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It doesn’t matter how beautiful your theory is, it
doesn’t matter how smart you are. If it doesn’t agree
with experiment, it’s wrong.

——Richard P. Feynman
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Tntved ucton : Wh R Quantum  Fleld Theory

The concept of wave - particle dualiey telly ws that the grogerdies of
eleckvors and  photons are.  fundamentsll y very similar.
Electren :  the matter pavticle 5 one elementary constitwents of Nature
Photen  : a vipple of the eLecfvomane{:a‘c field

Ij -I-;kqd are -(:'md\\‘ to be ﬁltced. on e,%uq.l, 'Foot')‘vj ) how shoud we veconcile

this  difference 4n the guantum world ?
® \View partile as jvmo!a.mz«hl, ;  the EM field af?sﬁs or\lﬂ W some class?cal Lmit
from o collection of guantum -photons

View the fidsl as fundamental ; the photen apfears only wlen we corractly

trext the EM fidd with quontum theeyy cons?stenflj ;

15 it s corvest should we mevoduce. an ™ electvan :F?dd. 79

The 2nd uvlewpoint abeve is the most usefull ;
The fiadd 3 primevy  and particles are derivesl concests,
appeaving anly  after quantization.
In this counse we will show how fhotons arise from the quantiaaton of the EM fidd

how massive | chmseot partieles such & electvang avsL  from the guomt2atdn :S-‘ mectitsy

fttlis .

Alse. guavk frelde, meutvimo Fidds, gluon Fealds, W aud 2-bocon frelds, Higy freldr



In clascieal »pk:’;\‘c; , e Primary  veuon For zc\-troduec‘-j the concept of the j:qlel 7s to
congtruct Lasos of Nature that ave  Leeel .
The old laws vj Coulomb ond Newton imuvolve * acton at a distewe
=D Ij o distawt proton ( ov star) wouves, thew the Force Fele bJ an
electvon. C oy planet ) c)\e.hjq '7"\"\&0(.\‘«.{0.\\\,.
T)\e above, situation - ex‘penneafdl\\j wrong.
Tke Tegurie, ment oj Locqlrf\\’ Temaing a stYovs motioation for stucljf-j 'fcclo( theordes

N the Guantum world, .

ij QFT ?
© Q?c.céal, vzlat\‘vﬂj imples that Ppartle member % ot conrevved.
Ang attempt to write dewn o velativigtie verston of e ane—Portile Schrsdiager
eguation i oloomed to j‘qilv.n,
Eg. Negative probabilitier | infinte towers of negtive energy statss
a breahdown v cqu.Sa,(.\‘t:j.

® Al gportider of the same type are the same.

Quantum  partteles that ave the same, ave tmv.l:] Mabis tuguishadle .

qu-pynj two prrticley Qeaves the state mc}m.waed s wp te o -pes;.‘bLQ minur £
that determines the statistics of the pavtxle, .

Tn GM, you have  ta Put there statisties W by handl .

In GFT, 't & a congeguence of the framzwofh,.



QFT s the guantization oj a clagrrenl fidd . In  ctandard @M, to.h-‘-g e clasial

d.o.f. and, Promote dem to o-peraters a.ct\‘nj on & Hilbere Space .

Sjsfszms wkk «?-\F?v\:iellj M‘\‘S QuSnium t\\covs of a ;7~3LL
clageel of freedom . eg. the partde. | £3. tR wave funtm
clagzeal electo-magnesc fred  Acx) of an detton . Yx)

compatih luj with
relativistic a2 c’?l&,

Qu antum F?elol Tl\Qof J ]\

Quanty sation
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S rerormalizatron g¥owd j‘rLow

Quants  at  space - £rhi seperat

. Acc,-(d:.j to ‘?YCSQ‘\f hﬁoquQ, . QFT 2y (!-3)‘ <O, Cwvol -fnflwcudz.;
e cov\cc-p-tua.l. framevork.  for all  miero 1;7\3 ticul each othev
Proassag,
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deovetcal  phystes I B2 sewcad  dulf of
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Indis penstble.  for modera pavtilz physics but also  for oy condansed. mater,
co:noloaj ; fuantum 31'\\7.‘?3 and Ppuve mathematics.
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Notations and Conventions

Units
We will work in “God-given” units, where
h=c=1.
In this system,
[length] = [time] = [energy] " = [mass] .

The mass (m) of a particle is therefore equal to its rest energy (mc?), and
also to its inverse Compton wavelength (mc/h). For example,

Metectron = 9.109 x 10728 g = 0.511 MeV = (3.862 x 10" cm) ™.
A selection of other useful numbers and conversion factors is given in the
Appendix.
Relativity and Tensors

Our conventions for relativity follow Jackson (1975), Bjorken and Drell (1964,
1965), and nearly all recent field theory texts. We use the metric tensor

1 0 0 0

— MV

0-1 0 0
Jww=9"=10 0-1 0 |
00 0-1

with Greek indices running over 0, 1, 2, 3 or t, z, y, 2. Roman indices—
i, j, etc.—denote only the three spatial components. Repeated indices are
summed in all cases. Four-vectors, like ordinary numbers, are denoted by light
italic type; three-vectors are denoted by boldface type; unit three-vectors are
denoted by a light italic label with a hat over it. For example,

t = (:ro,x), Ty = G’ = (:1:0, —X);
p-T = gup'z’ =p°2° - p-x.
A massive particle has

P’ =p'py = E* — |p|* =m®.

Xix



Note that the displacement vector z* is “naturally raised”, while the derivative

operator, 5 5
O = dxh (on’v)’

is “naturally lowered”.
We define the totally antisymmetric tensor e"V?? so that

12 = 41,
Be careful, since this implies €p123 = —1 and €'?3° = —1. (This convention
agrees with Jackson but not with Bjorken and Drell.)
Quantum Mechanics

We will often work with the Schrédinger wavefunctions of single quantum-
mechanical particles. We represent the energy and momentum operators act-
ing on such wavefunctions following the usual conventions:

9] .
E = Zm, P= —iV.
These equations can be combined into
p" = 10"

raising the index on 0* conveniently accounts for the minus sign. The plane
wave e~ %' has momentum k*, since

iau(e—ik-x) = kM e—ik-x‘

The notation ‘h.c.” denotes the Hermitian conjugate.
Discussions of spin in quantum mechanics make use of the Pauli sigma
matrices:

1_ (01 2_ (0 —i 5_(1 0
"’(1 0)’ 0_<z' 0)’ “‘(0 —1)'

Products of these matrices satisfy the identity
olo? = 69 + ielkgk,

It is convenient to define the linear combinations ¢* = 1 (0! 4+ i0?); then

. (01 _ {00
=\o o) 2 T\10)

Fourier Transforms and Distributions

We will often make use of the Heaviside step function #(x) and the Dirac delta
function é(x), defined as follows:

0(z) = {(1’ N b(x) = - 0(a).
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actvon / ,K \ fun damental Parameters

J.agf“"se— Felds ¢ fine structure constant ,
density Picx)  x=ck D) dectron masc, --)

o Wwhich €reloly  ex's¢ 2

¢ Fidds ore the grimary cbjects . not the arverles)

. Which s\nsmn\etf-‘es exist 2

¢ Symmetries  contain  the stustwre of L)

In velatioistic  OFT  one aloqgs veguives that the action 15 Tnvaviant wnder Lorenty

transformations andl S?au— +'me translation . More *pvec'fsels,
g= ¢ A, @) element of the Poincave group XM= A, Ve ar
7 N\ or tnhomo geneous Lorenty grous
travsle€ton
boost
votation

The state of o %u‘lh'(\cm stﬁrm aso  transform , e,

(A, Q) — Uc A, a)

oparator on the Hilbert space

13> = WA o) Iy
A, A -1
o = UCA,a) O U A, o)
Invavrtance maans that 1< ll-'l l[.’>| = l<yly>|

g.mi UCA,a) must be « um‘tuvj operater ¢ -pms-‘hln wp +o @ —?hﬁ.se)

A €eld oparator Ocx) s called scalev ofperator | '\‘f

A _ A
UcCA,a) Ocx) Wena,ay = OcAX+Q)
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The Standard  Model of partice Phy sics whidh  descvibes  all  observations

C except for the existmce of dark matwr) 2% based om  an amazingly small number

of € elds awndd S\\Smet‘j Privc c‘w?'ﬂ <

Fields @y, Uz, Dx Lett-  ored v.‘j‘\-t- handesl, %u.nvb.r
Ca= 1,2, 2 for three J&\QYQ‘t-‘oq)
lv, Ex Qeft- ond 1.‘3‘*- handel. legtons
fest - hanoled onb neutrinogs
¢ the Higgs field
Auww , Asum, Asuay Photen Cluon W/2 - Bosom
uct) SuQR) SU2)
j,‘o +the amu-‘-t-\“oml, metre  flelo, . There -
ne euidunce e that  his § @ guantem
feld, But there s no veasan ”‘:‘j ¢
cheldr's be C = Jrao?{-on: >
S:jmmltf?u SU(@R) x Sva) * VY Jauge - S':]Md"_‘]
st'(on3 — —/
de:ﬁoMJnef\‘c + weeh Mm@racton
intovaction
Poincare Symmetry
Particle Mass
The vough masses of Some particles : neutrinos ~ 1072 eV
electron 0.5 MeV
Muon 100 MeV
Pions 140 MeV
Proton, Neutron 1 GeV
Tau 2 GeV
W,Z Bosons 80-90 GeV
Higgs Boson 125 GeV




Congtructive QFT: 2 Quantum P‘\gsics > Glimm & Jaffe

® Euclvdean  Axzoms
Defime QFT 4n terms of anglu‘-h‘co.l_ continuation to imaginary tme,
Osterwalder - Schrader 19%3, 935
VY Anc»ljt'icftj
051 Regularity
0S2 Eudidean myarrence
083 Reflection positivity

0S4 ETJoda‘c?tj (3% B3%)

() Minkowski S'pqce. Axiomg
Wightman &  MHaag- Kastler axvoms
Wi Convariance : A continuous unitary vepresentation of dnhomogencows
loventg group § = Ucg) on the Hilbart spae R

°f %uo.n-tum t)\eog Stotes.

W2: Observables : -j—‘:elo( oparators dens'czlj defmed on X

w3 : .)_ocq_’.?'l:j ; F and h are spacefhe | L ¢(frpchd Tz o
W4 : The vacuwm vector s Hhe unigue vector

'HQ,O.J - Rastler axiom focus on the sze,bYQ"'C aspects of the frelds,

fnd@}qndeflj of thetr action on the specific Hilbert space XM

O-Pqn %uastwns :
Can one find a non-tyiviel , non- Rnear GFT 2 %-D shace - time 1
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Proo§ : Tr-.‘m‘q.l-‘fj of the 4D AP fkewj



