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A Road Map for 4 Lectures

• Observables: calculation and measurements

• Electroweak interactions:

– Neutral currents: photons and Z
– Charged currents: the Ws
– Testing the electroweak Standard Model

• Strong interactions: gluons

Many thanks to:

• The Electroweak Working Group:
http://lepewwg.web.cern.ch/LEPEWWG/

• The 2008 lectures by Salvatore Mele in 3ième Cy-
cle de la Physique en Suisse Romande:
http://www.cuso.ch/3e-cycle/physique/programme/

• The 2009 Moriond meeting for latest results:
http://indico.in2p3.fr/conferenceDisplay.py?confId=1399
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Negative List

What is not covered (explicitly):

• Many fascinating experimental methods

• Direct, unsuccessful searches for the Higgs boson

• Electroweak measurements at hadron colliders and at HERA

• Electroweak couplings to quarks

• Mixing in the quark sector, CP violation

• Neutrino physics, oscillations, mixing in the leptonic sector

...so far to the attempt of an overview!
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A History of the Universe
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Increasing energy allows to turn back time
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Reminder: Concepts of Classical Physics

• Particles are mass points, their positions ~x and
momenta ~p are certain.

• The trajectory is determined by Newton’s law, if all
forces and initial conditions are known:

m
d2~x

dt2
=

∑
i

~Fi

• The action of forces is continuous.

• The number of particles is conserved.

• Field and potential are subordinate to force and
energy. Example from electricity:
~F = q ~E ; ~E = −~∇V ; Epot = qV

Validity: v � c
∆x� 10−10m

état final

F(x)
état initial
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Reminder: Concepts of Quantum Mechanics

• Particles are fields, described by a probability am-
plitude ψ(~x, t). The square of this amplitude,
ρ = |ψ|2 ≥ 0 indicates the probability top find
the particle at (~x, t).

• The trajectory does not exist, but amplitude and
probability evolve starting from an initial state. The
evolution is described by Schrödinger’s equation:

−
1

2m
~∇2ψ = i

∂

∂t
ψ ; i

∂

∂t
ψ +

1

2m
~∇2ψ = V ψ

• Particles interact with the potential. The action of
the potential is continuous, but can be approxi-
mated by a perturbative approach.

Validity: v � c

V(x)

état initial

état final

V(x)

état initial

état final

• The number of particles is conserved:

ρ = (ψψ∗) ; ~j = −
i

2m
(ψ∗~∇ψ − ψ~∇ψ∗) ; ∂ρ/∂t+ ~∇~j = 0

• The origin and transport of the potential stay unexplained.
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Reminder: Concepts of Relativistic Field Theory

• The evolution of fields is described by a relativistic equa-
tion of motion:

E2 − ~p2 = m2 ; −
∂2

∂t2
φ+ ~∇2φ = m2φ

• The number of particles is no longer conserved, but the
electromagnetic current is:

jµ = −2epµ

This opens the possibility to create particle-antiparticle
pairs.

• The potential is generated by a second current, following
Maxwell’s equations:

Aµ = −
1

q2
jµ(2)

The propagator 1/q2 = (E2
γ − p2

γ)
−1 describes the prob-

ability amplitude for the exchange of a photon with mass
q2 between the two currents.

Validity: ???
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QED

Glashow-
Weinberg-Salam
theory

QCD
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The constituents of matter

Families, with different properties:

• Leptons: electron, determines properties of atoms.
Weak and electromagnetic interactions.

• Neutrinos: produced in radioactive decays. Weak in-
teractions only.

• Quarks: constituents of protons and neutrons, nuclei.
All interactions.

Generations, with different masses:

• Three generations for each family.

• Generations are distinguished by mass, and a par-
tially conserved flavor quantum number.

• Very similar properties.

Attention: This describes less than 5% of the Universe!
Remember: The Standard Model is a theory of forces, it doesn’t have much to
say about matter...
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Periodic Table of matter

Name Spin Baryon Number Lepton Number Electric Charge
Leptons:
e, µ, τ 1/2 0 1 −1
νe, νµ, ντ 1/2 0 1 0
Quarks:
u, c, t 1/2 1/3 0 +2/3
d, s, b 1/2 1/3 0 −1/3

Bosons de jauge:
γ 1 0 0 0
Z, W± 1 0 0 0,±1
Gluons 1 0 0 0
Vide 0 0 0 0

Univers consists of matter (fermions), forces
(gauge bosons) and the vacuum. For every par-
ticle there is an antiparticle, distinguished by the
sign of all charge-like quantum numbers.

Generation
Family 1 2 3

Neutrinos νe νµ ντ
Leptons e µ τ

Quarks Up u c t
Quarks Down d s b
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The Standard Model
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Symmetries and Conserved Quantities

Noether’s theorem:

• To each continuous symmetry of a system corresponds a
conserved quantity.

A. Noether (1882-1935)
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Observables: Measurement and Calculation

Since quantum physics is based on a statistical approach, the basic problem
of particle physics is the measurement and the calculation of the probability for
a process, using the cross section.

The concept of the cross section is a purely geometrical
one, as its name indicates. Consider a reaction a + b →
c+d. The reaction rate will be proportional to the incoming
flux and the density of targets. In the laboratory, the flux
Fa of projectiles a, i.e. their number per unit surface and
time, is Fa = ρava, with their density ρa and their velocity
va, with respect to the targets b at rest.

If the target particles have a cross section σ, representing the probability to
’hit’ them, the reaction rate will be:

W = FaNbσ

with the number Nb of targets. The cross section is thus defined as the re-
action rate per unit projectile flux and target particle density. It represents the
likelihood of a reaction, independent of experimental details.
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Observables: Measurement and Calculation

In the laboratory system, the relation between counting rate and cross section
is:

Reactions
Unit time

=
Incident particles

Unit surface and time
(Targets)× (Cross Section)

In the center-of-mass system, e.g. at a collider, one finds for the counting rate:

Reactions
Unit time

=
(Particles)A(Particles)B

Unit surface and time
× (Cross Section)

The first factor is called the luminosity L of the collider. It depends on the
frequency ν, with which the two beams cross each other, the dimensions σx
and σy of their intersection transverse to the direction z of the beams, and the
numbers of particles Ni in each beam:

L =
NANBν

4πσxσy

The cross section has the dimension of a surface. It is measured in the enor-
mous unit of barn, 1b = 10−28m2. Lepton and quark cross sections are
rather of the order of nanobarn, 1nb = 10−9b, ou picobarn, 1pb = 10−12b =
10−40m2.
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Distributions and Differential Cross Section

Integrating the relation between cross section and counting rate over the mea-
surement time, we obtain the total number of reactions observed. In the center-
of-mass frame:

N =
∫
Wdt = σ

∫
L dt

with the integrated luminosity ∫ L dt.
Instead of just counting the total rate of a reaction, one can measure a distri-
bution, for example as a function of solid angle Ω:

dN

dΩ
=

d2N

d cos θ dφ

with the polar and azimuthal scattering angles θ and φ.

After normalizing by the initial flux and the target particle density, one mea-
sures the differential cross section dσ/dΩ, with the normalization condition:

σ =
∫ dσ
dΩ
dΩ
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Invariant Amplitude and Cross Section

Considering a single projectile impinging on a single target particle, the cross
section becomes a calculable quantity. The central ingredient is again the
probability that the two particles interact. Its amplitude, the invariant amplitude
M, is calculable in a gauge theory, based on a gauge symmetry and thus
renormalizable. One can thus compare theory and experiment, to the precision
of both. This allows to test the theory, and to fix its parameters, like masses
and coupling constants.

The calculation prescription of the cross section is given by Fermi’s Golden
Rule :

dσ =
|M|2

F
dQ

with the incident relative flux factor F for collinear beams (~vA ‖ ~vB) :

F = |~vA − ~vB|2EA2EB = 4((pApB)2 −m2
Am

2
B)1/2

This factor is thus invariant under Lorentz transformations, just like the phase
space factor dQ:

dQ = (2π)4δ(4)(pC + pD − pA − pB)
d3pC

(2π)32EC

d3pD

(2π)32ED
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Decay Rate and Decay Width

When one considers a decay (A → 1 + 2 + ... + n), i.e. a reaction with-
out target, one obtains an analogous relation of the differential decay rate dΓ
towards the phase space elements d3p1...d

3pn:

dΓ =
1

2EA
|M|2(2π)4δ(4)(pA − p1...− pn)

d3p1

(2π)32E1

...
d3pn

(2π)32En

Take for example a two-particle decay (A → 1 + 2), and integrate over the
final state momenta. This produces the partial decay rate Γ(A → 1 + 2) in
the rest system of particle A:

Γ(A→ 1 + 2) =
pf

32π2m2
A

∫
|M|2 dΩ

with pf = |p1| = |p2|. Summing over all possible final states, one obtains the
total decay rate Γtot :

Γtot =
∑
i,j,...

Γ(A→ i+ j + ...) = −
1

NA

dNA

dt
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Decay Rate and Decay Width

Since the left term of the equation is a constant, we obtain by integration the
exponential decay law:

NA(t) = NA(0)e−Γtott

We recognize in Γ−1
tot the lifetime τ . Heisenberg’s uncertainty relation ∆t ·

∆E ≥ 1, with ∆t ≤ τ , produces a relation between Γtot and the energy
uncertainty, ∆E = ∆m at rest :

∆m ' Γtot

Consequently, the mass distribution, as measured by the invariant mass of the
final state, is narrow for long lifetime particles, wide for short lifetimes. One
thus also calls Γtot the decay width. The ratio of the partial and total width:

Γ(A→ 1 + 2)

Γtot
=

partial width
total width

is called the branching ratio. It gives the probability to find the final state 1 + 2
among all decays of A.
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Acceptance, Efficiency and Background

To determine the cross section, we must identify and count all events of a
process, in its complete phase space, and without accepting reactions of an-
other process. It is evident, that real experiments are never this perfect. We
must correct for incomplete phase space coverage, detection efficiency and
background.

The acceptance of the measurement is defined as the fraction of the phase
space covered by the experimental set-up:

εa =

∫
acc

dσ
dΩ
dΩ

∫
4π

dσ
dΩ
dΩ

One can measure the cross section σa just inside the acceptance, or extrapo-
late the observed reaction rate to 4π acceptance by dividing by εa.
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Acceptance, Efficiency and Background

Even inside the geometrical acceptance, the efficiency ε to trigger and identify
a signal event must be corrected for. In addition, a background Nb must be
subtracted from the observed rate, if it is not negligible. In total, the cross
section is thus given by:

σexp =
Nexp −Nb

εaεL
with the observed number of candidates Nexp and the corrections mentioned
above.

It is evident, that the inclusion of the corrections increases the measurement
error. The additional error coming from the corrections is usually included in
the systematic error of the measurement.
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Lepton and Hadron Colliders

• Small cross sections

• Wide open trigger, exhaustive anal-
ysis, low background

• Point-like initial state, defined cms
energy (100% up to radiative cor-
rections)
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• Large total cross section, small
hard scatter rate

• Selective trigger, semi-inclusive
analysis, large background

• Complex initial state, wide range of
cms energies (typically 10%)
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Lepton and Hadron Collider Detectors

cos2 θ

DELPHI
Vertex Detector

Inner Detector

Time Projection Chamber

Small Angle Tile Calorimeter

Very Small Angle Tagger

Beam Pipe

Quadrupole

Barrel RICH

Outer Detector

High Density Projection Chamber

Superconducting Coil

Scintillators

Barrel Hadron Calorimeter

Barrel Muon ChambersForward Chamber A

Forward RICH

Forward Chamber B

Forward EM Calorimeter

Forward Hadron Calorimeter

Forward Hodoscope

Forward Muon Chambers

Surround Muon Chambers

short and fat detectors

η = − log tan θ
2

long and fat detectors
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