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Chapter 1
ILD: Executive Summary

The International Large Detector (ILD) is a concept for a detector at the International Linear Collider,
ILC [198]. In a slightly modified version, it has also been proposed for the CLIC linear collider [199].

The ILD detector concept has been optimised with a clear view on precision. In recent years
the concept of particle flow has been shown to deliver the best possible overall event reconstruction.
Particle flow implies that all particles in an event, charged and neutral, are individually reconstructed.
This requirement has a large impact on the design of the detector, and has played a central role in
the optimisation of the system. Superb tracking capabilities and outstanding detection of secondary
vertices are other important aspects. Care has been taken to design a hermetic detector, both in
terms of solid-angle coverage, but also in terms of avoiding cracks and non-uniformities in response.
The overall detector system has undergone a vigorous optimisation procedure based on extensive
simulation studies both of the performance of the subsystems, and on studies of the physics reach
of the detector. Simulations are accompanied by an extensive testing program of components and
prototypes in laboratory and test-beam experiments.

Figure III-1.1
View of the ILD detec-
tor concept.

The ILD detector concept has been described in a number of documents in the past. Most
recently the letter of intent [198] gave a fairly in depth description of the ILD concept. The ILD
concept is based on the earlier GLD and LDC detector concepts [200, 201, 202]. Since the publication
of the letter of intent, major progress has been made in the maturity of the technologies proposed for
ILD, and their integration into a coherent detector concept.

185

Chapter 1
SiD Concept Overview

1.1 SiD Philosophy

SiD [63] is a general-purpose detector designed to perform precision measurements at a Linear Collider.
It satisfies the challenging detector requirements that are described in the Common Section. SiD is
based on the PFA paradigm, an algorithm by which the reconstruction of both charged and neutral
particles is accomplished by an optimised combination of tracking and calorimetry. The net result
is a significantly more precise jet energy measurement that results in a di-jet mass resolution good
enough to distinguish between W and Z hadronic decays.

SiD (Figures II-1.1, II-1.2) is a compact detector based on a powerful silicon pixel vertex
detector, silicon tracking, silicon-tungsten electromagnetic calorimetry (ECAL) and highly segmented
hadronic calorimetry (HCAL). SiD also incorporates a high-field solenoid, iron flux return, and a muon
identification system. The use of silicon sensors in the vertex, tracking and calorimetry enables a
unique integrated tracking system ideally suited to particle flow.

Figure II-1.1
SiD on its platform,
showing tracking (red),
ECAL (green), HCAL
(violet) and flux return
(blue).

The choice of silicon detectors for tracking and vertexing ensures that SiD is robust with respect
to beam backgrounds or beam loss, provides superior charged particle momentum resolution, and
eliminates out-of-time tracks and backgrounds. The main tracking detector and calorimeters are
“live” only during each single bunch crossing, so beam-related backgrounds and low-p

T

backgrounds
from gg processes will be reduced to the minimum possible levels. The SiD calorimetry is optimised
for excellent jet energy measurement using the PFA technique. The complete tracking and calorimeter
systems are contained within a superconducting solenoid, which has a 5 T field strength, enabling the
overall compact design. The coil is located within a layered iron structure that returns the magnetic
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Menu

!
!
!

• The case for Higgs physics in e+e- collisions 
!

• Measurements of Higgs parameters at the ILC 
!

• Projected precision
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Most results from: 
ILC TDR, Vol. 4, arXiv:1306.6329 
ILC Higgs White Paper, arXiv: 1310.0763 
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Higgs discovery

• A turning point: 
• after 50 years the last 

building block falls into place 
• and opens the door to 

something completely new
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2013 Nobel prize in physics
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Anticipated discoveries

• The history of particle physics is full of predicted discoveries: 
– Positron, neutrino, pion, quarks, gluons, W, Z bosons, charm, 

bottom, top - and now Higgs 
• Precision directs the way forward

4

From precision tests of electroweak quantum corrections

Higgs

top
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Higgs physics drives the field

!
• The main question today:  
• establish the Higgs profile 

– mass, spin, parity 
– above all: couplings 
!

• Is the Higgs(125) the Higgs 
and does it fulfil its role in the 
Standard Model? 
!

• Or does it hold the key to New 
Physics?

5
March 2014 8 

P5 Identified Scientific Drivers for the Field 

“Driver” = a compelling line of inquiry that shows great promise for major progress over the 
next 10-20 years.  Each has the potential to be transformative.  Expect surprises. 

•  Use the Higgs as a new tool for discovery.    
•  Explore the physics associated with neutrino mass. 
•  Identify the new physics of Dark Matter. 
•  Test the nature of Dark Energy in detail, and probe the physics 

of the highest energy scales that governed the very early 
Universe. 

•  Search for new particles and interactions; new physical 
principles. 

These drivers are intertwined, possibly even more deeply than we 
currently understand.  A selected set of different experimental 

approaches, which reinforce each other, is required.  This effort  
also opens important discovery space beyond the drivers. 

S.Ritz, Report on P5

K.Fujii,  LC School, Aug. 13, 2014
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Mass Coupling Relation 
After Baseline LC Program

Notice the rare mode like H→μ+μ- and 
significant improvement in top Yukawa and 
self-coupling measurements.
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Precision for discovery

6

Brock/Peskin Snowmass 2013

precision for precision’s sake?
No - this is a discovery search

83

SM

Benchmark 
for discovery 
is few % to 
sub-%

Physics behind EW symmetry breaking:  
Models with new particles at the TeV  
scale, consistent w/ exp. constraints,  
lead to deviations in Higgs copings
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International Linear Collider

• ECM = 250 - 500 GeV 
– upgradable to 1 TeV 

• Luminosity ~ 250 fb-1/y 
• Beam polarisation -0.8, +0.3 
• TDR 2012 
• Proposed site: Kitakami, Japan
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See the prototype 
on Friday afternoon
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ILC detector concepts

• Optimised for precision  
• Highly granular calorimeters for particle flow 
• Ultra-thin and precise trackers 
• Beauty and charm (!) vertex tagging 
• Detailed simulation including beam background

8
4/23/2012 KILC12 SiD Progress Towards DBD 4 

The Silicon 
Detector 
Concept 

ILD SiD



Measurements  
of Higgs couplings
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How to measure a coupling

• We perform counting experiments: 
• N events / integr. luminosity = cross section x branching ratio  
• Branching ratio := partial width / total width  
!

• σ ∙ BR = σi ∙ Γf / ΓT ~ gi2  gf2 / ΓT  
!

• Need σ and total width to convert branching ratios into couplings  
– e.g. Z line shape at LEP 

• ΓT (Higgs)SM = 4 MeV - unobservable 
!

• At LHC, only poorly constraint 
– or SM value assumed 
!

• At ILC, play the cards of e+e-…

10
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Higgs production

• Higgs strahlung  
!
!
!
!
!

• W fusion 
!
!
!
!
!
!

• Z fusion 
11
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Figure 2.6. Feynman diagrams for the three major Higgs production processes at the ILC: e+e≠ æ Zh (left),
e+e≠ æ ‹‹H (center), and e+e≠ æ e+e≠H (right).

promising bb““ final state was studied in Ref. [73]. The expected triple-Higgs coupling sensitivity
can be expressed as �⁄hhh © ⁄/⁄

SM

≠ 1, assuming no new particles contribute to the gg æ h and
gg æ hh loops. The results, summarized in Table 2.1, indicate that only order-1 sensitivity will be
possible.

The ATLAS submission to the European Strategy Study [62], gives some new results on the
measurement of the triple Higgs coupling. The report estimates that, with 3000 fb≠1 and combining
both LHC experiments, “a ≥ 30% measurement of ⁄HHH may be achieved”. We look forward to the
studies, not yet reported, that will support this conclusion.

2.4 Higgs measurements at ILC at 250 GeV

The physics program of the LHC should be contrasted with the physics program that becomes available
at the ILC. The ILC, being an e+e≠ collider, inherits traditional virtues of past e+e≠ colliders such
as LEP and SLC. We have described these in Chapter 1. The ILC o�ers well defined initial states,
a clean environment, and reasonable signal-to-noise ratios even before any selection cuts. Thanks
to the clean environment, it can be equipped with very high precision detectors. The experimental
technique of Particle Flow Analysis (PFA), described in Volume 4 of this report, o�ers a qualitative
improvement in calorimetry over the detectors of the LEP era and su�cient jet mass resolution
to identify W and Z bosons in their hadronic decay modes. Thus, at the ILC, we can e�ectively
reconstruct events in terms of fundamental particles — quarks, leptons, and gauge bosons. Essentially,
we will be able to analyze events as viewing Feynman diagrams. By controlling beam polarization, we
can even select the Feynman diagrams that participate a particular reaction under study. The Higgs
boson can be observed in all important modes, including those with decay to hadronic jets. This is a
great advantage over the experiments at the LHC and provides the opportunity to carry out a truly
complete set of precision measurements of the properties of the Standard-Model-like Higgs boson
candidate found at the LHC.

The precision Higgs program will start at
Ô

s = 250 GeV with the Higgs-strahlung process,
e+e≠ æ Zh (Fig. 2.6 (left)).The production cross section for this process is plotted in Fig. 2.7 as a
function of

Ô
s together with that for the weak boson fusion processes (Figs. 2.6-(center and right)).

We can see that the Higgs-strahlung process attains its maximum at around
Ô

s = 250 GeV and
dominates the fusion processes there. The cross section for the fusion processes increases with the
energy and takes over that of the Higgs-strahlung process above

Ô
s >≥ 400 GeV.

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

s ƒ 250 GeV 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. ◊ 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 goals of the
ILC. Only after this study is completed can we settle the question of whether the new resonance is

28 ILC Technical Design Report: Volume 2
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Figure 2.6. Feynman diagrams for the three major Higgs production processes at the ILC: e+e≠ æ Zh (left),
e+e≠ æ ‹‹H (center), and e+e≠ æ e+e≠H (right).

promising bb““ final state was studied in Ref. [73]. The expected triple-Higgs coupling sensitivity
can be expressed as �⁄hhh © ⁄/⁄

SM

≠ 1, assuming no new particles contribute to the gg æ h and
gg æ hh loops. The results, summarized in Table 2.1, indicate that only order-1 sensitivity will be
possible.

The ATLAS submission to the European Strategy Study [62], gives some new results on the
measurement of the triple Higgs coupling. The report estimates that, with 3000 fb≠1 and combining
both LHC experiments, “a ≥ 30% measurement of ⁄HHH may be achieved”. We look forward to the
studies, not yet reported, that will support this conclusion.

2.4 Higgs measurements at ILC at 250 GeV

The physics program of the LHC should be contrasted with the physics program that becomes available
at the ILC. The ILC, being an e+e≠ collider, inherits traditional virtues of past e+e≠ colliders such
as LEP and SLC. We have described these in Chapter 1. The ILC o�ers well defined initial states,
a clean environment, and reasonable signal-to-noise ratios even before any selection cuts. Thanks
to the clean environment, it can be equipped with very high precision detectors. The experimental
technique of Particle Flow Analysis (PFA), described in Volume 4 of this report, o�ers a qualitative
improvement in calorimetry over the detectors of the LEP era and su�cient jet mass resolution
to identify W and Z bosons in their hadronic decay modes. Thus, at the ILC, we can e�ectively
reconstruct events in terms of fundamental particles — quarks, leptons, and gauge bosons. Essentially,
we will be able to analyze events as viewing Feynman diagrams. By controlling beam polarization, we
can even select the Feynman diagrams that participate a particular reaction under study. The Higgs
boson can be observed in all important modes, including those with decay to hadronic jets. This is a
great advantage over the experiments at the LHC and provides the opportunity to carry out a truly
complete set of precision measurements of the properties of the Standard-Model-like Higgs boson
candidate found at the LHC.

The precision Higgs program will start at
Ô

s = 250 GeV with the Higgs-strahlung process,
e+e≠ æ Zh (Fig. 2.6 (left)).The production cross section for this process is plotted in Fig. 2.7 as a
function of

Ô
s together with that for the weak boson fusion processes (Figs. 2.6-(center and right)).

We can see that the Higgs-strahlung process attains its maximum at around
Ô

s = 250 GeV and
dominates the fusion processes there. The cross section for the fusion processes increases with the
energy and takes over that of the Higgs-strahlung process above

Ô
s >≥ 400 GeV.

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

s ƒ 250 GeV 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. ◊ 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 goals of the
ILC. Only after this study is completed can we settle the question of whether the new resonance is
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2.4. Higgs measurements at ILC at 250 GeV

Figure 2.7
Production cross
section for the
e+e≠ æ Zh process
as a function of the
center of mass energy
for mh = 125 GeV,
plotted together with
those for the W W and
ZZ fusion processes:
e+e≠ æ ‹‹H and
e+e≠ æ e+e≠H.
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the Standard Model Higgs boson, a Higgs boson of a more general theory, or a particle of a di�erent
origin. Particular important for this question are the values of the Higgs boson mass, mh, and the
Higgs production cross sections and branching ratios.

In this section and the following ones, we will present the measurement accuracies for the Higgs
boson properties expected from the ILC experiments. These measurement accuracies are estimated
from full simulation studies with the ILD and SiD detectors described in the Detector Volume, Volume
4 of this report. Because these full-simulation studies are complex and were begun long before the
LHC discovery, the analyses assumed a Higgs boson of mass 120 GeV. In this section and the next two
sections, then, all error estimates refer to 120 GeV Higgs boson. In Section 2.7, we will present a table
in which our results are extrapolated to measurement accuracies for a 125 GeV Higgs boson, taking
into appropriate account the changes in the signal and background levels in these measurements.

2.4.1 Mass and quantum numbers

We first turn our attention to the measurements of the mass and spin of the Higgs boson, which
are necessary to confirm that the Higgs-like object found at the LHC has the properties expected for
the Higgs boson. We have discussed in the previous section that the LHC already o�ers excellent
capabilities to measure the mass and quantum numbers of the Higgs boson. However, the ILC o�ers
new probes of these quantities that are very attractive experimentally. We will review them here.

We first discuss the precision mass measurement of the Higgs boson at the ILC. This measurement
can be made particularly cleanly in the process e+e≠ æ Zh, with Z æ µ+µ≠ and Z æ e+e≠ decays.
Here the distribution of the invariant mass recoiling against the reconstructed Z provides a precise
measurement of mh, independently of the Higgs decay mode. In particular, the µ+µ≠X final state
provides a particularly precise measurement as the e+e≠X channel su�ers from larger experimental
uncertainties due to bremsstrahlung. It should be noted that it is the capability to precisely reconstruct
the recoil mass distribution from Z æ µ+µ≠ that defines the momentum resolution requirement for
an ILC detector.

The reconstructed recoil mass distributions, calculated assuming the Zh is produced with four-
momentum (

Ô
s, 0), are shown in Fig.2.8. In the e+e≠X channel FSR and bremsstrahlung photons

are identified and used in the calculation of the e+e≠(n“) recoil mass. Fits to signal and background
components are used to extract mh. Based on this model-independent analysis of Higgs production
in the ILD detector, it is shown that mh can be determined with a statistical precision of 40 MeV
(80 MeV) from the µ+µ≠X (e+e≠X) channel. When the two channels are combined an uncertainty

Physics ILC Technical Design Report: Volume 2 29

• Use polarisation to enhance cross section 
• Vary beam energy to select W or Z coupling
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Higgs signal in Z recoil 

• In e+e-, use kinematic 
constraints 

• recoil mass against Z  
– M2 = E2-p2 
– beam energy: E = √s-EZ, p=pZ 
– Z mass: EZ2 = MZ2 + pZ2 
!

• No use of Higgs final state, can 
even be invisible  

• Model-independent ZH cross 
section 

• Absolute normalisation for BRs 
– sensitive to invisible decays 

• Direct extraction of gZ 

–  the central measurement
12

works best with muons,  
also well with electrons 
jets: not so easy 
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Figure 2.6. Feynman diagrams for the three major Higgs production processes at the ILC: e+e≠ æ Zh (left),
e+e≠ æ ‹‹H (center), and e+e≠ æ e+e≠H (right).

promising bb““ final state was studied in Ref. [73]. The expected triple-Higgs coupling sensitivity
can be expressed as �⁄hhh © ⁄/⁄

SM

≠ 1, assuming no new particles contribute to the gg æ h and
gg æ hh loops. The results, summarized in Table 2.1, indicate that only order-1 sensitivity will be
possible.

The ATLAS submission to the European Strategy Study [62], gives some new results on the
measurement of the triple Higgs coupling. The report estimates that, with 3000 fb≠1 and combining
both LHC experiments, “a ≥ 30% measurement of ⁄HHH may be achieved”. We look forward to the
studies, not yet reported, that will support this conclusion.

2.4 Higgs measurements at ILC at 250 GeV

The physics program of the LHC should be contrasted with the physics program that becomes available
at the ILC. The ILC, being an e+e≠ collider, inherits traditional virtues of past e+e≠ colliders such
as LEP and SLC. We have described these in Chapter 1. The ILC o�ers well defined initial states,
a clean environment, and reasonable signal-to-noise ratios even before any selection cuts. Thanks
to the clean environment, it can be equipped with very high precision detectors. The experimental
technique of Particle Flow Analysis (PFA), described in Volume 4 of this report, o�ers a qualitative
improvement in calorimetry over the detectors of the LEP era and su�cient jet mass resolution
to identify W and Z bosons in their hadronic decay modes. Thus, at the ILC, we can e�ectively
reconstruct events in terms of fundamental particles — quarks, leptons, and gauge bosons. Essentially,
we will be able to analyze events as viewing Feynman diagrams. By controlling beam polarization, we
can even select the Feynman diagrams that participate a particular reaction under study. The Higgs
boson can be observed in all important modes, including those with decay to hadronic jets. This is a
great advantage over the experiments at the LHC and provides the opportunity to carry out a truly
complete set of precision measurements of the properties of the Standard-Model-like Higgs boson
candidate found at the LHC.

The precision Higgs program will start at
Ô

s = 250 GeV with the Higgs-strahlung process,
e+e≠ æ Zh (Fig. 2.6 (left)).The production cross section for this process is plotted in Fig. 2.7 as a
function of

Ô
s together with that for the weak boson fusion processes (Figs. 2.6-(center and right)).

We can see that the Higgs-strahlung process attains its maximum at around
Ô

s = 250 GeV and
dominates the fusion processes there. The cross section for the fusion processes increases with the
energy and takes over that of the Higgs-strahlung process above

Ô
s >≥ 400 GeV.

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

s ƒ 250 GeV 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. ◊ 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 goals of the
ILC. Only after this study is completed can we settle the question of whether the new resonance is
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Higgs decays

• MH = 125 GeV  
• ideal for ILC 

– but not for H → ZZ* 
!

• BR (H→ZZ*) = ΓZ / ΓT ~ gZ
2 / ΓT 

• ⇒ ΓT ~ gZ
2 / 

 BR (H→ZZ*) 

!
• in principle possible - but large 

error (20%) 

13

Brock/Peskin Snowmass 2013

couplings
1. Higgs discovery spawned an industry

precision fitting of couplings

81

H
gf
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Higgs total width

• Use W fusion cross section and 
H→WW* branching ratio  

• ΓT ~ gW
2 / BR (H→WW*) 

!
• W fusion σ is not model independent 

– ff = bb or WW* final state 
– measure same f.s. in ZH and scale 
!

• gW
2/gZ

2 ~ σννH B(H→ff) / σZH  B(H→ff) 
• gZ

2
 from Z recoil  

!
• BR (H→WW*) in ννH or ZH prod 
!

• Done!     👍  
– self-contained set for absolute couplings

14
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ILC Higgs White Paper, arXiv: 1310.0763
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model free, one of the great advantages of ILC
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11H. Ono, et. al, Euro. Phys. J. C73, 2343; LC-REP-2013-005

Higgs couplings to bb, cc and gg
b-vertices and c-vertices can be well reconstructed and separated @ ILC

patterns of b-likeness versus c-likeness of the two jets from Higgs

�ZH · Br(H ! bb̄) / g2HZZg
2
Hbb/�H

�ZH · Br(H ! cc̄) / g2HZZg
2
Hcc/�H

�ZH · Br(H ! gg) / g2HZZg
2
Hgg/�H

Template Fitting

H→Others SM BG

H→bb H→cc H→gg

MC Data

flavor tagging'
by LCFIPlus '

T.Suehara'
T.Tanabe

e+ + e� ! ZH ! ff̄(jj)

2nd generation fermion couplings

• Charm tagging at LHC: hopeless 
– constrain gc by mc / mt   

• At ILC: unique access to 2nd family 
– obtain bb and gg, too 
!

• H→µµ: also possible, but few events
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Physics Performance
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from the c-tag and c-likeness cut. b) Distribution of the reconstructed di-jet mass for the ZH ! ⌫⌫̄cc̄
sample prepared by bc-tagging.

centre-of-mass energy, the combined results shown in Table 3.3-5 are broadly in agreement
with those obtained with a fast simulation analysis performed in the context of the TESLA
TDR [34].

Channel Br(H ! bb) Br(H ! cc) Br(H ! gg)

ZH ! `+`�qq (2.7� 2.5)% (28� 2.5)% (29� 2.5)%

ZH ! ⌫⌫̄H (1.1� 2.5)% (13.8� 2.5)% �
ZH ! qqcc � (30� 2.5)% �
Combined 2.7% 12% 29%

TABLE 3.3-5
Expected precision for the Higgs boson branching fraction measurements (

p
s = 250GeV) for the individual

Z decay channels and for the combined result. The expected 2.5% uncertainty on the total Higgs production
cross section is added in quadrature. The results are based on full simulation/reconstruction and assume
an integrated luminosity of 250 fb�1. Entries marked � indicate that results are not yet available.

3.3.3 Tau-pairs

The reconstruction of ⌧+⌧� events at
p
s = 500 GeV provides a challenging test of the detec-

tor performance in terms of separating nearby tracks and photons. The expected statistical
sensitivities for the ⌧+⌧� cross section, the ⌧+⌧� forward-backward asymmetry, A

FB

, and
the mean tau polarisation, P

⌧

, are determined for and integrated luminosity of 500 fb�1 with
beam polarisation, P (e+, e�) = (+30%,�80%).

Simulated events with less than seven tracks are clustered into candidate tau jets each
of which contains at least one charged particle. Tau-pair events are selected by requiring
exactly two candidate tau jets with opposite charge. The opening angle between the two tau
candidates is required to be > 178� to reject events with significant ISR (including radiative
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(e“ æ ‹qq̄) and other decay channels of the Higgs. The relative measurement error on ‡·BR was
evaluated by

Ô
Ns+NBG

Ns
, where Ns(NBG) is the number of signal (background) events in the signal

region.
The h æ µ+µ≠ channel, due to its very low branching-ratio was only studied in the DBD

P≠80,+20

sample where the Higgs production cross section is larger. The main backgrounds are
e≠e+ æ ‹‹µ≠µ+ and ““ æ ‹‹¸≠¸+. Events with two reconstructed high momentum isolated tracks
were selected, provided that the two tracks were identified as muons. The invariant mass of the
di-muon system was required to be between 95 and 155 GeV, and its energy to be lower than 400
GeV. Fully leptonic events were selected by requiring low multiplicity and high missing energy. The
di-· background was reduced by requiring that the significance of the impact parameters should be
small. The signal e�ciency at this pre-selection stage was found to be 81.1 %. Further cuts on
missing energy and transverse momentum, the minimum angle to the beam-axis of the muons and on
energy detected in the very forward calorimeter were applied. The final signal e�ciency after all cuts
was 37.0 %.

Figure III-6.12 shows the reconstructed di-muon mass of h æ µ+µ≠. After the final selection
was applied, the resulting invariant mass distributions for the background and the signal were fitted
individually. Those fits were used to generate mass-distributions for 5000 pseudo-experiments,
assuming L = 500 or 1000 fb≠1 with P≠80,+20

. The signal and background was fitted to each of
the pseudo-experiments, and the distribution of the fit-results was used to evaluate the statistical
accuracy of ‡·BR.

The statistical uncertainties for all studied decay-modes are summarised in Table III-6.5 separately
for the P≠80,+20

and P
+80,≠20

DBD samples. In addition, the obtainable precisions assuming the full
1 ab≠1 sample was collected with P≠80,+20

are given.

Table III-6.5
Summary of the ac-
curacies of (‡ · Br)
at

Ô
s = 1 TeV. The

shown values corre-
spond to statistical
errors only.

L 500 fb

≠1

1 ab

≠1

Beam polarisation P≠80,+20

P
+80,≠20

P≠80,+20

�‡BR/‡BR(h æ b

¯

b) 0.54% 2.1% 0.39%
�‡BR/‡BR(h æ cc̄) 5.7% 36.8% 3.9%
�‡BR/‡BR(h æ gg) 3.9% 25.7% 2.8%
�‡BR/‡BR(h æ WW

ú æ 4j) 3.6% 23.7% 2.5%
�‡BR/‡BR(h æ µ+µ≠

) 41% - 31%

Figure III-6.12
Reconstructed di-muon
mass distribution of
h æ µ+µ≠ in the DBD
P≠80,+20

sample.
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Top Yukawa coupling

• Counting experiment, multi-jet final states 
• 4% measurement of gttH possible 
• sizeable QCD corrections 
• a few more GeV beam energy most valuable
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Top Yukawa Coupling 
The largest among matter fermions, but not yet directly observed  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1.2. ILD layout and performance

Figure III-1.3
Three-dimensional
view of a typical multi
jet final state at the
ILC (500 GeV t¯t event
with multi-hadronic
final state). The pic-
ture was generated by
the detailed detector
simulation of the ILD
detector.

1.2 ILD layout and performance

The ILD concept has been designed as a multi-purpose detector. A high precision vertex detector is
followed by a hybrid tracking layout, realised as a combination of silicon tracking with a time projection
chamber, and a calorimeter system. The complete system is located inside the large solenoid. On
the outside of the coil, the iron return yoke is instrumented as a muon system and as a tail catcher
calorimeter.

The vertex detector is realised as a multi-layer pixel-vertex detector (VTX), with three super-layers
each comprising two layers, or a 5 layer geometry. In either case the detector has a pure barrel
geometry. To minimise the occupancy from background hits, the first super-layer is only half as long
as the outer two. Whilst the underlying detector technology has not yet been decided, the VTX is
optimised for point resolution and minimum material thickness.

A system of silicon strip and pixel detectors surrounds the VTX detector. In the barrel, two
layers of silicon strip detectors (SIT) are arranged to bridge the gap between the VTX and the TPC.
In the forward region, a system of two silicon-pixel disks and five silicon-strip disks (FTD) provides
low angle tracking coverage.

A distinct feature of ILD is a large volume time projection chamber (TPC) with up to 224 points
per track. The TPC is optimised for 3-dimensional point resolution and minimum material in the
field cage and in the end-plate. It also allows dE/dx based particle identification.

Outside the TPC a system of Si-strip detectors, one behind the end-plate of the TPC (ETD)
and one in between the TPC and the ECAL (SET), provide additional high precision space points
which improve the tracking performance and provide additional redundancy in the regions between
the main tracking volume and the calorimeters.

A highly segmented electromagnetic calorimeter (ECAL) provides up to 30 samples in depth and
small transverse cell size, split into a barrel and an end cap system. For the absorber Tungsten has
been chosen, for the sensitive area silicon diodes or scintillator strips are considered.

This is followed by a highly segmented hadronic calorimeter (HCAL) with up to 48 longitudinal
samples and small transverse cell size. Two options are considered, both based on a Steel-absorber
structure. One option uses scintillator tiles of 3 ◊ 3 cm2, which are read out with an analogue
system. The second uses a gas-based readout which allows a 1 ◊ 1 cm2 cell geometry with a binary or
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Top Yukawa and H self coupling

17

• difficult even at ILC 
• δλ/λ > 0.5 δσ/σ 
• W fusion offers better sensitivity 
• possible at 500 GeV, best at 1 TeV

K.Fujii,  LC School, Aug. 13, 2014

The Problem : BG diagrams dilute self-coupling contribution  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And then Higgs Self-coupling 
the force that made the Higgs condense in the vacuum  

φ0

φ+

V (Φ)
We need to measure the Higgs self-coupling 
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    of the Higgs potential

The measurement is very difficult even at LC.
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Global fits

• Staged running scenario 250, 500, 1000 GeV 
• 33 σ∙BR measurements - 10 free parameters

18

K.Fujii,  LC School, Aug. 13, 2014

Model-independent Global Fit for Couplings  
33 σxBR measurements (Yi) and σZH (Y34,35) 

28

Fi = Si Gi

• It is the recoil mass measurement that is the key to unlock the 
door to this completely model-independent analysis!"

• Cross section calculations (Si) do not involve QCD ISR."
• Partial width calculations (Gi) do not need quark mass as input."

We are confident that the total theory errors for Si and Gi will be at 
the 0.1% level at the time of LC running.

Si =

✓
�ZH

g2HZZ

◆
,

✓
�⌫⌫̄H

g2HWW

◆
, or

✓
�tt̄H

g2Htt

◆
Gi =

✓
�i

g2i

◆

(Ai = Z,W, t)

(Bi = b, c, ⌧, µ, g, �, Z,W : decay)
Y 0
i = Fi ·

g2HAiAi
· g2HBiBi

�0
(i = 1, · · · , 33)

�2 =
35X

i=1

✓
Yi � Y 0

i

�Yi

◆2

Systematic Errors

arXiv: 1310.0763

gHZZ , gHWW , gHbb, gHcc, gHgg, gH⌧⌧ , gH�� , gHµµ, gHtt, �0

10 free parameters:

K.Fujii,  LC School, Aug. 13, 2014

Model-independent Global Fit for Couplings  
Baseline LC program

29

coupling 250 GeV 250 GeV + 500 GeV 250 GeV + 500 GeV + 1 TeV

HZZ 1.3% 1% 1%
HWW 4.8% 1.1% 1.1%
Hbb 5.3% 1.6% 1.3%
Hcc 6.8% 2.8% 1.8%
Hgg 6.4% 2.3% 1.6%
Hττ 5.7% 2.3% 1.6%
Hγγ 18% 8.4% 4%
Η)) 91% 91% 16%
Γ 12% 4.9% 4.5%

Htt - 14% 3.1%

P(e-,e+)=(-0.8,+0.3) @ 250, 500 GeV P(e-,e+)=(-0.8,+0.2) @ 1 TeV

250 GeV:   250 fb-1"
500 GeV:   500 fb-1"
1     TeV:  1000 fb-1

(MH = 125 GeV)

HHH - 83%(*) 21%(*)
*) With H->WW* (preliminary), if we include expected improvements in jet clustering it would become 17%!

K.Fujii,  LC School, Aug. 13, 2014
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Mass Coupling Relation 
After Baseline LC Program

Notice the rare mode like H→μ+μ- and 
significant improvement in top Yukawa and 
self-coupling measurements.

K.Fujii, LC School, Aug. 13, 2014
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ILC and LHC

• Only the ILC can go to the percent 
level precision to probe new physics 

• also true for ILC vs high lumi LHC

19

2.8. Conclusion
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Figure 2.20. 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 W W and ZZ
couplings arises from the constraints (2.31). 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].

2.8 Conclusion

The landscape of elementary particle physics has been altered by the discovery by the ATLAS and
CMS experiments of a new boson that decays to ““, ZZ, and WW final states [2, 3]. The question
of the identity of this bosons and its connection to the Standard Model of particle physics has become
the number one question for our field. In this section, we have presented the capabilities of the ILC
to study this particle in detail. The ILC can access the new boson through the reactions e+e≠ æ Zh

and through the WW fusion reaction e+e≠ æ ‹‹h. Though our current knowledge of this particle is
still limited, we already know that these reactions are available at rates close to those predicted for
the Higgs boson in the Standard Model. The ILC is ideally situated to give us a full understanding of
this particle, whatever its nature.

The leading hypothesis for the identity of the new particle is that it is the Higgs boson of the
Standard Model, or a similar particle responsible for electroweak symmetry breaking in a model that
includes new physics at the TeV energy scale. We have argued that, if this identification proves correct,
the requirements for experiments on the nature of this boson are extremely challenging. Though there
are new physics models that predict large deviations of the boson couplings from the Standard Model
predictions, the typical expectation in new physics models is that the largest deviations from the
Standard Model are at the 5–10% level. Depending on the model, these deviations can occur in any
of the boson’s couplings. Thus, a comprehensive program of measurements is needed, one capable of
being interpreted in a model-independent way. Our estimate of the eventual LHC capabilities, given
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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 [23].

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 [18, 19]

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% [20] 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 [24]. In this largely
experimentally driven study we assume the existence of
such a picture.
At a linear collider the errors on Higgs branching ratios

BRx or particle widths �x are crucial [25]. As theory er-
rors on the latter we assume 4% for decays into quarks,
2% for gluons, and 1% for all other decays [8]. Trans-
lated into branching ratios this corresponds for example
to an error around 2% on the branching ratio into bot-
tom quarks. Further improvements on these values in
the future are possible, but we decided to remain conser-
vative. The error on the branching ratios follows from
simple error propagation, 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 [26]

LHC 300 fb-1 @ 14 TeV 
ILC1 250 fb-1 @ 250 GeV  
ILC 500 fb-1 @ 500 GeV 
ILC1T 1000 fb-1 @ 1 TeV

Peskin 2013

Zerwas 2013

successively included
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Conclusion

• The Higgs discovery opens the door to a completely 
new kind of matter and a completely new 
phenomenology 
!

• An e+e- machine provides the clean conditions and a 
self-contained set of Higgs observables  
!

• Only the ILC can reach the precision at percent level 
to detect deviations which can direct us to new 
physics  
!

• There is so much more 
– direct discoveries, top physics, .. 
– see talks by Frank Simon and Jürgen Reuter
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Constrained fit to ILC results

• Need to be careful when comparing LC and LHC results 
• Impact of constraints on precision can be large 
• Example: 
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(from Snowmass study)


