PARTICLE PHYSICS 2 : EXERCISE 9

1) Z decay rates

a) The cross section at /s = my is given in the lecture :

Lo 12n Ty
which can be inverted to give
oOm2 12
Feerff = ZZ
127
Assuming lepton universality, whereby I, = I
o TrT
ce 127

Converting the measured peak cross section of 6%(ete™ — Z — pTu~) = 1.9993 nb into
natural units gives

o'(ete”™ = Z — ptp~) =1.9993 x 1073 m? - (he) ™2

1
= 1.9993 x 103" m?
8 0,197 GV x 10-Bm)? ()
=5.152 x 107% GeV 2.
Using myz = 91.1875 GeV
2 — Tz
e 127
5.152 x 1076 - 91.18752
= Tor % (2)
—1.136 x 107°I'%,
= T, = 0.03371T,
Similarly,
O.O m2 1‘\2
Feer ad = had''*Z*+ Z
had 127
~ 106.88 x 107° - 91.18752F2
B 127 z (3)

= 2.357 x 10°T%
= 0.0337T 2 hadrons = 2.357 x 10°T'%,
= Thadrons = 0.6992T,

b) The total width of the Z is given by :
1_‘Z - 3F€Z + Fhadrons + Nyruu

From the results of part a) :

NVFVV = FZ - 3F€Z - Fhadrons

_ _ (4)
= 0.1997T; = 498 MeV.
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Given the partial decay width for Z — v.v, is 167 MeV

498
N, = -2 =208
167

consistent with the claim that there are three light neutrino generations.

2) Z cross section

The ete™ — Z — ff differential cross section can be written as

do

— =rla(l 2 2
0 /@[a( + cos” ) + 2bcos b,

where a and b are constants related to the couplings to the Z, and « is a normalisation factor.
Writing cosf = z, then dQ? = 2md(cosf) = 2rdx and the number of events produced in the
forward and backwards hemispheres can be written :

1
Np = 27m/ a(l + 2?) + 2bxdx
0
4
= 2#&[3@—0—()],
0
Np = 27m/ a(l + 2?) + 2bxdx

-1

= 27K

4
Sa—b]

Therefore the forward-backward asymmetry is

NF_NB 3b 4CLAFB
App = 4B 27 L p— .
BTN N 4a 3

Substituting this back into the original equation gives :

do

8
=" a(l + cos® 0) + §GAFB cosf|,

8
o (1 + cos?0) + §AFB cosf.

3) Muon asymmetry

The muon asymmetry parameter is related to the couplings of the Z to muons by

PG T
)P+ ()P ()P (ch)?
_ 2¢4, /iy (6)
(cv/ch)? +1
2x
o241

where x = ¢}, /. Hence the measured value gives the quadratic equation

(0.1456 + 0.0091) =

241
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= 2° — (13.74 £ 0.85)z + 1 = 0,
= 1 =0.07324+0.0046 or x=13.74+0.28.

In the Standard Model p
T = C—Z =1 —4sin® 0y
c
A

and therefore the measurement can be interpreted as

1 — 4sin? Oy = 0.0732 4 0.0046
4sin? Oy = 0.9268 + 0.0046 (7)
sin? Oy = 0.2317 £ 0.0012.

4) Feynman diagrams

The first three diagrams (CC03) involve the production of two W bosons, either through the s-
channel production of a Z or v, or through the t-channel exchange of a neutrino. The remaining

et Vi

Ve

seven diagrams, all arise from pair production of quarks or leptons through Z or v exchange
with a W radiated from one of the final state particles.

B B
W w
e+ d vl-l e+ m Vu
u d
Z/y Zly
e” d e u
u
\'
et mn d
Vu
Zly
e wo
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5) Top quark decay

a) In the rest frame of the top, the momenta of the two daughter particles are equal and
conservation of energy implies my = Ey, + Fw. Writing this as my — F}, = Ew and squaring
gives

m? — 2miEy + B2 = B,
m? — 2m By, +mi + p*? = miy, + p* (8)

= mi+ (mp —miy) = 2mE,

Squaring again to eliminate F}, leads to
mg + 2mg (my, — miy) + (mg — miy)* = dm(mg + p*?)
2 %2

mi — 2mZ(mi +my) + (mw — myp)2(mw +mp)? = 4m?p
) *2

mg —mg [(mw +my)? + (mw — mb)ﬂ + (mw — mp)?(mw +my)* = 4mip

[mf — (mw + mb)z} [mf — (mw — my,) ] = 4m?p*?,

Thus showing that

1

P = o [ = ()2 [ = (e = ma)?].

Since my, < mw the term inside the square root can be approximated to

ST )

~ mi—my — 2mwmb} {mf —miy + Zmeb}

_ 2 2_4 2 . 2
= [y — My MMy,

Hence to a good approximation
P

The same result could have been obtained much more quickly by simply neglecting the
b-quark mass.
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6) T polarisation

a)

Consider the decay in the tau rest frame with the angle 6* defined with respect to the spin
of the 77, as shown in the left-hand plot above. Since the neutrino will be left-handed,
conservation of angular moment (just spin-half here) implies

dN o*
x cos? — o 1+ cosf*.

d cos 6*
Consider the decay of a RH-helicity 7= as shown in the left-hand plot above. With
ar ()’

Toos g & o~ (14 cosB").

In the laboratory frame the system will be boosted along the direction of the 7~ momen-
tum and the laboratory-frame energy of the 7= will be

Er =9 E" + v 5:p;
=V E* + 4, -p* cos 0.

(11)

The energy distribution of the pion in the laboratory frame is related to the angular
distribution in the tau rest frame by

dir = dI' dcost”
dE,.  dcosf* dE,
(p*)? 1
x 14 cosf”) - 12
ms ( ) ,yTﬁTp* ( )
*) 2
x ng)T (14 cos@”).
This can be expressed in terms of the pion energy using
E, = ’YTE* + %—Bﬂ—p* COs 9*7
Eﬂ' - TE* 13
= cos " = 77* (13)
VrBrp
thus
dt (Ex + 7 5:D" E) (14)
g, & G B, B T = e B,

In the laboratory frame the energy of the 77 is just my/2 and therefore v, = my/2m, =
25.7 and B, = 0.9992. The momentum of the pion in the tau rest frame is easily shown
to be

m2 —m?
=T — T =0.88 GeV ~m,/2
b om, eV~ e/ (15)

= E* =0.89 GeV ~ m,/2.
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Consequently g,p* — E* < 0.02 GeV and to a good approximation (Eq. 14) can be
approximated as

dr 1

E7r 7'7'*_ TE*
B > E%ET( + 760" — 1 E¥)

1 E,
P2yr Ex
The case of the decay of a LH-helicity 7= (as shown on the right in the above plot), the

decay distribution in the tau rest frame can be obtained by replacing 6* in the original
decay distribution by = — 6*

(16)

~
~

ar- ()
dE, = ms,
*\ 2
= @(1 —cosf").

m;

(14 cos [ —0%])

Following the previous calculation the energy distribution of the decay pion will be
di = dI' dcos0*
dE, dcos* dE,

x épEQ (1 — cosf").

(18)

where, as before, cos 6* is given by
E, = ’YTE* + 7767]7* COs 9*7
E, —~ FE* 19
= cosfF = T (19)
VrBrp*
and this

dr 1
dE, * B2, E,

1
~ W(77m7/2 + ’Y’rm’r/2 - Eﬂ') (20)

1 (1 EW)
T By, E;

where the following relations were used §.p* ~ E* ~ m,/2 and v,m, = E;.

(’YT/B’Tp* + VTE* - Eﬂ')

From parts b) and c¢) the 7= — 771, decays of RH and LH tau leptons give very
different pion energy distributions, reflecting the different angular distributions of the
decay relative to the tau line of flight :

dl'r d dl'y,
dE,rO<$ an dE.

x (1 —x).

where x = E/E. = 2E, /my. If the average 7~ polarisation is

_M=N

P’T_ )
NT+N$

and there are a total of N = N; + N| decays, then

Ny =(1+P.)N/2 and N, =(1— P,)N/2.
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X = En/E,t

The corresponding pion energy distribution, which is correctly normalised, will be

dN

— N(1+ Pz + N(1— P)(1 —z) (21)
— N[(1— P,) +2P.a]

The observed distribution (shown schematically above) of

dr
P 1.14 — 0.28z = 0.86x + 1.14(1 — z),
x

has contributions from LH and RH 7= — 7~ v, decays and implies that P, = —0.14 and
therefore (from the previous question)

A, =—P. =0.14.

The tau asymmetry parameter is related to the couplings of the Z to tau leptons by

PR 2
") (R ()P (ch)?
_ 2¢y, /¢y (22)
(cf/ch)®+1
2x
2 +1

where z = ¢, /7. Hence the measured value gives the quadratic equation

2
0.14 = —=~
241
— 2 14987 +1=0, (23)
=z = 0.067.
In the Standard Model N
T = C—Y =1 — 4sin® Oy
Ca

and therefore the measurement can be interpreted as

1 — 4sin? Oy = 0.067
4sin® Oy = 0.933 (24)
sin? Oy = 0.233.
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