
The Big Questions in Particle Physics 
and Cosmology

Where are we coming from?

Where are we now?

Where are we going?



Interpretation of these Questions?

• Within fundamental physics itself?
P1 = Status of the Standard Model?
P2 = Search for physics beyond the SM?
P3 = Search for a ‘Theory of Everything’?

• Within a cosmological context?
C1 = The early stages of the Big Bang?
C2 = Material content of the Universe today?
C3 = The future of the Universe?

JE, arXiv:0710.5590



Flavour and CP Violation

- CKM model 
successful at
present

- A pillar of the 
Standard Model

- What lies 
beyond it?

P1



Indications on the Higgs Mass
Sample observable:

W mass @ LEP & Tevatron
Combined information

on Higgs mass

July 2007

mW, mt both reduced recently by ~ ½ σ



Open Questions beyond the 
Standard Model

• What is the origin of particle masses?
due to a Higgs boson? + other physics?
solution at energy < 1 TeV (1000 GeV)

• Why so many types of matter particles?
matter-antimatter difference?

• Unification of the fundamental forces?
at very high energy ~ 1016 GeV?
probe directly via neutrino physics, indirectly via masses, 
couplings

• Quantum theory of gravity?
(super)string theory: extra space-time dimensions?

LHC

LHC

LHC

P2

LHC



At what Energy is the New Physics?

A lot accessible
to the LHC

Some accessible
only indirectly

Dark matter

Origin of mass

P2



The Standard Model of Cosmology

Links with particle physics

Potential
Impact of
Planck
Satellite

C1



The Very Early Universe

• Size: a → zero
• Age: t → zero
• Temperature: T → large

T ~ 1/a, t ~ 1/T2

• Energies: E ~ T
• Rough magnitudes:

T ~ 10,000,000,000 degrees
E ~ 1 MeV ~ mass of electron
t ~ 1 second

Need particle physics to describe earlier history



A Strange Recipe for a Universe

The ‘Concordance Model’
prompted by astrophysics & cosmology

C2



Open Cosmological Questions

• Why is the Universe so big and old?
~ 13,000,000,000 years

almost flat: density nearly critical

1 proton for every 1,000,000,000 photons
How did structures form?

ripples + invisible dark matter?
What is the dark matter?

• How will the Universe end?

Need particle physics to answer these questions

C2
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The Large Hadron Collider (LHC)

Proton- Proton Collider

7 TeV + 7 TeV

1,000,000,000 collisions/second Primary targets: 
•Origin of mass
•Nature of Dark Matter
•Primordial Plasma
•Matter vs Antimatter

Many connections with cosmology

P2

C2



A Simulated Higgs Event @ LHC



Potential of Initial LHC running

• A Standard Model Higgs 
boson could be discovered 
with 5-σ significance with 
5fb-1, 1fb-1 would be 
sufficient to exclude a 
Standard Model Higgs boson 
at the 95% confidence level

• Signal would include ττ, γγ, 
bb, WW and ZZ

• Will need to understand 
detectors very well

P2



The Stakes in the Higgs Search

• How is gauge symmetry broken?
• Is there any elementary scalar field?
• Would have caused phase transition in the Universe when 

it was about 10-12 seconds old
• May have generated then the matter in the Universe: 

electroweak baryogenesis
• A related inflaton might have expanded the Universe 

when it was about 10-35 seconds old 
• Contributes to today’s dark energy: 1060 too much!

P2
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Present and Prospective CMB Data

• Measurements of primordial fluctuations

• Probe inflationary models: V ~ φn ? e-φ ?



Planck vs Inflationary Models

• Possible Planck constraints on inflationary 
potential The LHC of cosmology?

B-mode polarization is ‘Holy Grail’ of  inflation



What is the Inflaton?

Inflaton

( )V φ

φ

- Elementary field or composite?
- No candidate within Standard Model
- Dilaton of string theory?
- Simple extension of Standard Model?



Could the Inflaton be a RH Sneutrino?

• Supersymmetric partner of RH neutrino

• Example of chaotic φ2 potential model

• Magnitude of density perturbations fixes 

m ~ 2.1013 GeV

• Compatible with expected sneutrino mass

• Generate baryon asymmetry in sneutrino inflaton 
decay

• Constrain seesaw parameters, get predictions for 
lepton-flavour-violating decays

B-mode @ Planck?



The Higgs and Vacuum Energy

• Must add a constant 
to the effective 
potential so that net 
value in true 
vacuum ~ 0

• Physical value 

~ 10-60



• Many orders of magnitude smaller than 
expected contributions from ‘known’
physics: 10-48 GeV4

QCD: ΛQCD
4 ~ 10-4 GeV4

Higgs: mW
4 ~ 108 GeV4

Broken susy: msusy
4 ~ 1012 GeV4

GUT: mGUT
4 ~ 1064 GeV4

Quantum Gravity: mP
4 ~ 1076 GeV4

• Need new physics!

Comments on Dark Energy

C3



Why Supersymmetry (Susy)?

• Intrinsic beauty
• Hierarchy/naturalness problem 
• Unification of the gauge couplings
• Predict light Higgs < 150 GeV

– As suggested by precision electroweak data
• Cold dark matter
• Essential ingredient in string theory (?)

P2



Astronomers tell 
us that most of the 
matter in the 
universe is 
invisible

We will look for it

with the LHC

Dark Matter in the Universe

Astronomers say
that most of the
matter in the
Universe is
invisible 
Dark Matter
‘Supersymmetric’ particles ?
We shall look for 

them with the 
LHC

Dark Matter in the Universe
C2



Direct Evidence for Collisionless 
Dark Matter

Collision of two galaxies:
dark matter lumps pass through

Collision of two galaxies:
gaseous matter stuck in between

Clowe et al, 2006



The Dark Matter Scaffolding

Massey et al, 2007

Visible matter:
galaxies, stars, etc.

hang on the scaffolding

But what is the dark matter?



Classic Supersymmetric 
Signature

Missing transverse energy 
carried away by dark matter particles



Implications of LHC Search for ILC

In CMSSM

LHC will tell LC
where to look

1 ‘year’ @ 10341 ‘year’ @ 1033‘month’ @ 1033‘month’ @ 1032

LHC gluino
mass reach

Corresponding sparticle 
thresholds @ LC

Blaising, JE et al: 2006



The Stakes in the SUSY Search

• A novel symmetry of Nature?
• Explain 90% of the matter in the Universe?
• Circumstantial hint for string theory?
• Stabilize the hierarchy of mass scales in 

physics?
• Leads to unification of the fundamental 

forces?

P2
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P3



Search for a ‘Theory of Everything’

• Two greatest achievements of early 20th-
century physics still not combined:
– Quantum theory, gravity

• String theory ‘only game in town’
– Needs SUSY, suggests extra dimensions, …

• Powerful new toolbox
– >> traditional quantum field theory

• Many other potential applications
– QCD, QGP, …

P3



How Large could Extra Dimensions be?

• 1/TeV?
could break supersymmetry, electroweak

• micron?
can rewrite hierarchy problem

• Infinite?
warped compactifications

• Look for black holes, Kaluza-Klein 
excitations @ colliders?

P3



And if gravity becomes strong at the TeV scale …

Black Hole Production at LHC?

Multiple jets,
leptons from
Hawking
radiation



Hot and Dense Hadronic Matter
Collide heavy nuclei at high energies to create …

… and probe the quark-hadron
phase transition

Recreate the first 10-6 seconds …
Properties described by 
AdS/CFT correspondence:
Viscosity, jet quenching, …?



Big Bang ↔ Little Bangs

• The matter content 
of the Universe

Dark matter
Dark energy
Origin of matter

• Experiments at 
particle colliders

Early Universe
Supersymmetry
Matter-antimattter 

asymmetry

Learn particle physics from the Universe
Use particle physics to understand the Universe



The LHC is a telescope
as well as a microscope

C2
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