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\ Summary of Lecture | ]
R ——

@ 2 main ingredients of Quantum Field Theory: Quantum Mechanics and Special Relativity

& Invariance under PoincarZ transformations (Lorentz transformations+translations)

-The different types of fields (scalar spin-0, vector spin-1 and spinor
spinl/2) are different representations of Lorentz transformations

- symmetry -> conserved quantity
@ relativistic wave equation not enough, only able to describe a single particle

We need a formalism to describe processes in which number of particles change

@ For fully consistent description,  we need to reinterpret the field as a field

operator which can destroy or create particles: : we need to quantize fields -> Quantum
Field Theory



| Classical Field theory |
R —

a system is described by S = dtL (O| , (ﬂ}

classical mechanics &
lagrangian formalism

: . position momentum
action principle

determines classical IS = O --> Euler-Lagrange equations (9_L | 2 oL -0
trajectory: @qi " Ot 84}1
L f
conjugate momenta  Pj = G hamiltonian H (p, Q) = PG ! L
' i
extend lagrangian formalism _ 7 4 | v
to dynamics of fields S = d*xL(L" ut) O, = 9
oL oL o
— - — | a =0 = 0 = 0
55 0 g 0v; 5 8(@1 ©;) % 0x0 Ot
L -
conjugate momenta ! , = hamiltonian H(x) = li(x)0opi(x) 'L

H(to™ ) i
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\Classical Field theory and Noether theorem

T —

Invariance of action under There is a conserved current/charge
. : —_> ’
continuous global transformation 85" =0 Q= d®jox,1)
example of || | 1
transformation: - € ()
if smallincrement ! 1 1 © — o0+ 1
0p = tap
60" = ja’
. HL #L
invariance of Lunder®): 'L=0= 1" (—%$+ —/—%
under FTSAIETIARD TR
o oL, . oL _ )=0

Euler-Lagrange equations: ! | !

(9:1:((990!) %—0 IX -
N

conserved current



\ Scalar Field theory ]
TR —

Lorentz invariant 4 - , % |
action of a complex S = d X(I u | HY 1 m=" )

scalar field

Euler-Lagrange (| + m2)| =0

equation leads to
Klein-Gordon equation

with solution a ' dp o .

superposition of | (X) — (2.. 3) Q—(ape' P bpele )
plane waves: P

existence of a global U(1) | (X) | ei! | (X)

symmetry of the action

—_ 3\, : —_ S |
conserved U(1) charge QU(l) — d XJ 0 JH — |! IJ.!



\ From first to second quantization
R —

Basic Principle : : : : : -
P To quantize a classical system with coordinates g 'and momenta p',

of Quantum . . _ o i
Mechanics: we promote ' and p'to operators and we impose [gq ', p'] =!
same principle can where ¢ (t) are replaced by | (t, X)
be applied to

scalar field theory and p' (t) are replaced by (T, X)

* and | are promoted to operators and we impose  [! (t,x), II(t,y)] = i" >(x — y)

3
Expand the complex | (x) = d P 3 e—ipx + bTeipX
field in plane waves: (X) (2")3., /2Ep( P P )

where a, and bJE, are promoted to operators

: . _ 3y 5(3 _
scalar field theory is lap, aq] =2 )5( )(p —q) = [ by, bq]
a collection of defines th
. ! . _ ernes tne
harmonic oscillators destruction operator (ap ‘O > = O) vacuum state |0>

a generic state is obtained by acting on o = aw ...da 0
the vacuum with the creation operators ‘pl Pn > P1 Pn ‘ = 6



\ Scalar field guantization continued

H=I0p!L = Tp P (apap + bybp)
I A Yo D T
the quanta of a complex scalar field are given
by two different particle species with same
mass created by a * and b* respectively

The Klein Gordon action has . ' d3p

a conserved U(1) charge due Quuy = &xj°= o (ag)ap@j;g )
to invariance ! (X) ! e 1 (X) (2!)

2 different kinds of quanta: each particle has
its antiparticle which has the same mass but
opposite U(1) charge

Field quantization provides a proper interpretation of OE<0 solutionsO

d3p . .
' (X) = / ——(ape ™ + )
coefficient of the positive energy solutione P becomes after

quantization the destruction operator of a particle while the coefficient
of the e '™ becomes the creation operator of its antiparticle

a:|0> and bT)|O> represent particles with opposite charges -



Similarly, we are led to quantize:

\ Spinor fields |

TN —
Lorentz invariant lagrangian L — IQ I|/I m)l I/ — "“! U
Dirac equation (ll/ | m)l =0
fermions: —s. R OnS {1 L(%,1),! ()} = 1O (x 1Y)l

\The electromagnetic field Au
RIS —
1

l _
Lorentz inv. lagrangian L = | _FH! F¥ where Fu =1 /A THAY

4
Maxwell eq. ali FU! — ()

Maxwell lagrangian inv. under AIJ — All — 8u9



Summary of procedure
for building a QFT
R ——

& Kinetic term of actions are derived from requirement of PoincarZ invariance

€ Promote field & its conjugate to operators and impose (anti) commutation relation
€ Expanding field in plane waves, coefficients a | aJlg become operators

& The space of states describes multiparticle states

+
a, destroys a particle with momentum p while a , creates it

e.g ‘pl...pn >= Ap, - - - Qp, ‘O >

crucial aspect of QFT: transition amplitudes between
different states describe processes in which the number
and type of particles changes



\ Gauge transformation and the Dirac action

Consider the transformation | | ezq@ | U(1) transformation
it is a symmetry of the free Dirac action — |@ 1| L l )|
if | is constant L X I M- m):
no longer a symmetry if 6’ — (9(33)
1q0
However, the following action is invariant under I I e q I
Ay — Ay — o0
L=®ilH¥D,! m)
where , I — ( au + ZQAH)I covariant derivative
We have gauged a global U(1) symmetry, The result is a gauge theory and
promoting it to a local symmetry AH Is the gauge field

conserved current: J H Iﬂ' H |

conserved charge: Q= dx U0 = dxT T . «&lectric charge
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\ Electrodynamics of a spinor field ]

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

L=® it D, ! m)l wee Dyl=( Jy+ igAy)!

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

L=8 iv*0, —m) —qA, B~

Coupling of the gauge field
ALl to the current ] H = 191 H]

§
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From Quantum Electrodynamics to the
electroweak theory

These transformations are | | eiq 0 |
elements of U(1) group

In the electroweak theory , more \Ij — exXp (Zg T. )\) \IJ

complicated transformations, belonging

to the SU(2) group are involved
where ! = (!1,!2,!3hre three 2*2 matrices

Generalization to SU(N) I( ZU) I U(ZIZ‘)I( CE‘)
U (X) __ g0 (x)T"

N2-1 generators
(NIN matrices)

A.(x) = UA,UT - Ia(!MU)UT
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Gauge theories: Electromagnetism (EM) & Yang-Mills

EM U(L) ol €' @ bu L) ()

' 10 if local transformations
Ii

EM field and covariant derivative " ddeAy" — (1" +ieAy")

if A, — A, — =80 |
the EM field keep track of the phase in
different points of the space-time

F,, =0,A, —0,A,

_ _ — — — — —
—_— — _

- Yang-Mills : non-abelian transformations ¢ — Ugp

0,9+ 1gA ¢ — U(0,0 + I9A ,0)

FW/ =1 p.Al/ — VAP. + zg[Au,A,,]

non-abelian int.




The Standard Model: matter

the elementary blocks:

leptons

quarks
exists in three
colors

ma#

- composite states  (white objects)
no composite states

made of leptons 0 baryons Proton P=(uud)
_ neutron n = (u,d,d)

..........
----------------------------
= .
-----
s 1S
. 4
.
«

.
o

.
.
““
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The Standard Model : interactions

S ~ light
oU@)y electromagnetic mteraiflona S 10 6

ot PhOEOH ' molecules
0 SU2)L weak interactions ! decay o

...................................................... n Wli 0+ e! + ba 10
‘bosons  W*,Z% "
0 SU@3)c strong interactions atomic nuclei

S\ ! decay 1

M gluons ga-- 238Ul 23*Th+ JHe

strengt



Interactions between particles

Elementary particles interact with each other by
exchanging gauge bosons



The beauty of the SM comes from the identification of a unique
dynamical principle describing interactions that seem so different
from each others

1
L = ! —B,,B" !

492
—|-QiIDQi + G;1DU; —I—diiDdi —|—|:iiDLi + g 1De;
+YJ QiuH +YJ) QidH +Y ' LigH + D H|?

I I(H H)*+!v®H H +

What about baryon and lepton numbers? -> accidental symmetries!
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\ Abelian versus non-abelian gauge theories

1

The (Yang-Mills) action LYM:IIQUHD u'm)' ! EF“! FH¥  isinvariant under
(@) U@ =)
Abelian U(1) symmetry Non-abelian SU(N)
U(X) — eiq! (X) U(X) __ g0 (x)T"
T?: N?-1 generators (N!N matrices) acting on
u(X) = AT
A(x)! Ay+ =(1,U)U ) = UA, UT —

coupling constants /

fi |
| Ap  randomaon U001+ ig1°00T®+ 009
| Aa X) P Aa + | ma fabc--bAc

Dp!=( Ty +19Ay) Dp!=( tp! igA;T?)
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\ The gauge symmetries of the Standard Model ]

s ——
Gauge Group U(1)y (abelian)

!!:e-|—iY!Y!’

! 1,
BN: BM_E 'U,#Y

Bu" = #HB" " #"Bu

D& = #,+ig Y By &r

Gauge Group SU(2)L  acts on the two components of a doublet I =(undy) or (F Lew)
LT @14 | jTaua _ Lo
! L |l e | L U= ¢ VT # Ta = 08/ 2 Pauli matrices
/01 /0 1 (1 0
WS = #Wa" #--WS+g$ab°WS\N-F, a=1,..., 3 $1‘(1 o>'$2‘_'(—1 o>'$3‘<0 —1>

! .
Dy& = #h —igWaT? &

Gauge Group SU(3). q=(g1,92,93) (the three color degrees of freedom)
| jTala | jTapa ! : I ; i
q! e iTal g U=¢ iT2# Ta,Tb — jf abeyc (3!3) Gell-Man matrices
i v . v . . v .
GAT®! UGRT2U' " l#,uu'? =Bt oo o f acBi o of ta=Bo 11 oof
g 0 0 0 0 0 0 0 0
G = ,G?! 1.G8 + gf *°GG?, a=1,...,8 o, ! O 0 ! 0 1
!4=%ooo§ !5=%oo o§ !6:%0 1§
# $ 1 0 0 i 0 0 0 0

Dug= !u! igGyT? ¢

0 0

7= &

o o o
>0
©
1l

-
o
QFm ©

o o
o
>N e



\ The gauge symmetries of the Standard Model
T —
Gauge Group U(1)y (abelian) L —_ IQ q uD I I 1 !
| vym — X I TR m) ! EFH! F
11— ot Ly |
all Standard Model fermions
carry U(1) charge

1,
B, = BM—E Wy
Bu" = #HB" " #"Bu
D& = #,+ig Y By &r

Gauge Group SU(2),

- N N b L=udy or( ey
only left-handed fermions charged
W2 = #,WA" # W2+ gF"WPWS, a=1,...,3 under it -> chiral interactions

Dy& = #, —igWiT? &

Gauge Group SU(3). 0=(01,92,93)

| jTala U= o iT2#?

q! e g
GET21 UGATAU' " 'é#uuui :

all quarks transform under it
-> vector-like interactions

Gl = I,G*! 1.GS + gf °GG?, a=1,...,8

# . $
Duyg= !,! igG]T? ¢ 20



\ The lagrangian of the Standard Model ]

1 1 1
L gauge = ! 7 Gl G | ZWS!W""“! ' 2Bu B describe massless gauge bosons
b b i~ w L' —iun . describe massless fermions and their
L Fermion = g " Dug+ LD+ TPRTDYR interactions with gauge bosons
quarks L ! + o .
\ \ DU$R: WQ"‘IQYBH $R
only left-handed all fermions carrying a U(1) y charge
fermions l.e. all Standard Model fermions
’ "2 lves mass to EW 1 -
Liiggs = (Dl ) Dol +p2t 1 v (11 0 —p8 gauge bosons  2VZZZ" T MWW
responsible for
\ " !
T ) + + | |*|| H H . . . .
Dyt = %" e WS + & W 'g&%Wf* '%Bu : : covariant derivative of the Higgs electroweak
H charged under SU(2) IU(1 symmetry
charged under SU(2) 'U(1) v breaking!
Lyuawa = ! YiL! 1r! YgQ! dr! Y4 Q! ug +h.c. —)  gives mass to fermions
8 massless 3 massive gauge bosons 8 massless 1 massless photon
gluons W*W" Zo gluons
remaining unbroken symmetry
I doesnOit. 21

The W and Z bosons interact with the Higgs medium, the



1 1 1
Lgauge = ! 3G G 1 ZWH WA 1 2By, BY

4 4
SU(3). SU(2). U)y
G = 1,G*! 1.G] + gf *°G}G* Wa = #,W2" # W2+ gF*oWiW.s, By = #,B- " # By
In mass eigen state basis
W = W&#_IW& Z, = W2cos'w + Bysin'w
H 2 Ap="WJsin'w + B, cos' w

COS!W:g/- gZ+ g!2 Sin!W:g!/- g2.|_ g!2

&C W!
IPs three gauge D\
s .\pz boson vertex kA
U, a ' $,b W."
57 }fi

N
', d & ¢ 2N I\
b % four gauge Ay Ay
boson vertex W .
i N \
L2 b no suc
interactions Ay, \ Zu \

for photon! 22



\

Charges of the Standard Model fields

]

="

Field SURB) SU((2), T3 % Q=T3+ XL
g; (gluons) 8 1 0 0 0
(Wi,Wp?) 1 3 (£1,0) 0 (1,0
BS | " 1 1 ;0 . 0 0.
UL ; 1 %
Q|_ = 3 2 =
dp 1 1 ° 11
Ur 3 1 0 % %
dR ' n 3 1 I O n % | I % n
| 1
E.= 1 2 2 L IO
e L3 1 1
erR | " 1 1 ;0 . 1 ! L
n + l 1
| = 1 2 2 1
TR L T
| ¢ = " 1 2 % 1 0
1 2 2 11
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le Standard Model of Pa"icle Physics

- one century to develop it HER
- tested with impressive precision - -

£ # Hle ch guu]n 3

- accounts for all data in experimental particle physics $ ol o ZEUS e'p NC 99-00 4

“5 E — SMe'p NC (CTEQED) 3

Forces A A
v ,relectromaty

gauge
sector

EW unification

10 £

10

etism
A neutral ;
current =

of
SU() XSU(2) XU}y w pweak force, Jo
©E " esccwnancharged N3
107k current
10 N 3
LE y<09 . | |
10 103 104

L

R
+ (EPY +he
g >L ‘6 X’¢1'l'\x'

R V(@)

"sapgniNgummnns

(spontaneous) electroweak
symmetry breaking sector

flavour
sector

neutrino mass

M i Nj sector

(if Majorana)

Q% (GeV?)

This room is full of photons

but no W/Z

The symmetry between W, Z and !

IS

EM forces "

broken at large distances

long ranges

Weak forces " short range

m, < 6! 10 7 ev
my: = 80.425+ 0.038 GeV
mzo = 91.1876+ 0.0021 Ge\

The Higgs was the only remaining unobserved piece
and is a portal to new physics hidden sectors
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Historically

_ (paper rejected by Nature: declared too speculative !)
Fermi leory

n e

NP op+ e+,

.
o*
.
.
*

t”
.

.
.
.
Py
"
-
et
anss®
------------------------------

5 O no continuous limit
Al GF E O inconsistent above 300 GeV

‘e
‘e
‘e
",
L
a
..........
"

Gau$ %eory

microscopic theory
(exchange of a massive spin 1 particle)

_g2
G = exp: myw=80.4 GeV
F 2 _
8mW g !0.6, ie, same order as e=0.3
unification EM & weak interactions
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beta decay



The (adhoc) Higgs Mechanism (a model without dynamics)

EW symmetry breaking is described by the condensation of a scalar field

V(O w _ _

0.02 |

0.01 |

00 150 200 250

Higgs boson:
Background  excitation
value, Higgs of the higgs
medium medium

"0.01

"0.02 |

The Higgs selects a vacuum state by developing a non zero background
value. When it does so, it gives mass to SM particles it couples to.

_ W : .
N= 21 fr4 o1
V(1) > | + i

Why is u° negative ?

the puzzle: We do not know what makes the Higgs condensate.

We ARRANGE the Higgs potential so that the Higgs condensates but this

IS just a parametrization that we are unable to explain dynamically.
27



€ We have quantized free fields

€ We have introduced interactions

(particle creation and annihilation can only
take place in theory with interactions)

We now would like to compute probability of
processes like for instance a two-body decay
a->c+d or a two-body reaction a+b->c+d

OS-matrix approachO-> calculate probability of
transition between two asymptotic states

28



\ The S-matrix |

T ——

We consider a state |a>(t) which at an initial timet  ;is labelled |a>.
Similarly we consider a state |b>(t) which at a final time t i 1s labelled |b>

| 4 | 4.
At t ¢ the state |a>(t) as evolved as e tH(tp! ti) ‘a >
where H is the hamiltonian of the theory

The amplitude for the process in which the initial state |a>
evolves into the final state |b>is given by

the final state is a set of / \he initial state is either a one-
well-separated particles particle (decay) or two well-

long after the interaction sleparat?d particles _(scaﬁtering),
evolution operator ong before interaction happens

OS-matrixO
|a> and |b> are both described by free fields
The probability of the process is given by “\/” 2

and that can be linked to a transition rate per volume unit as measured by an experiment
29



\ Link to observables
T —

€ cross section: reaction rate per target particle per unit incident flux

[1/time]
[1/(time length ?)]

--> has units of a surface | 24 2
measured in multiples of 1 barn= 1 cm

typical relevant LHC cross sections ~ in pb

1 picobarn= 1 pb= 10%¢cm?

€ Decay width (inverse of lifetime of a particle) —transition rate

has dimension [1/time]

Example: decay width of EW gauge bosons
W

2 coupling
1 |M]
scales as the square of the coupling constant

! e 30



\ Z couplings to fermions ]

The coupling of Z to any fermion is proportional to

13! sin“!lyw O

where |3 — 4 _— is z-component of weak isospiand Q is electric charge

-2
¢L 131 sin?!lywQ
"4 Z,

(e

for the quarks:
u.  I3=+1/2 Q=+2/3

ur  I3=0 Q=+2 /3
dp Iz3=-1/2 Q=-1/3
dr 13 =0 Q=-13

and similarly for c,s, and b (tis too
heavy for the Z to decay into it)

sin®ly = 0.23]
sin? lw Q

'4 Z,

for the leptons:

e |3—|1/2 Q |
ERr 13 =0 Q=11
le,  13=+1/2 Q=0

and similarly for U/, T, Yy,
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\ Branching fractions for Z decay I

for the quarks: for the leptons:

u.  l3=+1/2 Q=+2/3 C I3 =11 Q=11

UR I3=0 Q =+2 /3 er 13=0 Q=11

dr, Iz3=-1/2 @Q=-1/3 e, |3 =+1/2 Q=0

dr |3 =0 Q=-1/3

and similarly for c,s, and b (t is too and similarly for Vs Ty V4 VI

heavy for the Z to decay Into it)
The decay rate is proportional to the square of the coupling constant | 5 | sin? | w Q
Also, for quarks, there is an additional factor (1+ —S where ! s = g5/ 4" =0.11¢
due to the additional gluon emission 2

I | A
B(Z! e"€ )=B(Z! €€ )+ B(Z! ete)

I(Z —> e e
B(Z ~+¢e¢g)= ( L&)
all particles I( Z — particle, antiparticle )

gluon Ys

B(Z! ve)= B(Z! v.m)+ B(Z! v,@,+ B(Z! v,2) q

B(Zz! €€ )=B(z! p'p')=B(@Z! 1*1'")=3.33%

B(Z! allhadrons)=3" [B(Z! ue)+ B(Z! d®+ B(Z! s8
+B(Z! c@d+ B(Z! bB]=69.9% 32
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\ Branching fractions for W decay I
T ——

W' I e e Iy, Iy,da,sc.

BR(W'! em&)=BRMW' ! pg)=BRW ! 7 a)

1
= = 0.10
3+6(L+ al/n) g

6(1 + asl )

= 0.675
3+6(1+ agm)

BR(W' ! hadrons) =

33



