
PHYSICS 750: The Standard Model – Final Exam

You have 2 hours to complete this exam. Please answer all questions clearly and completely. Make sure that
you show all of your work. Only answers written in your bluebooks will be graded.

You may reference the formula sheet, attached. Beyond that, the exam is entirely closed book.

Calculators are not allowed on this exam. As such, you are expected to either leave expressions in purely
analytic form or multiply out simple expressions.

Unless otherwise noted, all non extra-credit parts are graded equally (5 points).

1. [40 points] Short Answer (5 points each)

(a) Let’s start with a question that virtually all of you got incorrect on the pre-test. Give the

expression for the electric field, ~E and the magnetic field, ~B as a function of the scalar (Φ) and

vector ( ~A) potentials.

(b) The Gell-Mann matrices are the generators for the SU(3) group, the Lie group at the heart of the
strong force. Two of the Gell-Mann matrices are:

λ1 =

 0 1 0
1 0 0
0 0 0

 ; λ4 =

 0 0 1
0 0 0
1 0 0


What is [λ1, λ4]?

(c) In the previous part, if the two generators commute (or if they don’t) please describe in a sentence
(or a diagram if you like) the implication with regards to the interactions of gluons.

(d) Consider a weak force decay resulting in an antineutrino and an electron:

X → νe + e

Where X is an unknown spin-0 particle. (That is, the electron and neutrino have the same
handedness and opposite momenta). Suppose further that the electron is emitted at a speed of
0.8. (You may also find it useful to make the electron momentum point in the z-direction).

Recalling that the weak force is left-handed, please determine how much this process is suppressed
(e.g. how much slower the decay will occur) than if the weak force were ambidextrous.

As a reminder, left-handed Lagrangians contain terms like:

Lint = gXνeγ
µ

[
1

2
(1− γ5)

]
e

As a further comment, don’t focus on the coupling constant. All you care about is the handedness.

(e) In a couple of sentences, explain how the “solar neutrino problem,” is explained by neutrino
oscillation. Please be specific with regards to neutrino flavor.

(f) The Higgs mechanism was not originally part of the electroweak unification. What properties of
the weak force was the Higgs mechanism meant to explain?

(g) What are the conservation laws associated with: i) Translational symmetry, ii) Rotational Sym-
metry, iii) SU(2) gauge invariance?

(h) In your own opinion, what are the 3 biggest unresolved issues in the Standard Model? A few
words should suffice for each.



2. [30 points] Consider a Lagrangian of two interacting particles, φ (a real-valued scalar field), and ψ (a
massless Dirac field), such that the complete Lagrangian of the universe is:

L =
1

2
∂µφ∂

µφ−
m2
φ

2
φ2 + ψ(iγµ∂µ)ψ − gφψψ

where g is a dimensionless coupling constant (you can check if you like).

(a) Please write the Euler-Lagrange equation for ψ.

(b) Please draw the fundamental Feynman vertex for an interaction between the ψ and φ fields. Be
sure to label the strength of the vertex.

(c) I’d like you to consider a decay of:
φ→ ψ + ψ

where the φ particle is at rest before the decay.

What is the momentum of the outgoing particles?

(d) What is the decay rate of φ particles? (Hint: For this part, there is a simplifying expression.)

(e) (3 points) Suppose instead that two ψ beams are fired at each other with equal and opposite
momenta and scatter off one another. Draw the lowest order Feynman diagram illustrating the
process.

(f) (7 points) If the initial momenta of the particles, defined as pI , are much less than mφ, the
amplitude of the scatter can be found to be:

A2 = 2
g4

m4
φ

(1− cos θ)2p4I

where θ is the angle that the ψ particles are deflected by the scatter.

Please compute dσ/d(cos θ).

As a helpful reminder: ∫
dE1δ(const.− 2E1) =

1

2

Please note: This is the hardest part of the exam. It is only worth 7 points. No one will think
the less of you if you move on and return to it later.



3. [30 points] Suppose we have doublet of spinor fields:

ψ =

(
ψ1

ψ2

)
which have a weak hypercharge, YW . We will ignore handedness entirely for this problem.

The Lagrangian,
L = ψ1(iγµ∂µ)ψ1 + ψ2(iγµ∂µ)ψ2

obeys a global (and local) SU(2)⊗U(1) symmetry under the transformation:(
ψ1

ψ2

)
→ e−i

g′
2 YWαe−i

gW
2 σiθ

i

(
ψ1

ψ2

)
(a) In a free field, what is the Euler-Lagrange equation associated with ψ2?

(b) What are the conserved current(s) associated with α and θ3? Please leave the hypercharge, YW ,
and the coupling constants, g′ and gW in explicitly.

(c) Assume a local gauge invariance, and label the two sets of vector fields Bµ and W
(i)
µ . Please write

out the Interaction Lagrangian between the Dirac fields and the W
(3)
µ and Bµ fields only.

(d) Now that we’ve introduced a current, what is the Euler-Lagrange equation associated with ψ2?

(e) Suppose we are specifically looking at a doublet with YW = −1/3. Assume further that we rotate
our vector fields: (

B
W (3)

)
=

(
cos θW sin θW
− sin θW cos θW

)(
A
Z

)
such that

g′ = −gW tan θW

and
qe = g′ cos θW

Under these circumstances, what are the electric charges of ψ1?

(f) E.C. Given your previous answer, what particles could the doublet represent?

(g) What are the masses of ψ1 and ψ2? If this number differs from the measured physical masses of
these particles, please comment on the difference in a sentence.


