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Lectures PP

LO : Introduction

LI : Particles and Fields (historical overview)

L2 : Wave Equations and Antiparticles

L3 : The Electromagnetic Field

L4 : Perturbation Theory and Fermi’s Golden Rule
L5 : Electromagnetic Scattering of Spinless Particles

L6 : The Dirac Equation
L7 : Solutions of the Dirac Equation
L8 : Spin |/2 Electrodynamics

L9 : The Weak Interaction

(Fermi 4-point scattering: an analogy with QED)
L10: Local Gauge Invariance
(the role of symmetries in interactions)

LI1:Electroweak Theory
L12:The Process:ete” — y,Z — utw

QED of Spinless Particles:
Scattering Theory and
Cross Sections

QED for
Fundamental Fermions

The Standard Model for
massless particles

SUQR2)L x U(l)y
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Matter VWaves and EM Field

Matter VWaves 9
Non-relativistic: L — 73(% , P =iV Relativistic:
o~ —
o D EQ _ A2 4+ m2
2m 82
G, - b= —V?0 4+ m?g
- 2
11— = —V 2
Continuity: a,uj'u — with: j'u — (¢* a“¢ _ ¢ 8M¢*)
EM Field 5 _ pMaxweII Equations: B — ©xA
7.5 — . 0A -
v-B =0 E = - Vv
Maxwell 1+4 - . OB > ot
seontimity VX E 4+ — = 0 _)
v ot AP = (v, A)
= =g 8E - .
VXB__t = j 3 = 0,0r'A" —90"0,A"
Gauge Invariance: AH — AP = AH 4 O
. Photon has 2-polarizations!
Lorentz Condition: 9, AF = 0
Coulomb Condition: A9 — ¢ ’ v.A—=0 Bohm - Aharanov Experiment!
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wmultiply with Psi_{f™ =
phi_f™* exp (iE_f 1) and
integrate over dx

%
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- ) C ® [ | - O
8 w general solution: o0 .
i—- = (Ho+V (£,t)) ¢ =3 an(t) dn() et
Ot 2
= da,(t o > e
: Z dt( ) an(.fb‘) € ot T Z (_Z) by, an(t) an(ilf) e Eint
n=0 =0
D Bnan(t) on(@) e+ Y V(T ) an(t) ¢n(T) e B
n=0 n=0
multiply with Psi_{™ =
phi_f * exp (iE_f 1) and
integrate over d3x
7
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= Jc @ - C O
8 w general solution: o0
. . ) m
Z—:(HO—FV(CE,LL)) W /wzzan(t)gbn(x)e iE,t
Ot 2
= dan(1) =
>3 ;t n(Z) et £y (=) By an(t) ¢n(2) e P!
n=0 =0
> p 00
Y B an(t).0, (@) e 1Y V(T ) an(t) dn(E) e
n=0 T n=0
multiply with Psi_f™ =
phi_f * exp (iE_f 1) and
integrate over d3x
7
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0y

iz = (Ho+V (7,)) v =D, an(t) dn(@) e
n=0
/wfd% x L dt e = oll) Pula) e

(Qb* —i B, t iE an

wmultiply with Psi_{f™ =
phi_f™* exp (iE_f 1) and
integrate over dx

7
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Perturbation Equations ()

general solution: .
fgf (Ho+V (Z,1)) & = Zan On(T) €750

. da () L | o’e o -
/wfd?’aj X L Z ;t an(CC) € 1Bt =+ 1 Z (—Z) En&n(t)an(a}) e 1Bt _

n=0 n=0

= (¢he Bl T .
S By an(®)60(8) e P 437 V(@) an(t) 60 (F) e

n=0 n=0

ttiply with Psi_f* = = day(t)
R I / Bx ¢ (F) () e~ En BN =

integrate over d3x ) — dt
Ofn
> anlt) [ & 63@) V(1) bn(@) e B0
n=0
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Perturbation Equations ()

general solution:
fgf (Ho+V (Z,1)) & = Zan On(T) €750

. da () L | o’e o -
/wfd?’aj X L Z ;t an(CC) € 1Bt =+ 1 Z (—Z) En&n(t)an(a}) e 1Bt _

n=0 n=0

(Qb* —F, t © , S~ .
E E., an ¢n :E’) —itbnt 4 g VI(Z,t) an(t) ¢pn(T) e tEnt
: n=0

ttiply with Psi_f* = = day(t)
R I / Bx ¢ (F) () e~ En BN =

integrate over d3x ) — d /
Ofn
Z an (1) / >z ¢3(L) V(Z,t) o () o—i(En—Ej)t
n=0
dag(t) — 5 ) DR
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- JadllC ALIATIC
da ¢ (t >0 |
) _ > () [ 26500 V(1) () B0

dinsdag 13 september 2011



= Jc O L7 ®
da¢(t S~ |
adft( ) — nz::() an (1) /d?)g; O3 (Z) V(Z,t) dp () o —i(En—Ej)t
dCLf (t)

at — /dgaj ¢7”(f) V(Z,t) ¢;(Z) o U Ei—Ey)t

dinsdag 13 september 2011



= JAd Ll ALIATIC
da r(t > |
adft( ) — — nz::o an (1) /d?’x (/b}‘z(f) V(Z,t) o () o1 (En—Ef)t
daét(t) = /dgw &5 (T) V(1) ¢ (T) e i Er)t
4
ar(t) = /T/2 das(t) g

- /T/2 dt /d3 (65 (&) e BT V(@) [¢4(E) e ]
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Perturbation Equations (2)

da r(t >0 |
adft( ) — 4 nz::o an (1) /d% O3 (Z) V(Z,t) dp () o—i(En—Ej)t

d .
CLC]Z"t(t) — —9 /d3aj ¢7_»(f) V(Qz t) ¢z(f) 6—@(Ei—Ef)t

ar(t') = /i/Q dart) g

- /T/2 db /d3 (65 (F) e P17 V(Z,1) [¢:(2) e ]

T/2
Tyi=apT/) =i [ at [ de gy VEn @

T/2
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Perturbation Equations (2)

da r(t >0 |
adft( ) — 4 nz::o an (1) /d% O3 (Z) V(Z,t) dp () o—i(En—Ej)t

d .
CLC]Z"t(t) — —9 /d3gj ¢7_»(f) V(g_j’7 t) ¢z(f) 6—1(Ei—Ef)t

ar(t') = /i/Q dart) g

- /T/2 db /d3 (65 (F) e P17 V(Z,1) [¢:(2) e ]

T/2
Tyi=apT/) =i [ at [ de gy VEn @

T/2

Tri = —1i / d*z ¢5(z) V(z) ¢i(x)
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Perturbation Equations (2)

da r(t >0 |
adft( ) — 4 nz::o an (1) /d% O3 (Z) V(Z,t) dp () o—i(En—Ej)t

d .
CLC]Z"t(t) — —9 /d3aj ¢7_»(f) V(Qz t) ¢z(f) 6—@(Ei—Ef)t

o) = [ tm das (1) 4 Vi = [ 4% 63(0) V(@) :(@)

- /T/2 dt /d3 (65 (&) e BT V(@) [¢4(E) e ]

T/2
T =ap(T/2) = —z/ dt/dsxcbf T, t) ¢;(x, 1)

T/2

Ty, = —i / Tz ¢5(2) V() di(2)
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Ty; = —i NANgpN¢Np (27)* 6(pa + pB — pc — pp) M
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Ty; = —i NANgpN¢Np (27)* 6(pa + pB — pc — pp) M

|Tf7;‘2 — |NANBN0ND|2 ’M‘Z /d4a7 e—i(pA-HOB—pc—pD):v < /d4£L‘/ e—i(pA-i-pB—pc—pD)iU’

— NANBNCND2 M2(27T)454(pA+pB—pC—pD)XTgm d4213
VO JTV

— NANBNCND2 M2(27T)454(pA—I—pB—pC—pD)XT%;m TV
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Relativistic Scattering

Ty; = —i NANgpN¢Np (27)* 6(pa + pB — pc — pp) M

|Tf7;‘2 — |NANBN0ND|2 ’M‘Z /d4a7 e—i(pA-HOB—pc—pD):v < /d4£L‘/ e—i(pA-i-pB—pc—pD)iU’

— NANBNCND2 M2(27T)454(pA+pB—pC—pD)XTgm d4213
VO JTV

= [NaNpNcNpl* |M[? (2)" 6*(pa+pp —pc —pp) x _lim TV

W : ufi‘Q
/ T,‘}m—wo / V

= |NsANgNcNpl® |IM|? 2n(*8)pa +ps —pc — pp)
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Cross Section: A+ B — (C + D

. d’pc d°pp
2,2 (27)° 2E¢ (27)° 2Ep

Decay Rate: A— B -+ C

om)* 6% (pa — pc — pp) M2 d*pe d*pp

dl' = | 3 3
2k 4 (2m)° 2FE¢ (27)° 2Ep

dinsdag 13 september 2011



