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Landmark discovery of Boson H(125) marks 
the start of long-awaited new research line in 
the field of particle physics. 
 
•  a good candidate for the first fundamental scalar! 

•  is it the long-sought Higgs boson of the 
(minimal) Standard Model? 

•  is it responsible for EWSB? (i.e. is it the excitation 
of a scalar field with v ≠ 0 ? 

•  does it cure the divergence of SM amplitudes at 
high E (WLWLàWLWL ...)? 

•  Is it embedded into a larger non-SM Higgs sector? 

•  Is it elementary or composite? 

•  Does it provide a window to BSM physics? 

à Study the particle with all possible  
     experimental means to the greatest precision 
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Update of the European Strategy for Particle Physics 
by the European Strategy Group for Particle Physics 

 

Preamble 

Since the adoption of the European Strategy for Particle Physics in 2006, the field has made 
impressive progress in the pursuit of its core mission, elucidating the laws of nature at the most 
fundamental level. A giant leap, the discovery of the Higgs boson, has been accompanied by many 
experimental results confirming the Standard Model beyond the previously explored energy scales. 
These results raise further questions on the origin of elementary particle masses and on the role of the 
Higgs boson in the more fundamental theory underlying the Standard Model, which may involve 
additional particles to be discovered around the TeV scale. Significant progress is being made towards 
solving long-standing puzzles such as the matter-antimatter asymmetry of the Universe and the nature 
of the mysterious dark matter. The observation of a new type of neutrino oscillation has opened the 
way for future investigations of matter-antimatter asymmetry in the neutrino sector. Intriguing 
prospects are emerging for experiments at the overlap with astroparticle physics and cosmology. 
Against the backdrop of dramatic developments in our understanding of the science landscape, 
Europe is updating its Strategy for Particle Physics in order to define the community’s direction for 
the coming years and to prepare for the long-term future of the field. 
 

General issues 

a) The success of the LHC is proof of the effectiveness of the European organisational model for 
particle physics, founded on the sustained long-term commitment of the CERN Member States and of 
the national institutes, laboratories and universities closely collaborating with CERN. Europe should 
preserve this model in order to keep its leading role, sustaining the success of particle physics and the 
benefits it brings to the wider society.  
 
b) The scale of the facilities required by particle physics is resulting in the globalisation of the field. 
The European Strategy takes into account the worldwide particle physics landscape and 
developments in related fields and should continue to do so. 
 

High-priority large-scale scientific activities 

After careful analysis of many possible large-scale scientific activities requiring significant resources, 
sizeable collaborations and sustained commitment, the following four activities have been identified 
as carrying the highest priority. 
 
c) The discovery of the Higgs boson is the start of a major programme of work to measure this 
particle’s properties with the highest possible precision for testing the validity of the Standard Model 
and to search for further new physics at the energy frontier. The LHC is in a unique position to pursue 
this programme. Europe’s top priority should be the exploitation of the full potential of the LHC, 
including the high-luminosity upgrade of the machine and detectors with a view to collecting ten times 
more data than in the initial design, by around 2030. This upgrade programme will also provide 
further exciting opportunities for the study of flavour physics and the quark-gluon plasma. 
 
d) To stay at the forefront of particle physics, Europe needs to be in a position to propose an 
ambitious post-LHC accelerator project at CERN by the time of the next Strategy update, when 
physics results from the LHC running at 14 TeV will be available. CERN should undertake design 
studies for accelerator projects in a global context, with emphasis on proton-proton and electron-
positron high-energy frontier machines. These design studies should be coupled to a vigorous 

c)  LHC à HL-LHC (until around 2030) 
 
d) propose post-LHC machine at CERN by next update (~5y) à do R&D 
 
 
 
 
 
 
 
 
f) neutrinos: pave the way for substantial European role in long-baseline expts 
 
 

!
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accelerator R&D programme, including high-field magnets and high-gradient accelerating 
structures, in collaboration with national institutes, laboratories and universities worldwide. 
 
e) There is a strong scientific case for an electron-positron collider, complementary to the LHC, that 
can study the properties of the Higgs boson and other particles with unprecedented precision and 
whose energy can be upgraded. The Technical Design Report of the International Linear Collider 
(ILC) has been completed, with large European participation. The initiative from the Japanese particle 
physics community to host the ILC in Japan is most welcome, and European groups are eager to 
participate. Europe looks forward to a proposal from Japan to discuss a possible participation. 
 
f) Rapid progress in neutrino oscillation physics, with significant European involvement, has 
established a strong scientific case for a long-baseline neutrino programme exploring CP violation and 
the mass hierarchy in the neutrino sector. CERN should develop a neutrino programme to pave the 
way for a substantial European role in future long-baseline experiments. Europe should explore the 
possibility of major participation in leading long-baseline neutrino projects in the US and Japan. 
 

Other scientific activities essential to the particle physics programme 

g) Theory is a strong driver of particle physics and provides essential input to experiments, witness 
the major role played by theory in the recent discovery of the Higgs boson, from the foundations of 
the Standard Model to detailed calculations guiding the experimental searches. Europe should support 
a diverse, vibrant theoretical physics programme, ranging from abstract to applied topics, in close 
collaboration with experiments and extending to neighbouring fields such as astroparticle physics 
and cosmology. Such support should extend also to high-performance computing and software 
development. 
 
h) Experiments studying quark flavour physics, investigating dipole moments, searching for charged-
lepton flavour violation and performing other precision measurements at lower energies, such as those 
with neutrons, muons and antiprotons, may give access to higher energy scales than direct particle 
production or put fundamental symmetries to the test. They can be based in national laboratories, with 
a moderate cost and smaller collaborations. Experiments in Europe with unique reach should be 
supported, as well as participation in experiments in other regions of the world. 
 
i) The success of particle physics experiments, such as those required for the high-luminosity LHC, 
relies on innovative instrumentation, state-of-the-art infrastructures and large-scale data-intensive 
computing. Detector R&D programmes should be supported strongly at CERN, national institutes, 
laboratories and universities. Infrastructure and engineering capabilities for the R&D programme 
and construction of large detectors, as well as infrastructures for data analysis, data preservation and 
distributed data-intensive computing should be maintained and further developed. 
 
j) A range of important non-accelerator experiments take place at the overlap of particle and 
astroparticle physics, such as searches for proton decay, neutrinoless double beta decay and dark 
matter, and the study of high-energy cosmic-rays. These experiments address fundamental questions 
beyond the Standard Model of particle physics. The exchange of information between CERN and 
ApPEC has progressed since 2006. In the coming years, CERN should seek a closer collaboration 
with ApPEC on detector R&D with a view to maintaining the community’s capability for unique 
projects in this field. 
 
k) A variety of research lines at the boundary between particle and nuclear physics require dedicated 
experiments. The CERN Laboratory should maintain its capability to perform unique experiments. 
CERN should continue to work with NuPECC on topics of mutual interest. 
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An excess of events  
 
A new boson in search for the Higgs 
 
A Higgs-like boson 
 
A Higgs boson ? 
 
The Higgs boson ?? 
 
The SM Higgs boson ??? 

tim
e 

Where are we? 
 
What do we need to know? 
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Physics Challenges for Understanding EWSB

The Puzzle of Electroweak Symmetry Breaking

Higgs-like particle at
mh ≈ 125 GeV!

A whole new window of
experimental and theoretical
possibilities opens!

It fits very well into the SM

But is the SM really correctly
describing EWSB? Need very
precise model independent
confirmation

Why is that so important?
Up to 2011, we directly
studied only half of the
EW SM Lagrangian!
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Only began to explore this part

at ATLAS and CMS in 2011
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Bottom-up reconstruction 
of the Higgs Lagrangian 
 
-  Higgs gauge couplings 
-  Higgs fermion couplings 
    (largest # of SM par´s) 
-  Higgs mass (µ) 
-  Higgs self coupling (λ) 
-  Coupling structure (CP) 

Are we ready to call it 
„a Higgs boson“ ? 
„the Higgs boson“ ? 
 
scientific goal:  
understand EWSB (!) 
through studying the new 
particle 
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Only one example (theory provides many...): 
 
Fit LHC and Tevatron „signal strength“ parameters to the MSSM 
taking into account limits, B-physics constraints etc.  
 
à both h and H provide a reasonable fit 

•  tiny differences between best fit and SM 
•  tiny differences between h and H hypotheses 
•  Δµ/µ ≲ 5%-20% 

[Bechtle, Heinemeyer, Stal, Stefaniak, Weiglein, Zeune arXiv:1211.1955] 

Physics Challenges for Understanding EWSB

What precision do we need?

New Physics example from PB, Heinemeyer, Stal, Stefaniak, Weiglein,

Zeune arXiv:1211.1955 [hep-ph]

e.g. 0 1 µfit H to datafit h to data

Fit the MSSM to the LHC and Tevatron data with either the h or the
H as particle explaining the Higgs observation, taking limits,
B-physivs, etc into account

Partly tiny differences between the fit and the SM (blue line µ = 1)

Partly small differences between the h and the H interpretation

In many channels, expect no more than (µh − 1)/∆µexp ≈ 5− 20%

Given ∆µexp ≈ 50− 100% now, need up to ∆µexp ≈ 2.5% in the end!

P. Bechtle: Physics at the ILC DPG Dresden 08.03.2013 8
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Proton proton collisions Electron positron collisions 

p p e+ e- 

(other: γγàH, epàH+X, µµàH) 

Status of the ATLAS Experiment 

Marumi Kado (LAL, Orsay) 

On behalf of the ATLAS Collaboration 

Recent (Selected) Highlights 

Higgs’s  year! 

p-value = probability of 
observing such a result if 
the Higgs was not there  
-> ~10-12 

Is like flipping a coin  
40 times and getting 40 heads   

S.Bolognesi on behalf CMS CERN Council meeting – December 2012 2 

LHC 

Running! 

Today:   ~30 fb-1  @ 7/8 TeV 
~2021    300 fb-1  @ 14 TeV 
~2030  3000 fb-1  @ 14 TeV  HL-LHC 

CLIC e+e� Linear Collider Studies

Additional Input on the Higgs self-coupling
complementing submission ID 99

January 21st, 2013

This document provides input from the CLIC e+e� linear collider studies to the update process of the
European Strategy for Particle Physics. It is submitted on behalf of the CLIC/CTF3 collaboration and

the CLIC detector and physics study.

Corresponding editors: Tomas Lastovicka, Lucie Linssen, Jan Strube, Mark Thomson

1 Introduction

The measurement of the Higgs tri-linear self-coupling is a key component of a complete study of the
Higgs mechanism, since it provides the possibility for a direct exploration of the Higgs potential. Above
an centre-of-mass of 1 TeV, the dominating process for double Higgs production is the WW fusion
process. This process is currently being studied both at 1.4 TeV and at 3 TeV. This measurement is an
important part of the physics programme at a linear collider [1, 2]. While these studies are still ongoing,
we feel the analysis is important enough to share preliminary results.

2 Analysis Overview

The aim of the analysis is to measure the Higgs tri-linear self-coupling constant lHHH of the Higgs
potential in Higgs boson pair production. The event topology of signal events in the channel HHnn is
four jets and missing energy.

The main challenges of this analysis are a small signal cross section (0.16 fb at
p

s = 1.4 TeV and 0.63 fb
at
p

s = 3 TeV) and large backgrounds, as well as the reconstruction of forward jets. Diagrams that are
not sensitive to the Higgs tri-linear self-coupling contribute to the quoted cross sections destructively.
The cross sections for double Higgs production with lHHH = 0 are about twice as high as in the SM
(0.4 fb at

p
s = 1.4 TeV and 1.3 fb at

p
s = 3 TeV).

In the reconstruction, events are forced into four jets. With rising
p

s, the events tend more in the forward
direction, such that parts of jets and isolated leptons are outside of the detector acceptance. We consider
background from channels with two quarks and with and without missing energy (for the 3 TeV analysis
only), two quarks and one or two charged leptons, channels with four quarks with or without missing
energy, as well channels with four quarks and one or two charged leptons. Their cross sections are up to
three to four orders of magnitude higher than the signal cross section.

The thrust axis divides the event into two hemispheres, and jets are paired by hemisphere, if possible, or
by kinematic fitting otherwise. After a loose pre-selection, the event selection is performed by a neural
network that has been trained on large samples of signal events and the dominant backgrounds. The
number of signal and background events selected in a cut-and-count analysis is listed in Table 1. The
uncertainties quoted in this note are obtained from a fit to the whole neural net spectrum.

3 Summary and Outlook

The production cross section of the channel HHnn can be measured at a CLIC with unpolarised beams
with 1.5 ab�1 at

p
s = 1.4 TeV with a statistical uncertainty of about 25% and with 2.0 ab�1 at

p
s =

3 TeV with a statistical uncertainty of 10%. The dependence of the cross section of this process on lHHH

1

LEP3   90..240GeV         (27 km) 
TLEP   90..240..350GeV (80 km) 

Linear colliders: 

250...500...1000 GeV 

250...1400...3000 GeV 

TDR 

CDR 

proposal 

Circular colliders: 
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Mass 
gZ (m.i.) 
BR´s 
(LHC)-invisible 

Γtot 

gt  (ILC,CLIC) 

gHHH (ILC500) 

gHHH (ILC1000, 
          CLIC) 

•  Many processes at different √s needed & accessible 

30 CHAPTER 2. ENERGY FRONTIER

study this boson in the clean environment of e+e� collisions. Since the boson has been
seen in its ZZ-decay and given the indications that it also decays to WW , the main
LC production modes, Higgs-strahlung and WW -fusion can be exploited, allowing for
a model-independent reconstruction of the profile of this Higgs-like particle (hereafter
called “Higgs boson” for simplicity).

For a LC, there are qualitative di↵erences to the LHC which in turn lead to quanti-
tative improvements for the determination of the parameters of the Higgs sector. The
precise measurements of these parameters allows for the identification of the nature of
underlying physics. The experimental anchor of LC Higgs physics is the possibility to
observe the Higgs boson in Higgs-strahlung, e+e� ! HZ as a resonance in the mass
recoiling against a leptonically decaying Z-boson independent of a specific Higgs decay,
see Fig. 2.13 (right). This allows for the direct reconstruction of gHZ , the Higgs-Z cou-
pling. Thus, inherently any Higgs branching ratios and couplings can be determined
absolutely and without correlations. This includes potential beyond-SM decays such as
e.g. invisible decays, decays into light quarks etc.

 [GeV]s
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Fig. 9: Left: Production cross-sections of the SM Higgs boson in e+e� collisions as a function of
p

s for
mH = 125 GeV. Right: SUSY production cross-sections of model III as a function of

p
s. Every line of

a given colour corresponds to the production cross section of one particle in the legend.

Table 5: Summary of results obtained in the Higgs studies for mH =120 GeV. All analyses at centre-of-
mass energies of 350 GeV and 500 GeV assume an integrated luminosity of 500 fb�1, while the analyses
at 1.4 TeV (3 TeV) assume 1.5 ab�1(2 ab�1).

Higgs studies for mH =120 GeV
p

s Process Decay Measured Unit Generator Stat. Comment(GeV) mode quantity value error

350 ZH ! µ+µ�X
� fb 4.9 4.9% Model

Mass GeV 120 0.131 independent,
using Z-recoil

500
SM Higgs

ZH ! qq̄qq̄
�⇥ BR fb 34.4 1.6% ZH ! qq̄qq̄

production Mass GeV 120 0.100 mass
reconstruction

500 ZH,H��̄ �⇥ BR fb 80.7 1.0% Inclusive

! ��̄qq̄ Mass GeV 120 0.100 sample

1400 H ! �+��

�⇥ BR fb

19.8 <3.7%

3000
WW H ! bb̄ 285 0.22%
fusion H ! cc̄ 13 3.2%

H ! µ+µ� 0.12 15.7%

Higgs
1400 WW tri-linear ⇠20%
3000 fusion coupling ⇠20%

gHHH

10

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

�
s = 250 GeV, and the

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

�
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
�

s = 250 GeVand
�

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
�

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

Figure 2.13: (Left) Cross sections for various Higgs boson production processes in e+e� col-
lisions. (Right) Recoil mass distribution for e+e� ! ZH ! µ+µ�H events at the ILC for
mH = 120 GeV and 250 fb�1 at

p
s = 250 GeV.

The reconstruction of the Higgs boson profile requires di↵erent steps in centre-of-mass
energy. The recoil mass spectrum as well as branching ratios (b, c, ⌧ , g, W , Z, �) can
be measured in Higgs-strahlung where the maximum of the cross section for a 125 GeV
Higgs boson is around 250 GeV. Given the inherent, approximately linear, increase of
instantaneous luminosity with

p
s, comparable accuracies can be achieved at 250 GeV

and 350 GeV. The most precise method to reconstruct the total decay width involves the
precise measurement of the WW -fusion cross-section which rises logarithmically with

p
s

and requires at least 350 GeV.
Since the H ! tt̄ decay is kinematically forbidden, the top Yukawa coupling needs to

be measured in e+e� ! tt̄H. The cross section has a broad maximum around 700 GeV.
The top Yukawa coupling can be measured with ⇠ 15% precision at

p
s = 500 GeV for

500 fb�1[10].
The measurement of a non-zero trilinear Higgs coupling �HHH signals a non-trivial

structure of the Higgs potential and thus spontaneous symmetry breaking. At the LC
it can be accessed mainly through two di↵erent production mechanisms, e+e� ! HHZ

ILC 
CLIC 
LEP3 
TLEP 
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LHC now 
 
mH = 125.2 ± 0.3 (stat) ± 0.6 (syst) GeV    (ATLAS) 
mH = 125.8 ± 0.4 (stat) ± 0.4 (syst) GeV    (CMS) 
 
à ΔmH ≈ 500 MeV (today) 
 
LHC goal 
 
à ΔmH ≈ 100 MeV (syst. limited) 
 
ILC 
 
à ΔmH ≈ 30 MeV from recoil mass and/or  

direct reconstruction (e.g. HZà bbqq, kin. fit) 

fundamental SM parameter à measure as precisely as possible 
however, compare to o(GeV) uncertainty of mH prediction in MSSM 
here Δmtop of utmost importance 

preliminary 
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ILC:  
 
In addition to HàZZà4l sensitivity: 
 
-   β vs β3 rise of σHZ near threshold 
-  production angle in HZ 
-  spin correlations in Hàττ, ttH 
 
unambigous exclusion of J=2 
 
few % sensitivity to CP-odd admixture η 
 

[S
ch

um
ac

he
r] 

LHC: Decay angle analysis in HàZZà4l and 
Hàγγ 
 
prefer J=0 over 2 and CP + over - at few σ level 
LHC will do good job here 

First Analysis of Spin in the H → γγ  Channel 

Using the inclusive analysis 

I  Expected3sensi8vity:3exclusion3of3the3spin32+3hypothesis3at3the397%3CL33
I  Observed3exclusion3of3spin32+3hypothesis3at3the391%3CL33
33333Observa8on3compa8ble3with3spin303(within30.5σ3)3

I3333Sensi8ve3variable3is3dihoton3cos θ*3distribu8on3

I3333Use3events3within31.5σ3of3the3peak3(mH=126.53GeV)3

1.4σ3
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Analysis of Spin in the H → 4l Channel 
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σ

vis
=σ

prod
×BR(H→ f )

Collider experiments measure rates / visible cross sections for certain final states 

LHC: 
 
Accessible production modes:  
gg fusion 
vector boson fusion 
WH/ZH associated production 
ttH production 

LC: 
 
Accessible production modes:  
 
HZ (Higgs-strahlung) 
vector boson fusion (WW/ZZ) 
ttH 

signal strength µ = σvis/σvis (SM) 



ILC: „signal strength“ 
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Chapter 2. Higgs Boson

Table 2.6.4: Expected accuracies for cross section times branching ratio measure-
ments for the 125 GeV h boson.

�(� · BR)/(� · BR)p
s and L 250 fb�1 at 250 GeV 500 fb�1 at 500 GeV 1 ab�1 at 1 TeV

(Pe� , Pe+) (-0.8,+0.3) (-0.8,+0.3) (-0.8,+0.2)
mode Zh ⌫⌫h Zh ⌫⌫h ⌫⌫h

h ! bb 1.1% 10.5% 1.8% 0.66% 0.47%
h ! cc 7.4% - 12% 6.2% 7.6%
h ! gg 9.1% - 14% 4.1% 3.1%
h ! WW ⇤ 6.4% - 9.2% 2.6% 3.3%
h ! ⌧+⌧� 4.2% - 5.4% 14% 3.5%
h ! ZZ⇤ 19% - 25% 8.2% 4.4%
h ! �� 29-38% - 29-38% 20-26% 7-10%
h ! µ+µ� 100% - - - 32%

2.7 Summary of measurement precisions expected at ILC

For historical reasons, most of the full simulation studies we discussed above were
done for mh = 120GeV. Given the likelihood that the new particle discovered at the
LHC is a Higgs boson, we would like to know the ILC capabilities for a Higgs boson
of mass 125 GeV. These can be obtained by extrapolation of the full-simulation
results, taking into account the changes in the signal and background as well as
the changes in the pattern of Higgs boson branching ratios as the assumed mass is
changed. The extrapolated results for the � ·BR measurements at di↵erent energies

Table 2.6.5: Expected accuracies for top Yukawa and self-coupling measurements
of the 125GeV h boson. The current analyses use the h ! bb mode only.

process
p

s [GeV] L [ab�1] (Pe� , Pe+) �(� · BR)/(� · BR) �g/g

tth 500 1 (-0.8,+0.3) 25% 13%
Zhh 500 2 (-0.8,+0.3) 32% 53%
tth 1000 1 (-0.8,+0.2) 8.7% 4.5%
⌫⌫hh 1000 2 (-0.8,+0.2) 26% 21%

62 —DRAFT— Last built: March 31, 2013

[ILC DBD physics book - draft] 

significant recent analysis effort towards ILC TDR (DBD) 
all based on very detailed full detector simulation (ILD/SiD) 
all are statistics limited (check bb) à push for luminosity! 
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Eur. Phys. J. C (2013) 73:2343 Page 7 of 9

ity of entries in each template sample bin is expected to be
given by the Poisson statistics:

Pijk = µne−µ

n!
(
n ≡ Ndata

ijk ,µ ≡ N
template
ijk

)
, (3)

where Pijk and Ndata
ijk are the probability of entries and

the number of data entries at the (i, j, k) bin, respectively.
N

template
ijk is given by

N
template
ijk =

∑

s=bb̄,cc̄,gg

rs · Ns
ijk + N

bkg
ijk , (4)

where Ns
ijk is the number of entries at the (i, j, k) bin in each

H → bb̄, cc̄, and gg template; N
bkg
ijk is the number of entries

in the background template sample, which is the sum of the

SM background events and the Higgs-to-nonhadronic decay
events. rbb̄ , rcc̄, and rgg are the parameters to be determined
by template fitting. They are defined as the Higgs branching
ratios to H → bb̄, cc̄ and gg, respectively, normalized SM
BRs,

rs = σ · BR(H → s)

σ SM · BR(H → s)SM
(s = bb̄, cc̄, gg). (5)

Here σ is the measured Higgs production cross section and
σ SM and BR(H → s)SM are respectively the cross section
and branching ratio in the SM. From Eq. (5), the measure-
ment accuracies of σ · BR are obtained as follows;

"(σ · BR)

σ · BR
(H → s) = "rs

rs
(s = bb̄, cc̄, gg).

Fig. 6 Two-dimensional projections of three-dimensional template for b-likeness vs. c-likeness

Table 4 Summary of template fitting results rs and accuracies of (σ · BR) and BR after correcting σ for an accuracy of 2.5 % at
√

s = 250 GeV
assuming L = 250 fb−1 with P (e−, e+) = (−0.8,+0.3)

νν̄H qq̄H e+e−H µ+µ−H Comb.

rbb̄ 1.00 ± 0.02 1.00 ± 0.01 1.00 ± 0.04 1.00 ± 0.03 1.00 ± 0.01

rcc̄ 1.02 ± 0.11 1.01 ± 0.10 1.02 ± 0.27 1.01 ± 0.23 1.02 ± 0.07

rgg 1.02 ± 0.14 1.02 ± 0.13 1.05 ± 0.33 1.02 ± 0.24 1.02 ± 0.09
"(σ ·BR)

σ ·BR (H → bb̄) (%) 1.7 1.5 3.8 3.3 1.0
"(σ ·BR)

σ ·BR (H → cc̄) (%) 11.2 10.2 26.8 22.6 6.9
"(σ ·BR)

σ ·BR (H → gg) (%) 13.9 13.1 31.3 33.0 8.5
"BR
BR (H → bb̄) (%) 3.0 2.9 5.7 4.5 2.7

"BR
BR (H → cc̄) (%) 11.4 10.5 31.3 22.8 7.3

"BR
BR (H → gg) (%) 14.2 13.3 33.1 24.0 8.9

= + 

+ + 

Full simulation ILD analysis:  
template fit to b- and c-
tagging observables 
relies on excellent  
b/c separation (VXD) 

[H.Ono, A: Miyamoto] 
EPJC (2013) 73 

Δ(σ*BR)/(σ*BR) 
 

250 GeV/250 fb-1 

P = (-0.8,+0,3) 
350 GeV/250 fb-1 

P = (-0.8,+0,3) 
Hàbb 1.0% 1.0% 
Hàcc 6.9% 6.2% 
Hàgg 8.5% 7.3% 

>factor 10 better than HL-LHC 
 
LC unique 
 
LC unique 
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[P.Roloff, J.Strube, LCWS12] 
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Event reconstruction I
1.) Remove all PFOs with:
 

• p
T
 < 500 MeV

• Θ < 20°
• Θ > 160°

2.) Remove identified
isolated leptons 
from PFO list

8jet signal event

8-jet signal  
event in SiD 
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[T. Price, N. Watson, V. Martin, H. Tabassam, T. Tanabe, R. Yonamine, K. Fujii] 
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FIG. 5: The total cross section for unpolarized top quarks at tree level (dashed lines) and at
NLL order (solid lines) as a function of

√
s (left panel) and as a function of mH (right panel) for

unpolarized electron-positron beams (P+, P−) = (0, 0) (respective lower curves) and for (P+, P−) =
(0.6,−0.8) (respective upper curves).

larger top or Higgs masses.
It is a realistic option for the ILC project to polarize the e+e− beams up to (P+, P−) =

(0.6,−0.8) [3]. Since this can further enhance the cross section we have also assessed its
merits for the process at hand. In Figs. 5 the total cross section for unpolarized top quarks
at the tree level (dashed lines) and at NLL order (solid lines) is shown as a function of

√
s and

mH for unpolarized electron-positron beams (P+, P−) = (0, 0) and for (P+, P−) = (0.6,−0.8).
The other parameters are chosen as in Eq. (17), see also the figure caption for more details.
For the NLL cross section the predictions for the three choices ν = 0.1, 0.2, 0.4 for the
renormalization scaling parameter are shown. The results demonstrate that using electron-
positron polarization the cross section can be enhanced by roughly a factor of two over the
unpolarized cross section. Compared to the tree level predictions for unpolarized electron-
positron beams, which were the basis of previous experimental analyses [22], QCD effects
and beam polarization (P+, P−) = (0.6,−0.8) can enhance the cross section by about a
factor of 4 or even more for

√
s = 500 GeV, depending on the Higgs mass. Because of the

limited statistics for tt̄H production during the first phase of the ILC project, these results
are important for realistic experimental simulations of Yukawa coupling measurements.

V. CONCLUSION

We have analyzed the impact of summing the QCD singularities proportional to (αs/v)n

and (αs ln v)n that arise in the large Higgs energy endpoint region for the process e+e− → tt̄H
for c.m. energies up to 500 GeV, i.e. energies which can be achieved during the first phase
of the ILC project. The singularities cause the breakdown of usual multi-loop perturba-
tion theory in powers of αs and originate from nonrelativistic dynamical QCD effects that
arise because the relative velocity of the tt̄ pair is small. A consistent theoretical treat-
ment requires the use of nonrelativistic effective theory methods and includes a systematic
treatment of off-shell effects caused by the finite top quark lifetime. In Ref. [17] we derived
a factorization formula for the large Higgs energy endpoint region for large c.m. energies
above 500 GeV. In the present work we have extended the approach to c.m. energies below
500 GeV, where the top quark pair is nonrelativistic in the entire phase space, and we have

15

[C. Farrell, A. Hoang] PRD 74 (2006) 14008 

significant enhancement from  
NRQCD near threshold 
à allows for measurement around 
√s ~500 GeV 

 
Full study for ILD (500/1000)  
and SiD(1000) 

tth at

500 GeV and

1 TeV

T. Price

Motivation

Signals and

Background

500 GeV

Studies

1 TeV Studies

Towards the

DBD

Conclusions

Signal and Backgrounds
Signal

• Study process e+e� ! ttH

• Multiple final states

• Assume 100 % t!bW

• W ! qq̄, l⌫

• H ! bb̄,WW , ��,ZZ

• MH ⇡ 126 GeV H ! bb̄ dominant
• Leads to 3 possible states

• e+e� ! bqq̄ b̄qq̄ bb̄ (hadronic)
• e+e� ! bl⌫ b̄qq̄ bb̄ (semi lep)
• e+e� ! bl⌫ b̄l⌫ bb̄ (leptonic)

challenging 
final states à 
PFA 

24/10/2012 Philipp Roloff ttH at SiD - LCWS12 8

Event reconstruction II

3.) Perform jet clustering using the Durham algorithm in the 
exclusive mode with 6 or 8 jets

4.) Obtain b-tag value for each jet using LCFIPlus

5.) Group jets into W±, H and top pairs 
by minimising:

6jets:

8jets:

key variable: 

[P.Roloff, J.Strube] 
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tth at

500 GeV and

1 TeV

T. Price

Motivation

Signals and

Background

500 GeV

Studies

1 TeV Studies

Towards the

DBD

Conclusions

Top Yukawa Coupling @ 500 GeV
R. Yonamine, T. Tanabe, K. Fujii

6 jet + lep tth (6J+L) bb4f ttZ ttbb Sig
No Selection 246 9.09⇥105 1910 1060
Cut-based 32 39 21 15 3.1
Likelihood 39 58 29 22 3.2

Semi Leptonic [ECM=500 GeV, L=1 ab�1, Pol=(-0.8,+0.3)]

8 jet tth (8J) bb4f ttZ ttbb Sig
No Selection 235 9.09⇥105 1910 1060
Cut-based 38 41 25 16 3.5
Likelihood 78 241 63 46 3.8
Hadronic [ECM=500 GeV, L=1 ab�1, Pol=(-0.8,+0.3)]

6 jet & 8 jet modes Combined Sig
⇣
�gttH
gttH

⌘

stat
Cut-based 4.7 11 %
Likelihood 5.0 10 %

500 GeV/ 1 ab-1 1000 GeV/ 2 ab-1 

ΔgttH/gttH 10% 4.6% 
24/10/2012 Philipp Roloff ttH at SiD - LCWS12 15

Results: 6 jets

Δ yt

y t
=0.5

Δσ
σ

Δσ / σ = 9.2% → Δy
t
 / y ≈ 4.6%

(small correction
from Higgs
radiation off Z
neglected)

L
int

 = 2 ab-1 (1 ab-1 for each polarisation)

1 TeV SiD analysis 

note: σ(520 GeV)/σ(500) GeV ~ 2 (!) 



0" 0,1" 0,2" 0,3" 0,4" 0,5" 0,6"

gg"

+h"

tautau"

mumu"

cc"

bb"

gaga"

WW"

ZZ"

LHC"

HL8LHC"

ILC250"

+ILC500"

CLIC3000"

LHC vs LC: „signal strength“ 
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KD attempt to compile 
available experimental 
studies. 
(best estimates) 
 
HANDLE WITH CARE 
 
fineprint: 
 
ATLAS/CMS from Krakow notes 
(= preliminary!) 
 
LHC = (ATLAS+CMS)/2 (300 fb-1) 
HL-LHC = ATLAS (3000 fb-1) 
ILC250 = 250 fb-1 at 250 GeV 
+ILC500 = 500 fb-1 at 500 GeV + 
                  250 fb-1 at 250 GeV 
ILC1000 + CLIC3000  
are only examples 
 
 
1)  prec. on σHZ(total) 
2)  prec. on σWW-Fusion(total)  
 LHC – mostly syst. limited 

LC    – mostly stat. limited 
ILC1000/CLIC1400 further improves 
precision 

1) 

2) 

precision on 
signal strength  
µ = σxBR/(σxBR)SM 

ILC1000 

examples 
only 
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LHC: no known (to me) method to extract absolute Higgs BRs 
 
LC: Recoil mass technique in e+e-àHZ allows us to measure σHZ indep. of H-decay 

30 CHAPTER 2. ENERGY FRONTIER

study this boson in the clean environment of e+e� collisions. Since the boson has been
seen in its ZZ-decay and given the indications that it also decays to WW , the main
LC production modes, Higgs-strahlung and WW -fusion can be exploited, allowing for
a model-independent reconstruction of the profile of this Higgs-like particle (hereafter
called “Higgs boson” for simplicity).

For a LC, there are qualitative di↵erences to the LHC which in turn lead to quanti-
tative improvements for the determination of the parameters of the Higgs sector. The
precise measurements of these parameters allows for the identification of the nature of
underlying physics. The experimental anchor of LC Higgs physics is the possibility to
observe the Higgs boson in Higgs-strahlung, e+e� ! HZ as a resonance in the mass
recoiling against a leptonically decaying Z-boson independent of a specific Higgs decay,
see Fig. 2.13 (right). This allows for the direct reconstruction of gHZ , the Higgs-Z cou-
pling. Thus, inherently any Higgs branching ratios and couplings can be determined
absolutely and without correlations. This includes potential beyond-SM decays such as
e.g. invisible decays, decays into light quarks etc.

 [GeV]s
0 1000 2000 3000

 H
X)

 [f
b]

→ - e+
(eσ

-210

-110

1

10

210
eνeνH 

-e+H e

H Z

H H Z

 Htt 

eνeνH H 

Fig. 9: Left: Production cross-sections of the SM Higgs boson in e+e� collisions as a function of
p

s for
mH = 125 GeV. Right: SUSY production cross-sections of model III as a function of

p
s. Every line of

a given colour corresponds to the production cross section of one particle in the legend.

Table 5: Summary of results obtained in the Higgs studies for mH =120 GeV. All analyses at centre-of-
mass energies of 350 GeV and 500 GeV assume an integrated luminosity of 500 fb�1, while the analyses
at 1.4 TeV (3 TeV) assume 1.5 ab�1(2 ab�1).

Higgs studies for mH =120 GeV
p

s Process Decay Measured Unit Generator Stat. Comment(GeV) mode quantity value error

350 ZH ! µ+µ�X
� fb 4.9 4.9% Model

Mass GeV 120 0.131 independent,
using Z-recoil

500
SM Higgs

ZH ! qq̄qq̄
�⇥ BR fb 34.4 1.6% ZH ! qq̄qq̄

production Mass GeV 120 0.100 mass
reconstruction

500 ZH,H��̄ �⇥ BR fb 80.7 1.0% Inclusive

! ��̄qq̄ Mass GeV 120 0.100 sample

1400 H ! �+��

�⇥ BR fb

19.8 <3.7%

3000
WW H ! bb̄ 285 0.22%
fusion H ! cc̄ 13 3.2%

H ! µ+µ� 0.12 15.7%

Higgs
1400 WW tri-linear ⇠20%
3000 fusion coupling ⇠20%

gHHH

10

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

�
s = 250 GeV, and the

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

�
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
�

s = 250 GeVand
�

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
�

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

Figure 2.13: (Left) Cross sections for various Higgs boson production processes in e+e� col-
lisions. (Right) Recoil mass distribution for e+e� ! ZH ! µ+µ�H events at the ILC for
mH = 120 GeV and 250 fb�1 at

p
s = 250 GeV.

The reconstruction of the Higgs boson profile requires di↵erent steps in centre-of-mass
energy. The recoil mass spectrum as well as branching ratios (b, c, ⌧ , g, W , Z, �) can
be measured in Higgs-strahlung where the maximum of the cross section for a 125 GeV
Higgs boson is around 250 GeV. Given the inherent, approximately linear, increase of
instantaneous luminosity with

p
s, comparable accuracies can be achieved at 250 GeV

and 350 GeV. The most precise method to reconstruct the total decay width involves the
precise measurement of the WW -fusion cross-section which rises logarithmically with

p
s

and requires at least 350 GeV.
Since the H ! tt̄ decay is kinematically forbidden, the top Yukawa coupling needs to

be measured in e+e� ! tt̄H. The cross section has a broad maximum around 700 GeV.
The top Yukawa coupling can be measured with ⇠ 15% precision at

p
s = 500 GeV for

500 fb�1[10].
The measurement of a non-zero trilinear Higgs coupling �HHH signals a non-trivial

structure of the Higgs potential and thus spontaneous symmetry breaking. At the LC
it can be accessed mainly through two di↵erent production mechanisms, e+e� ! HHZ

K
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Higgs Produktionsprozesse am ILC

Higgsstrahlung WW-Fusion

~1/sVv ~ ln sVv

  mH
2 = (p − p

initial
)2

Once σHZ is known, any signal strength measurement can be turned into  
absolute BR´s measurement: BRX = (σ x BRX)meas / σ(tot)meas 
 
unique to lepton colliders (needs (E,p) constraint from initial state) 

[Li, Poeschl] 

250 GeV / 250 fb-1 
Δσ/σ = 2.5 % 
ΔmH/mH = 30 MeV 
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The recoil mass technique also allows for unbiased observation 
of any non-SM decay, e.g. Hàinvisible: 
 
 
 
 
 
 
 
 
 
 
 
 
 
5σ observation for BR(Hàinv.) = 2% (at √s=350 GeV/500 fb-1) 
 
also applies to „LHC-invisible“ decays, e.g. Hàgg, Hàqq etc. 
 

Signal(120) 

χ 

χ 

[Schumacher] 
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σ
vis

=σ
prod
×BR(H→ f )

σ
prod
g

Hi
2 and BR(H→ f ) =

Γ
f

Γ
tot


g

Hf
2

Γ
tot

σ
vis


g
Hi
2 g

Hf
2

Γ
tot

(g
Hj

, j = 1…n)

In general, σvis is a complicated 
function of all (including „invisible“) 
couplings.  

LHC: no absolute couplings without assumptions on „invisible“ couplings 
 
ILC:  need to measure Γtot in addition to absolute BR´s to extract  
         couplings in a model-independent way 

    
Γ

tot
:=Γ(g

Hj
; j = 1…n

vis
)
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Γtot (SM) ~ few MeV   à no way to measure lineshape except maybe at a µC 
 
à  In e+e- access total width through: 
      
 
 
 
       
        à a) measurement of BR(HàZZ) (+ gHZ from recoil mass)     or 
        à b) measurement of gHW in WW-fusion (+ BR(HàWW) 
 
Precision on Γtot directly enters into precision on (model-independent) couplings  
and may even dominate! 
 
a) BR(HàZZ;125 GeV) = 0.024   -- rather low statistics  
 
b) the method of choice! 
  

    
Γ

tot


BR(H→ X )

g
HX
2



The total width 
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50 Chapter 6. Measurement of the Total Higgs Decay Width
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Figure 6.16: Missing
mass distribution of

WW-fusion,
Higgs-strahlung and

background for
mH = 120 GeV after
cuts, including the fit

result.
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Figure 6.17: Missing
mass distribution of

WW-fusion,
Higgs-strahlung and

background for
mH = 126 GeV after
cuts, including the fit

result.
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Figure 6.18: Missing
mass distribution of

WW-fusion,
Higgs-strahlung and

background for
mH = 130 GeV after
cuts, including the fit

result.

6.2. Determination of the Cross Section �(WW-fusion) 53

Missing mass (GeV/c  )2

Ev
en

ts /
 50

0 f
b-1

0

50

100

150

200

250

300

350

400

0 50 100 150 200 250

s  = 350 GeV Simulated Data

Background
Fit result

HZ
WW Fusion

Missing mass (GeV/c  )2

Ev
en

ts /
 50

0 f
b-1

0

100

200

300

400

500

100 200 300 400

s  = 500 GeV

Simulated Data
WW

Fit result

Fusion
Background + HZ

Missing mass (GeV/c  )2

Ev
en

ts /
 50

0 f
b-1

0

50

100

150

200

250

300

350

400

0 50 100 150 200 250

s  = 350 GeV Simulated Data

Background
Fit result

HZ
WW Fusion

Missing mass (GeV/c  )2

Ev
en

ts /
 50

0 f
b-1

0

100

200

300

400

500

100 200 300 400

s  = 500 GeV

Simulated Data
WW

Fit result

Fusion
Background + HZ

Figure 6.20: Missing mass distribution for mH = 120 GeV at
p
s = 350 GeV (l.) andp

s = 500 GeV (r.) for TESLA. The figures are taken from [37].

Estimation of the Measurement Accuracies of �(Higgs-strahlung)

The selection cuts are motivated by the selection of WW-fusion events. They are not
based on the selection of Higgs-strahlung events. Nevertheless, the large Higgs-strahlung
contribution at

p
s = 250 GeV makes it possible for us to determine the number of

Higgs-strahlung events after the event selection with better precision compared to WW-
fusion. Thus, we can additionally extract information on the Higgs-strahlung cross section
�(Higgs-strahlung). For the sake of completeness, the measurement accuracies of the Higgs-
strahlung cross section are listed in tab. 6.10.

mH [GeV]
�N

0
WW

N

0
WW

�N

0
ZH

N

0
ZH

�BR(H!bb̄)

BR(H!bb̄)

��(Higgs-strahlung)
�(Higgs-strahlung)

120 6.64 % 2.48 % 2.7 % 3.66 %

120 10.54 % 3.4 % 3.0 % 4.53 %

130 11.3 % 3.89 % 3.5 % 5.2 %

140 23.78 % 4.07 % 5.1 % 6.52 %

Table 6.10: Measurement accuracies of the Higgs-strahlung cross section obtained for
the low Higgs mass range at

p
s = 250 GeV, assuming 250 fb�1 of data.

Need to measure WW-fusion cross section (e.g. e+e- à Hνν à bbνν ) 

-  need to separate from HZàbbνν (+ handle interference) 
-   WW-fusion small at HZ threshold! à need higher √s 
 
precision on σWW-fusion: 

250 GeV  11.0 % 
350 GeV    3.6 % 
500 GeV    3.2 %   
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Figure 7: Feynman diagrams for the three major Higgs production processes at the ILC:
e+e� ! Zh (left), e+e� ! ⌫⌫H (center), and e+e� ! e+e�H (right).
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Figure 8: Production cross section for the e+e� ! Zh process as a function of the center
of mass energy for mh = 120GeV, plotted together with those for the WW and ZZ fusion
processes: e+e� ! ⌫⌫H and e+e� ! e+e�H.

strahlung process above
p

s >⇠ 400GeV.

The production cross section of the Higgs-strahlung process at
p

s ' 250GeV is
substantial for the low mass Standard-Model-like Higgs boson. Its discovery would
require only a few fb�1 of integrated luminosity. With 250 fb�1, about 8.8⇥104 Higgs
boson events can be collected. Note that, here and in the rest of our discussion, we
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
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dominated by error on BR(Hàbb) 

[Dürig; Meyer,KD] 
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model-independent relative errors on Higgs couplings: 

further improvements from ILC1000/CLIC1400/CLIC3000 
(e.g. Δgt ≈ 4% at ILC1000) 

fineprint: 
 
numbers mainly from  
LC Krakow report 
 
ILC250: KD square-added 5%  
from ΔΓtot   
(omitted in Krakow report) 
 
analysis are ongoing – 
KD expects further  
improvements 
 
+ILC500 means ILC250 + 
                          ILC500 

0" 0,05" 0,1" 0,15"
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Figure 1: Expected precision for Higgs coupling measure-
ments at the HL-LHC, ILC at 250 GeV and their combina-
tion. For the latter we also show the fit including �c. The
inner bars for HL-LHC denote a scenario with improved ex-
perimental systematic uncertainties.

fore, we assume

�
tot

=
X

obs

�x(gx) + 2nd generation < 2GeV . (3)

The upper limit of 2 GeV takes into account that a larger
width would become visible in the mass measurement.
The second generation is linked to the third generation
via gc = mc/mt g

SM

t (1+�t). The leptonic muon Yukawa
might be observable at the LHC in weak boson fusion or
inclusive searches, depending on the available luminos-
ity [22].

At the ILC the situation is very di↵erent: the total
width can be inferred from a combination of measure-
ments. This is mainly due to the measurement of the
inclusive ZH cross section based on a system recoiling
against a Z ! µ+µ� decay. While the simultaneous fit
of all couplings will reflect this property, we can illustrate
this feature based on four measurements [17, 18]

1. Higgs-strahlung inclusive (�ZH)

2. Higgs-strahlung with a decay to bb̄ (�Zbb)

3. Higgs-strahlung with a decay to WW (�ZWW )

4. W -fusion with a decay bb̄ (�⌫⌫bb)

described by four unknowns �W , �Z , �b, and �
tot

.
Schematically, the total width is

�
tot

 �⌫⌫bb/�Zbb

�ZWW /�ZH
⇥ �ZH . (4)

This results in a precision of about 10% [19] on the total
width at LC250.

In addition, Higgs decays to charm quarks can be dis-
entangled from the background, therefore a link between
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Figure 2: Expected precision for Higgs couplings measure-
ments at the HL-LHC, ILC up to 500 GeV and their com-
bination. For the latter we also show the fit including �c.
The inner bars for HL-LHC denote a scenario with improved
experimental systematic uncertainties.

the second and third generation along the lines of Eq.(3)
is not needed. A di↵erence in the interpretation of our
results we need to keep in mind: while electroweak cor-
rections are not expected to interfere at the level of pre-
cision of our HL-LHC analysis, at the ILC the individual
measurement of Higgs couplings will most likely require
an appropriate ultraviolet completion [23]. In this largely
experimentally driven study we assume the existence of
such a picture.
At a linear collider the errors on Higgs branching ra-

tios BRx or particle widths �x are crucial [24]. As theory
errors on the latter we assume 4% for decays into quarks,
2% for gluons, and 1% for all other decays [7]. The error
on the branching ratios follows from simple error propa-
gation, where theory errors are added linearly,

�BRx =
X

k

����
@

@�k
BRx

���� ��k

=
1

�
tot

 
BRx

X

k

��k + (1� 2BRx) ��x

!
. (5)

Higgs couplings — the result of an individual and si-
multaneous determination of the Higgs couplings are
shown in Fig. 1. For the LHC, we need to make an as-
sumption about the width, shown in Eq. (3). At LC250
the inclusive ZH rate gives direct access to �Z at the
percent level. No assumption about the width is needed.
The simplest model for modified Higgs couplings is a

global factor�H , which arises through a Higgs portal [25]
or in simple strongly interacting extensions [26]. In Fig. 1
we see that we can measure this single parameter at the
HL-LHC with an error around 4%. A further increase
in statistics would not improve this error as this deter-
mination is limited by the theoretical error. Reducing

[Klute,Lafaye,Plehn,Rauch,D.Zerwas] 
arxiv:13.01.1322 

Comparison of HL-LHC and ILC500 on equal footing within a constrained model 
(i.e. including the assumptions necessary for LHC): 

note LHC+ILC synergy 
on some couplings 

1 parameter model: scale all couplings by common factor 
8-parameter model with effective loop-induced (g,γ) couplings 
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HL-LHC: prospects: 3σ observation of HHàbbγγ – hope for more channels  
 
LC: 
two choices: 
 
e+e- à ZHH  
(maximum of σ around √s ≈ 600 GeV) 
 à ILC500 (~100 events in 500 fb-1) 
 
e+e- à HHνν  
(σ rising with √s)  
à  ILC1000    (~140 events in1 ab-1) 
à  CLIC1400 (~250 events in 1.5 ab-1) 
à  CLIC3000 (~1250 events in 2 ab-1) 
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Figure 17: Relevant diagrams containing the triple Higgs coupling for the two processes:
e+e� ! Zhh (left) and e+e� ! ⌫e⌫ehh.
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Figure 18: Cross sections for the two processes e+e� ! Zhh (left) and e+e� ! ⌫e⌫ehh as
a function of

p
s for mh = 120 GeV.

120 GeV with polarized electron and positron beams of (Pe� , Pe+) = (�0, 8, +0.3)
and an integrated luminosity of 1 ab�1. This result obtained with a fast Monte Carlo
simulation has just recently been corroborated by a full simulation [101,102].

2.5.2 Higgs Self-coupling

The triple Higgs boson coupling can be studied at the ILC through the processes
e+e� ! Zhh and e+e� ! ⌫e⌫ehh. The relevant Feynman diagrams are shown in
Fig. 17) [103]. The cross sections for the two processes are plotted as a function ofp

s for mh = 120GeV in Fig. 18. The cross section reaches its maximum of about

53

challenges: 
-  huge number of different final states (huge effort needed) 
-  „dilution“ due to interference with non-HHH diagrams (not sensitive to λHHH) 
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dλ/λ = 1.8 dσ/σ       
 
         

dλ/λ = 0.85 dσ/σ    
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A. Accelerator and Detector

B. Event Generator

C. Simulation and Reconstruction

IV. ANALYSES OF e+e� ! ZHH AT 500 GEV

A. Analysis of the mode ZHH ! l+l�HH ! l+l�bb̄bb̄ at 500 GeV

1. Pre-selction

In this search mode, the final state of a candidate signal event contains two isolated charged leptons and four b
quarks segmenting into four jets. For the pre-selection, we first require there are two isolated oppositely charged
leptons and then force all the particles other than the two selected leptons to four jets and pair the four jets to two
Higgs boson candidates.

a. Isolated Lepton Selection Isolated electrons and muons are identified from all of the PFOs. Each PFO contains
the information from di↵erent sub-detectors, such as energies deposited in the ECAL and HCAL. An electron deposits
almost all the energy in ECAL while a muon deposits very small fraction of its energy in both ECAL and HCAL.
Other charged particles, being mainly hadrons, deposit most of their energy in HCAL. These pieces of information
are used for electron and muon identification. The following two quantities are checked for each PFO. One is the
E(ecal)

E(total)

ratio, the other is the E(total)

P ratio, where E(total) = E(ecal)+E(hcal), E(ecal) and E(hcal) are the energies
deposited in ECAL and HCAL and P is the momentum. Some constraints are added to the vertex position which
can reduce the selection of the leptons from B-hadrons.

• For electron identification, two samples of PFOs from the process e++e� ! e+e�HH are investigated by using
MC truth information. One is the real prompt charged electrons, and the other is all the charged PFOs other
than the two prompt charged leptons. Figure 5 shows the distributions of the above two quantities for these
two samples, where the red histogram is for the prompt electrons and the blue is for non-prompt charged PFOs.
Since the red and blue distributions are very di↵erent it is straightforward to add requirements on these two
quantities

e :

(
E(ecal)

E(total)

> 0.9

0.8 < E(total)

P < 1.2
(4)
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for e+e� ! ⌫⌫̄HH at 1 TeV. The �HHH stands for the Higgs trilinear self-coupling and �HHH(SM) stands for the standard
model value, which is indicated by the vertical line. The red ones are without weighting method and the blue ones are with
weighting method.
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IV. ANALYSES OF e+e� ! ZHH AT 500 GEV

A. Analysis of the mode ZHH ! l+l�HH ! l+l�bb̄bb̄ at 500 GeV

1. Pre-selction

In this search mode, the final state of a candidate signal event contains two isolated charged leptons and four b
quarks segmenting into four jets. For the pre-selection, we first require there are two isolated oppositely charged
leptons and then force all the particles other than the two selected leptons to four jets and pair the four jets to two
Higgs boson candidates.

a. Isolated Lepton Selection Isolated electrons and muons are identified from all of the PFOs. Each PFO contains
the information from di↵erent sub-detectors, such as energies deposited in the ECAL and HCAL. An electron deposits
almost all the energy in ECAL while a muon deposits very small fraction of its energy in both ECAL and HCAL.
Other charged particles, being mainly hadrons, deposit most of their energy in HCAL. These pieces of information
are used for electron and muon identification. The following two quantities are checked for each PFO. One is the
E(ecal)

E(total)

ratio, the other is the E(total)

P ratio, where E(total) = E(ecal)+E(hcal), E(ecal) and E(hcal) are the energies
deposited in ECAL and HCAL and P is the momentum. Some constraints are added to the vertex position which
can reduce the selection of the leptons from B-hadrons.

• For electron identification, two samples of PFOs from the process e++e� ! e+e�HH are investigated by using
MC truth information. One is the real prompt charged electrons, and the other is all the charged PFOs other
than the two prompt charged leptons. Figure 5 shows the distributions of the above two quantities for these
two samples, where the red histogram is for the prompt electrons and the blue is for non-prompt charged PFOs.
Since the red and blue distributions are very di↵erent it is straightforward to add requirements on these two
quantities

e :

(
E(ecal)

E(total)

> 0.9

0.8 < E(total)

P < 1.2
(4)

dλ/λ = 1.8 dσ/σ    
 
       à1.66 with weighting 

dλ/λ = 0.85 dσ/σ    
 
       à0.76 with weighting 

[J.Tian LC-REP-2013-003] 
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Study of Higgs self-coupling at the ILC based on the full detector simulation atp
s = 500 GeV and

p
s = 1 TeV

Junping Tian

High Energy Accelerator Research Organization (KEK), Tsukuba, Japan

(Dated: April 19, 2013)

In this analysis we investigated the feasibilities of the measurement of Higgs self-coupling at the
International Linear Collider (ILC) during its two phases of operation with centre-of-mass energy
of 500 GeV and 1 TeV. Three combinations of the decay modes of double Higgs strahlung process
e+e� ! ZHH , where Z ! l+l�, Z ! ⌫⌫̄ and Z ! qq̄ accompanying with both Higgs decay into bb̄,
were analyzed together at 500 GeV. The decay mode of WW fusion process e+e� ! ⌫⌫̄HH , where
both Higgs decay into bb̄ was analyzed at 1 TeV. Both the signal and background event samples
are generated by a full detector simulation based on the International Large Detector (ILD). At
500 GeV, assuming an integrated luminosity of 2 ab�1 and the Higgs mass of 120 GeV, an excess
of the e+e� ! ZHH events with a statistical significance of 5.0� is expected to be observed in
case of the polarized electron and positron beams, P (e�, e+) = (�0.8,+0.3). The cross section of
e+e� ! ZHH can be measured to the precision of 27%, corresponding to the precision of 44% on
the Higgs trilinear self-coupling. At 1 TeV, in case of P (e�, e+) = (�0.8,+0.2), we can expect the
precision of self-coupling to be 18%.
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channels studied multiple neural nets to reject backgrounds 
 
full detector capabilities needed 
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-  b-tagging with highest efficiency (4 b´s) 
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TABLE IV: The reduction table for the signal and backgrounds after the final selection for bbHH dominant category, together
with the number of expected events and generated events. The cuts names are explained in text.

Process expected generated pre-selection Cut1 Cut2 Cut3 Cut4 Cut5 Cut6

qqHH 310 3.73⇥ 105 111 26.9 25.1 23.0 22.4 21.1 13.6
l⌫bbqq 7.40⇥ 105 3.56⇥ 106 17240 363 103 18.7 15.9 12.8 0.03
bbuddu 1.56⇥ 105 8.87⇥ 105 565 11.4 11.3 10.0 7.65 6.92 0.55
bbcsdu 3.12⇥ 105 1.26⇥ 106 6109 89.0 78.4 67.6 51.2 45.1 1.01
bbcssc 1.56⇥ 105 1.17⇥ 106 12456 263 246 212 147 129 3.69
bbbb 4.02⇥ 104 7.19⇥ 105 22889 2319 733 16.5 15.0 11.8 5.25
qqbbbb 140 1.23⇥ 105 82.9 13.9 12.7 9.80 9.19 5.78 3.03
qqqqh 818 5.98⇥ 104 154 27.5 25.4 22.5 21.6 18.5 10.9
ttz 2.20⇥ 103 8.49⇥ 104 172 17.2 13.6 12.5 12.3 11.4 2.88
ttbb 2.11⇥ 103 8.25⇥ 104 450 47.8 29.9 26.0 24.5 22.6 3.40
BG 60119 3152 1253 395 304 264 30.7

TABLE V: The reduction table for the signal and backgrounds after the final selection for light qqHH dominant category,
together with the number of expected events and generated events. The cuts names are explained in text.

Process expected generated pre-selection Cut1 Cut2 Cut3 Cut4 Cut5 Cut6

qqHH 310 3.73⇥ 105 111 84.0 36.9 34.2 31.0 30.8 18.8
l⌫bbqq 7.40⇥ 105 3.56⇥ 106 17240 16877 408 147 74.0 73.2 1.07
bbuddu 1.56⇥ 105 8.87⇥ 105 565 554 102 96.7 48.4 47.9 5.93
bbcsdu 3.12⇥ 105 1.26⇥ 106 6109 6020 1200 1094 501 492 15.7
bbcssc 1.56⇥ 105 1.17⇥ 106 12456 12193 2308 2111 848 829 16.0
bbbb 4.02⇥ 104 7.19⇥ 105 22889 20570 273 22.0 18.1 17.2 10.0
qqbbbb 140 1.23⇥ 105 82.9 68.9 11.1 9.49 7.92 6.95 4.07
qqqqh 818 5.98⇥ 104 154 126 37.8 34.0 30.5 29.9 16.1
ttz 2.20⇥ 103 8.49⇥ 104 172 155 30.3 29.4 25.7 25.5 7.74
ttbb 2.11⇥ 103 8.25⇥ 104 450 402 62.4 59.3 49.0 48.6 14.0
BG 60119 56967 4433 3603 1603 1570 90.6

1. Summary of the qqHH mode

In this e+ + e� ! qq̄HH search mode, assuming the Higgs mass of 120 GeV and the integrated luminosity of 2
ab�1, with the beam polarization P (e�, e+) = (�0.8,+0.3), in bbHH dominant category, it is expected to observe
13.6 signal events with 30.7 backgrounds events, corresponding to a ZHH excess significance of 2.2� and a ZHH cross
section measurement significance of 2.0�; in light qqHH dominant category, it is expected to observe 18.8 signal
events with 90.6 backgrounds events, corresponding to a ZHH excess significance of 1.9� and a ZHH cross section
measurement significance of 1.8�. .

V. COMBINED RESULT OF e+e� ! ZHH AT 500 GEV

The results of the three searching modes of e+e� ! ZHH are shown in Table VI for the beam polarization
P (e�, e+) = (�0.8,+0.3), which is favored benefiting with higher cross section. The ZHH excess significance (i) and
the measurement significance (ii) are also shown there. Notice that there are two independent parts in the qq̄HH
mode. In this section, we will combine these results and try to answer the following two crucial questions:

• Can we observe the ZHH events? How much is the combined ZHH excess significance?

• Can we observe the trilinear Higgs self-interaction? How precisely can we measure the trilinear Higgs self-
coupling?

18

TABLE III: The reduction table for the signal and backgrounds after the final selection for ⌫⌫HH mode, together with the
number of expected events and generated events. The cuts names are explained in text.

Process expected generated pre-selection Cut1 Cut2 Cut3 Cut4 Cut5 Cut6

⌫⌫HH 103 7.06⇥ 105 45.0 43.6 26.0 22.7 20.6 17.1 8.47
⌫⌫bb 2.73⇥ 105 4.79⇥ 105 861 758 9.17 4.25 4.25 3.02 0
e⌫bbqq 2.48⇥ 105 1.51⇥ 106 3884 2126 504 451 72.6 54.9 0
µ⌫bbqq 2.46⇥ 105 1.48⇥ 106 1637 951 22.3 195 72.8 52.1 0
⌧⌫bbqq 2.46⇥ 105 1.59⇥ 106 37440 24728 2591 3890 959 724 2.07
bbqqqq 6.24⇥ 105 3.88⇥ 106 58457 1212 178 71.5 38.6 37.2 0
bbbb 4.02⇥ 104 7.06⇥ 105 30826 3684 350 13.2 9.82 7.87 2.99
⌫⌫bbbb 97.1 8.22⇥ 104 82.1 80.5 10.1 6.90 5.66 2.03 0.87
⌫⌫qqh 469 7.41⇥ 104 82.1 79.0 21.5 17.5 13.0 5.86 1.93
BG 1.33⇥ 105 33619 5887 4650 1176 887 7.86

1. Summary of the ⌫⌫HH mode

In the e+ + e� ! ⌫⌫̄HH search mode, assuming the Higgs mass of 120 GeV, the integrated luminosity of 2 ab�1,
and the beam polarization P (e�, e+) = (�0.8,+0.3), it is expected to observe 8.5 signal and 7.9 backgrounds events,
corresponding to a ZHH excess significance of 2.5� and a ZHH cross section measurement significance of 2.1�.

C. Analysis of e+ + e� ! qq̄HH ! qq̄bb̄bb̄ at 500 GeV

In this search mode, the final state of a candidate signal event contains four of six b quarks each fragmenting into
a b jet. In the pre-selction, we require no isolated lepton and cluster the particles to six jets, which are then paired
to form two Higgs bosons and one Z boson. The third larges b-likeness of the four jets from two Higgs is required
to be larger than 0.16 in the pre-selection. In the final selection, all the events are separated into two categories
according to the flavor tagging of the two jets from Z decay, which are correspondingly bbHH dominant and light
qqHH dominant. The sum of b-likeness of the two jets from Z decay is used to achieve the separation. The dominant
background in this analysis are bbbb from ZZ(bbZ), full hadronic bbqqqq from tt̄, qqbbbb from ZZZ and ZZH, each of
which is suppressed with a neural-net. The reduction table of this searching mode is shown in Table IV and V, and
the all the final cuts are summarized as following:

• bbHH dominant category

1. Cut1: sum of b-likeness of the two jets from Z > 0.54.

2. Cut2: MissPt < 60 GeV, Npfos < 245, 30 GeV < M(Z) < 139 GeV, 73 GeV < M(H
1

) < 170 GeV,
73 GeV < M(H

2

) < 148 GeV.

3. Cut3: MLPbbbb > 0.47.

4. Cut4: MLPbbqqqq > 0.33.

5. Cut5: MLPqqbbbb > 0.16.

6. Cut6: Bmax3 +Bmax4 > 1.17.

• light qqHH dominant

1. Cut1: sum of b-likeness of the two jets from Z < 0.54.

2. Cut2: MissPt < 60 GeV, Npfos < 245, 60 GeV < M(Z) < 131 GeV, 97 GeV < M(H
1

) < 133 GeV,
84 GeV < M(H

2

) < 136 GeV.

3. Cut3: MLPbbbb > 0.48.

4. Cut4: MLPbbqqqq > 0.51.

5. Cut5: MLPqqbbbb > 0.09.

6. Cut6: Bmax3 > 0.85, Bmax3 +Bmax4 > 1.21.

example: bbHH category 
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Comments: 
 
•  Higgs self coupling is a huge challenge 
•  Signal efficiencies ≲ 10% à room for improvement? (e.g. jet finding, jetless vtx?) 
•  A case for ultimate luminosity... 

ZHH 500 GeV 2 ab-1 P=(-0,8,0,3) 
significance for HH prod. 5.0σ 
Δσ(ZHH)/σ(ZHH) 27% 
Δλ/λ 44% 

Δλ/λ 
ILC 500/2ab-1 44% 
ILC 1000/2ab-1 18% 
CLIC1400/1.5 ab-1 22% 
CLIC3000/2 ab-1 11% st
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•  Discovery of H(125) turns the physics case for ILC from „hypothetical“ to 
real! 

•  Bottom-up reconstruction of the Higgs profile requires high luminosity, 
     precision detectors and a staged running up to at least 500+ GeV 

•  ILC provides many unique H measurements and is factor of 5-10 more precise 
where LHC can also contribute, synergy of LHC and ILC 

•  Strong additional physics case (top, EW gauge boson self couplings, BSM 
discovery potential for weak signals 

•  ILC Higgs case „stable“ since more than 1 decade. But: greatly improved 
    realism through recent DBD fullsim studies 
 
•  This potential relies on (challenging) precision detectors à R&D mandatory 

  Realizing the ILC never was as timely as today! 
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Physics Challenges for Understanding EWSB

Fully model independent measurements of

Higgs Physics

Most precise mass → LHC

Spin → LHC

CP → LHC? Admixtures?

Total width → e+e−

Absolute couplings → e+e−

Higgs self-coupling → LHC?? e+e−!?

Beyond direct Higgs Physics at the future e+e− collider:

Triple gauge Couplings

Most precise mt ,mW

Unitarity of WW scattering at
√
se+e− ≈ 1 TeV

Invisible Higgs decays? Other (invisible?) Higgses?

Any other sign for new physics . . .

Much more . . .
P. Bechtle: Physics at the ILC DPG Dresden 08.03.2013 6
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tively. The histograms of all cut variables are shown in Figures 37 - 49 (page 14 - 16). Table 3
shows the cut statistics of this mode. After the cuts, the signal events and background events
were remained 1026 and 554.4. The statistical significance of Z → qq̄ mode is calculated to be
S/

√
S +B = 1026/

√
1026 + 554.4 = 25.8σ.

Table 3: The cut statistics of Z → qq̄ mode.
qqH ZH with llH ττH qqqq qqll qqττ qqlν qqτν other signi.

H → ττ no τ SM bkg

No cut 4233 4.829 × 104 5377 2596 4.038 × 106 3.563 × 105 4.169 × 104 2.788 × 106 1.326 × 106 1.494 × 1010 0.035
preselection 1647 578.8 2761 765.4 1.230 × 104 6.378 × 104 1.161 × 104 1.249 × 105 4.948 × 104 2.570 × 107 0.32
# of tracks 1644 549.8 2680 765.4 1.230 × 104 6.059 × 104 1.146 × 104 1.214 × 105 4.806 × 104 5.190 × 105 1.9

Evis 1607 492.3 1015 744.2 4443 2.106 × 104 1.107 × 104 1.192 × 105 4.693 × 104 2.383 × 105 2.4
cos θmiss 1572 474.7 860.5 725.1 2127 8315 1.021 × 104 1.171 × 105 4.415 × 104 5939 3.6

MZ 1440 376.1 791.3 682.8 778.6 4987 8674 8189 3288 997.3 8.3
EZ 1429 352.0 782.7 528.7 505.0 4797 7857 7703 3061 609.9 8.6

cos θ
τ+τ− 1386 46.28 442.2 255.6 191.4 1468 2001 2831 1154 475.6 13.7

d0sig 1338 30.29 235.1 244.3 131.4 854.9 1928 1786 1044 248.1 15.1
z0sig 1287 19.54 105.0 234.7 81.77 408.2 1845 909.9 883.4 244.6 16.6

M
τ+τ− 1286 19.39 103.2 234.7 72.05 349.1 1837 883.5 883.4 243.9 16.7

E
τ+τ− 1282 19.39 103.0 234.7 72.05 324.7 1836 873.2 883.4 243.9 16.7

Mcolapp 1065 3.074 18.76 47.94 10.28 72.83 616.9 150.8 137.0 0.746 23.1
Ecolapp 1062 2.454 18.01 46.72 10.28 71.27 612.1 93.05 93.52 0.454 23.7
Mrecoil 1026 2.144 14.54 21.24 9.938 57.07 366.3 39.64 43.31 0.161 25.8

5 Summary

We evaluated the measurement accuracy of the branching ratio of the H → τ+τ− mode at
√
s =

250 GeV at the ILC with ILD_00 detector model. We assumed MH = 120 GeV, Br(H → τ+τ−) =
8.0 %,

∫
L dt = 250 fb−1, and the polarization P (e+, e−) = (+0.3,−0.8). The obtained values

were summarized in Table 4.

Table 4: The analysis results of
√
s = 250 GeV.

mode Z → e+e− Z → µ+µ− Z → qq̄

significance 8.0σ 8.8σ 25.8σ

From these results, the combined significance was calculated to be
√
8.02 + 8.82 + 25.82 =

28.4σ. Therefore, the measurement accuracy ∆(σ ·Br)/(σ ·Br) was calculated to be ∆(σ ·Br)/(σ ·
Br) = 1/28.4 = 3.5 %.

The results are extrapolated to the case of MH = 125 GeV by scaling the signal yields by the
e+e− → ZH cross section and the branching ratio Br(H → τ+τ−) → 6.32 % [9]. We assumed
that the selection efficiencies the same. The results are summarized in Table 5.

Table 5: The results of the extrapolation to MH = 125 GeV.

Z → e+e− Z → µ+µ− Z → qq̄ Combined
∆(σ · Br)
σ · Br

6.8σ 7.4σ 21.9σ 24.1σ 4.2 %
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4.2 Z → qq̄ mode

In this mode, the tau pairs are reconstructed first, followed by the di-jet reconstruction of the Z
decay.

At first in this mode, we applied the tau finder to all objects to reconstruct tau leptons. In
this analysis, we search the highest energy track and combine the neighboring particles, which
satisfy cos θcone > 0.98, with the combined mass less than 2 GeV. We regarded the combined
object as a tau candidate. Then we applied the selection cuts as following: Etau candidate > 3 GeV,
Econe < 0.1Etau candidate with cos θcone = 0.9, and rejecting 3-prong with neutral particles events.
These selection cuts were tuned for minimizing misidentification of part of quark jets as tau jets.
The survived tau candidate regarded as a tau jet. After the selection cuts, we applied the charge
recovery to obtain better efficiency. The charged particles in tau jet which have the energy less
than 2 GeV are detached one by one from smallest energy from the tau jet until satisfying the
conditions as following: the charge of tau jet is +1 or −1, and the number of track(s) in tau jet is
1 or 3. The tau jet after detaching is rejected if it does not satisfy the above conditions. After the
selection cuts and detaching, we repeat the above processes until there are no charged particles
which have the energy greater than 2 GeV.

After the tau reconstruction, we applied the collinear approximation [10] to reconstruct Mτ+τ− .
In this approximation, we assumed that the visible decay products of tau and the neutrino(s) from
tau is collinear, and the contribution of missing transverse momentum is only comes from the
neutrino(s) of tau decay. The invariant mass of the tau pair with the collinear approximation
shown in Figure 16.

Figure 16: The plot of Mcolapp in the unit of GeV, the invariant mass of di-tau with collinear
approximation. Blue histogram shows the signal process ZH → qqττ .

After that, we applied the Durham jet clustering method [11] with two jets for the remaining
objects for the reconstruction of the Z boson.

After the tau and Z reconstruction, we applied the cuts to select signal process. Before op-
timizing cuts, we applied the preselection as follows: number of quark jets = 2, number of τ+

and τ− = 1, number of tracks in τ ≤ 3, and the events which have the tracks in both τ = 3
were rejected (double 3-prong cut). We applied the following cuts to reject the background: 9 ≤
number of tracks < 50, 110 GeV < Evis < 235 GeV, | cos θmiss| < 0.98, 77 GeV < MZ < 135 GeV,
80 GeV < EZ < 135 GeV, cos θτ+τ− < −0.5, log10 |d0/σ(d0)|(τ+) + log10 |d0/σ(d0)|(τ−) > −0.7,
log10 |z0/σ(z0)|(τ+) + log10 |z0/σ(z0)|(τ−) > −0.1, Mτ+τ− < 115 GeV, Eτ+τ− < 125 GeV, 100
GeV < Mcolapp < 170 GeV, 100 GeV < Ecolapp < 280 GeV, and 112 GeV < Mrecoil < 160 GeV,
where Mτ+τ− and Eτ+τ− is the invariant mass and energy without using collinear approxima-
tion, Mcolapp and Ecolapp is the invariant mass and energy with collinear approximation, respec-

7
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Figure 2.8.20: Estimate of the sensitivity of the ILC experiments to Higgs boson
couplings in a model-independent analysis. The plot shows the 1 � confidence
intervals as they emerge from the fit described in the text. Deviation of the central
values from zero indicates a bias, which can be corrected for. The upper limit on
the WW and ZZ couplings arises from the constraints (2.3.31). The bar for the
invisible channel gives the 1 � upper limit on the branching ratio. The four sets of
errors for each Higgs coupling represent the results for LHC (300 fb�1, 1 detector),
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].
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choose this value as a reference point, then, for tan � = 5 and taking c ' 1, the h0

couplings are approximately given by

ghV V

ghSMV V

' 1� 0.3%

✓
200 GeV

mA

◆
4

ghtt

ghSMtt

=
ghcc

ghSMcc

' 1� 1.7%

✓
200 GeV

mA

◆
2

ghbb

ghSMbb

=
gh⌧⌧

ghSM⌧⌧

' 1 + 40%

✓
200 GeV

mA

◆
2

. (13)

At the lower end of the range, the LHC experiments should see the deviation in the
hbb or h⌧⌧ 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 ⌧ are at the percent level,

ghbb

ghSMbb

=
gh⌧⌧

ghSM⌧⌧

' 1 + 1.7%

✓
1 TeV

mA

◆
2

. (14)

In this large-mA 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 mA in fact follows the same
quantitative pattern so long as the dimensionless couplings in the Higgs potential are
not larger than O(g2), where g is the weak gauge coupling.

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 µ2. 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 µ2 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.

28

For scalar new particles (e.g., the two top squarks in the MSSM), the resulting
e↵ective hgg and h�� couplings are given by

ghgg /
����F1/2

(mt) +
2m2

t

m2

T

F
0

(mT )

���� ,

gh�� /
����F1

(mW ) +
4

3
F

1/2

(mt) +
4

3

2m2

t

m2

T

F
0

(mT )

���� . (15)

Here F
1

, F
1/2

, and F
0

are the loop factors defined in [17] for spin 1, spin 1/2, and spin
0 particles in the loop, and mT 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 e↵ective couplings are

ghgg /
����F1/2

(mt) +
m2

t

m2

T

F
1/2

(mT )

���� ,

gh�� /
����F1

(mW ) +
4
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1/2

(mt) +
4

3

m2

t

m2

T

F
1/2

(mT )

���� . (16)

For simplicity, we have ignored the mixing between the top and its partner. For
mh = 120–130 GeV, the loop factors are given numerically by F

1

(mW ) = 8.2–8.5
and F

1/2

(mt) = �1.4. For mT � mh, the loop factors tend to constant values,
F

1/2

(mT )! �4/3 and F
0

(mT )! �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,

ghgg

ghSMgg

' 1 + 1.4%

✓
1 TeV

mT

◆
2

,
gh��

ghSM��

' 1� 0.4%

✓
1 TeV

mT

◆
2

, (17)

and for a fermionic top-partner,

ghgg

ghSMgg

' 1 + 2.9%

✓
1 TeV

mT

◆
2

,
gh��

ghSM��

' 1� 0.8%

✓
1 TeV

mT

◆
2

. (18)

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

The Littlest Higgs model [18,19] gives a concrete example. In this model, the one-
loop Higgs mass quadratic divergences from top, gauge, and Higgs loops are cancelled

29

by loop diagrams involving a new vector-like fermionic top-partner, new W 0 and Z 0

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 [20]

ghgg

ghSMgg

= 1� (5% ⇠ 9%)

gh��

ghSM��

= 1� (5% ⇠ 6%), (19)

where the ranges correspond to varying the gauge- and Higgs-sector model parame-
ters. Note that the Higgs coupling to �� is also a↵ected by the heavy W 0 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

ghxx

ghSMxx

' 1±O(v2/f2), (20)

where f is the compositeness scale.

As an example, the Minimal Composite Higgs model [21] predicts [22]

a ⌘ ghV V

ghSMV V

=
p

1� ⇠

c ⌘ ghff

ghSMff

=

⇢ p
1� ⇠ (MCHM4)

(1� 2⇠)/
p

1� ⇠ (MCHM5),
(21)

with ⇠ = v2/f2. Here MCHM4 refers to the fermion content of the original model
of Ref. [21], while MCHM5 refers to an alternate fermion embedding [23]. Again,
naturalness favors f ⇠ TeV, leading to

ghV V

ghSMV V

' 1� 3%

✓
1 TeV

f

◆
2

ghff

ghSMff

'
8
<

:
1� 3%

⇣
1 TeV

f

⌘
2

(MCHM4)

1� 9%
⇣

1 TeV

f

⌘
2

(MCHM5).
(22)
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SAPPHIRE:  γγàH    at √sγγ = mH     L = 0.36 1034 cm-2s-1 

Table 4: The statistical errors on selected decay modes of a 125 GeV Higgs boson in the Stan-
dard Model, calculated for a sample of 20,000 Higgs bosons corresponding to one year with the
nominal luminosity of CLICHE or SAPPHiRE.

decay mode raw events/year S/B εsel BR ∆ΓγγBR/ΓγγBR
b̄b 11540 4.5 0.30 57.7% 2%
W+W− 4300 1.3 0.29 21.5% 5%
γγ 45 — 0.70 0.23% 8%

grounds to the reaction e+e− → Zh, and an e+e− collider would have other possibilities at other
energies, e.g., for Z studies at lower energies, or for t̄t studies at higher energies. Nevertheless,
we feel that the Higgs physics programme of a γγ collider is of comparable interest to that
with an e+e− collider, bearing in mind, e.g., the possibilities for CP studies that we have not
discussed here.

In this note we have presented two concepts for a γγ collider: the CLICHE idea based
on CLIC 1 [3], and the SAPPHiRE idea based on the recirculating linacs envisaged for the
LHeC [4]. These concepts therefore offer considerable synergies with these other projects.
Moreover, we note two generic advantages of γγ colliders over e+e− colliders: they need a lower
centre-of-mass energy and they do not need a positron source. Both of these features offer
potential economies, though they may be offset by other disadvantages, such as the need for a
high-performance laser backscattering system. This is presumably the aspect of a γγ collider
that requires the most R&D, though one should be able to piggy-back on the developments in
laser systems made for other purposes.

Finally, we note that, although the SAPPHiRE concept was motivated by the recirculating
linac system proposed for the LHeC, it is not limited to the context of that project. One could
well imagine building such a recirculating linac system independently, and it might provide an
appealing, timely and cost-efficient stand-alone possibility for a Higgs factory.
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LHeC: Vector boson fusion (CC,NC)   Δσ (epà(Hàbb)+X ≈ 8% (stat.) + (pdf,NLO) 
 
 
Muon Collider: µ+ µ- à H    at √s = mH   σ ≈ 50 pb 
 
 
 
 
 
 
 
 
Further Higgs program at µCollider same as for e+e- if at same √s and L 
 
 
 
 

OVERVIEW OF A 125 GeV HIGGS μ+-μ- COLLIDER 

At 125 GeV, the standard-model Higgs is a narrow resonance with a width of ~3 MeV, and the cross-section for 
production  from  μ+-μ-  H0 is ~50pb.  This is relatively small, but is (mμ/me)2 larger than for an e+-e- collider, and a 
luminosity of L = 1031 cm-2/s would provide ~5000 H0 / 107 s  operational  “year”.  A  scan  over  the  Higgs  mass  with  a  
small-δE  muon collider would resolve that mass and width to high accuracy, much higher than any alternative H0 
studies.   The initial difficulty will be in isolating the H0 and a scan over a larger energy spread will be needed.  Fig. 
2A shows a simulation of such a scan, requiring ~107 s at L=1031.  The standard H0   will   decay   to   b-b̅   quarks  
predominantly, which will aid in its separation from the production background of ~80 pb.  

  
FIGURE 2.  A:This  displays  a  simulated  110GeV  Higgs  scan  at  a  μ+-μ- Collider (from ref. 2). B: An overview of μμ?? at E = 

50 to 350 GeV, showing the Z peak, possible H results, and other known effects. (from ref. 4) 
 
An e+-e- Collider cannot produce H0 directly but can produce it in association with a Z0 (e+-e- Z0 + Ho) at 

higher energy and low-cross-section (~0.2pb at 250 GeV, with ~20pb background).  A much higher luminosity 
(L~1034) is needed and the precision of energy measurement and direct width measurement will be much degraded. 
Associated production in a muon Collider will also occur at a similar cross-section.    The  direct  production  by  μ+-μ- 
would be greatly preferable since it enables precision  measurement  and  requires  a  luminosity  of  “only”  1031, but it 
does require small-δE  beam  (δE  <  10  MeV  with  <3MeV  preferred).   

An artistic impression of a muon collider is presented in Fig. 3.  It consists of a source of high-intensity short 
proton pulses, a   production   target   with   collection   of   secondary   π’s,   a   decay   transport,   a bunching and cooling 
channel  to  capture  and  cool  μ’s  from  π  decay  into  intense  bunches,  an  accelerator  that  takes  the  μ+  and  μ - bunches to 
a collider ring for full-energy collision in an interaction region inside a Detector.   Refs. 2 and 3 presented low-
energy collider scenarios and we have adapted their versions, following more recent research, to obtain collider 
parameters presented in Table 1.  The components are discussed below. 

 
FIGURE 3.  An  overview  of  a  μ+-μ- Collider Facility, extending up to 22 TeV. (from ref. 3) 

A 

B 
107 s  at  L = 1031 cm-2s-1 
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Need additional assumptions to convert the LHC  
µ measurements into couplings: 

•  assume no new particles contribute 
•  assume upper limit on Γtot 
•  assume non-observed final states to be either  

small or „coupled“ to observed ones 
•  assume a fixed set of coupling parameters  

(e.g. κγ, κV, κg, κb, κt, κτ) 

� V g b t ⌧p
s = 14 �1

�1

pp

Also the exclusive ttH,H ! µµ channel was studied. While the expected signal rate is only
⇠30 events at 3000 fb�1, a signal-to-background ratio of better than unity can be achieved and
hence this channel gives information on both the top- and µ-Yukawa coupling with a precision on
the total signal strength of ⇠25%.

An overview of the expected measurement precision in each channel for the signal strength µ with
respect to the Standard Model Higgs boson expectation for a mass of 125 GeV is given in Figure 3(a)
for assumed integrated luminosities of 300 fb�1 and 3000 fb�1.

µ
µΔ

0 0.2 0.4 0.6 0.8

γγ→H

 (+j)γγ→H

γγ→VBF,H
γγ→ttH,H

γγ→VH,H
 WW→H
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ττ→VBF,H

µµ→ttH,H

µµ→H

ATLAS Preliminary (Simulation)
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

 extrapolated from 7+8 TeV-1Ldt=300 fb∫

(a)

Yκ/Xκ

)Yκ/X
κ(Δ
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Γ(Δ
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gΓ / ZΓ

ATLAS Preliminary (Simulation)
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

 extrapolated from 7+8 TeV-1Ldt=300 fb∫

(b)

Figure 3: (a): Expected measurement precision on the signal strength µ = (� ⇥ BR)/(� ⇥ BR)SM in
all considered channels. (b): Expected measurement precisions on ratios of Higgs boson partial widths
without theory assumptions on the particle content in Higgs loops or the total width.
In both figures, the bars give the expected relative uncertainty for a Standard Model Higgs boson with
a mass of 125 GeV (the dashed areas include current theory signal uncertainties from QCD scale and
PDF variations [10, 11]) for luminosities of 300 fb�1 and 3000 fb�1. For the ⌧⌧ final state the thin brown
bars show the expected precision reached from extrapolating all ⌧⌧ channels studied in the current 7 and
8 TeV analysis to 300 fb�1, instead of using dedicated studies at 300 fb�1 that, together with those made
for 3000 fb�1, are based only on the VBF H ! ⌧⌧ channels.

The �� and ZZ⇤ final states profit most from the high luminosity, as both statistical and systematic
uncertainties (which are dominated by the number of events in the sideband) are reduced considerably.
The �� final state is especially important, as this final state can be used as a clean probe of all initial
states and associated couplings accessible to the LHC.

In the ⌧⌧ channels dedicated studies for 300 fb�1 and 3000 fb�1 were done only for the VBF pro-

5

•  Alternative: ratios of Γ´s 
(no theory assumptions): 
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Experimental questions to the discovered particle: 
 
1.  Mass 
2.  J – 0 (1) 2  
3.  CP – even / odd / admixture ? 
4.  Couplings to Bosons? (gauge couplings – Higgs mechanism) 

 W/Z  
5.  Couplings to Fermions? (establish Yukawa mechanism) 

~ to mass? 
up-type vs. down-type ? 
quarks vs. leptons ? 
2nd vs 3rd generation  

6.  Self coupling? (establish shape of Higgs potential) 
7.  Are there any non-SM particles relevant in production and/or decay 

 - non-SM decays? 
 - new particles in the loop 

à rich phenomenology of H(125) opens many windows to new physics  
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• Through the coupling measurements, determine the Electroweak Symmetry 
Breaking sector (bottom-up model-independent reconstruction of the Lagrangian 
for the Higgs and Yukawa sectors):

• Multiplet structure:

• Additional singlet?

• Additional doublet?

• Additional triplet?		 	 	 	 	 	 	
• Underlying dynamics :

• Weakly interacting or strongly interacting?
  = elementary or composite ?   

• Relations to other problems : 

• DM

• EW baryogenesis

•  neutrino mass

• inflation?		 	 	 	 	 	 	 	 	
• The July 4 was the opening of a new era which will last probably 20 years or 

more, where a 500 GeV LC will / must play the central role. 
5

Many models 
discussed in the 
Higgs Session

5
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LHC: Decay angle analysis in HàZZà4l and Hàγγ 
 
today: ATLAS + CMS prefer 0+ over 0- and 2+ at the 1-2σ level 
 
prospects: expect sensitivity to confirm 0+ well within LHC300 programme 
ATLAS study for CP violation in HàZZà4l: 

quartic) Higgs self-coupling is important. While the quartic Higgs boson coupling is not accessible
within any currently planned collider program, the triple Higgs coupling could be observable as an inter-
ference e↵ect in the Higgs boson pair production.

In the following, we assume that the recently discovered particle is the Standard Model Higgs boson
and study the precision with which its properties can be measured for some selected cases with the
luminosity upgrade of the LHC.

2.1 Measurement of the spin/CP nature

By the end of 2012, both ATLAS and CMS should have collected a total of about 30 fb�1 of pp collisions
at
p

s = 7 TeV and 8 TeV. This dataset will allow the first measurements of the spin and parity of the new
particle. The observation of CP-violation in the Higgs sector will however require significantly larger
amounts of data.

Given the consistency of the new particle with the Standard Model Higgs boson, one may expect
that the dominant spin and parity of the new resonance is 0+. This assumption is taken as a baseline for
all the results presented below. In this section we present the estimate of the ATLAS sensitivity to the
CP-violating part of the HZZ amplitude. For a spin zero particle in the general case the amplitude of the
interaction between this boson and two gauge bosons can be presented in the form [4]:

A(X ! VV) ⇠
⇣
a1M2

Xgµ⌫ + a2(q1 + q2)µ(q1 + q2)⌫ + a3"µ⌫↵�q↵1 q�2
⌘
"⇤µ1 "

⇤⌫
2 (1)

where "1, "2 are polarisation vectors of gauge bosons and q1 and q2 are their four momenta. The form
factors a1, a2 and a3 are in general momentum dependent but we assume that at the energy scale below
1 TeV they are constants. The form factor a1 can be chosen as real but a2 and a3 in general are complex.

The first two terms of the amplitude (1) and their respective form factors a1 and a2 correspond to
a CP-even X boson with mass MX , while the last term with from factor a3 defines the interaction of a
CP-odd X boson. The simultaneous presence of CP-even and CP-odd terms in the amplitude leads to CP
violation [4]. To illustrate the e↵ect of CP mixing in this amplitude, we chose the form factor a1 = 1 and
vary a3. The form factor a2 is set to 0 to simplify the analysis.

The Monte Carlo (MC) samples for this study are generated using the JHU generator [5] for signal
and MadGraph [6] for the irreducible ZZ(⇤) background. After event generation, all data samples are
processed with the Pythia MC generator for parton showers, using the AU2 CTEQ6L1 parton density
functions. In order to simulate the expected detector resolution e↵ects, the momenta of generated leptons
are smeared using the dedicated smearing functions. In addition, the trigger and reconstruction e�cien-
cies are accounted for by assigning event weights representing the expected reconstruction and trigger
e�ciencies in the upgrade scenario.

The event selection follows closely the one employed for the resonance discovery analysis [1]. The
spin analysis is performed by training two Boosted Decision Trees: one for separating the CP-violating
model from pure 0+ state and one for the rejection of reducible ZZ background. The significance of
hypothesis rejection is calculated for an Asimov data set [7] using profiled likelihood. Presented in
Table 1 are the expected significances to reject a CP-violating state in favour of 0+ hypothesis as a
function of integrated luminosity and strength of CP-odd form factor. The total number of expected
signal and background events in the signal region is obtained from the Standard Model prediction for
14 TeV. A conservative systematic error of 50% is assigned to the knowledge of the background yield.

The value of the CP-violating form factor a3 = 6 + 6i roughly corresponds to the situation with
maximal interference between CP-odd and CP-even components. It can be noted that with current as-
sumptions the mixing form factors up to a3 = 4 + 4i can be excluded with 3� or more during the current
LHC programme in which 300 fb�1 are predicted to be collected. Precise measurement of smaller form
factors which are more likely to be realised will require higher luminosities only accessible at HL-LHC.

2

number σ´s sensitivity 
to different amplitudes 

Integrated Signal (S) and 6 + 6i 6i 4 + 4i
Luminosity Background (B)
100 fb�1 S = 158; B = 110 3.0 2.4 2.2
200 fb�1 S = 316; B = 220 4.2 3.3 3.1
300 fb�1 S = 474; B = 330 5.2 4.1 3.8

Table 1: Expected separation in number of sigma to reject a CP violating state in favour of a 0+ hypothe-
sis in the case of a signal produced by a 0+ boson decaying to ZZ(⇤) ! 4l final states. The result is given
as a function of the integrated luminosity and for di↵erent values of the CP-odd form factor a3 (see text).

Also the processes ttH,H ! µµ and ttA, A ! µµ were studied for a CP separation. As both the
initial and final state is fermion-coupling induced, no suppression of the CP-odd state, as it may happen
in vector boson couplings, is expected. A preliminary analyses shows that the expected event counts
are too small to allow for more than a ⇠ 1� separation between a pure CP even and pure CP odd state
even with 3000 fb�1. However more detailed studies are needed to make a firm statement on the physics
potential of HL-LHC for the Higgs boson CP separation using this final state.

2.2 Measurements of the Higgs boson couplings

While Higgs boson coupling measurements have already started at the LHC, the luminosity of the HL-
LHC will provide substantially improved statistical precision for already established channels and allow
rare Higgs boson production and decay modes to be studied. From the combination of the observed rates
in all channels, detailed measurements of the Higgs boson coupling strength can then be extracted.

For an estimate of the precision with which the SM Higgs boson couplings to other particles can be
measured at the HL-LHC, the following Higgs boson decays, that are already addressed in the current 7
and 8 TeV analysis, are considered:

• H ! �� in the 0-jet and the 2-jet final state, the latter with a vector-boson fusion (VBF) selection.
The analysis is carried out analogously to Ref. [1].

• Inclusive H ! ZZ⇤ ! 4` following a selection close to that in Ref. [1].

• H ! WW⇤ ! `⌫ `⌫ in the 0-jet and the 2-jet final state, the latter with a VBF selection. The
analysis follows closely that of Ref. [1].

• H ! ⌧+⌧� in the 2-jet final state with a VBF selection as in Ref. [8].

For all channels, changes to the trigger and the photon/lepton selections needed to keep misidentification
rates at an acceptable level at high luminosities are taken into account. For the VBF jet selection, the
cuts were tightened to reduce the expected fake rate induced by pileup to be below 1% of the jet activity
from background processes.

In addition to these channels, final states targeted to the measurement of couplings with high lumi-
nosities have now been studied:

• WH/ZH,H ! �� and tt̄H,H ! ��: these channels have a low signal rate at the LHC, but one can
expect to observe more than 100 signal events with the HL-LHC. The selection of the diphoton
system is done in the same way as for the inclusive H ! �� channel. In addition, 1- and 2-lepton
selections, dilepton mass cuts and di↵erent jet requirements are used to separate the WH, ZH and
ttH initial states from each other and from the background processes. The ttH initial state gives
the cleanest signal with a signal-to-background ratio of ⇠20%, to be compared to ⇠10% for ZH
and ⇠2% for WH.

3

a1 a2 a3 

[ATLAS, Krakow report] 
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FIG. 25: The �2 as a function of �ZHH · Lumi.

– visible energy less than 900 GeV, missing pt large than 5 GeV, and missing mass larger than 0.

• Final-selection:

1. Cut1: Evis < 700 + 5MissPt GeV.

2. Cut2: MLPl⌫bbqq > 0.84.

3. Cut3: MLP⌫⌫bbbb > 0.36.

4. Cut4: Bmax3 +Bmax4 > 0.71.

TABLE VII: The reduction table for the signal and backgrounds after the final selection for ⌫⌫HH at 1 TeV mode, together
with the number of expected events and generated events. The cuts names are explained in text.

Process expected generated pre-selection Cut1 Cut2 Cut3 Cut4

⌫⌫HH (fusion) 272 1.05⇥ 105 127 107 77.2 47.6 35.7
⌫⌫HH (ZHH) 74.0 2.85⇥ 105 32.7 19.7 6.68 4.88 3.88
yyxye⌫ 1.50⇥ 105 6.21⇥ 105 812 424 44.4 11.0 0.73
yyxyl⌫ 2.57⇥ 105 1.17⇥ 106 13457 4975 202 84.5 4.86
yyxyyx 3.74⇥ 105 1.64⇥ 106 18951 4422 38.5 26.7 1.83
⌫⌫bbbb 650 2.87⇥ 105 553 505 146 6.21 4.62
⌫⌫ccbb 1070 1.76⇥ 105 269 242 63.3 2.69 0.19
⌫⌫qqh 3125 7.56⇥ 104 522 467 257 30.6 17.6
BG 7.86⇥ 105 34597 11054 758 167 33.7

1. Summary of the ⌫⌫HH at 1 TeV

In this e+ + e� ! ⌫⌫̄HH searching mode, assuming the Higgs mass of 120 GeV and the integrated luminosity of
2 ab�1, with the beam polarization P (e�, e+) = (�0.8,+0.2), it is expected to observe 35.7 signal events with 33.7
backgrounds events, expecting the measurement significance of 4.3�. The cross section of ⌫⌫HH from fusion can be
measured to the precision of 23%, corresponding to the precision of 20% on the Higg self-coupling according to the
sensitivity in Figure 4 (right). And with the weighting method, the precision on Higgs self-coupling would be further
improved to 18%. Another important information from this analysis is that the double Higgs production excess with
a statistical significance of 7.2� is expected to be observed.

[J.Tian LC-REP-2013-003] 
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from European Strategy „Briefing Book“ (red stuff added by KD) 

16 CHAPTER 2. ENERGY FRONTIER

Table 2.2: Overview of electron-positron colliders (⇤di↵erent scenarios).

Facility Year Ecm Luminosity Tunnel length
[GeV] [1034 cm�2s�1] [km]

ILC 250 <2030 250 0.75
ILC 500 500 1.8 ⇠ 30
ILC 1000 1000 ⇠ 50
CLIC 500 >2030 500 2.3 (1.3)⇤ ⇠ 13
CLIC 1400 1400 (1500)⇤ 3.2 (3.7)⇤ ⇠ 27
CLIC 3000 3000 5.9 ⇠ 48
LEP3 >2024 240 1 LEP/LHC
TLEP >2030 240 5 80 (ring)
TLEP 350 0.65 80 (ring)

and the installation of the experiment would have to be done during the long shutdown
LS3, currently scheduled for 2022 and a period of about 2 years. The target luminosity
for e�p is 1033 cm�2s�1, whereas the e+p luminosity would be about a factor 10 lower.
This is a disadvantage of the linac-ring option. Within an operation period of 10 years
a total luminosity of O(100)fb�1 could be collected.

2.3 Energy Frontier Physics at LHC

2.3.1 Current status

The excellent performance of the LHC and the extremely high overall e�ciency of
ATLAS and CMS made it possible in about two years of operation to achieve a first
crucial step in our comprehension of the nature of Electro Weak Symmetry Breaking
(EWSB). The impressive amount of data collected by each experiment (5.5 fb�1 at 7
TeV in six months of run and 6.5 fb�1 at 8 TeV in two months of run until June 2012)
produced a number of solid and outstanding experimental results:

• confirmation up to the percent level of Standard Model (SM) predictions in the
QCD and EW sectors;

• observation of a new boson with a mass around 125 GeV [5] consistent within
experimental errors with the SM Higgs boson;

• exclusion of a wide area of parameter space in Supersymmetry (SUSY) models;

• exclusion of the presence of exotic heavy objects, with su�ciently strong couplings
to quarks and gluons and su�ciently distinctive signatures, up to masses of 2–
3 TeV.

The priority set for the LHC in 2012 was to provide enough luminosity for an in-
dependent discovery of a SM Higgs Boson by ATLAS and CMS. At present a peak
luminosity of 7.7 ⇥ 1033 cm�2s�1 has been reached, at the price for the experiments to
cope with high pile-up running conditions (20 events in average).

The consistency of the standard measurements:

< 

? 
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