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Final examination

- Feynman diagram calculation:
* electromagnetic or weak interaction process (scattering/decay)
* use Feynman rules and get to a cross section or decay rate
* there are many steps, so | will try to provide the result after each step
* if you get stuck on any step, take the result and go to the next step
 Structure of the weak interaction
* parity violation and its consequences (e.g. what decays are suppressed)
* CKM matrix elements (how to apply them)
* electroweak unification:
- what is it?
- what is Ow? where does it appear?

* You can use your textbook and a non-programmable calculator.



Averaging with projection operators

* suppose we use P to project out the left chiral component of an incoming
particle. The other incoming particle is unpolarized.

- In summing the spins, we get: [MLL]2 + [MLg[]2 + [MRL|]2 + [MRgg|2
» The projection operator will kill [MrL|? and |Mrr|?, leaving |MLL|? + [MLr|?
- The average amplitude is 1/2 x (|MLL|? + [MLg[]?)
* so we divide by 2
* If we use PL to project out the left chiral compotes of both particles:
* In summing the spins, we get: |[M..|? + |[MLgr|? + [MgL|? + [Mgg[?
- The projection operator will kill [MgL|? and [Mgg|?, [MLR[?
- only leaving |[MLL|2
- The “average” amplitude is |MLL|?

« SO we leave It alone.



ete — uu

 Let’s consider the pair production of muons via the Z:

e+ +
\IOQ py H Note: different convention from text
/ book (p3 assigned here to -, not u*)
/ 9 Assume e, 1 masses can be ignored
e" o P3 -
u

* Feynman rules:

Yy — ey u(l) (2m)* 6% (p1 +p2 — q)

* incoming leg: 9(2)

- outgoing leg: @(3) _;gZ V(= iy v(4)  (2m)* 6% (g — ps + pa)

dq  —i(guw — Quav/m7c?)
* Propagator: (27)4 2 — m2c?
o(2

— a7 )u(D)] [a(3)y" (e — 4y’ v(4)]

M= 92

4(q%2 — m%c?)




Spin Summation

Tr [y*(c§ — ¢47°) B1r” (5 — ¢av°) B

T [y (ely = PP (e — i )p |




Breaking up the Terms:

* The first trace:
Tr [y"(c}, — €47”) 17" (ch — €47”) Pl
Te[y"p, v p,) = 4 [ips + piph — g™ (p1 - p2)]

Tr[y°p, 7" p,"] = 4ie® P prupa,

avBu

A(c5? + ) D5 + X — 9" (p1 - p2)] — Bichcly x P pypa,

« Second trace:
Tr [vu(c) — 47°) Bar (5 — ca7®) W)

A(ck? 4 ) [p3upay + D3uPay — Guw (D3 - Da)] — Bick et X € phD]




Our final expression for the amplitude:

(IMP) = 5 [(q2 —g%z%c?)r

{(c§2 + @) (7 + ) x [(p1 - pa)(p2 - p3) + (p1 - 3) (P2 - pa)]

+4c$/cf40“‘/cffl [(p1 - pa)(p2 - p3) — (P1-p3)(p2 - pa)]}

 Let’s put in the kinematics: ¢* = (p1 +p2)* =p° 4+ p5+ 2p1 - p2 = 4E?
H 5 ps

p1-p3 = E?/c* — p?cosf = E*(1 — cosb)
|O1§ > % 0 e+p2 p1-ps = E?/c* + p?cos® = E*(1 + cosb)
/ pe - p3 = E?/c* + p?cos = E*(1 + cos )
04 ,Ll+ p2-ps = E?/c* — p?cosf = E*(1 — cosf)
oy = L[]
2 | (4E% — m%c?)

{[(c5)? + (c2)?] [()? + (¢4)?] x [2(1 + cos® 0)] + 16 ¢§, by cosB}



The End:

* The differential cross section in the CM frame

do (hc>2 SIM|Z  |py
(

d — \8r E1+ E5)? |pi

do  ( hc : [ g2 E ]2
dQ  \ 16w (4E% — m3,c?)

D] ()7 + (4)?] x (1 + cos® ) + 8 ¢ c5clrcly cosb}

v Compare to electrodynamics

2 4
do (ﬁc) Je [1—|—COSQ(9]

a0~ \sr ) 4E2




Comparison to measurements
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How did the asymmetry come about?

- We can break up the Z interaction into two parts:
vy 4+ eav'y® = 5lev + e (14 9°) + 3(ev — ca)y(1—1°)

* One couples to left chiral and the other to right chiral particles
- But the coupling is not the same!

* Within the incident e*e- beams, we have assumed there is no polarization
* equal components of each chirality

* Recall from last time that:

1 — ,y5 1 1 75 1 — ’75
% _ I
(7)) (5
* First term above couples right chiral electrons with left chiral positrons
up = 5(1=7")u  agp=az(1+7°)

* vice versa for the second term

/Z has net polarization



/ decays: (9.23)

- Consider the decay of the Z to two fermions (quark/lepton) f(1)
- let’s ignore the fermion masses (i.e. set to 0) P!
- Treat all possible fermion pairs by not specifying cv, ca

- putting in the appropriate values at the end, case-by-case P

P2
_ —19z

Vertex i1 29 (el — 5P va X (2m)* 84 (p — p1 — po)
Incoming Z €

9z _ 5
M = 5 €u X uw“(cé — c;’gv )2

2

g * — — 1% *

IMP = Zeuer x [y (el — iy val By (cf, — ¢hy®)vs]

4



Spin/polarization summation

2

M2 =2 e fagy (el — ¢,

4

- Hopefully the fermion part is familiar to you now
> [m* (el — iy vallmy* (¢, — ¢

$1,52

f

77 Jva[iny” (e

7 )va]*

f

= Ty, (e — b )p, 7" (e — )]

« what about the Z?
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Trace algebra

Tr[p v (cl, — AP )p, 7" (el — i)

- As we discussed just before, break this up into parts we know how to manage

Tr[py"p,v"] = 4 x [pyp} + p5pi — g™ (p1 - p2)]
= A(cl +ci2) x [phpt + pypi — g (p1 - po)]

Tr[y°p " p,A"] = 4ie®PF prapag

= —&1 céc;’; X eo‘yﬁ“plapgg

= —&7 c{/cf; X e“”o‘ﬁplapgg

ff

= 4(c} + %) x [phpY + pspl — " (p1 - p2)] — 8i ¢i ¢y x P p1apag



Put It together:

‘M‘Q — g% {_g,uu | ﬁngz

x[(c3, + ¢4) x [phpY + pypy — 9" (p1 - p2)]

—21 c{/cfg X el‘mﬁplapgg]

2) +4(p1 - p2)

IM]P = go(ct +ci)x [=(p1-p2) — (p1-p
p2)(p-p1)+ (p-p2)(p-p1) — p*(p1 - p2))]

tige (0

1

M|? = g5 (ci + &) X |2(p1 - p2) - — ((2(p-p2)(p-p1) — P*(p1 - P2))
7

p2 — (pl +p2)2 — p% +p§ - 2(291 'pz) — 2(291 °p2) — m2202

p-p1,2 = (p1+Dp2) P12 =D0is+ (p1-D2)

M = gz(cy + ch)mzc



Towards a decay rate;:

* Averaging over initial spins:
2 20 2 2 2 2
M7 =gz (cy + ca)miyc
1

IMP) = 203} + A me

p| =mzc/2
G _
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Prediction vs. Measurement

Cv CA Cv2+ CA? Fraction
Ve Vi Ve 1/2 1/2 0.5 (x3) 6.8%
eUT -1/242 sin®Ow -1/2 0.251 (x3) 3.4%
uct +1/2-4/3 sin“Ow 1/2 0.287 (x2x3) 11.6%
ds b -1/242/3 sin?Ow -1/2 0.379 (x3x3) 15.4%
Total /.380
Scale factor/  p sin20y = 0.23126

Z DECAY MODES

Fraction (I';/T)

Confidence level (MeV/c)

et e™

pt T

-

s

(00T~

invisible

hadrons
(uu+cc)/2
(dd+s5+bb)/3
cc
bb

[b]
Lh]

( 3.363 +£0.004 ) %
( 3.366 +£0.007 ) %
( 3.370 +0.008 ) %
( 3.3658+0.0023) %

( 3.30
(20.00
(69.91
(11.6

(15.6

(12.03
(15.12

+0.31 )x107°
+0.06 )%
+0.06 )%
+0.6 )%
+04 )%
+021 )%
+0.05 )%

S=1.1

45594
45594
45559

45594

don’t forget the
factor of 3 for color
N quarks!



That’s It!

* Please remember to respond to doodle poll for review session

* | would like to set a time/place by the end of the week.

* Please send me any suggestions/topics/questions/issues for the review

* | will announce how you can collect PS 4



