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1 At a future ete” linear collider, a low mass Higgs boson would be produced
via the Higgsstrahlung process shown below.

et

The respective vertex factors for the e"e~Z and ZZH interactions, are
—igzyué(ve —a.y°) and  — igzzm

and the corresponding matrix element is

~ Gy v
My = 5(p2)gan*} (ve — a7 Yulp1) " gzane§ (pa).
Z

where €, is the polarisation of the final state Z.

a) Taking myz = 91 GeV and my = 120 GeV, find the energy and momentum
of the final state Z for a centre-of-mass energy of /s = 250 GeV. [4]

b) Show that the ete™Z vertex factor can be written as
—igzy" [erz(1+79°) +erz(1=27)]
and find an expression for (¢% + ¢2) in terms of v? and a?. 3]

c¢) Hence show that there are only two combinations of electron/positron
spins which give non-zero matrix elements, and that these are:

g v . v g v . v
Mg = 9297zn . T cpipex(ps),  and My = gzgzzm _“mQ crjrex(ps),
Z Z
where ji = U} (p2)7"us(p1) and ji = U4(p2)y"uy(p1) - [6]

d) Taking the z-axis be along the direction of the initial state electron, it can
be shown that j5 = v/s(0, —1,+4,0) and j4 = /s(0, —1, —,0). Show that the
spin-averaged matrix element is

2
(IM2)) = ks(2 + %) (2 + 22 gin2 9) ,
myz
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where 6 and py are the polar angle and magnitude of the momentum of the final
state Z, respectively. Give an expression for the factor k in terms gz and gzzy.

e) In the Standard Model, gz X gzzn = 8m%GF/\/§. Using this relation, show
that the total Higgsstrahlung cross section is

G2mA 2\ —2 12m2
o= ATt (1-78) "y ().

S

where f3;¢ is the ratio of the final to initial state momenta in the centre-of-mass
frame, B;y = |p}|/|p;], and A is a numerical factor which should be determined.

What is the Higgsstrahlung cross section (in nb) for my = 120 GeV and a
centre-of-mass collision energy of 250 GeV?

[ You may require the following information:
i) Y1 =15 AT =10 APyl = —qiiad
ii) For a massive boson with momentum p = (psin 6,0, pcosf), a suitable choice of

the three possible polarisation vectors is:

1
€] =1(0,0,1,0), e5 = (0,co86,0,—sinb), €, = —(pz, Ezsinb,0, Ezcosb) .
mg,

iii) In the centre-of-mass frame, the differential cross section for a +b — ¢+ d is
given by

!

df2  64m2s pr ’
where p} and pj} are the magnitudes of the initial and final state particle momenta.

iv) Gp = 1.166 x 107°GeV~2; v, = —0.04; a, = —0.5. |

(TURN OVER
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2 In an extension to the Standard Model, a new fourth generation heavy
charged lepton, L™, is proposed with a mass of 1.6 TeV. In addition there would be
a new heavy neutrino, vy with a mass of 500 GeV. The fourth generation leptons
would have the same couplings to the W, Z and v as the first three generations.

a) The L~ would decay via the weak interaction, e.g. L~ — e v 7,. Draw
the Feynman diagram for this decay and by considering the other possible decays
of the W-boson, estimate the branching fraction for L= — v, + hadrons.

b) Heavy charged leptons could be produced in proton-proton collisions via
the Drell-Yan process, i.e. the production of (LT L™) through the annihilation of a
quark and anti-quark into a photon. Draw the Feynman diagram for this
interaction and explain why the cross section is non-zero for proton-proton
collisions.

c) If the squared centre-of-mass energy of the proton-proton collision is s,
show that the centre-of-mass energy squared of the ¢g system is § = x5, where
1 and x5 are the fractional momenta carried by the partons involved in the
collision.

d) The QED cross section for qg — ¢7¢~, where ¢ is a charged lepton, is
given by
4T a?
o= ??eq X f(s,my),
where e, is the quark charge (i.e. e, = +2/3 and ¢; = —1/3) and f(s,my) isa_
kinematic factor which depends on the lepton mass. Assuming that the @ and d
parton distribution functions can be described by a single function, S(z), and
neglecting the strange quark contribution, show that the parton model prediction
for the pp — LT L~ X differential cross section can be written
d*o 2o’
= f(szyx9,m
dl‘ldxz f( 12 L)

where uy () is the valence up-quark parton distribution function. Clearly state
any assumptions you have made.

Sy 9w (1)) + v (22) S(1) + 208 (1) (22)}

e) Draw a diagram showing the region of x; versus x5 which contributes to
the cross section for pp — LT L~ X at the LHC operating at /s =7 TeV.

f) Explaining your reasoning, which of the terms, 205(x;)S(z2) or
uy (x1)S(22) + Juy (z2)S(x1), would you expect to dominate in this region?

g) In the relevant regions of z, the parton distribution functions can be taken
to have the approximate forms, uy (z) ~ az~ and S(x) ~ bxr~*. Taking
f(sx1x2, mr) =1, and by performing the appropriate integration over z; and x,
obtain an approximate expression for the Drell-Yan cross section for heavy lepton
production in terms of o, a, b, \, My, and s.

2]

[4]
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3 In the form of a list with bullet points, write brief notes on three of the
following topics:
(a) reactor neutrino experiments and what has been learnt from them.

(b) helicity and chirality in particle physics.

(c) electron-Proton elastic scattering and the measurement of form factors.

(d) electroweak unification and precision tests of the Standard Model at
LEP.

(e) SU(3) flavour symmetry and how it can be used to derive the proton
wave-function.
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