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ÅThese lectures are a broad-brush overview
Å The LHC Physics program is vast (and not yet fully known)

ÅI will not cover all of the studies of all of the topics nor all of the 
possible theories for new physics

ÅThe content and goal of these lectures:

ÅPerspective and some history (as a guide)

ÅSum up our current knowledge and demonstrate why the 
LHC may be an exceptional source of new knowledge 

ÅPresent some of the capabilities and expectations for 
important new findings

ÅThe main point I hope to make:

ÅIt is a great time to be in experimental particle physics

Foreword
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Intro: Why be excited about the LHC* 

ÅThereôs currently an interesting dilemma in 
fundamental areas of science:

ÅExperimental Particle Physics

ÅThere are now very many precise measurements 
without substantial discrepancies with the 
Standard Model (SM) of particle physics

ÅExperimental Astrophysics and Cosmology

ÅAbundant evidence for physics beyond the 
standard model (BSM)

ÅDark energy and non-baryonic dark matter

ÅNeutrino oscillations

ÅCosmic matter-antimatter asymmetry

ÅCosmic density fluctuations consistent with inflation
*first few slides inspired by a talk by Ian Low (UC Irvine)
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Possible Implications

ÅThis dilemma is a clue in itself and constrains theory
ÅSome models have lost while others have gained in viability 

ÅMany of the most compelling models that satisfy these 
constraints while solving outstanding theoretical problems 
have similar features:
ÅA new symmetry allows new particles at the TeV scale 
ÅThey have minimal impact on SM parameters because they must be 

produced in pairs (and so only begin to enter in loop corrections). 

ÅThe new particles at the TeV scale cancel quadratic divergences in 
the Higgs self energy

ÅExamples
ÅSUSY with R parity: 
Åpartners of SM particles have opposite spin statistics, Higgs is natural

ÅLittle Higgs theories with T parity:
Åpartners of SM particles have same spin statistics, Higgs is natural

ÅThe common structure can produce similar phenomenology
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chalk drawings by Julian Beever

6

We may see something that is not so easy to interpret
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The Terascale

ÅThere are many good reasons to expect that this dilemma to 

begin to be resolved by experiments at the TeV energy scale

ÅBut it is not known exactly where a new spectrum of particles, 

including a dark matter candidate, will appear

ÝWe need to probe a broad range of energy scales.

ÅThe LHC is well-suited to this task:

ÅThough there were already theoretical reasons for considering 

SUSY and other BSM models at the TeV scale when the LHC 

was first considered, it was not until more recently that there was 

such strong motivation from cosmology. 
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LHC mini-series

ÅLecture 1: Hadron Colliders and the LHC

ÅIntro to hadron collider physics

ÅThe LHC machine 

ÅThe detectors with emphasis on ATLAS and CMS

ÅLecture 2: The Standard Model

ÅLecture 3: The Higgs

ÅLecture 4: Beyond the SM and how we will know

ÅA review of current models and how we will need to 

unravel them from the SM at 14 TeV



Hadron Collider Physics

Some basics, history & lessons learned
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Protons have structure

ÅProton collisions are really 

Åquark-quark, and quark-anti-
quark scattering or annihilation

Åquark-gluon scattering or 
annihilation

Ågluon-gluon fusion etc.
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Constituent energy ãƲ  and momentum fraction x

Ý Have beams of quarks & gluons with wide range of energies

ÅConstituent ñpartonsò carry a fraction 0 < xk < 1 of protonôs momentum

ÅHere p (p) is the momentum of the proton (antiproton) and p 1 and p2

are the momenta of the interacting partons: p1 = x 1p, p2 =x 2p

ÝConstituent centre-of-mass com energy 

ãƲ=ã(x1x2pp) < ãs= ã(pp) 

Where ãsis the com energy 

of the incoming protons

To produce a mass of:

LHC      Tevatron
100 GeV:    x  @0.007       0.05

5 TeV:    x  @0.36            --

ãƲ

u
d

u

u d

u

x1p x2p

Example of pp
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From where do we know the x-values?

ÅMostly from Deep Inelastic Scattering (DIS) experiments:

ÅHighest energy DIS machine is HERA ep collider at DESY/Hamburg

ÅScattering of 30 GeV electrons on 900 GeV protons:

Ÿ  Test of proton structure down to 10-18 m 

ÅSome important constraints also from hadron colliders 

ÅE.g. from Tevatron asymmetric production of W+ and W- is a measure of the 

relative fractions of u and d quarks

HERA ep accelerator,       6.3 km circumference 
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The distributions of x for the proton

ÅParton density functions 
(PDF):

Åu- and d-quarks at large x

ÅGluons dominate at small x

ÅUncertainties in the PDFs 

ÅGluon distribution at small x 
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Hadron collider variables: ET, pT and h

Å Colliding quarks or gluons which carry portion of p momentum

ÝCanôt balance all components

PT (Pz)¹Total transverse (longitudinal) momentum must (need not) balance. 

Ý Use relativistic cylindrical coordinates (r,h,f)   with    h= - ln(tan(q/2)), 

ÅdN/dhis largely invariant for boosts along z, e.g. for particles in a jet

Å Use cones with apex at interaction point and having a radius R

ÅR = ÷[(f-fo)
2+(h-ho)

2] 

Åwhere (fo,ho) gives the flight direction of object ïjet, e, m, getc.

p

q

Transverse momentum:
perpendicular to the beam

pT = p sinq

Pseudorapidityh= - ln(tan(q/2))
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Typical detector geometry

z axis = beam

hÏ

One Quadrant of 
the CMS silicon 
tracker: Module 
locations in blue 
and red and 
corresponding h
relative to 
interaction point

Interaction point (nominal)

R
Ï

z Ï
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ñMinimum Biasò Events

Å Vast majority of collisions

ÅŸ small momentum transfer

ÅFinal state particles have large 
longitudinal but small 
transverse momentum

Å< pT > º500 MeV

~6 particles per unit of pseudorapdity

p-p+

p+
p-

K-

K+

d
u

u

u

d

s

u
u
d

s

d
u

u

u d u
d

u

Example shown here is
for pp but pp is similar

6  º
hd

dN
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Min-Bias charged particle density

ÅLarge uncertainties in extrapolating to LHC:

ÅDifferent extrapolations: PYTHIA  ln2(÷s); PHOJET ln(÷s).

ÅMust measure multiplicities with early data as well as the energy 
distribution of Min -bias charged particle tracks

LHC
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Pile-up at the LHC

SUSY event no pileup

Pile-up = multiple interactions per bunch crossing
Low luminosity goal   2x1033cm-2s-1 Ý 4-5  events per bunch crossing
High luminosity goal  1x1034cm-2s-1 Ý 20 events per bunch crossing
Super LHC upgrade  1x1035cm-2s-1  Ý 200 events per bunch crossing

Pile-up at high luminosity affects jet energies (impacts mass and kinematic 
measurements) makes isolation of leptons and photons difficult. Therefore 
it must be studied in real data and taken into account.

SUSY event at L =1034cm-2s-1


