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Lectures PPI

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 QED for

L8 : Spin |/2 Electrodynamics 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” — vy,Z — utw



Lecture notes

* we use lecture notes written by Prof. Dr. Marcel Merk

* will hand out notes at beginning of each lecture

* you can also find those notes on the web:
http://www.nikhef.nl/~wouterh/Lectures/PP|

Books (one of these)

* Griffiths, Introduction to Elementary Particles (2008)
* Halzen and Martin, Quarks and Leptons (1984)

(See lecture notes for many other books. )


http://www.nikhef.nl/~wouterh/Lectures/PP1
http://www.nikhef.nl/~wouterh/Lectures/PP1

Exercises, exam

® cach lecture is followed by a tutorial session
® exercises can be found in the lecture notes
® answers count for final mark!
® grade (I-10) given by assistents (Panos and Sim)

® receive 2 bonus points if you hand them in within one week of lecture (at start of

lecture, or in my mail box downstairs)

average exercise grade counts as |/3 of your final mark

® final exam
® Tuesday October 22th

® open book exam (but no computers, pets, ...)



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: Jet Bussmaker
Staatssecretaris:Sander Dekker

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

director: Richard van de Sanden

* 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...

Nilkhef coliaboration: LHC: Astroparticle Physics:  Other:
Atlas: Stan Bentvelsen Antares: Maarten de Jong Theory: Eric Laenen

LHCb: Marcel Merk Auger: Charles Timmermans  Grid: Jeff Templon
Alice: Thomas Peitzmann  Grav Waves: Jo van den Brand
Dark Matter: Patrick Decowski

Nikhef institute + 4 Universities
Real basis for all particle physics
in the Netherlands

Director: Frank Linde



Nikhef

® about |50 physicists: staff, post-docs, PhD students
® 2/3 on LHC experiments (ATLAS, LHCb,Alice)

® neutrinos, gravitational waves, dark matter, theory, detector R&D, ...

® engineering
® clectronics

® mechanics




Example: LHCDb vertex detector

production and assembly

physics




AL 0




Testing a particle theory

theory (or model)

measurements

* particles

® interactions

® scattering
e decays

* bound states

n=3

n=2 /

n=1 * W+
. AE = hv



Figure 1.1: The discovery of the positron as reported by Anderson
in 1932. Knowing the direction of the B field Anderson deduced
that the trace was originating from an anti electron. Question: how?
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Figure 1.4 One of Powell's carliest pic-
tures showing the track of a pion in a pho-
tographic emulsion exposed to cosmic
rays at high altitude. The pion (entering
from the left) decays into a muon and a
neutrino (the latter is electrically neutral,

- ’ 2 and leaves no track). Reprinted by per-

(R —- 2 e Ol mission from C. F. Powell, P. H. Fowler,

; x—n “_: , . and D. H. Perkins, The Study of Elemen-

L e s 7 1 -'-"““u.-_-A tary FParticles by the Photographic Method

. Ty : s : % 4 (New York: Pergamon, 1959). First pub-
— aE— lished in Nature 159, 694 (1947).

electrons we do observe are confined to the positive energy states. But if this is
true, then what happens when we impart to one of the electrons in the ““sea’ an
energy sufficient to knock it into a positive energy state? The absence of the







mass
A X A" AT

S=0------- . ~1230 MeV

_ R ~1380 MeV
S=—leoeooe Q=+2

I U ' ~1530 MeV
>==2 Q=+1
S=—3 o) \ ‘»on ~1680 MeV
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Concepts in lecture |

® natural units

® observables

® Yukawa potential

® crossing

® strangeness, associated production

® the particle zoo: baryons, mesons, the “eightfold way”
® colour

® the standard model



Standard Model for particles

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

Quarks: Quarks only occur in colour
( u,u,u ) ( c,¢c,C ) (t 0, ¢ neutral objects: “Hadrons”
d,d,d S,S,S b,b,b Baryons: qqq
Mesons: qq
Leptons: = Hadron particles occur in multiplets
Ve Vu V1 Only 3 generations of fundamental
e- - T particles are known

: , . Grand Unification!?
Vector Bosons (Spin | particles). force carriers -

60 ~—— Standard Modal 60 — Minimal
Strong interaction 8 gluons 50 T M s,‘,,
o ° + - 0 B - P 20- ~ tandard Modol
Weak interaction W* W- Z o O o O ) L
Electromagnetic interaction Y o i
Gravity g ol
C.

1 10°

=Forces originate from principle of local gauge invariance

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: E = P 2 — ]72 +m2
2m 9
Quantum Mechanics: | F — g and p— v, L — 7’& and  p— —iV
0 ” 1 0 2
Wave Equation: ) = —— 72 ———¢=-Vp+m¢
Z(‘?tw 2m 4 ot?
. : = 8,0 .
Continuity Equation: V.-j= —5 O 0, 3" =0
Probability density and current:
a >k
p = Vo= NP p = iy - o) = 2NPE
Z * |N|2 . -
o= gy (Ve ) T (¢*V¢ - ¢Ve') = 2Ny

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

Non-relativistic:

V-B

Maxwell 144  — 3
-> 2:m?nui’ry V x E + 8_3
% Ot

. - OE

V x B — a7

Gauge Invariance:
Lorentz Condition:

Coulomb Condition:

= P
= 0

= 0

—

;P — —iV Relativistic:
E? = & 4+ m2
82 2 2
Co= V6t m’

AF 4 OF

<|u
|
|

B = VxA
. OA -
E = -2 _VV
ot

ar = (v, 4)

J = 0,0MAY — 99, A"

Photon has 2-polarizations!

0 Bohm - Aharanov Experiment!




Cross Section: A+ B — (C + D

' d’pc d’pp
3 3
4\/ (pa - pp)? — mEm3 (27)° 2E¢ (27)° 2Ep

Decay Rate: A— B -+ C

om)* 6% (pa — pc — pp) M2 d*pe d*pp

dF — ( 3 3
2F 4 (27)° 2E¢ (2m)° 2Ep
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The Story Sofar...
) Plane VVaves Kinematics : E?=p*+m? ; FE — zg D — —iV

’ Ot
Klein — Gordon : (0,0"+m*)¢(x)=0 ; ¢(x)=N e~ Put’
Current : j* = —ie [¢" (0"¢) — (0"9") @] ; Ouj" =
Maxwell : 0,0"A"” —0"0,A" =3 or O,F" =j"
GaugeFreedom : A, — A = A, + 0,
LorentzCondition : 0,A" =0 = Maxwell: 9,,0"A"” = j"
PlaneWaves : A* = NEH(p)e P+ = 2 polarizations

3) Scattering: AitBi = Cs + D¢+ ...

Today: Electromagnetic Scattering

* A particle in a potential
 Spinless m—K scattering
' Tl Tr; = —i | d*xi(z) V(z) v (x)
T.V =00 TV = T f Z
Ty; = —iNaNgNEND(2m)* 6% (pa+ ps — pe —pp) M
N
4 dgﬁz' 2,2 2
" £ (27)3 2E, - Flur =4y/(pa i)~ mEmy [V
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Plane wave solutions:

0) (x) = Ne™
p (x)=u(p)e™

1) Free particle wave equations
K.G.: (8M8“+m2)(|)(x)=0
Dirac: (l.Yuau —m)P (x)=0

Current:

P ) e ] o

J* =gy

Quantum Electrodynamics

p=2|N[ E
p=p =0

0

2) Electromagnetic field

9,04 -39, 4" = '

Gauge freedom:

A, —= A =4 +9 ]\

Lorentz condition:

9 A" =0

Plane wave solutions:

Maxwell " A" = Ne ¥ (p )e—ipx
or auFW = jv with d, d'AN=0 8M8“ A =7 (2 polarizations since m=0)
3) Scattering Perturbation Theory NP (H v ( t))p T-st order: ‘ ‘2
—_— = + X, . i .
A: non-relativistic derivation: ot 0 W, = PmL with

S

Plane wavi C@/q)fv Y = 261” ()9, (¢)e”
O; T,=a, (ieoo)=—'fd4X¢;- ()7 (x)e; (x)

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

V= [dxo; ()7 (o ()

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

________________________________________________________ e | A A A

 B:relativistic extension: =~ [Tﬁ
W,=lm —— and T, =
C: cross section:
A //40 do _ W,
D B dQ2  flux

4) Electromagnetic Scattering

0" — 9" —jed"

(8M6“+m2)q)(x) — (8M8“+m2+V(x))q)(x) X V(x)=—ieé)MA“+AM6)M

(iy“au—m)q)(x) — (iy“au—m+V(x))q)(x) X V(x)=—ey0yMA“

fwx = 4(ppa ) - mini 1V

do 1 1

dQ  64n’

Py

M|

V d3pi

dcp=n(

21 )3 2F, b

I, = _if_ie [q); (a R )_ (6 uq); )1)1] A" d'x

Tﬁ -

. . —in.x * *ip X v * i(Pp-Ps 1 ;
BSpIhOCaSG. i o, =Ne p q)f:NfePf 9,0 A“——]ED——eNBND(p§+p,%)e(p Pg) AM=__2];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 )“ gz“ 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: oM = (3.8d) 1 {10} =29""
o(r) = 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

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

ip = 107 (0"e7) = (0"0F) &s| i g, = Yyt
—eNiNj (vl +pf) /0P = —eTy(p) V" uilp) PP

Transition currents K Feynman rules
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Lectures PPI

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 QED for

L8 : Spin |/2 Electrodynamics 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” — vy,Z — utw



Solutions to the Dirac Equation

GPUs = (E+mUs ) T petivy -
0 0 0
1 0 0 —1px
: [7(2) — 0 : UGB — X : 74 — 0 L e
0 0 1
. wm_(1Y . g@_(0 (1) _ p=/(E +m) (2) _
1)choose. Uy —<0) Uy —(1) Ug _((px+zpy)/(E+m)> Uy’ =... etc
p
2)choose : U1<33> = ( (1) ) ; Ugl) = ( 2 ) Uf) = Uf) = ...
1) Solutions are orthogonal 4) Completeness: Z u'®) (p) s (p) =¢ +m
2) Normalisation: N =+vVE +m —

3) Adjoint:

(F-m)u=0 = @ -m)=0 o da .« (70
(4§ +m)v=0 N 5+ m) — 5)_Helicity: _22 [ Z_(O 5)
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Wave equation: (8,0" +m?) ¢(x) =0 (iv*9, —m) YP(x) =0

Solution: d(x) = N e~ tPT V(z) = u(p)e—ipa:
Conserved current: " =1 [¢p* (") — (0" ™) @] j* = PpyFap
Perturbation Theory T'¢; = —i/d4a: ¢ (x)V (z)pi(x) Tg; = —’l:/d433 YT () V (2) s ()
Electromagnetic Field: o F" = 3" with F* = gH AY — 9¥ A+
QED: ot — ¥ —ieA" = T, = —i/ 37 (x) A*(x) d*x
Feynman Rules: A C
ie(pA + pC)u : ie(ﬁc'y“uA)
—iM = —igu/q

—iM = - — 19/ q?

- te(pp +Pp)” - ie(upy’uB)

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: ¢ (y#9, — m) ¢ (x) =0

Substitution: o — o —ieA” o* — o* + igB*
Field Equation: 9,0"A” — 0,0 A" = 3., 0,0"BY — 8,0"B" + m*B” = jy e
. . f1 . . -f1 4
Perturbation Ty = _’/JJJ;ZJ\J,M Al (z) d*x Ty = _Z/JWeak,u B¥(z) d*x
Theor fi — i — 1
. A C g
Matrix Element: ie(Tor un) | Z%(uqév“(l - 75)";A)
—iM = - —igu/q? —iMo= - — g /(MF — ¢°)
.- 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
— = — (1 20 I' = H
ds} S (1 + cos™6) 19273
"""""""""""""""""""""" 7 % = . L
General Matrix Element: M = Z Cz'j (EC(’)iuA) - prop - (ﬂDOJ”U,B)
i,

S=vpy; V=93 T =vpo"p; A=ypy>y'p; P =py°y)

i P(x) =Up)e ™" 5 ( —m)u(p) =0
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Lagrangian density is the basic object for physics: £ (¢(z),0,¢(x)) = ¥ (iv*Dy — m) ¢

Symmetry: Require that the Lagrangian 4 Basic symmetry groups:

remains invariant under a * Permutation symmetries

symmetry operation. * Continuous space-time symmetries (“external” symmetries)
* Discrete symmetries:C,P, T
* Unitary or Gauge symmetries (“internal” symmetries)

Unitary Phase Symmetry U(l)| 3 (iv#D,, — m) ¢ |Yang Mills Symmetry SUQ2)| ¢ (x) = ( " )

Covariant Derivative: : Covariant Derivative: ;
Dy, = 8, + iqA,(x) D, = 0y +tgBu(x) with B,(x) = 57_" - by
Gauge Transformations: Gauge Transformations:
’l,b(m) N ’l,b'(il?) — eiQa(w)¢(m) i ’QD(ZB) — wl(w) — ei%?.&(w)¢(w)
: , B () B
Au(@) = AL(2) = Au(@) — Bua(@) | Bu@) = BL@) = GBu(2)G '+ (0,6) G
(Maxwell gauge invariance) : =, - L -
U(I) Lagrangian: bu(z) — b,(x) = by —axb,——duc(x)
P Dy —m) = G0 — )Y — gy pA, non e
Low = E00) o LA
. SU(2) Lagrangian: ¢ (iv*Dp —m)¢ = 4 (iy"0, —m) ¢ — g@’Y“ﬁb b,

Lsu@) = ‘ng‘e@) + 3% by
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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) ¢(~’B)
and impose that it should remain invariant under:

Ul)y : ¥(z) — ¢'(z) = eV *®y(a)

1
: Y = hypercharge , Q = T3 + EY
SU2) : tr(x) — ¢y () = T @y (a)

L1 L 1 —~°
T:ET:vveaklsospm, P = (g

2
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 Jy - b, b,,b;,,b, = weak isospin field
bl — ib?
The physical currents are: C.C.: W = “\/5 a N.C.: Z, = —a,sinfw + b}, cos Oy
bl + ib?
wW-=-+£_F A, = a,cosBOw + b3 sinOy
. . o s 2 g g H
The interaction Lagrangian is: V2
L= Looo — =P, 7"~ (1—+°) g W e = gsin Oy g'/g = tan Oy
\/5 2 g — g / cos Ow
g — .1 5 _
—E%’Y“g(l—V)%Wu cl = Tf —2Q7sin 6w
_ Fo_ pf
— 1 _1/2 u v
—9:% 7" (C(/—Cﬁv"’)thu L= 1/ (d)( l )




Feynman Vertices

e ,u ,T 9 i
E.M.:
Y /V“»Q< Y WQ<
€+,[,L+,’T+ a Y
f
N.C.. g Cy =T§ —2Q7 sin® Oy
0 gz —
Z cos Ow Cfl = Té,f
f
Vel VuL VrL
C.C.:
g/V2 g/V2 9/ Y2
1174 144 w
er, KL TL
u c '
g/Vv'2 V2 9/V2
9/ w3 w
d’ ’ bl



® contents of PP2 course:

® QCD (Michiel Botje),

® Higgs (lvo van Vulpen)
® start:in ~ 3 weeks

® web page QCD part
http://www.nikhef.nl/~h24/gcdcourse/

® web page Higgs part

http://www.nikhef.nl/~ivov/lvo_teaching.html



http://www.nikhef.nl/~ivov/Ivo_teaching.html
http://www.nikhef.nl/~ivov/Ivo_teaching.html

