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The	status	of	the	field	circa	2017		

Opportunities	for	achieving	“transformational	or	
paradigm-altering”	scientific	advances:	great	
discoveries.	

One	field,	one	voice,	one	world
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OUTLINE

Note	there	are	many	more	slides	uploaded	
on	the	web	than	I	will	show	in	this	talk	

(they	serve	as	a	reference)	
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To understand the fundamental nature of energy, matter, 
space, and time, and to apply that knowledge 
to understand the birth, evolution and fate of the universe 
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Quarks and the Cosmos
The Opportunities for Discovery      
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How	did	the	Universe	begin?

What	is	its	fate?

What	are	its	fundamental	laws?

Where	do	we	come	from?
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Quarks	and	the	Cosmos						

Particle	Physics

Deeply	connected	&	highly	complementary

&		Cosmology
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Our scope is broad and we use many tools: accelerator, 
non-accelerator & cosmological observations all 
have a critical role to playM.#Demarteau*,#K.#Yurkewicz*#

With#thanks#to##
L.#Cha;erjee,#M.#Cooke##

December#17,#2013##
P5#MeeEng#

Brookhaven#NaEonal#Laboratory##
*"="co&chair"

Instrumentation	the	Great	Enabler
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100	billion
over	entire
sky
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Inner	Space:	atoms	quarks	&	electrons
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§ Atom:	0.1	nm	

The	size	of	atoms,	
quarks	and	electrons	

ICFA	School	2017	Cuba	-- I.	Shipsey 13



§ Atom:	0.1	nm	

The	size	of	an	atom	compared	to	an	apple	is	like:

The	size	of	atoms,	
quarks	and	electrons	

A	quark	has	a	volume	less	than	one	billionth		
of	a	proton

The	proton	compared		to	an	atom	is	like	a	
raisin	in	the	middle	of	a	football	field

The	LHC	can	see	a	volume	one	trillionth	the	
size	of	a	proton	ICFA	School	2017	Cuba	-- I.	Shipsey 14



Inner	space:	The	four	forces

lets	quarks
change	identity
example:	
downàup
producing	
natural
radioactivity
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Ordinary	matter

Everything	is	made	of	electrons,	up	&	down	quarks
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BUILDING	A	UNIVERSE

Multiply	by	billions	and	billions	and	billions
(there	are	1078 atoms	in	the	universe)
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BUILDING	A	UNIVERSE
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The periodic table of the 
elementary particles 

1897-2002

We	are	made	of	
u	d	e	and	there	are	
also	neutrinos	
produced	
by	radioactivity	
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The periodic table of the 
elementary particles 

1897-2002

+	particles	
associated	with	
force	
Photon	:	EM	
Gluon	:	strong	
Z	and	W:	weak

This,	we	thought,
is	enough	to	make	
a	universeICFA	School	2017	Cuba	-- I.	Shipsey 20



Ordinary	matter

Everything	is	made	of	electrons,	up	&	down	quarks

We	discovered	we	could	create	additional	
heavier		matter	particles	in	accelerators	
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Ordinary	matter
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The periodic table of the 
elementary particles 

1935-1974

the	first	group	
is	replicated	
by	a	second	
group	
at	greater	
mass
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The periodic table of the 
elementary particles 

1977-2002

a	third		copy	at
still	higher	mass	
was	discovered

ICFA	School	2017	Cuba	-- I.	Shipsey 23



The periodic table of the 
elementary particles 

+	anti-matter
(antiparticles	for	
each	quark	&	lepton)

1897-2002

• The	prevailing	theory	(the	
standard	model)	is	a	
remarkable	intellectual
construction

But there are many mysteries 

• Particle	experiments		
confirm	the	theory	with
exquisite	precision	to	one	
part	in	10	billion
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The	Standard	Model
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Mystery: One missing element  was the Higgs
It gives mass to the particles of the standard model
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The	Standard	Model
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The discovery of the Higgs completed the Standard Model
The	Standard	Model:	A	work	a	century	in	the	making
Highly	predictive,	it	has		been	rigorously	tested	in	some	cases	to	1	part	
in	10	billion
It	has	revolutionized	our	understanding	of	the	subatomic	world
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The Higgs   

Searching for the Higgs we seek to understand why the 
world is the way it is 

It is one of deepest questions humans have ever pursued  
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Higgs	field	analogy	to		an	ocean
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Barracuda	supremely
streamlined	passes	
through	water	effortlessly
(there	is	a	low	interaction
with	the	water)
The	Barracuda	represents	
a	low	mass	particle:	
electron

People	wading	through
deep	water	do	so	with	
great	effort.	(There	is	a	
large	interaction	with	the	
water)	These	people	
represent	high	mass	
particles:	top	quark
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HIGGS	FIELD,	but	what	about	
HIGGS	PARTICLE?

Just	as	the	photon	is	the	particle	of	the	
electromagnetic	field	
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HIGGS		

If	electrons	did	not	have	mass	they	would	move	at	the
speed	of	light		preventing	the	formation	of	atoms:	no
chemistry,	no	biology,	no	life
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Without Higgs,
we evaporate in

a billionth of a second

Without	a	Higgs	field	
we	would	evaporate					
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A work a century in the making  

From the discovery of the electron  in 1896, the nucleus  in 1911 to
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the neutron in 1932 

8/4/13 10:13 PMDiscovery of the Neutron

Page 2 of 3http://hyperphysics.phy-astr.gsu.edu/hbase/particles/neutrondis.html

The 5.3 MeV energy of the ejected protons could be easily explained if the
neutral particle had a mass comparable to that of the proton. For headon
collisions, this would require only 5.3 MeV from the neutral particle, a value in
the range of observed nuclear particle emissions.

Chadwick was able to prove that the
neutral particle could not be a photon
by bombarding targets other than
hydrogen, including nitrogen, oxygen,
helium and argon. Not only were
these inconsistent with photon
emission on energy grounds, the
cross-section for the interactions was
orders of magnitude greater than that
for Compton scattering by photons.

The task which remained for Chadwick was that of determining the mass of the
neutral particle. He chose to bombard boron with alpha particles and analyze
the interaction of the neutral particles with nitrogen. These particlular targets
were chosen partly because the masses of boron and nitrogen were well known.
Conservation of energy applied to the combined interactions gives the
following expressions:

Solving for the mass energy of the neutron gives

The remaining unknown on the right hand side of the equation is the speed of
the neutron. Assuming that the neutron mass was close to that of the proton,
Chadwick bombarded hydrogen atoms with his produced neutrons to learn the
speed of the protons after the collisions. Then setting the neutron speed equal to
those proton speeds, he used the above energy expression to get a neutron mass
of 938 +/- 1.8 MeV. With a consistent set of experiments, Chadwick had
obtained the first value for the neutron mass which compared well with the
presently accepted value of 939.57 MeV.

The search for the basic structure of matter.

Krane,
Intro

Nuclear
Physics
Ch. 12

 
HyperPhysics***** Quantum Physics R Nave Go Back

the particles that compose an atom
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theory：1964

design：1984

construction：1998

discovery of Higgs boson
2012.7.4

The Higgs enables
atoms to exist

Murayama
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BUILDING	AN	UNDERSTANDING	OF	THE	UNIVERSE:
A	WORK	A	CENTURY	IN	THE	MAKING
Our community has revolutionized human understanding of the Universe 
– its underlying code, structure and evolution 

Through careful measurement, observation and deduction 
we have developed remarkably successful prevailing theories the Standard
Models of particle physics and cosmology that are highly predictive and have 
been rigorously tested in some cases to 1 part in 10 billion

These are among the highest intellectual achievements in the history of
our species, they will be part of our legacy to future generations for eternity

The potential now exists to revolutionize our knowledge again.
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BUILDING	AN	UNDERSTANDING	OF	THE	UNIVERSE:
A	WORK	A	CENTURY	IN	THE	MAKING

Through careful measurement, 
observation and deduction 
we have developed remarkably 
successful prevailing theories the 
Standard Models of particle physics 
and cosmology that are highly predictive 
and have been rigorously tested in some 
cases to 1 part in 10 billion
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2013:"the"thiumph"of"the""STANDARD*
•  PARTICLE*STANDARD***
***************MODEL"
"
"

•  COSMOLOGY*STANDARD*
******************MODEL*

ΛCDM*+"“SIMPLE”*INFLATION**
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BUILDING	AN	UNDERSTANDING	OF	THE	UNIVERSE:
A	WORK	A	CENTURY	IN	THE	MAKING

…..that are highly predictive and have 
been rigorously tested in some cases to 
1 part in 10 billion
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BUILDING	AN	UNDERSTANDING	OF	THE	UNIVERSE:
A	WORK	A	CENTURY	IN	THE	MAKING

These are among the highest intellectual achievements in the history of
our species, they will be part of our legacy to future generations for eternity

The potential now exists to revolutionize our knowledge again.
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BUILDING	AN	UNDERSTANDING	OF	THE	UNIVERSE:
A	WORK	A	CENTURY	IN	THE	MAKING

The potential now exists to revolutionize our knowledge again.
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That Spin 0 Boson
Changes Everything

a Universal 
phase 
transition?

@ picosecond 
after the BB

hot universe vacuum
empty

cold universe vacuum
full of the Higgs Field

E (entire universe)

higgs 
field

H

Mystery:	The	Higgs	

a Universal 
phase 
transition?

@ picosecond 
after the BB

hot universe vacuum
empty

cold universe vacuum
full of the Higgs Field

E (entire universe)

higgs 
field

H
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Mystery:
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Mystery:	Dark	Matter	

5/6
41



Mystery:	Dark	Energy	

• The	accelerating	expansion	of	
the	universe	(2011	Nobel)

• What	is	dark	energy?	
We	don’t	know…
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Mystery:	Dark	Energy	

• The	accelerating	expansion	of	
the	universe	(2011	Nobel)

• What	is	dark	energy?	
We	don’t	know… What	we	know:	just	the	

tip	of	the	iceberg.
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Mystery:	how	did	matter	survive	the	
birth	of	the	universe?		

• The	accelerating	expansion	of	
the	universe	(2011	Nobel)

• What	is	dark	energy?	
We	don’t	know…

What	we	know:	just	the	
tip	of	the	iceberg.

beginning of the Universe

1,000,000,001 1,000,000,001

matter anti-matter

1,000,000,000

Matter anti-Matter

The	baryon		asymmetry	of	the	Universe		
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Mystery:	Why	are	there	so	many	types	of		particles?		

Why	do	the	particles
have	such	a	large
range	of	masses?

Why	does	the	pattern
of	particles	repeat	

three	times?	

Why	do	neutrinos	have
mass	at	all	(in	the	
Standard	Model

they	are	massless)?
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Mystery:	What	powered	cosmic	inflation?
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EWSB
q Does	the	Higgs	boson	exist?

Neutrinos:
q νmasses	and	and	their	origin
q what	is	the	role	of	H(125)	?		
q Majorana or	Dirac	?
q CP violation	
q additional	species	à sterile	ν ?

Dark	matter:
q composition:	WIMP,	sterile	neutrinos,	

axions,	other	hidden	sector	particles,	..
q one	type	or	more	?	
q only	gravitational	or	other	interactions	?

The	two	epochs	of	Universe’s	accelerated	expansion:
q primordial:	is	inflation	correct	?	

which (scalar)	fields?	role	of	quantum	gravity?		
q today:	dark	energy	(why	is	Λ so	small?)	or

gravity	modification	?

Quarks	and	leptons:
q why	3	families	?
q masses	and	mixing
q CP	violation	in	the	lepton	sector
q matter	and	antimatter	asymmetry
q baryon	and	charged	lepton	

number	violation	

Physics	at	the	highest	E-scales:
q how	is	gravity	connected	with	the	other	forces	?
q do	forces	unify	at	high	energy	?

Outstanding		Questions	in	Particle	Physics	circa	2011
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Higgs	boson	and	EWSB
q mH natural	or	fine-tuned	?
à if	natural:	what	new	physics/symmetry?
q does	it	regularize	the	divergent	VLVL cross-section

at	high	M(VLVL)	?	Or	is	there	a	new	dynamics	?
q elementary	or	composite	Higgs	?
q is	it	alone	or	are	there	other	Higgs	bosons	?
q origin	of	couplings	to	fermions		
q coupling	to	dark	matter	?	
q does	it	violate	CP	?
q cosmological	EW	phase	transition	

Neutrinos:
q νmasses	and	and	their	origin
q what	is	the	role	of	H(125)	?		
q Majorana or	Dirac	?
q CP violation	
q additional	species	à sterile	ν ?

Dark	matter:
q composition:	WIMP,	sterile	neutrinos,	

axions,	other	hidden	sector	particles,	..
q one	type	or	more	?	
q only	gravitational	or	other	interactions	?

The	two	epochs	of	Universe’s	accelerated	expansion:
q primordial:	is	inflation	correct	?	

which (scalar)	fields?	role	of	quantum	gravity?		
q today:	dark	energy	(why	is	Λ so	small?)	or

gravity	modification	?

Quarks	and	leptons:
q why	3	families	?
q masses	and	mixing
q CP	violation	in	the	lepton	sector
q matter	and	antimatter	asymmetry
q baryon	and	charged	lepton	

number	violation	

Physics	at	the	highest	E-scales:
q how	is	gravity	connected	with	the	other	forces	?
q do	forces	unify	at	high	energy	?

Outstanding		Questions	in	Particle	Physics	circa	2017
…	there	has	never	been	a	better	time	to	be	a	particle	physicist!
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between 1967 - 2012
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guided research

Higgs

The	Standard		Model		Guided	Research	
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No-lose	completion	of	the	Standard	Model

Guaranteed	
discoveries

W	&	Z									CERN	SppS (1983)
Top	quark		Tevatron (1995)
Higgs											LHC		(2012)
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No-lose	completion	of	the	Standard	Model

No	guaranteed	
discoveries

Now	that	the	Standard	Model	is	complete,
there	are	no	further	no-lose	theorems
In	principle,	the	Standard	Model	could	be		
valid	to	the	Planck	scale
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Perception is a dynamic combination of top-down 
(theory) and bottom-up (data driven) processing

• The need for detail (quality and quantity of the 
data) depends on the distinctiveness of the 
object and the level of familiarity

Visual examples…

Perception & understanding
with a roadmap

When we know the characteristics and context
of what to expect (W,t,H ) a little data goes a
long way (top-down dominates)
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With a roadmap  (theory)

New physics need lots 
of data
(bottom up dominates)

Perception & understanding

(W,t,H ) a little 
data goes a long way 
(top-down dominates)

w/o a roadmap (data driven)
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We are in a data driven era
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“Measure	what	is	measureable	and	
make	measureable	what	is	not	so.”

Galileo	Galiliei
1564-1642

#1  Context
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