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Under the parity transformation z — x, = (2%, —x), a Dirac fermion v transforms
as

D) = eyl (z),  with P (2) = 1% (zp).
Show that the 7° is necessary in order to have a parity-invariant theory.

Under charge conjugation

U(z) = neY(z), with ¢%(x) = Cz/?T(x)

where T denotes transpose. What condition on C' is implied by requiring charge
conjugation symmetry?

Let ¢ represent an up quark, which interacts with the gluon field Aﬁ (a=1,...,8).
Denoting the SU(3) generators in the fundamental representation as 7%, the gauge-
covariant derivative acting on ¢ can be written as D, = 0, + igAjT* Given that
the quark-gluon interaction term is CP-invariant, derive an expression for how AjT*
transforms under CP.

The gluon field strength may be written as
Fo, T = 0,ALT" — 9, A%T" +ig[A,T", A, T°].

Calculate the CP transformation of Fy, T and determine whether the following term
conserves CP:
Lo(x) = 0P Fy, (x) Foo (x) ,

where 6 is a real constant.

Consider two theories. The first involves only a 3-component real scalar field ®(x)

with Lagrangian

L o A 2
-m“P- o ——(-P)°.
57 4( )

The second theory includes an interaction with a gauge field B (a = 1,...,3) through
the gauge-covariant derivative D, = 9, + igt® B}j:

Ly = %8”@ LMD —

1 1, A , 1
£2:§Du®D“®_§m q)(p—z(q)q)) —ZF‘:}VFG’HV.

F}, is the field strength associated with B);.

Write an essay discussing the consequences of spontaneous symmetry breaking in
each of these two models. As part of the essay, identify the symmetries of the Lagrangians
and assume that one component of ® has a nonzero vacuum expectation value. Be sure
to identify the physical degrees-of-freedom via calculation in each of the two cases.
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Given a lepton ¢ and a neutrino v which form a left-handed weak SU(2) doublet

L(x) = <12<(;U))>L =11-7%) <Z((§))> and a right-handed weak SU(2) singlet R(x) =

(r(x) = (1 +~°)¢(z), the coupling of L(z) or R(z) to the neutral vector gauge boson
field Z,(x) is given by the interaction Lagrangian

g
L= JhZ,.
! cos by “ZTH

The weak neutral current is
Jy = Uy (T3 — Qsin? Oy )T

with U(z) = L(z) or R(x); T2 is one of the generators of SU(2) in the appropriate
representation, and () is the electromagnetic charge matrix. By considering the results of
T3 and @ acting on L(x) and R(x), show that the

Jh = " Iyk(d, — )
J

and determine ¢, and ¢; for the 2 cases ¢/ (z) = {(z) and v(z).
Assume (0|Z,(0)|Z(p,€)) = €,(p) and

Pub
§ 5#(]7)5;(])) = N + sz .
Z spi mz
spins

Find the widths for I'(Z — ¢¢) and I'(Z — vr), assuming ¢ and v can be treated as
massless.

[You may use
I'= —QmZ ; [/ —(27r)32k5)c] (271’) 0 p—zfzkf Fss;s“\/”

where f labels the final state momenta (here f = 1,2) and Ny is the number of spin
degrees-of-freedom of the Z. Also note that Try*yPy™y% = 4(nBn™0 — no™yBd 4 nadyhT)
and Tr y¥yP~7y075 = 412879 ]
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~ Consider the neutral kaons that have definite strangeness .5, the K O with S =1 and
the K9 with S = —1. Draw a one-loop Standard Model Feynman diagram contributing
to the mixing of K° and K°.

Let H' represent the weak Hamiltonian correct to at least 2nd order in perturbation
theory. Let us represent the matrix elements of H' as

(KOIH'|K®) (K°|H'|K°)\ _ (Ru Ru
(K|H'|K%) (K°|H'|K°)) — \Rai Ra)’
Derive a relationship between matrix elements assuming CPT-invariance.

If CP were respected by the weak interactions, what condition on the matrix
elements Rio and Rs; would hold?

Assuming CPT-invariance, obtain the mass eigenstates Kg and K? in terms of
the weak eigenstates K9 and K° at the time of their production, i.e. consider only the
Hermitian part of R. [You may take it as an experimental fact that the K 2 is more massive
than the K2.]

Let |KY) and |KY) respectively label the states |K3) and |K?) in the hypothetical
limit where CP is conserved. How are |K?) and |K?) related to |K°) and |K°)?

Choosing the phase convention so that |KY) = %(|KO> — |KY)), show that

K9 = i (D +asd).
KD =\ (KD +ekD)

. VRi2 — v Ro1
VRi2 + v Ror

with the definition

END OF PAPER
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