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Lecture 12
High-energy physics
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Science is built up of facts, as a house is
built of stones; but an accumulation of
facts is no more a science than a heap of
stones is a house.
Henri Poincaré (1854 – 1912)
in “Science and Hypothesis” (1905)
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The Fundamental Particles:
Leptons and Quarks

Leptons

Quarks

νe

νμ

ντ

neutrinos

e-

μ-

τ-

charged
leptons

u

c

t

Up-type quarks

d

s

b

Down-type quarks
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The fundamental particles of the Standard Model
Generations:
Neutrinos

Ch Leptons

Up-type
quarks
Down-type
quarks

1
Le = 1

2
Lμ = 1

νe
<7 eV
eLe = 1
0.511 MeV
u

νμ
<170 keV
μLμ = 1
106 MeV
c
C=1
1.5 GeV
s
S = -1
200 MeV

5 MeV
d
10 MeV

3
Charge
Lτ = 1
ντ
<30 MeV
τLτ = 1
1.78 GeV
t
T=1
170 GeV
b
B = -1
4.7 GeV

0

-1
2/3
-1/3
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Explanations to the table of fundamental particles:
Le, Lμ, Lτ are lepton numbers: they are conserved in all particle
reactions.
Lepton numbers are a particular case of quantum numbers.
Other quantum numbers are
C (charm),
T (truth or topness)
and S (strangeness), B (beauty or bottomness):
these are conserved in some reactions but not in others!
For neutrino masses one has only upper limits.
Quark masses are not well defined, but this is a problem beyond the
scope of these lectures.
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Antimatter
Every particle has an antiparticle
The antiparticle of the electron e- is the positron e+

When a particle collides with its antiparticle,
they can annihilate into a pair of photons:

e e → 2γ
+ −

The antiparticle of the μ− is the μ+
The antiparticle of the proton p is the
antiproton p
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The anti u quark is denoted u
similarly the anti d quark
d
and the antineutrino
ν
The complete list of fundamental particles consists
of leptons, quarks, antileptons and antiquarks.
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Hadrons
Hadrons are composite particles
They consist either of a quark and an antiquark
these are called mesons
Example: pi meson: π + = ud
or they consist of three quarks
these are called baryons
Example: proton:

p = uud

More than 200 hadrons are known
some of these are shown in the following tables:
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An interesting property of particles is the strangeness. It was called that because
of a behaviour that looked strange at first.
A K meson and a

Σ hyperon can be created in a pion-proton collision:
π − + p → K + + Σ−

(A)

In Lecture 8 we have derived the formula for the LAB threshold energy
of such a reaction:

Ethr =

1 ⎡
2
m1 + m2 + … + mn ) − ma2 − mb2 ⎤
(
⎦
2mb ⎣

and hence the LAB KE of reaction (A) is
2
2
1 ⎡
Tthr =
mK + + mΣ− ) − ( mπ + m p ) ⎤ = 905 MeV
(
⎥⎦
2m p ⎢⎣

where I have used the masses from the above tables:

mπ = 140 MeV, m p = 938 MeV, mK + = 494 MeV, mΣ− = 1197 MeV

12

Strange was that one never saw the creation of a K meson together with
a proton or of a Σ hyperon together with a pion nor a K- with Σ+:

π − + p not → K − + p; π − + Σ + ; K − + Σ +

(B)

even though these reactions require less KE than reaction (A) (Exercise!)
Now, in Lecture 8 I have said:
if a reaction is allowed by conservation of energy, momentum and charge
but is not observed, then there must be another conservation law prohibiting
it, possibly a new conservation law that we are discovering!
So the conservation law that is allowing reaction (A) but prohibiting
reactions (B) is called conservation of strangeness, and the kaon and Σ
hyperon are given a new quantum number S (strangeness): if the pion
and proton are assigned S=0, S(K+) = 1, S(K-) = -1 and S(Σ+/-) = -1, then
we have a rule followed by all observed reactions:
the sum of the strangeness numbers is conserved
in production reactions.
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Inspecting the tables of hadrons, we can deduce the following patterns:
Order by masses:
the masses of mesons fall into two groups:
(i) light mesons: mesons from (1/7)th to ½ proton mass
(ii) heavy mesons from 2 to nearly 10 proton masses
baryon masses are from 1 to about 3 proton masses.
Order by lifetimes:
(i) there is only one stable hadron: the proton
(ii) light mesons have lifetimes from 0.1 to 50 nanoseconds;
one light meson has an anomalously short lifetime: the neutral pion with 10-16 s
(iii) heavy mesons have lifetimes of the order of 1 picosecond
(iv) baryon lifetimes fall into two broad groups:
a) baryons with lifetimes of the order of 0.1 nanoseconds
b) baryons with lifetimes of the order of 10-23 seconds; these are called
baryon resonances (Tables 4 and 5, lifetimes not shown in the tables)
there are three anomalies: the proton is stable, the neutron has a lifetime of the
order of 1000 seconds, and the neutral Σ hyperon has a lifetime of 10-19 s
It is the business of particle theory to understand these regular
patterns and the exceptions.
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To accumulate the facts, guided by theory, is the business of
experimental physics.
Particle physics experiments are done in large, usually
international laboratories.
In this country there are the famous laboratories in Dubna (JINR),
in Protvino near Serpukhov, and in Novosibirsk. There are also
groups of particle physicists in other places, including PNPI in
Gatchina and, indeed, this university.
The biggest particle physics laboratory is CERN, the European
centre for particle research.
Physicists from all over the world take part in the experiments
conducted at CERN.
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Main site of CERN. In the background the Jura mountain range.
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Mont Blanc

Geneva
Lake Geneva
airport

LHC
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Collaboration in particle physics experiments is world-wide. Here an example:
the countries collaborating in ATLAS, one of the CERN - LHC experiments.
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The CERN Accelerator Complex
PNPI

PS: proton synchrotron (1959 - )
SPS: Super PS (1976 - )
SppS: super antiproton-proton
synchrotron (1981 – 1990)
LHC: Large Hadron Collider
planned start of operation
2007
SPbSU

Experimental groups from
SPbSU and PNPI
take part in experiments
ALICE, ATLAS, CMS and
LHC-b.
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Particle experiments are in principle of two kinds:
fixed target and collider experiments
Principle of fixed target experiment:
the beam particles collide with the
particles of a stationary target

Principle of collider experiment:
two particle beams approach each
other from opposite directions
usually with equal energies; the
detector is built around the point
of interaction.
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Advantage of fixed target experiments:
a great variety of beam particles and of target material.
Beam particles can be stable or unstable particles:
protons, pions, muons, … hyperons
Target material can be anything from liquid hydrogen to
iron, lead, solid and liquid compounds.
The high density of targets can be used to observe rare
reactions, such as neutrino induced reactions.
Disadvantage of fixed target experiments:
limited energy available for the reaction, much energy
goes into the overall kinetic energy of the system of
final state particles.
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Advantage of collider experiments:
the highest possible energy is available for the reaction,
no energy is lost into the overall K.E. of the final state
particles.
Disadvantage of collider experiments:
only stable particles can be used as beam particles:
protons and antiprotons, electrons and positrons.
There are plans to build photon colliders and muon colliders.

The earliest colliders were electron-positron colliders at Frascati (Italy),
Stanford (California) and Novosibirsk.
The first proton-proton collider ISR came into operation at CERN in 1971.
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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.
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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.
G. Arnison et al., (UA1 Collaboration), Physics Letters 122B (1983) 103,
“Experimental Observation of Isolated Large Transverse Energy Electrons
with Associated Missing Energy at √s =540 GeV”

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:

e+μ →e+μ

e;

e;
time

;

;
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The annihilation of an electron-positron pair into a μ+ - μ- pair is shown
in the following diagram:

e+

;
time

e;

+
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The photon has zero mass. Therefore the range of the electromagnetic
interaction is infinitely large.
On the other hand, the weak nuclear force must be of short range, since it does
not extend beyond the radius of a nucleus, i.e. of the order of one or a few
femtometers (10-15 m). That implies that the carrier of the weak nuclear force
must be a heavy particle.
In the late 1960s, Sheldon Glashow, Abdus Salam and Stephen Weinberg
succeeded in formulating a theory, in which the electromagnetic and weak
interactions were unified. There had to be three carriers of the weak force:
one positive, one negative and one neutral: the W+, W- and Z0
Indirect experimental evidence, interpreted within the framework of the
electro-weak theory, indicated that the masses of these particles had to
be in the region of 80 GeV/c2
What was needed was direct evidence of their existence.
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Weak interactions are also represented by Feynman diagrams.
The Feynman diagram of muon decay looks like this:

Note the conservation of charge and of lepton numbers Lμ and Le.
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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:

u + d → W + → e+ +ν e

Within the framework of the
ew theory, the cross section
of this process is of the following
form:

σ (s) ∝

sM W4

(s − M )
2
W

2

+ M W2 ΓW2
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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 = MW2, and that means that the
greatest probability to produce a W boson is at this value of s.
If the quarks are approaching each other from opposite directions with
equal energies E, then we have (cf. Lecture 7):

s = 4E 2
and hence to get the maximum cross section we need

E = M W 2 ≈ 40 GeV
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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 quark.
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The picture (similar to a Feynman diagram) of the reaction now
looks like this:

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.
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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Elevation of the UA1 detector

beam

beam

6m
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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 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 in all calorimeters must be greater then
40 GeV.
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.
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The ability to measure transverse energy meant that it was possible to
measure the imbalance in transverse energy; this could be attributed
to the neutrino that had escaped detection.

With a little input from theory, the mass of the

W boson was found to be

M W = 81 ± 5 GeV c 2
Particle Data Tables 2004:

M W = 80.425 ± 0.038 GeV c 2
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Results on MW from all experiments by 1999 (from the web page of the CDF
electroweak working group)
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The most recent plot on the Fermilab CDF web site:

43

