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Lectures PP

LO : Introduction

LI : Particles and Fields (historical overview) . :
L2 : Wave Equations and Antiparticles QED of Spinless Particles:

L3 : The Electromagnetic Field Scattering Theory and

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

L6 : The Dirac Equation
L7 : Solutions of the Dirac Equation l QED for
L8 : Spin 1/2 Electrodynamics j Fundamental Fermions
L9 : The Weak Interaction
(Fermi 4-point scattering: an analogy with QED)
L10: Local Gauge Invariance The Standard Model for
(the role of symmetries in interactions) massless particles
LII:Electroweak Theory SU2)L x U(l)y

L12:The Process:ete” — y,Z — utw
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‘ Particles with Spin = 0 \ ‘ Particles with Spin = I/Z\

B2 = 5% 4+ m? 5 S E2=(d p+ Bm)°
E—ig i P iV
Klein Gordon: Dirac: (i7"8, —m) ¥(x) = 0
(0,0" +m?) ¢(z) =0 - with: 9" = (3.8d) 1 {10} =29""
d(x) = Ne™'P* «—  Solutions — () = u(p)e """ =Ty
(0,0 + m?) ¢(z) =0 :cc. Adioint: (10,1 +mip) =0 ;

=i (07 (0"0) — (9"6") 6] Dt =0 j# = Ty

-------------------------------------------------------------------------------------------------------------------------------

it = i[ep(0"e) — (9"03) o] ik, = Yy
—eNiNG (plf +pf ) €0 70 = —elg(p) ¥ ui(p) PP

Transition currents K Feynman rules
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1) Free particle wave equations Plane wave solutions: Current: j“ = Quantum Electrodynamics

0
KG.: (GMGM +m2)(|)(x)=0 (l)(X)=N€_ipx 7" =i[¢* (au¢)_(3u¢*)p] I:> 0 =2‘N‘2E

Dirac: (iYMaM_m)P (x)=0 W (x)=u(p)e—ipx =gy My p=wTw = ()
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1) Free particle wave equations
K.G.: (aua“ +m2)(|)(x)=0
Dirac: (iYMau_m)P (x)=0

Plane wave solutions:

) (x) = Ne ™"
Y (x)=u(p)e™

2) Electromagnetic field

9,044 -39 A" =}

Maxwell u

or d F" =)

Gauge freedom:

A, —= A =4 +9 ]\
with 9 ,0"A =0

Current: 9 j* =0 Quantum Electrodynamics
.U _ * au . au * =2‘N‘2E
i lre)-@re ] e
J* =0yt p=w'y =0
Lorentz condition: Plane wave solutions:
d A" =0 .
: A" =N8“(p)e'lpx
d Ma "4 = jv (2 polarizations since m=0)
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1) Free particle wave equations
(aua“ +m’ )q) (x)= 0
Dirac: (l.Y Mau —m)P (x)= 0

Plane wave solutions: Current;

Quantum Electrodynamics

¢ (x)=Ne™ J=ile (%)(W¢Nﬂ E$p=2WWE

w(x)=u(p)e"ipx J* =yt

pP=ypY =0

2) Electromagnetic field Gauge freedom: Lorentz condition: Plane wave solutions:
O L\ wo_ N A —-A =4 +9 M d,A4" =0 —
vaxwenn On0 A 99 AT = : oo ‘ A" = Net (P)e o
or 9 F"W = jv with d, A =0 aMaMAV =J (2 polarizations since m=0)
u
i i T-st order: >
3) Scattering Perturbation Theory
o z—"@+ﬂmm |, |
A: non-relativistic derivation: Wﬁ = lim —— with

Plane waves Wv
4>
O;

a, ()0, (t)e™
- fO—*W)——jﬂ%“%(XN700¢(X)

T—o0

T,=-2niV,8(E, -E ) with

V= [dxo; () (<o, (+)
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1) Free particle wave equations Plane wave solutions: Current; Quantum Electrodynamlcs

(0,0" +m* Yo (x)=0 & (x)=Ne™ J —l[ (“d)) (90" )d)] = p=2|NE

o , . ot
Dirac: (', —m)p (x)=0 Y (x)=u(p)e™ J* =yt p=wy =0
2) Electromagnetic field Gauge freedom: Lorentz condition: Plane wave solutions:
v oAy u v " _ 0 A" =0 :
Maxwell BMGMA dJ aMA =J A“ QA“ A“ +a“7\' . A" = Ne* (p)e—sz
or auFW =/ with 0, A =0 ('9M('9“ 4 =j (2 polarizations since m=0)
3) Scattering Perturbation Theory 1-sToraer. T 2
A: non-relativistic derivation: Z_ B (H +r (x t))P W, = kt};ﬁ with
Plane waves Wv ( )q) (f) —iEt Tﬁ = -2mi Vﬁ 0 (Ef _Ei) with
—> e N N\, [~
b o )t ) )
"""""Ei"Eéiét'{\}[s'i[c}"e}'&'e}é[&%'""""""'"""""": ____ [Tf """"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""
W, TEI/IE)IOOW and T, =—iN,N,N.N, (2n)'8*(p, + py - pe - ) M
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1) Free particle wave equations Plane wave solutions: Current: 9 j* =0 Quantum Electrodynamics
—inx AT * * _ 2
KG: (30" +m* Yp (x)=0 ¢ (x)= Ne™” Jjt=ilo ("6 )- (0" )4)] - p=2|N|E
' : —ipx ; W = t
Dirac: (iy“au—m)p (x)=0 Y (x)=u(p)e™” 7=y Y p=bp =0
2) Electromagnetic field Gauge freedom: Lorentz condition: Plane wave solutions:
TN Y wo_ v A " _ 0 A" =0 :
Maxwell 0,0°4" -9°9,4" = A=A : A% = Ne* (P)e'”’x
or auFW — jv with d, A =0 (')M(:)“ A4 =7 (2 polarizations since m=0)
3) Scattering Perturbation Theory o T-storder: 7
A: non-relativistic derivation: ZE - (HO +r (x’t))P W, = kt};ﬁ with
Plane waves Wv P = N a, (f )q)n (f)e—iEt Tﬁ = -2mi Vﬁ 0 (Ef _Ei) with
—p n=0 " " N
- , ‘ Vi=(d’x¢; (x )V (x o,
b Iy ma, (1= 2)mifdtso (O (o () TR E)
_____________________________________________________________________________ 2_ e e e e e e e e e e e e m e
B: relativistic extension: . [Tﬁ ‘ . 4oy
W, = lelloof_y and T, =-iN,N,N.N, (2n ) 8*(p, +ps—pe-pp) M
________ Creross section: T 4\/222/2
- - %
A C do _ Wﬁ dD ﬂux (pApB) "l do 1 1 pf M 2
— B B V d3pi = 2 | |
D dQ  flux dQ 64n° s

P;

dd =
H (2n) 2E,
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Plane wave solutions: Current:

0) (x) = Ne ™"
Y (x)=u(p)e™

1) Free particle wave equations
K.G.: w 2 _
(8 Ma +m )(p (x) = ()

Dirac: (iy“aM —m)p (x)=0 J* =gyt

Quantum Electrodynamics

j“=i[¢*(<{:¢=)?(au¢*)b] :> p=2|N[E

p=p7yp =0

Gauge freedom:

A, —= A =4 +9 ]\

2) Electromagnetic field

9,044 -39 A" =}

Maxwell u

9, A" =0

Lorentz condition:

aMaMAV — j\/

Plane wave solutions:

A" = Ne* (p)e'i”x

(2 polarizations since m=0)

or d F" =) with 0,0"A =0
3) Scattering Perturbation Theory oY T-storder: 7
A: non-relativistic derivation: ZE - (HO +r (x’t))P W, = ;I_IE% with
Plane waves Wv P = i a, (f )q)n (f)e—iEt Tﬁ = -2mi Vﬁ 0 (Ef - Ei) with
—p n=0 3 . [~ " >
b 10, (=)= -ifde () Wa ) [T R )

 Brelativistic extension: [Tf2 ________________________ o o
Wﬁ=T£1/IEOOW and Tﬁ=_lNANBNCND(2JT‘) 0 (pA+pB_pC_pD)M
_________ Cicross séction: T ____"__"_""_"_"_"____""_"_"___"__""2_"""2__"2""__;""""""""""__"""_""""_""""""
R o Y
=——do 3 = — =M
D B dQ ﬂux d®=1_[(2V)3 C;Epl dQ2 643132 S| p; | |
i JT i

4) Electromagnetic Scattering Ot — 9% —jed"™ |
(aua“ +m2)q)(x) — (aua“ +m’ +V(x))q) (x) : V(x)= —ied A" + A4,0"

(iy“au—m)q)(x) — (iy“au—m+V(x))q)(x) ; V(x)=—e\(0yMAM

T, =~if~ie[¢; (6.9,)-(5,9; )q>] A" d*x

Tﬁ =—l'f—€[1l) fYsz'] A" d'x
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1) Free particle wave equations
K.G.: (aua“ +m2)q)(x)=0
Dirac: (iYMaM_m)P (x)=0

Plane wave solutions:

0) (x) = Ne ™"
Y (x)=u(p)e™

Current: 9 j* =0 Quantum Electrodynamics
» =i[¢*(au¢)_(au¢*)¢] - o =2|N[ E
J" =0y P =Yy =0

2) Electromagnetic field

9,044 -39 A" =}

Maxwell u

or d F" =)

Gauge freedom:

A, —= A =4 +9 ]\
with 9 ,0"A =0

Lorentz condition:

d,4" =0
aMauAv =jv

Plane wave solutions:

A" = Ne* (p)e'i”x

(2 polarizations since m=0)

3) Scattering Perturbation Theory 0P (H V( t))p T-storder: ‘ ‘2
l—= + X , ; )
A: non-relativistic derivation: ot 0 ’ W, = Pm LA with

Plane waves

P;

S

7, =a, (1= )= -ifd'x; (x)1 (x)o, ()

T,=-2niV,8(E, -E ) with

V= fdxo; ()7 (o ()

~iN,N,NeN, (21 ) 8*(p, + py - pe —pp ) M

N e | A A A e

 B:relativistic extension: =~~~ [Tﬁ
W,=lim —— and T, =
""""" C:cross séction: T
A y C do _ Wﬁ
D B iQ Sflux
4) Electromagnetic Scattering Ot — 9" —ijeq™ |

ﬂux=4\/(pApB)2—mjm§/V2 1o |

3 — _
ao =TT V_dp 40 64n’ s
I (27[‘;)3 2El

Py
P;

M|

(00" +m’ Yo (x) — (8,0" +m’ +V (x)p(x) 5 V(x)=—ied, 4" +4,0" Tﬁ=—z‘f—ie[q)j(auq)l.)-(auq);)q)l.]A“ d*x

(iy“au—m)q)(x) — (iy“au—m+V(x))q)(x) X V(x)=—e\(0y‘u/1M Tﬁ=—f—e[1pfyuxpi]A“ d*x

. . —in.x * *ip X v * i(Pp-Ps 1 ;
BSpanCase. i o, =Ne p q)f:Nfepf 9,0 A“——]ED——eNBND(p;+p,%)€(p Pg) AM__?];D
_gv oY) . * * 4
A/Y\C T, =_f]jCAMd4x —_fJZC q; Jypd'x = =iN ,NyN.N, (275) 64(pA+pB_pC_pD)M
—1
—iM = le(pA + D )“ g2“ le(PB +pD) — “Feynman rules”
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