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Fermion masses the Standard Model and Flavour Mixing

In the Standard Model, the Yukawa couplings give rise 1o the following couplings between different generations:

~LYukawa = YiWei ¢ Wi+ e,
= Y105, ¢ diy + YO, 6ty + VLL, @t + hc. (0.0.1)

{a)Which of these three terms hides the mass terms for electrons? What is the value of the spin of the Higgs? To which
bosons does the right-handed electron couple in the SM ? To which bosons does the lefi-handed electron couple in the
SM?

(b)YWhat do the above Yukawa couplings tell us about the mass of the neutrino? To which bosons does the right-handed
neutrino couple in the SM ?

(¢)The observation of neutrino oscillations implies that neutrinos have non-zero mass. How would you add neutrino
masses o the Standard Model? To which bosons does the righi-handed neutrino couple in your extension of the Stan-
dard Model 7 Would you now call the right-handed neutrino “sterile” ?

{d)The lepton-cquivalent of the CKM-matrix is called the MNSP-matrix.

Uil Weal |Ua 085053 0
Usnsp: | Uy Uyl Uyl | = | 0.37 0.60 0.71
U1| Uf] Uf'{ 0. q? O.ﬁ() 0.71’

Compare the coupling strength of an electron 10 the various mass-cigenstates of the neutrino: what is the fraction of vy
in the process ¢- — W v ? What is the fraction of v, in the process ¢ — W v ?

{¢)Only the magnitude of the mixing matrix ¢lemenis are shown above. In order to have CP-violation in the neutrino
sector, there must be o non-vanishing relative complex phase between matrix elements. To measure CP-vielation in
the newtrino sector, which of the three categories of CP-violation (*in decay™. “in mixing™ and/or “in the interference
hetween decay and mixing+decay™) is the best stirategy? Explain why.

Exercise 2

A CP measurement with the decays B~ — DYK*

We will have a look a decays of charged B mesons.

(a)Which of the three categories of CP-violation ("in decay™, “in mixing™ and/or “in the interference between decay and
mixing+decay™) apply to CP-violation in decays of charged 8 mesons? Explain why.

(b)Draw the Feynman diagram of the decay 8™ — DK+ (I). Indicate the appropriate CKM-clements at the vertices. (NB:
A D" meson consists of a & and a u quark.)

(c)Draw the Feynman diagram of the decay B™ — Dk (IT). Which of the above two decay modes (1) or (IT) is colour-
suppressed? Explain. Do the above two decay modes (1) and (I1) interfere? Explain why (not).

(d)Give an example of a D® decay 10 a CP-cigenstate.

{c}Do you expect 1o observe CP violation in decays of charged B mesons to a neutral D meson and a charged kaon? Why?
{1 What is the relative weak phase difference between the two decays (1) and (IT)?

{g)What D final state would you choose 1o siudy CP violation? Why?

(h)To which CP vinlalinrg parameler(s) is this measurement sensitive?

{i) Would you expect CP violation effects in B~ — D%z and B~ — D%z decays? Explain why (not). .32



Exercise 3

Group theory, form factors and the eolour quantum number

(a)Confirm that the generators of SO(3) satisfy the algebra [}?,-,X'j] = r'E;jk)E'k. One combination of {, j. & is enough.

{b)Consider the operator [/ = ¢ /" where g3 is a rotation in real space around the z axis and £ the generator of the
transformation,

1. Identifly mathematically the symmelry generator of the iransformation if the Hamilionian of the system is invariant
under translation in space.

2. Identify which is the conserved guantity?
{(c)Two particles, each of spin 2 and third component 0, form a composite system whose orbital angular momentum is 0.

1. What is the probability for each of the siates of the composite system?

I3

. 'Which state is the most probable?

S |

. Show that the probabilities add up to unity.

(d)One of the well known QED processes is the elastic scattering of energetic electrons off protons at rest. The cross
section of such process is given at the end by the so-call Rosenbluth formula.

I. Write down its expression and explain what the G and Gyy-terms physically represent.

2. What do we learn from them?

{e)Considering the guark contents of known hadrons. argue why there was a need to introduce a new quantum number
i.e. the one of colour.

() Observe the plot given in fig. 0.1.

1. Describe what the plot shows (i.e. what is plotied on both axis),
2. discuss what it reveals,

3. Explain why the data points have a systematic shift at given positions of Q.

Gluons, the strong coupling constant, the QCD Lagrangian and heavy-ions
{(a) There are eight physical gluon species which are described by the SU(3) color symmetry.

1. Write down the different colour states of gluons.
2. How do the gluons manifest their existence in elementary processes such as e™ +¢7?

(b)In the previous exercise, you were asked to write down the eight physical gluon states. Identify which of these gluon
states are mediating the following interactions between (anti)quarks, shown in fig. 0.2,

(c)Calculate the colour faciors for the following state transition BG — BG

(d)Show that the colour interactions between a quark and an antiquark are atiractive in the colour singlet state.

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

Locp = Flig —m)y — {F*  Fuy — (8 FYAY) Ay + -

1. Which part includes the self coupling terms of the gauge bosons of the Iﬁeory?
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B8

. What kind of particles do the y and W spinors represent?
3. Which is the 1erm that describes the interaction between the particles and the fields?

3
4. Which term gives the strength ol the interaction and how does it depend on the "hardness™ of the process?

(fy There are undisputed evidence that the quark gluon plasma (QGP) has been created in ultra-relativistic heavy-ion
collisions at both the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC).

I. Describe briefly what the QGP is.

2. Argue why its existence does not contradict confinement?

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

| 0 0
OfforR, {1 |forB, |0 ] forG
0 0 |

The Gell-Mann matrices are:



(c)

Fig. 0.2: Differemt QCD processes
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Figure 36.1: The sigu convention is that of Wigner {Group Theory, Academic Press. New York. 1959, also nsed by Condon mand Shortley { The
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. Rose (Elementary Theory of Angudar Momentum. Wiley, New York, 1957).






