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Exploring
the
Quantum
Universe

Reveal the Secrets of the Higgs Boson Determine the Nature of Dark Matter

Search for Direct Evidence for New Particles

Pursue Quantum Imprints for New Phenomena

Use the Higgs boson as a new tool for discovery Identify the new physics of dark matter

Explore the unknown: new particles, interactions, and physical principles



early cyclotron



Fermi’s dream era

• Fermi formulated the first theory 
of the weak interaction (1932)


• The required energy scale to 
study the problem known since 
then: ~TeV

• We are finally got there with LHC!



fixed target vs collider
• fixed target experiment:


• need R~10 REarth with 8T magnets

• collider: R=27km
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kudos to our accelerator friends

who make unthinkable a reality



Redo the Big Bang!



Standard Model
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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。
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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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Higgs boson frozen in the Universe

Weak boson

Just the right amount of Higgs boson for us to exist!

Credit: Newton Japan
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Higgs filling up the space keeping us in one piece

Who are they? 
Why are they frozen? 

Why do we exist?





I didn’t believe it

• Higgs boson is the only spin 0 particle in the 
standard model

• it is faceless

• one of its kind, no context

• but does the most important job

• looks very artificial

• we still don’t know dynamics behind the Higgs 

condensate

• Higgsless theories: now dead

What is Higgs?
Is it alone?

Any siblings?
Any relatives?
Why frozen?



By A Pomarol

preferred

preferred

Supersymmetry

Alex Pomarol

Reveal the Secrets of the Higgs Boson



Nima’s anguish

mH=125 GeV seems almost maliciously designed 
to prolong the agony of BSM theorists….



dream case for experiments

can measure them all!

but Higgs 

self-interaction?



Recommendation 2
a. CMB-S4, which looks back at the earliest moments of the universe to probe physics at the 

highest energy scales. It is critical to install telescopes at and observe from both the South Pole 
and Chile sites to achieve the science goals (section 4.2). 


b. Re-envisioned second phase of DUNE with an early implementation of an enhanced 2.1 MW 
beam—ACE-MIRT—a third far detector, and an upgraded near-detector complex as the definitive 
long-baseline neutrino oscillation experiment of its kind (section 3.1). 


c. An off-shore Higgs factory, realized in collaboration with international partners, in order to 
reveal the secrets of the Higgs boson. The current designs of FCC-ee and ILC meet our scientific 
requirements. The US should actively engage in feasibility and design studies. Once a specific 
project is deemed feasible and well-defined (see also Recommendation 6), the US should aim for 
a contribution at funding levels commensurate to that of the US involvement in the LHC and HL-
LHC, while maintaining a healthy US on-shore program in particle physics (section 3.2). 


d. An ultimate Generation 3 (G3) dark matter direct detection experiment reaching the neutrino 
fog, in coordination with international partners and preferably sited in the US (section 4.1). 


e. IceCube-Gen2 for study of neutrino properties using non-beam neutrinos complementary to 
DUNE and for indirect detection of dark matter covering higher mass ranges using neutrinos as a 
tool (section 4.1). 16

New exciting initiatives

Rank-Ordered
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Testing the simplest WIMPs
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1.6 The physics beyond the Standard Model 65

beyond the minimal scenario. The loop-induced mass splitting among the components of the EW multiplet
also results in a disappearing track signature which can enhance the reach but is more sensitive to the mass
splitting and detector backgrounds.

The basic lesson from Fig. 1-37 is that high energy colliders, such as a hadron collider with ECM ' 100 TeV
or a Muon Collider with ECM ' 10 TeV, can definitively test these scenarios. High energy e+e� colliders,
with energies up to 3 TeV, can cover lower-mass regions.
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Figure 1-37. A summary of the reach of future colliders for simple WIMPs from four search strategies,
as indicated in the legend. For comparison, the reaches of the direct and indirection detectors are also
included (orange bars at top). For lepton colliders where a detailed study is not available, the kinematic
limit m� = 0.5 ⇥ ECM is used to indicate potential reach; Muon-collider studies suggest this is likely to be
an overestimate. Hadron-collider projections are from [440, 502], while lepton-collider projections are from
projections in [441, 496, 497].

Higgs mediation. DM could also couple to the SM via portals, which is a direct coupling via gauge-
invariant operators. The Higgs boson provides a prime example: as a spin-0 particle, this ‘Higgs portal’
allows a renormalizable coupling with the DM that can have a sizable e↵ects on SM Higgs properties.
Searches at colliders are powerful probes of the Higgs portal. For example, DM production would enhance
tiny rate of invisible decays of the Higgs predicted by the SM, provided the DM mass is less than half the
Higgs mass. Precision measurements of the Higgs couplings, another main objectives of a future collider,
would also contribute to probe the Higgs portal scenario. Future prospects for the Higgs portal were studied
in the European Strategy physics Briefing Book [412] and are discussed in the BSM Topical Group report [18].

Models involving a larger extension of the scalar sector can also be probed with Higgs measurements and
BSM Higgs searches. Example of such extensions are the Inert Doublet Model, where an extra scalar doublet
provides a DM candidate, and a 2HDM where an additional pseudoscalar has direct couplings to DM. The
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FCC-hh or a Col is needed!μ
Patrick Meade

Brookhaven P5 Town Hall



New enabling technologies

91km

~100 TeV p p

LHC 
27km 

13 TeV pp

NbSn3 16T 
High Tc 20T 

superconducting magnets

Energy 10xLHC 
Size 1/3 x LHC 

Fits inside the Fermilab site

R&D will allow Fermilab to continuously expand the accelerator complex 
while producing world class science: our Muon Shot!

5% measurement of 
Higgs self coupling

Muon production and cooling
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10km

10 TeV µ+ µ–

and possibly wakefield
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Implementation Task Force, Thomas Roser
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Colliders with high parton CM energy (10 – 15 TeV) summary table
Main parameters of the 
colliders with 
10 - 15 TeV parton CM 
energy.
Total peak luminosity for 
multiple IPs is given in 
parenthesis. 
The cost range is for the 
single listed energy. 
Collisions with 
longitudinally polarized 
lepton beams have 
substantially higher 
effective cross sections 
for certain processes. 
The relevant energies for 
the hadron colliders are 
the parton CM energy, 
which can be 
substantially less (~ 1/10) 
than hadron CM energy 
quoted in the table.

Snowmass’2021 AF-EF-TF: Collider Implementation Task Force Report

Proposal Name CM energy Lum./IP Years of Years to Construction Est. operating
nom. (range) @ nom. CME pre-project first cost range electric power

[TeV] [1034 cm�2s�1] R&D physics [2021 B$] [MW]
High Energy ILC 3 6.1 5-10 19-24 18-30 ⇠400

(1-3)
High Energy CLIC 3 5.9 3-5 19-24 18-30 ⇠550

(1.5-3)
High Energy CCC 3 6.0 3-5 19-24 12-18 ⇠700

(1-3)
High Energy ReLiC 3 47 (94) 5-10 >25 30-50 ⇠780

(1-3)
Muon Collider 3 2.3 (4.6) >10 19-24 7-12 ⇠230

(1.5-14)
LWFA - LC 3 10 >10 >25 12-80 ⇠340
(Laser-driven) (1-15)
PWFA - LC 3 10 >10 19-24 12-30 ⇠230
(Beam-driven) (1-15)
Structure WFA - LC 3 10 5-10 >25 12-30 ⇠170
(Beam-driven) (1-15)

Table 2: Main parameters of the lepton collider proposals with CM energy higher than 1 TeV. Total
peak luminosity for multiple IPs is given in parenthesis. The cost range is for the single listed energy.
Collisions with longitudinally polarized lepton beams have substantially higher effective cross sections
for certain processes.

Proposal Name CM energy Lum./IP Years of Years to Construction Est. operating
nom. (range) @ nom. CME pre-project first cost range electric power

[TeV] [1034 cm�2s�1] R&D physics [2021 B$] [MW]
Muon Collider 10 20 (40) >10 >25 12-18 ⇠300

(1.5-14)
LWFA - LC 15 50 >10 >25 18-80 ⇠1030
(Laser-driven) (1-15)
PWFA - LC 15 50 >10 >25 18-50 ⇠620
(Beam-driven) (1-15)
Structure WFA 15 50 >10 >25 18-50 ⇠450
(Beam-driven) (1-15)
FCC-hh 100 30 (60) >10 >25 30-50 ⇠560

SPPC 125 13 (26) >10 >25 30-80 ⇠400
(75-125)

Table 3: Main parameters of the colliders with 10 TeV or higher parton CM energy. Total peak
luminosity for multiple IPs is given in parenthesis. The cost range is for the single listed energy.
Collisions with longitudinally polarized lepton beams have substantially higher effective cross sections
for certain processes. The relevant energies for the hadron colliders are the parton CM energy, which
can be substantially less than hadron CM energy quoted in the table.

Page 6

Implementation Task Force, Thomas Roser



Recommendation 4
a. Support vigorous R&D toward a cost-effective 10 TeV pCM collider based on proton, muon, 

or possible wakefield technologies, including an evaluation of options for US siting of such a 
machine, with a goal of being ready to build major test facilities and demonstrator facilities 
within the next 10 years (sections 3.2, 5.1, 6.5, and Recommendation 6).

b. Enhance research in theory to propel innovation, maximize scientific impact of investments in 
experiments, and expand our understanding of the universe (section 6.1).

c. Expand the General Accelerator R&D (GARD) program within HEP, including stewardship 
(section 6.4). 

d. Invest in R&D in instrumentation to develop innovative scientific tools (section 6.3). 
e. Conduct R&D efforts to define and enable new projects in the next decade, including detectors for 

an e+e– 
 Higgs factory and 10 TeV pCM collider, Spec-S5, DUNE FD4, Mu2e-II, Advanced Muon 

Facility, and line intensity mapping (sections 3.1, 3.2, 4.2, 5.1, 5.2, and 6.3). 
f. Support key cyberinfrastructure components such as shared software tools and a sustained 

R&D effort in computing, to fully exploit emerging technologies for projects. Prioritize computing 
and novel data analysis techniques for maximizing science across the entire field (section 6.7). 

g. Develop plans for improving the Fermilab accelerator complex that are consistent with the long-
term vision of this report, including neutrinos, flavor, and a 10 TeV pCM collider (section 6.6).

We recommend specific budget levels for enhanced support of these efforts and their justifications as 
Area Recommendations in section 6.
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Not Rank-Ordered

Investment in the future

$15M/yr increase

$10M/yr increase
$20M/yr increase

$8+9M/yr increase



1.2.4 – Interconnected Opportunities
We do not yet have a technology capable of building a 10 TeV pCM energy machine, 
but the case for one is clear. Extensive R&D is required to develop cost-effective 
options. Possibilities include proton beams with high-field magnets, muon beams 
that require rapid capture and acceleration of muons within their short lifetime, and 
conceivably electron and positron beams with wakefield acceleration. All three 
approaches have the potential to revolutionize the field.


A demonstrator facility along the path to a 10 TeV pCM muon collider could fit into 
the evolution of the accelerator complex at Fermilab. Such a demonstrator might 
produce intense muon and neutrino beams in addition to performing critical R&D; it 
could leverage expertise in muon and neutrino beam facilities developed over the 
past decade. The improved accelerator complex could also support beam-dump and 
fixed-target experiments for direct searches and quantum imprints of new physics. 
This R&D path therefore aligns with five of the six science drivers.
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2.3 The Path to 10 TeV pCM
In particular, a muon collider presents an attractive option both for technological innovation and for bringing energy frontier colliders 
back to the US. The footprint of a 10 TeV pCM muon collider is almost exactly the size of the Fermilab campus. A muon collider 
would rely on a powerful multi-megawatt proton driver delivering very intense and short beam pulses to a target, resulting in the 
production of pions, which in turn decay into muons. This cloud of muons needs to be captured and cooled before the bulk of the 
muons have decayed. Once cooled into a beam, fast acceleration is required to further suppress decay losses.

Each of these steps presents considerable technical challenges, many of which have never been confronted before. This P5 plan 
outlines an aggressive R&D program to determine the parameters for a muon collider test facility by the end of the decade. This 
facility would test the feasibility of developing a muon collider in the following decade. With a 10 TeV pCM muon collider at Fermilab 
as the long-term vision, a clear path for the evolution of the current proton accelerator complex at Fermilab emerges naturally: a 
booster replacement with a suitable accumulator/buncher ring would pave the way to a muon collider demonstration facility 
(Recommendation 4g, 6). The upgraded facility would also generate bright, well-characterized neutrino beams bringing natural 
synergies with studies of neutrinos beyond DUNE. It would also support beam dump and fixed target experiments for direct searches 
of new physics. Another synergy is in charged lepton flavor violation. The current round of searches at Mu2e can reveal quantum 
imprints of new physics at the 100 TeV energy scale, beyond the reach of direct searches at collider facilities in the foreseeable 
future. An intense muon facility may push this search even further.

Although we do not know if a muon collider is ultimately feasible, the road toward it leads from current Fermilab strengths and 
capabilities to a series of proton beam improvements and neutrino beam facilities, each producing world-class science while 
performing critical R&D toward a muon collider. At the end of the path is an unparalleled global facility on US soil. This is our Muon 
Shot.
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Recommendation 6
Convene a targeted panel with broad membership across particle physics later this 
decade that makes decisions on the US accelerator-based program at the time when 
major decisions concerning an off-shore Higgs factory are expected, and/or significant 
adjustments within the accelerator-based R&D portfolio are likely to be needed. A plan 
for the Fermilab accelerator complex consistent with the long-term vision in this report 
should also be reviewed.
The panel would consider the following: 
1.The level and nature of US contribution in a specific Higgs factory including an evaluation 

of the associated schedule, budget, and risks once crucial information becomes available.

2.Mid- and large-scale test and demonstrator facilities in the accelerator and collider R&D 

portfolios.

3.A plan for the evolution of the Fermilab accelerator complex consistent with the longterm 

vision in this report, which may commence construction in the event of a more favorable 
budget situation.
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Decision without waiting for the next P5



telescopes

Credit: Particle Data Group

WIMPHiggs
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