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1 Neutrino scattering with elementary fermions

Compute the differential cross section do/dt (where ¢ is the Mandelstam variable) for
ved — (u, ¢, t)l~ (1)
vou — (d, s,b)¢~ (2)

treating the quarks as elementary fermions.
You may find the following identity useful

do 1
dt  16ms2

(M )spins , (3)

Be careful to perform the spin-sum/average correctly. Re-express your result in terms of the inelas-
ticity y.

What behaviour distinguishes neutrinos from anti-neutrinos? How does this relate to neutrino
nucleon scattering?

2 Isospin and form factors

It is much easier to perform scattering experiments with electrons than it is with neutrinos. There-
fore, the electromagnetic form factors of the neutron and proton are well measured.
These form factors are defined by
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<n(k‘ + Q)|ju|n(k)> = an(k +q) |:F1,n7u - 27inp‘7quVF2,n:| un(k) , (5)

This current contains both an isoscalar and isovector contribution.
In neutrino scattering we are (often) interested in the isovector charged current. Let us focus on
the vector current

(0l + @1V o 8) = (5 + )| Fi v = et Fas ugh) (©

How do we extract the isovector form factors from electromagnetic data? What assumptions are
inherent in the relation between form factors?
Hint: Use the Wigner-Eckhart theorem.



3 Time ordered products and response functions

When considering scattering amplitudes, we use the Dyson series which involves a time-ordered
exponential.
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This naturally leads to time-ordered products of currents (for instance taking Liny — _Z,A* and
absorbing the photon into propagators and/or external spinors. ).

1) Show (or convince yourself) that the matrix element for Compton scattering from a proton
~vp — vp naturally leads to the correlator

T, = [ ds e T £(2) A0} (8)

where ¢ is the momentum transfer to the protons.
2) Using the optical theorem, show (or convince yourself) that

2y, x 3 [ dTx(2n) 60k + g~ hx (6] £, O1X) (X] A, O)l) (9)
X

where X is a complete set of states.

Hint: At an operator level you will encounter [J,(x), J,(0)] and can then insert a complete set
of states.

3) Convince yourself that this same object naturally appears in deep inelastic ep — eX scattering
where we are interested in the inclusive cross section summed over all final states X.



