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C1 Solution (Bookwork + Seen similar on the problem sheets, c) is a new prob-

lem)

a) Draw the Feynman Diagrams for e*e~ — W* W™ annihilation.

VYR S i
4

) Z, o

e, W ’ W

[2]

b) Find the minimal energy of the e* (E) which would be colliding with e~ with the energy duater as low

as that (E/4) and producing W*W~ pair (My = 80Ge V/c2). For simplicity, you may neglect the mass of the
electron as compared to ifs energy.
The 4-momentum of the electron is P,- = (E/c, ﬁ) (with Iﬁl = E/c once we

neglect m,), and the 4-momentum of the incoming positron is P+ = (E/(a¢), —13/4).

The invariant mass squared of the e*e™ pair is the (P, + P+)? = QMp)*c? = 4M3,c?
for minimal requested E.
Evaluating (P.- + P.+)? we find

25 9
(P + P,.)? = EE2/c2 - EEz/c2 = E%/c?

Therefore E = 2Myc* = 160 GeV

C) Write down electric charges of all fundamental fermions.

fermions | e” , u= , 7 | Ve, Vuu, 7 |u,c, t|d, s, b

charge | -1 0 +2/3 | -1/3
[1] [1] [1] [1]

[2]

[2]

[2]
[2]



d) Calculate
_ o(e*e” — hadrons)

olete — utu-)

for center-of-mass energy just below the threshold of “charm” production and for center-of-mass energy just
below the threshold of b-quark production. Explain your results. The weak diagram can be ignored.

e)Explain how the experimentally measured value of R can be used as evidence for the existence of quark
colours.

In case of hadrons one needs to calculate a cross section for quarks in the final
state, i.e. cross section for e*e~ — ¢g process and therefore take into account a
colour factor for quarks which is equal to 3 as well as EM charges Q; of quarks
which come squared into formula for the cross section.

Therefore, summing over all quarks produced, we have

R=

o(e*e” — hadrons) olete” - q:q; > hadrons)
olete - ptum) 2 o(ete” - ptp) z o

Just below “charm” threshold u, d and s quarks can be produces, so

R= 3ZQ2 3><<9 ; ;) 2.

Just below b-quark threshold «, 4 , s and ¢ quarks can be produces, so

4 1 1 4\ 10
R= - .
3ZQ’ 3X(9 9 9" 9) E

The number of quark colours N, can be directly measured from the R value which is
proportional to N, given that that Q; charges of quarks are known (measured) from

different experiments.

[2]

[1]

[1]

[1]

[1]



C2 Solution(Seen in the problem sheets and in the notes)

C2: K-mesons and w-mesons have negative parity and zero intrinsic spin. p mesons
have negative parity and intrinsic spin one.

(a) Ezplain why the observation of the weak-interaction decay modes
Kt — 7t 4+ 4
is evidence that weak interactions wiolate parity, whereas the decay

ot — w4
can proceed vie the strong interactions.

Since Kt has zero spin the final state pions must be in an orbital nagular momentum
! = 0 state which means that the parity of the final two-pion state is positive, whereas the
initial Kt state has negative parity. Therefore parity is violated in his decay. ]

On the other hiand for the decay of the spin-1 p-mieson the final state pions must have
orbital angular momentum { = 1 and therefore the two-pion state has parity (—1)'=-1, which
is the same as that of the initial state so the decay can proceed thiough parity conserving
strong interactions. [2]

) Draw the relevant Feynman graphs show that a semi-leptonic decay mode of the K° (quark
content §d):

K' — 7= + pt +u,

and a semi-leptonic decay mode of the x°.

K =t +p +5

/Y
wo' ="

[2]

2]




(/C What is meant by CP?
The combined operations of parity reversal and charge conjugation which interchanges par-
ticles and their antiparticles [2

& From the fact that fhe weak interactions are (to a very good epprozimation) CP invariant,
explain why K® and R? are not mass eigenstates, whereas the superposition statés

K" +R)

K, =

1
1
Kg = %(KO—FO)

CPIKY = —[K%
CPIKY = —|KY [2]
C/@) There K° and K* are not eigenstates of CP and hence not eigenstates of the Hamiltonian.

are mass eigenstales.

which means that they are not energy and hence mass eigenstates.

On the other hand
ey 1 ) = _ 0 MY
CPIK,) = —(CPIK") +CPRY) = ~(IK)+[K")) = —|K2)
and 1
N ; =t _ -0 FAY o
CP|Ks) = ﬁ((::Pur(")_cu.rvu{ ) = +(IK%—K)) = +K,)
so that K, and Ky are eigenstates of CP with eigenvalues -1 and +1 respectively. [2]

A neutral two-pion state is an eigenstate of CP with eigenvalue +1, so by CP conservation
the state Kg can decay into two pions, whereas a neutral three-pion state is an eigenstate of
CP with eigenvalue -1, so by CP conservation the state K, can decay into three pions.

Cg The mean lifetime of Kg, s is much shorter than the mean lifetime of K. A K° is

[ %) Ezplain why Kg can decay into two pions whereas K can only decay into three pions.

[2]

produced at time t = 0 and affer a time t, which is much la.ryer than rg, it decays semi-
Iepmnica.lly Explain why in such a case the decay product ™%, u~, by, is just as likely as
. #1, . The inital state is a K which is.a superposition of the states Ky and K

K% = % (KL} + | Ks)) 21

After a time much larger than 75, the Kg will have decayed away and we are left with pure
K which can be written
K1) = == (1K) +KY)
L \/§ 1 [2]
so that there is a 0.5 probability that the sta.te is & K® decaying semi-leptonically into
p¥ 7"y, and 0.5 probability that the state is a = decaying semi-leptonically into p— n¥5,. [1



