Particle Physics Phenomenology (examination 01-04-2014) time9:00 in 5118-156

Some data sheets of the Particle Data Group have been added to provide the necessary
information concerning useful constants and the data of various mesons. You need to
consult them for answering these questions. The accuracy of your calculations should be
at least three significant digits, unless instructed otherwise or limited by the accuracy as
given in the datasheets.

Question 1 (35 pt)

To study the properties of Kaons the DA®NE accelerator produces ¢ mesons at rest
using a ring collider of electrons and positrons. In your answers, distinguish when you are
referring to a neutral Kaon, whether you mean a K°, K°, K2, or K.

J, t(®adt

t
Useful to know: With source I(t) = Iye 7,source atrest(t) = ———— =T
J, 1®)at

d
and decay rate R(t) = — al(t) = I(t)/r.

1. (2 pt) What is the energy of the electron and positron beam to produce the ¢
mesons?

2. (2 pt) What is the velocity (in natural units) of the neutral and charged K mesons?
3. (2 pt) What is the most likely sequence of decay events to occur when two neutral
Kaons are produced (Give the time order of the Kaon decays, give for each of
these an example of likely decay products and the corresponding probability of

that decay)?

4. (4 pt) The distance traveled by the neutral and charged Kaons will differ, what are
the mean distances they travel before decay? (Answer for each of the 4 different
Kaon particles)

5. (16 pt) In the following, one has selected events where the neutral Kaon that
traveled the shortest distance decays into a t* and e, also defining t = 0. The
other Kaon may decay, among other possibilities, ina 7*u~ orin - u™*. (The
neutrinos are not measured of course.) Such decays are said to define the neutral
Kaon as a K%or K° and thatat t = 0 the wave function describing the double
Kaon system collapses.

a. (2 pt) Explain in a few words what this means by considering the quark
content of the neutral Kaon as a K°, K%, K, or K.
As a function of its proper time one measures the asymmetry for the second Kaon
decay as
+ + e 2
=) — = 2Tg T
= Riz H_) R(n_u ) ~ ¢ — Ae)e 5 cos Amt + 2R(e).
R(r*p~) + R(m—ut) L NG
1+e % <1+e rs)
Find the relevant values of the parameters of this function in the PDG sheets.
1

A(t)

b. (2 pt) Give the value of Am in units of -
S



c. (2 pt) Make a sketch of A(t) revealing its relevant dependence (evaluate
valuesatt = 0,t = co,and Amt = %, %ﬂ) and use units of time in factors

of 7, take R(€) = 0.01 to make its effect more visible).
d. (2 pt) What are the physical essential concepts associated with Am and €.

(one line each).
e. (3 pt) Consider the measurement

- + =0
B = R(m 7'[_) R(m n_n )‘

R(r*tm~) + R(m*tm—m%)
Made under same condition as before, i.e. the first Kaon decay is
into te~. What is the value of B(t = 0) and B(t > t5), assume CP
conservation.

f. (3 pt) Give the value of A(t = 0), A(t > t5), B(t = 0), and B(t > t5)
for the case where the first Kaon decay is m*m~. You may assume CP
conservation.

g. (2 pt) As in f, how large is B(t = 0) and B(t > t5) when CP violation is
taken into account?

6. (9 pt) The ¢ meson can also decay into a neutral meson and a photon, in
particular the channels ¢ — 7°y and ¢ — ny, the 7° and 1 mesons both decay
preferentially into two photons. Assume a partitioned detector that covers the full
solid angle allowing to find events with only three photons for which energies and
directions can be measured.

a. (4 pt) Give two methods to identify the two decay channels. (Give also a
formula associated with each method using masses of the particles and/or
energy and angles of the photons)

b. (5 pt) What is the lowest and highest possible energy of the photons
emitted.



Question 2 (20 pt)

(3 pt) Draw Feynman diagrams for the K* —» 7*7° and the K~ - 77~ . Also
draw Feynman diagrams for their most likely leptonic and semi-leptonic decay.
How do the decay rates depend on the Cabbibo angle.

1.

~.

2.

a.

(4 pt) Show that in the approximation that the u and ¢ quark have the same
mass the decay amplitudes shown in the two diagrams below cancel (GIM
mechanism).

K"

‘11 iKY L

- N NANNANNS - -

] H I i i H o ji

(2 pt) The contribution of such diagrams to the decay rate due to the top
quark is usually ignored. What is the reason for that?

(2 pt) The contribution of the top quark cannot be ignored when
considering CP violation. Why is it important in this case?

r(etve) r(mle*ve)
r(u*vy) r(moutvy)
longitudinal polarization (draw spin and momentum directions) of the
outgoing leptons to explain why these ratios are so different.

(2 pt) The actual decay rate for K* — e*v, is given by the expression

G; m \’

— 2 .2

F( K+ —> e+ve ) = é;fK+meMK+ (1 - -1‘—/1—12;:> |Vu5|2,

The factor f+ is related to the wave-function overlap of the quark and
antiquark in the K meson. What is the dimension of the factor f+?

(3 pt) Calculate what the ratio '( D* - pu*v,)/T'(D* - r*v‘,g) should be.
f ”

(4 pt) The K* decay ratios « 1and ~ 1. Discuss the



Question 3: “Charmonium” (25 pt)

p

<2
wniuowieydH

The future PANDA experiment plans to study charmonium (c¢ bound states) via the
annihilation of a beam of antiprotons (p) on a proton (p) target at rest. Consider the
production of the vector-meson state, 1, with a mass of 3686, &'eV anda/P¢ =1"v

the “fusion” reaction pp — '. The figure above illustrates one of the possible product10n
mechanisms.

1.

2.

(5 pt) Which orbital angular momenta (L) are allowed of the c¢ system for a
vector meson? Motivate your answer.

(5 pt) Calculate the momentum of the incident beam of antiprotons that is needed
to populate the 1’. (Take the proton mass to be 938 MeV)

(5 pt) The ¥’ decays predominantly, with a branching fraction of 34%, to the
lowest lying vector meson state of charmonium, the / /1, with the emission of a
pair of pions, i.e. ' — J /i + m*m~. On the other hand, the decay ¥’ — J /¢ +
m° is suppressed with a branching fraction of only 0.12%. Motivate this
suppression and give arguments why the latter decay is non-zero.

(5 pt) Consider the decay ]/ — m°m*m~. Sketch the dominant quark and
gluon lines (Feynman diagram) of this decay.

(5 pt) The widths of the J /i (I = 93 keV) and ¢’ (I' = 303 keV) are much
smaller than the width of the higher-lying 1" state (I' = 27 MeV). The 1"’ is also
a vector-meson state of charmonium with a mass of 3770 GeV. Explain
qualitatively the large difference in width between these vector mesons. [Hint: the
lightest “open-charm” D meson has a mass of 1869 MeV|]



Question 4: “Deep-Inelastic Scattering” (20 pt)

A beam of electrons with 4-momentum k, = (E, E) scatters on a proton target. The 4-

momentum of the scattered electrons is kﬂ' = (E', E'). The mass of the electron can be
neglected.

1. (5 pt) Show that Q* = —q® = M? + 2Mv — W? where q*(= X, q,q9") = (k —
k")? is the square of the four-momentum transfer, M is the mass of the proton
(938 MeV), v = E — E' is the energy transfer in the rest frame of the proton, and
W? the invariant mass of all the final-state products of the proton after the
interaction.

2. (5 pt) Show or argue that Q2 > 0 for the electron scattering case.

3. Consider the quasi-elastic scattering process of the electron on the valence down-
quark inside the proton, e~ + d,, — e~ + d,,. The incident electron beam has an
energy of 10 GeV and the scattered electrons are observed at an angle of 6 = 40
degrees in the laboratory frame. Assume that the down-quark, d,,, carries 1/3 of
the proton momentum and mass, i.e. there are no interactions with other valence
quarks and there are no sea quarks present.

a. (5 pt) Calculate Q2 and v for this process. You can make use of the recoil

formula E' = E/ (1 + 1 (1 - cos 6) ).
b. (5 pt) Estimate the differential cross section of the quasi-elastic scattering
process on the down-quark inside the proton in units of nb/sr. You can

make use of the analogous cross section expression for the elastic
scattering of an electron on a proton of mass M, as given by

de_ () (6‘1 (Q*)cos? (2) + 216,(Q)sin? (%))

40 4E%sin*(0/2)
with

QZ
Ve

and G, G, the structure functions representing the squares of the electric
and magnetic form factors of the proton. The fine-structure constant
a=1/137.
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