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Science Motivation Ą Linear 

Collider

ÅFrontiers of Particle Physics

ÅThe energy frontier 

ÅThe Large Hadron Collider

ÅWhy a complementary lepton collider ?

ÅThe ILC concept

26-Oct-10
Linear Collider School 2010                                

Lecture I-1
4



26-Oct-10
Linear Collider School 2010                                

Lecture I-1
5



26-Oct-10
Linear Collider School 2010                                

Lecture I-1
6

Tools: Astronomy and Astrophysics

Galileo to Hubble to LIGO
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The fundamental questions
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How did we get where we are?
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òThere are more things in heaven and earth, Horatio, 
than are dreamt of in your philosophyó (Hamlet, I.5)



The Physical World -- Matter
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The physical world is 

composed of Quarks and Leptons 

interacting via             force 

carriers (Gauge Bosons)

Last discovered quark & lepton   

top-quark      1995

tau-neutrino  2000  



Relations between the 

constituents
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Ordinary matter is made up of up and down 

quarks and electrons.

What are the rest?  The distinguishing feature is the 

mass.

The Three families only connected via weak interaction
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Matter

ÅThree families of Quarksand Leptons, but matter around us 
made up of only first of the three families

ÅAt high energies, particles produced democratically, that is all 
three families are produced equally.

ÅThis was the how particles were made in the early universe, 
near the time of the big bang, BUT .....

ÅWe live in a world of particles.  Where are the antiparticles?  
Answer: There was apparently a near cancellation where 
slightly more particles than antiparticles produced.  The 
reasons are unknown, but leading ideas connect to CP 
violation and baryon instability. 
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The Forces in Nature

Strong Force 1

Gluons   g

m = 0

Quarks

Atomic Nucleus

Electro-magnet 

Force

~ 1/1000

Photon  ɔ

m = 0

Electric Charge

Atoms, Chemistry

Weak Force ~ 10 -5
W, Z Bosons

m = 80 , 91 GeV 

Leptons, Quarks

Radioactive Decays 

(ɓ-decay)

type          rel.strength     force carriers             acts on/in

Force Carriers (Bosons) exchange interactions
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Carriers of Force

Four fundamental Forces act between Matter Particles

through  Force Carriers (Gluons, W± und Z0, ɔ, Graviton)

Forces in our energy regime: 

different strengths 

Forces at high energies:

democraticéé..UNIFICATION

>Situation immediately after 

creation of the Universe HERA



Unification

Electricity and Magnetism
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Triumph of the 19th century.  Led to understanding of E&M form 

electromagnets to motors to modern devices like lasers



Further Unification

--- Electroweak ---
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Proposed by Abdus Salam, 

Glashow &

Weinberg

Key tests at LEP

In good agreement with all

laboratory experiments



Electroweak Unification
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Electroweak Unification
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Experimental Proof
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Discovery of the weak 

neutral current (1974)

n+ N Ąn+ Hadrons



Direct Confirmation
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Prediction of the Standard 

Model

Number of families:

N = 2.984 +-0.008

LEP

e+e-ñ> Z0 ñ> f f 
where  f=q,l,Ȇ

ůZand ũZ depend 

on number of 

(light) neutrinos

resonance curve Z -Boson

Nobel Prize 2008:

Kobayashi-Maskawa)



LEP ðPrecision Tests of EW 

Model
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Todayõs biggest question

Whatõs beyond the Standard Model?

1. Are there undiscovered principles of nature:
New symmetries, new physical laws?

2. How can we solve the mystery of dark energy?
3. Are there extra dimensions of space?
4. Do all the forces become one?
5. Why are there so many kinds of particles?
6. What is dark matter?

How can we make it in the laboratory?

7. What are neutrinos telling us?
8. How did the universe come to be?
9. What happened to the antimatter?
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from the Quantum Universe



Addressing the Questions

ÅNeutrinos
ïParticle physics and astrophysics using a 

weakly interacting probe

ÅParticle Astrophysics/Cosmology
ïDark Matter; Cosmic Microwave, etc

ÅHigh Energy pp  Colliders
ïOpening up a new energy frontier       ( ~ 

1 TeV scale) 

ÅHigh Energy e+e- Colliders
ïPrecision Physics at the new energy 

frontier
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Answering the Questions

Three Complementary Probes

ÅNeutrinos as a Probe
ïParticle physics and astrophysics using a weakly 

interacting probe

ÅHigh Energy Proton Proton Colliders
ïOpening up new energy frontier ( ~ 1 TeV scale) 

ÅHigh Energy Electron Positron Colliders
ïPrecision Physics at the new energy frontier
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Addressing the Questions

ÅNeutrinos
ïParticle physics and astrophysics using a 

weakly interacting probe

ÅParticle Astrophysics/Cosmology
ïDark Matter; Cosmic Microwave, etc

ÅHigh Energy pp  Colliders
ïOpening up a new energy frontier       ( ~ 

1 TeV scale) 

ÅHigh Energy e+e- Colliders
ïPrecision Physics at the new energy 

frontier
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Neutrinos ðMany Questions

ÅWhy are neutrino masses so small ? 

ÅAre the neutrinos their own antiparticles?

ÅWhat is the separation and ordering of  the masses 
of  the neutrinos?

ÅNeutrinos contribution to the dark matter?

ÅCP violation in neutrinos, leptogenesis, possible 
role in the early universe and in understanding the 
particle antiparticle asymmetry in nature?
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Neutrinos from the Sun

Discovery: Neutrinos coming from the Sun were detected, 

demonstrating the solar fusion burning process.    (Davis / Koshiba 

Nobel Prize)

Problem: The rate of neutrinos were measured to be only about half 

the predicted rate.   Conclusion: either the sun works differently than 

theory or half the neutrinos disappear on their journey to the earth.    
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Neutrinos from the Sun

Photo of  Sun taken 

underground using 

neutrinos

Subsequent experiments at Kamioka 

mine in Japan and Sudbury mine in 

Canada demonstrated the reduced rate 

was due to neutrino oscillations

ne mn

tn

.      

.       



Neutrino Oscillations in the 

Lab
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Ice Cube Project

ÅNeutrino Astrophysics ðInvestigating astrophysical 

sources emitting ultra high energy neutrinos
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South Pole



Neutrinos ðMany Questions

Å In the mixing matrix of three neutrino generations, two parameters have yet to 
ōŜ ŘŜǘŜǊƳƛƴŜŘΥ ǘƘŜ ǎƳŀƭƭŜǎǘ ƳƛȄƛƴƎ ŀƴƎƭŜΣ ʻ13Σ ŀƴŘ ǘƘŜ /t ǾƛƻƭŀǘƛƴƎ ǇƘŀǎŜΣ ʵCP. 
YƴƻǿƛƴƎ ǘƘŜ ǎƛȊŜ ƻŦ ʻ13ǿƛƭƭ ŘŜŬƴŜ ǘƘŜ ŦǳǘǳǊŜ ŘƛǊŜŎǘƛƻƴ ƻŦ ƛƴǾŜǎǘƛƎŀǘƛƴƎ ƴŜǳǘǊƛƴƻ 
oscillation. 
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DAYA BAY

Reactor Neutrinos
Neutrino oscillations, due to 

mixing of mass eigenstates, 

have been observed in 

atmospheric and solar neutrino 

experiments such as Super-K 

and SNO, as well as in 

KamLAND and K2K using 

prepared neutrino sources. 



Accelerators and 

Neutrinos

ÅLong baseline neutrino experiments ςCreate 
neutrinos at an accelerator or reactor and study at 
long distance when they have oscillated from one 
type to another.

26-Oct-10
Linear Collider School 2010                                

Lecture I-1
46



Accelerators and Neutrinos

PPARC

ÅKinematics off-axis 
give a Enthat is 
almost independent 
of Ep.
ÅTherefore intense 

very narrow band 
beam
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Addressing the Questions

ÅNeutrinos
ïParticle physics and astrophysics using a 

weakly interacting probe

ÅParticle Astrophysics/Cosmology
ïDark Matter; Cosmic Microwave, etc

ÅHigh Energy pp  Colliders
ïOpening up a new energy frontier       ( ~ 

1 TeV scale) 

ÅHigh Energy e+e- Colliders
ïPrecision Physics at the new energy 

frontier
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Dark Matter
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What donõt we see?

Dark Matter

Neutrinos

Dark Energy

é

Higgs Bosons !

Antimatter !!
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The Energy Budget of the Universe

Anti-Matter 0%

Higgs boson ???



Dark Matter

the evidence

From the Keplerõs law,                                        for r much larger 

than the luminous terms, you should have v ar -1/2 However,

Instead, it is flat or rises slightly.

r

rGM
vcirc

)(
=
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This is the most direct 

evidence for dark matter.

There are many 

complementary 

measurements at all scales

Corbelli & Salucci (2000); 

Bergstrom (2000)



Other Dark Matter Evidence

ÅEvidence from a wide range of  

astrophysical observations including 

rotation curves, CMB, lensing, clusters, 

BBN, SN1a, large scale structure

ÅEach observes dark matter through 

its gravitational influence 

ÅStill no (reliable) observations of  dark 

matterõs electroweak interactions (or 

other non-gravitational interactions) 

ÅStill no (reliable) indications of  dark 

matterõs particle nature



Dark Matter Particle Candidates

Axions, Neutralinos,Gravitinos, Axinos, Kaluza-

Klein Photons, Kaluza-Klein Neutrinos, Heavy 

Fourth Generation Neutrinos, Mirror Photons, 

Mirror Nuclei, Stable States in Little Higgs 

Theories, WIMPzillas, Cryptons, Sterile Neutrinos, 

Sneutrinos, Light Scalars, Q-Balls, D-Matter, Brane 

World Dark Matter, Primordial Black Holes, é

EVIDENCE STRONGLY FAVORS NON -

BARYONIC COLD DARK MATTER



Leading Dark Matter Candidate

Weakly Interacting Massive Particles (WIMPs)

Weakly interacting particles produced 

thermally in the early universe

Large mass compared to standard 

particles. 

Due to their large mass, they are relatively 

slow moving and therefore òcold dark 

matter.ó

Leading candidate ðòSupersymmetric 

Particlesó

Supersymmetric dark matter would solve one of  biggest problems in 

astrophysics and particle physics at the same time !
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Supersymmetry

ÅThe most theoretically appealing 

extension of  the Standard Model

ÅNatural solution to hierarchy 
problem (stabilizes quadradic 
divergences to Higgs mass)

ÅRestores unification of  couplings

ÅVital ingredient of  string theory

ÅNaturally provides a compelling 
candidate for dark matter

, Z, h, Hg
~  ~  ~~



Searching for Dark Matter
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Underground

On Accelerators

In Space



Direct Detection of Relic 

WIMPS
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The òCryogenic Dark Matter 

Searchó (CDMS)
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The CDMS experiments measures 

the recoil energy imparted to 

detector nuclei through WIMP-

nucleon collisions by employing 

sensitive phonon detection 

equipment coupled to arrays of  

cryogenic germanium and silicon 

crystals.



WIMP Direct Searches
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ÅLocated at the Soudan mine in 
sunny Minnesota

ÅCDMS II is 2341 feet below the 
surface (2090 mwe)

CDMS
Cryogenic 

Dark Matter Search



Sources of Background
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polyethylene

outer moderator
detectors inner Pb

shield
dilution

Refrigerator (10 mK)

Icebox

outer Pb shieldscintillator

veto

ôExternalõ neutron

muons

ôInternalõ 

neutron

Gammas / X-Rays
ÅReject using additional shielding

Electrons

ÅProduced in the detector ðrejected via 

analysis

Neutrons

ÅReject by additonal  scintillator veto

Cosmic Ray Muons

ÅDepth (2090mwe) reduces muon flux by 

a factor of  ~50,000



Recent CDMS Result
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òThe final exposure of our low-

temperature Ge particle detectors at the 

Soudan Underground Laboratory yielded 

two candidate events, with an expected 

background of  0.9 ± 0.2 events.ó 

òThe combined CDMSII data place the 

strongest constraints on the WIMP-

nucleon spin-independent scattering cross 

section for a wide range of  WIMP masses 

and exclude new parameter space in 

inelastic dark matter models.ó 

Published Online February 11, 2010

ScienceDOI: 10.1126/science.1186112 



Addressing the Questions

ÅNeutrinos
ïParticle physics and astrophysics using a 

weakly interacting probe

ÅParticle Astrophysics/Cosmology
ïDark Matter; Cosmic Microwave, etc

ÅHigh Energy pp  Colliders
ïOpening up a new energy frontier       ( ~ 

1 TeV scale)

ÅHigh Energy e+e- Colliders
ïPrecision Physics at the new energy 

frontier
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Break



Particle Colliders
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Particle Colliders
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Megascience project --- LHC
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Exploring the Terascale

the tools

ÅThe LHC
ïIt will lead the way and has large reach

ïQuark-quark, quark-gluon and gluon-gluon collisions at 0.5 - 5 
TeV

ïBroadband initial state

ÅThe ILC
ïA second view with high precision

ïElectron-positron collisions with fixed energies, adjustable 
between 0.1 and 1.0 TeV

ïWell defined initial state

ÅTogether, these are our tools for the terascale 
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Spectrum of  Supersymmetric Particles
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MSSM

mSUGRA

squarks and 

sgluons heavy 

yielding long decay 

chains ending with 

LSP neutrilino 


