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We are made of atoms

Are atoms building blocks of the world?

To answer this, 
we have to peel an atom 

like we peel an anion layer by layer 
discovering what’s at its core.

An Atom as an Onion





The discovery of the Higgs boson at the LHC opens the door to the next 
phase of experimental exploration in fundamental physics. 

While details will clearly be informed by what will be learned from the 
next run of the LHC, it is already clear that, regardless of what is seen at 
the LHC, the future of the field hinges on the construction of new 
accelerators, to offer a much clearer picture of the Higgs itself, and 
propel us much deeper into the energy frontier. 



Options under serious consideration, ranging from linear colliders, 
to the more recent proposals of circular colliders both as Higgs & 

electroweak factories and ~100 TeV proton-proton colliders

~100 km: e+e- circular collider (CEPC) 

 pp circular collider (SppC)

China
Japan

ILC e+e- linear collider

~100 km

e+e-, ep, pp circular collider (FCC)

LHC (27 km)

Europe

CLIC: e+e- linear collider



“Future Collider(s)” play a key 
for the future program of particle physics.

Impacts the world-wide particle physics community
The community’s “scientific” input to the decision is critical.



This workshop brings together 
leading theorists, experimentalists and accelerator physicists, 

to foster a thorough discussion of the wide array of physics 
opportunities and technical challenges associated with these machines.



Particle Physics: Global
European & U.S. Planning and Executing in the Global Context

U.S. 10 year plan: Executing the 2014 plan
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Particle Physics:

What is the universe made of ?

What holds it together ?

Where did we come from ?



What is the world made of?

building blocks of the world?
smallest things in the world?

(elementary particles)

What holds them together?
forces (interactions)

Connections to the early universe

Understanding laws of nature



Atom

Democritus (Greek philosopher 460 BC – 370 BC)

The universe is composed of the atoms and the void

Indivisible



Democritus’s atom (400 BC)

Indivisible and solid

Atoms were “then” building blocks of the world

The conception of the atom has been modified in several essential 
respects, but the philosophy remains the foundation of modern science.



Discovery of the electron
Atoms have tiny, negatively charged particles (electrons) inside them.

The atom can be split into even smaller parts. 

metal metal

J.J. Thomson (1856 – 1940)
Nobel Prize (1906)

1897 negative
electrons

positive
matter

plum pudding model         



Experiment (1909)

Thin gold foil

Circular fluorecent screen

a particle 
beam

(Detector)

Discovery of the nucleus

a particles

Ernest Rutherford
(1871 – 1937)

Nobel Prize (1908)

This has become an experimental method for particle physics research.



nucleus = small nut
size = 0.0001 x atom, mass = atom mass

electron orbits

nucleus

Rutherford’s atom

“the fly in the cathedral”



nucleus = small nut
size = 0.0001 x atom, mass = atom mass

electron orbits

nucleus

mostly empty space

Rutherford’s atom

our solar system

Inner Space                                             Outer Space



Peeling a nucleus

Nucleus

Nucleus

U
s

Us

Discovery of the neutron
(1932)

nucleus



Peeling a nucleus

Maria Goeppert Mayer
(1906 – 1972)

Nobel prize (1963)
“The Onion Madonna”

“Protons and neutrons spin along orbits like several shells, 
much like an onion with many shells”



Peeling a proton and a neutron

Nucleus

u
s

Nucl
eus

U
s

particle detectors

high energy
particle beam

high energy
particles sources



Low energy particle beams High energy particle beams

Short wavelength (high energy) particles enable us to see small objects
l = h / p

10-18

Quarks
Electrons



Very high energy beam by particle accelerators

Ernest Lawrence (1901-1958)

Particle Accelerators

1930



KEKFermilab

CERN

Today’s Accelerators for Particle Physics Research



Peeling a proton and a neutron
Seeing inside a proton and a neutron 

up quarks, down quarks, electrons



Building blocks

nucleus p p

nn

atom                          nucleus              proton, neutron       up, down quarks
electron                    electron                      electron

weak forces & strong forces

~400 BC                        ~ 1910                            ~1930                          Today

electromagnetic forces

?

Tomorrow



Accomplishment

of the 19th Century

Periodic Table of Elements Table of Elementary Particles

Accomplishment

of the 20th Century

Standard Model



Big Surprises



E = Mc2

E



E = Mc2

M



History of the Universe

Higher energy AcceleratorsM

Exotic particles last seen in the earliest moments of the universe



E = Mc2

Exotic particles last seen in the earliest moments of the universe

M



TRISTAN e+e- (Japan)

circumference 

= 3 km

Tevatron pp (U.S.)

circumference = 6 km

_

LHC pp (Switzerland)

circumference 

= 27 km



AMY Experiment: 

60 physicists   

from 4 countries

CDF Experiment:  

300  700 physicists 

from 20 countries

ATLAS Experiment:

~3,000 physicists 

from 40 countries



Detectors are like onions, too

M M



Top quark

c
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Z

W

gluons

Spin ½ Fermions Spin 1 Bosons

Higgs boson

Spin 0 Boson

Discovering elementary particles

hydrogen 

atom mass

Particles are messengers:
Building a theory / understanding laws of nature



peeling backward in time
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History of the Universe



Accomplishment

of the 19th Century

Periodic Table of Elements Table of Elementary Particles

Accomplishment

of the 20th Century

Standard Model

Completion of Standard Model !



Stop peeling?

No, because

despite considerable successes, 
this theory has within it the seeds of its own demise



……………. and the mysteries

WHY ?

WHAT ?

• mass 

• 6 quarks 

• 3 families 

• forces 

• anti-matter 

• neutrinos 

• dark matter 

• dark energy 



……………. and the mysteries

Visible Universe
tip of the iceberg

Invisible Universe
(Dark Universe)



“The more you know, the more you know you don't know.” 

Aristotle (Greek philosopher and scientist, 384 – 322 BC)

Peeling continues 
to search for a more complete and elegant theory



History of the Universe

Searching for an elegant 

and complete theory

peeling backward in time
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Reaching High Energy:
Various Approaches



E = Mc2

M

Direct: Energy Frontier

E = Mc2 ~ 10 TeV



Indirect: Intensity Frontier (Precision)



Indirect: Intensity Frontier (Neutrino)

mn x mM ~ mq
2



Strength

102 1015                                                                                

Energy [GeV]



Scientific Drivers

• Compelling, difficult, intertwined questions; Require multiple approaches
• Only possible due to strong advancements in accel., det. & computing technologies 

2013
2002
2015

2011
2004
2008



Higgs
from the discovery of a Higgs-like particle

to measurements and a new tool for discovery



Explore the unknowns:
new particles, interactions, physical principles

Directly producing new particles



LHC

pp: 7,8 TeV  13 TeV

Lepton collider

Hadron collider(decision)

Tevatron

pp: 2 TeV
_

Fermilab CERNKEK



~100 km: e+e- circular collider (CEPC) 

 pp circular collider (SppC)

China
Japan

ILC e+e- linear collider

~100 km

e+e-, ep, pp circular 

collider (FCC)

LHC (27 km)

Europe

CLIC: e+e- linear collider

Future Accelerator Candidates (Global Projects)

6 km

m+m- collider   

Tevatron (6 km)

U.S.U.S.

Linear collider 
based on 

plasma wakefield acceleration



40,000 km in 1954
1 TeV accelerator 

with then technologies

Fermi’s
Globatron

Breakthroughs 

In Accelerator

Breakthroughs 

in Particle Physics

x10,000 

smaller

Tevatron

ILC, CLIC
FCC, CEPC/SppC

6 km in 1985
Achieved!

LHC

smaller

Muon collider

Plasma wakefield
accelerator



ATLAS, CMS, LHCb, Belle, BES-III, NA62, KOTO, MEG, KLOE, Muon g-2, DeeMe, Mu2e, COMET, EDM, …

Rare	decays	as	another	avenue	to	New	Physics	
Bd,s→m+m-	from	CMS	and	LHCb	

• CMS	and	LHCb	have	
performed	a	combined	fit	
to	their	full	Run	1	data	sets	

• Bs→mm	6.2σ	significance	
was	first	observaI on	
– CompaI bility	with	the	SM	at	
1.2σ	

• Excess	of	events	at	the	3σ	
level	observed	for	the	
B0→mm	hypothesis	with	
respect	to	background-only	
– CompaI ble	with	SM	at	2.2σ	 Nature	522	(2015)	68	 13	

Explore the unknowns:
new particles, interactions, physical principles

Detecting the quantum influence of new particles

Mu2e experiment at Fermiilab Belle-2 experiment at KEK



Neutrinos

• Many aspects of neutrino physics are puzzling:

– What are the origin of neutrino mass?
– What are the masses?
– How are the masses ordered (mass hierarchy)?
– Do neutrinos and antineutrinos oscillate differently? (CP)
– Are there additional neutrino types or interactions?
– Are neutrinos their own antiparticles?



Long baseline

Fermilab  NOvA (810km)                                                             J-PARC  T2K (295km)

MINOS (735km)

Short baseline

T600 – MicroBooNE – SBND

Fermilab
KEK

Fermilab

Accelerator-based neutrinos: Now



DUNE: under construction

Mt. Bisul

Mt. Bohyun

under study under the approval process

U.S.

Japan

Accelerator-based neutrinos: Next Generation



Reactor-based neutrinos

Double Chooz

Daya Bay

RENO

Daya Bay in China               RENO in South Korea

Next generation experiment: JUNO in China



Are neutrinos their own antiparticles ?, n mass ?

• n-less double b decay

– various technologies

• Cosmic Microwave 
Background expts

– Smn < 0.23 eV @95%

– Nn
eff = 3.15 ± 0.23

Ts est

favored by n osci. expt.s

Excluded by n-less bb

Excluded by CMBInverted hierarchy

Normal hierarchy



Dark Matter: Experimental Approaches

Sca
tteri
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fχ

χ
(—) f
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Production

Annihilation
Direct detection

Large scale structure

Cosmic density
Indirect detection

Cosmic density

Børge Kile Gjelsten, University of Oslo 44 IDM, Aug 2008

Colliders

The power 
of the WIMP 
hypothesis

Complementary 
to each other



Direct Dark Matter Searches
underground facilities are also for n’s, proton decays

Direct dark matter searches

Soudan
SuperCDMS

CoGeNT

Homestake
LUX

SNOLab
DEAP/CLEAN

PICASSO
COUPP

Boulby
ZEPLIN
DRIFT

Modane
EDELWEISS

Canfranc
ArDM

ROSEBUD
ANAIS

Gran Sasso
XENON
CRESST

DAMA/LIBRA
DarkSIDE

WARP

Jinping
PANDA-X

TEXONO-CDEX

Kamioka
XMASS

NEWAGE
PICO-LON

Yang Yang
KIMS

South Pole
DM-ICE

• XMASS (800 kg LXe, Kamioka, 2011-)

• SuperCDMS (25kg Ge, Soudan, 2012-)

• LUX (350 kg LXe, Homestake, 2012-)

• DarkSide (50 kg LAr, Gran Sasso, 2012-)

• COUPP (60 kg CF3I, SNOLab, 2012-)

• XENON-1T (1 ton LXe, Gran Sasso, 2014-)

• EURECA, DARWIN, ......
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IBS Center for Axion and Precision Physics IBS Center for Underground Physics



Accelerated expansion of the universe

1st epoch: Inflation, a primordial epoch of acceleration 

2nd epoch: 
began recently, continues today

Driven by dark energy?

Complementary strengths of ground and space experiments

Smn impacts 
growth of structure



Dark Energy (U.S. facilities)

DES (operating)

DESI
(about to take data)

LSST
(taking data 

in a couple of years)



By using our increased understanding,

we continue to peel away at the more hidden layers of truth 
with the hope of discovering a more elegant and complete theory.



But as is the case with the onion, 

we must wonder whether there will ever emerge an ultimate layer 
where the peeling must stop.


