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Exchange particles mediate
interactions

In classical physics: Forces due to potentials.

Interaction due to coupling of objects with
poferﬂ'ia/s. F orces can on/y indirecf/y be seen, eg
+hrough acceleration etc.

New feature of quantum field theory:
Quanﬁsing the interactions

0 Parﬁcle interpretation

Manifestation: light-by-light scattering (absent in
classical elecfroc/ynamics, but present in quantum
electrodynamics)



F eynman diagrams

lmpor'l'an'l':

Feynman diagrams are NOT processes.

They are
The
expansion parameters are the coup/ing
constants.
(Perturbative expansion = Taylor series in small parameter

— here, the small parameter is identified with the coupling)



F eynman diagrams

e [ eynman diagrams can help to visualise certain

aspects of scattering processes.

e Example: electron-positron annihilation into a muon
pair. Remember the Stueckelberg-Feynman
interpretation of
antiparticles as going

backwards in time.
(the physical states e~
are labelled though) l u
e Remember: In quantum mechanics, amplitudes are

squared > so are F eynman diagrams



Electromagnetic interactions: QED

e Quantum Electro Dynamics (QED) is the oldest,

simples+ and most successful of dll dynamics theories

e Building blocks: propagators of the particles

(arrows and wavy lines for fermions and photons)

——G— NSNS 4
¥

and vertices of fermions (f)

and photons (V) 4

e Vertex ~ ee, with e, is partial charge of the

fermion and e is related to the fine structure
constant o = e’/(4r) ~ 1/137



Electromagnetic interactions: QED

e To describe more comp/ica'fed processes, building
blocks are patched together.

® Cxample: ee-scattering (Moller-scattering)

¢C 20

two diagrams with ~-" sign (identical fermions)
o) guantum mechanics cannot decide which
outgoing electron ends where.



Electromagnetic interactions: QED

e Remember: Feynman diagrams purely symbolic,
assighment of time and space axes arbifrary —
vertical and horizontal distances in Feynman
diagrams have nothing to do with physical
separations.

e Processes are defined by external (“real”) particles.
Internal particles are called “virtual”, since they
cannot be directly observed. Any attempt to
observe them directly changes the process entirely.

e [ eynman diagrams are com/o/ex numbers,
con‘l'ribu'l'ing to the full QM transition ampli'l'ucle.



Electromagnetic interactions: QED

Example: e'e’-scattering (Bhabha-scattering)

e Note: diagrams quite similar — in fact their
squares have identical sighs.

e Connection to Coulomb repulsion and attraction
subtle — bound states fhrough exchcmge of more

photons (higher orders)



Electromagnetic interactions: QED

F urther examples:

e Pair—annihi/a'l'ion
; :p{
® pair-creation, I N :M
e and Coulomb-scattering }_'_é = ;S\



Electromagnetic interactions: QED

Higher order corrections (to Dhabha scattering)

e Lead to divergent expressions

~ must be renormadlised (tricky procedure)

= couplings not constants, “run” (scale dependencelll)



Electromagnetic interactions: QED

New processes: /igh'l'—by—/igh'l' scattering

e exp/oi'fs quantum character of /ohofons



Electromagnetic interactions: QED

e Most precisely tested theory.
Lighthouse example: magnetic moment (g=Z) g—2
anomalous magnetic moment of the electron a = ——

2
e History started with Schwinger, 1748

First loop caleulation ever: a = a/(2m) ~ 0.0011614

e Dy now: cdleulated up to order o
a = 0.00115965218085(76)(measured)

~ most precise value for o' = 137.035999710(96)



Strong interactions: QCD

e |n contrast to QED (charged fermions, neutral
photons), the gluons carry a colour-charge

) self-interactions of the g/uons
e Therefore the basic building blocks are:
—_— “QLALR. S
e Quark—quark—g/uon and threee-gluon vertex ~9.

four-g/uon vertex ~ gsz.



Strong interactions: QCD

Some'l'hing about colour:

Quarks come in three colours (r, g ) gluons alter
the colour of the quark in the interaction (vertex)

0 gluons carry both a colour and an anti-colour

~ naively: 7 gluons.

e DBut: There are eight gluons only!

Reason: The singlet (1 14+gg+ ) has identical colour
structure — no colour change - with phofon

*v cannot belong to the structure of QCD.



Strong interactions: QCD
x> _ 4
® G ®
&

e By probing deeper, the “virtual cloud” of electron-

positron pairs is /oene'l'rafed — charge increases.

a 1(0) =~ 137 = a H(Mz = 91.2GeV) ~ 128.

Charge screening in QED:

e QED: Charge screening reduces

effective charge seeh by fesf—charge.

e Note Typica/ly, scales are identified with energies



Strong interactions: QCD

?unning coup/ing & asymptotic freedom in QCD:
e QCD: charge = colour = also gluons in the “cloud’”’

— charge screening becomes
colour—anfiscreening

o) coupling stronger at large

AL o (M)
[343 McV ---- 0.121D

distance/small energies and

QCD

Ofog)

211 MeV 0.1183

181 MeV — —0.1156

weaker at small distances/
large energies

e This effect is called

“asympfofic freedom”.




Strong interactions: QCD

Running coupling & asymptotic freedom in QCD (cont'd)

e There is a connection between asymptotic freedom
and “‘infrared s/avery“
> no confinement without this pattern of coupling

e Analytical form(s) of the strong coupling:

o (QZ) e as(ﬂz) . 1
S - s T .
1+ ag(p?) 3312%?}0 -In %22 38123rnf - In 5\2_;

e Here, ho= number of quarks with mass < Q and

N ~ 230 MeV (the “Landau”-pole of QCD)



Strong interactions: QCD

Production of hadrons in e'e collisions

e Dasic diagram: et >
at low energies only d
intermediate photon (no Z) e

. 7 2 ] ]
e Rate ~ | Dlagram '~ e for different fermions.

( e is fractional charge, 1 for muon 2/3 for up. -1/3 for down)

= Ratio of hadron (=quark) rate with respect to
muon rate gives idea about the mass of the quark

e Note: For the rates, keep in mind that each quark
can come in three colours W mulﬁply expression for
rate with 3 when quarks are produced



Strong interactions: QCD

roduction of hadrons in e'e collisions
Product f had

Ratio R:3Z€?

1€q

“Spikes“ due
to resonances

“51'@/95n due
to opening of
new channels.




Weak interactions

Basic building blocks (coupling to fermions)

v W einberg-angle
\"' L 92 _ € w/
V2  +/2sin6
!- CKM-matrix

5 2’. e complicated structure
cos Oy



Weak interactions

Basic building blocks (self-interactions)
\V V4

~ €, gy cos Oy

v, 2

W/ W, i J’,a'

~ g ~ €2, egw cos Oy, g‘z,v cos® Oy



Weak interactions

Some examples: o -

e Muon/Tau decay into electron

e Kaon-c/ecay into pions:




Weak interactions

Parameters:

e Couplings: electromagnetic coupling ¢ — \/4rq,

e Weak coupling 9w = where sin® 6y ~ 0.23

Sin Qw
e Cabibbo-Kobayashi-Maskawa matrix (CKM-matrix)

( 1 — A2/2 A AN (p — in) )

Vg = —A 1—\%/2 AN

AN (1 —p—in) —AN? 1

here q = (uct) and q° = (dsb) A~ 0.22, A~0.38
e Note: Complex matrix triggers CP violation



Weak interactions

CKM elements (cont’d):

e Efficient representation:
friangles — mulﬁply rows
and columns, must yield

0 or 1 = CKM matrix
is unitary (probability

conservation)!

Sl MAENT 2@ Y

ol miRE2fic T
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The Higgs boson

e Problem so far:

Theory = all particles must be massless.
(at odds with experimental facts)

e Reason (for completeness)

- Theory formulated in terms of a Lagrangian with terms
relevant for interactions, masses, Kinetic energies etc.

- Lagrangian must respect symmetries (in Par'l'icu/ar, gauge
symmetries). Simple idea: Lagrangian must be invariant under

field transformations

P(x) — ¢'(x) = exp[—ib(z)]o(w)

- This cannot be guaranteed for mass-terms of the kind

) —— mZWNWM | 1 for real fields.



The Higgs boson

Solution: A trick

Introduce a new set of (scalar, spin-0) fields.
Give them a potential of the form
V= —p|®* + Al®|*

yields non-trivial minima at

D[* = p* /A

gives “vacuum expectation value” = +/ 12/,
acts like a ““viscous medium” on the other fields

(particles) = one of the scalar fields “survives”

o> the Higgs boson, still not found !



boson
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The H

Particle masses and the Higgs boson
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The Higgs boson

Particle degrees of freedom:

e Particles have internal degrees of freedom:

~ Spin-1/2 fermions have Z (spin-) degrees of freedom:
spin up and down,
measurable in inhomogeneous magnetic fields
(the Stern-Gerlach experiment)

~ Massless spin-1 bosons (photons, gluons) have 2
Polariscd'ion degrees of freedom:
eg. left- and right-circular

~ Massive spin-1 bosons (W, Z) have 3 polarisation degrees
of freedom (by the Higgs/G’o/dS'l'one trick, some of the

scalar fields act as the third polarisation)



The Higgs boson

F eynman rules for the surviving Higgs boson:
e Note: It has spin-0 and charge 0.

e Some interactions (there are also Y4-vertices):

=Wr N H
---- - H
- -'- ’--

MH
v ~ — —T
v v

e The vacuum expectation value v can be inferred
from the masses of the W and Z bosons:

v~ 246GeV.



Conservation laws

How conservation laws are realised

e Each vertex respects dall symmetries (conservation

laws) of the full theory:

-~ Strict energy and momentum conservation

(this is different from time-dependent perturbation theory!)
- Conservation of charges (including colour)

- Conservation of lepton and baryon number

(no vertices with two different kind of leptons or one lepton

and/or quark only!)

- No conservation of flavour in charged weak

interactions (with W's), parametrised by CKM

matrix important for decays.



