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Every sub-question has the same absclute weight.

Neutral Meson Mixing
Neutral heavy mesons can sportaneously oscillate into its own anti-particle and vice versa.

(a)Suppose one produces kaons in a pure flavour eigenstate, i.e. one starts with a pure |K?) beam. What fraction of the
kaons is CP-even (|K7)), and what fraction is CP-odd (JK?)), given

y= L0+ kY] K2) = —= [1K%) - RY)].

V2
(b)Assuming no CP-violation in mixing, these CP-eigenstates correspond to mass-eigenstates with a well-defined lifetime.
At very large decay times (>1 ns). what fraction of our kaon beam is CP-odd?

(c)To observe CP violation in a given process, two (inierfering) amplitudes are needed. To observe CP viclation, what
can you say about the relative phase of the two amplitudes? Cronin and Fitch observed CP violation in kaon mixing.
Describe in words the two interfering amplitudes that are responsible for this CP violating effect,

{d)Draw the box diagram responsible for k¥ mixing. Which internal quark type gives the dominant contribution 1o the
box diagram? Explain why.

Exercise 2

A CP measurement with the decays BY — ¢¢.

(a) Argue that the final state f = ¢¢ is a CP-cigenstate.

(b)Draw the Feynman diagrams for the decays BY — ¢¢ and BY — ¢¢. Indicate the appropriate CKM-elements at the
vertices.

loop dwgeon  asay W and

. o,
(c)What is a penguin diagram? grwe ™

(d)Draw the diagram for the process where the B? oscillates before it decays, BY —+ B? — ¢¢. Indicate the appropriate
CKM-clements at the vertices.

(e)Finally, also draw the diagram of the CP-conjugate process B, — BY — ¢¢.

(M What are the weak phases of each of the four amplitudes (in the Wolfensiein parameterization) 7

(g)We will now investigate the CP-asymmelry in this decay. An important quantity in the description of the CP-asymmeltry
of a decay to a final state fis: 1; = %:':,L The value of ;% describes the mixing and can be assumed to be ;% = | in the

BY-system. What is the value of ﬁ—; for the process BY(BY) — ¢¢?

(h)The expression for the time-dependent CP-asymmetry is given by, (with f = ¢¢):

ACP(!) — r";’(’)‘*f_rgs‘(')"f
Tty + Dty

Wrile the expression for Acp(r) in terms of A7, 1, Am and AT,

(i) Use the answer of ([) and give an expression for 34,.
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Transformations, group theory and the colour quantum number
£ . e o -
(a)Consider the operator U = e /% where a is a displacement in real space along the z axis and F the generator of the
transformation. -
1. What operation is described by U?

2. Identify the symmetry generator of the transformation if the Hamiltonian ol the system is invariant under translation
in space.

3. What is the conserved quantity?
{b)Confirm that the generators of the SU(2) group that describe the ransformations in the spin and isospin space satisly
the SU(2) algebra [ X'. X/ = ig, X,

{c)Consider a particle of spin 3/2 and anather one of spin 2 that form a system whose orbital angular momentum is 0 and
total spin is 5/2. If the z-component of the composite system is - 1/2, what values would we get for the measurement of
5. and what is the probability for each? Show that they add up to unity?

{1 The extension of SU(2) in the colour space leads 10 SU(3). For the SU(3) group, the infinitesimal transformation
acting on a general three-component column vector has generators that are associated with the 8 Gell-Mann matrices.
Associate each matrix to a gluon and explain the conncection.

(e)There are nine gluon species which are deseribed by the SU(3) color symineiry:
3zi=8=1

Why do we only consider 8 of them as physical? Why is the singlet state excluded?
(N Calculate the colour factors for the following state transition: (BR + RB)//2 -+ (BR + RB)/V/2

{g)Are the colour interactions between a quark and an antiquark auractive or repulsive and why?

For these you have to consider that the colour matrices are given by:

1 0 0
OjforR, {1 ) forB,| 0] forG
0 0 I
The Gell-Mann matrices are:
010 0-i 0 1 00 001
100 i 00 0-10 000
000 000 0 00 i 00
Nt -~ =\ " i
ey A Ay A4
00-—i 000 00 0 10 0
00 0| [001 (00—5 %010
i0o o0 010 0i 0 T\00-=2
~ ~ o Ny’ ~ - - R
Ay A A Ax

The QCD Lagrangian and the running coupling constant

{(2)The QCD Lagrangian in the Standard Model is given by



—?QCD - __:Fm' -va+V(fs9—m)W- (851‘_’7#1 V) ‘A,u
Explain what each term represents.

(b)The QCD Lagrangian looks quite similar to the QED one, given hy

2QED = —}F‘"'-va+W(!'99—"')'If'-(3_¥7}‘"\”)w4u

luv = ~iguv ¢°1(g%) + quq.J(¢°)

Show that the second part of this parameterisation does not contribuie to M.

Hint: replace yv in the expression of M;¢ and use the Dirac equations of the relevant spinors:

(P—mu=0
@P—m) =0
(P+mpy=0

W{P+m)=0

()QCD has a number of unique features that the other theories of the Standard Model do not have. Asymplolic freedom
and confinement are the most characteristic of them.
1. Explain what do they physically mean,

2. and where do they originate from.

(e)For N. = 3 determine an upper limit for i for which QCD is siill asympiotically free,
(f) How can we probe experimentally the quark and gluon distribution functions?

(&)Look carefully at the plot below

I. What is plotted on the x- and what on the y-axis?

2. Write down the definition of the variabie of the x-axis.

(8]

What does the variable on the X-axis represent i.e. what is its physical meaning?

4. What is the physical meaning of @2, wrilten in the legend of the plot?
3. Find the value of the strong coupling strength for this value of Q? considering that the QCD scale, Agcep, is around N
200 MeV., o]
6. Whai are the different curves indicated as Xg, XS, xu, and xd,? ,aw? N
T

7. What does the plot tel) us? :o-RF\"“/()

8. If you would like 10 probe g{x) at which x-values would you aim and why?
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36. Clebsch-Gordan coefficients 1
36. CLEBSCH-GORDAN COEFFICIENTS, SPHERICAL HARMONICS,
AND d FUNCTIONS
i g
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Figure 36.1: The sign couvention is that of Wigner {Group Theory. Arademie Press, New York, 1959). also used by Condon and Shoetlev [ The

Theory of Atonae Spectre, Cianbridee Uniy
and Colen | Tubdes

Press. New York, 153). Roze (Elementary Theory of Anpudar Momentum, Wiley. New York. 1957)
of the Clebsel-Gondan Cocfficrents. North Ameriean Rockwell Science Center, Thousand Onks, Colif. 19745






