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Question 1 [20 marks]

1. Explain how the E. M. interaction may be considered to arise from the requirement of
local gauge invariance, basing your explanation on a wave function satisfying the Dirac
equation.

2. How does the photon arise in electroweak theory? Explain why the Weinberg
formulation of the symmetry breaking yields a massless photon.

3. The four momenta (k,p) and (k',p') describe the initial and final state kinematics of
e~ p~ scattering. Draw the Feynman diagram for this process, and hence write down the
first order matrix element.

4. The cross section for electron - muon scattering, in the limit that masses tend to zero,
is given by
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where 3, £ and 4 are the usual Mandelstam variables for e~ 1~ scattering and « is the

fine structure constant. From the above obtain the differential cross section for ete™ to

ptp~ annihilation and show that the angular distribution is of the form (1 + cos?6).

5. Use simple helicity argument to explain this angular distribution given the rotation
matrix element d}, = 1/2(1 % cosf)) and show that the total cross section o is given by
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6. Define, in terms of the usual four vectors, the scaling variables x and y for deep inelastic
lepton - nucleon scattering (DIS). Give simple interpretations of the variables x and y in
terms of the parton model and the lepton parton CM frame.

7. From the result in part 4, obtain the quark parton result for deep inelastic scattering,
explaining the quantities you introduce.

8. Do the same for the Drell-Yan process.

9. The Cosmic Microwave Backround Radiation is at 3°K. Why would you not expect
cosmic ray showers initiated by protons above 10%eV ?



Question 2 [20 marks]

1. Draw Feynman diagrams and write down the matrix elements for the following
charged current weak processes, assuming a pointlike weak interaction and the Cabibbo
hypothesis.

vy +d—=u+p,
vy+d—=c+p,
7t — ut +v,, and
at =m0 +et +u,.

2. Determine an expression for the decay rate of the 7%, and obtain an expression for the
ratio of the K and 7" decay rates.

3. Draw the Feynman diagram for the E. M. decay of the 7° and explain why the decay
rate was evidence for colour.

4. Obtain the non relativistic form of the charged current, identify the Fermi and Gamov-
Teller transitions and explain why the beta decay *N —!3 C is superallowed.

5. Explain the GIM mechanism in the context of K° to u* = decay. Why did this process
enable an estimate to be made of the charm quark mass before its discovery?

6. Show that the Kobayashi - Maskawa matrix must contain four parameters, one of which
being a phase angle, to relate the weak and the mass eigenstates for three generations of
quark states.

7. What are the predominant decay channels in the semi leptonic decays of charmed and
beauty mesons?



Question 3 [20 marks]

1. Starting from the charged weak current expressed in the form
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show that the weak charged current may be written as
gt = Jexnrty,
V2
where \; are lepton weak isospin doublets, and 7" is the weak isospin raising operator.
Show that g, is related to the Fermi constant G by
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2. Explain what is meant by weak hypercharge Y where Y = 2Q — 273.

3. Starting from the interaction term
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and making the massless W3 and B fields superpositions of the photon and Z° fields show
that the neutral current coupling is given by

[P N
wry=(ci, — ¢ U
050, il (V A’Y)f

2

where ¢, = T} — 2sin°6,, and o, = T}. In the above 6, is the Weinberg angle, T° is the

third component of the weak isopin and the suffix f signifies a fermion.

4. Explain the main weak processes involved in neutrino production in the sun, and
neutrino production in the atmosphere. Also give the weak processes that enable the
detection of these neutrinos in water, heavy water, plastic scintillator (containing hydrogen
and carbon), and gallium.



Question 4 [20 marks]

1. Starting from the Maxwell equation show that the spin one (vector) massless field A*
coupling to a current J# satisfies the partial differential equation
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2. Modify the above to apply for a massive spin one particle of mass M and show that
the Lorentz condition 0,4 = 0 is deduced.

3. For a massive spin one particle of mass M, energy p, which propagates along the z
axis with momentum p, show that

el = (0,1,0,0)
ey, = (0,0,1,0)
1
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is a suitable set of polarization vectors.
4. Hence obtain the sum over the polarization states,
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5. Write down the propagator for a massive spin one particle and show how this may be
modified for an unstable spin one particle whose full width I is much less than the mass
M.

6. From the Feynman diagram write down the matrix element for W' decay to etw.
Obtain an expression for the partial width of this decay mode.

7. Demonstrate the role played by the longitudinal and scalar photons, and show how the
four polarization states reduce to two for real photons.



Question 5 [20 marks]

1. Explain the structure of the SU(2) x U(1) electroweak theory in the massless limit,
explaining as you do so, the concepts of weak isospin, weak hypercharge and local gauge
invariance.

2. Write down the covariant derivative D* for the above interaction and obtain the
transformation for the W/ field under local gauge transformation. (You may assume
without proof that D1 transforms in the same way as 1 itself.)

3. Explain how the tri and quadrilinear W couplings arise.

4. Show that the Goldstone boson arises when a global U (1) gauge symmetry of a complex
scalar field, which describes charged scalar particles, is spontaneously broken.

5. Demonstrate that by means of a suitable symmetry breaking of a local U(1) gauge
symmetry of a complex scalar field, which describes charged scalar particles, that the EM
field A* acquires mass.

6. Write down Weinberg’s choice of the scalar field in SU(2) x U(1) electroweak theory
before and after symmetry breaking.

7. Explain why an electron mass term cannot occur in the SU(2) x U(1) Lagrangian and
explain how fermion masses may be generated in the Weinberg-Salam model.

8. Obtain the relation My = My /cosby .

9. Explain why sinfy, determined at the Z; peak, is expected to depend on the energy
scale.



