rx ‘ﬂo JC\ @QJU&YV\

?cmtu& WMCA adduewe MJUQ\A
Nt o vt aadds 4 ot s m*»ce«@w?—”

Lovonkable oot = € beul Mbatonnic
¢ (b /Qwéww Mﬁ)w w@uc@(

beuvd Jsyer M Mk pecdy o o,aot

'WYM)*WM(M 6<(0X3xto“ \

peltadly o— atwy o— fioduws
L (WM}[V\M%’WV\)JA‘C )

r,ﬁovweb —_— &quo —= Uwange fvfoﬂfm/ﬁ
¢ What o Hu Suvdamanald prideo ( building plocks)?
o Jow de Koy imbnacdt Wi zadk ot 7
« Yow to doath fotn popatie and intlnacts ows mathandia!
> Haslodcaly | pa Kl i lwowﬁa&@z w4<§cW1
1) 5@*Wm&yxp@dﬂw% ( pvetnin 7‘6\4'(%) doﬁv}dm)
| I NS P . N —— —

e ey (3 V) (3 Te)
4.5 TV WVWK)!
| — Ys5oo rM,w()G’V\M/)+ y
'2> Q?m.\/oolj by p(/m)«o@/) ot s ) O
Ex LWC tk&? VmJ«‘c/Q& ﬂ&wp}%@wo W}w/)
[+ ~s\g}§

) S e e (@B £



@‘/M maed Jou eec . .

Two bMo Mwwms?ﬁawo(mzﬁp K&@ |
W ane D’WMYM&) M*mw&wwag;pea& haly

= N gl Gt
f it

RN m& e Mn\ ¢ Quontum Buld Thuey & ]
- E)Uj\',\u L S’ZQ ) B — 7WLC J ) M 1 -

 comavva %ﬂm,,mm@g@& gn(a&w

wam&w%&\) omd J%m&& ﬂp&d( ( ,,&oﬁ@)a A

,L,_,_f_lm qn, J/vwléym& oot e afuwvxéfvm

:;ﬁ,,_, TR, pedk = Ko J& (e @w@w wmﬂn%@)

I Q‘démm )mymum #a%m%ﬁwm

Qmm Jm% - ,,.Mdoq m@@m ~dm o

s

ufmg,& e,uem 3“15 ;;3 A= o1

eyt s A oddoed @0




) y at oy abma ML
L g o e 2Rl Pl Hygony

SE
o= “W&W = 161 x10 6

Epbe = >  Bamal = 3T

PN

c neutun 4> fded by
R iy s s o i i

j} ,’2 LT = p-= \ 3gTomn
T N oAt A= 1% Xlo'lom« e amTedomec

\ ' ditomus v
e oyptad Jotece.

S Q1 é\g;gz! ot V)@k&ubaWmetb@) o condimpd
mattn sy

B e abeud ppcal oty T

| = st 45 { Sumieed)
o)  Homam \xwg é& }mw

| .2 _ {3 P00 pus!
b) Hwmal wautow 2 -\ ;an&r o .y

hat 2 w15 (ovn-letisiokic @)
G
CB L HC 0 X PN
Pgkon + polon oflliows  Tp o Tuy = 10"V = 10510674 3
Admas&y) jm% mdabwbs«‘c T p= % |
— )\g»_- b = dhe o “\”L{(ojém,\ /*;\NWOW W )(N(Y"'

¢ c




Ny Rl L
N ME&E A diseul g zwm,y Pm WAooy .
:,,: . ,m/_\f,u /u,QoC\JLA&{\/)L A%mg_, Ao ooy piv: _,,_

c&/ﬂwﬁm‘fdc

L@d B [

— j@it T et e o syl o o g@-@ | |
T
S L bt GV~ pen st g e
. (B = vy N
B rom o
R IR e sl Tyuk fpouse




€=\ = [L3=LT)

A= = TMIeIn'e [mM)-=

& Trl= (L]
@WM hgian?
M&m* ﬁ” T = owetos (om)
| = T = wm
&4 n — ow

(ol E>M " E=nt) B — o
Pankicl plupnes: T dmobead b e ol o 66/
W=1a N & 1= WMNe M-l
= T gy

L = G
N = &Y - eV
CL

Uiyt Comidoca ouvma  wdda o~ gt
o Onieg adetitlohic st , v /mk e K §0
4 Aem @ o p/wc(. I{Mt%/?’ud dla
;) A ok s,



7




A first course on Quantum Field Theory
A summary of the SM

Marco Sampaio — msampaio@ua.pt

&th October 2012

1 Quantum field theory and particle physics

The discovery of special relativity, changed completely the way we describe interactions
among particles. Instead of using one particle quantum mechanics, for consistency, in
the relativistic limit one is forced to use field theory (for the moment you can think of
field just as a function or a vector, with a value defined in the whole of space which
evolves in time. In due course we will make this more rigorous.). A familiar case is
electromagnetism which, at the classical level, is already described by a relativistic field.

In this picture, all the particles of a certain type are described by a field stretching
out through the universe and determining the amount of particles of that type (for
example the Maxwell field describes the photons permeating the Universe, and the
Dirac field for the electrons). The job of particle physicists as been to identify the set
of relativistic fields which describe all the fundamental particles seen in experiments.
This has been largely achieved through high energy scattering experiments and the
analysis of the decay of unstable particles, using the quantum field theory formulation
of such fields.

1.1 Summary of the Standard Model

As explained above, the Standard Model of particle physics (SM) consists of a set of
quantum relativistic fields which describes all physics down to length scales as small as
0.001 times the size of the proton. As far we know to the present date, all such particles
are point like down to such scale, and all other particles (protons, neutrons, etc...) are
bound states of SM particles. Below, we summarize the list of all the particles (or more
rigorously , the set of fundamental fields) in the SM. Usually, they are separated into
two groups: force carriers and matter particles.

Force carriers The 4 fundamental forces we know are described by bosonic fields.
Surprisingly, only 3 forces are relevant in the domain of particle physics. The 3 are
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all described by vector fields, with some similarities with the Maxwell electromagnetic
field. The fourth interaction, gravity, is curiously described by a more complicated field
we will not address in this course.

The 3 interactions are:

e The electromagnetic field, which describes all electric and magnetic phenomenon
down to the scale of electronic clouds in atoms. The corresponding particle we
call the photon and label with the letter v. The photon is a particle without mass
(massless) which always travels at the speed of light and is electrically neutral.
The photon is also neutral with respect to the strong nuclear force we will describe
next. The magnitude of the interaction can be described by the fine structure con-
stant, which is basically the coupling constant in the Coulomb force law between
two electrons. Its value is agy ~ 0.007. The potential of the electromagnetic
force decays as 1/r which makes it a long range force.

e The weak nuclear force fields - This force describes the weak nuclear force, which
is associated with phenomena such as neutron decay (and related nuclear decays),
as well as various processes which occur in subatomic collisions at high energies.
There are two particles associated with these fields: one is similar to the photon
(electrically neutral) except that it is massive, and it is called the Z boson; the
other is also massive and it is electrically charged with positive or negative charge
+e which we label W* respectively (they are particle/anti-particle). The weak
force has a larger coupling constant Qyy ~ 0.01 however, due to the mass of the
particles, it is short ranged (V' ~ e~ 2" /r), which is why it only participates at
sub-nuclear length scales.

e The strong nuclear force field - This describes the force which is responsible for
the attraction of nucleons which keeps atomic nuclei bound. At a more funda-
mental level it is responsible for the structure of the proton and neutron (for
example). That is, in the same way as an electrically neutral atom interacts with
another neutral atom through forces of electromagnetic origin in nature (dipolar
forces, London forces, etc...), for the interaction between nucleons, the strong nu-
clear force is a reflection of the fundamental strong force for keeping each nucleon
bound.

The fundamental particle/field responsible for such force is called the gluon, and
it is designated by ¢;. The gluon field has a special charge called “color charge”,
which is a more elaborated generalisation of electric charge. The index i represent
8 possible color charge configurations for the gluon. Next, we will see that some
matter particle will have 3 possible color charge configurations.

The magnitude of this force depends on the energy scale of the process. Sur-
prisingly, its strength goes to zero at very short distances and increases at large
distances. This is why it is necessary very high energy collisions to break the
proton and study its structure.



e The fourth interaction is gravity. The associated hypothetical particle is called
the graviton. However, its magnitude for the interaction of two particles (for
example electrons) is ~ 1071, that is, it is completely irrelevant in the domain of
particle physics.

In summary, the force carriers are described by the following fields

Particle photon ~ Z boson W= boson | g; gluon | g,, graviton
electric charge 0 0 +1le 0 0
color charge 0 0 0 8 possible 0
mass 0 ~ 90 mproton | ~ 80 Myroton 0 0
range long short short long long
coupling « ~ 0.007 ~ 0.01 ~ 0.01 ~ 1 ~ 10716

Matter field The most familiar and relevant particle for everyday life is the electron
e”. It is a Fermion (obeys Fermi-Dirac statistics and has intrinsic spin 1/2), it has a
negative electric charge, mass, and as far as we know, it is stable (it does not decay
spontaneously). It does not have color charge, so it does not feel the strong force.
Associated with the electron, it was found another neutral fermion, which participates
in weak force interaction, which we call the electronic neutrino v.. Below we will see
that neutrinos have a tiny mass, probably less than 0.001 times the electron mass.
Surprisingly, in nature, there are two copies of each of these pairs of particles. For the
electron we have the muon p~ and the tau particle 77. The only difference is that they
are increasingly more massive than the electron and are unstable. Each of these has an
associated neutrino, that is we have a muon neutrino, v, and a tau neutrino v,. The
masses of the neutrinos are not well known. Collectively, all of these particles are called
leptons (from light), and all of them interact through the weak force.

Just like electrons are particles which interact with the electromagnetic force (or
through the photon 7), there is another set of very important fermions which interact
through the strong force (or the gluonsg;). Those particles are called quarks and are
the matter that make up the proton, neutron and other bound states generically called
hadrons. Just as for leptons, there are 3 families with increasingly larger masses. The
lightest is composed of the up quark w, which besides the color charge it has an electric
charge —I—%e, and the down quark d with color charge and electric charge —%. The two
other families are heavier replicas, the charm quark ¢ and strange quark s (with same
charges of the u e d respectively), and top t and bottom b (same corresponding charges).
Due to the property that the strong force increases in magnitude with distance, quarks
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Figure 1: Schematics of the short range collision in a Proton, Proton collision at the
LHC.

are not observed free at large distance, and are confined in the interior of hadron such
as the proton. Only very high energy experiments allow to collide quarks at very short
distances inside the proton and infer their properties as free particles (the strong force
becomes zero at very short distances see Fig.1.).

To complete the theory of the SM, there is another particle, the Higgs boson h,
recently discovered at the LHC, which is described by a massive scalar field. In fact,
the Higgs boson has a central role in the theory and it can explain the mass genera-
tion mechanism for all massive particles in the SM. In summary, the matter observed
experimentally in the SM is

Particle e~ Ve W vy, T~ v,
mass (m,) 55107 | <1.107% [ 0.11 | <1.107% | 1.9 | < 1.107©
electric charge (e) -1 0 —1 0 —1 0
Particle U d c 5 t b
mass (1m,) ~0.002 | ~0.005 | ~1.4 | ~0.1| ~180 | ~4.5
electric charge (e) +2 —3 +2 —3 +2 —3

Most of these particles will not manifest themselves in daily life situations. On one
hand, neutrinos are difficult to observe because they only interact through the weak



force. Regarding leptons, the more massive ones decay to neutrinos and electrons. As
for quarks, they are confined to bound states in hadrons, by gluons. In general, hadrons
are divided in two groups: 1) barions, which can be seen as bound states of 3 quarks
and 2) mesons which are bound states of quark and an anti-quark. In reality, these
bounds states are more complicated than this simplistic view and are immersed in a
color neutral sea of gluons and particle/anti-particle pairs.

For example, the proton can be seen as a bound state of two up quarks and a down
quark

2 2 1
p — uud = electric charge = +§ + 373 +1 (1)

and the neutron is a bound state of an up quark and a 2 down quark

2
n — udd = electric charge = += — = — = =0. (2)



