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All matter is made of
the same constituents

What are they?
What forces between them?

Inside Matter
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From Cosmic Rays to CERN

CERN set up in 1954 to study these particles in detail

Discovered a century ago …

… cosmic-ray
showers were 
found to 
contain many
different types
of particles …
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The ‘Standard Model’

The fundamental interactions

Gravitation electromagnetism     weak nuclear force    strong nuclear force

= Cosmic DNA
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Photon: the Particle of Light

• Quantum hypothesis introduced by Planck:

• Physical reality postulated by Einstein to 
explain photoelectric effect

• First force particle discovered



Gluon: the Particle of the Strong 



Gluon: the Particle of the Strong 

• Discovery method suggested in 1976:



Gluon: the Particle of the Strong 

• Discovery method suggested in 1976:



Gluon: the Particle of the Strong 

• Discovery method suggested in 1976:



Gluon: the Particle of the Strong 

• Discovery method suggested in 1976:

• Jets of hadrons produced by gluons observed at 
DESY (Hamburg) in 1979



Gluon: the Particle of the Strong 

• Discovery method suggested in 1976:

• Jets of hadrons produced by gluons observed at 
DESY (Hamburg) in 1979

• Second force particle discovered
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Radioactivity due to charged-current 
weak interactions (β decay)

W boson - carrier of weak interaction
postulated by Yukawa

Discovered at CERN in 
1983 by Carlo Rubbia et al

Weak Interactions
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The ‘Standard Model’ of
Particle Physics

Proposed by Abdus Salam, 
Glashow & Weinberg

In agreement with all
confirmed laboratory

experiments LEP determined how many types
of elementary particles

Crucial tests in
experiments at CERN, etc.
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Why do Things Weigh?

0

Where do the masses 
come from?

Newton:
 Weight proportional to Mass

Einstein:
 Energy related to Mass

Neither explained origin of Mass

Are masses due to Higgs boson?
    (the physicists’ Holy Grail)
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Think of a Snowfield

Skier moves fast:
Like particle without mass
e.g., photon = particle of light

Snowshoer sinks into snow,
moves slower:
Like particle with mass
e.g., electron

Hiker sinks deep,
moves very slowly:
Particle with large mass

The LHC will look for
the snowflake:

The Higgs Boson



Time

Space

The Universe is Expanding
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Formation
of nuclei

Formation
of protons
& neutrons

Appearance
of mass?

Appearance
of dark matter?
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Evidence for Dark Matter

Galaxies rotate more rapidly
than allowed by centripetal
force due to visible matter

X-ray emitting gas held
in place by extra

dark matter

Even a 
‘dark galaxy’
without stars



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
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Supersymmetry?

• Would unify matter particles and force particles
• Related particles spinning at different rates
    0   -    ½     -    1    -    3/2    -     2
  Higgs - Electron - Photon - Gravitino - Graviton
  (Every particle is a ‘ballet dancer’)

• Would help fix particle masses
• Would help unify forces
• Predicts light Higgs boson
• Could provide dark matter for the
  astrophysicists and cosmologists
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A Bitino of Shistory

• 1967: Impossible to combine internal and 
external (Lorentz) symmetry – Coleman & Mandula

• 1971: Extend Poincaré symmetry using fermionic 
charges – Gol’fand & Likhtman

• 1971: Supersymmetry in 2 dimensions (for 
baryons in strings) – Neveu & Schwarz; Ramond

• 1973: First supersymmetric field theories in 4 
dimensions: nonlinear for ν – Volkov & Akulov

   renormalizable theories – Wess & Zumino
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Loop Corrections to Higgs Mass2

• Consider generic fermion and boson loops:

• Each is quadratically divergent: ∫Λd4k/k2

• Leading divergence cancelled if

2

x 2 Supersymmetry!
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More Shistory

• 1974: No-renormalization theorems – 
    Ferrara, Iliopoulos & Zumino
• 1976: Discovery of supergravity – 
 Freedman, van Nieuwenhuizen & Ferrara; Deser & Zumino
• 1979/1981: Relevance to hierarchy problem – 

   Maiani, Witten
• 1983: Source of astrophysical dark matter – 
  Goldberg; JE, Hagelin, Nanopoulos, Olive & Nanopoulos
• 1990: Superunification of gauge couplings – 
   JE, Kelley & Nanopoulos; Langacker & Luo
• 1995: LEP data favour light Higgs boson



Some personal contributions
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Other Reasons to like Susy

It predicts mH < 150 GeV

JE, Nanopoulos, Olive + Santoso: hep-ph/0509331

It enables the gauge couplings to unify

As suggested by electroweak data
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Lightest Supersymmetric Particle

• Stable in many models because of 
conservation of R parity:

  R = (-1) 2S –L + 3B 

  where S = spin, L = lepton #, B = baryon #
• Particles have R = +1, sparticles R = -1:
  Sparticles produced in pairs
  Heavier sparticles  lighter sparticles
• Lightest supersymmetric particle (LSP) stable

Fayet
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Possible Nature of LSP

• No strong or electromagnetic interactions
  Otherwise would bind to matter
  Detectable as anomalous heavy nucleus
• Possible weakly-interacting scandidates
  Sneutrino
   (Excluded by LEP, direct searches)
  Lightest neutralino χ (partner of Z, H, γ)
  Gravitino
   (nightmare for astrophysical detection)
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3.3 σ
effect in
gµ – 2?
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• Absence of sparticles at LEP, Tevatron
  selectron, chargino > 100 GeV
  squarks, gluino > 300 GeV
• Indirect constraints
  Higgs > 114 GeV, b → s γ
• Density of dark matter
  lightest sparticle χ:
  0.094 < Ωχh2 < 0.124



Current Constraints on CMSSM

WMAP constraint on relic density

Excluded because stau LSP

Excluded by b  s gamma

Preferred (?) by latest g - 2

JE + Olive + Santoso + Spanos



Current Constraints on CMSSM

WMAP constraint on relic density

Excluded because stau LSP

Excluded by b  s gamma

Preferred (?) by latest g - 2

Assuming the 
lightest sparticle
is a neutralino

JE + Olive + Santoso + Spanos



Current Constraints on CMSSM

WMAP constraint on relic density

Excluded because stau LSP

Excluded by b  s gamma

Preferred (?) by latest g - 2

Assuming the 
lightest sparticle
is a neutralino

JE + Olive + Santoso + Spanos



At what Energy is the New Physics?

Dark matter

Origin of mass



At what Energy is the New Physics?

A lot accessible
to the LHC

Dark matter

Origin of mass



At what Energy is the New Physics?

A lot accessible
to the LHC

Some accessible only via 
astrophysics & cosmology

Dark matter

Origin of mass
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The Large Hadron Collider (LHC)

Primary targets: 
•Origin of mass
•Nature of Dark Matter
•Primordial Plasma
•Matter vs Antimatter

To answer these questions:
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27km in circumference
~ 100m deep

General View of LHC & its Experiments
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The CMS detector:
search for Higgs and supersymmetry

2500 physicists
  180 institutes
    37 countries



Constructing CMS



Constructing CMS



Constructing CMS



Constructing CMS



Constructing CMS



Constructing CMS



Constructing CMS



Constructing CMS



Constructing CMS

Similar crystals used
in medical applications



First 2009 Beam Circuits:
Friday Nov. 20th @ 8.15pm



Beam Lifetime ~ 10 Hours



First LHC Collision in ATLAS



No 
Supersymmetry 

yet!



Collision in CMS



Two-Jet Event in CMS



No Higgs yet!

Pseudo-rapidity distribution γγ invariant mass distribution



Collision in LHCb



Collision in ALICE



Onward & Upward: First Ramp



2.36 TeV Collision in ATLAS



A Simulated Higgs Event



Looking for Dark Matter

Missing energy 
taken away by dark matter particles
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• Particles + spartners

 
• 2 Higgs doublets, coupling μ, ratio of  v.e.v.’s = tan β
• Unknown supersymmetry-breaking parameters:
  Scalar masses m0, gaugino masses m1/2,  
  trilinear soft couplings Aλ, bilinear soft coupling Bμ
• Assume universality? constrained MSSM = CMSSM
  Single m0, single m1/2, single Aλ, Bμ: not string? 
• Not the same as minimal supergravity (mSUGRA)
• Gravitino mass, additional relations
   m3/2 = m0, Bμ = Aλ – m0

Minimal Supersymmetric Extension of 
Standard Model (MSSM)
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Non-Universal Scalar Masses

• Different sfermions with same quantum #s?
  e.g., d, s squarks?
  disfavoured by upper limits on 

flavour-    changing neutral interactions
• Squarks with different #s, squarks and sleptons?
  disfavoured in various GUT models
  e.g., dR = eL, dL = uL = uR = eR in SU(5), all in SO(10)
• Non-universal susy-breaking masses for Higgses?
  Why not! 1 or 2 extra parameters in NUHM1,2
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Best-Fit Spectra

CMSSM

O.Buchmueller, JE et al: arXiv:0808.4128



Spectra with likely Ranges

O.Buchmueller, JE et al: arXiv:0907.5568



Likelihood Function for Higgs Mass

CMSSM NUHM1

O.Buchmueller, JE et al: arXiv:0907.5568



Likelihood Function for Neutralino Mass

CMSSM NUHM1

O.Buchmueller, JE et al: arXiv:0907.5568
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Strategies for Detecting Supersymmetric 
Dark Matter

• Annihilation in galactic halo
  χ – χ → antiprotons, positrons, …?
• Annihilation in galactic centre
  χ – χ → γ + …?
• Annihilation in core of Sun or Earth
  χ – χ → ν + … → µ + …
• Scattering on nucleus in laboratory
  χ  + A → χ + A



Elastic Scattering Cross Sections

NUHM1CMSSM
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Likelihood Function for Spin-
Independent Dark Matter Scattering
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Conversation with Mrs Thatcher: 1982

What do you do?

Think of things for the 
experiments to look 

for, and hope they find 
something different

Wouldn’t it be 
better if they
found what

you predicted?

Then we would not 
learn anything!
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The LHC is not only the World’s
most powerful microscope,
but also a telescope …

… able to cast light on the
dark corners of the Universe
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• Hierarchy problem: why is mW << mP ? 
  (mP ~ 1019 GeV is scale of gravity)
• Alternatively, why is 
  GF = 1/ mW

2 >> GN = 1/mP
2 ?

• Or, why is 
  VCoulomb >> VNewton ?  e2 >> G m2 = m2 / mP

2

• Set by hand? What about loop corrections? 
  δmH,W

2 = O(α/π) Λ2

• Cancel boson loops  fermions


