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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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Nikhef

OCW > NWO

Dutch organisation for Scientific Research
Voorzitter algemeen bestuur: Jos Engelen
General director: Hans de Groene

* Aard- en levenswetenschappen (ALW)

* Chemische wetenschappen (CW)

* Exacte wetenschappen (EW)

* Geesteswetenschappen (GW)

* Maatschappij- en gedragswetenschappen (MaGW)
* Medische wetenschappen (ZonMw)

* Natuurkunde (N)

*Technische wetenschappen (STW)

Ministery of Education Culture and Science
Minister: Marja van Bijsterveld-Vliegenthart
Staatssecretaris: Halbe Zijlstra

dinsdag 11 oktober 2011



Nikhef

OCW > NWO

Dutch organisation for Scientific Research
Voorzitter algemeen bestuur: Jos Engelen
General director: Hans de Groene

* Aard- en levenswetenschappen (ALW)
* Chemische wetenschappen (CW)

* Exacte wetenschappen (EW)

* Geesteswetenschappen (GW)

Ministery of Education Culture and Science
Minister: Marja van Bijsterveld-Vliegenthart
Staatssecretaris: Halbe Zijlstra

FO M * Maatschappij- en gedragswetenschappen (MaGW)
Do * Medische wetenschappen (ZonMw)
Foundation for Fundamental Research of Matter — * Natuurkunde (N)
Director: Wim van Saarloos *Technische wetenschappen (STW)
Institutes:
. X . . . (] [ ] [
Rijnhuizen: Plasma physics Universities

director: Gerard Meijer

* Amolf: Atomic and Molecular Physics
director: Albert Polman

* Nikhef: Dutch Institute for Particle Physics
director: Frank Linde

e KVI: Nuclear Physics (closed)
director: Klaus Jungmann

Nijmegen: RU Sijbrand de Jong

Utrecht: UU Thomas Peitzmann

Amsterdam: VU o van den Brand
UvA Stan Bentvelsen

+...Groningen, Twente, Leiden, Eindhoven...
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Institutes:
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* Amolf: Atomic and Molecular Physics
director: Albert Polman

 Nikhef: Dutch Institute for Particle Physics
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e KVI: Nuclear Physics (closed)
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Nijmegen: RU Sijbrand de Jong

Utrecht: UU Thomas Peitzmann
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Nikhef collaboration: LHC: Astroparticle Physics:  General:
Nikhef institute + 4 Universities Atlas: Stan Bentvelsen Antares: Maarten. de Jong Thgory: Eric Laenen
Real basis for all particle physics HrfElas 17l el Auger: Charles Timmermans  Grid: Jeff Templon

Alice: Thomas Peitzmann  Grav Waves: Jo van den Brand

in the Netherlands , .
Dark Matter: Patrick Decowski

Director: Frank Linde
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A . stene Lo -
Muon Detectors Electromagnetic Calorimeters

Solenoid
Forward Calonmeters

end Cap Toroid

Barrel Toroid

Muon system

Electromagnetic calorimeter

Hadronic calorimeter

Tracking system
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N7 —
441U 2u2e candidate:

Run Number: 182747, Event Number: 63217197 - - . m,ead: 85.9 GeV
m,: 210 GeV

Date: 2011-05-28 13:06:57 CEST
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M Higgs Search Combination

CMS PRELIMate, \'s = 7 TeV | —— Observed i
Combined, L, =1.1-1.7 fb’ = Expected + 1o
1 0 :IZIIIIIIIZIIIZIIZIIIIZIZIIZIZZIZIZIIIIIIIIZIIIIIIZZIIIIZIZZIIIZIIZZIIZZIZZIII?ZIIIZIIIIZZfIIIIZIIZIIIIIIZIIZIIZIIZIZIIIIIIIZZI """" EXpeCted + 20 —

95% CL limit on 6/0gy,( A

100 200 300 400 500 600
Higgs boson mass (GeV/c?)

Expected exclusion mass range: 130 — 440 GeV

Observed exclusion mass range: 145-216, 226-288, 310-400 GeV
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P-Values & Best Fit
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Search for New Physics via forbidden B-decays

Standard Model

T AV,
S — - /!
~ W

Supersymmetry

b ’ H /H
S e h, A9
t >
’
’
S \‘ //
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LHCb: Bs—= ppu?

BDT =0.90
Decay length = 11.5 mm
Tracks shown for py > 0.5 GeV

m,,, = 5.357 GeV I H C[)
L\ C.)

1462011 18:57:08
Run 93593 Event | 179897868 bid 1140

2300 5350 5400
M, (MeV/c?) 13
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LHCb Event Display

2010 51459
8275 Event 202676660 bld 2069
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LHCb Event Display
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2010 5:18:24
/8275 Event 204504407 bld 895
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LHCb Event Display

2010 5:19:07
18275 Event 207646221 bld 2069

dinsdag 11 oktober 2011



LHCb Event Display

ZU10: 31928
/8275 Event 2009244946 bld 2026
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LHCb Event Display

2010 5:20:45
78275 Event 214771970 bld 2389
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LHCb Event Display

2010 5:21:06
8275 Event 216450766 bld 2189
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CMS: Bs—pu?

CMS Experiment at the LHC, CERN

Data recorded: 2011-Jun-28 09 47:55 087407 GMT(D4: 47 55 CDT) \
Run/Event 167898 /1773682763
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So far New Physics is not yet observed...

- — 7

2 CMS +LHCb

i preliminary i

0.8 =

i = Qbserved -

i #5888 Expected t 1o -

0.6 - (background + SM) i
04 |
02 F
N

S p—— E
BR(BY — ) [10”]
v

<1IxI0°@95%CL |,

But we have just started... much more to come...
These are really exciting times!
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\
\ \

Run number = 72330
Event number = 78621879

B \ m(up) = 3072 MeVi/c2
m(KK) = 1020 MeV/c2
m(UHKK) = 5343 MeV/c2

X% / NDOF = 0.8
Yo(t) =78 (L =20 mm!)
cos(a) = 0.9999998

\
muon+ J/psi

Note: this is the projection in the transverse plane, Xr Y
Vertex separation is much larger in 3D.

Bs = |/U ¢ The matter anti-matter asymmetry

ch

40
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—)J / LI) (p A I_ VS. (I) Standard Model

(Lenz, Nierste: arXiv: | 102.4274)

N ~— 0.25 —
o 723 - VLHCb Preliminary
A 8 02 Js=7TeV, L~ 337 pb"
— ? 0.15 |
o —
N <
uz'_ 0.1
O 0.05 : :
L') ol- | " | . —_
0 ’ E E
% -0.05|- e | 5 —68%C.L. -
1 et :'/ \.'.. . ~— 90% C.é.
pssspussuntpsd o = Rl B ) | P |eewck |
RTINS T —
Alog(L) o1 N : :
0.2 °F | — —
Most precise measurement of ¢ -0.25™ _L _12 —
® &s=0.13 +£0.18 (stat) £ 0.07 (syst) rad P ¢s [rad]
)
® Consistent with SM &
<

4 0 Evidence for Al's #0 :

 Als=0.123 £ 0.029 (stat) £ 0.008 (syst) ps’'

e 4 N W & O o

e I,=0.656+ 0.009 (stat) + 0.008 (syst) ps-'
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Quarks:

( u,u,u
d,d,d

Leptons:

()

Standard Model for particles

Fermions (Spin 1/2 particles) :The basic constituents of matter

C,C,C)(t,t
S,S,S

, €

b,b,b

Vector Bosons (Spin | particles). force carriers -

Strong interaction
Weak interaction

8 gluons

W+

Electromagnetic interaction Y

Gravity

&

w- Z0

Quarks only occur in colour

neutral objects: “Hadrons”

Baryons: qqq

Mesons: qq

= Hadron particles occur in multiplets

Only 3 generations of fundamental
particles are known

Grand Unification?

o Standard Modeal 60 — Mnimal
B S— < N ~ suparsymmetnc
T < | 50 > axtension of
Rt Y, / . TN Standard Modal

AT 40- e

Scalar Boson (Spin=0 particle).
Generates fermion masses via the Higgs mechanism
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Matter Waves for Particles without Spin

Non relativistic: Relativistic:
Kinematics: ﬁg
: E = o E2 — ]72 +m?2
Quantum Mechanics: F — % and p— _@'ﬁ kE — Z% and p— —iﬁ
Wave Equation: Zgw — __1v2¢ —8—2 — —V2¢ +m qb
ot 2m ot?
Continuity Equation: v ] — _?9[;) or 0, jt =

Probability density and current:

= o= N p = iy - o) = 2NPE
= * |N|2 = = —
jo= o (Ve -Vt ) Slp | | —z’(gb*ng—gngb*):QlNFﬁ

Negative Energy solutions: 7/ (+e) = 26\]\7]2 (E,p) = —26\N\2 (—F,—p)

The negative energy solution of a particle traveling backwards in time =
the positive energy solution of the antiparticle traveling forwards in time
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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,u]'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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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
2F 4 (27)° 2E¢ (2m)° 2Ep
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The Story Sofar...

) Plane Waves [N

Klein — Gordon

Current

2) Electromagnetic Field

3) Scattering: AitBi = Cs + Ds + ...

0 >
E? =p* +m?* E—>za p— —iV

(0u0" +m?) p(x) =0 5 ¢z) = Ne P
j* = —ie 7 (0"9) — (9"¢") ¢ ; Ous" =

Maxwell
GaugeFreedom

LorentzCondition

PlaneWaves

0,0"A" — 0”0, A" =3V or O,FM =j"
Ay, — A, = A, + 0\

0,A" =0 = Maxwell: 0,0"A” = j"
AH = NEW(p)e Pr® = 2 polarizations

=
|

I v

C Th— i / a4z 5 (z) V(z) i)

—iNANgNENG(2m)* 6% (pa + pB — P — pp) M

d’pi

1=1

(27’(’)3 QEZ

. Flux = 4\/(pA - pB)? — mimQB / &
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The Story Sofar...

) Plane Waves [N

Klein — Gordon

Current

2) Electromagnetic Field

3) Scattering: AitBi = Cs + Ds + ...

E? =p* +m?* EHZ% ﬁ%—zﬁ
(0,0 +m?) p(z) =0 ; ¢(z) = N e Put"
gt = —ie |97 (0"¢) — (0"¢") @] ; Ouj" =

Maxwell
GaugeFreedom

LorentzCondition

PlaneWaves

0,0"A" — 0”0, A" =3V or O,FM =j"
Ay, — A, = A, + 0\

0,A" =0 = Maxwell: 0,0"A” = j"
AH = NEW(p)e Pr® = 2 polarizations

Today: Electromagnetic Scattering
* A particle in a potential
 Spinless m—K scattering

- |Tfl‘2 . L . 4 *
Tyi = —iNANpNEN;(2m)* 6*(pa +ps — pc — pp) M
N
V dgﬁz’ 2 2 2
" £ (27)3 2E, - Flur =4y/(pa i)~ mEmy [V
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1) Free particle wave equations Plane wave solutions: Current: g 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:

0) (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 Electrodynamics

(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
iy AT * * _ 2
KG: (30" +m* Yp (x)=0 ¢ (x)= Ne™” Jjt=ilo ("6 )- (0" )4)] - p=2|N[E
' : —ipx ; . = f
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 =7 with 0, A =0 (')M(")“ 4 =j (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 N s
1 . * V = d3x ’ V .
o Iy ma, (1= 2)mifdtso (O (o () TR E)
B: relativistic extension: [Tf """""""""""""" o e a
W, = lelloof_y and T, =-iN,N,N.N, (2n ) 8*(p, +ps—pe-pp) M
_________ C:cross section: T 4\/222/2
- - %
A y C do _ Wi AP e (pApB)3 Tt do 1 1\p, |M|2
D B dQ  flux V_dp dQ 64n° s

P;

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

Dirac: (l.Y Mau —m)P (x)= 0

Plane wave solutions:

0) (x) = Ne ™"
Y (x)=u(p)e™

Quantum Electrodynamics

Current: j“ =( .
ju=i[¢*(au¢)_(auq)*)p] I:> p=2‘N‘ E
J* =gyt p =y =0

2) Electromagnetic field

9,044 -39 A" =}

Maxwell u

or d F" =)

Gauge freedom:

A, —= A =4 +9 ]\
with 9 ,0"A =0

Plane wave solutions:

A" = Ne* (p)e'i”x

(2 polarizations since m=0)

Lorentz condition:

d,4" =0
('9M(9MAV =jv

3) Scattering Perturbation Theory

A: non-relativistic derivation:

Plane waves Wv
4>
O;

w=2%@mﬁyw
Ty =a,(t—o0)=~ifd"x¢; (x)V (x)o,(x)

e e

T-st order: >
|7 |
Wﬁ = lim*+—— with
. T—o0 T

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

V= fdxo; ()7 (o ()

 Burelatvisticextension: |, | o
Wﬁ=T111/IEOOW and Tﬁ=_lNANBNCND(2JT‘) 0 (pA+pB_pC_pD)M
""""" C: Tross section: T 2222
A C do W, ﬂux=4\/(pApB) —-mmy |V Jo 1 o1lp )
— ! f
B - Vv d’p, - 2 |M|
D dQ  flux dCI)=H : 2El dQ 64n” 5| p,
i 27[‘; i
4) Electromagnetic Scattering Ot — 9% —jed"™ | ( )

@04 +m* Yo (x) = (0,0 +m*+V () (x) ; V(x)=-ied 4"+ 4,0" T, =if~ie[o;(9,0,)-(0,0; ] 4" d'x

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

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

Gauge freedom:

A, —= A =4 +9 ]\

Lorentz condition:

9, A" =0

Plane wave solutions:

A" = Ne* (p)e'i”x

with 0, OdA=0 (')M(")“ A =7 (2 polarizations since m=0)

or d F" =)

i i T-st order: >
3) Scattering Perturbation Theory ; o _ (H . V(x,t))p | ‘Tﬁ‘ |
A: non-relativistic derivation: ot 0 W, = Pm— with

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

V= fdxo; ()7 (o ()

S

Plane wavi C@/q)fv (I 2% (), ()™
(I)i T,=a, (ie 00)=—'fd4x(j); (x)V(x)q)l. (x)

" Burelatvisticextension:  [I,[ o o b
W, = lelloof_y and T, =-iN,N,N.N,(2r ) 8*(p,+ps—pc—-prp)M
""""" C: eross section: ™ T 4\/()222/1/2
A //4(} do ) Wﬁ ﬂM.X— P4Ps S_mAmB do _ 1 l pf |M|2
D B dQ2  flux V_dp dQ 64r’ s| p,

dd =
H (2n )3 2E,
4) Electromagnetic Scattering Ot — 9% —jed"™ |

(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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‘ 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" 0, —m) P(x) =0

1
V2
V3
(U

(

Ua(p)
Us(p)

Solutions to the Dirac Equation

) e—ipa:‘

dinsdag 11 oktober 2011



Solutions to the Dirac Equation




c
O
=)
(qo]
-
—
LLl
O
(4]
=
A
)
e
=)
O
)
(Vg
c
O
=)
=
O
V)




Solutions to the Dirac Equation

(1" 0, —m) P(x) =0

(o 5)7-( 5%
(G- PHUs = (E—m)Ua
G-p)Us = (E+m)Up

2)choose :

Y =

1
V2
V3
(U

¥

Ua(p)

Us

(

p)

) e—ipa:‘
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Solutions to the Dirac Equation
Un
(0, —m) v(x) =0 =  p=| "2 :(UA@))e-m

V3
(U

Up(p)

(5 p) UB — (E o m) UA [ — * e — G ﬁ: ( pz. Px — 1Dy )
(5ﬁ Usg = (E+m)UB A_(*> B_< ) Pz + 1Dy —P=
1 0 0 0
0 1 0 0 L
0 ) — 0 . U = 0 UGB — X . U@ = 0 ot
0 0 0 1
. w_(1Y . go_(0 (1) p=/(E+m) (2) _
1)choose : U, —< 0 ) ; Uy —( | ) Uy —( (pa + ipy)/(E +m) ) Ug’ =.. etc
2)choose : U1<33> = ( (1) ) ; Ugl) = ( g) ) Uf) = ; UXL) =
1) Solutions are orthogonal 4) Completeness: Z u'®) (p) s (p) =¢ +m
2) Normalisation: N =+vVE +m s—1.2

3) Adjoint:

(B —m)u=0 = w(p-—m)=0 o la L s (&0
5 +m) = 5)_Helicity: _§E'p 7 E_(O 5)

(g +m)v=0 =
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S=0 QED : S=1/2

Wave equation: (8,0" +m?) ¢(x) =0 (iv*9, —m) YP(x) =0
Solution: d(x) = N e~ tPT V(z) = u(p)e—'ip:c
Conserved current: 3" =i [¢p™ (0" ) — (0" ™) @] j* = PpyFap
Perturbation Theory T'¢; = —i/d4a: qb;l(a:)V(a:)qbz(a:) Ty; = —i/d4$ wT(w)V(w)wpi(w)

Electromagnetic Field: o, F" = g% with FrY = grAY — 9¥ A

QED: ot — o — ieAH = Te; = —i/ 3i(x) A (z) d*x
Feynman Rules: A C
l te(ucyHu,)

ie(pa + pc)*
—tM = * ig;u//qz

. —iM = - —igu/q?
- te(pB +pp)” :

- te(upy’up)

B D
Cross Section:
do a? /34 cosB\? do 1 1 2 do a 4+ (14 cos6)?
— = <= — = — | M| = — =
d? 4s \1—cos@ dQ? 64w? s d? 2s (1 — cos)?

Mandelstam Variables & Crossing;
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QED Electromagnetism /Weak Interaction \Weak

Matter Waves: i (v#9, —m)¢(xz) =0 ; (x) =U(p)e P ; (¥ —m)u(p)=0

Substitution: o — " —1eAV o — 0" + igB"
Field Equation: 9,0"A” — 0,0 A" = 3., 0,0"BY — 8,0"B" + m*B” = jy e
. _ f1 4
Perturbation Ty = _Z/JEM,M Al (z) d*x Ty = _Z/JWeak,u B¥(z) d*x
Theor fi — i —
. . A C - g (—~ 1 5
Matrix Element: ie(Tor un) | Zﬁ(quv“(l 7 )";A)
—iM = - —igu./q? —tM = CT ZQM1V/(M —q°)
.- te(upy’up) Aﬂ Bu : Z%(ED{YV“ — ’75)“'3)
e-l-e— N Il'—l_ll'_ B D no = e_u,,ﬁe
do a2 Gi-,m5
— = — (14 cos?0 ' —= ©
ds} S 1+ ) 19273
""""""""""""""""""""" LR 5 = 2
General Matrix Element: M = Z Cz'j (EC(’)iuA) - prop - (ﬂDOJ”U,B)
i

S=vtp; V==9yy'y; T =9 ; A=y°y"¢ ; P = ¢3¢

s+ (%) () () = () v (1)
awe < ()« (3) + (8) = (3 ) ()

Weak Interaction:
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Symmetries

Lagrangian density is the basic object for physics: £ (¢(z),0,¢(x)) = 9 (iv*Dy — m) ¢

Symmetry: Require that the Lagrangian
remains invariant under a
symmetry operation.

Unitary Phase Symmetry U(I)

Covariant Derivative:
Dy = 0y +iqA,(x)

Gauge Transformations:
Y(x) — ' (2) = e ep()
Au(@) — Al(2) = Au(e) — dua()

U(1) Lagrangian:

P (YD —m) ¢

Ly)

(Maxwell gauge invariance)

4 Basic symmetry groups:

Permutation symmetries

Continuous space-time symmetries (“‘external”’ symmetries)
Discrete symmetries: C,P, T

Unitary or Gauge symmetries (“internal” symmetries)

¥ (iv*D,, — m) ¢ | Yang Mills Symmetry SU2)| (x) = ( 71; )

Covariant Derivative:

: SU(2) Lagrangian: % (iv"Dy —m) Y = 4 ("9 —m)yp —

]_ —
D, =0, +1igB,(x) with B,(x) = 57_"- b,
Gauge Transformations:
Y(z) — o' () = e'2T O y(x)
Bu(z) = Bl(x) = GBu()G™'+ (0,6)G™"
- - - - 1
bu(z) = b, (z) = by—axby,— ;(‘9“04(:13)
qa,yp,qu ----- “non-Abelian”
TR
g— o,
Elb’Y“T%b by
Lsu@) = £g~5_e(2) T ;M Bu
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Standard Model of Electroweak Interactions

Origin of interactions is described via the principle of local gauge invariance
Recipe: Take the Lagrangian of free Dirac particles:

LDirac = E(w) (Z’)’“au — m) w(w)

and impose that it should remain invariant under:

Uy + $@) — /(@) = ¥ *@p(a) 5 Y = hypercharge , Q=Ts+ ¥
. )
SU(2) : ¢r(x) — ¢ (z) =T ¥ @yr(z) ; T= %% = weak isospin , g = (1 27 ) P

To keep the Lagrangian invariant compensating gauge fields must be introduced which transform

simultaneously with the Dirac fields:

Y — —_
8, — D, = 0,.+¢g > a, + gT-b, a, = hypercharge field

Jy Sy o 1 12 13 : :
L = Lfee — G - W — 9 Jt . b, b,,b;,,b, = weak isospin field
. bl — ib?
The physical currents are: C.C.: W = % N.C.: Z, = —a,sinfw + b}, cos Oy
bl + ib?
Wu_ = ”"\/5 H A, = a“COSBW—l—biSinew
The interaction Lagrangian is:
_ 1 .
L = Lfree —iv,bu'y“— (1_75) Vg W; e = gsinOw g’/gztan9w
\/i 2 g — g / cos Ow
g — .1 5 _
—E%’Y“g(l—V)%Wu cl = Tf —2Q7sin 6w
ct — Tf
— QYA A, A = T
— 1 _1/2 u v
—gzzbv“E(C‘f/—wa"’)iPZu L= 1/ (d)(l)
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Feynman Vertices

S T q .
7Y /V“»Q< g WQ< i "”‘
6+, H+a Tt a |
f
N.C.: g Cy =T —2Q7 sin® ow
O p—
Z 9= = Cos Ow Cfx = Tg
f
. Vel VnuL VrL
g/V2 g/V2 9/ Y2
147 W w
er, KL TL
U c ¢
1% w U V2 w X
d’ ’ bl
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