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In the previous lecture I have introduced the fundamental particles,
leptons and quarks, and the hadrons, i.e. the composite particles
consisting of quarks and antiquarks.

Then I have described the way in which particles interact with each other.
Electromagnetic interactions take place by the exchange of photons
between charged particles. 

The development of a theory of the weak interactions met with serious
difficulties, connected with the mass of the carriers of the weak force,
the  W and  Z intermediate vector bosons.

These difficulties were overcome by Glashow, Salam and Weinberg who
succeeded in formulating a unified theory of electromagnetic and weak
interactions. This theory was immediately put to experimental tests.

There is a theory, Quantum Electrodynamics, which allows one to calculate
electromagnetic processes with high accuracy.

The perfect agreement with precision measurements give confidence in
our understanding of electromagnetic interactions.
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Sheldon Glashow Abdus Salam Stephen Weinberg

The first great success of the GSW theory was the discovery in 1973 of
the weak neutral current which could be interpreted as being a manifestation
of the  Z boson. 

However, this still did not amount to direct evidence. Such direct evidence
could come only from an experiment in which a  W or a  Z boson was
produced. 
That required particle beams which became available only in the early 1980s.



4

In 1981 the CERN Super Proton Synchrotron (SPS) was modified into an
antiproton-proton collider. 

The circumference of the SPS is 6.9 km.

Protons and antiprotons were travelling in bunches of 20 cm length
with 15x1010 protons and 8x1010 antiprotons in the respective bunches.

There were 6 bunches of protons and 6 bunches of antiprotons travelling
in opposite directions with exactly equal energies.

Since they are travelling with practically the speed of light, the time
between two bunch crossing at the centre of a detector is 3.8 micro-seconds
(Exercise!)

We will have to remember this number later on in our discussion
of the experimental procedure.

The energies of the particles in the beams were 270 GeV at first.
This was later increased to 315 GeV (and 450 GeV in pulsed mode).
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Two major experiments, UA1 and UA2, were searching for the carrier
of the weak nuclear force, the W and Z bosons.

In 1983, the UA1 team was the first to announce the discovery of the
W boson. This was soon confirmed by the UA2 team.

To appreciate the significance of these discoveries we must discuss the
way in which particles interact with each other.
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The interaction between charged particles takes place by the exchange
of photons. This is depicted in the following diagram (Feynman diagram)
of electron-muon scattering: 
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The annihilation of an electron-positron pair into a μ+ - μ- pair is shown
in the following diagram:
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A  W+ boson can be created in a collision of a  u quark with an anti-d quark;
the  W+ boson can then for example decay into a positron and a neutrino:

eu d W e ν+ ++ → → +

Within the framework of the
ew theory, the cross section
of this process is of the following
form:
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where  s is the square of the
total CMS energy.
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Here  s is the invariant square of the total 4-momentum of the quarks,
which by energy-momentum conservation is also the square of the
4-momentum of the  W boson;  MW is the unknown mass of the  W,
and  ΓW is, up to a factor of  Planck’s constant, the reciprocal of the
lifetime of the W, which is also unknown but can safely assumed to be
much less than the  W mass.  (Of course, when I say “is unknown” I mean
that these quantities were unknown before December 1982!)

The cross section has a maximum for  s = MW
2, and that means that the

greatest probability to produce a  W boson is at this value of  s.

If the quarks approach each other from opposite directions with equal
energies  E, then we have (cf. Lecture 7):

24s E=

and hence to get the maximum cross section we need

GeV2 40WE M= ≈

(see Figure)
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Cross section of  W production
in  u + anti-d collisions,
with W decaying to electron
plus neutrino.

To find the cross section
of  W production in
proton-antiproton collisions
this must be convoluted
with the probabilities of
finding the quarks in the
baryons.
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But one cannot make beams of quarks. Quarks can never be free particles,
they are always bound to other quarks and antiquarks within hadrons.
This is called confinement.

So to get quarks to interact, we need to collide hadrons. But the quarks
carry only a fraction of the hadron momentum, something like 15% on
average. Therefore the hadrons must have energies of the order of 250 GeV.

Now the easiest hadrons to accelerate are protons. But protons are made
of quarks (two  u quarks and a d quark), so the problem is to get an
anti-d quark.

This problem was solved by producing an antiproton beam.
The antiproton consists of two anti-u and one anti-d quarks. 
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Now, the  u and the anti-d quarks will carry different fractions of
the energies of their hadrons. So the  W boson will not be precisely
at rest in the laboratory. This is one complication.

The picture (similar to a Feynman diagram) of the reaction now
looks like this:

A more serious complication is the neutrino which escapes without
leaving any signal in the detector.
So what we expect to see is an electron (or positron) at a large angle
to the beam direction and with an energy of about 40 GeV.
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The task is therefore to build a detector that can “see” such an electron.

The  UA1 detector did an even better job: It could measure the energies
and momenta of all charged reaction products and the energies of all neutral
particles. 

The momenta of the charged particles were measured in a central drift
chamber, and energies were measured in calorimeters surrounding the CD
chamber.

To facilitate the measurement of the momenta, the CD was enclosed
in a magnet so that the tracks of charged particles were curved: the
momenta are measured from the curvature of the tracks.

Energy measurement (calorimetry). Different particles deposit their energy
differently in passing through matter. This is schematically shown in the
next figure.
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Schematic of energy loss of particles in detector components.

Only charged particles leave tracks in the tracking chamber.
Electrons and photons form showers in the e.m. calorimeter.
Charged hadrons leave tracks in the tracking chambers and in the
e.m. calorimeter and produce showers in the hadronic calorimeter.
Only muons are not contained in the detectors, leaving tracks in all
chambers.
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beam beam

Elevation of the UA1 detector
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Cross section of the UA1 detector perpendicular
to the beam direction.
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In November and December 1982 the SPS proton-antiproton was running
with a centre-of-mass energy of  270 + 270 = 540 GeV. 

There were 109 proton-antiproton collisions during this time, i.e. on average
200 collisions per second.

Most collisions are of no interest if you are looking for the production
of a  W boson. Therefore one needs fast electronics to reduce that number
by a first level of selection of potentially useful events:

this is called first level trigger.

The first level trigger can use information only from the calorimeters
which give a rapid response. This information must be processed before
the next bunch crossing, i.e. within 3.8 μs of a bunch crossing.
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The conditions for acceptance of an event as useful were the following:

(i) There must be localized energy deposition in the electromagnetic 
calorimeter of at least 10 GeV;

(ii) The total transverse energy ET = E sin(θ)  in all calorimeters must be
greater then  40 GeV (θ is the angle between the line joining the interaction
point with the calorimeter cell and the beam axis).

With this trigger, about 106 events were selected; of these about 105 had an
electron with a high transverse energy. These events were written on tape.

The next step is a computer task, analyzing the data on tape. This also
involves the data from the Central Detector (CD).

Ultimately 6 events were selected which were compatible with the
production of a  W boson.

(see Figure on next slide)
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Z boson mass from the
UA2 experiment at CERN

Missing transverse energy vs.
electron transverse energy
(for explanation of missing ET
see next slide).
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Transverse energy deposits in all calorimeter cells are added vectorially.
Only the neutrino escapes undetected. Its transverse energy shows up as
“missing ET”

missing ET

If the missing ET is back-to-back with an electron of roughly equal
ET, then this is a strong candidate of a neutrino.
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Computer display of a fully reconstructed
W boson decay event in the UA1 detector
at CERN

Computer display of a fully reconstructed
Z boson decay event in the UA1 detector
at CERN
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With a little input from theory, the mass of the  W boson was found to be

2GeV81 5WM c= ±

2GeV80.425 0.038WM c= ±

The latest world average from the Particle Data Tables 2004 is
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Results on MW from all experiments by 1999 (from the web page of the
Fermilab CDF electroweak working group)
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The most recent plot on the Fermilab CDF web site:
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Evolution of the determination of the Z boson mass since its discovery
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Note the value of  MZ before the discovery of the Z boson!

The reason is that within the framework of the GSW theory, the  Z boson
mass could be represented as

1
2 1

sin 22Z
W

M
G
απ

θ
⎛ ⎞= ⎜ ⎟
⎝ ⎠

where α = e2/ћc =1/137 is the well known  fine structure constant,
accurately measured in optical spectroscopy, and  G is the Fermi constant
of nuclear beta decay and is known with great accuracy from nuclear beta
decay and from muon decay. 

θW is a parameter that arises in the GSW theory; this parameter could
be measured in experiments with high energy neutrino beams in the
late 70s. The result was

2sin 0.23Wθ

and hence
GeV94ZM
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Currently there are 4 major high-energy colliders in operation:

The Tevatron at FNAL (Fermi National Accelerator Laboratory, to physicists
also known as “Fermilab”); this is a proton-antiproton collider of nearly 2 TeV
center-of-mass energy of the colliding particles.

HERA at DESY (Deutsches Electron SYnchrotron) in Hamburg, Germany;
an electron-proton collider with a proton beam of 900 GeV and an electron
beam of nearly 30 GeV, giving a center-of-mass energy of about 320 GeV.

Two electron-positron colliders, one at SLAC in California, and one at
KEK in Japan; they operate at a center-of-mass energy of about 10 GeV
to produce large numbers of B mesons (“B meson factory”).

At Fermilab there are two detectors currently taking data. On the internet
one can see events displayed “on line”:

http://www.fnal.gov/pub/now/live_events/index.html
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D0 detector at Fermilab
Silicon wafers + scintillating fibres

Uranium-Argon

2.5 million p-anti p collisions per second
20 events per second selected for analysis
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Web page with links to D0 and CDF live display of events
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The most important objective
of the Tevatron is the discovery
of the Higgs boson, the scalar
boson that gives mass to the
W and Z. 

According to current theory
the Higgs boson decays with
high probability into a b-anti b
pair of quarks.

Shown in the picture is a
computer simulation of such
an event with the likely
signals in the detector.
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The next generation of experiments at CERN: the Large Hadron Collider,
(LHC) to come into operation in 2007.
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The chances of seeing the Higgs boson 
should increase with increasing
energy. The CERN LHC will have an 
energy  7  times greater than the
Tevatron.

So, if the Tevatron does not discover 
the Higgs, then LHC has a chance
to succeed.

Total cross section of
Higgs production:

MH = 150 GeV

MH = 500 GeV

Tevatron LHC
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Inner tracker of the ATLAS detector
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The following series of  5 slides shows the
progress of installation of the ATLAS detector
from 13-October-2003 to 25-May 2006

The slides are from the ATLAS web site

http://atlas.web.cern.ch/Atlas/index.html



39



40



41



42



43



44

There are many more interesting particle physics experiments, such as
deep inelastic scattering, including DIS with polarized targets to study
the spin structure of the nucleon, etc.

A fascinating experiment is the DIRAC experiment at CERN to measure
the lifetime of the pionium atom, the bound state of a π+ and a π- meson.

This experiment is located in CERN’s East Hall which receives a 28 GeV
proton beam from the CERN PS. Also in the East Hall there are beams
used to test detector modules for the LHC experiments. The layout of the
hall is shown in the next slide.
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CERN East Experimental Hall with PS Test Beam Areas for LHC Experiments
ALICE, ATLAS, CMS and LHCb and area of the DIRAC Experiment.
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The DIRAC experiment at the CERN PS to measure
the lifetime of the pionium atom π+π-

This measurement is to test our understanding of chiral perturbation theory
in QCD which makes a prediction of the lifetime of (2.9±0.1)x10-15 seconds
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