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The concept for the above figure originated in a 1986 paper by Michael Turner. 

E = Energy of photons (units GeV = 1.6 x 10-10 joules)
t = Time (seconds, years)
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宇宙の始まりを明らかに！
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観測とよく合う！
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標準理論

力の粒子
レプトン

クォーク ヒッグス



素粒子物理学
• 日本は世界的に大きな貢献

• ノーベル賞

• 湯川秀樹 (1949)　強い力を伝えるパイ中間子を予言


• 朝永振一郎 (1965)　量子電気力学のくりこみ理論


• 小柴昌俊 (2002)　ニュートリの天文学を開拓


• 南部陽一郎 (2008)　自発的対称性の破れの理論


• 小林誠、益川敏英 (2008)　物質と反物質の違いの理論


• 梶田隆章 (2015)　ニュートリノの質量の発見

• これからは標準理論を超える時代



なぜ標準理論を超えるか？
• 標準理論では説明できない謎

• ニュートリノの質量 (1998)


• ダークマター (2003)


• ダークエネルギー (1998)


• インフレーション (2015)


• 消えた反物質 (2015)

• 理論的な予想

• ヒッグス粒子が突破口に

• ダークエネルギーもインフ
レーションもヒッグスの仲間

原子
ダークマター
ダークエネルギー



リニアコライダー
• 1960年代から「いずれはリニア」

• 円形だと、加速した高エネルギーの粒子を曲げる必要

• 曲げるたびに光をだして減速

• 加速どころか、エネルギーを維持するために電力


• 線形だとエネルギーを失わない「グリーン」な加速器

• 1980年代に超伝導加速器空洞の開発を開発


• 以来10倍以上のコストダウン


• 技術はやっと約10年前に確立


• 当初は 1500 GeV がサイエンスに必要と見積もり


• ヒッグスが見つかってエネルギーは 250 GeV に照準

• 技術とサイエンスの目標がそろった！



加速器実験
E=mc2



宇宙に満ちるヒッグス粒子

• 全ての素粒子を光速から遅らす
• これがないと私達の体は10億分
の一秒でバラバラに

• 宇宙に秩序を作った
• 一体なんだ？？
まだ調べ始めたばかり

58

宇宙のあらゆる場所，あなたの眼の前
にすら，「ヒッグス粒子」が満ちている
　素粒子物理学の標準モデルでは，もう一つ未発見の素粒子
の存在が予言されています。それが「ヒッグス粒子」です。

　標準モデルによると，宇宙空間のあらゆる場所，真空や物
質の内部にさえ，ヒッグス粒子が満ちていると言います＊。
魚が周囲に満ちている水の存在に気づかないであろうよう
に，ヒッグス粒子はあらゆる場所に満ちているため，私たち
はその存在に気づいていないのです。

　ヒッグス粒子は，あらゆる素粒子の「重さ（質量）」を生
みだす源だと考えられています。標準モデルによると，本来，
あらゆる素粒子は質量がゼロだと考えられているのです。質
量とは，「物体の動かしにくさ」（より正確には「加速のしに
くさ」）を意味します。質量の小さな（軽い）ピンポン球は，
小さな力でも，いきおいよく動かすことができます。しかし
質量の大きな（重い）砲丸は，大きな力を加えないと，いき
おいよく投げることはできません。

　ヒッグス粒子が空間に満ちているため，素粒子が動こうと
すると，ヒッグス粒子と衝突してしまうことがあります。こ
れを素粒子の質量，すなわち，動かしにくさの起源だと考え
るわけです。質量が大きい（重い）素粒子ほど，ヒッグス粒
子と頻

ひん
繁
ぱん
にぶつかることになります。

ヒッグス粒子がなかったら，私たちは存在できない
　一方，光子のような質量ゼロの素粒子は，ヒッグス粒子と
衝突しません。光が自然界の最高速度（光速，秒速約 30万
キロメートル）で進めるのは，このためです。

　逆にいえば，光子は真空中を光速以下で進むことはできま
せん。光子は，生まれた瞬間から光速で動きつづける運命な
のだといえます。ヒッグス粒子がなければ，私たちの体をつ
くっている電子などの素粒子も，光速で進んでしまい，その
場に留まっていられなくなります。物体の構造が保たれてい
るのは，真空にヒッグス粒子が満ちているおかげなのです。

59

●●●●
●●●

Part 2 素粒子論入門
ヒッグス粒子①

＊： 真空に満ちているのは「ヒッグス場」で，加速器を使ってヒッグス場から
たたき出される（次ページ参照）のが「ヒッグス粒子」と使い分ける方が，
より正確ですが，この記事では「ヒッグス粒子」で統一することにします。
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なぜ気付かない？

• 空気のような存在

• 昔の人は空気の存在を             
知らなかった


• 動き＝風があると分かる

• しかしぎっちり詰まった      
ヒッグスに動きを作るのはムリ


• ごつんと叩き出す



スピン
• 素粒子は永遠に回るこま
• 電子、光子、クォーク、...

• 今まで見つかった素粒子は全て回る
• ヒッグスだけがスピンがない
• のっぺらぼう！
• 村山：「ヒッグスレス理論」
• これだけか？兄弟・親戚がいるのか？
• もしかして異次元を回っているのか？
• 素粒子ではなく複合粒子か？
• そもそもなぜ宇宙に凍り付いた？

©スタジオジブリ



ヒッグス粒子は
異次元を回る？



リニアコライダーHuge efforts over last months to prepare for high lumi and pile-up expected in 2012: 
� optimized trigger and offline algorithms (tracking, calo noise treatment, physics objects)  
    Æ mitigate impact of pile-up on CPU, rates, efficiency, identification, resolution  
� in spite of x2 larger CPU/event and event size Æ we do not request additional computing  
     resources (optimized computing model, increased fraction of fast simulation, etc.) 

The BIG  
challenge  
in 2012:  
PILE-UP 

ZÆ ȝȝ 

ZÆ ȝȝ event from 2012 data with 25 reconstructed vertices 

2012: ~30 events/xing  
at beginning of fill  
with tails up to ~ 40.  

37 

2011: average  
12 events/xing,  
with tails up to ~20 
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兄弟親戚？
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素粒子でない？

ヒッグスの正体は？

Lumi 1920 fb-1, sqrt(s) = 250 GeV

Lumi 2670 fb-1, sqrt(s) = 500 GeV

一匹狼？  (標準理論)

兄弟親戚?  (超対称性)


素粒子でない?（複合理論）
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ヒッグス粒子が

暗黒物質への窓？

Introduction Higgs to invisible

Caterina Doglioni - 2019/05/13 - European Strategy Update

Comparison to direct detectionBSM scalar mediator

Higgs portal, plot for direct searches
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limits in the DM-nucleon plane 
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers �> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.

.

A0a)

Z

e�

e�

�

�

p, n

b)

A0

Z

� �

FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o�-
shell) and b) � scattering o� a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Figure 3: Schematic of the experimental setup. A high-intensity multi-GeV electron
beam impinging on a beam-dump produces a secondary beam of dark sector states. In
the basic setup, a small detector is placed downstream with respect to the beam-dump
so that muons and energetic neutrons are entirely ranged out.

e↵orts to search for dark photons independently of their connection to dark matter,
the success of these e↵orts relies on the assumption that the A

0 is the lightest particle
in its sector and that its primary decay channel only depends on ✏. Furthermore, if
the A

0 decays predominantly to SM particles, this explanation of the (g�2)µ anomaly
has been ruled out (see discussion in Sec. 5).

If, however, the A
0 couples to a light DM particle � (mA0 > m�), then the pa-

rameter space for reconciling theory and experiment with regard to (g � 2)µ remains
viable. For large values of ↵D, this explanation of the anomaly is under significant
tension with existing constraints, but for ↵D ⌧ ↵EM this explanation is still viable
and most of the remaining territory can be tested with BDX@JLab (see discussion in
Sec. 5).

In the remainder of this section, we review the salient features of LDM production
at an electron fixed-target facility. Secondly, we give an overview of the status of LDM
models parameter space, and the capabilities of present, and near future proposals
to make progress in the field. Finally, we highlight how BDX uniquely fits in this
developing field.

14

Figure 4. The sensitivity of NA64 to DarkPhotons with the full statistics collected in 2016 - 2018. Left
plot: in terms of the mixing strength ✏. Right plot: in terms of the variable y, assuming ↵D = 0.1 and
mA0 = 3m�, shown together with the predictions of some popular thermal Dark Matter models.

lengths shifting fiber read-out. Immediately after WCAL there is a veto counter V2, the
tracking detectors, the signal counter S4. They are followed by the ECAL that was used in
the invisible mode and the same detectors downstream of it (VETO and HCAL). The energy
of the e+e� pair is measured by the ECAL.

The candidate events were selected with the following criteria chosen to maximize the
acceptance of signal events and to minimize the number of background events, using both MC
simulation and data: (i) No energy deposition in the V2 counter exceeding about half of the
energy deposited by the minimum ionizing particle (MIP); (ii) The signal in the decay counter
S4 is consistent with two MIPs; (iii) The sum of energies deposited in the WCAL+ECAL is
equal to the beam energy within the energy resolution of these detectors. At least 25% of the
total energy should be deposited in the ECAL; (iv) The shower in the WCAL should start to
develop within a few first X0, which is ensured by the preshower part energy cut; (v) The cell
with maximal energy deposition in the ECAL should be (3,3) (vi) The lateral and longitudinal
shape of the shower in the ECAL are consistent with a single e-m one. This requirement does
not decrease the e�ciency to signal events because the distance between e� and e+ in the
ECAL is very small. The rejection of events with hadrons in the final state was based on the
VETO and/or the energy deposited in the HCAL.

In order to check various e�ciencies and the reliability of the MC simulations, we se-
lected a clean sample of ' 105 µ+µ� events with EWCAL < 0.6Ebeam originated from the
QED dimuon production in the dump. This rare process is dominated by the reaction
e�Z ! e�Z�; � ! µ+µ� of a hard bremsstrahlung photon conversion into the dimuon pair
on a dump nucleus. We performed various comparisons between these events and the corre-
sponding MC simulated sample, and applied the estimated e�ciency corrections to the MC
events. These corrections do not exceed 20%.

In order to further increase the sensitivity to short-living X bosons (higher ✏) the following
optimization steps were performed before the 2018 run: (i) Beam energy increased to 150
GeV (ii) Thinner counter V2 was prepared and installed immediately after the last tungsten
plate inside the WCAL box. In addition, the vacuum pipe was installed immediately after the
WCAL, the distance between the WCAL and ECAL was increased.

5

EPJ Web of Conferences 212, 06005 (2019) https://doi.org/10.1051/epjconf/201921206005
PhiPsi 2019

暗黒物質
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ILC-250 (1 year)

ILC-250 (20 years)

γ + N → a + N

✓ An order of magnitude better sensitivity than other beam dump experiments

YS, D.Ueda arXiv: 2009.13790

SHiP

SLAC E137

SN 1987 A

H
B 

st
ar

s アクシオン

[2] A benchmark setup (for √s=250 GeV, with passive muon shield)
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detector
2 m

a

(decay volume)

11 m

✓ Multiple scattering of electrons

✓ Axion production angle (iWW approximation)

✓ Photon decay angle

e-interaction point

11

Lead
Concrete

YS, D.Ueda arXiv: 2009.13790

ダンプ
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ILC beam-dump setup
high pressure

water vessel

11m 50m/70m

muon shielding

50m

ILC 

e- beam

 Much larger energy: 125 GeV, 250 GeV, 500 GeV, 1.5 TeV electron beams     
compared to past/present e- beam dump experiments:


- E137 @ SLAC: ~20 GeV electron beam (past)

- HPS @ JLAB: ~ (1-6) GeV electron beam (present)


 Very high luminosities: ~4*1021 electrons on target (EOT)/year

   compared to

- E137 @ SLAC: ~2*1020 EOT

- HPS @ JLAB: ~1018 EOT


dark  
particle

long-lived
SM

SMbeam dumps

Kanemura, Moroi, 

Tanabe, 1507.02809
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Cases with U(1)e−µ and U(1)e−τ

[Asai, TM & Niki (’21)]

e - μ e - τ

Past Beam Dump Past Beam Dump

E         = 125 GeVbeam

E         = 250 GeVbeam

E         = 500 GeVbeam

N        =100 / yrsignal
1 / yr

0.01 / yr

N        =100 / yrsignal
1 / yr

0.01 / yr

• ILC-BD can access parameter regions which have not
been explored yet

• After the discovery, we may distinguish models if a good
particle identification is possible (see the next slide)

大統一理論などで現れる新しい力
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Results of invisible decay search
Sensitivity comparison of positron and electron beam dump experiment

[K. Asai, S. Iwamoto, M. Perelstein, Y. Sakaki, DU.]

LSND
E137 BaBar

20 yr.1 yr.
Bremsstrahlung

Pair annihilation

ILC-250

BD
X

LDM
X

10-2 10-1
10-15
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6

m� [GeV]

y
=
�2
� D

(m
�
/m

A'
)4

Elastic & Inelastic Scalar Relic

Majorana Relic

Pseudo-Dirac Fermion  Relic

ℒ ⊃ − 1
4 FA′ 

μνFA′ 

μν − ϵ
2 FμνFA′ 

μν + m2
A′ 

2 A′ μA′ μ + χ̄(iDμγμ − mχ)χ, Dμ = ∂μ + igDA′ μA benchmark Model: 

Electron beam dump

LSND
E137 BaBar

20 yr.1 yr.
Bremsstrahlung

Pair annihilation

ILC-250

BD
X

LDM
X

Elastic & Inelastic Scalar Relic

Majorana Relic

Pseudo-Dirac Fermion  Relic

10-2 10-1
10-15
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6

m� [GeV]

y
=
�2
� D

(m
�
/m

A'
)4

Positron beam dump

※ αD ≡ g2
D/4π = 0.5, mA′ 

= 3mχ

Preliminary Preliminary
A′ 

χ

χ
e e

A′ 
e+

Atomic electron 

χ

χ

ϵ α

αD

αD

ϵ α

[Talk by D. Ueda, O-1]
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ダークフォトン
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Meuren15

ILCでホーキング輻射をシミュレーション
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the LUXE setup

17

Laser pulse 
“Optical Dump”

Free GeV 
photons

Beam 
electron

Ee ≈ 16.5 GeV
 

 
ωL ≈ 1.5 eV ∼ 1/(0.4 fs)
tL ∼ #(10 − 100) fs

 τee ∼ #(104 − 106)fs  τγ ∼ #(10)fs

Ritus, 1985  
LUXE, 1909.00860, 2102.02032

 

emitted photons per pulse per 

Nγ ∼ # (ωLτγ)
e−

 1/ωL ≪ τγ ≲ tL ≪ τee

excellent source of 
GeV scale photons

e�V

e�V

�

�(or �⇤)

e�V

e+V

photons are free streamingelectrons dump their energy

[Talks by G. Perez 

and Y. Soreq, O-1]

17

強烈な放射光
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Probing new Spin-0 at LUXE-NPOD & ILCX-NPOD (prelim) 
new physics searches with optical dumps 

19assuming background free

 Ee = 16.5 GeV Ne = 1.5 × 109 NBX = 107 LD = 1.0 m LV = 2.5 m RD = 1.0 m Eγ,min = 0.5 GeV

Belle-II

Belle-II

FASER2

FASER
GlueX, fb-1

GlueX, pb-1

NA62-dump

PrimEx

NA64

LEP

Belle-II

Beam Dumps

PrimEx

LUXE-NPOD
phase-0

LUXE-NPOD
phase-1

ILC-NPOD

natur
alnes

s

5�10-2 10-1 5�10-1

10-6

10-5

10-4

10-3

ma,� [GeV]

1/
�
a,
�[
G
eV

-
1 ]

 Ee = 125 GeV Ne = 1.5 × 109 NBX = 107 LD = 2.0 m LV = 22.0 m RD = 2.0 m Eγ,min = 0.5 GeV

Bai, Blackburn, Borysov, Davidi, Hartin, Heinemann, Ma, Perez, Santra, Soreq, Hod (21) 

Summary/Outlook 
• LUXE: allow us to study for 1st time the non-perturbative 

region of QED directly 
• Open a possibility of LUXE-NPOD -> clean source of UV-

photons -> 1-day of running <=> uncharted territory 
• So far only looked at coupling to photons 
• Expand to other couplings, especially as at ILCX could 

prob the coupling to gluons below and above ΛQCD

[Phase-0 (1) = 40 (350) TW, 1 yr]19

強烈な放射光
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Experimental setup
• Magnetic fields are imposed on the entire path

• We assume the path is of the similar length as the ILC itself

detector
! " !

detector

~10 km

~10 km
The photon beam is very collimated;
the experimental facility may be not 
under but on the ground.

21

1-10 MeV photon beam 
from ILC positron source 

10^17 gammas/sec Uniform magnetic field over 10 km

強烈な放射光



￼25

Result (1-year)

22

アクシオン探索



完全消滅の運命から救われたChinese Physics C Vol. 41, No. 6 (2017) 063102

(bb̄)(⌧+
⌧
�), (⌧+

⌧
�)(⌧+

⌧
�), (jj)(��), and (��)(��) de-

cay channels. For a decay topology of h ! 2 ! 3 ! 4
where intermediate resonances are involved, we choose
the lightest stable particle mass to be 10 GeV, the mass
splitting to be 40 GeV and the intermediate resonance
mass to be 10 GeV, which applies to (bb̄)+/ET, (jj)+/ET,
(⌧+

⌧
�)+/ET. For a decay topology of h! 2! (1+3), we

choose the lightest stable particle mass to be 10 GeV and
the mass splitting to be 40 GeV, which applies to bb̄+/ET,

jj+ /ET, ⌧+
⌧
�+ /ET. For the Higgs invisible decays, we

take the best limits in the running scenario ECFA16-S2
amongst the Zh associated production and VBF search
channels [12–14].

For the Higgs invisible decays at lepton colliders, we
quote the limits from current studies [16–18]. These lim-
its do not depend on the invisible particle mass using the
recoil mass technique at lepton colliders.

HL-LHC
CEPC
ILC(H20)
FCC-ee

MET (bb)+MET
(jj)+MET

(��)+MET
bb+MET

jj+MET
��+MET

(bb)(bb)
(cc)(cc)

(jj)(jj) (bb)(��)
(��)(��) (jj)(��) (��)(��)

10-5

10-4

10-3

10-2

10-1

1

B
R
(h
�
E
xo
tic
s)

95% C.L. upper limit on selected Higgs Exotic Decay BR

Fig. 12. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC, CEPC, ILC and
FCC-ee. The benchmark parameter choices are the same as in Table 3. We put several vertical lines in this figure
to divide di↵erent types of Higgs exotic decays.

From this summary in Table 3 and the correspond-
ing Fig. 12, we can clearly see the improvement in exotic
decays from the lepton collider Higgs factories. These
exotic Higgs decay channels are selected such that they
are hard to be constrained at the LHC but important for
probing BSM decays of the Higgs boson. The improve-
ments on the limits of the Higgs exotic decay branch-
ing fractions vary from one to four orders of magni-
tude for these channels. The lepton colliders can im-
prove the limits on the Higgs invisible decays beyond the
HL-LHC projection by one order of magnitude, reach-
ing the SM invisible decay branching fraction of 0.12%
from h ! ZZ

⇤
! ⌫⌫̄⌫⌫̄ [56]. For the Higgs exotic de-

cays into hadronic particle plus missing energy, (bb̄)+/

ET, (jj)+/ET and (⌧+
⌧
�)+/ET, the future lepton colliders

improve on the HL-LHC sensitivity for these channels by
roughly four orders of magnitude. This great advantage
benefits a lot from low QCD background and the Higgs
tagging from recoil mass technique at future lepton col-
liders. As for the Higgs exotic decays without missing
energy, the improvement varies between two to three or-
ders of magnitude, except for the one order of magnitude
improvement for the (��)(��) channel. Being able to re-
construct the Higgs mass from the final state particles
at the LHC does provide additional signal-background
discrimination power and hence the future lepton collid-
ers improvement on Higgs exotic decays without miss-

ing energy is less impressive than for those with missing
energy. Furthermore, as discussed earlier, leptons and
photons are relatively clean objects at the LHC and the
sensitivity at the LHC on these channels will be very
good. Future lepton colliders complement the HL-LHC
for hadronic channels and channels with missing ener-
gies.

There are many more investigations to be carried
out under the theme of Higgs exotic decays. For our
study, we take the cleanest channel of e+e� !ZH with
Z ! `

+
`
� and h !exotics up to four-body final state,

but further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would
definitely improve the statistics and consequently result
in better limits. As a first attempt to evaluate the Higgs
exotic decay program at future lepton colliders, we do
not include the case of very light intermediate particles
whose decay products will be collimated, but postpone
this for future study when the detector performance is
more clearly defined. There are many more exotic Higgs
decay modes to consider, such as Higgs decaying to a
pair of intermediate particles with un-even masses [25],
Higgs CP property measurements from its decay di↵eren-
tial distributions [57–60], flavor violating decays, decays
to light quarks [61], decays into meta-stable particles,
and complementary Higgs exotic productions [62]. Our
work is a first systematic study evaluating the physics

063102-12

HL-LHCの1000–10000倍 ヒッグスの珍しい壊れ方

ヒッグス → 暗黒セクター → 標準理論



ILC++
エネルギー

低エネルギー

コライダービームダンプ


固定標的実験

天
体
・
宇
宙
観
測

H

暗黒
セク
ター
・反
物質

反応の頻度

精密測定
ILC アップグレード
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ILC
LHC



600人以上登録 
150以上の講演 
ILCの応用： 
放射光施設 
ソフトエラー 
原子核物理 
ブラックホール



￼29

Neutrons�and�muons�are�falling�into�VLSI�chips
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Transistor�scaling
4

Courtesy�to�Prof.�Tsuchiya,�University�of�Shiga�Prefecture.
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Demonstration

Linux�is�running�on�Raspberry�Pi

7

1HXWURQ�EHDP

9LGHR�
RXWSXW

Courtesy�to�Prof.�Kobayashi,�Kyoto�Institute�of�Technology.
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RealͲtime &�accelerated�test

Many devices are operated
• Months�to�years�are�necessary�to�

get�enough�#�of�errors

12

https://ars.elsͲcdn.com/content/image/1Ͳs2.0Ͳ
S0026271414000882Ͳgr3.jpg

108x�acceleration�means�
1�sec�for�3.2�years.



さらに高いエネルギーへ
• リニアなので伸ばすとエネルギーをあげられる


• 350GeV: トップクォーク


• 550GeV: ヒッグスとトップ


• 1TeV: ヒッグスがなぜ宇宙に凍りついたか


• 数TeV: 異次元、新しい力、新しい対称性

ILC Nb 35-50MV/m 0.5–1.5TeV

ILC Nb3Sn 120MV/m 4TeV

CLIC 100MV/m 3TeV

PWFA
DLA

1GV/m 30TeV
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ビッグサイエンス
• 日本国内プロジェクト

• スーパーカミオカンデ 100億
• ハイパーカミオカンデ 600億
• KEK-B 350億
• J-PARC 1500億

• 国際プロジェクト
• DUNE 2600億
• LHC 9000億
• ILC 5000億+人件費

• 地上望遠鏡
• すばる 300億
• ELT 1600億
• TMT 2400億

• 宇宙望遠鏡
• ハッブル 1兆
• JWST 1兆
• Roman 4000億

比較： ITER 3兆 
国際スペースステーション >15兆 source: wikipedia



ILC : 21世紀の物理学

標準理論を超える第一歩に！

新しい時空・真空の概念、物理学の革命


