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素粒子物理 ⇒ 宇宙の歴史：探索手段2

望遠鏡

加速器

加速器 = "人工" 初期宇宙

光が抜けるようになる（ここまでしか見えない）

今 時間の流れ



現在の素粒子物理：１つ目の柱（Local Gauge Theory）3

フェルミ粒子
物質の最小構成要素としての 相互作用を媒介する存在としての

ゲージ対称性 SU(3) x SU(2) x U(1)
これを課して理論を構築したら、（なんだかよくわからないけれど?） 
自然現象を、( すくなくとも EW scale までは、）うまく記述できてしまう



　　２つ目の柱　（自発的）対称性の破れ - Higgsセクター4
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So what makes the Higgs field so special? It breaks the intrinsic symmetry of the world. In nature, 
symmetry abounds; faces are regularly shaped, flowers and snowflakes exhibit various kinds of geo-
metric symmetries. Physics unveils other kinds of symmetries that describe our world, albeit on a 
deeper level. One such, relatively simple, symmetry stipulates that it does not matter for the results if a 
laboratory experiment is carried out in Stockholm or in Paris. Neither does it matter at what time the 
experiment is carried out. Einstein’s special theory of relativity deals with symmetries in space and time, 
and has become a model for many other theories, such as the Standard Model of particle physics. The 
equations of the Standard Model are symmetric; in the same way that a ball looks the same from what-
ever angle you look at it, the equations of the Standard Model remain unchanged even if the perspective 
that defines them is changed.

The principles of symmetry also yield other, somewhat unexpected, results. Already in 1918, the 
German mathematician Emmy Noether could show that the conservation laws of physics, such as 
the laws of conservation of energy and conservation of electrical charge, also originate in symmetry. 

Symmetry, however, dictates certain requirements to be fulfilled. A ball has to be perfectly round; the 
tiniest hump will break the symmetry. For equations other criteria apply. And one of the symmetries 
of the Standard Model prohibits particles from having mass. Now, this is apparently not the case in our 
world, so the particles must have acquired their mass from somewhere. This is where the now-awarded 
mechanism provided a way for symmetry to both exist and simultaneously be hidden from view.

The symmetry is hidden but is still there
Our universe was probably born symmetrical. At the time of the Big Bang, all particles were massless 
and all forces were united in a single primordial force. This original order does not exist anymore — its 
symmetry has been hidden from us. Something happened just 10–11 seconds after the Big Bang. The 
Higgs field lost its original equilibrium. How did that happen?

It all began symmetrically. This state can be described as the position of a ball in the middle of a round 
bowl, in its lowest energy state. With a push the ball starts rolling, but after a while it returns down 
to the lowest point.

However, if a hump arises at the 
centre of the bowl, which now 
looks more like a Mexican hat, the 
position at the middle will still be 
symmetrical but has also become 
unstable. The ball rolls downhill 
in any direction. The hat is still 
symmetrical, but once the ball has 
rolled down, its position away from 
the centre hides the symmetry. In 
a similar manner the Higgs field 
broke its symmetry and found a 
stable energy level in vacuum away 
from the symmetrical zero posi-
tion. This spontaneous symmetry 
breaking is also referred to as the 
Higgs field’s phase transition; it is 
like when water freezes to ice.

The universe was probably created symmetric, and the invisible Higgs 
field had a symmetry that corresponds to the stable position of a ball in 
the middle of a round bowl. But already 10–11 seconds after the Big Bang, 
the Higgs field broke the symmetry when it moved its lowest level of 
energy away from the symmetrical centre-point.

Time

10 seconds-11Big Bang

ヒッグス場

宇宙の冷却  ➡    ・電弱対称性の破れ 
                      ・ヒッグス場の性質の変化 

( 真空期待値 != 0 )   .

Higgsの博物学　>>　Symmetry Breakingのdynamics?
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Higgs: Coupling Constant 測定精度（現在までの到達点）6

The κ framework

26

CMS-PAS-HIG-19-016

• Scale all vector boson couplings 
with κV, all fermion couplings with κf

• Notice improvement with time, 
from discovery to run 1 to run 2

CMS-PAS-HIG-19-016

The Higgs boson couples 
with the particle mass!

Nature 607, 60-68 (2022)

Nature 607, 52-59 (2022)

現在：LHC-Run2 全データ (2015-18)

エラーの範囲で 標準理論とコンシステント

tW/Zbτμ
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The scattering amplitudes of the processes giving rise to Higgs boson 
pair production through ggH (Fig. 1k,l) are similar in magnitude, but 
have opposite signs and interfere destructively. This makes the overall 
Higgs boson pair production rate small, rendering its experimental 
observation challenging. The SM Higgs boson pair production 
cross-section is calculated for mH = 125 GeV to be 32.76 fb−6.83

+1.95   
(refs. 54–56), three orders of magnitude smaller than the single Higgs 
boson cross-section.

The search for Higgs boson pair production is performed by 
combining Higgs boson candidates reconstructed from different 
final states57–62. All final states analysed are defined to be mutually 
exclusive so that they could be combined as statistically independent  
observations.

Measurement of the properties of the Higgs boson
At the time of the Higgs boson discovery2,3, the combination of CMS 
data gave an observed (obs.) statistical significance of 5.0 standard 
deviation (s.d.) with an expected (exp.) significance of 5.8 s.d. Indi-
vidually, the most sensitive channels, H → γγ and H → ZZ → 4ℓ, yielded 
4.1 s.d. obs. (2.8 s.d exp.) and 3.2 s.d. obs. (3.8 s.d. exp.), respectively.

Using all the Run 1 data, it was possible to observe separately the 
bosonic decay channels with significances of 6.5 s.d for H → ZZ → 4ℓ, 
5.6 s.d. for H → γγ, 4.7 s.d. for H → WW and 3.8 s.d. for the fermionic 
decay channel H → ττ (ref. 35). Earlier, the first results of the Higgs boson 
decay into fermions were presented in ref. 63, reaching a significance 
of 3.8 s.d by combining the H → ττ and H → bb decay modes. The mass 
was measured to a precision of about 0.2% (ref. 35). Using the angular 
distributions of the leptons in the bosonic decay channels, the spin ( J) 

and parity (P, a parity transformation that effectively turns a phenom-
enon into its mirror image) were also found to be compatible with the 
SM prediction ( JP = 0+) with a large number of alternative spin–parity 
hypotheses ruled out at the >99.9% confidence level (CL)64,65. The total 
cross-section, combining all of the different decay channels, was meas-
ured to be in agreement with the SM, with an uncertainty of 14% (ref. 35). 
Each of the VBF, VH and ttH production modes was measured at a level 
of 3 s.d. (ref. 35).

With the Run 2 data, CMS has observed the Higgs boson decaying 
into a pair of τ leptons with a significance of 5.9 s.d. (ref. 66), a pair of 
bottom quarks with a significance of 5.6 s.d. (ref. 48) and the ttH pro-
duction mode at 5.2 s.d. (ref. 67). The Higgs boson has also been seen 
in its decays into muons with a significance of 3 s.d. (ref. 52). The mass 
of the Higgs boson has been measured to be 125.38 ± 0.14 GeV using 
the decay channels H → γγ and ℓH → ZZ → 4  (ref. 41). The natural width 
of the Higgs boson has been extracted and is found to be Γ = 3.2 MeVH −1.7

+2.4  
by using off-mass-shell and on-mass-shell Higgs boson production68. 
On-mass-shell refers to a particle with its physical mass, and off-mass- 
shell refers to a virtual particle.

The µ framework for signal strengths
The agreement between the observed signal yields and the SM expec-
tations can be quantified by fitting the data with a model that introduces 
signal-strength parameters. These are generically labelled µ, and scale 
the observed yields with respect to those predicted by the SM, without 
altering the shape of the distributions. The specific meaning of µ var-
ies depending on the analysis. For given initial (i) and final (f) states, 
i → H → f, the signal strengths for individual production channels, µi, 
and decay modes, µf, are defined as µi = σi/(σi)SM and µ = /( )f f f
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Fig. 4 | Coupling modifier measurements and their evolution in time. Left: 
coupling modifiers resulting from the fit. The P value with respect to the SM 
prediction is 28%. Right: observed and projected values resulting from the fit in 
the κ framework in different datasets: at the time of the Higgs boson discovery, 

using the full data from LHC Run 1, in the dataset used in this paper and the 
expected 1-s.d. uncertainty at the HL-LHC for L = 3, 000 fb−1. The H → µµ and  
κt measurements were not available for earlier datasets owing to the lack of 
sensitivity.

The κ framework
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次の一手　＝　ヒッグス・ファクトリー7

精密な測定の実現のためには、 
ヒッグス・ファクトリーによる 

クリーンな実験環境が、絶対的に必要

300 fb50 pb = 50,000 fb

生成される Higgs数は少ない ~ 1/166  
にも関わらず、精密測定が可能

O (1%)



直線 20km 
◯ 建設コスト 半分（以下） 
◯ 運転コスト 低 ( 120 MW ) 
△ 衝突点の数（普通は１点。 ２点作れるがコスト上がる） 
△ ルミノシティー （ 精密測定は十分可能 ）

ILCに特徴的なアドバンテージ

円形加速器（周長100km）

円形加速器（周長90km） 
○ 高いルミノシティ 
○ 陽子・陽子への拡張性 
× 建設コスト高 ( ２兆円以上 ) 
× 運転コスト高 ( 300 MW )

• ILC250 での科学的結果をふまえて 

• その間の 技術革新（衝突エネルギー & 輝度）導入

総合的にリーズナブルな形で その先へ進める

ILC 250

( 16T磁石を開発できれば ） 
[将来]  √s ~ 100 TeV p-p衝突

円形 / 直線 (LC) Higgs Factory 比較8

[1]　Higgs粒子の精密測定により 次の新物理のエネルギースケール を知る 
→ Higgs Factoryでやる 

[2]　[1] の科学的結果 & その時点での最良の加速器技術で 次の加速器を作り、 
　　Energy Frontierで、素粒子/宇宙の「なぜ?」を解明していく

精密測定

Energ
y Fro

ntier

LCの理想形



単純化したヨーロッパでの議論（2025-2026）9
『次世代』

FCC-ee (欧州) LCF (欧州)

磁石：14-16 Tesla 

Nb3Sn, 鉄系高温 SC, ... 
工業製品化、低価格化 
の見通し、今はない

クリアーすべき要素技術が、 
多数。 実現は 次々々期?

『次々世代』

at 20 K, the Hc2 be >70 T

2026 - 2030 5カ年計画で不採択 

欧州がもたついていたら 
2031-2035計画に再挑戦

CEPC    (中国) ILC (日本/Global)

技術的困難は無い 
CHF 16B ( > 3兆円) 極度に高額

ILC方式でCERNに建設 
550 GeV拡張 折り込み 
FCCと同程度に高い

計画実現に向けた 
国際的な動向はない

そうはいっても、10 TeV 
per partonの実現の道筋
は、見えていない 

⇒  ロードマップ不在

Super-LC

将来、『10 TeV per partonに至れるか?』という世界線

FCC-hh (欧州) 
SppC     (中国)



　　日本の研究者の基本方針 ー 2025年版10

Updated in 2025

グローバルプロジェクト方式で ILCを実現する 
（日本での建設も、ひとつの解として追求）

ILC以外の Higgs Factoryについても、 
その実現可能性を最大化する

"a" Higgs Factory を国際協力で 早期実現することが素粒子物理にとって重要だと考える

2017年版 
250 GeV・早期実現・国内建設 

を アップデートした

そんな中



具体的にはどうする?11

次世代加速器：　世界情勢（ヨーロッパ、中国、U.S.）は、かなり大きく変化している 
どの計画も予算化されていない　（しかも高額すぎて、すべて長期化 / 頓挫する危険） 

LCの技術・コンセプトには様々な利点 ( エネルギー拡張・輝度拡張・コスト・電力消費・ ... )

『次世代の素粒子物理学にとって LC技術が重要』と本気で思っている

グローバルプロジェクト方式で ILCを実現する

　2028年までは LCの建設に向けた国際協力は、進まないだろう。　その間、次の事が重要　 

• LC建設に向けた技術開発を着実に進めること 

• これを国際協力で進めること

ILC Technology Network を通じた、国際的な加速器技術 Ｒ＆Ｄ


