariant; to restore explicit gauge invariance we must
also include the corresponding anomalous couplings of the Higgs boson to Z bosons and photons.
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Figure 15: Contours similar to Fig. 14 plotted in the a-b plane.

to which the triple Higgs coupling contributes in the tree level. The self-coupling is
the key ingredient of the Higgs potential and its measurement is indispensable for
understanding the electroweak symmetry breaking.

2.5.1 Top Yukawa Coupling

Past simulation studies for the eTe™ — tth process were mostly made at around
Vs = 800 GeV, since the cross section attains its maximum there for m;, ~ 120 GeV
[98,99,100]. It was pointed out, however, that the cross section would be signifi-
cantly enhanced near the threshold due to the bound-state effects between ¢ and ¢

02



\'s = 500 [GeV]
Pol_ =0

m, = 175 [GeV]

e)=0

tHZ (

H (w/ NRQCD)

No QCD Correction

Figure 16: Left: Cross section for the eTe™ — tth process as a function of /s, together
with those of background processes, eTe™ — ttZ, — ttg*, and — tt. Right: The invariant
mass distribution of the ¢t system from the ete™ — tth process with and without the
non-relativistic QCD correction.
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Figure 17: Three diagrams contributing to the ete™ — tth process. The h-off-t or ¢
diagrams, (a) and (b), contain the top Yukawa coupling while the h-off-Z diagram (c) does
not.

[101,102,103,104,105,106,107]. The effect is made obvious in the right-hand plot of
Fig. 16. This enhancement implies that the measurement of the top Yukawa coupling
might be possible already at /s = 500 GeV [108]. A serious simulation study at
Vs = 500 GeV was performed for the first time, with the QCD bound-state effects
consistently taken into account for both signal and background cross sections, in [109].

The ete™ — tth reaction takes place through the three diagrams shown in Fig. 17
As shown in Fig. 16 (left), the contribution from the irrelevant h-off-Z diagram is
negligible at /s = 500 GeV, thereby allowing us to extract the top Yukawa coupling
g: by just counting the number of signal events. By combining the 8-jet and 6-jet-
plus-lepton modes of e*e~ — tth followed by h — bb, the analysis of [109] showed that
a measurement of the top Yukawa coupling to Ag;/g; = 10% is possible for m;, =
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Figure 18: Relevant diagrams containing the triple Higgs coupling for the two processes:
ete™ — Zhh (left) and ete™ — v U hh.
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Figure 19: Cross sections for the two processes ete™ — Zhh (left) and ete™ — v.v.hh as
a function of /s for m; = 120 GeV.

120 GeV with polarized electron and positron beams of (P.-, P.+) = (—0,8,40.3)
and an integrated luminosity of 1 ab™!. This result obtained with a fast Monte Carlo
simulation has just recently been corroborated by a full simulation [110,111].

2.5.2 Higgs Self-coupling

The triple Higgs boson coupling can be studied at the ILC through the processes
ete™ — Zhh and ete™ — v U.hh. The relevant Feynman diagrams are shown in
Fig. 18 [112]. The cross sections for the two processes are plotted as a function of
Vs for my, = 120 GeV in Fig. 19. The cross section reaches its maximum of about
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Figure 20: Scatter plot of the invariant masses of the two Higgs candidates (left) with
Durham jet clustering and (right) perfect jet clustering using Monte Carlo truth on the
color flow.

0.18 fb at around /s = 500 GeV, which is dominated by the former process. A full
simulation study of the process ete~ — Zhh followed by h — bb has recently been
carried out in [114], making use of a new flavor tagging package (LCFIplus) [113]
together with the conventional Durham jet clustering algorithm.

From the combined result of the three channels corresponding to different Z decay
modes, Z — [T1™, v7, and qg, it was found that the process can be detected with an
excess significance of 5-0 and the cross section can be measured to Ao/o = 0.27 for
an integrated luminosity of 2ab~! with beam polarization (P,-, P,+) = (=0, 8, +0.3).
Unlike the eTe™ — tth case, however, the contribution from the background diagrams
without the self-coupling is significant and the relative error on the self-coupling A
is AAN/A\ = 0.44 with a proper event weighting to enhance the contribution from the
self-coupling diagram. The result is not yet very satisfactory compared to the re-
sults from earlier fast simulation studies [115,116,117,118,119]. The major problem
in the analysis is mis-clustering of color-singlet groups. Figure 20 compares the re-
constructed invariant masses for the two Higgs candidates with Durham jet clustering
(a) and with perfect jet clustering using Monte Carlo truth (b). We can see that the
separation between the signal and the background is significantly improved if there
is no mis-jet-clustering. A new jet clustering algorithm is now being developed.

2.5.3 WW fusion and the hWWW coupling

As shown in Fig.9, the WW fusion process takes over the Higgs-strahlung process at
around /s = 450 GeV. The cross section for the fusion process is about 160 fb at
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Vs = 500 GeV for my, = 120 GeV. Thanks to this large cross section and the larger
luminosity expected at this energy, the fusion process provides a unique opportunity
to directly measure the hWWW coupling with high precision. With an integrated
luminosity of 500 fb~!, we can measure this cross section times the branching fraction
to bb to a statistical accuracy of 0.60%. In terms of Higgs cross sections and branching
ratios, the quantity measured is

o(vh) - BR(h — bb) ~ T(h — WW*) - BR(h — bb) . (38)

By combining this with the direct branching ration measurements at /s = 250 GeV,
we will be able to determine the cross section o(vwh) to an accuracy of 2.7%, which
translates to an expected error on the AWW coupling of Agrnww /ghww = 1.4%. The
large data sample of the fusion process is also useful to improve the precision of the
h — WW* branching ratio. It is noteworthy that the background separation is easier
at /s = 500 GeV than at /s = 250 GeV, enabling us to determine the cross section
times branching ratio for o(vvh) - BR(WW™) to 3.0% acccuracy. Applying Eq.(34)
with ZZ replaced by WW we can determine the Higgs total width to Al /Tt =
6%. The clean sample of WW™* decays can be also used to investigate the Lorentz
structure of the hWW coupling as we discussed in the angular analysis of the h —
WW* decays in the ete™ — Zh process at /s = 250 GeV.

2.5.4 Expected improvements of branching ratio measurements

The Higgs sample from the WW fusion and the Higgs-strahlung processes at /s =
500 GeV will enable us to significantly improve the branching ratio measurements
described above for the y/s = 250 GeV run. In particular we can do a template fitting
similar to that employed for the ete™ — Zh sample at /s = 250 GeV. The flavor-
tagging performance at /s = 500 GeV will be similar, too. The expected relative
errors on the cross section times branching ratios are summarized in Table 4. The
table shows that the WW fusion process contributes significantly, while the relative
error on ABR(bb)/BR(bb) is limited by the error on the Zh production cross section
at /s = 250GeV from the recoil mass measurement. If we need higher accuracy
for ABR(bb)/BR(bb), we will need to run longer at /s = 250 GeV, though slight
improvement is also expected from the recoil mass measurement at /s = 500 GeV.

2.6 Higgs measurements at ILC at 1000 GeV
Two out of the three processes selected as the DBD benchmark reactions at /s =

1000 GeV involve Higgs boson production: ete™ — tth and e e~ — vwh. We showed
above that we would be able determine the top Yukawa coupling to an accuracy of

o6



A(o-BR)/(c - BR) ABR/BR
mode Zh @250 GeV \ Zh @500 GeV \ vvh @500 GeV | combined
h — bb 1.0% 1.6% 0.60% 2.6%
h — cc 6.9% 11% 5.2% 4.6%
h — gg 8.5% 13% 5.0% 4.8%
h— WW* 8.1% 12.5% 3.0% 3.8%
h— 7tr~ 3.6% 4.6% 11% 3.6%
h— ZZ* 26% 34% 10% 9.3%
h — ~vy 23-30% 29-38% 19-25% 13-17%

Table 4: Expected accuracies for the h boson branching ratios when the 250 GeV mea-
surements assuming £ = 250fb~! in Table 3 are combined with those at /s = 500 GeV
assuming £ = 500fb~! and (e~,e*) = (—0.8,40.3) beam polarization. The errors on BRs
include the error on o of 2.5% from the recoil mass measurement at /s = 250 GeV.

about 10% at /s = 500GeV for m; = 120 GeV, using the former process. The
signal cross section grows to its maximum at around /s = 700 and only slowly
decreases toward /s = 1000 GeV, while the ete™ — tf background decreases much
more rapidly. Thus, a more precise measurement of the top Yukawa coupling will be
possible at this higher energy.

At the same time, the WW fusion process e"e~ — vUh dominates the s-channel
Higgs-sthrahlung process. Taking advantage of electron and positron beam polar-
ization, the cross section for the WW fusion process at 1000 GeV will be as large
as 400fb~! for (P.-, P.+) = (—0.8,40.2) and m; = 125GeV, as shown in Fig. 21.
Taking into account the higher luminosity expected at /s = 1000 GeV, this process
will give us a high statistics Higgs boson sample: 4 x 10° events for 1ab~!. This
will allow us to improve the branching ratios to the various modes discussed above
as well as to access the rare mode h — pup~. It is also noteworthy that one more
process, ete” — vUhh process, will become sizable at y/s = 1000 GeV. This reaction
can be used together with the ete™ — Zhh process to improve the measurement of
the Higgs self-coupling.

2.6.1 Measurement of h — putu~ decay using ete™ — vUh

The branching fraction of the h — p™p~ decay is as small as 0.03 % for the 120 GeV
Standard Model Higgs boson. Its measurement thus requires a very good invariant
mass resolution for the p*p~ pair. The measurement of this rare mode is a challenge
to the tracking detectors and hence was chosen as one of the benchmark processes.
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Figure 21: Production cross sections for the Higgs-strahlung, eTe™ — Zh, the WW fusion,
ete™ — vvH, and ZZ fusion processes as a function of the center of mass energy for
myp, = 125 GeV and beam polarization (P,-, P,+) = (—0.8,+0.2).

The SiD group performed a full simulation study of the h — ptu~ decay at /s =
250 GeV with 250 fb~! for my, = 120 GeV as one of its LOI studies [76]. The expected
number of signal events was only 26 before any cuts. After a simple cut-and-count
analysis, the expected number of signal events became 8 with 39 background events
in the final sample of ete™ — Zh followed by Z— > ¢q and h — ptpu~. This
corresponds to a statistical significance of 1.1 o. The WW fusion process at /s =
1000 GeV will provide a higher statistics sample of Higgs bosons, as discussed above.
We thus expect about 100 events for the h — p™p~ mode. Since the cross sections
for the ete”™ — WH*W~ — putv,u v, and ete” — ZZ — ptp~ ff backgrounds
will decrease, while the signal cross section will increase at higher energies, we would
expect a meaningful measurement of the muon Yukawa coupling. An earlier fast
simulation result showed that a 5 o signal peak would be observed with a 1ab™!
sample for m;, = 120GeV [120,121]. More recent full simulations by SiD and ILD
showed that indeed we would be able to measure ¢ x BR(h — ptu~) to 32% for
myp = 125GeV even with the full beam-induced backgrounds. Together with the
tau Yukawa coupling from the h — 7F7~ branching ratio, this measurement will
provide an insight into the physics of lepton mass generation. With the charm Yukawa
coupling from the h — c¢ branching fraction, this also will allow us to probe the mass
generation mechanism for the second generation matter fermions.

o8



The new high-statistics sample of Higgs boson allows branching ratio measure-
ments for the other decay modes to be improved. For example, we can achieve
ABR(h — ~7)/BR((h — ~7v) ~ 5% for m; = 120GeV with a 1ab™! taken at
(P.-, P.+) = (—0.8,40.5)[122].

2.6.2 'Top quark Yukawa coupling

The 10% accuracy expected at /s = 500 GeV can be significantly improved by the
data taken at 1000 GeV, thanks to the larger cross section and the less background
from ete™ — tt. Fast simulations at /s = 800 GeV showed that we would be able to
determine the top Yukawa coupling to 6% for m;, = 120 GeV, given an integrated lu-
minosity of 1ab™! and residual background uncertainty of 5% [98,99]. As described in
the detector chapter, full simulations just recently completed by SiD and ILD showed
that the top Yukawa coupling could indeed be measured to a statistical precision of
4.3% for my, = 125 GeV with the 1ab~".

2.6.3 Higgs self-coupling in the ete™ — v, U ,hh process

At /s = 1000 GeV, the ete™ — vwhh process will become significant and open up
the possibility of measuring the triple Higgs coupling in the WW channel[118]. The
cross section for this process is only about 0.07fb~!, but the sensitivity to the self-
coupling is potentially higher since the contribution from the background diagrams
is smaller, leading to the relation AN/ ~ 0.85 X (Ao,znn/0vonn), as compared to
AN/X >~ 1.8 X (Aozpn/oznn) for the ete™ — Zhh process at 500 GeV. An early fast
simulation study of eTe™ — vZhh showed that one could determine the triple Higgs
coupling to an accuracy of AN/\ ~ 0.12[119], assuming 1ab~! luminosity and 80%
left-handed electron polarization. A more recent fast simulation study indicated an
accuracy AM/A =~ 0.17 for 2ab™! with (P,-, P.+) = (—0.8,+0.2). The difference
could be attributed to the more realistic analysis based on jet-clustering after parton
showering and hadronization, as well as more background processes considered in
the latter study. In addition to the fusion process, we can use the ete— — Zhh
process also at /s = 1000 GeV. This process has somewhat less sensitivity, AN/ ~
2.8 X (Aozpn/0znn). Combining all of the measurements, assuming the nominal
integrated luminosities of 500 fb~! at /s = 500 GeV and 1000 fb~! at /s = 1000 GeV
with the left-handed beam combination: (P.-, P.+) = (—0.8,40.2), we expect that
the Higgs self-coupling could be measured to AA/A ~ 0.24. As described in the ILD
DBD chapter, these fast simulation results have recently been confirmed with a full
simulation.
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Figure 22: Estimate of the sensitivity of the ILC experiments to Higgs boson couplings in
a model-independent analysis. The four sets of errors for each Higgs coupling represent the
results for LHC, the threshold ILC Higgs program at 250 GeV, the full ILC program up to
500 GeV, and the extension of the ILC program to 1 TeV. The methodology leading to this
figure is explained in [65].

60



é’)v 1= t
Tt Full ILC Program
2 [ 250fb @ 250GeV H
s 500fb™ @ 500GeV
010" 1000fb™ @ 1000GeV
107° T
- C
10°
S
:III | IIIIIII| | IIIIIII| | IIIIIII| | |
10" 1 10 102
Mass [GeV]

Figure 23: Expected precision from the full ILC program of tests of the Standard Model
prediction that the Higgs coupling to each particle is proportional to its mass.
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2.7 Summary of measurement precisions expected at ILC

For historical reasons, most of the full simulation studies we discussed above were
done for my = 120 GeV, except for the DBD benchmark reactions. Since we now
know the mass of the Higgs candidate, it is useful to extrapolate the m;, = 120 GeV
results to my, = 125 GeV. The extrapolated results are summarized in Table. 5 for the
o - BR measurements at different energies. In the extrapolation, we scaled the signal
and the background with the effective cross sections calculated with the new TDR
beam parameters and, for the signal, also with the LHC-recommended branching
ratios for my, = 125 GeV. As for the 1 TeV results, there are some differences between

A(o-BR)/(c - BR)
Vvsand £ | 250fb™! at 250 GeV | 500 fb~! at 500 GeV | 1ab™! at 1TeV
(P, P.) (-0.8,+0.3) (-0.8,+0.3) (-0.8,40.2)
mode Zh ‘ vvh Zh ‘ vvh vvh
h — bb 1.1% 10.5% | 1.8% 0.66% 0.47%
h— e 7.4% o12% 6.2% 7.6%
h — gg 9.1% - 14% 4.1% 3.1%
h — WW* 6.4% - 9.2% 2.6% 3.3%
h— 77" 4.2% - 5.4% 14% 3.5%
h— Z7* 19% - 25% 8.2% 4.4%
h—~y | 29-38% - 12038% | 20-26% 7-10%
h— utp™ 100% - - - 32%

Table 5: Expected accuracies for cross section times branching ratio measurements for the
125 GeV h boson.

ILD and SiD as seen in the benchmark results described in the corresponding DBD
chapters. We listed the SiD values here to be conservative.

We performed a similar exercise for the top Yukawa coupling and the self-coupling
measurements and tabulated the results of the extrapolation in Table 6, where we
just scaled the signal with the background unchanged. Since the mass separation
from W and Z bosons should be better for m; = 125 GeV than for m; = 120 GeV,
these estimates should be conservative.

2.8 Conclusion
The landscape of elementary particle physics has been altered by the discovery by

the ATLAS and CMS experiments of a new boson that decays to vy, ZZ, and WW
final states [?]. The question of the identity of this bosons and its connection to the
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’ process \ Vs [GeV] \ L [ab™!] \ (P.-, P.+) \ A(oc-BR)/(c - BR) \ Ag/g ‘
ih 500 1] (-0.8,10.3) 25% | 13%
Zhh 500 2 | (-0.8,40.3) 32% | 53%
tth 1000 1] (-0.8,40.2) 8.7% | 4.5%
vvhh 1000 2| (-0.8,4+0.2) 26% | 21%

Table 6: Expected accuracies for top Yukawa and self-coupling measurements of the 125 GeV
h boson. The current analyses use the h — bb mode only.

Standard Model of particle physics has become the number one question for our field.
In this section, we have presented the capabilities of the ILC to study this particle
in detail. The ILC can access the new boson through the reactions ete™ — Zh and
through the WW fusion reaction ete™ — vwh. Though our current knowledge of
this particle is still limited, we already know that these reactions are available at
rates close to those predicted for the Higgs boson in the Standard Model. The ILC is
ideally situated to give us a full understanding of this particle, whatever its nature.

The leading hypothesis for the identity of the new particle is that it is the Higgs
boson of the Standard Model, or a similar particle responsible for electroweak symme-
try breaking in a model that includes new physics at the TeV energy scale. We have
argued that, if this identification proves correct, the requirements for experiments on
the nature of this boson are extremely challenging. Though there are new physics
models that predict large deviations of the boson couplings from the Standard Model
predictions, the typical expectation in new physics models is that the largest devia-
tions from the Standard Model are at the 5-10% level. Depending on the model, these
deviations can occur in any of the boson’s couplings. Thus, a comprehensive program
of measurements is needed, one capable of being interpreted in a model-independent
way. Our estimate of the eventual LHC capabilities, given in Fig. 6, falls short of
that goal.

We then presented the capabilities of the ILC for precision measurements of the
Higgs boson couplings. The ILC program for Higgs couplings can begin at a center
of mass energy of 250 GeV, near the peak of the cross section for ete™ — Z°h°. This
program allows a direct measurement of the cross section, rather than measurement
that includes branching ratios, already eliminating an important source of ambiguity
from the LHC data. The program also allows the measurement of individual branch-
ing channels, observed in recoil against the Z° boson. The excellent flavor tagging
capabilities of the ILC experiments allow access to the ¢¢ decay mode of the Higgs
boson and sharpen the observation of many other modes. The ILC experiments are
highly sensitive to possible invisible or other unexpected decay modes of the Higgs
boson, with sensitivity at the percent level.
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A later stage of ILC running at the full energy of 500 GeV will enhance these
capabilities. At 500 GeV, the W fusion reaction eTe™ — vwh turns on fully, giving a
very precise constraint on the Higgs boson coupling to WW. The increased statistics
sharpens the measurement of rare branching channels such as . Higher energy also
gives improved g/c/b separation in the hadronic decay models. Running at 500 GeV
allows the first direct measurements of the Higgs coupling to tf and the Higgs self-
coupling.

The technology of the ILC will eventually allow extended running at higher ener-
gies, up to 1 TeV in the center of mass. A 1 TeV program will add further statistics to
the branching ratio measurements in all channels, using the increasing ete™ — vUh
cross section. It also very much increases the sensitivity of the determinations of the
Higgs coupling to tf and the Higgs self-coupling.

The progression of this program is shown graphically in Fig. 22. For each Higgs
boson coupling, four sets of error bars are shown, always assuming that the underlying
value of the coupling is that of the Standard Model. The first is the estimate of the
LHC capability, from Fig. 6. The second is the error that would be obtained by
adding the data from a 250 fb=! run of the ILC at 250 GeV. The third is the error
that would be obtained by adding to this the data from a 500 fb~! run of the ILC
at 500 GeV. The final error bar would be the result of adding a 1 ab™! data set at
1 TeV. Not shown, but also relevant, are the capabilities of the ILC to measure the
Higgs self-coupling to about 24% accuracy and the Higgs coupling to pu*u~ to about
20% accuracy in the 1 TeV program.

The results of this program can also be represented as precision tests of the Stan-
dard Model relation that the Higgs coupling to each particle is exactly proportional
to the mass of that particle. The expected uncertainties in those tests from the
measurements described above are shown in Fig. 23.

This is the program that is needed to fully understand the nature of the newly dis-
covered boson and its implications for the puzzle of electroweak symmetry breaking.
The ILC can provide it.
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3 Two-Fermion Processes

The reactions ete™ — ff, where f could be leptons or quarks, provide a powerful
tool to search for and characterize physics beyond the Standard Model at the ILC.
These processes are distinguished by clean, simple final states, and precise perturba-
tive predictions of the SM contributions are available. As a result, ILC experiments
will be sensitive to even small deviations from the SM predictions in these channels,
enabling them to study new physics at energy scales far above the center-of-mass
energy of the collider.

3.1 Systematics of ete™ — ff

Despite the simplicity of the two-fermion final state, the process ete™ — ff offers
a large number of methods with which to probe for deviations from the Standard
Model. In this section, we will review the observables that the ILC will make available.
In the following sessions, we will review how these observables can be applied to
discover and then to analyze any signals of new physics that can appear in these
reactions.

For all channels except ete™ — ete™, helicity conservation implies that the pro-
cess ete” — ff is dominated by s-channel spin 1 exchange. This assumption applies
whenever fermion mass effects can be neglected, and this is an excellent approxima-
tion at 500 GeV for pair-production of all Standard Model fermions except for the
top quark. In this case, the angular distribution of ete™ — ff is simply written as

do  ma? 4 N2 A e
dcosQ_Q_s{ +(14cos@)”+A_(1 —cosf)] . (39)
The coefficients A, A_ depend on the electron polarization. Models with gravita-
tional effects at the TeV scale (for example, Randall-Sundrum models [1]) will add
terms from s-channel spin 2 exchange that are higher polynomials in cos 6.

In (39), the term multiplying A, is generated by the polarized reactions e; e}, —
frfr and eper — frfy, the term multiplying A_ is generated by eeh — frf; and
epel — frfr, and all other polarized cross sections are zero in the absence of mass
corrections. This means that by measuring the cross sections and forward backward
asymmetries with highly polarized e; and ep, we obtain 4 independent pieces of
information on the s-channel amplitudes. In principle, only the electron beam needs
to be polarized. However, even a small polarization of the positron beam improves
the effective initial-state polarization according to

P(e™) + P(e™)
1+ P(e™)P(et)

Pepr = (40)
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Thus, a measurement with 80% polarization in the electron beam and 30% polar-
ization in the positron beam yields an effective initial-state polarization of almost
90%. At the ILC, polarization is monitored externally, but in addition the actual
polarization in collisions can be determined from the high-rate processes of Bhabha
scattering and forward W~ W™ production. Theoretical calculations of the 2-fermion
cross sections are controlled to below the part-per-mil level.

The four observables described in the previous paragraph are available for any
final state that can be distinguished at the ILC. That is, these quantities can be
measured separately for light quarks, ¢ quarks, b quarks, e, p, and 7. The typical c,
b and p identification efficiencies expected at the ILC are 35%, 60%, and over 96%,
respectively [2]. In addition, the final state 7 lepton polarization can be determined
as a cross-check on the leptonic coupling measurements [3,4].

The dominant contributions to ete™ — ff at 500 GeV will probably come from
Standard Model s-channel v and Z° exchange. However, additional effects may arise
from new gauge bosons, from contact interactions associated with fermion compos-
iteness, or from effects of extra dimensions. These terms can be seen at the ILC as
corrections to the ete~ — ff cross sections and asymmetries, arising from interfer-
ence of new physics with the Standard Model amplitudes. In addition, for example
in the case of extra dimensions, these effects can add additional dependence on cos 6
related to the spin-2 graviton exchange. We will now review the expected sensitivity
of the ILC experiments to these effects.

3.2 7' physics

A canonical, well-motivated example of new physics that can be discovered and
studied in efe~ — ff is a new, heavy, electrically neutral gauge boson, commonly
denoted by Z’. There are many extensions of the SM that predict one or more
such particles (for reviews and references, see [5,6]). For example, Grand Unified
Theories (GUTSs) based on groups such as SO(10) or Eg contain extra U(1) factors
in addition to the SM gauge group, and hence Z’' bosons. Similarly, superstring
constructions often involve large gauge symmetries that contain extra U(1) factors.
Since the Z’ couplings conserve baryon and lepton numbers, its mass may be well
below the GUT or string scale, as low as the TeV, without conflict with experiment.
In fact, in many supersymmetric GUT and string models, the Z’ mass is tied to the
soft supersymmetry breaking scale, expected to be at the TeV scale. The motivation
for a TeV-scale Z’ is particularly strong in supersymmetric models with additional
particles that are singlets of the SM SU(2) x U(1). One of these models, the next-
to-minimal supersymmetric standard model (NMSSM), has recently attracted much
interest, since it provides a simple way to reduce the fine-tuning associated with a
125 GeV Higgs [7]. The weak-scale mass of the SM singlet field can be naturally
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explained if this field is charged under a new U(1) symmetry broken at TeV energies;
in addition, the domain-wall problem of the NMSSM is avoided in this case. Among
non-supersymmetric possibilities, a very interesting example of a model containing a
7' is the Little Higgs, where extra gauge bosons are introduced to cancel quadratic
divergences in the Higgs mass renormalization by the SM gauge bosons (for reviews
and references, see [8]). Naturalness of electroweak symmetry breaking requires that
these new gauge bosons appear at the TeV scale.

Searches for Z’ have been conducted, most recently, at LEP and the Tevatron, and
are currently in progress at the LHC. The negative results of these searches preclude
the possibility of on-shell Z’ production at the ILC. Indeed, the LHC now excludes
the appearance of large Z’ resonances over most of the range of proposed 3 TeV
lepton colliders, and this exclusion could be complete by the end of 2013. This makes
it likely that our most important tool for the characterization of any Z’ discovered at
the LHC will be through indirect effects uncovered through the precision measurement
of ete™ — ff processes. The dominant effects of new physics in this case come from
the interference between the diagrams involving the SM v/Z° and those involving the
Z'. Thanks to the high precision of the ILC, its capabilities to discover the Z’ and
measure its couplings actually exceed those of the LHC in most cases.

3.2.1 Benchmark Z' Models

Predictions for the contribution of a Z’ to any observable depend on the boson’s
mass My and its couplings to the SM fermions, which are model-dependent. While
a very large variety of models have been proposed, a few canonical benchmark cases
have been extensively studied and provide a set of reference points for comparisons
between experiments. The Sequential Standard Model (SSM) assumes that all Z’
couplings are the same as for the SM Z. The left-right symmetric (LRS) model
extends the SM electroweak gauge group to SU(2), x SU(2)r x U(1)p_r, with the
SU(2)r x U(1)p—r — U(1)y breaking at the TeV scale. The Z’ couples to the linear
combination of T3z and B — L currents orthogonal to the SM hypercharge. Another
set of popular benchmark models is based on the Eg GUT, where the TeV-scale
Z' is generally a linear combination of the two extra U(1) gauge bosons Z, and Z,:
Z' = Z, cos B+ Zy sin . Some well-motivated possibilities are § = 0 (the “x-model”),
B = 7/2 (the “sp-model”), and 3 = 7 — arctan \/5/3 (the “p-model”, which occurs in
Calabi-Yau compactification of the heterotic string if Eg breaks directly to a rank-5
group). It is also possible to embed a left-right symmetric model in Eg, leading to the
so-called “alternative” left-right (ALR) model. The Z’ couplings to the SM fermions
in each of these models can be found, for example, in Table 1 of [9]. Well-studied
Little Higgs models which contain Z’ candidates include the original “Littlest Higgs”
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Figure 24: Sensitivity of the ILC to various candidate Z’ bosons, quoted at 95% conf.,
with /s = 0.5 (1.0) TeV and Liy = 500 (1000) fb=!. The sensitivity of the LHC-14 via
Drell-Yan process pp — £T¢~ + X with 100 fb~! of data are shown for comparison. For
details, see [14].

(LH) [10], as well as the Simplest Little Higgs (SLH) [11].

3.2.2 Current Limits on Z' and the ILC Reach

The most restrictive bounds on most Z’ models currently come from the LHC exper-
iments. For the SSM, CMS places a 95% conf. limit bound of M (Zig\) > 2.59 TeV,
using dielectron and dimuon final states and 4.1 fb~! of data at /s = 8 TeV [12]. This
is stronger than the indirect LEP-2 bound. For Z;,, the CMS bound from the same
analysis is 2.26 TeV. At this time, ATLAS [13] has only published constraints with
the 2011 LHC data set at /s = 7 TeV, but covering a larger variety of Eg models.
The bounds are in the range 1.76 — 1.96 TeV, indicating that the model-dependence
is rather weak.

The current LHC bounds rule out the possibility of on-shell production of a Z’ at
the ILC. However, the ILC will be sensitive to Z’ even at /s < Mz, via contact-
interaction corrections to 2-fermion processes. A recent estimate of the ILC reach
in various Z' models [14], compared to the LHC reach [9], is shown in Fig. 24. The
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reach of a 500 GeV ILC exceeds the LHC reach in most models, while a 1 TeV ILC
will significantly improve on the LHC performance in all cases, with sensitivity well
above 10 TeV in many models.

3.2.3 Measurement of Z' couplings

If a Z' is discovered, the next task would be to measure its couplings to SM fermions.
In this subsection, we present a case study illustrating the capabilities of the ILC
to perform this measurement. We assume that the Z’ arises from SO(10) — SU(5)
gauge symmetry breaking (the y-model), and has a mass of 3 TeV. Such a Z’ would be
discovered at the LHC, and its mass and spin can be measured there. The ILC’s role
would be to complete the characterization of this particle by a precise measurement
of its couplings.

The values of the Z’ vector and axial-vector couplings vy and ay are primarily
determined by the measurement of the cross section of the process ete~ — ff. Mea-
surements of the forward-backward charge asymmetry and of the left-right asymmetry
shrink the range for axial-vector coupling and the left- and right-handed couplings,
respectively. More details can be found in Refs. [5,15]. Assuming lepton universal-
ity, the combination of all leptonic final states allows a precise measurement of the
leptonic Z’ couplings. Here, the role of beam polarization is important. Without po-
larized beams, a 4-fold sign ambiguity for the couplings a; and v; is obtained. With a
polarized electron beam, only a twofold ambiguity remains, and the Z’ couplings are
determined with higher precision. Having both beams polarized improves the results
further: the effective luminosity is increased and the error on the A;r measurement
can be decreased due to the reduced uncertainty of the effective polarization. Once
the leptonic couplings are measured, the Z’ couplings to quarks can be obtained from
hadronic final states. Excellent flavor tagging at the ILC with high efficiency and
purity is essential to achieve high precision measurements.

The results for the measurement of leptonic Z’ couplings are presented in Fig. 25.
Systematic uncertainties of 0.2% for the leptonic observables and the luminosity are
taken into account; a 0.25% error on beam polarization measurement is assumed. The
Z' coupling to b-quarks resulting from a simultaneous fit to lepton and bb final states
is shown in Fig. 25, where a systematic uncertainty of 0.5% is assumed for b-quark
observables.

It is evident that increasing the center-of-mass energy is more efficient than col-
lecting more luminosity. At high luminosities systematic uncertainties limit the
sensitivity, and even in case of negligible systematic errors doubling the luminos-
ity would improve the range for the Z’ couplings only by a factor 0.84. A rough
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Figure 25: Derived coupling of a SO(10) Z’ boson with my = 3 TeV to leptons (left) and
b-quarks (right). Only the results for positive values of the vector leptonic coupling v; are

shown; there is a reflection with all Z’ couplings reversed. The two solid curves correspond
to ILC at 500 (1000) GeV with 500 (1000) fb~! and P.sr = 95%.

scaling for Z’ couplings and mass with energy and luminosity is given by the relation
g/mZ/ X (S . Lint)il/ll.

3.2.4 7' Model Discrimination

Since every model predicts a particular pattern of Z’ couplings to SM fermions, a
measurement of these couplings makes it possible to distinguish between models.
For example, expected accuracy of the measurement of the Z’ couplings to charged
leptons, in a variety of popular Z’ models, is shown in Fig. 26 (from Ref. [16]). The
predictions of the benchmark models are quite distinct, and most models can be
readily distinguished even for a Z’ as heavy as 4 TeV, at a 500 GeV ILC. It should
be emphasized that beam polarization plays a crucial role in this analysis.

3.3 Quark and Lepton Compositeness

In many extensions of the SM, quarks and leptons themselves are composite par-
ticles, resolved into more fundamental constituents at an energy scale A. The effect
of such compositness in 2 — 2 fermion scattering processes at energies well below A
is to induce contact-interaction type corrections, similar to the corrections due to a
heavy resonance discussed above. The effects can be parametrized by adding four-
fermion operators to the Lagrangian with coefficients proportional to inverse powers of
A [17]. Currently, the strongest bounds on four-lepton and eeqq operators are A 2, 10
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Figure 26: 95% confidence regions in the plane of the couplings of left- and right-handed
leptons to a Z’ boson, for the ILC with y/s = 500 GeV and 1000 fb~! and 80%/60% electron
and positron polarization, for My = 2 TeV (left panel) and 4 TeV (right panel). For further
details, see Ref. [16].

TeV [34,35]. These bounds come from experiments at LEP. The LHC is unlikely to
improve these limits, since at LHC we have only limited polarization observables in
4-fermion reactions and we do not know the flavor of initial state quarks. The ILC
can dramatically increase the reach, with sensitivity to scales as high as 50 — 100 TeV
depending on the helicity structure of the operators (see Fig. 27.)

3.4 Extra Dimensions

Many interesting extensions of the SM postulate the existence of extra spatial
dimensions, beyond the familiar three, which are usually assumed to be compact.
Motivation for extra dimensions comes from two sides. From the top-down point of
view, consistency of string theory requires that the full space-time be 10-dimensional,
and additional dimensions must be compactified. From the bottom-up perspective,
models with extra dimensions can address some of the theoretical shortcomings of
the SM, such as the gauge hierarchy problem. While the extra dimensions of string
theory can have any size, in all phenomenologically interesting models the extra di-
mensions become experimentally manifest at the TeV scale, within the range of the
ILC experiments.

Phenomenologically, the most important feature of models with extra dimensions
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Figure 27: Sensitivities (95% c.l.) of a 500 GeV ILC to contact interaction scales A for
different helicities in eTe™ — hadrons (left) and ete™ — pTu~ (right), including beam
polarization [18].

is the appearance of Kaluza-Klein (KK) resonances. Each SM particle (including
the graviton) that is allowed to propagate beyond 4D is accompanied by a tower of
KK excitations, particles of the same spin and progressively higher masses. In the
simplest case of toroidal compactification of radius R, the n-th KK mode has mass
m, = n/R. The effect of the KK modes on ete™ — ff are similar to that of a Z”:
contact interactions, or, if collision energy is sufficient, resonances.

3.4.1 Flat, TeV-Sized Extra Dimensions

The simplest extension is to add k extra dimensions compactified on a torus 7%, and
allow all SM fields to propagate in the full space. The most popular model of this type
is the “universal extra dimension” (UED) [19], with & = 1 and radius R ~ 1/TeV.
This model assumes a Z5 symmetry under which the n-th KK mode has KK-parity
(—1)™. As a result, production of a single first-level KK partner in SM collisions is
not possible, and the phenomenology of the first-level KK states is similar to that of
supersymmetric models with R-parity. The even-level KK states, on the other hand,
may be singly produced via KK-number violating interactions, induced by loops [20].
This leads to resonances or contact-interaction corrections in ete™ — ff [21,22]. An
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Figure 28: Discovery reach of the ILC, with Li; = 1000 fb~! and energy indicated on
the plot, for the UED model in the 2-fermion channel. Polarization of 80%/60% for elec-
trons/positrons is assumed. Leptonic and hadronic final states are combined. The scale A
is the cutoff of the theory, and is somewhat model-dependent. For details, see Ref. [21].

estimated sensitivity of the ILC to the UED model is shown in Fig. 28; values of
1/R ~ 1 TeV can be probed. The reach is significantly lower than for conventional
7', due to loop-suppressed couplings. However, it should be noted that the same
suppression severely limits the ability of the LHC to search for the single KK-mode
production. Any resonance for which the coupling to quarks is suppressed by a factor
of 10 would contribute a fluctuation below 1% in the Drell-Yan mass spectrum, and
this will be indistinguishable even for rather light KK masses. Small mass splittings
among the KK states at the first level make the LHC searches for pair-production
very difficult as well.

3.4.2 Large Extra Dimensions

The extra dimensions may have sizes much larger than TeV~!, if only gravity can
propagate in them, while the SM fields are confined on a 4D “brane” inside the
full space. Arkani-Hamed, Dimopoulos and Dvali (ADD) [23] proposed that such
models can provide an alternative solution to the gauge hierarchy problem: gravity
is weaker than other forces due to the larger space in which it propagates. The ADD
model is characterized by the fundamental Planck scale Mp (required to be ~TeV
to solve the hierarchy problem); and the number of extra dimensions k. Constraints
on macroscopic modifications of Newtonian gravity imply that only cases k > 2 are
phenomenologically relevant.
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The model predicts a tower of KK gravitons G kx, with very small spacing in mass,
of order 1/R. While each of the Gk couples to the SM with gravitational strength,
their large multiplicity may yield observable effects in ete™ — Ggx — ff, although
no individual resonances can be observed. Instead, the effect is a contact-interaction
correction, parametrized as a dimension-8 operator [24]

4
Ay

c T,, T (41)

where T}, is the SM fermion energy-momentum tensor, A = £1, and Ay ~ Mp is
the effective Planck scale.

The strongest bounds on the ADD model currently come from the LHC. A search
for anomalous jet+Fr events at CMS with 5 fb~! at 7 TeV [25] constrains Mp >
2.5 —4.0 TeV for k = 2...6 (with lower bounds for higher k). In addition, searches
for operators of the form (41) in £t¢~ [26] and ~v [27,28] final states provide a bound
Ay 2 2.5 GeV, independent of k. The estimate of the discovery reach of the 500
GeV ILC is Ay ~ 5.0 — 5.5 TeV [29]. Since the KK graviton is a spin-2 object, the
angular distribution of the final-state fermions in the ADD model is quite distinct
from the case of a spin-1 Z’ or KK gauge boson. A unique identification of the spin-
2 origin of the contact-interaction correction at a 500 GeV ILC is possible for Ay
up to about 3.0 TeV [30]; however, the LHC is likely to have an even higher reach
using the dilepton final states [31]. Another crucial test of the gravitational nature
of the contact interaction would be an independent determination of the size of the
effect in a variety of four-fermion channels. Gravity couples to the total energy-
momentum tensor, resulting in a set of four-fermion operators independent of the
fermion type. Alternative models for spin-2 contact interactions, such as the exchange
of string-Regge excitations of the SM gauge bosons [32], predict effects of different
sizes for up-type and down-type quarks and leptons. The ILC will provide an ideal
environment to perform this test.

3.4.3 Randall-Sundrum Warped Extra Dimensions

While the ADD model eliminates the usual gauge hierarchy, it faces its own hierarchy
problem: the large ratio of the size of the extra dimensions and their natural scale,
TeV~!, must be explained. This difficulty is avoided in the Randall-Sundrum (RS)
model [1], which extends the space by a single extra dimension, compactified on an
orbifold S;/Z,, effectively an interval. The characteristic feature of this model is the
non-flat “warped” metric, which can be used to generate the observed large hierarchy
between the Planck and the weak scale without assuming any hierarchies among the
input parameters. Interestingly, AdS/CFT duality has been used to argue that the RS
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model is simply a weakly-coupled description of a strongly-coupled four-dimensional
model with a composite Higgs boson.

In the original RS model, only gravity was assumed to propagate in the full 5D
space, while all SM fields were confined on the 4D boundary. As in ADD, potentially
observable KK modes of the graviton are predicted; however, their masses are spaced
by O(TeV), and their couplings to the SM are suppressed by a scale of O(TeV) and not
the Planck scale. The LHC experiments search for RS KK graviton resonances in the
¢t¢~ and ~ final states. The graviton couplings to the SM depend on the curvature
of the extra dimension k. The dimensionless ratio k/Mpy is expected to be in a range
between 0.01 and 0.1 on naturalness grounds. The current LHC bounds on the KK
graviton mass vary from 2.1 TeV for k/Mp; = 0.1 to 0.9 TeV for k/Mp, = 0.01 [12,13].
The LHC reach with /s = 14 TeV, Ly, = 100 fb~! is expected to be 2.5 — 4.5 TeV,
for the same range of k/Mp, [33].
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4 W and Z Boson Physics

The ILC will yield a new level of precision in measurements of the W and Z
boson masses, widths, and couplings. Several different ILC processes contribute to
these measurements. These include the continuum production of two vector bosons,
ete” — WTW™ and ete” — ZZ, production of weak bosons in 2-photon reactions,
and triple boson production ete™ — VVV, where the final state can be WW Z,
277, or WWr. In addition, the ILC can study vector boson scattering at high
energy. Furthermore, the ILC offers the possibility of dedicated low-energy runs at
the Z and at the WW threshold. In all cases, these measurements will supersede
the precision of existing measurements from the previous colliders, including SLC,
LEP and the Tevatron, and are expected also to surpass the accuracies that will be
available from the LHC.

As we will explain in detail in this section, these measurements will allow us to go
beyond simple tests of the description of the W and Z bosons in the Standard Model.
Through the Higgs mechanism of mass generation, massive W and Z bosons contain
states that belong to the Higgs boson sector and exhibit possible new couplings asso-
ciated with Higgs boson compositeness or strong interactions. Precise measurements
of the W and Z properties can reveal these effects.

Many models of new physics beyond the Standard Model predict new couplings
of the W and Z bosons. These include models with additional heavy vector bosons
such as technicolor and topcolor, Little Higgs models, extra-dimensional models with
Kaluza-Klein recurrences of the W and Z boson, and Twin Higgs models. In many of
these cases, the additional gauge bosons would be fermiophobic and would thus evade
direct searches at the LHC. The new bosons must then be found through their mixing
with the W and Z bosons. Such mixing effects could be detected by the precision
measurements described in this section.

4.1 Beyond the SM W/Z sector: the EW chiral Lagrangian

To interpret the results of precision measurements of the various W and Z pro-
cesses that will be studied at the ILC, it is useful to have a common theoretical
framework to which all of these measurements can be related. Frameworks of two dif-
ferent types are commonly used. The first is based on an effective field theory (EFT)
that includes the most general modifications of the W and Z couplings that might
be induced by adding higher-dimension operators to the Standard Model Lagrangian.
Such effective field theories are presented in the literature in [1,2]. A complementary
approach is to postulate resonances with various quantum numbers and couple these
to the W, Z, and Higgs bosons [3]. It is rather easy to switch between the two de-
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scriptions. Then limits on anomalous W and Z couplings parametrized in the EFT
languarge can be expressed in terms of limits on the mass and width parameters of
physical resonances.

In this chapter, we will summarize the description of the electroweak (EW) ef-
fective Lagrangian and its parameters from these two points of view and define the
parameters of this Lagrangian that can be constrained by experiment. In the remain-
der of this section, we will quote constraints on this effective Lagrangian that can be
obtained from the ILC experiments.

The EW effective chiral Lagrangian consists basically of the SU(2), x U(1)y-
invariant SM Lagrangian (without the Higgs field) and a non-linear sigma model
describing the Goldstone bosons (or longitudinal degrees of freedom of W and 7).
Though this formulation of the electroweak Lagrangian was originally constructed
for models containing very heavy, composite, or no Higgs bosons, it can be easily
extended to include a 125 GeV Higgs boson as indicated by the 2012 LHC discov-
ery [4]. The lowest-order EW chiral Lagrangian contains the kinetic terms for the
weak and hypercharge bosons as well as the kinetic term for their longitudinal degrees
of freedom, which also yields the gauge boson mass terms. There is one additional
possible dimension 2 operator, L. At the next order in mass dimension, there are
ten possible dimension 4 operators (assuming C' and C'P conservation), L£;—1 . 10,
with corresponding operator coefficients, ;=1 19. The operators give all possible
Lorentz- and gauge-invariant combinations of the transversal and longitudinal elec-
troweak gauge fields. The detailed form of the Lagrangian can be found in [1,2,3,5].

All of these operators modify the 2-; 3- and 4-point functions of the EW gauge
bosons: Ly, L1, Lg give the oblique corrections which modify the gauge-boson prop-
agators, while Lo, L3, L9 induce anomalous triple gauge couplings (TGCs). The
remaining five operators (£4,—L7; and Lyg) only affect the quartic gauge couplings
(QGCs). The coefficient of the extra dimension-2 operator, the parameter 3, is di-
rectly related to the Ap parameter, and thus is rather special. Experimentally it is
well-known that this parameter is quite small, such that the leading-order Lagrangian
possesses a custodial isospin symmetry which is broken only at next-to-leading order
by the non-vanishing EW mixing angle and the mass splittings inside the fermionic
isospin doublets. Sometimes such custodial isospin conservation is assumed. This
would then eliminate the operators L—L1p.

At the next order in mass dimension, there are five dimension-6 operators, ﬁi\,...,5a
with coefficients ag\:17_._75 [1,2,3,5]. These operators, which can be interpreted as con-
tributions to anomalous magnetic moments of the EW gauge bosons, appear in the
same order in the power counting of the perturbative expansion as the operators listed
above. The first two containing three field-strength tensors induce also anomalous
TGCs, while the last three one containing two field-strength and two longitudinal
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bosons each only contribute to the QGCs. Including a light Higgs boson leads to
more operators containing the Higgs field, some of which are however redundant and
can be eliminated via equations of motion [6].

As we have discussed already, all these ten plus five operators (and also the T
parameter) can be generated when integrating out one or more heavy particles beyond
the SM. It is not unlikely that heavy particles that could contribute to the EW effetive
Lagrangian in this way would be discovered at the LHC in its run at 14 TeV.

We will see in subsequent sections that the ILC experiments can make precise
statements about the values of the a; parameters. Though the ILC measurements
are done on the electroweak gauge bosons, the Equivalence Theorem [7] implies that
the longitudinal polarization states of massive gauge bosons have couplings associated
with the Higgs sector responsible for their mass generation. Thus, measurements of
the W and Z couplings, codified by the a; parameters, have a direct interpretation as
Higgs sector interactions and can be used to constrain models of Higgs dynamics. For
example, the values of the a; constrain the existence of possible resonances and their
quantum numbers, associated with composite Higgs sectors, strong weak interactions
or similar models. We will describe this connection in Section 4.2.3.

First, however, it will be useful to explain how the formalism presented in the
previous section is connected to the trilinear and quartic vector boson couplings.
Within the SM, the trilinear and quartic couplings are specified by the constraints of
gauge invariance. Beyond the SM, additional couplings may appear. Often, these are
represented by effective Lagrangians with many parameters. The systematic effective
Lagrangian approach of the previous section organizes these parameters in a useful
way.

The EW chiral Lagrangian provides an off-shell formulation for a general elec-
troweak sector combining all possible operators up to dimension 4. Complete (fermi-
onic) matrix elements for 2 — 6 processes can be computed using the Feynman rules
derived from this Lagrangian. These Feynman rules include EW boson interactions
with anomalous couplings. In this section, we will give the relation between a general
parametrization of the anomalous couplings and the effective Lagrangian parameters
Q.
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In unitarity gauge, the trilinear gauge interactions are conventionally written

Lwwv = gwwv[
AV
igy Vi (W, Wi — W W) + iy W, W, VW+1 W W*Va

Ap’lpy

+ YW W, (Vs + Vi) + Y g (W, ONW, 8AW W)V,

AV
—l—mVW W+VW+1 W W+V N (42)

Similarly, the quartic gauge interactions are expressed as
Lave = & [ AW, WS — g A AW W]
+e2t [ ARz (W WS+ W) — Qgng“ZHW_”Wj]

2
+ 62—;” (9772 2" W W — g5 21 2, W YW
S

w

e? B B B 2 e?
+o7 [glVVWW FWEW, W — g (W) ] —p ———h?7(2"2,)?
(43)

The Qverall prefactors are gww, = e and gwwz = e cos by /sinfy. The symbols V,,,
and V,,, are defined as:

V,u,z/ - 8;1,‘/1/ - 81/V/J, f/,u,l/ - E;LVPO"/;)U/2 . (44>

The SM values of the trilinear couplings in (42) are given by
g7 =17 =1, g7 =g"=k? =0 and N7 =X\"7=0 , (45)

The deviations of the couplings from the SM values are expressed in terms of the «;
parameters as

Ag] =0 ARY = 92(a2 —ay) + Gas + 92(a9 — ag) (46)
2
Agf:5z+g—2a3 Ar? =07 —¢ (ag—a1)+g as+ g (ag—ag) (47)

w

and
2 2 2
g g Sw
A’Y = —E (Oéi\ + Oég\) AZ = —5 (Oéi\ — C—QOZS) (48)

where ¢ is determined by the precision electroweak corrections. Note that in this
setup only the C- and P-conserving parameters ¢, £ and A can be generated. The
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parameters g5, which violates C and P separately but leaves CP intact, and g4, £ and
A, which violate CP, are not shifted.

The SM values of the quartic couplings in (43) are given by
W =" =1 (VV' =102, 2Z,WW), W2=0.  (49)

Deviations from these SM values in the quartic couplings are introduced through
the corrections induced by the a; to the couplings that preserve custodial SU(2)
symmetry,

2 2

Ag"=NAg) =0 Agl? = Ag)? = c%ugfsfual + g—g}ai’) (50a)
Agi% =2Mg]7 + f—jm Agi? = 20977 — 5—42045 (50D)
A" =2¢3 Agl? + gPou Agy™ =2c,Ag17 — ¢ (o + 2a5) (50¢)
h2% = g2 (a4 + as) . (50d)

Since we have consistently generated the trilinear and quartic couplings from a
theory with exact but spontaneously broken SU(2) x U(1) symmetry, the vertices
described in this section fit together into a unified formalism that can be used to
compute the scattering amplitudes for complete electroweak processes. In particular,
this formalism gives a consistent definition to off-shell propagators and vertices that
appear in processes containing the quartic gauge boson vertices. The results of all
experiments are expressed in terms of the parameters «;.

We now return to the question of the interpretation of the «; parameters in terms
of possible resonances in the electroweak sector. A formalism complementary to the
chiral Lagrangian approach summarized above, based on adding resonances to the SM
Lagrangian has been described in [3]. Note that this formalism can easily include a
light Higgs boson as one of the resonances included. We review this formalism briefly
here.

There are three different combinations of spin and isospin for which resonances
can couple to the EW gauge boson system. The spin of these resonances can be 0,
1, or 2 (scalar, vector, or tensor), and, similarly, the value of the isospin, under the
custodial isospin symmetry, can be 0, 1, or 2 (in this context, labeled singlet, triplet,
and quintet). To couple invariantly to a pair of weak bosons, the parity in spin and
isospin must be equal; hence we consider resonances with the quantum numbers:

e scalar singlet o, scalar quintet ¢,

89



Resonance | o
r 6

¢ p f o a
1 4%/3M? 1/5 1/30

Table 7: Coefficients & appearing the formula (51) for the partial widths for resonances with
various quantum numbers to decay into longitudinally polarized vector bosons.

e vector triplet p,

e tensor singlet f, tensor quintet a,

In the model, these resonances are allowed to have arbitrary masses and widths,
including both extreme cases of extremely heavy (M — oo) or extremely broad
(I' ~ M — o0) resonances. We might also list m (scalar triplet) and w (vector
singlet), but their couplings to pairs of weak bosons violate custodial isospin. Then
either their couplings are small, so that we can ignore them, or they require unnatural
cancellations to preserve the SM value of the p parameter.

An example of such a resonance of the type o is the SM Higgs boson itself.
The techni-rho resonance of technicolor models is an example of the vector triplet
p. This set of quantum numbers also appears in an extra-dimensional context as a
Kaluza-Klein W’ or Z' [8]. An example of the tensor f is the graviton resonance in
Randall-Sundrum models [9].

For the purposes of this section, we will assume that resonances in the EW sector
have fermionic couplings very suppressed compared to the couplings to the EW sector.
The opposite case has been discussed already in Section 3. For resonances that do
not couple strongly to fermions, the dominant decays are to longitudinal EW gauge
bosons. The widths are given by formulae

g .

Co64r 02
where the coefficients ¢ are displayed in Table 7. The couplings g; are the elementary
couplings appearing in the resonance Lagrangian. With increasing number of spin and
isospin components, the resonance width decreases. Note that, with our normalization
convention for the dimensionless couplings g;, the width of a vector resonance has a
scaling behavior different from that of the other cases. If we want to work in a purely
phenomenological approach, it is useful to eliminate the couplings g; in terms of the
resonance widths using (51).

At the ILC, we are mainly concerned with (precision) measurements of electroweak
processes at energies below the first resonance in an extended electroweak /Higgs sec-
tor. Any deviations observed from the Standard Model predictions can be interpreted
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Resonance | ¢ ¢ p f «a
1 3 5 5
Aoy 0 3 1 2 78
1 1 3 5 35

Aas 12 12 1 8 8

Table 8: Coefficients ¢ in the relation (52) between the parameters of a Higgs sector res-
onance and the chiral Lagrangian coefficients a4 and as that result from integrating out
that heavy resonance.

in terms of the a; parameters. To understand the relation of these parameters to the
system of resonances, we can integrate out the resonances and expand the resulting
effective Lagrangian in powers of E /M. The terms resulting from this integrating out
shift the parameters of the Standard Model Lagrangian, shift the parameters 3; and
o, and shift the other a; parameters. The shifts of the Standard Model couplings
are absorbed into the renormalized electroweak parameters. The shifts of as and 3;
appear in the S and T parameters of electroweak interactions. The remaining shifts
of the «; provide new information. The most important effects appear as shifts of
a4 and as. The translation from the resonance masses to ay and aj is given by the

relation L6nT o

m v
Aa; = — 2
S VA VER (52)

where the coefficients ¢ are displayed for each type of resonances in Table 8.

Figure 29 shows the shifts in ay and a5 induced by each particular type of Higgs
sector resonance. There is an ambiguity in the values of the «; associated with a
change in the renormalization scale of the effective low-energy Lagrangian

1 1 2
0
1 1 2
as (i) = as(po) — 21 16.2 In 2 (53)
0

where o is a reference scale. This shift is plotted as a dashed arrow in Fig. 29.
Fortunately, this small shift is almost orthogonal, in the (a4, as) plane, to the direction
of the shift induced by a resonance. It should be interpreted as a theory uncertainty
in the prediction for these shifts.

In the case that there is only one dominant resonance present, a combined fit to
both a parameters allows us to disentangle isosinglet from isotriplet or isoquintet
resonances. A worked example is given in [10]. The angular distributions of final
vector bosons provide further information on the nature of a resonance. For example,
a p resonance multiplet would have the characteristic feature that the ZZ decay
channel is absent, by virtue of the Landau-Yang theorem
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Figure 29: Anomalous couplings ay/s in the low-energy effective theory coming from the
different resonances under the assumption of equal masses and widths, M ~ T" (Table 8).
The dashed arrow indicates the shift due to renormalization scale variation.

There is one more important issue to discuss in setting up the theory of strong
interaction corrections to the electroweak sector. This is the question of high-energy
behavior and unitarity. At the ILC, experiments on trilinear and quartic couplings in
ete” — V'V and related processes can be analyzed by using the low energy effective
Lagrangian directly. Even in the study of vector boson scattering, V'V — V'V correc-
tions to the effective Lagrangian description come in only at the highest subprocess
energies near 1 TeV. However, measurements of these effects at hadron colliders probe
a region of higher energies in which expressions derived from the effective Lagrangian
must be greatly modified. The reason for this is that vertices due to higher-dimension
operators grow dramatically at high energy and, if left unmodified, violate unitarity.
In reality, unitarity can never be violated, but the restoration of unitarity requires ad-
ditional higher-order effects or a proper UV completion of the theory. This introduces
new parameters into the description. Even at the Tevatron, the analysis of measure-
ments of the trilinea r couplings include form factors or other modifications so that
the theory used to fit the data is internally consistent and avoids violation of unitarity.
This is the flip side of the observation that, because it accesses higher energies, the
LHC offers the opportunity to discover new states of a extended electroweak/Higgs
sector as resonances. If resonances are not observed, or are not prominent, or if there
are additional resonances beyond the reach of the LHC, there is no definite theoretical
framework, and so results from the LHC will have ambiguity or model-dependence.

Thus, some heuristics are needed to define a complete formalism in which EFT
descriptions like the EW chiral Lagrangian can be used as the basis of a formalism
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that can produce simulations to be compared to collider data and translate search
limits between LHC and ILC experiments. In setting up this formalism, it would
be advantageous to include possible first resonances explicitly, since these might be
within the kinematical reach of the LHC. Such resonances would appear in strongly
interacting Higgs sector models or in extra-dimensional models. On the other hand,
the formalism must give amplitudes that preserve unitary. This second task can be
achieved either by introducing momentum-dependent form factors for the low-energy
scattering amplitudes and regularizing them, or using unitarization methods like the
K matrix [11]. Details of a formalism that accomplishes this, and the translation
between LHC and ILC results within this formalism, can be found in [3]. This method
of unitarization can be combined with the generic off-shell parameterization of EW
boson scattering given in (42) and (43) to give a complete description of Goldstone
boson scattering amplitudes. For that purpose, the constant parameters cays are
replaced by energy- (i.e. s-) dependent form factors. The technical details of that
implementation can be found in [3]. This prescription does break crossing symmetry,
but in fact that is broken already by the K-matrix prescription for unitarization. In
principle, anomalous couplings for resonances might also be included. Such couplings
are not considered here. We assume that they are subleading in the high-energy
regime of a 1 TeV ILC or at LHC.

With this formalism at hand one can easily switch between the high-energy mea-
surements on V'V scattering in the LHC environment and the much more precise
measurements possible at the ILC and consider at the same time the parallel infor-
mation from di- or triboson production. In the following subsections we describe
diboson production in the channels WW and ZZ, the corresponding photon-induced
processes, triboson production, EW boson scattering. We also discuss low-energy
precision measurements at the Z and at the WW threshold.

4.2 etem - WTW-

The major weak processes to be studied at an ILC are pair production of elec-
troweak gauge bosons, ete™ — WTW ™ and ete™ — ZZ. The ILC will be the first
collider to allow for W pair production in lepton collisions with polarized beams. Due
to the V — A structure of the W boson interactions, polarization of the beams radi-
ating the electroweak boson can substantially enhance or suppress their production.
Note, that there is also as a competitive process single W production, originating
mostly from photon-W fusion (cf. Fig. 30). Since pair production is dominated by
the s-channel pole, its cross section falls off linearly with energy. ILC will be the
first lepton collider to enter that regime. On the other hand, single production is
kinematically enhanced through the t-channel propagators and rises logarithmically
with energy. 1 TeV is roughly the energy where the cross section for single production
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Figure 30: Dominant Feynman diagrams for single W production at the ILC (top), and
for WTW ™~ production at the ILC.

starts to exceed that of pair production.

WW production at a lepton collider is a theoretically well-studied process for
which full next-to-leading (NLO) electroweak corrections are available, including the
W decays both in the double-pole approximation [12] and in a full 2 — 4 calcula-
tion [13]. These results have been cast into dedicated NLO Monte-Carlo programs,
namely, YFSWW3 [14] and RacoonWW [15]. The effects of finite fermion masses and
different cuts on the cross section and distributions have also been studied in [16].
Furthermore, by means of effective field theory methods, the precise line-shape of
W pairs close to the thresholds have been investigated [17]. In this framework, also
the leading NNLO corrections have been recently calculated [18]. Also the single W
production at a lepton collider is available at NLO [19].

Fig. 31 shows, on the left, the cross sections for single W and W pair production
at the ILC as a function of the center of mass energy. The right hand side of the
figure shows the power of polarized beams at the ILC, which allows one to enrich
different helicity modes of the Ws and hence their angular correlations.

The process of WIW production at the ILC allows for a sensitive measurement of
triple gauge boson couplings, defined in the introduction to this section in (42). If one
replaces the constant parameters by momentum-dependent form factors, (42) is in fact
the most general parameterization. However, restricting again to the two lowest orders
in the expansion of the EW chiral Lagrangian takes one back to constant coupling
parameters. Note that there are some constraints to be fulfilled by the unbroken
electromagnetic gauge invariance, namely ¢7(¢*> = 0) = 1 and g2 (¢* = 0) = 0 at zero
momentum transfer.

Measurements of W pair production disentangle the various gauge structures con-
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Figure 31: Total cross section for single W [20,21,22] and W pair production [12] as a
function of the center of mass energy (left). Differential cross section for W pair production
as a function of the W polar angle for different beam polarizations (right).

tributing to the production amplitudes. The amplitudes depend on both trilinear
couplings, WW~ and WW Z. The differential cross section with respect to the angle
of the W boson to the beam itself is sensitive to deviations from the SM values of
the triple gauges couplings at the sub-per cent level. The left-right asymmetry as
function of the W production angle adds to this information and enables one to dis-
criminate between contributions to the anomalous WW~ and WW Z coupling. This
can be seen from Fig. 32.

Analyses of WW production to measure triple gauge couplings rely on a set of five
different observables. We have already discussed the dependence on the polar angle
Ow of the outgoing W~ with respect to the beam direction. This is the variable whose
dependence is shown in Figs. 31 and 32. In addition, we can measure the polar angle
0* of the decay fermion, with respect to the flight direction of the W boson in the rest
frame of the W boson, for each of the two W bosons. These variables are sensitive
to the longitudinal polarization of the W bosons. Finally, the transverse polarization
of the W bosons can be accessed via the azimuthal angles ¢* of the fermion in the
plane constructed from the beam and the W flight direction.

The most frequent decay mode of a WW pair is the semileptonic one, which
constitutes 44 % of all WV decays. In those events, the polar angle of the negatively
charged W~ can be unambiguosly reconstructed from the jet omenta and the lepton
charge. Furthermore, the fermionic decay angles can be uniquely determined in case
of the leptonically decaying W. For the hadronically decaying W there is a twofold
ambiguity, (cos@*, ¢*) «— (—cosb*, ¢* + ), arising from the fact that quarks and
antiquarks cannot be distinguished, except possibly in W — ¢ decays. While the
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Figure 32: The effect of anomalous triple gauge couplings on the W pair cross section
differential in the W polar angle in units of the SM cross section (left). On the right is the
left-right asymmetry Apgr again as a function of the W polar angle.

semileptonic event sample is by far the most sensitive to triple gauge couplings, the
largest sample is the fully hadronic one, which constitutes 46 % of all decays. Here
the sign ambiguity for the production angle of the W's cannot be resolved, since there
is no means to determine the W charges from the jet measurements. Even with
sophisticated existing methods to get the correct pairing of jets, the sensitivity to the
triple gauge coupling is smaller than from the semileptionic sample. The fully leptonic
samples are smaller and more difficult to analyze. In roughly the half of these events,
one lepton is a 7, so a complete kinematic reconstruction is not completely possible.
For the rest, there is a twofold ambiguity because of the missing information from the
two neutrinos, and measurements from those samples are also limited by statistics.

Mixed leptonic and hadronic decays from W pairs at the ILC can be selected
very efficiently, and they also profit from a rather low background. As can be seen
from Fig. 32, the cross section exhibits a large forward peak stemming from the ¢-
channel neutrino exchange. This peak cross section events are not sensitive to triple
gauge couplings at all, and are even partially lost in the beam pipe. Because the
boost is much larger than at LEP, the W production angle can be measured with
much higher accuracy than in the LEP experiments. The detector resolution in those
measurements is sufficiently good that there are almost no detector effects on the
measurments; this is shown in [23]).

In most studies one marginalizes over some of the variables, since it is cumbersome
to work with five independent variables. Many of the studies up to now made use of
the spin density matrix formalism [24]. It has been shown that this formalism leads
to close to optimal results. In that formalism, it is possible to clearly separate signals
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from C, P, or CP-violating couplings from the corresponding C- or P-conserving
ones. As one example to illustrate how this works, note that imaginary parts of off-
diagonal elements of the spin-density matrix are only populated if there are nonzero
CP-violating couplings. It has been shown that there are only negligible correlations
between the different sets of couplings, hence, the fits can be done separately. These
single parameter fits are quite useful to test models beyond the SM, though in principle
a multi-variate analysis allows one to determine all five different C- and P-conserving
couplings separately with the data from different beam polarization settings. Usually,
one assumes full electroweak SU(2) x U(1) gauge invariance among the parameters,
which leads to the following relations among the different parameters:

Ak, = —cot? Oy (Ary — gf)
A= Az (54)

Table 9 shows the results from [5] for the sensitivity of the WW measurement on
the different anomalous triple gauge couplings, using integrated luminosities of 0.5
ab™! for 500 GeV c.m. energy and 1 ab—! for 800 GeV. This analysis assumed 80
% polarization of the electron beam and 60 % polarization for the positron beam.
This corresponds to an effective polarization Py = 95%, while P.;; = 89% is more
appropriate for the current ILC design; the change has only a minor effect on the
final results. For the case of 800 GeV center of mass energy, the parameter fits which
exhibit the largest correlations are illustrated in Fig. 33.

Note that these measurements are very precise and do not suffer from any sig-
nificant systematic uncertainties, since detector effects, backgrounds, and smearing
from beamstrahlung are almost negligible. The beam polarisation can be determined
in situ using the so-called Blondel scheme [25,26]. Consequently, one can neglect
additional systematic uncertainties from beam polarization. If there is no positron
polarization at all, the statistical errors grow by about 50 %. However, uncertainties
are still completely under control. The forward peak is exclusively given by neutrino
t-channel exchange, which only couples to left-handed electrons. Then the effective
polarization P.ss can still be determined from data alone [26].

To match the experimental precision, the theoretical errors need to be smaller
than 0.5-1.0 %. This is achieved in the predictions from the dedicated NLO programs
RacoonWW and YESWW3 [12]. In fact, the measurement at the ILC is so precise
that it is smaller than the size of SM loop corrections. The errors are also smaller
than some of the BSM loop corrections, for example, those from supersymmetry, as
computed, for example, in [27]. With such precision it is possible to overconstrain
the SM, and also to use the ILC measurements to search for deviations from the
SM in virtual effects by new heavy particles. While the sensitivity on the dipole
moment-like couplings, AM, are of the same order for LHC and ILC, estimates on the
precision for different colliders for the trilinear coupling Ak, show that a 500 GeV
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coupling error x10~%
Vs = 500GeV | /s = 800GeV
C,P-conserving, SU(2) x U(1) relations:
Ag? 2.8 1.8
Ak, 3.1 1.9
Ay 4.3 2.6
C,P-conserving, no relations:
Ag? 15.5 12.6
AR, 3.3 1.9
Ay 5.9 3.3
Aky 3.2 1.9
Az 6.7 3.0
not C or P conserving;:
g7 16.5 14.4
g7 45.9 18.3
Ry, 39.0 14.3
Az 7.5 3.0

Table 9: Results of the single parameter fits (1o) to the different triple gauge couplings.
For /s = 500GeV £ = 500 fb~! and for /s = 800GeV £ = 1000 fb~! has been assumed.
For both energies P.- = 80% and P.+ = 60% has been used.

ILC will supersede LHC by roughly a factor of 10, increasing to a factor of 30 for 1
TeV running [5].

Some more details about measurements from the photon-induced channel as well
as the precision measurment of the W boson mass will be described in the following
sections.

4.3 etes — 727

This process is not used to do precision measurements at the ILC. The measure-
ment of this process mainly serves as a data-driven estimate of the background to the

WW production process. Many algorithms and details about how to separate the
two processes can be found in [28].

4.4 yy—-WTW~-

Though there is the specific option to construct a high-energy photon-photon
collider by means of Compton backscattering, we do not discuss such measurements
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Figure 33: Two-dimensional sensitivity contours at 1o and 95 % significance for several
combinations of trilinear gauge couplings at a c.m. energy of 800 GeV for an integrated
luminosity of 1 ab™!, with 80 % electron and 60 % positron polarization. For all other
variables the correlations are small.

here. However, ~-induced processes also occur through photons from initial state
radiation and beamstrahlung. These processes give a severe background for many
new-physics searches, as discussed, for example, in [29]. But, on the other hand, they
provide an opportunity to measure the y-induced pair production of W pairs, which
has a large cross section of about 80 pb at 500 GeV. The physics of this process is
similar to the single-W production in W+ fusion, whose cross section is roughly 30
pb at 500 GeV. The pair production process has been studied with the focus on the
determination of possible anomalous gauge boson couplings, and its NLO corrections
have been calculated in the double-pole approximation [30].

Using single W and W pair production from the photon substructure inside the
electron beams adds an event sample of roughly the same order of magnitude to the
sample from the eTe™ direct production mode. There are no studies on these modes
using high luminosity from the point of view of anomalous coupling measurements.
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Low luminosity studies focusing on the W modes have focused on the total cross sec-
tion measurement in the central part of the detector; this yields an order of magnitude
less sensitivity than the direct production from the eTe™ mode. Adding angular cor-
relations and the other observables mentioned in section 4.2 could possibly result in
almost the same sensitivity as the eTe™ mode, thereby doubling the total statistics
of the event samples.

4.5 Triple vector boson production

The production of three electroweak gauge bosons, mainly ete™ — WTW~Z and
ete™ — ZZZ, is an important precision test for the structure of the electroweak
interactions. It has not been kinematically accessible at LEP. The measurement of
these processes at the ILC allows a very clean and precise measurement of the triple
and quartic gauge couplings and is complimentary to the corresponding observables
in vector boson scattering processes. Though triboson production has already been
measured at Tevatron and has and will be measured at LHC, the process is much
cleaner and offers a much higher precision at ILC. For ILC, the best dataset is that
using the fully hadronic final state, which constitutes 32% of all WWZ and ZZZ
events. Though, in principle, new-physics parameters that enter oblique corrections
and triple gauge couplings can be determined in triple boson production, too, one usu-
ally assumes that they have already been measured in WW, ZZ production (or V'V
scattering). Hence, they will be ignored in this section. In contrast to vector boson
scattering, the different o parameters from the electroweak chiral Lagrangian can-
not be completely disentangled in this measurement: the process ete™ — WHW~Z
depends on the two linear combinations ay + ag and as + ay, while ete™ — ZZ7
depends on the linear combination oy + a5 + 2(ag + a7 + aqo).

The main SM background is rather large for the channel W*W~Z, coming from
tt production with hadronically decaying Ws, This background can be substantially
reduced using right-handed electron polarization, which populates the longitudinal
modes of the EW gauge bosons. For a 1 TeV ILC without polarization, the cross
sections are 59 fb for WW Z and 0.8 tb for ZZZ production, respectively. Switching
on electron polarization reduces the WW Z cross section to 12 fb, for 80% right-
handed electrons. For the neutral process, ZZZ, the SM background is negligible.
Simulations of both processes are available at next-to-leading order [31,32,33]; in
addition, most of the corrections are available in a dedicated Monte-Carlo program,
LUSIFER [34].

The phenomenological analysis of these processes has been carried out in [10].
For the WW Z process, three independent kinematical variables that are used, the
invariant masses My z and My and as the angle 6 between the electron beam axis
and the flight direction of the Z boson. From the angular corrections as well as the
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Figure 34: Expected sensitivity of a 1 TeV ILC on anomalous quartic gauge coupling
parameters ay/as, assuming an integrated luminosity of 1 ab™!. Left: WW Z alone, right:
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polarization and 80% electron plus 60% positron polarization, respectively. From [10].
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Figure 35: Reconstructed cos®, My, and My 7 signal distributions for ete™ — WWZ
and both beams polarized. To see the shape dependence the distributions are normalized
to the respective total number of events for the Standard Model (solid), ay = 1.672 ~ 15.8
(dashed) and a5 &~ 15.8 (dotted).

diboson invariant masses, deviations from the SM can be determined (see Fig. 35),
which then enable one to set limits on the anomalous couplings. Fig. 34 shows the
expected sensitivity for the parameters a4 and as at the 90 and 68 per cent confidence
level. The detailed values are give in Table 10.

Further information comes from the process ete™ — WTW ™, which is com-
plimentary to the WWZ channel mentioned above. This channel is particularly
interesting in the search for possible parity-violating operators. Because one does not
have to pay the price for an additional weak boson, a considerable sensitivity could
already be achieved at 500 GeV (or even 200 GeV) center-of-mass energy [35].
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WWZ 1777 best

no pol. | e~ pol. | both pol. || no pol.
16m2Aay | o 9.79 4.21 1.90 3.94 1.78
o~ || —4.40| —3.34 —1.71| —3.53| —1.48
16m2Aas | 0" 3.05 2.69 1.17 3.94 1.14
o~ || =7.10| —6.40 —2.19 | —3.53| —1.64

Table 10: Sensitivity of ay and as expressed as 1o errors. WWZ: two-parameter fit; ZZ7:
one-parameter fit; best: best combination of both.

4.6 WW, ZZ scattering at high energy

The process of WW/ZZ scattering is at the heart of the study of the electroweak
symmetry breaking mechanism because it reveals the self-interaction of both transver-
sally and longitudinally polarized electroweak gauge bosons. The scattering of trans-
versely polarized vector bosons is equivalent of gluon-gluon scattering in QCD. The
scattering of longitudinally polarized bosons is in fact the scattering of the Goldstone
boson modes inside the electroweak gauge bosons, whose tree-level unitarity has been
one of the most profound motivations for the existence of a Higgs boson [36]. In most
studies, the scattering of weak gauge bosons has been seen specifically as a means
to study the EW sector in the absence of a light Higgs boson, or, alternatively, to
search for the presence of strong EW interactions. For an overview, see [37]. But
even after the discovery of a light Higgs-like boson around 125 GeV [4], the scattering
of EW gauge bosons remains one of the most important physical observables in the
EW sector. Together with the precise measurements of the properties of the Higgs
boson at the LHC and ILC, V'V scattering allows us to overconstrain the EW sector
and search for deviations from the EW structure of the Standard Model. Further, it
offers by itself the possibility of searching for new physics in the EW sector beyond
the Standard Model in a rather model-independent way. Any type of new physics
that has considerable couplings to the SM fermions is very likely to show up ear-
lier in Drell-Yan like processes at LHC or directly in electroproduction at the ILC.
However, for new particles that couple only to the electroweak gauge sector (or have
highly suppressed fermionic couplings), V'V scattering will be the primary production
process. Furthermore, there are models, such as the strongly interacting light Higgs
(SILH) [38], which give rise to a more or less SM-like Higgs boson, but nevertheless
feature different physics at higher energies. For all of these reasons, the precision
study of vector boson scattering has special importance.

The LHC will measure V'V scattering in the upcoming years; there are possibly
even events in the final 2012 data set. On the other hand, the ILC offers the oppor-
tunity to use all vector boson final states including the hadronic ones which is not
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possible at the LHC because of the triggers and the mini-jet veto. Furthermore, at
an ILC beam polarization allows the experiments to enrich longitudinal polarizations
of the SM gauge bosons and to improve the ratio of longitudinal boson signal over
transversely polarized boson background.

In order not to deal with a plethora of models, we will discuss the physics of V'V
scattering in an approach as model-independent as possible. Most of our discussion
is based on the approach of the EW chiral Lagrangian [1,2]. In the original approach,
this is understood formally as taking the limit of an infinitely heavy Higgs boson and
removing it from the SM. The interactions left over give a nonlinear sigma model con-
taining higher-dimensional operators coupling the transversal and longitudinal EW
gauge bosons to each other. Such an approach was invented as a low-energy effec-
tive theory (LET) for the case of a heavy SM Higgs boson, for technicolor models
featuring several strongly interacting resonances in the EW sector, or for Higgsless
models (which are in some sense dual to the former class of models). In the light of
the discovery of a light scalar boson at LHC, these specific models are now disfavored.
However, such an electroweak chiral Lagrangian can be enlarged by the presence of
possible resonances in the EW sector that could possibly couple to the EW sector.
Such resonances can be classified to their spin and isospin quantum numbers. This
classification has been performed in [3] including isoscalar, -vector, or -tensor res-
onances of spin 0, 1 and 2 that couple to a system of two weak gauge bosons. A
light SM Higgs boson is just the isoscalar spin 0 case with particular couplings and
is hence easily incorporated in that approach. The details have been summarized in
the introductory Section 4.1.

The performance of a 1 TeV ILC for determining deviations from the triple and
quartic gauge couplings of the SM has been studied in [10], extending an earlier
analysis in [39]. These studies have been performed with full six-fermion matrix
elements; hence, no simplifications such as the effective W approximation (EWA),
the Goldstone-boson equivalence theorem or the narrow-width approximation have
been made. Note that a clear distinction of signal and backgrounds is rather intricate,
since many EW processes (for example, triboson production) are intermingled with
the pure V'V scattering process.

For the simulation we assume a center of mass energy of 1 TeV and a total lumi-
nosity of 1000 fb~!. Beam polarization of 80% for electrons and 40% for positrons
is also assumed. Since the six-fermion processes under consideration contain contri-
butions from the triple weak-boson production processes considered in the previous
section (ZZ or W W~ with neutrinos of second and third generation as well as a part
of v, WW(ZZ), ev.WZ and ete”WTW ™ final states), there is no distinct separa-
tion of signal and background. Signal processes are thus affected by all other vector
boson processes as well as by pure background. The studies have been performed
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Process | Subprocess | o [fb]
ete” = v v.qqqq | WTW ™ — WHW~— 23.19
ete” — v.v.qiqq | WW- — ZZ 7.624
ete™ — vUqqqq V-VVV 9.344
ete™ — veqqqq WZ —-WZ 132.3
ete” —wete qqqq | 272 — ZZ 2.09
ete” —ete qaqq | ZZ2 — WTW~ 414.
ete” — bbX ete” — 331.768
ete™ — qqqq ete” - WTW~- 3560.108
ete™ — qqqq etem = 27 173.221
ete™ — evqq ete”™ — evW 279.588
ete” — eteqq ete” —wete Z 134.935
ete” - X ete” — qq 1637.405

Table 11: Generated processes in the study of vector boson scattering [10], and cross sections
for signal and background for /s = 1 TeV, polarization 80% left for electron and 40% right
for positron beam. For each process, those final-state flavor combinations are included that
correspond to the indicated signal or background subprocess.

ete” — oy | as | ag | a7 | ago
WIW- > WAW- |+ |+ | - | - | -
WIW- = 27 Y r [+ -
W7 - W+Z + |+ [+ +] -
77— 77 T+ ]+

Table 12: Sensitivity to quartic anomalous couplings for all quasi-elastic weak-boson scat-
tering processes accessible at the ILC.

with event samples generated with WHIZARD [22], the shower and hadronization with
Pythia [40] and the ILC detector response with SimDet [41]. Initial-state radiation
(ISR) from the lepton beams is explicitly included. The processes studied and their
cross sections are given in Table 11.

Possible observables sensitive to modifications in the (triple and quartic) cou-
plings of longitudinal EW bosons are the total cross section as well as cross sections
differential in the EW boson production and decay angles. In measuring properties
of longitudinal gauge bosons, it is highly non-trivial if not impossible to measure
observables like transverse momentum, since a cut has to be used to suppress the
background from transverse gauge bosons, which drops off less fast than the contri-
bution from longitudinal bosons. The general steps of this cut-based analysis use
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Figure 36: Expected sensitivity (combined fit for all sensitive processes) to quartic anoma-
lous couplings for a 1 TeV ILC with 1 ab=!. The full line (inner one) represents 68%, the
dotted (outer) one 90% confidence level. a) case with SU(2). conservation b) case with
broken SU(2)..

coupling o— o+
Uy -1.41 1.38 :
coupling o— o+

Qs -1.16 1.09 ) 575 [ 237
Table 13: The expected sensitivity from Qs -2.46 | 2.35
an integrated luminosity of 1 ab™! in Qg -3.93 | 5.593
ete™ at 1 TeV, under the assumption of oy -3.22 3.31
custodial SU(2) conservation. Positive Q10 555 | 4.55
and negative 1 sigma errors given sepa-
rately. Table 14: The expected sensitivity from

a 1 ab~lete™ sample at 1 TeV for the
case of broken SU(2). case, positive and
negative 1 sigma errors given separately.

electron/positron tagging to identify background, with cuts on transverse momen-
tum, missing mass and missing energy, as well as cuts around the EW boson masses
to veto against non tightly reconstructed events. For the extraction of parameters
like the triple and quartic gauge coupling, a binned likelihood fit has been used where
events are described by a total of four kinematical variables.

We summarize the combined results for the measurements of anomalous EW cou-
plings in Table 13 and Table 14. Both SU(2). conserving and SU(2). violating
couplings are taken into account. The results are shown in Fig. 36 in graphical form,
where projections of the multi-dimensional exclusion region in all as around the ref-
erence point a; = 0 onto the two-dimensional subspaces (ay, a5) and (ag, a7) have
been made. In order to transform these bounds on «a; parameters into more physi-
cal terms and also in order to compare the capabilities of ILC with direct resonance
searches at the LHC one can use the formalism described in the introductory section of
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this chapter to trade the anomalous couplings for parameters of physical resonances.
These results for quartic gauge couplings in vector boson scattering can be combined
with the ILC measurement results for triple gauge couplings and oblique corrections.
Taking a single one of the resonances into account at each time, one could from the
measured value of the o parameters reconstruct the properties and parameters of the
resonance producing that particular value. From this, the sensitivity on new physics
showing up as resonances in the high-energy region of EW boson scattering can be
determined.

The dependence of the different resonances on the o parameters as well as the
correlation of the parameters and the technical points of the fit can be found in [10].
Here, we just give the scalar singlet as an example: in that case, oy and «g are
zero, for the isospin-conserving case in addition a7 and «qg are zero. If one uses the
relation from integrating out the resonance, as = gi& and introducing the ratio
between the width and the mass of the resonance, f, =T',/M, one can solve for the
mass of the resonance: M, = v [4nf,/ (3a5)]i. From the fit one can deduce the mass
reach for scalar resonances at the ILC depending on scenarios with different widths.
The results for the different masses for all cases are shown in Tab. 15. They can
be summarized in the following numbers which hold for the SU(2).-conserving case:
for spin-0 particles, the accessible reach is 1.39, 1.55, and 1.95 TeV for the isospin
channels I = 0, [ = 1, and I = 2, respectively, assuming a single resonance with
optimal width to mass ratio that exclusively couples to the EW boson sector. For
a vector resonance, the reach is 1.74 TeV for isosinglet and 2.67 TeV for isotriplets,
respectively. Tensors provide the best reach because of the higher number of degrees
of freedom participating, namely 3.00, 3.01, and 5.84 TeV for the isospin channels
I =0,1=1,and I =2, respectively. In the case of SU(2), violation the effects on
EW boson scattering are larger or more significant, such that the SU(2).-conserving
limit is a conservative estimate, that is however supported by the EW measurements
from SLC, LEP, Tevatron, and LHC.

4.7 Giga-Z

One of the main advantages of the ILC is its staged operation at almost arbitrary
c.m. energies. This offers the opportunity to run the collider at rather low energies
on the Z resonance or at the WW threshold to gather a lot of luminosity there
and perform precision measurements of electroweak sector of the SM. Running at
a ballpark luminosity value of £ = 103 ecm™2s7! allows to revisit the physics at
LEP1 and SLC within a couple of days and study several billion Z bosons within 1-2
months [42]. This is a specifically valuable task as the two measurements at LEP1
and SLC constitute (together with the muon g — 2) the biggest deviation from the
SM predictions at present. With the Giga-Z option the tension between the two data
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fres. = TRes./MRes, | 1.0 [ 08 ] 06 | 0.3 ]

scalar singlet, M, [TeV], SU(2). cons. 1.55 | 1.46 | 1.36 | 1.15
scalar singlet, M, [TeV], SU(2). broken 1.39 | 1.32 | 1.23 | —
scalar triplet, Mo [TeV] 1.39 | 1.32 | 1.23 | —

scalar triplet, M, + [TeV] 1.55 | 1.47 | 1.37 | 1.15

scalar quintet, M, [TeV], SU(2). cons. 1.95| 1.85 | 1.72 | 1.45
scalar quintet, My, [TeV], SU(2). broken 1.95 ] 1.85 | 1.72 | 1.45
scalar quintet, Myy [TeV], SU(2). broken 1.64 | 1.55 | 1.44 | 1.21
scalar quintet, My [TeV], SU(2). broken 1.55 | 1.46 | 1.35 | 1.14
vector singlet, M, [TeV], gen. case 2.22 1210|195 | 1.63
vector triplet, M, [TeV], SU(2). cons. 249 236 | 2.19 | 1.84

vector triplet, M,+ [TeV], no SU(2)., no mag. mom. || 2.67 | 2.53 | 2.35 | 1.98
vector triplet, M, [TeV], no SU(2)., no mag. mom. | 1.74 | 1.65 | 1.53 | 1.29

vector triplet, M, [TeV], special SU(2), viol. 3.09 292|272 |2.29
vector triplet, M, [TeV], special SU(2). viol. 1.78 | 1.69 | 1.57 | 1.32
vector triplet, M,+ [TeV], gen. case 254 241|234 | 1.88
vector triplet, M, [TeV], gen. case 1.71 ] 1.62 | 1.51 | 1.27
tensor singlet, My [TeV], SU(2). cons. 3.29 | 3.11 | 2.89 | 2.43
tensor singlet, My [TeV], SU(2),. viol. 3.00 | 2.84 | 2.64 | 2.22
tensor triplet, M,o [TeV] 3.01 | 2.85 | 2.65 | 2.23

tensor triplet, M,+ [TeV] 2.81 | 2.66 | 2.47 | 2.08

tensor quintet, M; [TeV], SU(2). cons. 4.30 | 4.06 | 3.78 | 3.18
tensor quintet, My [TeV], special SU(2), viol. 6.76 | 6.39 | 5.95 | 5.00
tensor quintet, My [TeV], special SU(2),. viol. 4.53 | 4.28 | 3.98 | 3.35
tensor quintet, M;++ [TeV], gen. case 5.17 | 4.89 | 4.55 | 3.83
tensor quintet, M+ [TeV], gen. case 3.64 | 3.44 | 3.20 | 2.69
tensor quintet, M;o [TeV], gen. case 5.84 | 5.52 | 5.14 | 4.32

Table 15: Mass reach at a 1 TeV ILC in V'V scattering, assuming a data set of 1 ab™!, for
four different values of the ratio of width over mass for the resonances.
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sets from LEP1 and SLC could be resolved. As these measurements are at the heart
of the electroweak sector of the SM we describe them in detail.

The first observable (which we are using to discuss most of the technical demands
and systematic effects for measurements on the Z pole with polarized beams) to be
studied at the Z pole is the left-right asymmetry

App= L= (55)

where o/ p are the total cross sections for left- and right-handed polarized electrons
and P is the longitudinal electron polarization. The measurement of the left-right
asymmetry directly accesses the effective weak mixing angle, sin? 6 7> which in the
case of a pure Z exchange is given by

200,
2 2
U@ + ae

ALR = Ae -

(56)

where v, and a. are the vector and axial vector coupling of the Z boson to electrons.
Their ratio is given by v./a, = 1 — 4sin® Qﬁff. At the ILC in the Giga-Z option
the left-right asymmetry Ay can be measured using the hadronic Z decays on the
Z poles which has a very high efficiency and almost no background. The technical
details about this measurement and the other Z pole observables can be found in [43].
Using a few billion events on the Z pole translates into a statistical error of the
order AApr = 107°, while systematic uncertainties are mostly under control. The
relative uncertainty on the polarization needs to be small than the corresponding
uncertainty of the left-right asymmetry, AP/P < AArr/Arr = 1074, which is only
possible if both polarized electrons and positrons are available. In that case an in-
situ polarization measurement is possible by means of the Blondel scheme [25]. Using
the cross section with unpolarized beams, oy, and the polarization P.- and P.+
for electrons and positrons, respectively, the polarized beam cross section can be
expressed via the formula

O—:O—O{l_,])e*,lje*—i_AALR'(,]DeJr _Pef)} . (57)

If a method is used to externally determine all the four different combinations of
beam polarizations, then the left-right asymmetry can be directly determined via

App = \/(0++ to+—o0p—0 )(-04pr+to 4 —0o4 +o_) ‘ (58)

(0yy+0 4 +0 40 )04y +0o 4 +or —0__)

Here o045 is the cross section where the electron beam has the polarization ¢ and the
positron beam the polarization j. In deriving this formula one has to assume that the
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absolute polarization values of the bunches with opposing helicity states are equal.
Either to assure that this assumption is correct or in order to determine the cor-
responding corrections one needs polarimeters. Most systematics cancel out of this
measurement as within one beam only relative measurements are necessary, hence,
this scheme allows to achieve the desired accuracy in the polarization measurement.
Note that because of helicity selection rules the cross sections for the combinations
(++) and (——) are tiny, so that the collider needs to run only for one tenth of its
luminosity on these helicity configurations in order to already reach optimal statisti-
cal precision. The in-situ polarization measurement with the Blondel scheme, on the
other hand, yields a statistical error that is only slightly bigger than the one with
the external polarimeter, if the degree of positron polarization exceeds P+ > 0.5.
If that value goes down to 20 % the statistical error for 10° Z bosons on the peak
reaches AArr = 8- 107°. Another crucial ingredient for the precision of this mea-
surement is the simultaneous knowledge of both the c.m. energy and the mass of the
Z boson, M. This is because the v — Z interference generates a slope in the peak
cross section of roughly dApr/d\/s = 2 -107%/GeV. To suppress the dominance of
the parametric uncertainty on the beam energy within the systematics one needs to
calibrate the beam energy with the help of a spectrometer relative to the Z mass with
a precision of 1 MeV and allow for scan around the vicinity of the Z resonance peak.
The second biggest systematics effect comes from the influence of the beamstrahlung
which induces a shift in the value of Arr by AArr = 9-10~%. For that scope the
beamstrahlung’s spectrum needs to be known at a precision at the order of one per
cent or even below, where studies show that this achievable [44,45 46]. All other sys-
tematic errors are very small, such that a quite conservative error estimate results in
a final uncertainty of AA;r = 1074, That systematic uncertainty translates into an
error of the weak mixing angle of A sin? Hgf ;=13 10~°. However, in principle, the
beamstrahlung spectrum should be the same both in the A;r measurement in the
scan for the calibration. In that case the whole effect of beamstrahlung results in an
obvious shift of the center of mass energy that cancels out in the uncertainties. Then,
a precision in the measurement of the effective weak angle well below 107° could be
achieved.

As mentioned above, there is a discrepancy between the forward-backward asym-
metry measurement for bottom quarks, 4, between LEP and SLC. Since the ILC
detectors will have b-tagging capabilities of an unprecedented excellence, ILC can
improve the precision of the 4, measurement by a factor of almost a factor of 20 [47].
A resolution of this discrepancy itself might allow to improve the whole consistency
and quality of the electroweak fit and opens a door to precision searches for deviations
from the SM.

The other observables that can be determined from the measurement of the Z
lineshape are the partial and the total width of the Z boson, the Z mass M, the
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LEP/SLC/Tev/world av. [49] ILC
sin®6.g 0.23146 & 0.00017 < +0.00001
M, 91.1876 =+ 0.0021 GeV +0.0016 GeV
Iy 2.4952 + 0.0023 GeV +0.0008 GeV
as(m) 0.1184 = 0.0007 +0.0005
Apy (0.55 4 0.10) - 1072 +0.05 - 1072
N, 2.984 + 0.008 +0.004
Ay 0.923 £ 0.020 +0.001
Ry 0.21653 & 0.00069 +0.00014
| My | 80.385 & 0.015 GeV | £0.006 GeV |

Table 16: Precision of several SM observables that can be achieved at the ILC from a
high-luminosity low-energy run (GigaZ option). The left column gives the present status
together with possible expectations from the LHC experiments. The values given for the Ap
parameter as well as for the determination of the strong coupling constant assume NV, = 3.

strong coupling constant at the scale of My (as(My)), the p parameter (Apy, which
is a measure of the modification of the strength of the fermionic Z couplings due to
radiative corrections), as well as the number of light (non-sterile) neutrino species,
N,. All of these parameters are basically genuine electroweak parameters, except
for the measurement of the strong coupling constant, where at the moment it is not
completely clear whether ILC could improve on the LHC determination.

Concerning the partial widths and the total width of the Z boson, there is still
a considerable due to the ILC measurement, however less spectacular than the im-
provement for the weak mixing angle. The measurement of the total Z width by the
lineshape determination depends completely on the precision of the beam spectrom-
eter and the calibration measurement of the beamstrahlung. This means that a total
precision of the order AI'y &~ 1 MeV or better is possible. At the ILC, there will be
a factor of up to three improvement for the selection efficiencies for hadrons, muons,
and tau leptons compared to the LEP experiments [23,48]. There has been also con-
siderable improvement on the experimental systematics of the luminosity compared
to LEP, such that the errors can be further reduced. Note that this has been accom-
panied by matching improvements in the theoretical predictions for the electroweak
precision observables, which are mostly at the two- or even three-loop level now [50].

For almost all of these variables the ILC can considerably improve on the present-
day precision. These improvements are summarized in Table 16. Taking into account
the excellent b-tagging performance at the ILC detectors, even the ratio R, of the
partial Z width to bottom quarks to the full hadronic width can be improved at least
by a factor of five.
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Figure 37: Contour of x? in the precision electroweak fit as a function of the Higgs boson
mass for the current values (grey band) and for improved uncertainties expected from the
Giga-Z program (orange band) [51]. The figure assumes that the current central value
remains unchanged.

A measure of the increased analytical power available from the Giga-Z program
is shown in Fig. 37. The figures shows the x? of the current electroweak fit as a
function of the Higgs boson mass, and the y? curve that would result for the same
central value and the measurment uncertainties that would result from Giga-Z. With

these assumptions, the fit would give a Higgs boson mass of m; = 92.371%% GeV,

with current theory errors, or "2 GeV, with negligible theory errors. Even in the
former case, a mass of 126 GeV for the Higgs boson would be excluded at almost the
4 o level in a pure Standard Model fit, requiring additional contributions from new

particles at the TeV mass scale [51,52].

The final physics point to be discussed here is the measurement of the W bo-
son mass from a threshold scan at the W pair production threshold. Close to the
production threshold, s-channel and ¢-channel get different enhancement or suppres-
sion factors, depending on the (non-relativistic) velocity of the W boson, 3. The
s-channel is suppressed by 3%, while the t-channel only by one power 3. As the lead-
ing contribution is already suppressed by 3, the cross section around the threshold is
highly sensitive to the exact value of the W mass. The t-channel contribution, on the
other hand, depends only on the Wer, coupling which is well-known. Hence, the pre-
dictions for the threshold production are free from any possible contamination from
unknown physics (any new physics via the triple gauge couplings enters only in the
s-channel diagrams and is thus suppressed by a 3% factor). This guarantees a clean
measurement of the W mass from the threshold scan. This experimental setup is
underlined by the theoretical calculations in the last decade which provide full 2 — 4
calculations at next-to-leading order [13] and leading NNLO corrections to the total
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cross section [18], which allows to reduce the theory uncertainties to the same level as
the experimental error estimates. Note that by using different polarization states an
enhancement or suppression of the signal is possible such that the background can be
directly estimated from the run by switching polarizations. In an early study on such
a scan [53], a scan in five steps between 160.4 and 162 GeV and an additional data
point at y/s = 170 GeV has been investigated. The assumptions where an integrated
luminosity of 100 fb~! as well as the same efficiency and purity values than for LEP.
With a total error of a quarter of an per cent on the luminosity and the selection
efficiencies in that setup, My, can be determined with an error of 6 — 7 MeV. The
upper value comes from a fit where the efficiencies are not fixed but left free to float
which shows the experimental stability of that method. If the detector performs a lot
better than in the original study (cf. e.g. [23]) than an even better precision of maybe
down a few MeV can be achieved, thereby superseding a lot the world average driven
by the Tevatron measurement.
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5 Top quark

The top quark, or ¢ quark, is by far the heaviest particle of the Standard Model.
Its large mass implies that this is the Standard Model particle most strongly coupled
to the mechanism of electroweak symmetry breaking. For this and other reasons, the
top quark is expected to be a window to any new physics at the TeV energy scale. In
this section, we will review the ways that new physics might appear in the precision
study of the top quark and the capabilities of the ILC to discover these effects.

The top quark was discovered at the Tevatron proton-antiproton collider by the
DO and CDF experiments [1,2]. Up to now, the top quark has only been studied
at hadron colliders, at the Tevatron and, only in past two years, at the LHC. The
Tevatron experiments accumulated a data sample of about 12fb™" in Run I and Run
I1, at center of mass energies of 1.8 TeV and 1.96 TeV, respectively. About half of this
data is fully analyzed. At the LHC, a data sample of about 5fb~! has been recorded
at a center-of-mass energy of 7 TeV up to the end of 2011. In 2012, the machine has
operated at a center of mass energy of 8 TeV. In the following section, we will review
the properties of the top quark determined so far at hadron colliders, based on the
currently analyzed data sets. We will also discuss the eventual accuracies that will
be reached in this program over the long term.

The ILC would be the first machine at which the top quark is studied using a
precisely defined leptonic initial state. This brings the top quark into an evironment
in which individual events can be analyzed in more detail, as we have explained in
the Introduction. It also changes the production mechanism for top quark pairs from
the strong to the electroweak interactions, which are a step closer to the phenomena
of electroweak symmetry breaking that we aim to explore. Finally, this change brings
into play new experimental observables—weak interaction polarization and parity
asymmetries—that are very sensitive to the coupling of the top quark to possible new
interactions. It is very possible that, while the top quark might respect Standard
Model expectations at the LHC, it will break those expectations when studied at the
ILC.

5.1 Top quark properties from hadron colliders
In this section, we will review the present and future capabilities of hadron colliders

to study the top quark. This section is based largely on the review published in [3].
Where applicable, the information has been updated.
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5.1.1 Top quark hadronic cross section

A central measurement for the top quark at hadron colliders is the ¢ production
cross-section. At hadron colliders the following channels are typically measured: (1)
lepton—+jets channels, (2) dilepton channels, (3) full hadronic channels, (4) channels
with jets and missing transverse momentum (MET).For these channels the Tevatron
experiments have published values between 7.2 pb and 7.99 pb [3]. The error on these
values is typically 6-7%. The LHC experiments report values at 7 TeV [4,5]

07 = 177 4 3 (stat.) "> (syst.) £ 7 (lumi.) pb ~ ATLAS
o7 = 166 £ 2 (stat.) £ 11 (syst.) £ 8 (lumi.) pb CMS (59)

This is to be compared with theoretical estimates from ‘approximate NNLO’ QCD
predictions, for example, [6,7]

07 = 16377 (scale) &+ 9 (PDF) pb. (60)

A full NNLO QCD calculation should decrease the first error significantly. The agree-
ment between theory and experiment is excellent at the present stage, both for the
LHC and for the Tevatron results. Already at this early stage of data taking the
LHC experiments are limited by the systematic uncertainty. For ATLAS, the dom-
inant sources of the systematic error are those from predictions of different event
generators together with the uncertainties of the parton distribution function of the
proton. On the experimental side, the jet energy resolution constitutes an important
source of systematic error. However, there are other sources of comparable influence,
from the electron and muon identification. The quoted sources contribute roughly
equally to the systematic error.

5.1.2 Top quark mass and width

The mass of the top quark is a fundamental parameter of the electroweak theory.
In discussions of physics beyond the Standard Model, the top quark appears ubiqui-
tously. To interpret particle physics measurements in terms of new physics effects,
the top quark mass must be known very accurately. Two well known examples are
the precision electroweak corrections, where the top quark contributions must be
fixed to allow Higgs and other new particle corrections to be determined, and in the
theory of the Higgs boson mass in supersymmetry, in which the loop corrections are
proportional to (m;/my)?*.

Care must be taken in relating the measured top quark mass to the value of the
top quark mass that is used as input in these calculations. Loop effects typically
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take as input a short-distance definition of the top quark mass such as the MS mass
parameter. We will explain below that the determination of the top quark mass from
the threshold cross section in ete™ annhilation uses a precise short-distance definition
of the top quark mass, though a different one from the MS mass.

Another possible definition of the top quark mass is given by the position of the
pole in the top quark propagator. This top quark mass is greater than the MS mass
by about 10 GeV, and this difference contains a nonperturbative correction of the
order of a few hundred MeV, due to an infrared sensitivity of the pole mass.

Current determinations of the top quark mass from kinematic distributions do not
use either of these, in principle, well defined top quark mass definitions. Insteady,
they define the top quark mass as the input mass parameter of a Monte Carlo event
generator, which is then constrained by measurements of the kinematics of the tt
final state. At this time, there is no concrete analysis that relates this mass to either
the short distance or the pole value of the top quark mass. For the case of eTe™
production of top quark pairs, it was shown in [8] how to relate event-shape variables
that depend strongly on the top quark mass to an underlying short-distance mass
parameter. The analysis requires center of mass energies much larger than 2m;. For
hadron colliders, the corresponding analysis is much more difficult and has not yet
been done.

With the framework that is available now, the Tevatron and LHC experiments
have achieved quite a precise determination of the top quark mass from kinematic
observables. The value of the top quark mass m; as published by the Tevatron
Electroweak Working Group is given to be m; = 173.2 £ 0.9GeV [9]. This value
has been obtained from the combined measurements of the Tevatron experiments.
The LHC experiments report values of m; = 174.5 = 0.6 & 2.3 GeV for the ATLAS
collaboration [10] and m; = 172.6 £ 0.4 £ 1.2GeV for the CMS collaboration [11],
where, in each case, the first error is statistical and the second is systematic. The
dominant systematic errors come from jet energy resolution. In both cases, the mass
definition used is that of the Monte Carlo event generator. Reduction of the error
well below 1 GeV will require a more careful theoretical analysis giving the relation
of the mass parameter used in these measurements to a more precise top quark mass
definition.

Within the Standard Model the total decay width I'; of the top quark is dom-
inated by the partial decay width T'(t — Wb). The t quark width is predicted to
be approximately 1.5 GeV, which is substantially larger than the hadronization scale
Aqcep. On the other hand, this value is small enough that it is not expected to be
directly measured at the LHC.
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At hadron colliders the decay width can be determined via
Iy=T(t— Wb)/BR(t — Wb) . (61)

The partial width I'(¢ — W) is determined from the cross section for single top events
while the branching ratio BR(t — Wb) is derived from top pair events. DO gives a
value of I'; = 1.99J_r8:§g [12]. CDF uses only the top quark mass spectrum and reports
the 68% confidence interval to be 0.3 < I'; < 4.4 GeV [13]. It is interesting to note here
that DO has published for the ratio of branching ratios BR(t — Wb)/BR(t — Wgq) a
value of 0.94-0.04 [14], which is about 2.50 away from the Standard Model expectation.

5.1.3  Helicity of the W boson

The t quark has a very short lifetime of about 1072%s. Since this is about 10 times
shorter than typical scales for long range QCD processes, the top quark decays long
before hadronization can affect it. Therefore, the structure of the ¢ quark decay is
very close to that of a bare quark. Within the Standard Model, the top quark decays
almost exclusively via t — W*h. The V-A nature of the weak decay dictates that
the resulting b quark is almost completely left handed polarized. It also dictates
the polarization of the W boson, which in turn can be measured by observing the
W decay. The prediction is that the W is produced only in the left-handed and
longitudinal polarization states, with the fraction of longitudinal W bosons predicted
to be )

my

Jo= 2m¥, + m? (62)
The Standard Model predicts a value of fy = 0.703. The CDF experiment measures
this value to be fy —0.787025(stat.) £0.06(syst.) [15], in agreement with the Standard
Model. The most precise measurements of this value have been achieved with events
in which both the W boson from the ¢ and the one from the ¢ decay into leptons.

5.1.4 Top coupling to Z° and ~

It is particularly interesting to study the coupling of the top quark to the photon and
the Z° boson to search for effects of new physics. Both of these couplings are sub-
dominant effects at hadron colliders. The electroweak production of ¢t is suppressed
with respect to QCD production, and this is especially true at the LHC where most
of the tt production comes from gluon-gluon fusion. Radiation of photons from ¢t has
been observed at the Tevatron. So far no precision measurements on the coupling of
top quarks to the Z° boson have been reported.
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Constraints on the top quark couplings to v and Z° have been reported using the
expression for the couplings [16]

Y42, g, 7) = ie {% (ﬁfw?) + »ySﬁfg(k2)) L gD (f;“/(kQ) + wﬁgg(#)) } .

th
N (63)
where X = v, Z and the F' are related to the usual form factors Fi, Iy by
FY = — (FY + Fyy) EX = FY FYX = —-FX, Ff = —iF5 . (64)

In the Standard Model the only form factors which are different from zero are
FJ(K?), FE(k*) and FZ(k?). The quantities F;7(k®) are the electric and weak
magnetic dipole moment (EDM and MDM) form factors.

F},(k?) is the CP-violating electric dipole moment form factor of the t quark, and
FZ,(k?) is the weak electric dipole moment (WDM). These two form factors violate
CP. In the Standard Model they receive contributions only from the three loop level
and beyond.

In the case of the t£Z° final state, relatively clean measurements are expected at
the LHC when the Z° decays leptonically. However, the cross section is quite small,
so that meansingful results with precision of about 10% for FZ, and 40% for FQZVO 4 can
only be expected after a few 100fb™!. At the SLHC, with an integrated luminosity
of about 3000fb™!, the precision of this measurement is expected to improve by
factors between of 1.6 FQZ‘S 4 and 3 for FZ. The situation is considerably better for
measurements of the tfy vertex. Already for 30fb™" at the LHC, measurements with
a precision of about 20% to 35% can be expected. These measurements may improve
at the SLHC to values between 2% and 10%

For the related question of the coupling of the top quark to the Higgs boson, both
the LHC expectations and the projections for the ILC are discussed in Section 2 of
this report.

5.1.5 Asymmetries at hadron colliders

The last few years were marked by a number of publications from the Tevatron exper-
iments which reported on tensions with Standard Model predictions in the measure-
ment of forward backward asymmetries Arg. This observable counts the difference in
the number of events in the two hemispheres of the detector. In hadronic collisions,
the polar angle is typically reported in terms of the rapidity y, which is invariant
under longitudinal boosts and more descriptive at very forward and backward angles.
For the analysis here and at the LHC, see below, at least one member of the ¢t pair
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is required to decay leptonically to assure the particle identification. The average
asymmetry reported by CDF is 0.201 £ 0.065 (stat.) = 0.018 (syst.) [19] which agrees
with 0.196 4 0.060 (stat.) "o oas (syst.) as reported by DO [20]. These values can be
compared with an asymmetry of about 0.07 predicted by the to Standard Model from
NLO QCD and electroweak effects. This result is difficult to verify at the LHC. The
LHC is a proton-proton collider, so the two hemispheres are intrinsically symmetric.
Further, at the LHC at 7 TeV, only 15% of the interactions arise from ¢q collisions;
the 85% from gg collisions can have no intrinsic asymmetry. Still, in ¢g collisions
at the LHC, it is likely that the ¢ is a valence quark while the g is pulled from the
sea. This implies that tf pairs produced from ¢g are typically boosted in the di-
rection of the ¢. This offers methods to observe a forward backward asymmetry in
qq — tt. For example, a forward-backward asymmetry in the ¢g reaction translates
into a smaller asymmetry Ac in the variable Aly| = |y;| — |yz|. For this observable,
CMS measures Az = 0.004 £+ 0.010 (stat.) £ 0.012 (syst.) [21], which agrees within the
Standard Model predictions within the relatively large uncertainties. So far, the LHC
experiments have not provided any independent evidence for asymmetries outside
the Standard Model predictions [3,22]. The theoretical interpretation of these asym-
metries is also very uncertain. Many plausible models of the tf asymmetry predict
effects in top quark physics at high energy that are excluded at the LHC. For a review
of the current situation, see [24,25]. It is possible that the tension between theory
and experiment can be resolved by more accurate QCD calculation. For example, a
lower choice of the QCD renormalization scale, argued for in [26], would increase the
Standard Model prediction.

5.2 ete” — tt at threshold

5.2.1 Status of QCD theory

One of the unique capabilities of an ete™ linear collider is the ability to carry out
cross section measurements at particle production thresholds. The accurately known
and readily variable beam energy of the ILC makes it possible to measure the shape
of the cross section at any pair-production threshold within its range. Because of
the leptonic initial state, it is also possible to tune the initial spin state, giving
additional options for precision threshold measurements. The tf pair production
threshold, located at a center of mass energy energy /s ~ 2m;, allows for precise
measurements of the top quark mass m; as well as the top quark total width I'; and the
QCD coupling a,. Because the top is a spin—% fermion, the ¢t pair is produced in an
angular S-wave state. This leads to a clearly visible rise of the cross section even when
folded with the ILC luminosity spectrum. Moreover, because the top pair is produced

in a color singlet state, the experimental measurements can be compared with very

122



¥ 0l<v<04

[Hoang, MS, ‘11]

6U§2t 1
—> —— decreases to about 2-3% ! |

Ttot (preliminary)
00 L L L .|
340 342 344 346 348

Vs (GeV)

Figure 38: Accuracy on the prediction of the top pair production cross section at the
tt threshold at the ILC as achieved by recent calculations of QCD corrections (NNLL). For
further explanations see text. The figure has been taken from [33]

accurate and unambiguous analytic theoretical predictions of the cross section with
negligible hadronization effects. The dependence of the top quark cross section shape
on the top quark mass and interactions is computable to high precision with full
control over the renormalization scheme dependence of the top mass parameter. In
this section, we will review the expectations for the theory and ILC measurements
of the top quark threshold cross section shape. The case of the top quark threshold
is not only important in its own right but also serves as a prototype case for other
particle thresholds that might be accessible at the ILC.

The calculation of the total top pair production cross section makes use of the
method of non-relativistic effective theories. The top quark mass parameter used in
this calculation is defined at the scale of about 10 GeV corresponding to the typical
physical separation of the ¢ and . This mass parameter can be converted to the MS
mass in a controlled way. The summation of QCD Coulomb singularities treated by a
non-relativistic fixed-order expansion is well known up to NNLO [27] and has recently
been extended accounting also for NNNLO corrections [28]. Large velocity QCD log-
arithms have been determined using renormalization-group-improved non-relativistic
perturbation theory up to NLL order, with a partial treatment of NNLL effects [29,30].
Recently the dominant ultrasoft NNLL corrections have been completed [31]. The
accuracy in this calculation is illustrated in Fig. 38.

Since the top quark kinetic energy is of the order of the top quark width, elec-
troweak effects, which also include finite-lifetime and interference contributions, are
crucial as well. This makes the cross section dependent on the experimental prescrip-
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Figure 39: Illustration of a top quark threshold meausurement at the ILC. In the simulation,
the top quark mass has been chosen to be 174. GeV. The blue lines show the effect of varying
this mass by 200 MeV. The study is based on full detector simulation and takes initial state
radiation (ISR) and beamstrahlung (BS) and other relevant machine effects into account:
(left) the simulated threshold scan. (right) error ellipse for the determination of m; and a.
The figure is taken from [38].

tion concerning the reconstructed final state. Recently a number of partial results
have been obtained. [32,35], which put approximate NNLL order predictions within
reach. Theoretical predictions for differential cross sections such as the top momen-
tum distribution and forward-backward asymmetries are only known at the NNLO
level and are thus much less developed.

5.2.2 Simulations and measurements

The most thorough experimental study of the top quark threshold has been carried
out by Martinez and Miquel in [36]. These authors assumed a total integrated lumi-
nosity of 300 fb=!, distributed over 10 equidistant energy points in a 10 GeV range
around the threshold, using the TELSA beam parameters. To treat the strong cor-
relation of the input theory parameters, simultaneous fits were carried out for the
top quark mass, the QCD coupling and the top quark width from measurments of
the total cross section, the top momentum distributions and the forward-backward
asymmetry. These were simulated based on the code TOPPIK with NNLO correc-
tions [37]. The study obtained the uncertainties Am; = 19 MeV, Aag(mz) = 0.0012
and Al'y = 32 MeV, when all observables were accounted for Using just the total
cross section measurements, the results were Am; = 34 MeV, Aay(myz) = 0.0023
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and AI'y = 42 MeV. The difference shows the discriminating power of additional
observables of the threshold region. The analysis included a theory uncertainty in
the cross section codes of 3%, which at this time is only approached for total cross
section computations. Although the analysis was only based on fixed order NNLO
predictions, the quoted uncertainties should be realistic.

The analysis in [36] did not yet include a complete study of experimental sys-
tematic uncertainties, including, in particular, uncertainties in the knowledge of the
luminosity spectrum. This last point is addressed in a more recent study by Seidel,
Simon, and Tesar, for which the results are shown in Fig. 39 [38]. That study was
carried with a full detector simulation using the ILD detector. It takes the initial state
radiation and beamstrahlung of the colliding beams into account. The figure under-
lines the high sensitivity of the threshold region to the actual value of the ¢ quark
mass. The statistical precision obtained on the ¢ quark mass in this study is of the
order of 30 MeV. Due to the QCD corrections relevant for a precise calculation of the
t quark mass, the threshold scan is sensitive to the value of . The error ellipse as
obtained in a combined determination of as and m; is shown in the right-hand panel
of Fig. 39.

The threshold top quark mass determined in this study must still be converted
to the standard top quark MS mass. The conversion formula, to three-loop order,
is given in [37]. The conversion adds an error of about 100 MeV from truncation of
the QCD perturbation series and an error of 70 MeV for each uncertainty of 0.001
in the value of ag. Both sources of uncertainty should be reduced by the time of
the ILC running. In particular, the study of event shapes in e"e™ — ¢g at the high
energies available at ILC should resolve current questions concerning the precision
determination of a,;. We recall that these estimates are the results of a precision
theory of the relation between the threshold mass and the top quark MS mass. A
comparable theory simply does not exist for the conversion of the top quark mass
measured in hadronic collisions to the MS value.

The precise determination of the top quark mass is likely to have important impli-
cations for fundamental theory. We have given one example at the end of Section 2.1.
In that case, a value of the top quark mass accurate at the level that ILC will provide
literally decides the fate of the universe.

In principle, the contribution of the Higgs exchance potential to the t¢ threshold
makes it possible to measure that Higgs coupling to tt. However, the precision of this
measurement is strongly limited by the fact that the Higgs corrections are suppressed
by the inverse square of the Higgs mass. For a Higgs mass of my = 120 GeV the
study in [36] found that uncertainties of at least several 10% should be expected
in a measurement of the top quark Higgs Yukawa coupling. This coupling can be
measured more accurately from the cross section for ete™ — tth, as is explained in
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Section 2.6 and 2.7 of this report.

5.3 Probing the top quark vertices at the ILC

At higher energy, the study of ¢f pair production at the ILC is the idea setting in
which to make precise measurements of the the coupling of the ¢ quark to the Z° boson
and the photon. In contrast to the situation at hadron colliders, the leading-order pair
production process ete~ — tt goes directly through the tZ° and ¢t~y vertices. There
is no concurrent QCD production of top pairs, which increases greatly the potential
for a clean measurement. In the following section, we will review the importance of
measuring these couplings precisely. Then we will describe studies of the experimental
capabilities of the ILC to perform these measurements.

5.3.1 Models with top and Higgs compositeness

There are several classes of models that seek to answer the question of where the
Higgs boson comes from and why it acquires a symmetry-breaking vaccum expectation
value. Among these is supersymmetry, which will have its own discussion in Section 7
of this report. An alternative point of view is that the Higgs boson is a composite
state within a larger, strongly interacting theory at the TeV scale. Though the first
models of this type contained no light Higgs bosons, there are now many models that
naturally contain a light Higgs boson very similar to the Higgs boson of the Standard
Model coupling to new heavy particles at the TeV mass scale. In Sections 2 and 4,
we have described tests of models of this type at the ILC in the Higgs boson and W
boson sectors.

The top quark is the heaviest known particle that derives its mass entirely from
electroweak symmetry breaking. Due to its high mass the top quark couples to the
Higgs with a Yukawa coupling of strength A\, ~ 1. It is therefore likely that any
composite structure of the Higgs boson must be reflected in composite structure or
non-Standard interactions of the top quark. While such interactions may exist, they
may not be easy to find. The coupling of the top quark to the gluon and the photon are
constrained at Q% = 0 by requirements from exact QCD and QED gauge invariance.
However, the low-energy ttZ vertex is much less constrained. It is then likely that
this is the crucial place to look for deviations from the Standard Model induced by a
strongly interacting Higgs sector.

Models of composite Higgs bosons can be constructed in three ways that seem
at first sight to be distinctly different. The Higgs bosons may be Goldstone bosons
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associated with strong-interaction symmetry breaking at the 10 TeV energy scale,
as in Little Higgs models. They may arise as partners of gauge bosons in theories
with an extra space dimension, as in Gauge-Higgs Unification. Or, they may arise
in extra-dimensional theories as states confined to a lower-dimensional subspace or
‘brane’. Randall and Sundrum constructed a model of the last type [39] but also
argued that all three classes of models are related by strong coupling-weak coupling
duality [40]. That is, it is possible to view the extra-dimensional models as tools
that allow weak coupling calculations of effects that are intrinsically manifestations
of strong coupling and composite state dynamics.

The Randall-Sundrum approach also includes a model explanation of the hierarchy
of Higgs-fermion Yukawa couplings. This is one of the most mysterious aspects of the
Standard Model, reflected in the fact that the top quark and the up quark have exactly
the same quantum numbers but differ in mass by a factor of 10°. The extra dimension
offers the possibility that the different flavors of fermion have wavefunction of different
shape in the full space, and therefore different overlap with the wavefunction of the
Higgs boson. In general, also, the right and left chiral components of each quark and
lepton may have wavefunctions with different dependence on the extra dimensions. It
is a typical prediction of Randall-Sundrum theories that the chiral components of the
top quark have wavefunctions in the fifth dimension significantly different from those
of the other quarks, and significant different from one another, with the wavefunction
of the right-handed top quark shifted significantly toward the low-energy boundary of
the space, called the ‘TeV brane’, where the Higgs field is located. These difference of
the wavefunction are reflected directly in couplings of the top quark to the Z° that are
shifted from the values predicted in the Standard Model, with larger shifts specifically
for the right-handed top quark. Figure 40 collects a number of predictions of the
fractional shift in the t; and tg coupling to the Z° in a variety of models proposed
in the literature.

Models with extra-dimensions may also be suited to explain the tensions observed
at the Tevatron discussed in Section 5.1.5. The top forward-backward asymmetry
may, for example, be explained by a new color octet vector boson G,,, which couples
weakly to light quarks but strongly to the ¢t quark. This difference is required in order
to suppress ordinary dijet production from the new colour-octet state. The difference
in the coupling can be realised by the arrangement of the ¢ quark wavefunction along
the extra-dimension [25].

5.3.2 ILC measurements

In the previous section, we have described theories in which the top quark and Higgs
boson are composite, with this compositeness being an essential element of the physics
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Figure 40: Predictions of various groups [41,42,43,44] on deviations from Standard Model
couplings of the t quark within Randall-Sundrum Models. The cartoon is taken from [48].

of electroweak symmetry breaking. A key test of this idea would come from the
measurement of the t¢Z couplings, where significant deviations from the predictions
of the Standard Model would be expected. The ILC provides an ideal environment
to measure these couplings. At the ILC tt pairs would be copiously produced, several
100,000 events for an integrated luminosity of 500fb~*. The production is by s-
channel v and Z exchange, so the Z couplings enter the cross section in order 1. It
is possible to almost entirely eliminate the background from other Standard Model
processes. The ILC will allow for polarized electron and positron beams. This allows
us to measure not only the total cross section for ¢t production but also the left-
right asymmetry Apg, the change in cross-section for different beam polarizations.
For the b quark, The most precise measurements of Ay at SLC and the forward-
backward asymmetry for the b quark at LEP result in a 3 o discrepancy of the effective
electroweak mixing angle sin®f.;; that has yet to be resolved [45]. If this effect is
real, it is likely to be larger for the heavy t quark.

With the use of polarized beams, ¢t and ¢ quarks oriented toward different angular
regions in the detector are enriched in left-handed or right-handed top quark polar-
ization [46]. This means that the experiments can independently access the couplings
of left- and right-handed polarized quarks to the Z boson. In principle, measurement
of the cross section and forward-backward asymmetry for two different polarization
settings measures both the photon and Z couplings of the top quark for each hand-
edness. New probes of the top quark decay vertices are also available, although we
expect that these will already be highly constrained by the LHC measurements of the
W polarization in top decay.

Recent studies based on full simulation of ILC detectors for a center of mass energy
of v/s = 500 GeV demonstrate that a precision on the determination of the couplings
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Figure 41: Reconstruction of the direction of the ¢ quark for two different beam polariza-
tion [47]. The population in the two different hemispheres w.r.t. the polar angle 6;,, allows
for the measurement of the forward-backward asymmetry App. background; however, it is
known from the studies in [48] that the background is negligible.

the left and the right chiral parts of the ¢ quark wave function to the Z° of up to 1% can
be achieved [48,49,50]. The most recent example for such a study with full detector
simulation is shown in Figure 41. The figure demonstrates the clean reconstruction
of the t quark direction, which allows for the precise determination of the forward-
backward asymmetry. It has to be noted however, that the final state gives rise
to ambiguities in the correct association of the b quarks to the W bosons, see [50]
for an explanation. These ambiguities can be nearly eliminated by requiring a high
quality of the event reconstruction. The control of the ambiguities however requires
an excellent detector performance and event reconstruction. Another solution is the
use of the vertex charge to separate the ¢ and ¢ decays. It is shown in [49] that the
high efficiency of vertex tagging in the ILC detectors will make this strategy available.
The expected percent level independent measurements of the left- and right-handed
top quark couplings will clearly discriminate the models shown in Fig. 40.

Even more incisive measurements than presented using optimised observables are
investigated in [47]. These observables are the top pair production cross-section for
left- and right-handed polarised beams and the fraction of right-handed (¢z) and left
handed top quarks (¢1). Following a suggestion by [52] for the Tevatron, the fraction
of t;, and tg in a given sample can be determined with the helicity asymmetry. In
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Table 17: Sensitivities achievable at 68.3% CL for the CP-conserving top quark form factors
ﬁf‘(/ 4 and ﬁ;‘(/ defined in (63), at LHC and at the ILC. The assumed luminosity samples
and: for ILC, beam polarization, are indicated. In the LHC studies and in the study [23],
only one form factor at a time is allowed to deviate from its SM value. In study [47] the
form factors are allowed to vary independently.

the top quark rest frame the distribution of the polar angle 6;.; of a decay lepton is

L dl' 1+ awcosbpq
[ dcoshy, 2

(65)

where a; varies between +1 and —1 depending on the fraction of right-handed (¢g)
and left handed top quarks (¢1). The observable cosf,; can easily be measured at the
ILC. This observable is much less sensitive to ambiguities in the event reconstruction
than the forward backward asymmetry. The slope of the resulting linear distribution
provides a very robust measure of the net polarisation of a top quark sample. This
net polarization is sensitive to new physics. The result of a full simulation study is
shown in the left part of Fig. 42. It is demonstrated that over a range in cosf,.; the
generated distribution is retained after event reconstruction. The reconstruction is
nearly perfect for initial right handed electron beams. Remaining discrepancies in
case of left handed electron beams can be explained by reconstruction inefficiencies
for low energetic final state leptons.

The introduced observables, i.e. App, cross sections and helicity asymmetry are
used to disentangle the coupling of the top quark to the photon and to the Z. In the
right part of Fig. 42, the precision on the form factors expected from the LHC and
that from the ILC using are compared with each other.

Numerical values for the expected accuracies at linear ete™ colliders, ILC and
earlier on TESLA [53], on seven top quark form factors (due to QED gauge invariance
the coupling F 4 1s fixed to 0), taken from the studies [23,53,47], are given in Tables 17
and 18, along with comparisons to the expectations from the LHC experiments.
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Figure 42: Top: Generated and reconstructed distribution of the helicity angle cosfp;;
Bottom: Comparison of precisions on C'P conserving forma factors of the top quark to ~
and Z, ﬁl'y"/’ZA, expected at the LHC, taken from [51], and at the ILC. The LHC results
assume an integrated luminosity of £ = 300 fb~!. The results for ILC [47] assume an
integrated luminosity of £ = 500 fb~! at /s = 500 GeV and a beam polarization P,- =
+0.8, P+ = F0.3.
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Table 18: Sensitivities achievable at 68.3% CL for the top quark CP-violating magnetic and
electric dipole form factors F’Q); defined in (63), at the LHC and at linear e*e™ colliders
as published in the TESLA TDR. The assumed luminosity samples and, for TESLA, the
beam polarization, are indicated. In the LHC studies and in the TESLA studies, only one
form factor at a time is allowed to deviate from its SM value.

5.3.3 An example: the Randall-Sundrum scenario

The sensitivity new physics can be paramerised by general dimension six operators
contributing to the tty and ttZ vertex [54]. However, the potential of the ILC might
be demonstrated more clearly by presenting a concrete example with one particular
model. In the original model of Randall and Sundrum [39] there are additional massive
gauge bosons in an assumed extra dimension. The model predicts increased couplings
of the top quark, and perhaps also the b quark, to these Kaluza Klein particles.
Following the analysis in [41,55], one can fix the parameters of the model so that these
enhancements fit the two anomalies observed in the forward-backward asymmetry for
b quarks Arp at LEP1 and for top quarks App, at the Tevatron. This gives a viable
model of top quark interactions associated with top and Higgs compositeness. Figure
43 shows the expected modifications of the helicity angle distributions within this
scenario.

Both the slopes and total cross sections are deeply modified in this scenario for
the two polarizations. As explained previously, these observables are directly mea-
sured at the ILC, and the measurements allow one to fully disentangle the individual
modifications of the Z and photon couplings to top quarks. It can also be shown that
by running at two energies, for instance 500 GeV and 1 TeV, one can fully extract the
parameters of the model, for instance, the Kaluza Klein boson masses, which can be
measured with about 1% precision.

When the Kaluza Klein particles become very heavy, ILC at 500 GeV can observe
deviations in top couplings at greater than 3 ¢ for masses which, depending on the
details of the model, typically range between 4 and 48 TeV
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Figure 43: Distributions of the helicity angle cosfp.; expected from the Standard Model
(thick lines) and their modifications by the Randall-Sundrum framework (thin lines) de-
scribed in the text [55]. The results are shown for a beam polarization P,- = +0.8, P+ =
F0.3.

5.4 Remarks on (g —2);

The determination of ﬁ;v gives access to anomalous magnetic moment (g — 2);
in a rather simple way. For instance F}, = Q;(g — 2);/2. (g — 2); receives Standard
Model contributions from QED, QCD and EW [56]. One sees that this quantity will
be measured to about 10% accuracy.

What is known about (g —2); 7 In Ref. [57] it said that that the limits on ¢; come
from the reaction b — sv giving a very crude constraint :

—35<g <36 (66)

Ref. [58] points out that (g — 2); is a very sensitive measurement for compositeness.
For leptons one can constrain compositeness at the 10000 TeV ( 107'¥ ¢cm) level. In
other words e and j are elementary objects. This needs not be true for top quarks.
The expected precision on (g — 2);/2 0f 0.1% is proportional to m;/M where M is
the scale of compositeness. It follows hence that with the accuracy expected at the
ILC the compositeness of the top quark can be tested up to about 100 TeV.
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5.5 Concluding remarks

The top quark could be a window to new physics associated with light composite
Higgs bosons and strong coupling in the Higgs sector. The key parameters here
are the electroweak couplings of the top quark. We have demonstrated that the
ILC offers unique capabilities to access these couplings and measure them to the
required high level of precision. The mass of the top quark, which is a most important
quantitiy in many theories can be measured model independent to a precision of
better than 100 MeV. It has however to be pointed out that all of these precision
measurements require a superb detector performance and event reconstruction. The
key requirements are the tagging of final state b quarks with and efficiency and purity
of better than 90% and jet energy reconstruction using particle flow of about 4% in
the entire accessible energy range. These requirements are met for the ILC detectors
described in the Volume 3 of this report.
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6 Extended Higgs Sectors

The Higgs sector in the Standard Model (SM) is of the simplest and most minimal
form, containing one isospin doublet of scalar fields and one physical particle, the
Higgs boson [1]. In Section 2, we have described the phenomenology of this minimal
Higgs boson in some detail. However, it must always be kept in mind that the minimal
model might not be the correct one. There is no principle that requires the Higgs
sector to be of the minimal form. There are many possibilities for extension of the
Higgs sector, corresponding to adding further multiplets of scalar fields, which might
be singlets, doublets, or higher representations of SU(2) x U(1).

In fact, many new physics models, proposed to solve problems with the Standard
Model or provide missing elements such as dark matter, naturally contain extended
Higgs sectors. Among the models proposed to solve the gauge hierarchy problem and
provide mechanism for electroweak symmetry breaking are supersymmetry, Little
Higgs models, and models such as Gauge-Higgs unification that require new dimen-
sions of space. Each of these models predicts a light Higgs boson similar to the Higgs
boson of the Standard Model. In each case, however, this boson is a part of a larger
Higgs sector with multiple scalar fields and, in the three cases, the details of the ex-
tension are different. Extended Higgs sectors are also introduced to build models for
specific phenomena that cannot be explained in the SM, such as baryogenesis, dark
matter, and neutrino masses.

Extended Higgs sectors can be searched for at hadron colliders, but often they
are difficult to find. Higgs bosons have subdominant, electroweak-scale production
cross sections. Their most prominent decay modes can be mimicked by background
reactions from top and bottom quarks and other sources. At an e™e™ collider, on the
other hand, extended Higgs bosons have pair-production cross sections that are as
substantial as those for other particles with electroweak charges. The comprehensive
search for extended Higgs bosons and the precision measurement of the properties of
all accessible Higgs particles is thus an important goal for the ILC.

In Section 6.1 below, we give an orientation for models with extended Higgs sec-
tors, defining the sometimes complex notation and clarifying the spectrum of physical
Higgs states in various scenarios. In Section 6.2, we summarize the current constraints
on these extended Higgs sectors, and the direct searches for extended Higgs bosons
that can be carried out at the ILC. In Section 6.3, we discuss ILC phenomenology of
various exotic scenarios for neutrino mass, baryogenesis and dark matter which are
strongly relevant to extended Higgs sectors. Conclusions are given in Section. 6.4.
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6.1 General description of extended Higgs sectors

The simplest examples of an extended Higgs sector are built by the addition of one
SU(2) x U(1) singlet or one additional SU(2) x U(1) doublet scalar field. The case of
an additional doublet is especially important. Supersymmetry requires distinct Higgs
doublets to give mass to the u- and d-type quarks, and so the Minimal Supersymmetric
Standard Model (MSSM) contains an extended Higgs sector [2]. In this section, we
will describe the structure of these and more complicated Higgs sectors and define
the parameters needed for a discussion of the phenomenology of these models.

6.1.1 The Two Higgs Doublet Model

The Two Higgs Doublet Model (THDM) includes two SU(2) x U(1) scalar doublets
with Y =1 [3]. The Higgs doublets can be parameterized as

+

v ' =1,2). (67)

(I)i - \%(Ul + hl + ZZZ) ! <Z

The most general Higgs potential is parametrized by three mass parameters and 7
independent quartic coupling constants.

V = m?2| )2 + m3|®s)? — (m3PIdy + huc.) + N[ @1t + S| Dot + N3] Py [?[ Do
+>\4|(I)11-q)2|2 + %[/\5(@{@2)2 + )\6|CI)1|2¢ICI)2 + >\7|q)2|2¢)J{CI)2 + hC] (68)

The Higgs potential in the MSSM is a special case of this potential in which the
quartic couplings are related to the SU(2) and U(1) gauge couplings by supersym-
metry. The model contains 3 degrees of freedom that are eaten by the W= and Z°
when their masses are generated through the Higgs mechanism. This leaves over 5
physical Higgs bosons, two CP-even scalars h and H, one CP-odd scalar A, and one
pair of charged scalars H*. The mass eigenstates are related to the fields in (67) by
mixng angles a and [ according to

h = —h; sina + hy cos a, H = hycosa+ hysina
H* = wi cos 4+ w3 cosa, A = 2108 + z98in 3, (69)

We define h to be the lighter CP-even boson. The angle (3 yields the parameter
tan § = vy /0.

The two vacuum expectation values vy, v9 satisfy

v? 402 = v? = (246 GeV)? . (70)
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(I)l (I)Q Ur dR gR QL; LL
Type 1 + | -1 —--|- +
Type II  (MSSM like) + =] = |+ ]+ +
Type X (lepton specific) | + | — | — | — | + +
Type Y (flipped) + ==+ |- +

Table 19: Four possible Z5 charge assignments that forbid dangerous flavor-changing neutral
current effects in the THDM. [5].

The gauge coupling constants for the lighter Higgs boson, hZZ and hW W are given
by that of the SM Higgs boson times sin(3 — «), while those for HZZ and HWW are
proportional to cos(f — ). The scalars h and H thus share the Higgs field vacuum
expectation value and share the strength of the coupling of WW and ZZ to scalar
fields. The trilinear couplings H*WTZ, H¥W¥F~, AW+YW~, AZZ are zero at tree
level.

Of the two mass parameters in (68), m; and my are directly related to v; and
vo. The third parameter mg does not drive electroweak symmetry breaking and can
potentially be much larger. When

M? = m3/sin B cos 3> v? | (71)

then we approach to the decoupling limit where the masses of the added scalar states
H, A, and H* become much larger than the mass of h:

my ~ A\, (SMlike),  my ~ Ajv* + M? where ¢ = H,A,and H*,  (72)

with sin(8—«) ~ 1 [4] . In this case, the phenomenology of & is similar to that of the
SM Higgs boson except for small deviations in the Higgs boson couplings. However,
it is not necessary that the additional bosons be heavy, and, in this case, there is
room for substantial mixing between h and H.

In the THDM, both the doublets can in principle couple to fermions, and this can
lead to dangerous flavor-changing neutral current couplings. A well-known way to
suppress these couplings is to impose a softly broken Z, symmetry so that only one
of the two Higgs doublets gives mass to the u-type quarks, the d-type quarks, and to
the leptons. The various possible assignments lead to four distinct models, displayed
in Table 19 [5,6,7]. In the MSSM, supersymmetry requires the Type II assignment,
with one doublet giving mass to the u quarks and the other to the d quarks and the
charged leptons. In more general models, though, all four possibilities are open. The
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& & & &y &h &y €4 &4 4
Typel | S8 =s e she dhe s _coif cotf cotf

Typell | S5 —she _das sas =g =2 _cotf —tang —tans

Type X COos & cos o _ Smno [Sitege [Siteyed Ccos &« _ COt /8 COt 6 _ tanﬂ

sin 3 sin 8 cos (3 sin 38 sin 8 cos 3

Type Y COos & _ s« cos sSin @ cos [Sitege? _ COt /8 _ tanﬂ COt 6

sin 3 cos (3 sin B sin 38 cos (3 sin 3

Table 20: The mixing factors in Yukawa interactions in Eq. (73) [6].

Yukawa interactions for these models are expressed as

Lrupm = = fmude <%££?fh + %f};?fH + i%dj%ffl)
— [VaViaw (e Py + g4 Pr) d Y + 225 Y 4 hc ], (73)

where Pp/p are projection operators for left- /right-handed fermions, and the factors
fj; are listed in Table 20.

The decays of the Higgs bosons in the THDM depend on the model chosen for
the Yukawa interactions. When sin(5 — «) = 1 [4], the decay pattern of h is almost
the same as that in the Standard Model. However, the decay patterns of H, A, and
H* can vary over a large range. Figure 44 shows the decay branching ratios of H,
A and H* as a function of tan 3 for the four models, for boson masses of 150 GeV
and sin(8 — «) = 1. The decay pattern of H is typically similar to that of A, but
with some important exceptions. In the type I THDM, all fermionic decays, and the
gg decay mode, are suppressed at large tan 3. However, H, but not A, couples to
H*H~, and this allows for H a significant decay through a scalar loop to 7.

In general, the complexity of the H, A, H* decay schemes and in the four possible
models make it difficult to determine the underlying model unless these bosons are
created through a simple and well-characterized pair-production reaction. Thus, even
if these bosons are discovered at the LHC, it will be important to study them in ete™
pair-production at the ILC.

6.1.2 Models with Higgs Singlets

Another simple extension of the SM Higgs sector is the addition of a singlet scalar
field S with Y = 0. Such a singlet field is introduced in new physics models with an
extra U(1) gauge symmetry [8], for example, a theory with a U(1) boson coupling to
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Figure 44: Decay branching ratios of H, A and H* in the four different types of THDM as
a function of tan 8 for my = m, = my. = 150 GeV. The SM-like limit sin(3 — a) = 1 is
taken.

B — L [9]. A neutral singlet scalar field is also introduced in the Next-to-Minimal
SUSY Standard Model (NMSSM), along with the second Higgs doublet required in
SUSY [10]. Singlet Higgs fields do not couple directly to quarks, leptons or gauge
bosons of the SM.

In the model with only one additional neutral singlet scalar field to the SM, we
parameterize the SM doublet ® and S as

(,0+

o = |
H+e+ix) |

S = %(Us + s + iXS), (74)

where v = 246 GeV, and vg is the vacuum expectation value of the singlet. The two
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CP-even mass eigenstates h and H are mixtures of ¢ and ¢g,
h=pcosh —pgsinh, H = psinf + pgcosb. (75)

In models with an extra U(1) gauge boson, this boson absorbs the CP-odd component
field xg. Then the difference from the SM is just one additional CP-even scalar boson
H. Models with only added Higgs singlets contain no physical charged Higgs bosons.
All of the SM fields obtain mass from the VEV of the doublet v. Their coupling
constants with h and H are obtained by the replacement ¢y — hcos@ + H sin 6.

In the decoupling regime # ~ 0. Then A is SM-like with couplings reduced from
their SM values by cos & 1 —6%/2. On the other hand, when tan 6 ~ O(1), both the
h and H behave as SM-like Higgs bosons, sharing the SM couplings to gauge bosons
and fermions. If A and H are almost degenerate in mass, the two bosons might appear
as a single SM Higgs boson in the LHC experiments. At the ILC, the tagging of the
Higgs mass by the Z energy in ete™ — Z 4 (h, H) could allow the two Higgs bosons
in to be better separated.

The reduced couplings of h and H result in smaller production cross sections
as compared to the SM predictions. Therefore, the mass bounds from the collider
experiment can be milder. For example, the LEP experiments exclude the h only to
about 110 GeV for sin § = 1/+/2 while the exclusion in the SM is about 114 GeV [12].
Basso, Moretti and Pruna have surveyed the ILC phenomenology of the Higgs sector
in the minimal B — L model [13].

6.1.3 Models with Higgs Iriplets

We can go on to consider models that add scalar fields in higher representations of
SU(2), models with fields with [ =1, %, .... There are many such models. However,
these models are constrained by the requirement that they do not give sizable tree
level corrections to the Standard Model relation
2
My
- =1. 76
P m? cos? 6 (76)
When electroweak radiative corrections are included, (76) is in excellent agreement
with the data, so it is dangerous to add to the model with fields that can modify
it. In a general SU(2) x U(1) model with n scalar multiplets ¢; with isospin 7; and

hypercharge Y;, the p parameter is given at the tree level by

. Sl Ti(Ti+ 1) — 3V
D1 3V ’

=1 2

(77)
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where v; are vacuum expectation values of ¢;. So, singlets and doublets with Y; = j:%
preserve p = 1, while adding higher representation generally modifies this relation,
unless those fields have very small vacuum expectation values [14].

As example of a model that adds an isospin triplet, we review the case of a Higgs
representation with [ = 1 and Y = 2. A vacuum expectation value of this field can
produce a Majorana neutrino mass [15].

A model with this triplet field will contain a Higgs doublet ® in addition to the
triplet A. The component fields are

SOJ'_
o = , A=
\/L§(U¢+(P+ZX) 1’

A+/\/§ A+t

\/LE(UA—Fé—i-z'n) —AT/V2 |7 (78)

where v, and va are the vacuum expectation values. The physical scalar states are
two CP-even bosons (h and H), a CP-odd boson (A), singly charged pair (H*), and
a doubly charged pair (H**). These are related to the original component fields by
mixing angles a, By and (.,

h=¢cosa+dsina, H = —ypsina+ dcosa,
A= —xsinfy +ncos By, H* = —¢FsinfBy + A¥cosfy, H¥* = A*E (79)

We must arrange va < v, to preserve p ~ 1. This constraint implies the mass
relations

mp ~ 2Mv%,  myis —Mys =~ mys —my , and mi ~my, (80)

with o < 1, By < 1 and B+ < 1. Therefore, the model has a Standard Model-
like Higgs boson h and additional triplet-like scalar states whose masses become
approximately equal in the decoupling limit.

The doubly charged Higgs bosons H™* are the most characteristic feature of the
model. The requirement that the vacuum expectation value of A gives a Majorana
neutrino mass requires that this field must be assigned lepton number L = 2. Then,
if the new Higgs bosons are degenerate, the dominant decays would be to lepton and
neutrino pairs. In particular, H™* would be expected to decay to £T¢*. At the LHC,
the search for H** is underway using this decay mode. The exclusion of the signal
implies a lower bound on the mass of H™", my++ 2 400 GeV [16], assumed a 100%
branching ratio.

However, this analysis is correct only for a limited parameter region in which the
vacuum expectation value of A is extremely small, va < 1072 GeV. For larger, but
still small, values of va, a small mass splittings between Ht and H™" opens up that
allows the decay to take advantage of the much larger coupling to H*W™ [17]. In
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Figure 45: Decay branching ratio of H™ as a function of va. In the left figure, my+ is
set to be 120 GeV with Am = 0. In the middle figure, my++ is 140 GeV with Am = 10
GeV. In the right figure, mg++ is 190 GeV with Am = 30 GeV.

Fig. 45, the decay branching ratios for H¥* are shown as a function of va [18]. For
va ~ 1 GeV, corresponding to mass difference Am ~ 10 GeV, the decay into HTW™*
is dominant for a wide range of va when mpy++ > my+ > ma . In this case, H™+
could be identified through its cascade decay. It is also possible to realize the opposite
sign of the mass difference. In this case, the H™* decays into WTW T,

This model gives another illustration that the properties of an extended Higgs
boson can be highly sensitive to the parameter choices. In the most favorable cases,
discovery is straightforward; other parameter choices, which might be equally or more
likely, are more challenging. To work backwards from the data to the underlying
parameters, we require a well-understood production mechanism and broad sensitivity
to a wide range of final states.

6.2 Extended Higgs bosons searches at the ILC

The discovery of additional Higgs bosons such as H, A, H* and H** would
give direct evidence for extended Higgs sector. As already discussed, there are many
possibilities for the decay branching ratios of these particles, illustrated by the various
schemes presented in Section 6.2. The ongoing searches at LHC rely on specific
production and decay mechanisms that occupy only a part of the complete model
parameter space. At the ILC, the extended Higgs bosons are produced in electroweak
pair production through cross sections that depend only on the SU(2) x U(1) quantum
numbers and the mixing angles. Thus, the reach of the ILC is typically limited to
masses less than 1/s/2, but it is otherwise almost uniform over the parameter space.
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Figure 46: Schema of the angular analysis for studying the Higgs decay into a pair of Z
bosons that decay then into 4 leptons, as used by the CMS experiment [21].

6.2.1 Constraints from the LHC experiments

The LHC is imposing several types of constraints in the exploration of the Higgs
sector, but certainly the main constraint comes from the discovery of the resonance
at 125-126 GeV by ATLAS [19] and CMS [20]. The resonance appears with particular
significance in the decay channels into two 7’s and two Z° bosons. The exact nature
of this new resonance has still to be confirmed. However there are some indications
that it could well be the light Higgs neutral boson we have been so long looking for.

CMS has already performed an angular analysis of the channel pp — 77 — 4
charged leptons (see Fig. 46). This analysis can potentially discriminate between a
boson that decays mainly to longitudinally polarized Z bosons, as expected if the
boson is a scalar field with a vacuum expectation value, and a boson that decays
only to transversely polarized Z bosons, as expected for a 0~ boson and for other
non-Higgs hypotheses. At present, the CMS analysis favors the 0T SM hypothesis
over the 0~ hypothesis by 2.5 o [21]. This gives hope that, with the full 2012 data
set, we might have strong evidence that the resonance is a “Higgs boson”.

In the context of extended Higgs models, this resonance might be interpreted as
the h or the H, or, if these bosons are within a few GeV of one another, both [22,23].
The discrimination of these possibilities from the Standard Model will require much
better measurements of the relative rates and, eventually, absolute branching ratios,
into vy, WW, ZZ bosons, bb and 777~. The decay mode into 7 lepton pairs, in
particular, is quite important for many BSM cases [24,25]. The current situation
is consistent with the Standard Model, but the errors leave much room for other
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Figure 47: Limits on the signature with of extended Higgs particles decaying to two 7
leptons, obtained by scanning tan (3 for each M4 mass hypothesis and taking into account
the dependence of M}, and My on tan 3, from from CMS (left) and ATLAS (right).

possibilities. The resolution of these questions will probably need to wait for the
14 TeV era at the LHC, or for measurements of even higher precision.

Beyond the search channels for a Standard Model Higgs boson, the LHC experi-
ments are exploring additional channels that are specific to extended Higgs bosons.
ATLAS and CMS have already performed a number of extended Higgs searches. The
published results are only based on the 2011 data. Much more will become soon
available by adding the first 5fb~! data that are already recorded in 2012. The ex-
periments have scanned a mass range up to 350-400 GeV/c? in a variety of interesting
processes and BSM scenarios. There is presently no evidence for such new BSM heavy
Higgs signals. The current results from the charged Higgs searches at hadron colliders
are reported in subsection 6.2.3.

In the context of MSSM, the neutral Higgs bosons h, H and A are searched
for in their decay into two b quarks, two muons or two 7 leptons. Doubly charged
Higgs boson and Higgs boson in the SM reinterpreted with 4th generation of fermions
are also investigated. The resonance at 126 GeV decaying into 2 photons is further
reinterpreted in terms of a fermiophobic Higgs scenario. Some of the main present
results at LHC on these searches are shown in Fig. 47. No significant excess is observed
and limits are set as low as tan 3 equal to 10. This is already a dramatic improvement
compared to the Tevatron results.

The Next-to-Minimal Supersymmetric Standard Model (NMSSM) gives the pos-
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Figure 48: CMS search for a low mass Higgs decaying into two muons in a NMSSM scenario
with the first 1.3 fb~! data in 2011

sibility of a very light CP odd scalar boson that would decay to two muons. Both
ATLAS and CMS have searched for a light extended Higgs boson of this type, but so
far no signficant excess has been found. Figure 48 shows the results obtained by CMS
based on 1.3fb~! of data taken in 2011 [26]. This study demonstrates the potential
of the LHC detectors to look for relatively low mass bosons produced as the result of
high energy processes.

Other important constraints on extended Higgs bosons come from heavy flavor
experiments, notably, meaurements of b — sy and the process By — u*pu~ recently
observed by LHCb [27]. Unfortunately, though deviations from the Standard Model
predictions can clearly indicate a need for new physics, consistency of the Standard
Model can result from cancellations among different contributions to loop-induced
processes.

These examples, taken from the current early stages of the LHC program, demon-
strate the great power that will eventually be available from the LHC in exploring for
specific, even quite subtle, signatures of extended Higgs particles. We have argued,
though, that this capability needs to be complemented by a broad program of searches
based on a precisely understood production mechanism. We wil now describe how
that such a program can be carried out at the ILC.

6.2.2 Neutral Higgs pair production at ILC

At the ILC, the pair production of extended Higgs bosons e*e~™ — AH in the THDM
case, depends only on the boson masses in the decoupling limit. The production cross
sections are shown in Fig. 49 for /s = 350, 500, 800, and 1000 GeV as a function of
m, [28]. The decays of the extended Higgs state are mainly to fermion pairs. Thus,
the observation of pair-produced Higgs bosons in various decay channels allows us
to determine the type of Yukawa interaction, in the sense of Section 6.1.1, through
the measurement of the corresponding branching ratios. For example, in the MSSM,
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Figure 49: The production cross sections for ete™ — AH (left) and ete™ — HTH ™~ (right),
shown as a function of the Higgs boson mass. The dot-dashed, dashed, long-dashed, and
solid curves correspond to /s = 350, 500, 800, and 1000 GeV, respectively.

which requires a Type II Higgs structure, the dominant final states for H A production
should be bbbb and bb77, while in the Type X (lepton specific) structure the dominant
final state should be 7777 for tan 3 > 2. In a Type I Higgs model, the bbjj final states
signature is also important in addition to the bbbb and bbTT signatures, over a wide
range of tan 3 values, while in Type Y (flipped) the bbbb states dominate and the bbrr
and bbjj states are suppressed for tan 3 > 2.

The signals from HA production in the bbbb and bbrT channels, in the context
of the MSSM (Type-II THDM), was carried out in the studies of [29,30]. A rather
detailed detector simulation was performed in [30], including all the SM backgrounds
at /s = 500, 800 and 1000 GeV. Using a kinematical fit which imposes energy
momentum conservation and under the assumed experimental conditions, a statistical
accuracy on the Higgs boson mass from 0.1 to 1 GeV is found to be achievable. The
topological cross section of e — 4+~ — HA — bbbb (ete” — HA — 77bb) could be
determined with a relative precision of 1.5 to 7 % (4 to 30 %). The width of H and
A could also be determined with an accuracy of 20 to 40 %, depending on the mass
of the Higgs bosons. Figure 50 shows, on the left, the 777~ invariant mass obtained
by a kinematic fit in efe™ — HA — bbrt7~ for my = 140 GeV and my = 150 GeV,
for \/s = 500 GeV and 500 fb~! [30].

The 7t7 77~ and p*p~ 717~ final states would be dominant for the type X
(lepton specific) THDM. When /s = 500 GeV, assuming an integrated luminosity
of 500 fb~!, one expects to collect 16,000 (18,000) 7F7- 777~ events in the type
X (type II) THDM, and 110 (60) upu~ 777~ events in the same models, assuming
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Figure 50: Invariant mass reconstruction from the kinematical fit in the process eTe™ —
HA — bbr™ 7~ in the Type-1I (MSSM like) THDM for m4 = 140 GeV and mpy = 150 GeV
at /s = 500 GeV and 500 b= [30] (left), and two dimensional invariant mass distributions
of tau lepton pairs in ete™ — HA — 7t77 777~ in Type X (lepton specific) THDM for
my = 170 GeV and mpy = 130 GeV for /s = 500 GeV and 500 fb~! (right).

my =my = my. = 130 GeV, sin(f —a) = 1 and tan § = 10. These numbers do not
change much for tan 5 2 3. It is important to recognize that the four-momenta of the
7 leptons can be solved by a kinematic fit based on the known center of mass energy
and momentum, by applying the collinear approximation to each set of 7 lepton decay
products [31,32]. Figure 50 shows, on the right, the two dimensional invariant mass
distribution of the 7 lepton pairs from the neutral Higgs boson decays as obtained
with a simulation at 500 GeV in which the masses of the neutral Higgs bosons are

taken to be 130 GeV and 170 GeV [33].

Although the associated Higgs production process ete™ — HA is a promising
one for testing the properties of the extended Higgs sectors, the kinematic reach is
restricted by my + ma < /s and is not available beyond this limit. Above the
threshold of the H A production, associated production processes tt®, b® and 77~
(® = h, H, A) could be used [34]. In particular, for b® and 7+7~®, the mass reach
is extended up to almost the collision energy. The cross sections for these processes
are proportional to the Yukawa interaction, so they directly depend on the type of
Yukawa coupling in the THDM structure. In MSSM or the Type IT THDM (Type I
THDM), these processes are enhanced (suppressed) for large tan 3 values. In Type X
THDM, only the 777~ H/A channels could be significant while only bbH /A channels
would be important in Type I and Type Y THDMs. These reactions can then be
used to discriminate the type of the Yukawa interaction.
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6.2.3 Charged Higgs boson Production

The charged Higgs bosons H* are a clear signature for the extended Higgs sectors.
They appear in most of the models except for those with only additional neutral
singlets. Particular models imply constraints between the charged and neutral Higgs
boson masses. In particular, in the MSSM, the mass my+ is related to m by my+ =
Vm?% +m¥, at the leading order. The precise measurement of the mass is very
important in order to distinguish the MSSM from the other models, especially if the
SUSY particles are rather heavy.

The direct lower bounds on mg+ come from LEP. The absolute lower bound is
obtained as 79.3 GeV by ALEPH, and assuming the type II THDM, the bounds are
87.8 GeV for tan f > 1 using the decay 7v mode, and 80.4 for relatively low tan 8
values. Using the characteristic relation in the MSSM, my+ = /m?% + m3, with the
absolute bounds m4 > 92 GeV, mpg+ > 122 GeV is obtained.

It is well known that mpy+ in the Type II (and Type Y) THDM is stringently
constrained by the precision measurements of the radiative decay of B — X,y by
Belle, BABAR and CLEO. In these types of THDMs the loop contributions of W=
and H* are always constructive while this it not the case in the Type I and Type X.
Consequently, a stringent lower bound on my+ is obtained in the Type II (and Type
Y); i.e., 295 GeV < mpy= [35], while my+ ~ 100 GeV is not excluded unless tan < 2
in Type Y (Type X). The decay B — 7v also can be used to constrain the charged
Higgs parameters, being sensitive to tan 3*/m?2.. in the Type II THDM. The data
already exclude my+ < 300 (1100) GeV for tan 5 > 40 (100) at the 95% CL [36].
Similar but milder constraint on mgy+ comes from tau leptonic decays in the Type
IT and Type X THDM: mpy+ ~ 100 GeV is excluded for tan 5 > 60 in both models.
These bounds can be relaxed in the MSSM through cancellation with loop diagrams
involving supersymmetric partners.

If a charged Higgs boson is lighter than the top quark, the decay t — H™b can
compete with the SM decay t — W*h. Both the Tevatron and the LHC experiments
have searched for this process.

The Tevatron analyses look for top quark decays to H"b in which the charged
Higgs decays to ¢s or Tv [37,38]. The results of these searches are shown in Fig. 51
as a function of tan 3 over a charged Higgs mass range between 90 and 160 GeV.
In the case of the charged Higgs decay into a 7 lepton, the search is carried out by
measuring the branching ratio of the top into a 7 lepton and by looking for a 7 excess
with respect to lepton universality. This measurement is effective for tan 3 > 1. The
search for the decay into ¢s is carried out by looking for a second bump in the two
jet mass distribution of the events. This is effective for tan 5 < 1.
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Figure 52: Present charged Higgs searches results by ATLAS at LHC, based on only 4.6
fb~! of data collected in 2011.

The LHC experiments look for three possible final state signatures of a top pair
production with a charged Higgs decay on one side and a standard Wb decay on the
other side. The three modes are lepton + jets, with the lepton coming from 7 decay,
T + lepton, with the lepton coming from W decay, and 7 + jets, with the standard
top decay purely hadronic. The results obtained by ATLAS, based only on the 2011
data [39], are shown in Fig. 52. No significant excess is observed, thus leaving very
little room for a light charged Higgs with a mass below the top mass. Similarly CMS,
in an analysis with 2011 data corresponding to only to 2.3 fb~! of the recorded 2011
luminosity [40], obtains an upper limit on BR(t — H™b) that excludes a wide region
of large tan # in the MSSM parameter space for My+/Ma > M, (see Fig. 53).

At the ILC, charged Higgs bosons are produced in pairs in ete™ — HTH~ [41].
The cross section is a function only of my+ and is independent of the type of Yukawa
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Figure 53: Present charged Higgs searches results by CMS at LHC, based on only 2.3 fb~!
of data collected in 2011.

interaction in the THDM. Therefore, as in the case of the HA production, the study
of the final state channels can be used to determine the type of Yukawa interaction.
When my+ > m; +my, the main decay mode is tb in Type I, II and Y, while in Type
X the main decay mode is 7v for tan 3 > 2. When H* cannot decay into tb, the
main decay mode is 7v except in Type Y for large tan 3 values. For mpy+ < m; —my,
the charged Higgs boson can also be studied via the decay of top quarks ¢t — bH* in
THDMs except in Type X THDM case with tan 5 > 2.

In the MSSM, a detailed simulation study of this reaction has been performed for
the final state ee™ — HTH~ — tbtb for mpy+ = 300 GeV at /s = 800 GeV [42]. The
final states is 4b-jets with 4 non-b-tagged jets. Assuming an integrated luminosity of
1 ab™!, a mass resolution of approximately 1.5 % can be achieved (Figure 54 (left)).
The decay mode tbtb can also be used to determine tan 3, especially for relatively
small values, tan 8 < 5), where the production rate of the signal strongly depends on
this parameter.

The pair production is kinematically limited to relatively light charged Higgs
bosons with mpy+ < /s/2. When my+ > /s/2, one can make use of the single
production processes ete” — tbH*t, ete — 7UH*T, etfe- — W H*, ete —
H%e v and their charge conjugates. The cross sections for the first two of these
processes are directly proportional to the square of the Yukawa coupling constants.
The others are one-loop induced. Apart from the pair production rate, these single
production processes strongly depend on the type of Yukawa interaction in the THDM
structure. In general, their rates are small and quickly suppressed for larger values of
my=. They can be used only for limited parameter regions where m7; is just above
the threshold for the pair production with very large or low tan § values.

In [43], a simulation study for the process e*e™ — tbH ™ +btHY — 4b+7jj+ L +piss
(¢ = e, ) has been done for my+ just above the pair production threshold mpy+ ~
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Figure 54: Left: Fitted charged Higgs boson mass for HTH~ — (tb)(fb) with my+ = 300
GeV for /s = 800 GeV and 1 ab~! in the MSSM. The background is shown by dark
histogram [42]. Right: Differential distribution in the reconstructed Higgs mass for the
signal ete™ — btHt +tbH~ — ttbb and the background ete™ — ttg* — ttbb in the MSSM
(Type IT THDM) [43].

V/8/2. Tt is shown that this process provides a significant signal of H= in a relatively
small region just above y/s/2, for very large or very small values of tan (3, assuming
a high b-tagging efficiency. The reconstructed H* mass distribution is shown in the
right-hand side of Fig. 54.

6.2.4 Measurement of tan 3

The ILC measurements on charged and neutral extended Higgs bosons would be able
to precisely determine tan 3, the most important parameter in the extended Higgs
sector with two Higgs doublet fields. In Ref. [44], the sensitivity to tan 3 is studied
by combining the measurements of production processes, branching ratios and decay
widths of heavy Higgs bosons H, A and H*. The study is done in the context of
the MSSM Type II scenario. In the case of ms = 200 GeV with /s = 500 GeV and
2 ab™!, the sensitivity is evaluated by using a large variety of complementary methods
such as the production rates of ete~ — HA — bbbb and ete™ — HTH~ — tbtb
which provide a good sensitivity to tan(§ for relatively low tan( and the rate of
ete™ — bbA, bbH — bbbb and the measurement of the total widths of H, A and H*
which become important for large tan 3 values. For intermediate tan 3 values, the
sensitivity is rather worse for the scenario (I) where heavy Higgs bosons only decay
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measurements, for an MSSM model with my+ ~ m4 = 200 GeV, assuming /s = 500 GeV
and 2000 fb~! of data, from [44]. The quantity plotted is the relative error, A tan 3/ tan 3.

into the SM particles but it is much better for the scenario (II) where they can decay
into superpartner particles via H* — y*x° and similar processes. For 3 < tan 3 < 5,
where the LHC does not have good sensitivity to extended Higgs bosons, the ILC can
measure tan # quite accurately. The combined expected errors on tan 3 is shown in
Figure 55. For low tan /3 regime, a good sensitivity (a few %) to Atan3/tan 3 can
be achieved, while for 10 < tan 3 < 30 the accuracy would be 10-30 %.

6.3 Exotic Higgs bosons

Various exotic possibilities for the extended Higgs sector are motivated by other
challenging problems of particle physics. We have little direct insight from experiment
into the mechanisms that lead to neutrino masses, baryogenesis, and dark matter. The
answers to each of these questions might arise in an extended Higgs boson sector.
Models that address these questions have striking implications for extended Higgs
processes that might be observed at the ILC.

We have already pointed out that neutrino masses might be associated with the
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mex = 100 GeV. Right: The cross sections of like-sign charged Higgs pair productions in
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addition to the Standard Model of a triplet Higgs boson multiplet. These models,
described in Section 6.1.3, lead to novel reactions at the ILC, including H** pair
production to modes that are very difficult to discover at the LHC. For example,
for mg++ > my+ > map with the mass difference of O(10) GeV and va ~ 107°-
1072 GeV, the main decay modes are H** — H*W?* H* — W*H and W*A, and
H, A — v v [17]. In this case, it is challenging to measure the signal at the LHC [18],
but the ILC may be able to study it via ete™ — HTTH ~ — (T¢*jjjjvvvv if the
background is reduced sufficiently. The cross section of H*H ™~ is about 100 fb for
myg++ = 200 GeV, which implies that of the final state with a same sign dilepton

signature with jets and missing energies can be around 10 fb, including the charge
conjugated final state.

An alternative scenario for neutrino masses is based on radiative generation of
neutrino masses by an extension of the Higgs sector [46,47,48]. The source of lepton
number violation in these models is a coupling in the extended Higgs sector or the
Majorana masses of Zs-odd right-handed neutrinos. The ILC can test these models
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of Ng/v/Ng+ Np > 5 at the ete™ collider for /s = 1 TeV (green) and 5 TeV (blue)
with 1 ab™! data are shown with assuming m; = 120 GeV. Constraints on direct detection
experiments and the tree level unitarity for dark matter are also shown.

by measuring characteristic extra scalars. For example, in the Ma model [47], where
neutrino masses are generated at the one-loop level by the Z5 odd scalars and right
handed neutrinos, the Z, odd scalar doublets (£, £°%)T would be observed at the ILC
in a jets plus leptons final state, ete™ — ¢~ — jiuvE2€0. The left side of Figure 56
shows the characteristic 2-jet mass distribution in this reaction. A striking test of
these models would be the observation of double like-sign Higgs production in e~ e~
collisions. The cross sections for this process in the Zee-Babu model [46] and the
Aoki-Kanemura-Seto model [48] are shown in the right side Fig. 56.

Among the various scenarios for baryogenesis, electroweak baryogenesis [50] is
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attractive because of its testability at the collider experiment. The parameter region
for electroweak baryogenesis in the SM is already excluded. However, this mechanism
is possible within the THDM [51], which allows additional CP violating phases and a
sufficiently strong 1st order electroweak phase transition. This scenario is compatible
with a mass of 125 GeV for the A boson by making use of loop effects of extra Higgs
bosons. One of the interesting phenomenological predictions for such a scenario is
a large quantum effect on the triple Higgs boson coupling [52,49]. The requirement
of sufficiently strong 1st order phase transition results in a large deviation in the
triple Higgs boson coupling as seen in Fig. 57. The predicted effect would be clearly
seen in the triple Higgs boson measurements described in Section 2.6.3. Electroweak
baryogenesis will be discussed further in Section 8.1.

Dark matter requires a new stable particle with mass at the weak interaction scale.
Though models involving supersymmetry and extra dimensions are more fashionable,
there is no reason why this particle cannot come from an extended Higgs sector. The
dark matter particle can be made stable by a Zs or higher discrete symmetry of this
sector. Models realizing this scenario are given in [53,54,55].

An important phenomenological prediction of these scenarios is the invisible decay
h — DD of the SM like Higgs boson in to a dark matter pair, if this decay is kinemat-
ically allowed. At the linear collider, these invisible decays can be well measured via
ete™ — Zh, as we have discussed in Section 2.4.3. The case m;, < 2mp, where the
above decay mode is not open, can be studied in the ZZ fusion process. Nabeshima
has analyzed the LHC and linear collider prospects for the study of this reaction as
shown in Fig. 58. The dark matter consistent with the WMAP data would be tested
at the ILC [56].

6.4 Summary

The Higgs sector is the window for new physics beyond the Standard Model. There
is no reason to restrict this sector to the SM Higgs. There are several important
theoretical frameworks that predict an enriched Higgs sector. These extended Higgs
sector possibilities are very important to explore not only for clarifying the nature of
the electroweak symmetry breaking but also for investigating more general schemes
for physics beyond the Standard Model. The ILC brings important capabilities to
this study.

First, the ILC offers increased potential for discovery. The LHC experiments have
a strong potential for discovery if an extended Higgs sector; they will be able to cover
a wide region in the parameter space including the possibility to reach relatively
high masses. But the ILC covers all possibilities for pair-production of extended
Higgs bosons uniformly up to the kinematic limit. This adds important capability for
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charged Higgs bosons and in the low tan 3 region that hadron colliders have difficulty
in reaching.

Second, the ILC offers a program of comprehensive precision measurements. To
understand the coupling scheme of extended Higgs bosons, we need measurements of
rates to a variety of channels with a production cross section that is precisely known
as a function of the boson masses. Electroweak pair production at the ILC provides
just this setting.

Finally, the ILC has great power to discriminate between possible theoretical
frameworks. We have emphasized that the phenomenology of extended Higgs models
can be complex, with several new parameters and mixing angles, in each of many
possible theoretical schemes. The experiments offered by the ILC provide a level of
definiteness of interpretation that are not provided by hadron collider measurements
of individual reaction rates.

The possibility of an extended Higgs sector is a key topic for models of physics
beyond the Standard Model. In order to advance into this unknown field and to
disentangle the many present proposed theoretical frameworks, it is essential to have
complementary machines for comparing and combining their results. ILC is essential
to LHC and vice and versa.
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7 Supersymmetry

In this Chapter, we discuss the opportunities the ILC provides for the detailed
analysis of new sectors of particles by direct spectroscopy, taking Supersymmetry as
perhaps the best studied example. The key assets of a Linear Collider, namely its
clean environment, the flavour democracy of the electroweak interaction, the tunable
center-of-mass energy and the adjustable beam polarisation offer unique potential
which is in every sense complementary to the LHC. These unique features of a linear
ete™ collider allow for high precision studies of any new particles which might be
discovered by the LHC. Perhaps more importantly, they allow for discovery of a variety
of new matter states which can be produced at LHC, but which would lie hopelessly
buried beneath formidable QCD backgrounds, and inaccessible to discovery.

Supersymmetry has long been considered a strong point of the case for the ILC.
It has been known for a long time that the ILC has the ability to make precise
measurements, not only of supersymmetry particle masses, but also of the underlying
fundamental parameters of the model [1]. The precision measurement of masses is
not degraded even in the presence of cascade decays of sparticles which are the norm
in many models [2]. The ability of ILC measurements to complement and extend
the information we will obtain on supersymmetric particles from the LHC has been
studied explicitly in many examples [3,4]. However, the first results from the LHC
have shifted the ground under the theory of supersymmetry, ruling out many of the
benchmark models and changing our perspective on what regions of the model space
are the most relevant. In this Chapter, we present a new discussion of supersymmetry
at the ILC relevant to the current LHC era. We will review the continued importance
of supersymmetry as a principle for physics beyond the Standard Model. We will
then discuss the classes of supersymmetry models that remain consistent with the
LHC data and the particular role that the ILC will have in the exploration of new
particles in these models.

Following an introduction, in 7.2 we will lay the basis for our discussion of the
experimental capabilities of the ILC by summarizing the recent change of paradigm
from very constrained models to considerations of naturalness and phenomenological
approaches. In subsection 7.3 we continue with a brief dicussion of the state of direct
and indirect constraints on SUSY (circa summer 2012) and it’s implications for the
ILC. As an illustration of these ideas and as guideline for the experimental discussion,
we continue in subsection 7.4 by introducing two example scenarios compatible with
current knowledge, but featuring very different phenomenology. The main part of
this section, subsection 7.5 finally highlights possible key measurements for a variety
of new particles, including remarks on model discrimination and parameter determi-
nation.
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7.1 Introduction

While no direct evidence for the existence of non-Standard Model particles has
emerged so far, there are many indications that the Standard Model (SM) is not valid
up to the Planck scale. Among these, the most well-known is the gauge hierarchy
problem, the instability of the weak scale against quantum corrections to fundamental
scalar fields. Solutions to this problem require new particles to appear at or around
the weak scale. Additional problems arise from cosmology. The SM does not contain
any candidate particles to constitute the needed cold dark matter (CDM). It also
lacks a sufficient source of C'P violation needed to explain baryogenesis. The SM is
not sufficient as a part of a complete theory of nature at very small distance scales
because the SM gauge couplings do not unify when extrapolated to high energies,
and because the SM has no clear way to incorporate quantum gravity.

One approach which has the potential to address all these problems is Supersym-
metry (SUSY), a quantum spacetime symmetry which predicts a correspondence be-
tween bosonic and fermionic fields [5,6,7,8]. SUSY removes the quadratic divergences
of scalar field theory and thus offers a solution to the aforementioned gauge hierarchy
problem. This allows for stable extrapolation of the Standard Model couplings into
the far ultraviolet (E > Myeqr) regime [9,10], with the suggestion of gauge unifica-
tion. SUSY provides an avenue for connecting the Standard Model to ideas of grand
unification (GUTs) and/or string theory, and provides a route to unification with
gravity via local SUSY, or supergravity theories [11,12,13]. SUSY theories offer sev-
eral candidates [14] for dark matter, including the neutralino, the gravitino or a singlet
sneutrino. In SUSY theories where the strong C'P problem is solved via the Peccei-
Quinn mechanism, there is the added possibility of mixed axion-neutralino [15,16,17],
axion-axino [18,19,20] or axion-gravitino cold dark matter. In order to explain the
measured baryon to photon ratio n ~ 1071% SUSY offers at least three prominent
possibilities including electroweak baryogenesis (now nearly excluded in the minimal
theory by limits on m;, and a light Higgs scalar with mj;, ~ 125 GeV [21]), thermal
and non-thermal leptogenesis [22], and Affleck-Dine baryo- or leptogenesis [23,24].

There is good reason, then, to adopt SUSY as a well-motivated example of an ex-
tension of the Standard Model in order to discuss the potential of the ILC to solve the
current puzzles of electroweak symmetry breaking, cosmology and grand unification.
In this section, we will describe the capabilities offered by the ILC for the discovery
of supersymmetric particles and the precision measurement of their properties. It
should be stressed that the experimental capabilities of the ILC presented here apply
to new particles with similar signatures whatever the nature of the high scale model.
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7.2 Setting the Scene

The simplest supersymmetric theory which contains the SM is known as the Mini-
mal Supersymmetric Standard Model, or MSSM. To construct the MSSM, one adopts
the gauge symmetry of the SM and promotes all SM fields to superfields. There is a
unique generalization of the SM if one imposes the requirements of gauge symmetry,
renormalizability, and R-parity conservation. This model requires two Higgs doublet
superfields, and thus includes an extended Higgs sector as described in Section 6 as
well as corresponding higgsino particles. To be phenomenologically viable, super-
symmetry must be broken. SUSY breaking is implemented explicitly in the MSSM
by adding all allowed soft SUSY breaking terms. The resulting model contains 178
parameters, many of which lead to flavor violation (FV) or CP violation (CPV). The
pMSSM ignores the FV and CPV terms, and then contains just 19 or 24 weak scale
parameters, depending on whether one does or does not assume universality between
the masses of the first and second generation scalar superpartners [25,206].

Because of the large number of parameters in the general MSSM, the phenomenol-
ogy of SUSY has often been discussed in terms of a subspace of the more general
theory with a reduced parameter set. For many years, the phenomenology of SUSY
was described using the parameter space of a set of models called “minimal super-
gravity” [27], also known as mSUGRA or the cMSSM. These models assumed that
the soft supersymmetry breaking parameters unified at the GUT scale, so that the
model could be described by four parameters, a weak scale gravitino mass ms,, and
universal scalar masses mg, gaugino masses m;/, and trilinear terms Ay at the GUT
scale. Other similarly specific choices are given by the minimal gauge mediated SUSY
breaking model [28] and the minimal anomaly-mediated SUSY breaking model [29,30].
In all of these schemes, the unification assumption ties together the mass scales of
the supersymmetric partners of quarks, gluons, gauge bosons, and Higgs bosons.

In fact, it was realized a long time ago that the constraints linking these scales
are not necessary and might not yield the most attractive models. In 1996, Cohen,
Kaplan, and Nelson discussed the “more minimal supersymmetric Standard Model”
in which only the partners of the third generation particles are light [31]. Over the
years, other authors have discussed models in which some or all of the squarks are
very heavy with respect to the electroweak scale without disturbing the naturalness
of electroweak symmetry breaking [32,33,34].

Now the first data from the LHC have weighed in on this issue. Searches at ATLAS
and CMS have excluded minimal supergravity or the cMSSM for all models in which
the squark and gluino masses are below 1 TeV [35,36]. These powerful exclusions
have, to our knowledge, not caused any theorists to abandon SUSY. However, they
have led to a dramatic change in thinking about the parameter space of the MSSM.
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Specifically, these exclusions have led theorists to rethink the expectations for
the masses of supersymmetric particles that come from the idea that supersymmetry
should naturally produce the scale of electroweak symmetry breaking. It is easy to
arrange in a supersymmetric model that the Higgs bosons have a potential with a
symmetry-breaking minimum. The condition for minimizing this potential can be
written
(my, +Xa) — (mj, + ) tan’5 a1

(tan? 3 — 1) o (81)

where, 3, and Y, arise from radiative corrections [37]. The largest contribution to
Y, comes from the mass of the top squarks t;, 1 = 1,2,

mg =

N | —

2

- 3y
Yu(ti) ~ — 167;2 X mt% log(mt%/QQ), (82)

where y; is the top quark Yukawa coupling and @ = ,/m;m;,. The negative sign
of this radiative correction is typically the force that drives the Higgs mass term
negative.

The MSSM is said to generate the electroweak scale “naturally” if the terms in (81)
are all of roughly the same size, without large cancellations between the two terms
on the right-hand side. By this criterion, the primary implication of the naturalness
of the electroweak scale is that the parameter u, the higgsino mass parameter, should
be of the order of 100 GeV [38,39]. Other supersymmetric partners are required to
be light only to the extent that they contribute to the parameters of (81) through
radiative corrections. The particles primarily constrained by this criterion are the
higgsinos themselves, the top squarks, which enter through (82), and the gluino,
whose mass enters the radiative corrections to the top squark masses.

Imposing this criterion strictly leads to a very different spectrum from that of the
cMSSM. In the cMSSM, p is an output parameter and the values typically output
are larger than the squark and gluino masses. Direct argumentation from (81), on
the other hand, leads to a spectrum in which |u| ~ 100 — 200 GeV, so that the
lightest neutralino is likely higgsino-like. The third generation squarks should have
masses that are relatively small, though these masses might be as high as S1-15
TeV [40]. The gluino could be heavier, up to a few TeV [41]. The superpartners of
electroweak gauge bosons would be found at masses of 1-2 TeV, while the first and
second generation scalar partners could be much heavier, possibly in the multi-TeV
regime. This last condition is actually beneficial, giving at least a partial solution
to the SUSY flavor, C'P, proton decay, and gravitino problems. This region of the
MSSM parameter space has been dubbed “natural SUSY” [42]. The extreme limit of
this schema, in which only the higgsinos are light, has been studied in [43,44]. A more
general exploration of the parameter space of natural SUSY can be found in [45].
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The push from the LHC results toward natural SUSY has motivated many theo-
rists to find model-building explanations for this choice of SUSY parameters. Some
interesting proposals can be found in [46,47,48,49]. Not only have the LHC results
on SUSY not damped theorists’ enthusiasm, but they have pushed theorists increas-
ingly toward models with higgsino-like charginos and neutralinos with masses below
250 GeV that are ideal targets for the ILC experiments.

7.3 Direct and Indirect Experimental Constraints

7.3.1 Particle Sectors of a Supersymmetric Model

In this section, we present the current direct and indirect experimental constraints
on SUSY models. We have emphasized in the previous section that a SUSY model
consistent with the experimental constraints from the LHC probably does not belong
to the subspace of artificially unified models such as the cMSSM. We find it most
useful to analyze an MSSM model in terms of distinct particle sectors with different
properties and influence. At generic points in the MSSM parameter space, these
sectors can have masses very different from one another. It is important to keep track
of which experimental constraints apply to which sector.

The new particle sectors of an MSSM model are:

1. The first and second generation squarks.
2. The first and second generation sleptons.
3. The third generation squarks and sleptons.
4. The gauginos.

5. The higgsinos.

We have already described the constraints on the masses of these particles from
the theoretical consideration of naturalness. We now review the constraints from
experiment.

7.3.2 Indirect Constraints on SUSY Models

The magnetic moment of the muon a, = % was measured by the Muon g — 2

Collaboration [50] and has been found to give a 3.60 discrepancy with SM calcula-
tions based on efe™ data [51]: Aa, = a*** — aiMlete”] = (28.7 £ 8.0) x 10717
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When 7-decay data are used to estimate the hadronic vacuum polarization contri-
bution rather than low energy ete™ annihilation data, the discrepancy reduces to
2.40, corresponding to Aa, = a*** — a3M[r] = (19.5 £ 8.3) x 107'°. The SUSY
contribution to the muon magnetic moment is [52]

mz uM; tan 3

Aa " ~ : (83)

Mgy
where ¢ = 1, 2 labels the electroweak gaugino masses and mgygsy is the characteristic
sparticle mass circulating in the muon-muon-photon vertex correction, one of: my, .,
Mg, , Mg+ and myo. Attempts to explain the muon g—2 anomaly using supersymmetry
usually invoke sparticle mass spectra with relatively light smuons and/or large tan (3
(see e.g. Ref. [53]). Some SUSY models where my, , is correlated with squark
masses (such as mSUGRA) are now highly stressed to explain the (¢ — 2), anomaly.
In addition, since naturalness favors a low value of |u|, tension again arises between
a large contribution to AaiUSY and naturalness conditions. These tensions motivate
scenarios with non-universal scalar masses [54].

The combination of several measurements of the b — sv branching fraction finds
that BF (b — sv) = (3.55 £ 0.26) x 107 [55]. This is somewhat higher than the SM
prediction [56] of BESM (b — s7v) = (3.15 4 0.23) x 107%. SUSY contributions to the
b — s7v decay rate come mainly from chargino-top squark loops and loops containing
charged Higgs bosons. They are large when these particles are light and when tan 8
is large [57].

The decay Bs — ptp~ occurs in the SM at a calculated branching ratio value
of (3.2 £0.2) x 107?. The CMS experiment [58] has provided an upper limit on
this branching fraction of BF(By, — putp~) < 1.9 x 1078 at 95% CL. The CDF
experiment [59] claims a signal in this channel at BF(B; — ptp~) = (1.8 £ 1.0) x
10~% at 95% CL, which is in some discord with the CMS result. Finally, the LHCb
experiment has reported a strong new bound of BF(Bs — pTu~) < 4.5 x 1072 [60].
In supersymmetric models, this flavor-changing decay occurs through exchange of the
pseudoscalar Higgs A [61,62]. The contribution to the branching fraction from SUSY
is proportional to tan® 8/m?.

The branching fraction for B, — 77w, decay is calculated [63] in the SM to be
BF(B, — 77v;) = (1.10 £ 0.29) x 10~%. This is to be compared to the value from
the Heavy Flavor Averaging group [64], which finds a measured value of BF (B, —
7)) = (1.41+£0.43) x 107, in agreement with the SM prediction, but leaving room
for additional contributions. The main contribution from SUSY comes from tree-level
charged Higgs exchange, and is large at large tan 3 and low mg+.

Finally, measurements of the cold dark matter (CDM) abundance in the universe
find Qcparh? ~ 0.11, where Qcpas is the dark matter relic density scaled in terms
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of the critical density. Simple explanations for the CDM abundance in terms of
thermally produced neutralino LSPs are now highly stressed by LHC SUSY searches,
and are even further constrained if the light SUSY Higgs h turns out to have mass
~ 125 GeV [65]. A higgsino LSP is not a good dark matter candidate, since it has
too large an annihilation rate to vector boson pairs, leading to too small a thermal
relic density. However, this deficit can be repaired in well-motivated extensions of
the MSSM, including mixed axion-LSP dark matter and models with late decaying
moduli fields. For purposes of considering ILC or LHC physics, it seems prudent not
to take dark matter abundance constraints on SUSY theories too seriously at this
point in time.

7.3.3 Impact of Higgs Searches

The ATLAS and CMS experiments have reported the discovery of a narrow resonance
with mass near 125 GeV [66,67]. At the same time, they exclude a Standard Model-
like Higgs boson in the mass ranges 110 — 123 and 130 — 558 GeV at 95% CL. The
discovery is based on an excess of events mainly in the yv, ZZ* — 4¢ and WW*
decay channels. These excesses are also corroborated by recent reports from CDF
and DO at the Fermilab Tevatron of excess events in the Wbb and other channels over
the mass range 115-130 GeV [68].

Searches by ATLAS and CMS for H, A — 77~ now exclude a large portion of
the m4 vs. tan g plane [69,70]. In particular, the region around tan 5 ~ 50, which
is favored by Yukawa-unified SUSY GUT theories, now excludes m4 < 500 GeV. For
tan § = 10, only the range 120 GeV < my < 220 GeV is excluded. ATLAS excludes
charged Higgs bosons produced in association with a ¢t pair for my+ < 150 GeV for
tan 3 ~ 20 [71].

A Higgs mass of m;, = 125 £ 3 GeV lies within the narrow mass range m;, ~
115 —135 GeV which is allowed between LEP searches for a SM-like Higgs boson and
calculations of an upper limit to m;, within the MSSM. However, such a large value of
my, requires large radiative corrections and large mixing in the top squark sector. In
models such as mSUGRA, trilinear soft parameters Ay ~ +2mq are thus preferred,
and values of Ay ~ 0 would be ruled out [72,73,74]. In other constrained models
such as the minimal versions of GMSB or AMSB, Higgs masses of 125 GeV require
even the lightest of sparticles to be in the multi-TeV range [65], leading to enormous
electroweak fine-tuning. In the mSUGRA /cMSSM model, requiring a Higgs mass of
about 125 GeV pushes the best fit point in mg and m;/, space into the multi-TeV
range [72] and makes global fits of the model to data increasingly difficult [75]. This
already motivates us to consider the prospects for precision measurements of new
particles at the ILC in a more general context than the cMSSM.
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7.3.4 Direct Searches for Supersymmetric Particles

The most model-independent limits on SUSY particles, especially the uncoloured
ones, have been set by the LEP experiments [76,77,78,79,80] on sleptons, charginos
and neutralinos. The fact that these limits have not been superseded in the general
case by LHC data illustrates the complementarity of ete™ and pp colliders as well
as the fact that the interpretation of ete™ data requires significantly fewer model
assumptions.

The ATLAS and CMS collaborations have searched for multi-jet+ER events
arising from gluino and squark pair production in 4.4 fb~! of 2011 data taken at
Vs =T TeV [81,83] and in up to 5.8 fb~! of 2012 data taken at /s = 8 TeV [82]. In

the limit of very heavy squark masses, they exclude mg < 1.1 TeV, while for mg ~ myg

then mg < 1.5 TeV is excluded, assuming mgo =0 GeV in both cases. mg refers to a
generic first generation squark mass scale, since these are the ones whose production
rates depend strongly on valence quark PDFs in the proton.

A recent ATLAS search for direct bottom squark pair production followed by
by — bX? decay (pp — biby — bb+ E) based on 2 fb~! of data at /s = 7 TeV now
excludes mg, < 350 GeV for mgo as high as 120 GeV. For larger values of myo, there
is no limit at present [84]. These constraints also apply to top squark pair production
where t; — by" decay and the ¥ decays to soft, nearly invisible particles, as would
be expected in natural SUSY.

In models with gaugino mass unification and heavy squarks (such as mSUGRA
with large my), electroweak gaugino pair production pp — gf;zg is the dominant
SUSY particle production cross section at LHC7 for mz > 0.5 TeV [85]. Two searches
by ATLAS in the 3 lepton final state using 2.1 fb™! of 7 TeV data [86] and in the 2
lepton final state using 4.7 fb™! of 8 TeV data [37] give results in the pMSSM and in
a simplified model. Both cases assume that chargino and neutralino decay to inter-
mediate sleptons, which enhances the leptonic branching fractions. The theoretically
more interesting case of chargino and neutralino three-body decay through W* and
Z* leading to a clean trilepton signature [88,89] awaits further data and analysis.

The opposite-sign/same flavor dilepton final state [87] can also originate from
direct production of slepton pairs. The resulting exclusion in the slepton-LSP mass
plane is rather model-independent and extends the LEP2 limit to higher slepton
masses of up to 200 GeV for an LSP mass of 30 GeV. For LSP masses larger than
80 GeV, no slepton masses can be excluded beyond the LEP2 limit.

In addition, a wide variety of other searches for SUSY have been made — including
searches for long-lived quasi-stable particles, electroweakinos with small mass differ-
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ence, RPV SUSY, minimal gauge mediated SUSY etc. After 5 fb~! of data at LHC7
and a first glimpse into another 5 fb~! of data at LHCS, it is safe to say that no
compelling signal for SUSY has yet emerged at LHC.

7.3.5 Impact of the constraints on the SUSY particle sectors

We can summarize the results of this section as constraints on the various sectors of
an MSSM model set out in Section 7.3.1:

1. The first and second generation squarks: The particles in this sector are highly
constrained by flavour and CP violation limits and by LHC squark searches.
Typically we expect my; < 1.5 TeV. This sector has little connection to the EW
scale: indeed, in split SUSY models [90] the squark (and slepton) masses are
sometimes pushed to the 10'° GeV level.

2. The first and second generation sleptons: The particles in this sector are favored
by (¢—2), to have masses below 1 TeV. However, the absence of leptonic flavour
violating processes (e.g u — ey decay) push this sector to be much heavier.

3. The third generation squarks and sleptons: The particles in this sector are
influenced by large Yukawa couplings. Naturalness favors their masses to be
below a few TeV. B-meson decay data prefer top squarks with mass at or above
the TeV scale.

4. The gauginos: The particles in this sector are in principle independent of the
squark mass scale and might also be independent of one another. Simple SUSY
GUT models favor gaugino mass unification M; = M, = M3 = my, at Mqur,
giving a 1 : 2 : 7 ratio of masses at the weak scale. More general models allow
for essentially independent gauginos masses. Electroweak fine-tuning prefers
gaugino masses not too far above the TeV scale. As of today, M; and M, are
not substantially constrained beyond the LEP limits, but M3, the gluino mass,
probably must be above 1 TeV.

5. The higgsinos: The masses of the particles in this sector are determined by the
superpotential y term, which is not a soft SUSY breaking term. In the context
of the MSSM alone, it could be expected to occur at the Mgy or Mg scale.
This however would require immense fine-tuning in the corrections to the Z
mass: c.f. Eq'n 81. Naturalness arguments prefer a value of |u| not far above
~ 100 GeV, close to but somewhat beyond the limits from LEP2 chargino
searches.
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Ironically, the LHC has its greatest capability—in terms of mass reach—to detect
the first generation squarks and the gluinos. These are particles with indirect or no
connection to the Z mass scale. On the other hand, the ILC has an excellent capability
to detect electroweakinos. In the case where the light electroweakinos are higgsinos,
the ILC would be directly probing that sector which is most directly connected to the
Z-mass scale via electroweak fine-tuning. The ILC also has excellent capabilities to
study the sleptons, probing a sector that is very difficult to study at the LHC. It is
possible that the third generation squarks and sleptons lie within the mass range of
the ILC. In that case, the ILC would greatly enhance the knowledge of these sparticles
gained from the LHC, since the ILC has the capability to precisely measure not only
the masses but also the quantum numbers and mixing angles of these particles. We
will present examples of these ILC capabilities in the next several sections.

7.4 Two benchmark points for the ILC

In Ref. [91], a variety of post LHC7 benchmark points for ILC physics were pro-
posed. Here, we include two of these for reference in the discussion of supersym-
metric particle discovery and measurement capabilities at the ILC. These models are
completely viable in the face of the LHC supersymmetry searches and they address
important questions in physics beyond the Standard Model. Many of the more spe-
cific scenarios discussed in Section 7.5 can be identified within their particle spectra.
A very large number of additional viable supersymmetry models, illustrating models
with both neutralino and gravitino LSPs, are presented in [92],

7.4.1 Natural SUSY and light higgsinos

For natural SUSY (NS), we adopt a benchmark point using input parameters mq(1,2) =
13500 GeV, mg(3) = 760 GeV, myp = 1380 GeV, Ay = =167 GeV, tan 8 = 23 GeV,
1= 150 GeV and m4 = 1550 TeV. The resulting mass spectrum is listed in Table 1
of Ref. [91] and shown in Figure 59.

The point contains higgsino-like ¥, ¥J and i with masses ~ u = 150 GeV, where
mg, —mge = 7.4 GeV and myy — myo = 7.8 GeV. Due to the small energy release in
their three body decays, the i and x5 will be difficult to detect at LHC [44]. Third
generation squark masses are at m; = 286.1 GeV, mz, = 914.9 GeV and m = 795.1
GeV. Since the mass difference mj, —myyo is less than the top mass, the decay t — bXY
dominates, thus yielding a signature for ¢; pair production of two acollinear b-jets plus
missing transverse energy. It is likely that the LHC experiments will eventually find
the 7;, though at the moment the searches are not sensitive. Resolving the ¥i, ¥
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(and x9) as distinct states will be extremely difficult at the LHC. Most other sparticles
lie well beyond LHC reach.

For ILC, the spectrum of higgsino-like Y&, ¥ and ¥ would be accessible for
Vs <~ 320 GeV via y*y~ and x9%9 pair production and ¥9%9 mixed production.
although the energy release from decays will be small at beam energies near the

threshold. Top squark pair production would become accessible when /s exceeds
about 575 GeV.

7.4.2 An MSSM model with light sleptons

Using the freedom in the MSSM to decouple the masses of squarks and sleptons, we
generated a model in the 13-parameter pMSSM that gives a spectrum of color singlet
particles close to that of the well-studied SPSla’ point [140]. The SPAla’ point
is phenomenologically well-motivated in that it naturally reconciles the measured
(9 — 2), anomaly (which favors light smuons) with the measured b — sy branching
fraction (which favors rather heavy third generation squarks). It furthermore predicts
a neutralino relic density compatible with cosmological observations, making use of
stau coannihilation. The SPA1a’ point belongs to the cMSSM and so is now excluded
by LHC searches for squarks and sleptons. But it is easy to find a more general MSSM
point that shares its virtues and is not yet tested by LHC searches. We call this the
dM7T model. The particle masses of this model are listed in Table 2 of Ref. [91] and
displayed in Figure 59.

With gluino and first/second generation squark masses around 2 TeV, the model
lies beyond current LHC limits, especially since the gluino decays dominantly via ¢t
or byb. The tau sleptons 71 have masses of 104 GeV, so stau pair production would
be accessible even at the first stage of ILC running. Right-selectrons and smuons
with mass 135 GeV would also be produced at the ILC during the early runs, while
left-sleptons and sneutrinos, with mass about 200 GeV, would be accessible when
Vs exceeds 400 GeV. The xVxJ reaction opens up at /s > 250 GeV, and x; X1

pair production is accessible for /s % 310 GeV. In addition, with m am ~ 400 GeV,
hA production opens at 525 GeV, stop pair production at 600 GeV, sbottom pair
production at 680 GeV and finally charged Higgses and H A appear at 800 GeV.

7.5 Experimental Capabilities and Parameter Determination
In this section, we will review the ILC’s experimental capabilities for precision

measurements of SUSY particle properties. These measurements allow to determine
the parameters of the underlying theory and to test its consistency at the quantum
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loop level.

As discussed above, the highly constrained cMSSM/mSUGRA models of super-
symmetry are under tension from several different types of LHC observations. There-
fore, we will discuss SUSY measurements in the more general context of the C'P and
R-parity conserving MSSM. At the ILC, we will study the lightest particles of the
SUSY spectrum, so the measurements that we will discuss involve simple reactions
without complex cascade decay chains [100]. Thus, these measurements involve only
a few of the MSSM parameters and, typically, those parameters can be determined
with high precision.

We start with the minimal case in which only the lighter neutralinos and charginos
are kinematically accessible. We then proceed to discuss sleptons and squarks, es-
pecially those of the third generation. Finally, we discuss possible extensions of the
theory, encompassing R-parity violation, C'P violation, the NMSSM and the MSSM
with an additional gauge group. We close with comments on model discrimination
and parameter determination.

7.5.1 Neutralino and Chargino Sector

At the ILC, the electroweak gaugino sector can be probed in a model independent
way up to masses of y/s/2. Associated pair production can access masses above
this value. The masses and couplings of the electroweak gauginos can be measured
with high precision [93,94]. Especially accurate values of the masses can be obtained
through threshold scans, which have a precision below the per mil level [95,96]. The
relatively simple dynamics of pair production in e*e™ gives powerful methods for spin
and quantum number determination [97].

Most of the SUSY models consistent with all experimental data feature light
electroweakinos. These can either have dominant Bino/Wino components, or—as
motivated by naturalness—dominant higgsino components. Examples of the latter
case include the Natural SUSY benchmark introduced in section 7.4.1, as well as
models with mixed gauge-gravity mediation [98], and the remaining points in the
cMSSM parameter space. A more detailed overview of the light higgsino case is given
in [91]. A characteristic pattern in all cases is a very small mass splitting between the
xY and x§ / X3 of typically a few GeV or smaller. This small splitting is very difficult
to resolve at the LHC. However, these states can be discovered and disentangled at
the ILC by using ISR recoil techniques to overcome the background from 2-photon
processes, and taking advantage of the capability of the detectors to observe the very
soft visible decay products of the xi / x3. These models can also lead to short
displaced vertices that can be resolved thanks to the excellent vertex resolution at
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the ILC.

In the past, the case of small mass splitting between Y and X9 has been studied
in the context of AMSB models [99], where it has been shown that mass differences
down to 50 MeV can be resolved. For a 400 MeV mass difference, it has been shown
that the YT mass can be determined to 1.8 GeV from the recoil against an ISR photon.
Observing the energy of the single soft pion from the x7 decay, the xi—x? mass differ-
ence can be determined to 7 MeV [101]. Although the minimal version of the AMSB
is currently disfavoured due to its incompatibility with a Higgs mass of 125 GeV, the
fact that such small mass differences can be precisely measured at the ILC remains
unchanged. In the Natural SUSY example discussed above, it is also true that the
x5 is nearly mass degenerate with the xi. This creates an additional experimental
complication, but on the other hand offers an additional handle for parameter deter-
mination. While a detailed experimental study is underway, the yJ / xi separation
should be possible when the various exclusive decay modes are exploited, which is
feasible due to the clean environment and excellent detector resolutions available at
the ILC. The measurement of the polarization and beam energy dependence of the
cross-sections of these processes then allows us to establish the higgsino character of
the particles and to precisely determine .

If the mass difference between xi or xJ and x! is larger than about 80 GeV
without sleptons in between, the decays of these particles will proceed via real W=
or Z bosons. In the challenging case where T and X3 are nearly mass degenerate,
their decays can be disentangled even in the fully hadronic decay mode. This case
has been studied both by SiD and ILD in full detector simulation. Figure 60 shows
the energy spectra of the reconstructed gauge boson candidates from signal, SUSY
and SM background for the chargino and neutralino event selection. Assuming an
integrated luminosity of 500 fb=! at /s = 500 GeV and a beam polarization of
P(et,e”) = (30%,—80%), the edge positions can be determined to a few hundred
MeV. Due to sizable correlations, this translates into uncertainties of 2.9, 1.7 and
1.0 GeV for the X3, xi and the x! masses, respectively. The cross-sections can be
measured to 0.8% (2.8%) in the xF (x9) case from the hadronic channel alone.

Independently of the mass splitting, the polarized cross-section measurements at
different center-of-mass energies can be employed to determine the mixing angles in
the chargino sector, as illustrated in Figure 61. This example is based on simula-
tions performed in the SPSla scenario; the results also apply to the d M7 scenario
introduced above. The bands include both statistical and systematical uncertainties,
where the limiting contribution is the precision of the chargino mass.

More recently, it has been shown that the achievable experimental precision allows
us also to determine the top squark masses and mixing angle via loop contributions
to the polarized chargino cross-sections and the forward-backward asymmetries [104].
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Figure 60: a) Energy spectrum of the W* candidates reconstructed from events selected as
)Zli pairs and b) Energy spectrum of the Z° candidates reconstructed from events selected
as X3 pairs. From [102].

This allows us to predict and to constrain the heavier states of the SUSY model and
to test its structure directly independently of the SUSY breaking scheme.

7.5.2 Gravitinos

If the gravitino is lighter than the lightest neutralino, the neutralino could decay into
a photon plus a gravitino. In such a case, the lifetime of the neutralino is related
to the mass of the gravitino: 7, ~ mj3 /QMI%l/mi. Therefore the measurement of
the neutralino lifetime gives access to mg/o and the SUSY breaking scale. A similar
statement applies to models in which a different particle is the lightest Standard
Model superpartner, decaying to the gravitino. A well-studied example is that of the 7
NLSP. The experimental capabilities of a Linear Collider in scenarios with a gravitino
LSP have been evaluated comprehensively many years ago [105], where it has been
demonstrated that with the permille level mass determinations from threshold scans,
the clean environment and the excellent detector capabilities, especially in tracking
and highly granular calorimetry, fundamental SUSY parameters can be determined
to 10% or better.

Although this study was based on minimal GMSB models, which are currently
disfavoured by their prediction of too low masses for the Higgs boson and the gluino,
the signatures and experimental techniques remain perfectly valid. They could ap-
ply to other non-minimal scenarios including general gauge mediation. Aspects of
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Figure 61: Measurement of the chargino mixing angles from polarised cross-sections.
From [103].

the detector performance which were still speculative when the studies in [105] were
performed have been established in the intervening time with testbeam data from
prototype detectors. For instance, the performance of neutralino lifetime determina-
tion from non-pointing clusters in the electromagnetic calorimeter has recently been
reevaluated based on full detector simulation gauged against Calice testbeam data.
These confirm the estimates from [105] that lifetimes between 0.1 and 10 ns can be
reconstructed with a few percent accuracy, although a calibration of the lifetime re-
construction is needed [106]. Similarly it has been shown in [107], that, in the case of
a 7 NLSP, the lifetime can be measured down to 107° ns, corresponding to gravitino
masses of a few eV. Figure 62 shows the 1o and 20 uncertainty bands as a function
of the lifetime of a 7 with a mass of 120 GeV.

Scenarios with very long-lived 7 NLSPs which get trapped in the calorimeter and
decay much later have been studied in [108]. It has been shown there that, with a
suitable read-out of the ILC detectors, the gravitino mass and the SUSY breaking
scale can also be determined in such cases. The first signs of these heavy, detector-
stable charged particles would their large ionization losses in the tracking volume.
This is a nearly background-free signature even at the LHC, so it is also possible
there to discover electroweak production of very long-lived # NLSPs or ¥ NLSPs.
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Figure 62: 1o and 20 uncertainty bands as a function of the lifetime of a 7 with a mass of
120 GeV, from [107].

If this discovery were made, it would be important and fascinating to measure the
polarized electroweak cross sections of these particles with high precision at the ILC.

7.5.3 Third generation squarks

At the ILC, the stop #; can be probed up to m;, = +/s/2 regardless of its decay
mode and the masses of other new particles. At /s = 500 GeV, the f; mass can
be determined to 1 GeV in the ¢, — ¥} decay mode, which dominates for small
mass differences, and to 0.5 GeV in the #; — by; mode [109]. At the same time, the
stop mixing angle can be determined to A cos, = 0.009 and 0.004 in the neutralino
and chargino modes, respectively. A more recent study improved the mass resolu-
tion in the £; — cx? decay to 0.42 GeV, including systematic uncertainties estimated
based on LEP experience by assuming data from two different center-of-mass ener-
gies [110]. In a top-squark co-annihilation scenario, the predicted dark matter relic
density depends strongly on the stop-neutralino mass difference. The precise ILC
mass measurenents give an uncertainty on the calculated dark matter relic density of
AQcpmh? = 0.015, comparable to the current WMAP precision. Figure 63 shows the
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correlation between the stop mass and Qcpyh? and the respective precisions. This
clearly shows that sub-GeV precision on the stop mass is mandatory to establish the
X} as a cosmic relic. Although these studies were performed with slightly lower stop
masses, one can expect similar precisions in the two scenarios introduced in section 7.4
if on the way to a 1 TeV upgrade the ILC is operated at a center-of-mass energy of
600 GeV or above. And, indeed, there is still much room for the #; to be found at
the LHC at a mass below 250 GeV.

The polarized cross sections o(e; el — t1t;) and o(epef — t1t;) allows a direct
determination of the (f.,%z) mixing angle with an accuracy of a few degrees. This
is crucial information for the theory of electroweak symmetry breaking in SUSY and
for the explanation for the Higgs boson mass at 125 GeV.

0.14

Qcpmh?

0.1

0.08

121 122 123 124

Figure 63: Predicted dark matter density 2pps vs m;, in a stop coannihilation model. The
scatter plot shows points allowed within 1o experimental precision assuming dt; = 1.2 GeV
(light gray), 0.42 GeV (dark gray) and 0.24 GeV (black). The bands show the current
WMAP precision on Qpps. The input value is marked with a star. From [110].

In sbottom-co-annihilation scenarios, which typically exhibit a sbottom-LSP mass
difference of about 10% of the LSP mass, the process b; — bx!) can be discovered
for sbottom masses up to about 10 GeV below the kinematic limit and for mass
differences down to only 5 GeV larger than the kinematic limit [111]. It will be
extremely difficult to cover such small mass differences comprehensively at the LHC.

Additional interesting reactions arise if the stop and sbottom decay to Higgsinos.
We have argued that, because of naturalness, this is the expected situation. Then
the charginos are close in mass to the neutralinos, allowing the decay ¢ — Y b, with
a subsequent decay of the Y™ with small missing energy release. The ability of the
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ILC to study decay chains with small energy differences will be important if this is a
dominant mode.

7.5.4 Scalar charged leptons

For slepton masses below +/s/2, sleptons could be produced copiously at the ILC
without relying on cascades from heavier sparticles. The lighter sleptons typically
decay directly into the corresponding lepton and the lightest neutralino, giving a
very clear signature of two isolated same flavor opposite sign leptons and missing
four-momentum. The lepton energy spectrum has a box-like shape, and its lower and
upper edge give direct access to the slepton and neutralino mass. In practice, the
box is slightly smeared by the beam energy spectrum, ISR, detector resolution and,
in case of 7 leptons, by the unmeasured neutrinos from the 7 decay. Nevertheless,
this technique works reliably down to very small mass differences of a few GeV. For
mass differences below ~ 10 GeV, the lower edge is buried in background from 2-
photon processes. Then an additional observable is needed to determine the lightest
neutralino mass. The adjustable center-of-mass energy of the ILC allows us to achieve
even higher precision by scanning the production thresholds.

In SUSY, the superpartners of the left- and right-handed leptons are distinct
scalar particles with different electroweak quantum numbers. These particles can be
distinguished at the ILC in a model-independent way by the measurement of their pro-
duction cross sections from left- and right-polarized beams in e*e™ annihilation [112].
It is not expected that the left- and right-sleptons should be mass degenerate, but,
even in this case, the two particles can be studied separately, since each has enhanced
production in cases with electron beams of the same handedness. For the case of 7
sleptons, the polarization of the 7 leptons produced in the decay can be analyzed to
provide another powerful probe of the slepton quantum numbers and couplings [113].

The heavier sleptons typically decay via intermediate charginos, neutralinos or
sneutrinos, depending on the details of the spectrum [100]. By choosing an inter-
mediate center-of-mass energy, the production of heavier superpartners and thus the
background from their cascades can be switched off. This allows the ILC experiments
to disentangle even rich spectra similar to the 0 M7 scenario discussed above.

The 7 sector of a scenario very similar to 0 M7 has recently been studied in full
simulation with the ILD detector [114], since the small 7-x? mass difference provides
an interesting challenge for the detector and the accelerator conditions. In this case,
the beam energy spectrum was accounted for and also accelerator background from
ete” pairs created from beamstrahlung was overlayed in order to verify the robustness
of the reconstruction even of fragile final states such as soft 7 leptons against spurious
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tracks and clusters from beam background.

With an integrated luminosity of 500 fb~! at a center-of-mass energy of /s =
500 GeV and with P(e*,e”) = (—30%, +80%), the following results were achieved
for the 7 masses using pair production cross-sections and the 7 polarisation P, from
7 decays. Both of these quantities depend on the 7 mixing angle, the higgsino com-
ponent of the ¥ and tan 3 in a well-understood way.

SM(7) = "o +£1.1-6M (X)) GeV (endpoint)
SM(7) = i1 +18-5M(%%) GeV (endpoint)

do .

7"(71) = 31%

oo, _

;(7'2) = 4.2 %
P, = 91+6+5 (bkg)+3 (SUSY masses) % (7 channel)
P, = 86+5 % (p channel).

The measurement of the endpoint of the 7 jet energy spectrum from 7; decays is
shown in Figure 64. The 7 mixing angle can be determined independently of the
T polarisation from 7,7y associated production below the 75 pair production thresh-
old. With a dedicated threshold scan, the 7o mass measurement can be improved
to M (Ty) =~ 0.86 GeV [115]. Even smaller mass differences have been studied in an
earlier fast simulation analysis [116], which found 6 M (7;) ~ 0.15—0.3 GeV depending
on 7; mass and the %1—)2(1) mass difference.

Since the measurement of isolated electrons and muons is straightforward for
the ILC detectors, scalar electron and muon production have mainly been stud-
ied in fast detector simulations. In [116,117], a scenario similar to dM7 has been
studied assuming an integrated luminosity of 200 fb~! and beam polarisations of
P(et,e™) = (—60%,4+80%) at a center-of-mass energy of /s = 400 GeV. The study
found precisions of M (fig) ~ 170 MeV and dM(ég) ~ 90 MeV. Comparable val-
ues were found in [115], where in addition a precision of 20 MeV was achieved for
M (ég) from a threshold scan. This kind of precision below 100 MeV can typically be
obtained when no irreducible SUSY background from other cascades is present.

The d M T scenario is actually challenging in this respect, since substantial back-
ground from neutralino decays into muons is present at the jigz pair production thresh-
old. This case has recently been studied using the fast simulator SGV [118] tuned to
the detector performance found in full simulation of the ILD detector concept. All
relevant SM backgrounds, especially WTW~ — [Tvi~v, ZZ — 4 leptons, and p and
T pairs, as well as all open SUSY channels were generated with Pythia 6.422 at 9 cen-
ter of mass energies near the jig threshold. The simulations included beamstrahlung
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based on Circe 1 and the incoming beam energy spectrum according to the TDR de-
sign of the ILC. The measured cross-section as a function of the center of mass energy
is shown in Figure 64 assuming 10 fb~! per point with P(e*,e™) = (—30%, +80%).
A fit to the threshold yields a statistically limited uncertainty of about 200 MeV on
the fip mass [119].

In case of the heavier smuon /i, a mass resolution of 100 MeV has been achieved
in full simulation for the ILD Letter of Intent assuming 500 fb™' with P(e™, e™) =
(+30%, —80%) at /s = 500 GeV [120]. This is consistent with earlier fast simulation
studies [96,115].

All resolutions here are by far statistically limited. Masses or cross-sections critical
for SUSY parameter determination in a certain scenario could therefore be measured
with even better precision when more integrated luminosity is accumulated in the
corresponding running configuration of the machine.
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P — fitto data : 8M; = 197 MeV

o(e*e Siigfiy) [fb]
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Figure 64: Left: Measurement of the 71 mass from the endpoint of the 7 jet energy spectrum
in a scenario with small 7-x{ mass difference very similar to the §M7 scenario introduced
in Section 7.4.2. The stacked histogram contains (from the bottom), SUSY background,
SM background, signal. The background is fitted in the signal-free region to the right (solid
portion of the line), and extrapolated into the signal region (dashed). From [114]. Right:
Measurement of the fir mass from a threshold scan with a total integrated luminosity of
100 fb~!. The precision of about 200 MeV obtained in this study is limited by the assumed
integrated luminosity [119].
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7.5.5 Sneutrinos

Depending on the properties of the sparticle spectrum, sneutrinos may decay visibly
into modes such as 7y — £x{ [2], or they may decay invisibly via 7, — v,x}. Even
in this latter case, the sneutrino mass can be measured from cascade decays of other
sparticles. For instance, in the dM7 scenario, the chargino has a 13% branching
fraction into a sneutrino and the corresponding charged lepton. From these decays,
the sneutrino mass can be reconstructed to dM(7) = 0.5 GeV [121,122].

Sneutrinos which are too heavy to be produced directly still influence the cross
section for chargino production and the forward-backward asymmetry of three-body
chargino decays. The latter yields JM (7)) ~ 10 GeV for sneutrino masses up to
1 TeV at /s = 500 GeV [96]. The chargino pair production cross-section is sensitive
to sneutrino masses of up to 12 TeV at center-of-mass energies /s ~ 1 TeV [123].

7.5.6 Beyond the CP and RP conserving MSSM

R-Parity Violation:

R-parity violation (RPV) has two important experimental consequences at collid-
ers: it allows for single production of SUSY particles, and it allows the LSP to decay
to purely SM particles. The latter aspect makes RPV SUSY much harder to detect
at the LHC due to the absence of missing transverse energy, so that the currently
explored region is significantly smaller than in the R-parity conserving case, even
when assuming mass unification at the GUT scale as in the cMSSM [124].

Bilinear R-parity violation (bRPV) has phenomenological motivations in neutrino
mixing [125] as well as in leptogenesis [126,127]. In this case, the characteristic decay
X? — WHIT will lead to background-free signatures at the ILC, possibly with a
detectable lifetime of the ¥ depending on the strength of the RPV couplings. In the
hadronic decay mode of the W=, these events can be fully reconstructed and the x9
mass can be measured to O(100) MeV depending on the assumed cross-section [128].
By measuring the ratio of the branching ratios for Y9 — W*u¥ and Y0 — W*rT,
the neutrino mixing angle sin®fy3 can be determined to percent-level precision, as
illustrated in Figure 65. Agreement with measurements from neutrino oscillation
experiments would then prove that bRPV SUSY is the origin of the structure of
mixing in the neutrino sector.

In the case of trilinear R-parity violation, s-channel sneutrino-exchange can inter-
fere with SM Bhabha scattering. For m; < /s, sharp resonances are expected. In
addition, heavier sneutrinos could be detected via contact interactions, for example
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Figure 65: Achievable precision on sin?f3 from RPV decays of the x as a function of
the produced number of neutralino pairs compaired to the current precision from neutrino
oscillation measurements. Over a large part of the mg vs. my/; plane, the neutralino pair
production cross-section is of order 100 fb.

up to my = 1.8 TeV for )‘1j1 =0.1 at \/g = 800 GeV [99]
CP wviolation:

An attractive feature of supersymmetry is that it allows for new sources of C'P
violation which are needed in order to explain the baryon-antibaryon asymmetry
observed in the universe. The neutralino and chargino sector can accommodate two
independent C'P phases, for instance on M; and p when rotating away the phase of M,
by a suitable redefinition of the fields. While the phase of p is strongly constrained by
EDM bounds, the phase of M; could lead to C' P sensitive triple product asymmetries
up to 10%. These can be measured from neutralino two-body decays into slepton
and lepton to +1%. From a fit to the measured neutralino cross-sections, masses
and C' P-asymmetries, |M;| and |u| can be determined to a few permille, M to a few
percent, ®; to 10% as well as tan § and @, to 16% and 20%, respectively [129]. Other
models of baryogenesis accessible to study at the ILC are discussed in Section 8.1.

NMSSM:

If indeed the higgsino is the LSP, as motivated by naturalness, then all by itself it
is not a good dark matter candidate, since higgsino pairs annihilate rapidly into WW
and ZZ. However, if we invoke an extended Higgs sector (the NMSSM) to explain the
value of the Higgs boson mass, this extension adds a new SUSY partner, the singlino,
which might have mass below that of the higgsino. The decay width of the higgsino
to the singlino is of order 100 MeV. The pattern of decay final states is rich, and the
measurement of branching ratios will illuminate the Higgs sector [130]. These decay
products are quite soft, however, and are invisible under the standard LHC trigger
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constraints. Whether or not these particles can be seen at the LHC, the ILC would
again be needed for a complete study. The annihilation cross section of singlinos,
which determines the singlino thermal dark matter density, depends on the singlino-
higgsino mixing angle. This could be measured at the ILC by measurement of the
higgsino width using a threshold scan or by precision measurments of the NMSSM
mass eigenvalues.

The capabilities of the ILC to distinguish between the NMSSM and the MSSM
when the observable particle spectrum and the corresponding decay chains are very
similar has been studied for instance in [131] based on analytical calculations. The
study showed that with data taken at three different center-of-mass energies the
distinction is possible. When exploiting the available information even more efficiently
by applying a global fit, even two center-of-mass energies can be sufficient [132]. If
the full neutralino/chargino spectrum is accessible, sum rules for the production cross
sections can be exploited that show a different energy behaviour in the two models.

In scenarios where the lightest SUSY particle is nearly a pure singlino, the higgino
lifetimes are long, leading to a displaced vertex signature. The lifetimes can be
precisely resolved thanks to the excellent vertex resolution of the ILC detectors.

7.5.7 Parameter Determination and Model Discrimination

Beyond simply measuring the properties of new particles, a further goal of ILC is to
fully uncover the underlying theory. This involves, among other issues, the measure-
ment of the statistics of the new particles and the verification of symmetry predictions
of the model. In this, we review some examples of such studies.

For example, if only the minimal particle content of a weakly interacting new
particle x° and an electrically charged partner y* is observed, the behaviour of the
production cross-section at threshold and the production angle distribution of x ™y~
pair production can be employed to distinguish between SUSY, where the x’s are
fermions, Littlest Higgs models, where they are vector bosons, and Inert Higgs models,
where they are scalar bosons [135].

If the model is indeed SUSY, we would like to establish the basic symmetry re-
lation of supersymmety experimentally. This can be done by examining whether the
gauge couplings g(V ff) and g(V ff) of a vector boson V and the Yukawa coupling
G(V ff) for corresponding gauginos are equal [134]. From the various cross-section
measurements in the slepton and gaugino sector, these couplings can be extracted
and their equality checked with sub-percent precision [1,2,96].

In addition to the couplings, the mass measurements at ILC, at the per mille
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level, allow one to extract the weak scale MSSM parameters. Here the polarized
beams play a crucial role since they allow us to determine the mixing character
both in the gaugino and in the slepton sector, especially if left- and right-handed
superpartners are close in mass and thus difficult to separate kinematically. These
parameters can then be extrapolated to higher energy using the renormalization group
equations [136]. This might reveal that groups of these parameters unify, for example,
at the GUT scale. The impact of ILC precision on this procedure has been studied
in detail in [137], based on a scenario in which the color singlet sector is nearly
identical to that of the 0M 7 scenario. They found that the weak scale parameters
can be determined to percent level precision, some even to the per mille level. They
further showed that ILC precision, beyond that achievable at the LHC, is needed
to establish whether the weak scale parameters are consistent with a certain SUSY
breaking scheme (in this case mSUGRA) or not. MSSM parameter determinations,
both analytically and employing global fits, have been studied also in various other
scenarios in [138,139,140,141].

Another crucial question to be answered is that of whether the lightest SUSY
particle can account for some or all of the cosmological dark matter. Assuming that
lightest SUSY particle was produced thermally in the early universe, its relic density
can be computed from the Lagrangian parameters obtained from collider data and
the result can be compared to the observed value of the dark matter density [142].
The Fittino collaboration has studied the prediction of the dark matter density from
ILC data at the reference point SPS1a’, which, for this analysis, is very similar to the
dM7T scenario [143]. Figure 66 shows the result of this comparison without assuming
a specific SUSY breaking scenario, i.e. based on weak scale parameters. In this
scenario, the ILC precision is needed to match the precision of the prediction to that
expected from cosmological observations.

The SPS1a’ /6 M7 point is a rather special case in which Qcpyh? can be predicted
with part per mille accuracy. More typically, the mechanisms that establish the dark
matter relic density are more complex, and the accuracy of the prediction from collider
data is less. We have seen an example already in Section 4.5.3 in our discussion of
the stop coannihilation scenario. However, the more complex the physics of the dark
matter density, the more important it is to make high precision measurements of the
SUSY parameters. This important question will be discussed further in Section 8.2.

7.6 Conclusions

In this section, we have discussed the ILC capabilities for supersymmetry mea-
surements in the light of the new information that we have gained from the LHC
experiments. The discovery of a new boson at 125 GeV points to a mechanism of
electroweak symmetry breaking that involves weakly coupled scalar fields. Supersym-
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Figure 66: Ratio of the predicted value of Qpreth to the nominal value of Qgpgiah? in the
SPSla scenario for a variety of Fittino Toy Fits without using Qcpwmh? as an observable,
from [143]. The anticipate predictions for LHC and ILC measurements are compared to
current and projected cosmological observations.

metry is one of, if not the leading candidate, for such a model.

So far, the ATLAS and CMS experiments have found no evidence for supersym-
metric particles. They have presented impressive limits on the masses of squarks and
gluinos. However, these limits do not exclude the possibility of SUSY at the TeV
scale. Rather, they push us to explore SUSY models in different parameter regions
of the MSSM than those that have been given most attention in the past.

In particular, the LHC exclusions have focused much attention on models in which
the first- and second-generation squarks are heavy while the naturalness of the elec-
troweak symmetry breaking scale keeps color singlet particles light. Naturalness ar-
guments, in particular, favor a low value of yu ~ My, with pu ranging perhaps as high
as 200-300 GeV. This then leads to a spectrum including several light higgsino-like
charginos and neutralinos. The lightest neutralino, which is a possible WIMP can-
didate, would be predominantly higgsino-like. The light higgsinos are automatically
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mass-degenerate with typical mass gaps of 10-20 GeV. The small energy release from
higgsino decay would be very difficult to detect at LHC. In contrast, an ILC with
Vs =0.25 —1 TeV would be a higgsino factory, in addition to being a Higgs factory!
These arguments, and also possibly the muon g — 2 anomaly, predict a rich array of
new matter states likely accessible to the ILC.

In our review of the experiments at the ILC that would discover and measure the
properties of these particles, we have emphasize the many tools that the ILC detectors
will provide for exploring the nature of these new states of matter. These include the
tunable beam energy, the use of beam polarization, precision tracking, vertex finding
and calorimetry, which provide the ability to detect very low energetic particles as
well as to observe and separate W and Z in hadronic modes. We have shown with
many examples that all of these capabilities find new uses in the exploration of a new
sector of particles.

The precision measurements available at the ILC will provide a window to physics
at much higher energy scales, possibly those associated with grand unification and
string theory. The ILC will also provide a key connection between particle physics
and cosmology, especially in identifying the nature of dark matter and shedding light
on possible mechanisms for baryogenesis.

Supersymmetry is challenged by the new results from the LHC, but this theory is
still very attractive for the answers that it gives to the pressing theoretical problems
of the Standard Model. The constraints from the LHC guide us to new regions
of the large parameter space of supersymmetry. The ILC will explore these regions
definitively and make precise measurements of new particles that may be found there.
From this perspective, the construction of an ILC is more highly motivated now than
ever before.
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8 Cosmological Connections

Two of the major puzzles of cosmology can be explained with new physics at
the electroweak scale. These are the matter-antimatter asymmetry, which might be
due to baryogenesis at the electroweak phase transition, and the dark matter of the
universe, which might be composed of a stable weakly-interacting massive particle
(WIMP) with a mass at the hundred GeV scale. We have seen references to both of
these mechanisms that might act in the early universe in our discussions of the top
quark, extended Higgs sectors, and supersymmetry. In this chapter, we review these
topics in a more unified way.

Both electroweak baryogenesis mechanisms and WIMP candidates naturally arise
within the two major paradigms for explaining electroweak symmetry breaking, su-
persymmetry and Higgs compositeness. To work correctly, these phenomena require
quite specific details of the spectrum and parameter choices. These details must be
verified if we are to understand whether the particles observed at the TeV scale in-
deed suffice to explain these major cosmological mysteries. The details that we must
learn concern aspects of the TeV scale physics that are especially difficult to access at
hadron colliders—knowledge of the Higgs spectrum and couplings and the properties
of other color-singlet particles, and understanding of the more general new particle
spectrum in situations with compressed spectra and small energy release in decays.

The capabilites of the ILC that we have described in earlier chapters are sufficient
to meet these challenges. This might be the strongest motivation for the construction
of the ILC, that it provides unique opportunities to understand the basic mechanism
that form the universe we see around us.

8.1 Baryogenesis at the Electroweak Scale

Among the mechanism for creating the baryon number of the universe, an es-
pecially attractive one is the idea that this asymmetry was created as a result of
the electroweak phase transition [1]. The high temperature phase of the Standard
Model contains a mechanism for baryon number violation, the thermally activated
sphaleron solution of the SU(2) gauge theory, which has the ability to simultaneously
violate baryon and lepton number. A net baryon asymmetry can be produced if the
two other Sakharov conditions are satisfied, that is, if the theory has sufficient ap-
propriate CP violation and if the electroweak phase transition is first-order [2]. The
process is non-local, relying on the dynamics in the vicinity of expanding bubbles that
grow the broken symmetry phase out of the supercooled high-temperature symmetric
phase of the electroweak theory. The walles of these bubbles carry the CP violating
interactions [3]. Because it involves electroweak scale physics only, this mechanism is
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particularly appealing and amenable to experimental test and verification.

EW baryogenesis has been investigated in detail in the Standard Model [4] and
its supersymmetric extension [5,6,7,8,9]. Within the SM parametrization of the Higgs
potential, the one loop effective potential at high temperature roughly reads

V(0. T) ~ S (1 + TG + 50— BT4" (31)
where T
3 3
~ ET¢’ C —EiWZthi (4) (85)

The last term is responsible for a barrier separating the symmetric and broken EW
vacua; this barrier gives the possibility of a first-order EW phase transition. The
coefficient E is due to bosonic degrees of freedom coupling to the Higgs. In the SM,
FE is too small and the phase transition can be first-order only for a very light Higgs, a
possibility that is excluded experimentally [10]. In the MSSM, new bosonic degrees of
freedom with large couplings to the Higgs—in particular, the stop t—can enhance the
value of E' and guarantee that ¢/T can be large enough at the time of the transition
to suppress sphaleron washout. This has led to the so-called light stop scenario for
EW baryogenesis. Possible extensions of the Higgs sector, without or outside the
MSSM, offer other possibilities to realize this mechanism.

8.1.1 Electroweak baryogenesis in supersymmetry

The correlation between the strength of the EW phase transition and the collider
signatures of the Higgs boson were recently studied in [11] in the case of a simplified
model including a new scalar field X that couples to H according to:

— L= My|X|*+ %|X!4 + QIX|P|H? = M| X|* + %pﬂ4 + %Q(& + 2vh + h?)| X |?

(86)
These basic interactions describe a broad range of theories. In particular, they apply
to the MSSM, where X corresponds to a light, mostly right-handed scalar top quark
responsible for one-loop thermally generated cubic Higgs interactions. However, it
doe not apply to models where the strength of the EW phase transition is affected
by other scalars. The quantity () parametrizes the strength of the X coupling to the
H which will induce the potential barrier.

Analysis of the Higgs potential using this approach or more specific calculations
indicates that there is a fine-tuned window of parameter space in the MSSM where
EW baryogenesis is viable [12,13]. It corresponds to a stop-split supersymmetric
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Figure 67: The stop-split supersymmetric spectrum of MSSM EW baryogenesis.

spectrum illustrated in Fig. 67. A light Higgs boson and a light £z, with mass less
than 115 GeV, are needed for the EW phase transition to be sufficiently first-order.
At the same time, the ¢;, should be heavy to produce a sufficiently heavy Higgs boson
to agree with experimental observation. A generic difficulty of EW baryogenesis is
that it requires large new sources of CP violation [14] which are typically at odds with
experimental constraints from electric dipole moments. To evade these constraints
the other sfermions should be also heavy. The mechanism does require a light higgsino
and a light chargino to supply CP-violating scattering processes within the expanding
bubble walls during the phase transition.

The Higgs boson mass value of about 125 GeV is consistent with this scenario but
narrows the parameter space. Additional constraints on the model will be derived once
the Higgs branching ratios are measured with higher precision, since new fields that
couple to the Higgs can lead to significant modifications of the rates for Higgs boson
production and decay. The light stop or, more generally, the X particle, appears in
the loop diagrams that are responsible for the Higgs decays to gg and v (discussed
in Section 2.2.3) and can modify these rates by effects of order 1. A new scalar
will typically interfere constructively with the top quark contribution to these loops,
increasing the partial width to gg but decreasing the width to vvy. The effect on the
rate for gg — h — 77 is plotted in Fig. 68 for the case of the scalar with the quantum
numbers of the MSSM stop. From this plot, it is clear that in the region where the
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order electroweak phase transition, for a new boson with the quantum numbers of . The
bold line denotes ¢./T. = 0.9, and the adjacent solid lines delineate steps of A(¢./T¢) = 0.2.
The yellow shaded region is excluded by the existence of a charge-color minimum. The red
dotted lines show contours of the rate for gg — h — v from the Standard Model value,
from [11]. The parameters Mx and @ are defined in (86).

phase transition is sufficiently strongly first-order (¢./T. > 0.9), large deviations are
expected with respect to the SM Higgs properties. Actually, it was concluded in [15]
that EW baryogenesis in the MSSM can already be excluded using 2011 LHC data,

see Fig. 69.

However, the MSSM, using only the stop and making no extension of the Higgs
sector, may well be too restrictive a context. If the rate for Higgs production and
decay to vy remains high compared to the Standard Model, this scenario could remain
in play due to new light Higgs particles discoverable at the ILC.

A difficulty with implementing electroweak baryogenesis within the MSSM is that
the first-order phase transition appears only as a one-loop effect. It is much easier
to obtain a strong first-order phase transition by modifying the Higgs potential at
tree level. One straightforward example is to add a scalar singlet. There is an
extensive literature on this possibility. A recent and complete study of this scenario
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was provided in Ref. [16]. Interestingly, such a scenario can be theoretically well-
motivated in composite models where the Higgs arises as a pseudo-Nambu Goldstone
boson of a new strongly interacting sector, as we discuss next.

8.1.2 Electroweak baryogenesis in composite Higgs models

The idea of Higgs compositeness has received a revival of interest in the last few years
[17,18], boosted by the dual description in terms of warped extra dimensional models.
In composite Higgs models, the hierarchy between the Planck and TeV scale is due
to the slow logarithmic running of an symptomatically free interaction that becomes
strong and confines close to the EW scale. In analogy with QCD, as the strong
interaction confines, the global symmetry acting on the techniquarks is broken down
to a subgroup, delivering Goldstone bosons which are the analogs of the pions in QCD
and may be identified as the degrees of freedom belonging to the Higgs doublet. The
spectrum of composite Higgs bosons is determined by the structure of this symmetry
breaking. The bosons are organized according to a coset space G/H, where G is the
symmetry group of the unbroken model and H is the residual symmetry unbroken
by the action of the new strong interactions. In these models, the top quark is also
composite, since the hierarchy of Yukawa couplings is explained by partial fermion
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compositeness.

To preserve the custodial symmetry required in the electroweak theory, G should
contain an SO(4) subgroup, with the Higgs multiplet transforming in the (2,2) rep-
resentation. This restricts the possible choices of G and H. In the minimal composite
Higgs model, G is the group SO(5), spontaneously broken to SO(4). The full sym-
metry G is broken by loops of fermions or gauge bosons, which generate mass for the
bosons and eventually generate the potential responsible for electroweak symmetry
breaking.

To preserve the custodial SO(4) symmetry of the SM, the Higgs should transform
as a (2,2) of SU(2)p x SU(2)g ~ SO(4). In the minimal composite Higgs model
SO(5) breaks to SO(4), delivering 4 goldstone bosons which are identified as the
Higgs degrees of freedom. The SO(5) symmetry is broken explicitly both by the
fermions which do not come in complete representations of SO(5) and by the gauging
of SU(2), € SO(5). A catalog of possible choices for G and H is presented in [19].
Loops of SM fermions or gauge bosons communicate the explicit breaking to the
(pseudo) NGBs and generate a potential for the Higgs.

These composite Higgs models offer new possibilities for EW baryogenesis. Natu-
ralness in these scenario implies modifications in the Higgs and top sectors, which are
precisely the ones believed to be responsible for EW baryogenesis. Specific choices
of G and H imply the presence of additional light scalars that can make the elec-
troweak transition first-order. For instance, if the coset is SO(6)/SO(5), we expect
an additional singlet [20]. Another possibility is SO(6)/SO(4) x SO(2), which gives
two Higgs doublets.

For the choice SO(6)/SO(5), the extra singlet has a dimension-five pseudo scalar
couplings to the top quarks that can break CP. EW baryogenesis in this context
has been studied in [21]. The extra singlet is responsible for making the EW phase
transition first order. Secondly, if that scalar couples to the top quark it can lead
to a non-trivial CP-violating phase along the bubbles of the EW phase transition
creating the seed for the sphaleron to generate a non-zero baryon asymmetry. It was
shown that the correct amount of asymmetry can be produced in a large region of
parameter space. The new complex phases and the mixing between the Higgs and
the singlet lead to new contributions to the EDMs of neutron and electron not far
from the reach of current and future experiments (see Fig. 70). The new singlet and
the new CP-violating top couplings will be visible at the ILC as direct tests of this
scenario.

The nature of the EW phase transition has also been studied in a number of
contexts that give more specific models of the new strong interactions associated with
composite Higgs bosons. These include models of technicolor [22], models with flat
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Figure 70: Diagram illustrating the largest contribution to the electron EDM due to the
Higgs-singlet mixing where the new singlet s couples only to the top quark, as needed for
EW baryogenesis and as motivated by the scenario of partial compositeness. From [21].

extra dimensions [23], and Randall-Sundrum models [24,25,26,27,28]. However, no full
calculation of the baryon asymmetry has been carried out in these contexts. In some
of these constructions, the EW phase transition can be too strongly first-order, leading
to supersonic bubble growth which suppresses diffusion of CP violating densities in
front of the bubble walls, thus preventing the mechanism of EW baryogenesis [29].

8.1.3 Effective field theory approach to the EW phase transition

The influence of tree-level modifications of the Higgs potential in making the EW
phase transition strongly first order can be analyzed more generally using an effective
field theory approach. For example, one can add dimension-6 operators to the Higgs
potential, allowing a negative value for the quartic coupling [30,31]:

|9]°
V(g) = P> — Ao|* + g (87)
The phenomenology of this effective theory is illustrated in Fig. 71, which shows con-
tours of quantities characterizing the strength of the phase transition and amount of
supercooling in the (my, f) plane. From these plots, it is clear that a phase transition
that is strong enough for EW baryogenesis arises in a sizable region of parameter
space.

In the parameter region of interest, a potential such as (87) leads to deviations of
order 1 in the Higgs self-couplings. We can write the potential for the Higgs field h,
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Figure 71: Phenomenology of the electroweak phase transition in the effective description
(87). Upper panel: Contours of the ratio (¢)/T evaluated at the nucleation temperature
in the blue region that allows for a first-order EW phase transition. The left plot uses the
thermal mass approximation [30] while the right plot uses the full one-loop potential [31].
Below the red lower bound, the EW symmetry remains intact in the vacuum while above
the blue upper one, the phase transition is second order or not even occurs. Within the red
band, the universe is trapped in a metastable vacuum and the transition never proceeds.
The lower panel shows contours of «, the ratio of latent heat to thermal energy density, and
B/H = T,d(Ss/T)/dT, approximately equal to the number of bubbles per horizon volume,
from [31]. These quantities measure the amount of supercooling.

the fluctuation from the vacuum expectation value, as

L =m3h®/2+ ph® /3! +nht /4l 4 - - (88)
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when, from the effective theory (87),

m2 V3 m2 v?

;L:3TH+6F n:3v—f—|—36ﬁ.

The SM couplings are recovered as f — oo [30]. Figure 72 shows contours of /sy —1

in the f vs. myg plane. Therefore, non-trivial probes of the Higgs potential may be

obtained from precise measurements of the trilinear Higgs coupling. See [32] for

other examples. As we have emphasized in Section 2.6.3, this is a difficult quantity

to measure at any collider, but it is expected to be accessible at the ILC with an
accuracy that clearly distinguishes the curves in the figure.

(89)

The bubble wall velocity is a key quantity entering the calculation of the baryon
asymmetry. A model-independent and unified description of the different regimes
(detonation, deflagration, hybrid, runaway) characterizing bubble growth was pre-
sented in Ref. [29]. The results are summarized in Fig. 73,, which shows contours for
the bubble wall velocity in the plane (1, ay) where 7 and ay are dimensionless param-
eters characterizing the strength of the phase transition (roughly the ratio of latent
heat to thermal energy density) and the amount of friction. In the SM, n ~ 1/1000,
while in the MSSM, n ~ 1/30. Eventually, one would have to calculate these quanti-
ties from measured parameters of the Higgs potential and the new particle spectrum
for a reliable computation of the baryon asymmetry.
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Figure 72: Contours of p1/psy — 1 in the (mp, f) plane.
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8.2 Dark Matter

8.2.1 Dark Matter and the WIMP paradigm

The existence and central role of dark matter is now one of the pillars of the standard
model of cosmology. There are many pieces of evidence, from galactic length scales,
cluster lengths scales, and the largest observable scales in the universe, that roughly
20% of the energy and 80% of the mass in the Universe is in the form of massive,
non-baryonic particles with relatively weak interactions with ordinary matter [33,34].
There are many proposals for the nature of this dark matter. The proposed particles
span an enormous range in mass, from 107° eV to macroscopic and even planetary-
scale masses. However, the most attractive proposal, and the one that we will concen-
trate on here, is that the particle that makes up dark matter is a ‘weakly-interacting
massive particle’ (WIMP).

A WIMP is defined as a weakly interacting neutral particle that is stable over the
lifetime of the universe. WIMPs can be created or destroyed only in pairs. The WIMP
model further assumes that the WIMPs were in thermal equilibrium with the hot
plasma of Standard Model particles early in the history of the universe. This initial
condition allows us to predict the current density of WIMPs. In the model, when
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the temperature of the universe decreased below the WIMP mass, WIMPs began to
annihilate, but, because the anninhilation requires a pair of WIMPs, the annihilation
cut off when the density of WIMPs reached a well-defined small value. The density
of WIMPs decreased further due to the expansion of the universe. However, as the
Universe cooled, this small density of massive WIMPs eventually came to dominate
the energy in radiation. By this logic, it is possible to derive an expression for €2, the
current energy density of the universe in WIMPs, in the form

pcMPl <Uannv> .

Q) ~ (90)

In this expression, xp = m/Tr, with m the WIMP mass and Tr is the freeze-out
temperature at which annihilation turns off, Tj is the temperature of photons today,
pe is the critical energy density, Mp, is the Planck scale, and (04,,v) is the inclusive
cross section for WIMP pair annihilation into SM particles, averaged over the WIMP
thermal velocity distribution at freeze-out. Typically xr ~ 25, with weak dependence
on the WIMP mass, and the other parameters in the equation, including €2, are well
measured. The expression (90) then determines the value of the annihilation cross
section needed for the entire dark matter relic density to be composed of a single
WIMP species. The result is shown in Fig. 74 [35]. The required value is roughly

(Cannv) = (1 pb)-c, (91)

indicating that a WIMP with mass and interactions at the electroweak scale naturally
leads to the required density of dark matter.

This observation motivates searches for WIMPs with masses of the order of
100 GeV, making use of techniques from particle physics. The three pillars of WIMP
searches are: indirect detection of residual annihilation of WIMPs in the galactic
neighborhood, direct detection of ambient WIMPs scattering off of sensitive detec-
tors on Earth, and artificial production of of WIMPs at high energy accelerators.

If a candidate particle for WIMP dark matter can be produced at the ILC, the
precision study of its mass and properties available through the ILC measurements
might make it possible to predict its pair annihilation cross section and thus its
thermal relic density. This prediction could then be compared to the density of dark
matter measured by astrophysical observations. This possibility of a direct connection
between physics at the smallest and largest length scales is extremely enticing. Later
in this section, we will discuss a number of scenarios in which the ILC makes such a
comparison possible.
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Figure 74: Desired annihilation cross section (cv) to obtain the measured thermal relic
density, as a function of the WIMP mass m (from Ref. [35]). The line marked “canonical”
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8.2.2 Theories of WIMPs

By far the most popular vision of WIMP dark matter is the neutralino found in super-
symmetric theories. Supersymmetric theories are particularly amenable to searches
at the LHC, because they contain a wealth of new colored states (squarks and glu-
ons) with large hadroproduction cross sections. Such particles can decay into the
dark matter plus jets of hadrons, leading to events characterized by hadronic activity
together with a large imbalance of transverse momentum. As of this writing, the
absence of a signal places limits on the masses of squarks and gluons to be substan-
tially in excess of 1 TeV, depending on the fine details of the mass spectrum [36,37].
The null results of these searches, especially when combined with the identification
of the resonance near 125 GeV as the Higgs boson, have led some to propose that, if
supersymmetry is realized in nature, it may not be minimal [38]. Nonetheless, viable
points with modest fine-tuning still exist [39], and for the purposes of this discussion
we will stay within the minimal supersymmetric extension of the SM. We have given
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a more detailed overview of the possibilities for supersymmetry consistent with the
LHC constraints in Chapter 7.

Searches for supersymmetry based on the 2011 LHC data have focused on searches
for the colored superpartners [40]. Such searches are important in terms of charac-
terizing the overall scale of superpartner masses, but offer only limited information
on the properties of supersymmetric dark matter. As the LHC collects more data
and at higher energies, it becomes more sensitive to direct production of electroweak
superpartners, and thus has more directly to say about the properties of dark mat-
ter. However, as we have stressed in Section 7.3, some spectra for electroweak SUSY
spectra will continue to be very difficult to explore at the LHC.

Beyond supersymmetric theories, the most studied candidates for WIMP dark
matter include the lightest Kaluza-Klein particle in 5-dimensional [41,42] or 6-di-
mensional [43,44] theories with Universal Extra Dimensions [45], and a light neutral
vector boson in little Higgs theories [46,47] incorporating T-parity [48]. All of these
theories are primarily distinguished from supersymmetric theories in that the WIMP
is a boson rather than a Majorana fermion. One other nonsupersymmetric theory
which affords some contrast is based on a warped extra dimension [49] and has a dark
matter particle which is a Dirac fermion [50,51,52,53].

Recently, there has also been activity aimed at capturing features of WIMP dark
matter in cases where the particles mediating the interactions are heavy compared
to the energy transfer of the processes of interest, by making use of effective field
theory (EFT) descriptions of WIMPs [54,55,56,57] Such effective field theories allow
for one to capture the low energy properties of any theory which is amenable to an
EFT description, and facilitates comparisons between the different types of searches
for dark matter. The picture which emerges from such studies is that there is a large
degree of complementarity between direct, indirect, and collider searches. Direct and
indirect detection constraints are typically stronger than collider bounds, but also
subject to relatively large astrophysical uncertainties, and only apply to interactions
which do not vanish in the limit in which WIMPs are non-relativistic. Instead, collider
bounds apply roughly uniformly to any type of interaction involving the particles
available in the initial state, but are limited for heavy WIMP masses by the finite
energy available in the collision.

Another feature which is easily discerned from effective theory descriptions is that
bounds from the Tevatron and LHC typically apply to WIMP couplings to quarks
and gluons, whereas the couplings most relevant at a high energy ete™ collider are
the couplings to electrons and photons. While the most popular models of dark
matter predict that couplings to quarks and leptons are comparable, it is possible to
construct leptophilic models [58,59,60], motivated in part by the observation of an
anomalous positron flux by the PAMELA and Fermi LAT collaborations [61,62].
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Beyond the straightforward freeze-out paradigm, there are other models of dark
matter for which dark matter particles at the electroweak scale are relevant. The
universe energy density stored in WIMPs may exhibit an explicit dependence on extra
parameters, in particular the dark matter mass, for instance in models of asymmetric
dark matter e.g. [63]. Dark matter may also be produced by ‘freeze-in’ scenarios such
as that in [64] or in scenarios where DM is is produced through decays [65].

8.2.3 Determination of dark matter parameters

Once dark matter is detected through a non-gravitational interaction, and is thus
confirmed to be some kind of weakly interacting particle, the primary question will
be whether or not its annihilation cross section is of the correct size for it to explain the
cosmic dark matter as a thermal relic. If the annihilation cross section reconstructed
from measurements on the particle is consistent with the determinations of the dark
matter density, it will provide evidence that the thermal history of the Universe was
(at least approximately) standard back to the time that the dark matter froze out—
about 1 nsec after the Big Bang. This would parallel the argument the successful
predictions of Big Bang nucleosynthesis based on measurements in nuclear physics
lead to a compelling picture of the history of the Universe back to temperatures of
order MeV [66] and times of order 1 second.

In principle, the most direct determination of the dark matter annihilation cross
section would come from an observation by indirect detection experiments which look
for annihilation of WIMPs in the galaxy. In practice, this is a daunting task, because
of large uncertainties in astrophysical backgrounds, which can mask or pollute the
signal, and in the distribution of dark matter itself, which enters into the observed
photon flux as the density squared integrated along the line of sight of the obser-
vation. In addition, a relatively few final states are expected to be observable on
the Earth, necessarily leading to an incomplete picture. In addition, the annihilation
cross section observed in indirect detection might be very different from the one that
determined the dark matter cross section in the early universe. If the cross section
is strongly velocity-dependent, as happens, for example, in some SUSY models, an-
nihilation channels which were important at the time of freeze-out (v ~ 0.1) may be
subdominant in the galaxy today (v ~ 1073).

Direct detection experimentscan be used to estimate the annihilation cross section
only if analyzed in an effective-interaction picture. In this context, they are sensitive
only to couplings of dark matter to colored SM particles, which could turn out to
represent a relatively unimportant fraction of the totality of WIMP annihilation.
Direct detection also loses track of some types of interactions which may be important
for WIMP annihilation, but are suppressed in the non-relativistic limit of elastic
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scattering.

Because of these limitations, colliders are likely to play the central role in providing
the data from which to compute a WIMP relic density that can be compared with
cosmological observations. We emphasize that this requires a complete picture of dark
matter interactions with all SM species. Hadron colliders such as the LHC have large
rates of production for exotic colored particles (and also typically higher energies,
allowing searches for more massive particles), but also larger backgrounds that can
hide many possible decay channels. In a typical theory of WIMPs such as the MSSM
or UED models, the relic density is controlled by a a complicated interplay between
annihilations into colored and uncolored states. For all of these reasons, input from
an ete” collider such as ILC is likely to be essential.

8.2.4 ILC studies of dark matter parameter determination

In this section, we will review studies that have been done on the determination of
dark matter parameters from collider data. Our discussion is based mainly on a few
of the most detailed studies of the MSSM [67,68]. These studies assume LHC running
at /s = 14 TeV with data sets of hundreds of fb~. Under such conditions, many
of the measurements will be systematics limited and thus the precise assumptions
for collected data sample are less important than the assumed collision energy. The
specific models analyzed in these papers are now excluded by LHC searches; however,
as we have discussed in Section 7.4, very similar models with heavier squarks and
gluinos are still viable and even attractive. Other examples of dark matter density
determination are given in Section 7.5 and in [70,71,72,73,74,75,76,77,78,79].

In Ref. [68,69], two mSUGRA-inspired models are investigated in terms of the
ability of the LHC and 500 GeV ILC to reconstruct the spectrum and couplings of
the neutralino. Model B’ is characterized by low sparticle masses and large mass
splittings, resulting in a model that is particularly amenable to reconstruction using
LHC measurements alone. In Figure 75, we show the sparticle spectrum and the
range of reconstructed relic densities for model B’. The color-singlet sector of this
model is similar to that of the benchmark model presented in Section 7.4.2. The
derived relic density indicates that for this case, LHC data alone can predict the
WIMP relic density to order 1 in §2. Adding data from the ILC, which would be very
rich given the low values of the superparticle masses, the prediction for €2 is given to
20% accuracy. This model is very similar to model LCC1 studied in [67]. In that
study, including information from a wider range of ILC observables, it is possible to
predict the relic density to lie within a few percent of the underlying value.

In [67], three additional MSSM parameter choices (LCC2-4) are investigated from
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Figure 75: Spectrum (left) and projections for determination of the WIMP mass and inferred
relic density (right) based on measurements at the (end stage) LHC (red rectangle) and ILC
(blue rectangle), for supersymmetric model B’, from [68,69]. The measurement of the relic
density from cosmology is indicated by the green hatched region, and the actual model
prediction is shown as the yellow dot.
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Figure 76: Mass spectrum of superparticles (left) and reconstructed relic density probability
distribution (right) based on measurements at the LHC alone (red histogram), LHC + a
500 GeV ILC (magenta histogram) and LHC + a 1000 GeV ILC (blue histogram) for the
MSSM point LCC3. From Ref. [67].

the point of view of indirect and direct searches for dark matter, LHC searches, and
an ILC at /s = 500 GeV and 1000 GeV, in order to see how many relevant dark
matter properties can be reconstructed. In Model LCC3, the relic density is largely
controlled by late coannihilation of the lightest neutralino with a stau. The small
mass splitting renders the stau particularly challenging to reconstruct at the LHC. In
Fig. 76, we show the sparticle spectrum and the range of reconstructed relic densities
for model LCC3. As shown, the LHC has essentially no ability to reconstruct the relic
density, because it is unable to obtain precise enough measurements of the neutralino
and stau masses and the important parameter tan 3. In addition, and the neutralino
and tau compositions leave large uncertainties in the coannhilation cross section.
At the 500 GeV ILC, the situation clarifies, but remains rather uncertain, because
while the neutralino and stau masses become much better measured, the neutralino
composition remains uncertain. A 1 TeV ILC can fill in this remaining information,
and results in a reasonably precise measurement of Qh? to within a factor of two.

In LCCA4, the relic density is driven by neutralinos which annihilate through a
heavy Higgs resonance that is approximately on-shell because the SUSY Higgses have
masses ~ 2m,o. The colored sparticles are heavy (roughly at the current LHC ex-
clusion limits for the gluino and first two generations of squarks and well above the
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current limits on third generation squarks). This point is a particular challenge for
the LHC (despite the fact that it is able to observe much of the spectrum of particles)
to reconstruct, because it requires very high precision measurements of the mass of
the lightest neutralino and the mass and width of the pseudo-scalar Higgs boson A°,
as well as reasonably precise knowledge of the lightest neutralino composition; see
Fig. 77. The resulting relic density prediction is peaked at very low values, with a
substantial tail that extends past the WMAP measurement. At the 500 GeV ILC,
the situation remains somewhat fuzzy, because the pseudo-scalar Higgs remains out
of kinematic reach, though the composition of the neutralino becomes much-better
understood. At the 1000 GeV ILC, the pair-production process e*e~ — HA opens
up, and the picture becomes reasonably clear.

Over-all, the picture that emerges is one in which the ILC is often necessary
to provide the crucial information allowing one to reconstruct the relic density of
neutralinos. Whether it is effective in accomplishing this goal is largely dependent on
whether or not it has enough energy to access the important states. In the case studies
shown here, the LHC data will be able to identify the relevant mass scales for new
particles, but after the LHC program it still remains unclear which particles exactly
are crucial to determining the neutralino annihilation rate and the relic density. That
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can be determined only by more detailed studies of the neutralino which are made
possible at the ILC.

As a final example, we consider a leptophilic model of dark matter. If interactions
between a generic Dirac WIMP x and the SM leptons are mediated by a heavy vector
particle, they may be described by the effective vertex,

% X7'x Y bt (92)
* l=e,pu,T

We assume that there are no couplings to quarks at tree level. The parameter M,
is a dimensionful coupling constant which maps on to the description of Z’ exchange
through 1/M? < g¢yg,/M%,. If this interaction is the only way dark matter can
interact with the SM, the observed relic density will be obtained for M, ~ 1 TeV for
a WIMP mass around 100 GeV [58]. A dark matter model of this type is constrained
by LEP II through the L3 [80] and DELPHI [81] measurements of the process ete™ —
vy to M, > 480 GeV [82]. While in principle the LHC could hope to observe
processes such as pp — e*e” Y, these processes are very rare and unlikely to provide
better bounds than the LEP searches. A recent 500 GeV ILC study of the process
ete™ — xX7 reveals the ability to place much more stringent limits on the cross
section, particularly if the beams are polarized, which allows one to reduce the SM
background [83]. The limits on the cross section translate into limits on M, of about
1.7 TeV for 100 GeV mass WIMPs. Then the ILC will be able to discover or rule out
this class of leptophobic dark matter, and confirm its nature as a thermal relic.

8.3 Conclusions

In this section, we have reviewed in some detail models of baryogenesis and dark
matter associated with new physics at the TeV energy scale. The discussion of models
rapidly becomes complex and technical, because the predictions of the models for the
baryon asymmetry and dark matter depend on detailed properties of the model. The
most crucial aspects of the models come in the Higgs sector and in the superpartners
or more general partners of Higgs and gauge bosons. At hadron colliders, it is very
difficult even to discover these particles. In all but the simplest models, reaching
the level of detail that is required to make predictions relevant to cosmology is quite
beyond the capabilities of hadron collider experiments.

Experiments at the ILC also must be lucky. The relevant new particles—extended
Higgs bosons, neutralinos, sleptons—must be light enough to be observed at the ILC
in pair production. But, given this possibility, the ILC experiments will have the
power to test theories of the type that we have discussed. Thus, the ILC offers unique
opportunities to connect detailed aspects of particle physics to grand questions about
the composition of the universe.
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9 Conclusion

In this report, we have surveyed the range of physics topics that will be addressed

by the TLC.

Our primary emphasis has been on the study of a Standard Model-like Higgs
boson. The discovery of a new boson by the ATLAS and CMS experiments has
vaulted the question of its properties of the top of the list of questions in high energy
physics. We have argued that the ILC is perfectly matched to this problem. The ILC
will be able to deliver a precise description of the properties of this new particle.

The ability of the ILC to operate at several different energies plays an impor-
tant role it its ability to study the Higgs boson. We have described three phases of
the Higgs boson program. First, at /s = 250 GeV, one may expect the precision
measurement of the Higgs mass and its major branching fractions and the search for
invisible and exotic modes. Second, at /s = 500 GeV, we anticipate precision mea-
surements of the Higgs coupling to the W boson and the higher statistics study of
modes with small branching fractions. Finally, at /s = 1 TeV, for the measurement
of the Higgs couplings to the top quark and the muon, and the Higgs self-coupling
can be made. The suite of measurements at these three energies combine to provide
a complete picture of the interactions of this particle and an incisive test of its role
in the generation of mass for all elementary particles.

We have also emphasized the ability of the ILC to carry out precision measure-
ments of the properties of the W and Z bosons and the top quark, and of elementary
ete” — 2 fermion reactions. In addition, we have shown that the ILC has excellent
capabilities to study new color-singlet particles that might be present in the mass
range of a few hundred GeV.

The nature of the Higgs boson and the origin of electroweak symmetry breaking
remains a central and puzzling problem. The traditional approaches to this problem
either involve strong coupling in the Higgs sector, building the Higgs boson as a
composite state, or weak coupling in the Higgs sector, realizing the Higgs as one
member of a new multiplet of particles. Both types of models have been reshaped by
the discoveries and exclusions from the LHC.

If the Higgs sector is strongly coupled, the model must be one with a light compos-
ite Higgs boson and additional vectorlike particles at the TeV scale. We have shown
how the precision measurement capabilities of the ILC will give important clues to
the properties of these models that will not be available from the LHC.

If the Higgs sector is weakly coupled, it is very likely that there are new color-
singlet particles that are extremely difficult to study at the LHC. We have argued,
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in particular, that the LHC results motivate models of supersymmetry that have a
spectrum of this type. The colored states of the supersymmetry spectrum may well
be discovered in the 14 TeV program of the LHC. The lightest particles of supersym-
metry, with their possible connection to the dark matter of the universe, will require
the ILC for their proper understanding. For the highly motivated case of natural
supersymmetry, the ILC could make the definitive test of this class of models, since
charged higgsinos are expected to be present with mass below about 200 GeV. If these
light higgsinos do indeed exist, then ILC would be a higgsino factory in addition to
a Higgs factory!

For both types of models, the precision study of the Higgs boson will provide
essential clues. To obtain these clues, we have shown that it will be necessary to
measure the couplings of the Higgs boson at the few percent level. The ILC will give
us that capability.

For all of these reasons, the physics questions that are before us now call for the
ILC as the next major facility in high energy physics.
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