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Université Paris-Sud, France; (d)Cavendish Laboratory, University of Cambridge, UK; (e)Argonne National
Laboratory, Argonne, USA; ( f )DESY, Hamburg, Germany; (g)CERN, Geneva, Switzerland; (h)Tohoku
University, Japan

1 Introduction

The physics motivation for an e+e� linear collider (LC) has been studied in detail for more than 20 years [1]-
[10]. These studies have provided a compelling case for a LC as the next collider at the energy frontier. The
unique strengths of a LC stem from the clean experimental environment arising from e+e� collisions. In
particular, the centre-of-mass energy and initial-state polarisations [11] are precisely known and can be
adjusted, and backgrounds are many orders of magnitude lower than the QCD backgrounds that challenge
hadron collider environments. The low backgrounds permit trigger-free readout, and the measurements and
searches for new phenomena are unbiased and comprehensive. Full event reconstruction is possible. These
favourable experimental conditions will enable the LC to measure the properties of physics at the TeV scale
with unprecedented precision and complementarity to the LHC.

Thanks to the extraordinary achievements of the LHC machine and of the ATLAS and CMS experiments,
our field witnessed a deep revolution in the middle of 2012: the discovery of a new boson. The observation
at the LHC of this new particle compatible with a light Higgs boson strengthens the physics case for a LC
even more.

The main goals of the LC physics programme are:

• precise measurements of the properties of the Higgs sector;

• precise measurements of the interactions of top quarks, gauge bosons, and new particles;

• searches for physics beyond the Standard Model (SM), where, in particular, the discovery reach of the
LC can significantly exceed that of the LHC for the pair-production of colour-neutral states; and

• sensitivity to new physics through tree-level or quantum e↵ects in high-precision observables.

The complementarity of the LC and LHC has been established over many years by a dedicated worldwide
collaborative e↵ort [9]. It has been shown in many contexts that for new particles found at the LHC, the LC
will be essential in determining the properties of these new particles and unraveling the underlying structure
of the new physics.

The development of the SM was a triumph for modern science. The experimental confirmation of the
SU(3)C ⇥ SU(2)L ⇥ U(1)Y gauge structure of the SM and the precise measurement of its parameters were
achieved through a combination of analyses of data from e+e� and hadron colliders and from deep-inelastic
lepton-nucleon scattering. These precision measurements are compatible with the minimal Brout-Englert-
Higgs mechanism of Electroweak Symmetry Breaking (EWSB), through which the masses of all the known

†See Addendum for this committee’s origin and charge. The committee also wishes to express thanks to the many reviewers of
earlier drafts of this report whose input has been very helpful.
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Goals	  of	  the	  Higgs	  Boson	  Study	  

fundamental particles are generated. Within the SM the measurements of electroweak precision observables
show a pronounced preference for a light Higgs boson, below about 150 GeV.

The observation of a new particle compatible with a Higgs boson of mass ⇠ 125 GeV is a major break-
through in particle physics. It represents one of the most significant discoveries of modern science. Given
the far-reaching consequences for our understanding of the fundamental structure of matter and the basic
laws of nature, it is of the highest priority to probe the properties of this particle with a comprehensive set
of high-precision measurements to address such questions as:

• What are the couplings of this particle to other known elementary particles? Is its coupling to each
particle proportional to that particle’s mass, as required in the SM by the Higgs mechanism?

• What are the mass, width, spin and CP properties of this particle?

• What is the value of the particle’s self-coupling? Is this consistent with the expectation from the
symmetry-breaking potential?

• Is this particle a single, fundamental scalar as in the SM, or is it part of a larger structure? Is it part of
a model with additional scalar doublets? Or, could it be a composite state, bound by new interactions?

• Does this particle couple to new particles with no other couplings to the SM? Is the particle mixed
with new scalars of exotic origin, for example, the radion of extra-dimensional models?

The LC provides a unique opportunity to study Higgs properties with su�cient precision to answer these
fundamental questions. The large numbers of Higgs bosons that would be produced at a LC, between 105

and 106 depending on centre-of-mass energy and integrated luminosity, and the clean final states mean
that a LC can be considered as a Higgs factory where the properties of the Higgs boson can be studied in
great detail. In particular, a LC provides the possibility of model-independent measurements of the Higgs
couplings to the gauge bosons and fermions at the few percent level.

Whilst the discovery of a signal compatible with a Higgs boson at the LHC represents a breakthrough in
particle physics, it should be kept in mind that the minimal EWSB theory of the SM without other dynamical
mechanisms has theoretical shortcomings, and a richer and more complex structure is generally favoured.
Most of the ideas for physics beyond the SM (BSM) are driven by the need to achieve a deeper understanding
of the EWSB mechanism. Furthermore, the presence of non-baryonic dark matter in the cosmos is an
experimentally established fact that implies BSM physics. To date, no clear sign of BSM physics has
emerged from LHC data. For new states that are colour-neutral, a LC provides excellent sensitivity for
direct discovery via pair production. This complements the search reach of the LHC, where the highest
sensitivity is achieved for BSM coloured states. Should the two machines be operating concurrently, the LC
results could even provide feed-back to the LHC experiments and vice versa.

The flexibility of the LC will give rise to a rich physics programme which could consist of i) a low-
energy phase with

p
s in the range of 250� 500 GeV, enabling the study of ZH, tt, HHZ and ttH thresholds,

and ii) a high-energy phase with
p

s > 500 GeV allowing a high statistics study of the Higgs boson through
the WW fusion process and allowing access to rarer Higgs production processes such as e+e� ! HH⌫e⌫e.
The choice of the centre-of-mass energy range for the higher energy operation would be determined by the
BSM physics scale, where the flexibility in energy of a LC would allow the threshold behaviour for any new
physics process to be mapped out in detail. While this document focuses on the minimal LC programme,
there are a number of optional phases of LC operation, like GigaZ, which is a high-luminosity Z-factory,
and ee, e� and �� configurations.

Two options for a future e+e� LC have been developed, with di↵erent main linac acceleration schemes.
The International Linear Collider (ILC) uses superconducting RF, whereas the Compact Linear Collider
(CLIC) uses a separate drive beam to provide the accelerating power. The ILC technology is mature and
provides an option for a Higgs and top factory to be constructed on a relatively short timescale. The CLIC
technology provides the potential to reach higher centre-of-mass energies, but it requires further develop-
ment. In recent years there has been extensive collaboration between ILC and CLIC physicists with the
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Fig. 1.1: Production mechanisms of the SM Higgs boson at CLIC (top); the total cross sections as
a function of MH for

p
s = 0.5 TeV (middle-left), and 3 TeV (middle-right), and cross sections as a

function of
p

s for MH = 120 GeV (bottom).

resonances at colliders [16]. Within MSSM extensions the Stueckelberg sector mixes with the Higgs
sector, and the neutralino sector is extended to include additional mass mixing and kinetic mixings [17].
Extensions of the SM with a Higgs singlet and kinetic mixing lead to narrow resonances [18] and can
have significant impact on the Higgs sector [19]. CLIC would have the unprecedented ability to precisely
probe the predictions of the models above. In the situation in which these new states have masses below
the CLIC centre-of-mass energy, new Higgs production channels such as decays Z0 ! HZ0, could occur
and would allow the simultaneous study of the Higgs and new gauge bosons.

In this Section, we will briefly summarise the potential of CLIC with a centre-of-mass energy up
to 3 TeV and with a few ab�1 integrated luminosity to study the Higgs sector in the SM and some of its
extensions. Some features have been discussed in an earlier CLIC report [20] while for some specific
topics, more details will appear in a companion report [21].
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Fig. 1.1: Production mechanisms of the SM Higgs boson at CLIC (top); the total cross sections as
a function of MH for

p
s = 0.5 TeV (middle-left), and 3 TeV (middle-right), and cross sections as a

function of
p

s for MH = 120 GeV (bottom).

resonances at colliders [16]. Within MSSM extensions the Stueckelberg sector mixes with the Higgs
sector, and the neutralino sector is extended to include additional mass mixing and kinetic mixings [17].
Extensions of the SM with a Higgs singlet and kinetic mixing lead to narrow resonances [18] and can
have significant impact on the Higgs sector [19]. CLIC would have the unprecedented ability to precisely
probe the predictions of the models above. In the situation in which these new states have masses below
the CLIC centre-of-mass energy, new Higgs production channels such as decays Z0 ! HZ0, could occur
and would allow the simultaneous study of the Higgs and new gauge bosons.

In this Section, we will briefly summarise the potential of CLIC with a centre-of-mass energy up
to 3 TeV and with a few ab�1 integrated luminosity to study the Higgs sector in the SM and some of its
extensions. Some features have been discussed in an earlier CLIC report [20] while for some specific
topics, more details will appear in a companion report [21].
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Higgs	  boson	  Produc:on	  Cross-‐Sec:ons	  
2 PHYSICS OVERVIEW
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Fig. 2.1: Cross-sections for different production mechanisms for a 125 GeV Higgs boson as a function
of the e+e� centre-of-mass energy.

been done properly and the uncertainty understood well, or whether New Physics is required to account
for this discrepancy. One of the most often studied New Physics explanations is supersymmetry, which
has the feature that large contributions can be obtained from large Yukawa couplings, which are made
possible by the two Higgs doublet nature of the model. A simple parametrisation of supersymmetry
effects is [4]

aSUSY
µ = ±130⇥10�11 ·

✓
100 GeV

MSUSY

◆2

tanb (2.2)

where MSUSY is the universal superpartner mass scale in this simplified expression. Nevertheless, it does
give the correct implication that at least some superpartners should be sub-TeV in order for the g� 2
observable to shift by more than 200⇥10�11 within supersymmetry. This is one of the key data-driven
motivations for the consideration of light supersymmetry accessible to a TeV collider.

2.2.2 Higgs Boson
At different energy stages of CLIC, precision measurements of various observables of the SM Higgs
boson can be carried out. There are several different modes for producing the Higgs boson in e+e�

interactions, which are exemplified in Figure 2.1 for a 125 GeV Higgs boson mass. The cross-sections
are presented as a function of the centre-of-mass energy of e+e� collisions. In Chapter 6 below, these
production cross-sections and the various final states are discussed in the context of benchmark studies
based on full detector simulations. It is there that details are given regarding how well certain properties
of the Higgs boson can be measured for a given luminosity.

As can be seen from Figure 2.1, the vector-boson fusion contributions exceed the Higgsstrahlung
process for higher energies, and indeed play an integral role in the Higgs boson study strategies at these
higher energies (for more details see Chapters 1 and 12 of the CLIC CDR [5]). While several Higgs
couplings are generally already well measured at centre-of-mass energies below 1 TeV, one can profit
from higher luminosities and production cross-sections at larger energies for rare processes, like the
Higgs decay to muons. The figure shows that the top-Yukawa coupling is best measured at centre-of-
mass energies around 1 TeV. The extraction of the Higgs self-coupling using the HHnen̄e final state
requires the highest possible centre-of-mass energy.
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Higgs	  boson	  produc:on	  event	  rates	  
Figure 1: The two main Higgs production processes at a LC.

250 GeV 350 GeV 500 GeV 1 TeV 1.5 TeV 3 TeV
�(e+e� ! ZH) 240 fb 129 fb 57 fb 13 fb 6 fb 1 fb
�(e+e� ! H⌫e⌫e) 8 fb 30 fb 75 fb 210 fb 309 fb 484 fb
Int. L 250 fb�1 350 fb�1 500 fb�1 1000 fb�1 1500 fb�1 2000 fb�1

# ZH events 60,000 45,500 28,500 13,000 7,500 2,000
# H⌫e⌫e events 2,000 10,500 37,500 210,000 460,000 970,000

Table 1: The leading-order Higgs unpolarised cross sections for the Higgs-strahlung and WW-fusion pro-
cesses at various centre-of-mass energies for mH = 125 GeV. Also listed is the expected number of events
accounting for the anticipated luminosities obtainable within 5 years of initial operation at each energy.

2.2 Higgs Coupling Measurements at
p

s < 500 GeV

The Higgs-strahlung process provides the opportunity to study the couplings of the Higgs boson in a model-
independent manner. This is unique to a LC. The clean experimental environment, and the relatively low SM
cross sections for background processes, allow e+e� ! ZH events to be selected based on the identification
of two opposite charged leptons with invariant mass consistent with mZ. The remainder of the event, i.e. the
Higgs decay, is not considered in the event selection. For example, Figure 2 shows the simulated invariant
mass distribution of the system recoiling against identified Z ! µ+µ� decays at a LC for

p
s = 250 GeV.

A clear peak at the generated Higgs mass of mH = 120 GeV is observed. Because only the properties of
the di-lepton system are used in the selection, this method provides an absolute measurement of the Higgs-
strahlung cross section, regardless of the Higgs boson decay modes; it would be equally valid if the Higgs
boson decayed to invisible final states. Hence a model-independent measurement of the coupling gHZZ can
be made. With a dedicated analysis using also the hadronic decays of the Z the sensitivity to invisible
decay modes can be improved very significantly as compared to the fully model-independent analysis. The
LC provides in fact a unique sensitivity to invisible decay modes of the Higgs boson, extending down to a
branching ratio into invisible states as low as 1%. The precisions achievable on the Higgs-strahlung cross
section and the coupling gHZZ are shown in Table 2 for mH = 120 GeV.

The recoil mass study provides an absolute measurement of the total ZH production cross section and
therefore the total number of Higgs bosons produced would be known with a statistical precision of 3 �
4 %. The systematic uncertainties from the knowledge of the integrated luminosity and event selection are
expected to be significantly smaller. Subsequently, by identifying the individual final states for di↵erent
Higgs and Z decay modes, absolute measurements of the Higgs boson branching fractions can be made.
High flavour-tagging e�ciencies are achievable and the H ! bb and H ! cc decays can be separated.
Neglecting the Higgs decays into light quarks, one can also infer the branching ratio of H ! gg. Table 3
summarises the branching fraction precisions achievable at a LC operating at either 250 GeV or 350 GeV
where model-independent measurements of the Higgs boson couplings to the b-quark, c-quark, ⌧-lepton,
W-boson and Z-boson can be made to better than 5 %.

Preliminary results of ongoing studies confirm that a precision of �gttH/gttH ⇠ 10% can be achieved,

4
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Recoil	  Mass	  Measurement	  

Figure 2: The recoil mass distribution for e+e� ! ZH ! µ+µ�H events with mH = 120 GeV in the ILD
detector concept at the ILC [6]. The numbers of events correspond to 250 fb�1 at

p
s = 250 GeV, and the

error bars show the expected statistical uncertainties on the individual points.

p
s 250 GeV 350 GeV

Int. L 250 fb�1 350 fb�1

�(�)/� 3 % 4 %
�(gHZZ)/gHZZ 1.5 % 2 %

Table 2: Precision measurements of the Higgs coupling to the Z at
p

s = 250 GeVand
p

s = 350 GeV based
on full simulation studies with mH = 120 GeV. Results from [6] and follow-up studies.

even near threshold at 500 GeV with 1 ab�1, thanks to the factor of two enhancement of the QCD-induced
bound-state e↵ect. The measurement, which is made di�cult by a very large tt̄ background, relies on the
foreseen performances of the LC detectors. Furthermore, �gH��/gH�� can be measured at ⇠ 5% precision
at a 500 GeV LC with 500 fb�1 of integrated luminosity.

2.3 Higgs Coupling Measurements at
p

s � 500 GeV

The large samples of events from both WW and ZZ fusion processes would lead to a measurement of the
relative couplings of the Higgs boson to the W and Z at the 1 % level. This would provide a strong test of
the SM prediction gHWW/gHZZ = cos2 ✓W .

The ability for clean flavour tagging combined with the large samples of WW fusion events allows the
production rate of e+e� ! H⌫e⌫e ! bb⌫e⌫e to be determined with a precision of better than 1 %. Further-
more, the couplings to the fermions can be measured more precisely at high energies, even when accounting
for the uncertainties on the production process. For example, Table 3 shows the precision on the branching
ratio obtained from full simulation studies as presented in [4]. The uncertainties of the Higgs couplings
can be obtained by combining the high-energy results with those from the Higgs-strahlung process. The
high statistics Higgs samples would allow for very precise measurements of relative branching ratios. For
example, a LC operating at 3 TeV would give a statistical precision of 1.5 % on gHcc/gHbb.

2.4 Higgs Self-Coupling

In the SM, the Higgs boson originates from a doublet of complex scalar fields described by the potential

V(�) = µ2�†� + �(�†�)2 .

5
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Higgs	  Measurements	  at	  Various	  Energies	  
250/350 GeV 500 GeV† 3 TeV 250/350 GeV 500 GeV† 3 TeV

� ⇥ Br(H! bb) 1.0/1.0 % 0.6 % 0.2 % gHbb 1.6/1.4 % ? 2 %
� ⇥ Br(H! cc) 7/6 % 4 % 3 % gHcc 4/3 % 2 % 2 %
� ⇥ Br(H! ⌧⌧) 6⇤/6 % 5 % ? gH⌧⌧ 3⇤/3 % 2.5 % ?
� ⇥ Br(H!WW) 8/6 % 3 % ? gHWW 4/3 % 1.4 % < 2 %
� ⇥ Br(H! µµ) �/� ? 15 % gHµµ �/� � 7.5 %
� ⇥ Br(H! gg) 9/7 % 5 % ? gHWW

gHZZ
?/? ? < 1 %⇤

gHtt �/� 15 % ?

Table 3: The precision on the Higgs branching ratios and couplings obtainable from studies of the Higgs-
strahlung process at a LC operating at either

p
s = 250 GeV,

p
s = 350 GeV and

p
s = 500 GeV. The

dagger on the 500 GeV columns indicates that the quoted numbers are based on projections to be updated
in [7]. The uncertainties on the couplings include the uncertainties on gHZZ obtained from the absolute
measurement of the ZH cross section. Also shown are the precisions achievable from the WW fusion
process at a LC operating at 3 TeV. The numbers marked with asterisk are estimates, all other numbers come
from full simulation studies with mH = 120 GeV. The question marks indicate that the results of ongoing
studies are not yet available. In all cases the luminosities assumed are those given in Table 1.

After spontaneous symmetry breaking, this form of the potential gives rise to a triple Higgs coupling of
strength proportional to �v, where v is the vacuum expectation value of the Higgs potential. The mea-
surement of the strength of the Higgs trilinear self-coupling therefore provides direct access to the quartic
potential coupling � assumed in the Higgs mechanism. This measurement is therefore crucial for experi-
mentally establishing the Higgs mechanism. For a low-mass Higgs boson, the measurement of the Higgs
boson self-coupling at the LHC will be extremely challenging even with 3000 fb�1 of data. At a LC, the
Higgs self-coupling can be measured through the e+e� ! ZHH and e+e� ! HH⌫e⌫e processes [8]. The
precision achievable is currently being studied for the e+e� ! ZHH process at

p
s = 500 GeV and for

the e+e� ! HH⌫e⌫e process at
p

s > 1 TeV. Given the complexity of the final state and the smallness of
the cross sections, these studies are being performed with a full simulation of the LC detector concepts.
The preliminary results indicate that a precision of about 20 % on � could be achieved, with the greatest
sensitivity coming from e+e� ! HH⌫e⌫e.

2.5 Total Higgs Width

For Higgs boson masses below 125 GeV, the total Higgs decay width in the SM (�H) is less than 5 MeV and
cannot be measured directly. Nevertheless, at a LC it can be determined from the relationship between the
total and partial decay widths, for example

�H = �(H!WW⇤)/Br(H!WW⇤) .

Here �(H ! WW⇤) can be determined from the measurement of the HWW coupling obtained from the
fusion process e+e� ! H⌫e⌫e. When combined with the direct measurement of Br(H!WW⇤), this allows
the Higgs width to be inferred. A precision on the total decay width of the Higgs boson of about 5% atp

s = 500 GeV can be reached. This improves to better than 4 % at 1 TeV.

2.6 Impact of the Precision Measurements of the Higgs Couplings

Whilst the precise measurements at a LC of the Higgs couplings to gauge bosons, fermions and to itself are of
interest in their own right, they will be crucial for testing the fundamental prediction of the Higgs mechanism
that the Higgs coupling to di↵erent particles is proportional to masses, as summarised in Figure 3.

The precise measurements at a LC will provide a powerful probe of the structure of the Higgs sector. The
SM with a single Higgs doublet is only one of many possibilities. The model-independent measurements at

6
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In this Analysis we investigated the possibility of the measurement of Higgs self-coupling at ILC
through the process e+ + e− → ZHH using fast simulation data. So far two combinations of decay
modes: Z → qq̄,H → bb̄,H → WW ∗ and Z → ll̄, H → bb̄,H → bb̄ were studied. Our preliminary
results show that it is very challenging to suppress the huge standard model backgrounds effectively.

I. INTRODUCTION

It is well accepted that the discovery of a Higgs-like boson is not enough to fully understand the mechanism of
electro-weak symmetry breaking (EWSB) and mass generation. The Higgs self-coupling can be a non-trivial probe of
the Higgs potential and probably the most decisive test of the EWSB mechanism. In the standard model framework,
the Higgs potential V (Φ) = λ(Φ2 − 1

2v
2)2, where Φ is an isodoublet scalar field and v ≈ 246 GeV is the vacuum

expectation value of its neutral component, is uniquely determined by the self-coupling λ. Obviously, determination
of the Higgs mass, which satisfies m2

H = 2λv2 at tree level, can provide an indirect information about the self-
coupling. The measurement of the trilinear self-coupling λHHH = 6λv offers direct independent determination of the
Higgs potential shape, which is the topic of this analysis.

The trilinear Higgs self-coupling can be measured at ILC through the two leading processes: double Higgs-strahlung
[1–3] and WW fusion [2–7], which are shown in Fig.1. The former is expected to dominate around the center of
mass energy of 500 GeV and the latter to take it over at higher energy. In this analysis we focus on the double
Higgs-strahlung process e+ + e− → ZHH for the Higgs mass of MH = 120 GeV and the center of mass energy of√
s = 500 GeV with the integrated luminosity 2 ab−1.

Depending on the different decay modes of Z and H , there are different methods to identify the signal events. Table
I shows several most promising combinations of decay modes for e+ + e− → ZHH and their branching ratios. Modes
1 and 3 are studied in Ref. [8]. We study the other two modes in this analysis.
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FIG. 1: Leading processes involving trilinear Higgs self-coupling: (Left) Double Higgs-strahlung; (Right) WW fusion.

TABLE I: Most promising modes for e+ + e− → ZHH

Decay Mode Z → H1 → H2 → Branching Ratio
1 qq̄ bb̄ bb̄ 34%
2 qq̄ bb̄ WW ∗ 14%
3 νν̄ bb̄ bb̄ 9.8%
4 ll̄ bb̄ bb̄ 4.9%
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FIG. 3: The classifier obtained by neural net training for signal and tt̄ background.

of tracks with 2.5σ separation from the interaction point. Our preliminary result is listed in Table IV. The final cut
is applied with the neural net for the signal and the ZZZ background after all of the above cuts. We end up with
3 signal events with 0.82 ZZZ events left, while four backgrounds are eliminated. The result shows that the ZHH
events can be observed in this mode with the significance S√

S+B
∼ 1.5σ.

TABLE IV: Cut statistics of e+ + e− → ZHH → (ll̄)(bb̄)(bb̄)

Process ZHH tt̄ ZZZ WWZ ZZ ZH
generated 1M 4.5M 500K 750K 1.25M 250K
theoretical 304 1062000 1600 72300 1030000 140000
pre-selection 15.4 9023 125 1943 3560 1618
mva tt > 0.98
mva wwz > 1.0
mva zz > 0.97 11.7 312 12.9 12.7 16.5 5.6
mva zh > 0.97
mva zzz > 0

70GeV < MZ < 110GeV 9.7 106 11.7 7.5 16.5 0.56
Ycut > 0.015 9.1 91.3 10.6 6.9 6.6 0

2b(H1)(Noff > 0) 6.3 28 5.5 1.8 0 0
2b(H2)(Noff > 1) 3.5 0.71 2.3 0 0 0
mva zzz > 0.86 3.0 0 0.82 0 0 0

IV. SUMMARY

The two modes, e+ + e− → ZHH → (qq̄)(bb̄)(WW ∗) and e+ + e− → ZHH → (ll̄)(bb̄)(bb̄), were investigated for
the purpose of the measurement of the trilinear Higgs self-coupling at ILC for MH = 120 GeV,

√
s = 500 GeV and

the integrated luminosity of 2 ab−1. The former mode is very difficult to use for the signal observation, while the
latter mode can be useful to observe the self-coupling.
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Figure 6: Left: The tt̄ production cross-section scan near the threshold, leading to 30 MeV determination of
the top mass. The study is based on full simulation of the ILD detector and includes initial state radiation,
beamstrahlung and other machine-induced e↵ects [7]. Right: Search reach in the mA � tan � plane for LHC
and for 3 TeV LC. The yellow and green regions are limits already in place from Tevatron and LHC (7 TeV
run) analyses. The black line is a 5� discovery projection for the LHC at 14 TeV with 300 fb�1 [12] (limits
are roughly 150 GeV uniformly higher with 3000 fb�1), and the red line is a projection for 3 TeV e+e� with
3 ab�1 of integrated luminosity [4].

mass, the strength and the chiral structure of the e+e��� interaction, as well as the dominant partial wave of
the production process can be determined.

LC measurements can also provide a comprehensive set of high-precision experimental information on
the properties of the dark matter particle and the other states a↵ecting annihilation and co-annihilation of
the dark matter particle. This can then be used to predict the dark matter relic density in our Universe. The
comparison of the prediction based on the measurements of new physics states at the LHC and the LC with
the precise measurement of the relic density from cosmological data would constitute an excellent test of
the dark matter hypothesis.

4.3 Additional Higgs Bosons

After the confirmation of the existence of a state compatible with the SM Higgs boson, there is still the
prospect of additional Higgs bosons in the spectrum. These additional Higgs bosons include extra singlet
Higgs bosons that mix with the SM-type Higgs boson. Or, there may be an extra SU(2)L doublet that fills
out the full Higgs sector of the theory.

Again, supersymmetry provides a calculable framework through which to analyze the discovery prospects
of an extra Higgs boson. Over a large part of the parameter space the Higgs sector consists of one light state
(mh <⇠ 135 GeV) whose couplings are very similar to the SM Higgs boson, and four extra states (A0, H0 and
H±) of nearly equal mass. Figure 6 shows the direct discovery reach of the heavy Higgs bosons at the LHC
and a 3 TeV LC as a function of mA. The result is impressive, with a search capacity for the heavy Higgs
near

p
s/2 for the LC. If the dark matter particle has less than half the mass of a Higgs boson, invisible

Higgs decays could be another good way to identify it. This possibility can be studied in detail at the LC for
all Higgs bosons within its kinematic reach.

An extended Higgs sector could also contain a light Higgs, possibly in addition to a SM-like Higgs at
about 125 GeV, with a mass below the LEP limit of about 114 GeV and with suppressed couplings to gauge
bosons. While at the LHC the search for such a light Higgs state will be very challenging in the standard
search channels, at the LC there will be a high sensitivity for probing scenarios of this kind.
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Figure 7: Expected confidence level of discovery σconf with ∫ Ldt = 3 ab−1 from the signal
 ννH →  ννZZ → l+l− j j+MET . The markers represent the data points. From top
to bottom, the curves correspond to MH = 1.0, 1.5, 2.0 TeV. The filled regions rep-
resent the systematic error due to the unknown suppression of the background from
the beamstrahlung luminosity spread, and are absolute bounds. The upper and lower
limits represent beamstrahlung background suppression factors (see text) of 0.3 and
1.0 respectively, and the central line 0.65. Statistical errors are $ 3%.

Figure 8: H → hh→ b  bb  b decay mode.

4 Conclusions
Although current searches for new physics at the TeV-scale are focussed on the experiments at
the LHC, it should be remembered that there are possible states that could influence the elec-
troweak symmetry breaking sector yet remain undiscovered there, but which could be discovered
by new experiments that we currently have the capability of building. One such possibility is
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1 Introduction
In addition to the known particles and interactions of the Standard Model (SM), there are many
compelling reasons to consider a ‘hidden world’ of particles. We define a hidden sector gener-
ically as any set of particles, in addition to those of the SM, that are not charged under any of
the SM gauge groups. The possibilities for such models are endless, and if they have no testable
consequences then such speculation has little scientific merit. However, there do exist a limited
number of interactions that could exist between a hidden sector and the SM that are renormal-
isable and relevant or marginal, i.e. corresponding to terms in the Lagrangian with dimension
≤ 4 and which therefore are not suppressed below some energy scale. Thus, it is reasonable to
identify and explore such possibilities as potential windows into a hidden sector. One possibility
is kinetic mixing of Abelian gauge fields of the hidden sector and the SM [1], where the resulting
phenomenology overlaps with standard Z′ physics [2].

A second possibility is a renormalisable interaction between scalar fields in the two sectors.
This mixing would be between the SM Higgs boson, which may have already been discov-
ered [3], and an exotic singlet scalar state that obtains a vacuum expectation value. This possibil-
ity therefore corresponds to an extended Higgs sector, with a new scalar that may be responsible
for spontaneous symmetry breaking in the hidden sector. For concreteness, we study a minimal
‘toy model’ of this type – the hidden abelian Higgs model [4] – which involves the addition of
a new scalar singlet charged under a U(1)hid gauge symmetry. The phenomenological conse-
quences of this model for LHC physics have been well studied, but there are significant regions
of the parameter space in which the new Higgs particle would be very difficult to detect at the
LHC if its mass is ! 1 TeV [5]. The purpose of the present work, therefore, is to investigate the
possibility of detecting such a particle at the Compact Linear Collider (CLIC), a future electron-
positron collider experiment currently under discussion [6]. This experiment would have some
advantages for detecting such a particle when compared to the LHC, so this possibility is well
worth exploring. We present our key findings on the basis of a parton level analysis for the
recoil mass spectrum from e+e−H production in sections 3.1, the ν  νH → j jl+l−+MET signal
in section 3.2, and finally the H → hh→ 4b signature in 3.3.

2 Hidden Abelian Higgs Model
We begin with a review of the hidden abelian Higgs model. In this model the hidden sector
contains a complex scalar singlet ΦH which is charged under a U(1)hid gauge symmetry. The
Higgs Lagrangian is

LHiggs =|DµΦSM|2 + |DµΦH |2 +m2
ΦSM

|ΦSM|2 +m2
ΦH

|ΦH |2

−λ |ΦSM|4 −ρ |ΦH |4 −η |ΦSM|2|ΦH |2
(1)

with m2
ΦSM

, m2
ΦH

, λ and ρ all positive (while η can take either sign). In this case, the U(1)hid
gauge symmetry is spontaneously broken by ΦH taking a particular vacuum expectation value
(vev) (〈ΦH〉 = ξ/

√
2 = mΦH/

√
2λ ). The resultant massless Goldstone mode gets absorbed by

the vector boson corresponding to the Abelian gauge symmetry, as in the SM. In the unitary

2

gauge which eliminates the unphysical Goldstone modes, the scalar fields can be written

ΦSM =
1√
2

(

0
v+φSM(x)

)

, ΦH =
1√
2
(ξ +φH(x)) (2)

where v(! 246 GeV) and ξ are the vevs ofΦSM andΦH , while φSM(x) and φH(x) are the massive
modes of these fields. However, the mixing term η |ΦSM|2|ΦH |2 means that the physical mass
eigenstates h, H of the theory are a linear combination of the two

φSM =cosω h+ sinωH
φH =−sinω h+ cosωH

(3)

where we choose MH >Mh, with

tan2ω =
ηvξ

ρξ 2−λv2
(4)

M2
h,H = (λv2+ρξ 2)∓

√

(λv2−ρξ 2)2+η2v2ξ 2. (5)

The Higgs masses and mixing are subject to a number of constraints. Precision electroweak
constraints and direct searches play central roles in constraining what the parameter space can
be. The model has four free parameters. Starting with two key observables – MH and sinω –
one is left with two parameters that can be chosen freely. An analysis of the parameter space
of the theory [5] has shown that large regions are compatible with the theoretical constraints,
including the regions which are explored in this paper.
For MH ≥ 2Mh, which we assume throughout this study, the decay H → hh is possible. The

partial width for this decay is given by the tree level formula

Γ(H → hh) =
|µ |2

8πMH

√

1−
4M2

h
M2
H
, (6)

where µ is the coupling associated with the h2H term in the Lagrangian, the expression for which
can be found in [5]. H can also decay into the SM particles, predominantlyWW , ZZ or tt, with a
width Γ(H→ SM)= sin2ωΓSM(H→ SM), where ΓSM(H→ SM)∼M3

H is the standard tree level
result for a SM Higgs of mass MH . H could, in principle, also decay to hidden sector particles
with a hidden width Γhid . This possibility has been discussed in [4], and in section 3.1 we
briefly touch on a CLIC search channel which could be useful if the hidden width is significant.
However, in this paper we assume that hidden decays of H are kinematically forbidden (i.e.
the mass of the hidden sector products exceeds MH) and so only the SM and H → hh decay
channels contribute to the total width. The sin2ω suppression of widths is central to this study.
A SMHiggs resonance becomes so wide once its mass is in the trans-TeV region that it becomes
impossible to find and it can no longer be understood as a particle. This suppression allows us to
keep the H resonance reasonably narrow despite its large mass, and therefore to exploit standard
search channels which have already been considered for the heavy (but sub-TeV) SM Higgs
case.
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Figure 7: Expected confidence level of discovery σconf with ∫ Ldt = 3 ab−1 from the signal
 ννH →  ννZZ → l+l− j j+MET . The markers represent the data points. From top
to bottom, the curves correspond to MH = 1.0, 1.5, 2.0 TeV. The filled regions rep-
resent the systematic error due to the unknown suppression of the background from
the beamstrahlung luminosity spread, and are absolute bounds. The upper and lower
limits represent beamstrahlung background suppression factors (see text) of 0.3 and
1.0 respectively, and the central line 0.65. Statistical errors are $ 3%.

Figure 8: H → hh→ b  bb  b decay mode.

4 Conclusions
Although current searches for new physics at the TeV-scale are focussed on the experiments at
the LHC, it should be remembered that there are possible states that could influence the elec-
troweak symmetry breaking sector yet remain undiscovered there, but which could be discovered
by new experiments that we currently have the capability of building. One such possibility is
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Figure 6: Left: The tt̄ production cross-section scan near the threshold, leading to 30 MeV determination of
the top mass. The study is based on full simulation of the ILD detector and includes initial state radiation,
beamstrahlung and other machine-induced e↵ects [7]. Right: Search reach in the mA � tan � plane for LHC
and for 3 TeV LC. The yellow and green regions are limits already in place from Tevatron and LHC (7 TeV
run) analyses. The black line is a 5� discovery projection for the LHC at 14 TeV with 300 fb�1 [12] (limits
are roughly 150 GeV uniformly higher with 3000 fb�1), and the red line is a projection for 3 TeV e+e� with
3 ab�1 of integrated luminosity [4].

mass, the strength and the chiral structure of the e+e��� interaction, as well as the dominant partial wave of
the production process can be determined.

LC measurements can also provide a comprehensive set of high-precision experimental information on
the properties of the dark matter particle and the other states a↵ecting annihilation and co-annihilation of
the dark matter particle. This can then be used to predict the dark matter relic density in our Universe. The
comparison of the prediction based on the measurements of new physics states at the LHC and the LC with
the precise measurement of the relic density from cosmological data would constitute an excellent test of
the dark matter hypothesis.

4.3 Additional Higgs Bosons

After the confirmation of the existence of a state compatible with the SM Higgs boson, there is still the
prospect of additional Higgs bosons in the spectrum. These additional Higgs bosons include extra singlet
Higgs bosons that mix with the SM-type Higgs boson. Or, there may be an extra SU(2)L doublet that fills
out the full Higgs sector of the theory.

Again, supersymmetry provides a calculable framework through which to analyze the discovery prospects
of an extra Higgs boson. Over a large part of the parameter space the Higgs sector consists of one light state
(mh <⇠ 135 GeV) whose couplings are very similar to the SM Higgs boson, and four extra states (A0, H0 and
H±) of nearly equal mass. Figure 6 shows the direct discovery reach of the heavy Higgs bosons at the LHC
and a 3 TeV LC as a function of mA. The result is impressive, with a search capacity for the heavy Higgs
near

p
s/2 for the LC. If the dark matter particle has less than half the mass of a Higgs boson, invisible

Higgs decays could be another good way to identify it. This possibility can be studied in detail at the LC for
all Higgs bosons within its kinematic reach.

An extended Higgs sector could also contain a light Higgs, possibly in addition to a SM-like Higgs at
about 125 GeV, with a mass below the LEP limit of about 114 GeV and with suppressed couplings to gauge
bosons. While at the LHC the search for such a light Higgs state will be very challenging in the standard
search channels, at the LC there will be a high sensitivity for probing scenarios of this kind.
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and for 3 TeV LC. The yellow and green regions are limits already in place from Tevatron and LHC (7 TeV
run) analyses. The black line is a 5� discovery projection for the LHC at 14 TeV with 300 fb�1 [12] (limits
are roughly 150 GeV uniformly higher with 3000 fb�1), and the red line is a projection for 3 TeV e+e� with
3 ab�1 of integrated luminosity [4].

mass, the strength and the chiral structure of the e+e��� interaction, as well as the dominant partial wave of
the production process can be determined.
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Again, supersymmetry provides a calculable framework through which to analyze the discovery prospects
of an extra Higgs boson. Over a large part of the parameter space the Higgs sector consists of one light state
(mh <⇠ 135 GeV) whose couplings are very similar to the SM Higgs boson, and four extra states (A0, H0 and
H±) of nearly equal mass. Figure 6 shows the direct discovery reach of the heavy Higgs bosons at the LHC
and a 3 TeV LC as a function of mA. The result is impressive, with a search capacity for the heavy Higgs
near

p
s/2 for the LC. If the dark matter particle has less than half the mass of a Higgs boson, invisible

Higgs decays could be another good way to identify it. This possibility can be studied in detail at the LC for
all Higgs bosons within its kinematic reach.

An extended Higgs sector could also contain a light Higgs, possibly in addition to a SM-like Higgs at
about 125 GeV, with a mass below the LEP limit of about 114 GeV and with suppressed couplings to gauge
bosons. While at the LHC the search for such a light Higgs state will be very challenging in the standard
search channels, at the LC there will be a high sensitivity for probing scenarios of this kind.
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mass, the strength and the chiral structure of the e+e��� interaction, as well as the dominant partial wave of
the production process can be determined.

LC measurements can also provide a comprehensive set of high-precision experimental information on
the properties of the dark matter particle and the other states a↵ecting annihilation and co-annihilation of
the dark matter particle. This can then be used to predict the dark matter relic density in our Universe. The
comparison of the prediction based on the measurements of new physics states at the LHC and the LC with
the precise measurement of the relic density from cosmological data would constitute an excellent test of
the dark matter hypothesis.

4.3 Additional Higgs Bosons

After the confirmation of the existence of a state compatible with the SM Higgs boson, there is still the
prospect of additional Higgs bosons in the spectrum. These additional Higgs bosons include extra singlet
Higgs bosons that mix with the SM-type Higgs boson. Or, there may be an extra SU(2)L doublet that fills
out the full Higgs sector of the theory.

Again, supersymmetry provides a calculable framework through which to analyze the discovery prospects
of an extra Higgs boson. Over a large part of the parameter space the Higgs sector consists of one light state
(mh <⇠ 135 GeV) whose couplings are very similar to the SM Higgs boson, and four extra states (A0, H0 and
H±) of nearly equal mass. Figure 6 shows the direct discovery reach of the heavy Higgs bosons at the LHC
and a 3 TeV LC as a function of mA. The result is impressive, with a search capacity for the heavy Higgs
near

p
s/2 for the LC. If the dark matter particle has less than half the mass of a Higgs boson, invisible

Higgs decays could be another good way to identify it. This possibility can be studied in detail at the LC for
all Higgs bosons within its kinematic reach.

An extended Higgs sector could also contain a light Higgs, possibly in addition to a SM-like Higgs at
about 125 GeV, with a mass below the LEP limit of about 114 GeV and with suppressed couplings to gauge
bosons. While at the LHC the search for such a light Higgs state will be very challenging in the standard
search channels, at the LC there will be a high sensitivity for probing scenarios of this kind.

13

Nominal CMS energy [GeV]
345 350 355

Cr
os

s 
se

ct
io

n 
[p

b]

0

0.2

0.4

0.6

0.8  threshold - 1s mass 174.0 GeVtt
TOPPIK NNLO + ILC350 BS + ISR

/point-1Simulated data: 10 fb
 200 MeV±Top mass 

CP � odd Higgs mass MA [GeV]

ta
n

�

CLIC SUSY Higgs Mass Reach

 

 

CLIC
�

s = 3 TeV

e+e� � HA

200 400 600 800 1000 1200 1400 1600

5

10

15

20

25

30

35

40

45

50

55

 CLIC 3 ab−1

 Tevatron 95% C.L.
 LHC−7 95% C.L.
 LHC−14  

Figure 6: Left: The tt̄ production cross-section scan near the threshold, leading to 30 MeV determination of
the top mass. The study is based on full simulation of the ILD detector and includes initial state radiation,
beamstrahlung and other machine-induced e↵ects [7]. Right: Search reach in the mA � tan � plane for LHC
and for 3 TeV LC. The yellow and green regions are limits already in place from Tevatron and LHC (7 TeV
run) analyses. The black line is a 5� discovery projection for the LHC at 14 TeV with 300 fb�1 [12] (limits
are roughly 150 GeV uniformly higher with 3000 fb�1), and the red line is a projection for 3 TeV e+e� with
3 ab�1 of integrated luminosity [4].

mass, the strength and the chiral structure of the e+e��� interaction, as well as the dominant partial wave of
the production process can be determined.

LC measurements can also provide a comprehensive set of high-precision experimental information on
the properties of the dark matter particle and the other states a↵ecting annihilation and co-annihilation of
the dark matter particle. This can then be used to predict the dark matter relic density in our Universe. The
comparison of the prediction based on the measurements of new physics states at the LHC and the LC with
the precise measurement of the relic density from cosmological data would constitute an excellent test of
the dark matter hypothesis.

4.3 Additional Higgs Bosons

After the confirmation of the existence of a state compatible with the SM Higgs boson, there is still the
prospect of additional Higgs bosons in the spectrum. These additional Higgs bosons include extra singlet
Higgs bosons that mix with the SM-type Higgs boson. Or, there may be an extra SU(2)L doublet that fills
out the full Higgs sector of the theory.

Again, supersymmetry provides a calculable framework through which to analyze the discovery prospects
of an extra Higgs boson. Over a large part of the parameter space the Higgs sector consists of one light state
(mh <⇠ 135 GeV) whose couplings are very similar to the SM Higgs boson, and four extra states (A0, H0 and
H±) of nearly equal mass. Figure 6 shows the direct discovery reach of the heavy Higgs bosons at the LHC
and a 3 TeV LC as a function of mA. The result is impressive, with a search capacity for the heavy Higgs
near

p
s/2 for the LC. If the dark matter particle has less than half the mass of a Higgs boson, invisible

Higgs decays could be another good way to identify it. This possibility can be studied in detail at the LC for
all Higgs bosons within its kinematic reach.

An extended Higgs sector could also contain a light Higgs, possibly in addition to a SM-like Higgs at
about 125 GeV, with a mass below the LEP limit of about 114 GeV and with suppressed couplings to gauge
bosons. While at the LHC the search for such a light Higgs state will be very challenging in the standard
search channels, at the LC there will be a high sensitivity for probing scenarios of this kind.

13



Where	  is	  New	  Physics?	  

Mass scale [TeV]
-110 1 10 210

O
th

er
Ex

cit
. f

er
m

.
Ne

w 
qu

ar
ks

LQ
V'

CI
Ex

tra
 d

im
en

sio
ns

llqmVector-like quark : NC, 
qνlmVector-like quark : CC, 
jjmColor octet scalar : dijet resonance, 
µµ

m)=1) : SS dimuon, µµ→
L
±± (DY prod., BR(HL

±±H
 (LRSM, no mixing) : 2-lep + jetsRW

Major. neutr. (LRSM, no mixing) : 2-lep + jets
,WZT

mlll), νTechni-hadrons : WZ resonance (
µµee/mTechni-hadrons : dilepton, 
γµ

m resonance, γ-µExcited muon : 
γem resonance, γExcited electron : e-
jjmExcited quarks : dijet resonance, 

jetγ
m-jet resonance, γExcited quarks : ,missTE : 1-lep + jets + 0A0 + At t→ exo. 4th gen.TT

Zb
m Zb+X, →'bNew quark b' : b'

 WtWt→4d
4

 generation : dth4
 WbWb→4u

4
 generation : uth4

 WqWq→4Q
4

 generation : Qth4
jjνµjj, µµ=1) : kin. vars. in βScalar LQ pairs (
jjν=1) : kin. vars. in eejj, eβScalar LQ pairs (
µT,e/mSSM  W' : 
µµee/mSSM Z' : 

,missTEuutt CI : SS dilepton + jets + 
ll

m combined, µµqqll CI : ee, 
)

jj
m(χqqqq contact interaction : 

)jjm(
χ

Quantum black hole : dijet, F T
pΣ=3) : leptons + jets, DM /THMADD BH (

ch. part.N=3) : SS dimuon, DM /THMADD BH (
jetsN, 

T
pΣ=3) : multijet, DM /THMADD BH ( tt

m l+jets, → t=-0.20 : tsg/
qqgKK

gRS with 
llll / lljjm = 0.1 : ZZ resonance, PlM/kRS with 

llm = 0.1 : dilepton, PlM/kRS with 
γγm = 0.1 : diphoton, PlM/kRS with 

,missT
E + γγUED : 

Large ED (ADD) : diphoton
Large ED (ADD) : monojet

)Q/mν = qQκQ mass (coupling 760 GeV  (2011) [1112.5755]-1=1.0 fbL

)Q/mν = qQκQ mass (coupling 900 GeV  (2011) [1112.5755]-1=1.0 fbL

Scalar resonance mass1.94 TeV  (2011) [ATLAS-CONF-2012-038]-1=4.8 fbL

 massL
±±H355 GeV  (2011) [1201.1091]-1=1.6 fbL

(N) < 1.4 GeV)m mass (RW2.4 TeV  (2011) [Preliminary]-1=2.1 fbL

) = 2 TeV)R(WmN mass (1.5 TeV  (2011) [Preliminary]-1=2.1 fbL

))
T
ρ(m) = 1.1 T(am, Wm) + Tπ(m) = 

T
ρ(m mass (

T
ρ483 GeV  (2011) [Preliminary]-1=1.0 fbL

) = 100 GeV)Tπ(m) - Tω/T
ρ(m mass (Tω/T

ρ470 GeV  (2011) [ATLAS-CONF-2011-125]-1=1.1-1.2 fbL

*))µ = m(Λ* mass (µ1.9 TeV  (2011) [ATLAS-CONF-2012-023]-1=4.8 fbL

 = m(e*))Λe* mass (2.0 TeV  (2011) [ATLAS-CONF-2012-023]-1=4.9 fbL

q* mass3.35 TeV  (2011) [ATLAS-CONF-2012-038]-1=4.8 fbL

q* mass2.46 TeV  (2011) [1112.3580]-1=2.1 fbL

) < 140 GeV)0(AmT mass (420 GeV  (2011) [1109.4725]-1=1.0 fbL

b' mass400 GeV  (2011) [Preliminary]-1=2.0 fbL

 mass4d480 GeV  (2011) [Preliminary]-1=1.0 fbL

 mass4u404 GeV  (2011) [1202.3076]-1=1.0 fbL

 mass4Q350 GeV  (2011) [1202.3389]-1=1.0 fbL

 gen. LQ massnd2685 GeV  (2011) [Preliminary]-1=1.0 fbL

 gen. LQ massst1660 GeV  (2011) [1112.4828]-1=1.0 fbL

W' mass2.15 TeV  (2011) [1108.1316]-1=1.0 fbL

Z' mass2.21 TeV  (2011) [ATLAS-CONF-2012-007]-1=4.9-5.0 fbL

Λ1.7 TeV  (2011) [1202.5520]-1=1.0 fbL

 (constructive int.)Λ10.2 TeV  (2011) [1112.4462]-1=1.1-1.2 fbL

Λ7.8 TeV  (2011) [ATLAS-CONF-2012-038]-1=4.8 fbL

=6)δ (DM4.11 TeV  (2011) [ATLAS-CONF-2012-038]-1=4.7 fbL

=6)δ (DM1.5 TeV  (2011) [ATLAS-CONF-2011-147]-1=1.0 fbL

=6)δ (DM1.25 TeV  (2011) [1111.0080]-1=1.3 fbL

=6)δ (DM1.37 TeV  (2010) [ATLAS-CONF-2011-068]-1=35 pbL

KK gluon mass1.03 TeV  (2011) [ATLAS-CONF-2012-029]-1=2.1 fbL

Graviton mass845 GeV  (2011) [1203.0718]-1=1.0 fbL

Graviton mass2.16 TeV  (2011) [ATLAS-CONF-2012-007]-1=4.9-5.0 fbL

Graviton mass1.85 TeV  (2011) [1112.2194]-1=2.1 fbL

Compact. scale 1/R (SPS8)1.23 TeV  (2011) [1111.4116]-1=1.1 fbL

 (GRW cut-off)SM3.0 TeV  (2011) [1112.2194]-1=2.1 fbL

=2)δ (DM3.2 TeV  (2011) [ATLAS-CONF-2011-096]-1=1.0 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = (0.04 - 5.0) fbLdt∫
 = 7 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: March 2012)



Mass scale [TeV]
-110 1 10

RP
V

Lo
ng

-li
ve

d 
pa

rti
cle

s
DG

Th
ird

 g
en

er
at

io
n

In
clu

siv
e 

se
ar

ch
es

klm ≈ ijmHypercolour scalar gluons : 4 jets, 
,missTEMSUGRA/CMSSM - BC1 RPV : 4-lepton + 
,missTEBilinear RPV : 1-lep + j's + 
µRPV : high-mass e
τ∼GMSB : stable 

SMP : R-hadrons (Pixel det. only)
SMP : R-hadrons
SMP : R-hadrons

Stable massive particles (SMP) : R-hadrons

±

1
χ∼AMSB : long-lived 

,missTE) : 3-lep + 0
1
χ∼ 3l → 0

2
χ∼±

1
χ∼Direct gaugino (

,missTE) : 2-lep SS + 0
1
χ∼ 3l → 0

2
χ∼±

1
χ∼Direct gaugino (

,missT
Ell) + b-jet + → (GMSB) : Z(t~t~Direct 

,missTE) : 2 b-jets + 0
1
χ∼ b→1b~ (b~b~Direct 

,missTE) : multi-j's + 0
1
χ∼tt→g~ (t~Gluino med. 

,missTE) : 2-lep (SS) + j's + 0
1
χ∼tt→g~ (t~Gluino med. 

,missTE) : 1-lep + b-j's + 0
1
χ∼tt→g~ (t~Gluino med. 

,missTE) : 0-lep + b-j's + 0
1
χ∼bb→g~ (b~Gluino med. 

,missT
E + γγGGM : 

,missT
E + j's + τGMSB : 2-

,missT
E + j's + τGMSB : 1-

,missTE + SFGMSB : 2-lep OS
,missTE) : 1-lep + j's + ±χ∼q q→g~ (±χ∼Gluino med. 
,missTEPheno model : 0-lep + j's + 
,missTEPheno model : 0-lep + j's + 
,missTEMSUGRA/CMSSM : multijets + 
,missTEMSUGRA/CMSSM : 1-lep + j's + 
,missTEMSUGRA/CMSSM : 0-lep + j's + 

 3 GeV)± 140 ≈ sgm < 100 GeV,  sgmsgluon mass (excl: 185 GeV  (2010) [1110.2693]-1=34 pbL

 massg~1.77 TeV  (2011) [ATLAS-CONF-2012-035]-1=2.1 fbL

 < 15 mm)LSPτ mass (cg~ = q~760 GeV  (2011) [1109.6606]-1=1.0 fbL

=0.05)312λ=0.10, ,
311λ mass (τν

∼
1.32 TeV  (2011) [1109.3089]-1=1.1 fbL

 massτ∼136 GeV  (2010) [1106.4495]-1=37 pbL

 massg~810 GeV  (2011) [ATLAS-CONF-2012-022]-1=2.1 fbL

 masst~309 GeV  (2010) [1103.1984]-1=34 pbL

 massb~294 GeV  (2010) [1103.1984]-1=34 pbL

 massg~562 GeV  (2010) [1103.1984]-1=34 pbL

) < 2 ns, 90 GeV limit in [0.2,90] ns)±

1χ
∼(τ mass (1 < ±

1χ
∼118 GeV 

 (2011) [CF-2012-034]-1=4.7 fbL

) < 170 GeV, and as above)0
1χ
∼(m mass (±

1χ
∼250 GeV  (2011) [ATLAS-CONF-2012-023]-1=2.1 fbL

)))0
2χ
∼(m) + 0

1χ
∼(m(2

1) = ν∼,l~(m), 0
2χ
∼(m) = ±

1χ
∼(m, 0

1χ
∼) < 40 GeV, 0

1χ
∼(m mass ((±

1χ
∼170 GeV  (2011) [1110.6189]-1=1.0 fbL

) < 230 GeV)0
1χ
∼(m mass (115 < t~310 GeV  (2011) [ATLAS-CONF-2012-036]-1=2.1 fbL

) < 60 GeV)0
1χ
∼(m mass (b~390 GeV  (2011) [1112.3832]-1=2.1 fbL

) < 200 GeV)0
1χ
∼(m mass (g~830 GeV  (2011) [ATLAS-CONF-2012-037]-1=4.7 fbL

) < 210 GeV)0
1χ
∼(m mass (g~650 GeV  (2011) [ATLAS-CONF-2012-004]-1=2.1 fbL

) < 150 GeV)0
1χ
∼(m mass (g~710 GeV  (2011) [ATLAS-CONF-2012-003]-1=2.1 fbL

) < 300 GeV)0
1χ
∼(m mass (g~900 GeV  (2011) [ATLAS-CONF-2012-003]-1=2.1 fbL

) > 50 GeV)0
1χ
∼(m mass (g~805 GeV  (2011) [1111.4116]-1=1.1 fbL

 > 20)β mass (tang~990 GeV  (2011) [ATLAS-CONF-2012-002]-1=2.1 fbL

 > 20)β mass (tang~920 GeV  (2011) [ATLAS-CONF-2012-005]-1=2.1 fbL

 < 35)β mass (tang~810 GeV  (2011) [ATLAS-CONF-2011-156]-1=1.0 fbL

))g~(m)+0
χ∼(m(2

1) = ±
χ∼(m) < 200 GeV, 0

1χ
∼(m mass (g~900 GeV  (2011) [ATLAS-CONF-2012-041]-1=4.7 fbL

)0
1χ
∼) < 2 TeV, light q~(m mass  (g~940 GeV  (2011) [ATLAS-CONF-2012-033]-1=4.7 fbL

)0
1χ
∼) < 2 TeV, light g~(m mass  (q~1.38 TeV  (2011) [ATLAS-CONF-2012-033]-1=4.7 fbL

)0m mass  (large g~850 GeV  (2011) [ATLAS-CONF-2012-037]-1=4.7 fbL

 massg~ = q~1.20 TeV  (2011) [ATLAS-CONF-2012-041]-1=4.7 fbL

 massg~ = q~1.40 TeV  (2011) [ATLAS-CONF-2012-033]-1=4.7 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = (0.03 - 4.7) fbLdt∫
 = 7 TeVs

ATLAS
Preliminary

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: March 2012)



New	  Physics	  (NP)	  Targets	  
At	  present	  no	  compelling	  higher	  energy	  (>	  higgs,top	  scale)	  target	  
for	  direct	  NP.	  
	  
NP	  considera/ons	  then	  argue	  for	  “highest	  energy	  achievable”	  with	  
appropriately	  scaled	  luminosity.	  
	  
No	  “Physics	  Case”	  can	  be	  made	  directly	  from	  NP	  considera/ons.	  
However,	  the	  “Physics	  Poten/al”	  can	  be	  detailed.	  
	  
Study	  “best”	  NP	  scenarios	  of	  today	  and	  ask	  if	  LC	  at	  some	  energy	  
and	  luminosity	  can	  provide	  substan/al,	  important	  and	  qualita/ve	  
gains	  over	  previous	  experiments	  (LHC,	  etc.).	  
	  
Studies	  have	  shown	  very	  strong	  “Physics	  Poten/al”	  for	  LC,	  with	  
that	  poten/al	  increasing	  with	  collision	  energy.	  
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Figure 5: Left: Cross section at threshold for the production of the superpartners of the right-handed muons
at the LC, e+e� ! µ̃Rµ̃R, from which the spin of the produced particles can be determined and their mass
can be precisely measured (limited by statistics; the plot shows a ‘di�cult’ scenario with backgrounds
from other light SUSY particles). Right: Determination of the chargino mixing angles cos 2�L,R from LC
measurements with polarised beams and at di↵erent centre-of-mass energies.

of the cross-section versus near-threshold energy. The precise measurement of the couplings then enables
tests and resolutions of the underlying structure. Detailed measurements of this kind will be crucial for dis-
criminating di↵erent sources of new physics. For example, the predictions for the spins, quantum numbers,
couplings and certain mass relations are characteristic features of supersymmetry that need to be experi-
mentally tested. Furthermore, the precision measurements of the electroweak superpartner masses at the
LC, combined with the measurements of the masses of the strongly interacting superpartner masses at the
LHC, enable us to test many ideas of the underlying organisational principle for supersymmetry breaking.
Through renormalisation group scaling of well-measured parameters one gets access to the high-scale (e.g.,
scale of Grand Unification ⇠ 1016 GeV) structure of the theory, enabling a test of properties like coupling
and mass unification.

4.2 Dark Matter

It is well established now that the Universe must contain a sizable fraction of cold dark matter. An ideal
candidate for this dark matter is a chargeless massive state � that interacts with approximately weak gauge
force strength (weakly interacting massive particle, “WIMP”).

There are several model-dependent prospects for finding dark matter at the LHC and LC. These include
cascade decays of parent particles that terminate in a stable dark matter particle candidate that carries o↵
missing energy. These missing energy signature rates depend crucially on many di↵erent parameters of the
overarching theory and generally have little to do with the couplings directly relevant to the dark matter
particle itself.

On the other hand, a more direct and less model-dependent search for dark matter focusses on the
(e↵ective) ff�� interaction. If the annihilation cross-section is in accordance with the observed relic density,
there are good prospects for the production of dark matter directly at colliders through ff ! ���, where
the initial-state radiated photon (or gluon) is needed to tag the event. The sensitivity of this process at
the LHC is limited because of significant backgrounds. While at the LHC and in direct detection searches
the WIMP interaction with quarks is probed, the LC provides complementary information on the WIMP
interaction with electrons. Within the clean LC environment, making use of polarised beams, the WIMP

12



Supersymmetry	  Example	  

2.4 ENERGY STAGING

to ⇠ 5 TeV, but cannot see effects of the Z0 even indirectly on qq̄! `+`� at mass scales above that [10].
On the other hand, the linear collider cannot compete for the direct resonance bump searches due to its
centre-of-mass energy being limited; yet, the sensitivity to the Z0 through non-resonance e+e� ! µ+µ�
signals, for example, can far exceed the limits of the LHC.

Given the current sensitivities and limits of the LHC to strongly coupled physics and to new reso-
nance states, we focus our discussion in Chapter 6 on supersymmetry and Z0 analyses. Supersymmetry is
an excellent example theory to explore CLIC’s capacity to measure new electroweak states. It is a highly
motivated theory of physics beyond the SM for a wide range of reasons, and it is a complete, calculable
and rich theory of electroweak-scale physics by which to formulate benchmark processes in order to
investigate the collider’s capabilities in a well-understood way. The results will be largely transferable to
any other electroweak theory nature may choose.

To make the study concrete, and to provide an illustration of the physics potential of a staged
CLIC machine, we have produced an example supersymmetric model (model III) [11]. This scenario is
consistent with all known constraints on supersymmetry, and furthermore has a lightest supersymmetric
particle with relic abundance computed to be what is needed to be the cold dark matter of the universe.
The mass spectrum of this model in units of GeV is

Neutralinos (c̃0
1,2,3,4) : 357, 487, 904, 911

Charginos (c̃±1,2) : 487, 911
Sleptons (ẽR, ẽL, ñe) : 559, 650, 644

(t̃1, t̃2, ñt) : 517, 642, 630
Gluino (g̃) : 1114

Squarks (t̃1, t̃2, b̃1, b̃2) : 844, 1120, 1078, 1191
(d̃R, ũR, d̃L, ũL) : 2167, 2181, 2197, 2196

Higgs Bosons (h0, A0, H0, H±) : 118, 765, 765, 769

This spectrum is close in spirit to the simplified mSUGRA models but with non-uniform squark masses.
This spectrum was chosen for our benchmark studies before the 125 GeV boson discovery was made.
With small alterations a spectrum with the same qualitative features can be achieved. Here, second
generation sfermions have the same mass as the first generation sfermions. The value of tanb is 10.

In order to have an overview of the various pair-production cross-sections in the theory, we show in
Figure 2.2 the cross-sections as a function of e+e� centre-of-mass energy. These cross-sections generally
range from a fraction of a fb to tens of fb. Therefore, in order to achieve the < 1% accuracies necessary
to discover and study supersymmetry well at CLIC, we need at least hundreds of fb�1 of integrated
luminosity for the full panoply of possible measurements.

2.4 Energy Staging
As summarised in Chapter 3, the CLIC technology has been shown to be flexible and robust enough
to offer the possibility of building towards its final energy in several stages. There is flexibility in the
energy choices for these stages, but one possibility discussed in this report is to have a first energy stage
at
p

s = 500 GeV. This stage, which includes the possibility to tune to lower centre-of-mass energies,
enables a guaranteed physics case of top quark physics and precision measurements of the Higgs boson
sector. The Higgs boson mass and several coupling measurements can be made there. In addition, it
will provide the ability to perform scans around the tt̄ production threshold, devoting about 100 fb�1 to
measure the top mass with < 100 MeV precision.

The physics potential of the remaining CLIC energy stages is more speculative. Generically, a
theory of physics beyond the SM will have multiple mass scales by which the exotic states are organ-
ised, and which are tied by O(1) couplings to an overall mass scale of the theory. One hopes that the
results from the LHC can shed light on the various appropriate CLIC energy stages. Prior to the data,

15

2 PHYSICS OVERVIEW

 [GeV]s
0 1000 2000 3000

C
ro

ss
-s

ec
tio

n 
[fb

]

-210

-110

1

10

210

310 tt H+X
SUSY model III

Higgs
e~, µ∼, τ∼

charginos
squarks

tSM t
eν
∼, µν

∼, τν
∼

neutralinos

Fig. 2.2: Supersymmetry cross-sections for pairs of superpartners in model III as a function of e+e�

centre-of-mass energy. The H + X cross-section is for a SM Higgs boson with mass 125 GeV. The
lightest Higgs boson of supersymmetry is expected to have couplings very close to those of the SM
Higgs boson.

one approach to considering staging is to assume that all New Physics particles not charged under the
strong interaction will have a different mass than particles that are. This is due to gs being the largest
known coupling constant, and quantum renormalisation effects generally will separate strongly interact-
ing particle masses from electroweak interacting masses. This is a qualitatively true statement for the
SM fermions, and it is well-known to be the case in other frameworks beyond the SM. Thus, we can state
that the two other stages are an "electroweak stage" and a "strong stage". There are other ways in which
nature may order the mass thresholds, for example a "chiral stage" (new chirally interacting fermions)
and "non-chiral stage" (vector-like fermions). There are numerous other possibilities. Whatever is the
underlying principle that gives mass gaps in the New Physics sector, it is not a priori known what precise
energies are needed in order to separate out the study of these scales.

Keeping these challenges in mind, let us nevertheless for illustration discuss the case of an "elec-
troweak stage" and a "strong stage" in the context of our example supersymmetry model III, discussed
in the previous section. For example, in stage 1 with energy 500 GeV, adjustable down to e.g. ⇠ 2 · mt ,
one can study the Higgs boson and top quark properties with high precision. This forms the core of
the physics case for a low-energy linear collider. In stage 2 at 1.4 (1.5) TeV we can repeat many of the
measurements. This repetition is useful because at higher energies cross-section ratios are different and
the extraction of mass parameters, mixings and widths in a different physics background environment
is an excellent cross-check on the results obtained from the lower energy. In addition, new processes
open up. In the Higgs analysis the tt̄H study is now possible with reasonable event rates and the Higgs
self-coupling can be measured. Furthermore, in the example supersymmetry model, there are many
electroweak states that become kinematically accessible at this higher energy. These particles and cross-
sections can then be measured with less of the supersymmetry background than a higher energy collider
would have to face when many more new particles are kinematically accessible. Ultimately, in stage 3 at
3 TeV one can repeat all the measurements of stage 2, which again will cross-check results in a different
background environment with different observables at higher energy. The triple Higgs coupling can now
be measured with higher precision. In addition, more states become kinematically accessible. In particu-
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6.4 SUPERSYMMETRY

e+e� ! ee+
R ee�R and e+e� ! eneene are measured with a statistical uncertainty of 2.7%, 1.1% and 3.6%,

respectively. More details on the study are given in [18].
For higher-mass sleptons in the TeV range, an identical study was performed for a 3 TeV CLIC

collider, achieving comparable precision [1]. This demonstrates that such measurements are very robust
at CLIC, provided the particles are produced with sufficient cross-sections at the available centre-of-mass
energy.

6.4.1.2 Staus

The potential for et measurements is studied with the process e+e� ! et1et1, as presented in detail in [13].
In model III, the et1 with a mass of 517 GeV decays with a branching ratio of 99% to t and c̃0

1 , making
t identification the key performance criterion for this analysis. The t particles are reconstructed using
a seeded cone-based jet clustering algorithm which places additional constraints on the seed’s pT , the
invariant mass, and the isolation of the t candidate [19]. Only t-leptons decaying to hadrons with a
branching fraction of 65% are considered in the analysis. For this, t jets with either one or three charged
tracks and no leptons are selected. Signal events are discriminated from SM and SUSY background by
means of a boosted decision tree using event shape variables as well as kinematic information from the
t candidates and overall event energy information.

The low multiplicity of charged tracks in the t decay makes this analysis particularly sensitive to
additional hadrons originating from gg ! hadrons background. While the background does not affect
the energy reconstruction of the t candidates, it strongly affects the identification efficiency. With tight
timing cuts following the particle flow reconstruction, the impact of the background can be largely elim-
inated. Figure 6.5 left shows the distribution of the reconstructed t energy after all cuts for signal and
background.
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Fig. 6.5: Reconstructed t energy after event selection with a BDT. Signal and background histograms are
stacked (left). c2 values for templates with different et mass assumptions compared to the reconstructed
energy distribution. The measured et mass is given by the minimum of the distribution. The generated
et mass is 517 GeV (right).

The mass and production cross-section of the et1 are determined from a two-dimensional template
fit to the energy distribution of the reconstructed t-leptons using templates with varying et1 masses. With
this fit, the et1 mass is determined with a statistical precision of 2%, and the cross-section is determined
with a statistical precision of 7.5%. For the fit, the c̃0

1 mass is assumed to be known from the measurement
of first and second generation sleptons discussed above. The uncertainty on the c̃0

1 mass has a negligible
effect compared to the statistical uncertainties of the et1 mass determination. The mass assumption used
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6.6 SUMMARY

Table 6.2: Summary of full detector-simulation results obtained under realistic CLIC beam conditions in
the top quark studies. The first (second) threshold scan contains 6 points (10 points) separated by 1 GeV
and with 10 fb�1 of luminosity at each point.

Top studies
p

s Technique Measured Integrated Unit Generator Stat.
(GeV) quantity luminosity (fb�1) value error

350 Threshold scan
Mass 6⇥10 GeV 174 0.021

Mass 10⇥10 GeV 174 0.033
aS 0.118 0.0009

500 Invariant mass Mass 100 GeV 174 0.060

Table 6.3: Summary table of the CLIC SUSY benchmark analyses results obtained with full detector
simulations with background overlaid. All studies are performed at a centre-of-mass energy of 1.4 TeV
and for an integrated luminosity of 1.5 ab�1.

p
s Process Decay mode SUSY Measured Unit Gene- Stat.

(TeV) model quantity rator error
value

1.4

eµ+
R eµ�R ! µ+µ�ec0

1 ec0
1

III

s fb 1.11 2.7%
˜̀ mass GeV 560.8 0.1%
ec0

1 mass GeV 357.8 0.1%

Sleptons
ee+

R ee�R ! e+e�ec0
1 ec0

1

s fb 5.7 1.1%
production ˜̀ mass GeV 558.1 0.1%

ec0
1 mass GeV 357.1 0.1%

eneene ! ec0
1 ec0

1 e+e�W+W�
s fb 5.6 3.6%
˜̀ mass GeV 644.3 2.5%
ec±1 mass GeV 487.6 2.7%

1.4 Stau et+
1 et�1 ! t+t�ec0

1 ec0
1 III

et1 mass GeV 517 2.0%
production s fb 2.4 7.5%

1.4

Chargino ec+
1 ec�1 ! ec0

1 ec0
1W+W�

III

ec±1 mass GeV 487 0.2%
production s fb 15.3 1.3%

Neutralino ec0
2 ec0

2 ! h/Z0h/Z0ec0
1 ec0

1
ec0

2 mass GeV 487 0.1%
production s fb 5.4 1.2%
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Z’	  physics:	  Extraordinary	  discovery	  reach	  (well	  beyond	  LHC),	  and	  
simultaneous	  capability	  to	  determine	  couplings	  and	  discern	  models.	  
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LHC	  

Extreme	  sensi/vity	  (>>	  LHC)	  to	  
higher	  dimensional	  operators.	  



Conclusions	  

Excellent	  opportuni/es	  to	  study	  Higgs,	  top	  and	  New	  Physics	  at	  
many	  energy	  stages	  from	  240	  GeV	  on	  upwards.	  
	  
Clear	  “physics	  case”	  for	  LC	  studying	  to	  death	  the	  Higgs	  boson	  
and	  top	  quark	  in	  energy	  range	  of	  240	  GeV	  to	  ~600	  GeV	  (from	  ZH	  
maximum	  cross-‐sec/on	  to	  H_	  maximum	  cross-‐sec/on).	  
	  
Clear	  “physics	  poten/al”	  for	  LC	  exploring	  NP	  in	  the	  range	  of	  LHC	  
discoveries	  and	  beyond,	  for	  energies	  of	  ~1	  TeV	  and	  beyond.	  


