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1 Write brief accounts of two of the following:
(a) electron-nucleon elastic scattering; [15]
(b) isospin and SU(3) flavour symmetry; [15]
(c) experimental tests of electroweak unification; [15]
(d) CP violation in the neutral kaon system. [15]
2 Draw the leading-order, quark-level Feynman diagram for the decay
7~ — 7w v, of the 7 lepton. 2]
The Lorentz-invariant matrix element My; for 7= — 7~ 1, decay is given by
Mi; = V2Ge f:Vaa jps,
where Gy is the Fermi constant, f; is a constant, V4 is a CKM matrix element,
j.pa is the scalar product of the lepton current j* = w(p3)y*3(1 —7°)u(p1) with the
7w~ four-momentum p,, and p; and ps are the four-momenta of the 7= and v,
respectively.
Working in the rest frame of the 7=, with the 7~ spin fully polarised in the
+2 direction, show that (up to an arbitrary overall phase factor) the lepton current
is given by
0 0 0 0
J* = +/2m,p*(—sin =, — cos =, —icos —,sin —) ,
2 2 2 2
where m, is the 7~ mass, and the v, has four-momentum
Py = (p*,p*sind, 0, p* cos ). Hence show that the magnitude of My; is
N
|Mfi| = 2GFf7r|Vud‘mT\/mTp* Sll’l§ . [8]
Explain, with the aid of a diagram, why Mjy; vanishes when 6 = 0. Write
down an equivalent expression for |Mg;| when the 7~ spin is fully polarised in the
—z direction. 3]

Given that the rest-frame differential decay rate is

dr’ p*

_ 2
e 3272m2‘Mﬁ‘ ’

show that the partial width for the decay of an unpolarised sample of 7~ leptons is
G2 f2 m2 2
(+ — ) = FJr Vu 2. 3 1 — T

where m, is the 7~ mass. 5]



3

The mean lifetime of the 7~ is 2.91 x 10~ *s. Taking f, = m,, and making a
suitable approximation for the value of V4, estimate the branching ratio of the
T~ — 7w v, decay.

Explain qualitatively why experimental studies of atmospheric neutrino
interactions provide evidence for v, — v, oscillations, and indicate how the values
of the oscillation parameters Am? and sin? 20 can be inferred. Summarise briefly
what can be deduced about the values of neutrino masses and the structure of the
PMNS matrix from neutrino oscillation experiments. (Detailed descriptions of
experiments, and precise numerical values are not expected.)

You may require the following information:

The 7= and 7~ masses are 139.6 MeV and 1.777 GeV, respectively.
Gr = 1.166 x 1075 GeV=2.

i =6.582 x 1072 GeVs.

The helicity eigenstate spinors uy(p) and u|(p) for a particle of mass m and
four-momentum p* = (E, psinf cos ¢, psin fsin ¢, pcos ) are

0 ')

.(;os 2, ‘¢sm 2

e’ sin 2 e'? cos 3

_ 2 _ 2

w(p) =vVE+m Pcost , u(p) =vE+m P it

E+m.¢ 20 E+m i 2 0
P 1 O __Pp 1 v
E+m€ Sy E+m€ COS3

The Dirac matrices are given by

10 0 0 0 0 01 0 00 —i
o o1 0 o o0 10 , | 0oo0oi o
T loo -1 0o |"’7TT o —1to0[>7" T o0 io0 o0
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3 Top quark pairs are produced in hadron-hadron collisions predominantly via
the processes qq — tt and gg — tt. Draw (in total) three leading order QCD
Feynman diagrams for these processes.

Outline in general terms how the total cross-section for tt production can be
calculated in terms of integrals over appropriate parton distribution functions, and
explain how these distribution functions can be determined experimentally.

The QCD vertex factor associated with the interaction of a quark and a
gluon is proportional to %/\?j, where i, j = 1,2,3 (or r,g,b) are colour indices, and
A% is an SU(3) A-matrix. List the allowed colour configurations for the process

qq — tt, and determine the values of the corresponding colour factors, such as
C(r7 — rT), contributing to the matrix element.

Hence determine the colour factor associated with the qq — tt component of
the overall cross-section for tt production in high energy hadron-hadron collisions.

A tt pair is produced in a proton-antiproton interaction at the Tevatron
collider, where proton and antiproton beams of energy 0.98 TeV collide head-on.
The t quark is emitted at right-angles to the direction of each beam and has a
momentum of 40 GeV. The t antiquark is emitted at an angle of 50° to the
incoming proton direction. The total momentum of the tt system is directed along
the incoming proton direction. Calculate the momentum fractions z; and x5 of the
partons which interacted to produce the tt pair. What would be the values of x;
and x, if this tt pair were to be produced instead in a proton-proton collision at
the LHC, where proton beams of energy 7 TeV will interact head-on ?

[The top quark has a mass of 175 Ge V.}

What is the most likely nature of the partons producing the tt pair at the
Tevatron and at the LHC?

[ The standard representation of the SU(3) A\-matrices is |
010 0 —i 0 1 0 O
M=[100], MN=|i 0 0], NM=l0 -1 0],
000 0 0 0 0 0 O
0 01 0 0 —i 000
XM=100 0], N=|0o0 0], N={(0oo0 1],
1 00 i 0 0 010
00 0 ; (100
AN=(00 =i, X=—7(01 0.
0 i 0 V3 00 =2
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