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1. 1. 1. 1. ははははじじじじめめめめにににに
電子陽電子衝突実験の特徴:『クリーン』
全重心系エネルギーが反応の素過程に使用される。
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例）　e+e-　衝突 (LC)　　　　　　p p 衝突 (LHC)

それぞれのシミュレーション図を見れば明らか。

（１）反応の終状態の明確な識別
（２）精密実験

注：予想外の大きなビームテールによるバッ
クグランド  ⇐  SLC 実験
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comparison : e+e- and pp collisions
The total energy is used in an elementary 
process at e+e-, but a fraction of O(10%) at pp.

e.g. Higgs production at LC         LHC      

(1) Clear identification of the final state 
(2) Precision measurements

Caveat :  There could be “un-expected 
backgrounds” at Linear colliders for frontier 
machines as well as experiments. (1995)

Their cleanness are certainly seen in simulations.

(dominant process is  gg→h)

T.Tauchi, OHO1995, IR issues - final focus doublet and the detector at JLC, KEK, 28 Aug. - 1 Sep. 1995

“TeV” 
is special to look 
for Beyond the 
Standard Model 

(BSM)

Particle Colliders and 
Experiments



R.B. Palmer, "Prospects for high energy e+e- linear colliders", Annu. Rev. Nucl. Part. Sci. 1990. 40: 529-92

Particle Colliders all in Undergroud
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LHCILC
CLIC

cancelled October 1993

guided by “No-Loose theorem” 
 (Higgs discovery in 2012)

FCC 50TeV, 100km



1.2 Theoretical structure of the Standard Model Higgs boson

1.2.5 Vacuum Stability

The mass of the Higgs boson is proportional to the strength of the Higgs self-coupling ⁄ via m2
h = 2⁄v2.

The magnitude of ⁄ at high energies can be predicted from the size of ⁄ at the electroweak scale
by using the renormalization group equation (RGE). The RGE for the coupling constant ⁄ is given
by [48]

16fi2µ
d

dµ
⁄ = 12(⁄2 + ⁄y2

t ≠ y4
t ) ≠ 3⁄(3g2 + gÕ 2) + 3

4
#
2g4 + (g2 + gÕ 2)2$

+ . . . , (1.26)

where the . . . indicates terms proportional to the Yukawa couplings of the five light quarks and the
charged leptons, which can be neglected in first approximation. If the mass is large, ⁄ is large and the
—-function is positive. Then, ⁄ is larger for higher energies and blows up at some high energy point
(the Landau pole), which can be below the Planck scale. In contrast, when the mass is small and the
—-function is negative due to the term proportional to the fourth power of the top-quark Yukawa
coupling. In this case, the coupling ⁄ decreases as the energy scale increases and finally becomes
negative. If ⁄ is driven negative below the Planck scale (at which point quantum gravitational e�ects
would have to be taken into account), then we could conclude that electroweak vacuum is not the
global minimum, since either a deeper scalar potential minimum exists or the scalar potential is
unbounded from below. In either case, the electroweak minimum would no longer be stable. By
assuming that the electroweak minimum is stable up to a given high energy scale �, below which the
coupling ⁄ does not blow up nor is driven negative, one can derive upper and the lower Higgs mass
bounds as a function of �.

Given that the mass of the Higgs boson is now known to be around 126 GeV, which corresponds
to ⁄ ≥ 0.26 at the electroweak scale, it follows that the —-function is negative. The recent RGE
analysis in the NNLO approximation [49] shows that the scale � where ⁄ becomes negative is between
107 GeV to 1015 GeV at the 3‡ level. The main uncertainty comes from the top quark mass, –s, and
the theoretical uncertainties in QCD corrections. When the mass of the top quark is measured with
the accuracy of about 30 MeV at the ILC, the cut-o� scale of the SM can be much better determined,
as exhibited by Fig. 1.6.

With a Standard Model Higgs mass of 126 GeV, the central value of ⁄ is negative at the Planck
scale. Therefore, the electroweak vacuum is not stable in the Standard Model unless new physics
enters below the Planck scale. However, if we only require that the electroweak vacuum is metastable,

Figure 1.6. Left: RG evolution of ⁄ varying Mt and –
s

by ±3‡. Right: Regions of absolute stability, metastability
and instability of the SM vacuum in the Mt–Mh plane in the region of the preferred experimental range of Mh and
Mt (the gray areas denote the allowed region at 1, 2, and 3‡). The three boundaries lines correspond to –s(MZ) =

0.1184 ± 0.0007, and the grading of the colors indicates the size of the theoretical error. The dotted contour-lines
show the instability scale � in GeV assuming –s(MZ) = 0.1184.
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D.M. Asher et al., ILC Higgs White Paper, arXiv:1310.0763v3 [hep-ph], December 2013

Status after the Higgs discovery,  4th July 2012

ICHEP2012 : mt=173.18±0.94GeV by CDF,D0

mh = 125.09± 0.24 GeV PDG2016

mt = 173.21± 0.51± 0.71 GeV PDG2016

Vacuum (our universe) Stability

Why?
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hierarchical structure of matter 

What is an elementary particle?
questing for the origin of matter.

nuclei 
of oxygen

Proton

Quark
no structure, string, ...??

High Energy Physics 
has aimed and proceed 
to probe and unravel 

foundamental questions 
in our universe



4 Kinds of Forces in Nature
Electro-weak force
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Why are they so different ?



Elucidation of Cosmic Creation
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Cosmic Creation as seen below?
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Unification of the Coupling Constants in the SM and MSSM 
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Universe Content 
 - WMAP 9yr Pie Chart -

What is it ?

no emission, no 
absorption of lights, 
but it has only been 
detected indirecly by 
its gravity.

from https://map.gsfc.nasa.gov/media/121236/index.html

“act as a sort of 
an anti-gravity” 
so acceleration of 
the universal 
expansion

stars and 
planets

https://map.gsfc.nasa.gov/media/121236/index.html


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
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H. Baer, et al., “The International Linear Collider Technical Design Report - Volume 2: Physics,”
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Figure 2: Cross sections for the three major Higgs production processes as a function of
center of mass energy, from Ref. [1].

only via collisions of left-handed electrons with right-handed positrons. As a conse-
quence, its cross section can be enhanced by a factor of about 2 with the polarized
electron and positron beams available at the ILC. Figure 2 plots the cross sections
for the single Higgs boson production at the ILC with the left-handed polarization
combinations: P (e�, e+) = (�0.8,+0.3). The figure tells us that at a center of mass
energy of 250 GeV the higgsstrahlung process attains its maximum cross section,
providing about 160,000 Higgs events for an integrated luminosity of 500 fb�1. At
500 GeV, a sample of 500 fb�1 gives another 125,000 Higgs events, of which 60% are
from the W fusion process [14]. With these samples of Higgs events, we can measure
the rates for Higgs production and decay for all of the major Higgs decay modes.

The higgstrahlung process e+e� ! Zh o↵ers another special advantage. By identi-
fying the Z boson at a well-defined laboratory energy corresponding to the kinematics
of recoil against the 125GeV Higgs boson, it is possible to identify a Higgs event with-
out looking at the Higgs decay at all. This has three important consequences. First,
as we will describe below, it gives us a way to determine the total width of the Higgs
boson and the absolute normalization of the Higgs couplings. Second, it allows us to
observe Higgs decays to invisible or exotic modes. Decays of the Higgs boson to dark
matter, or to other long-lived particles that do not couple to the Standard Model
interactions, can be detected down to branching ratios below 1%.

6

Higgs boson Production at ILC

Is it the origin 
of masses of 
elementary 
particles ?


