Standard model of particle physics
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The key question:

What are we and everything around us made
of?

I shall begin by giving a bird's eye view of
our current understanding of the ultimate con-
stituents of matter.



{MOLECULES}




In order to understand the various properties
of matter, it is not enough to know the con-
stituents of matter.

We also need to know how these constituents
interact with each other, that is, what kind of
force they exert on each other.

We observe two kinds of interaction in every-
day life

1. Gravitational Interaction:

Responsible for earth’s gravity, motion of
planets etc.

2. Electromagnetic Interaction:

Responsible for force due to a magnet, light-
ning etc.



In order to describe the interaction between
the elementary particles, we need to include
two other kinds of interactions

1. Strong interaction:

Responsible for binding the quarks inside a
proton or a neutron, and the protons and
neutrons together inside a nucleus.

2. Weak interaction:

Responsible for radioactive g-decays of nu-
cClei.



It turns out that in studying the physics of
elementary particles, we can ignore gravity to
a very good approximation.

For example, one can compare the electro-
static force between two protons with the grav-
itational force between two protons at rest.

Result:

Grav. Force  Gym3/r?

_ ~ 10-36
Elec. Force es /12

Gn: Newton's Constant (6.67 x 1078 cm3/gm
sec?)

mp: proton mass (1.67 x 10724 gm)
ep: proton charge (4.8 x 10710 e.s.u.)

Similarly all other forces are also much larger
than the gravitational force.



For this reason we shall ignore the effect of
gravitational force in our discussion of elemen-
tary particles.

However we should remember that the theory
IS not complete without gravity.

Gravitational force is small but not zero.



Summary of our discussion so far:

In order to understand the basic constituents
of matter we need to understand:

1. What are the elementary particles?

Quarks, electron, ...

2. What are the forces between these parti-
cles?

Strong, Weak, Electromagnetic, Gravita-
tional, ...

Of these the gravitational force is much
smaller than the other forces and can be
ignored in studying the dynamics of ele-
mentary particles.



With the help of quantum theory one can give
a unified description of elementary particles,
and the interaction among the elementary par-
ticles.

Consider for example the electromagnetic in-
teraction between two electrons when they pass
each other.

Due to the interaction, each particle gets de-
flected from their original trajectory.



In quantum theory, one provides a different ex-
planation of the same phenomenon.

In quantum theory, the deflection takes place
because the two electrons exchange a new par-
ticle, called photon, while passing near each
other.

e

The photon is capable of carrying some amount
of energy and momentum from the first elec-
tron to the second electron, thereby causing
this deflection.

We call the photon the mediator of electro-
magnetic interaction.



In this language, we can describe an interaction
by specifying the particle(s) which mediate the
interaction.

Thus for example:

e Strong interaction is mediated by eight dif-
ferent particles known as gluons

These particles are all electrically neutral.

e \Weak interaction is mediated by three par-
ticles, denoted by WT, W~ and Z.

W and W~ carry +1 and -1 unit of elec-
tric charge

Z 1S neutral.

We must add these particles, as well as the
photon, to our list of elementary particles.



But this still does not exhaust the list of all
elementary particles.

One often finds new elementary particles in
cosmic rays, during the decay of unstable par-
ticles (e.g. the neutron), or when one makes
two elementary / composite particles collide
with each other.

Also, mathematical reasoning shows that for
every particle there is an anti-particle which
carries charge opposite to that of the particle.

All of these new elementary particles must also
be added to the list.



LIST OF KNOWN ELEMENTARY PARTICLES

QUARKS:
ul,uz,u3 dl,d2,al3 01,02,03
sl s2, 63 1,12, ¢3 bl b2, b3
LEPTONS

(67 Ve) (,U,, VM): (7_7 VT)

MEDIATORS
gluons: Ji,---9s Photon: 9
wt, wW-, Z

These, together with the anti-particles of quarks
and leptons, constitute the full list of elemen-
tary particles which have been observed so far.



It turns out that this information can be in-
corporated into a sound mathematical theory,
known as the

Standard Model

So far standard model has succeeded in ex-
plaining almost all observed experimental re-
sults.



Particle content of the standard model:

QUARKS:
ul, u?, u3 dl, d?, d3 cl 2 3
st, s2 §3 t1,¢2,¢3 bl, 52,53
LEPTONS

(e;ve)  (mvp),  (7,vr)
GAUGE BOSONS

gluons: Ji,---9s Photon: Y

wt, w-, Z

HIGGS ¢



The standard model not only gives us a specific
list of elementary particles, but also tells us

what kind of processes various particles can
go through.

Examples of allowed processes:

Example of a disallowed process:




Once we know the basic allowed processes, we
can build up complicated processes with the
help of these elementary processes.

Example of a composite allowed process:

Standard model tells us how to calculate the
probability amplitude for each such process.

This can then be compared with experimental
observations.

One can explain almost all of the present day
experimental results with the help of the stan-
dard model.



With the help of this theory, we can also pre-
dict the result of any new experiment involving
elementary particles.

Many such predictions have been experimen-
tally verified.

Example:

e The masses of W+, W~ and Z particles
were predicted long before they were dis-
covered at the accelerator at CERN, Geneva.

e T he existence of t-quark was predicted long
before it was discovered.

In fact the Higgs particle, ¢, has not yet been
discovered.

But mathematical consistency of the theory
demands that such a particle must be found.



Some key features of the standard model

1. Quarks and leptons are fermions and carry
spin 7.

The mediators or the gauge bosons are bosons
and carry spin h.

The Higgs particle is also a boson and carries
spin O (prediction of the standard model).



2. Even though quarks are listed as elementary
particles, it is not possible to get an isolated
quark.

The strong interaction is so strong that it al-
ways binds a quark with other quarks or anti-
quarks.

This phenomenon is known as confinement.
In contrast, the leptons (electron, muon, neu-

trinos etc.) do not have strong interaction and
hence can be isolated.



3. Consider a fast moving quark or lepton.
We can consider two types of states.

a) The component of the spin along the direc-
tion of motion is %TL (right handed).

b) The component of the spin along the direc-
tion of motion is —5% (left handed).

These states have the same strong and elec-
tromagnetic interaction.

However only left-handed states participate in
weak interaction.

We say that weak interaction is chiral or that
it violates parity symmetry.

In fact neutrinos are always left-handed.

We say that neutrinos are chiral fermions.



4. Consider a composite diagram with a closed
loop.

Calculation of the probability amplitude requires
iIntegration over the space-time coordinates P,
@, R of the interaction vertices.

The integrand typically becomes infinite when
two or more interaction vertices coincide.

In some cases the integral diverges when the
interaction vertices which form part of a loop
come close to each other.

— ultraviolet (short distance) divergence.



How do we deal with these infinities?

Suppose «, B, 7, --- are various parameters
used to describe the theory.

A1, Ao, A3z, --- are various experimentally mea-
surable quantities which we can calculate from

the theory.

Then each A; is a function of «, 3, v etc.

Ai — fi(a95777 e )

f; are calculable in the standard model.

But due to ultraviolet divergence they are infi-
nite.



Ai — fi(aaﬁafya e )

Note, however that the functions f; are not
directly measurable since «, 8, v etc. are not
directly measurable.

The best we can do to test the theory is to
use these functions to eliminate o, 8, ~v, ---
and find relations among the A;’'s.

These relations are in principle amenable to
experimental tests.

Are these relations finite?
In the standard model they are finite.
— the standard model is renormalizable.

This is the way we solve the ultraviolet diver-
gence problem in the standard model.

Note: Gravity is not renormalizable.



Theoretical foundation of the standard model:
We shall follow the following order:

1) Electromagnetic interaction

(origin of photon)

2) Strong and weak interaction

(origin of gluons, W1, W~ and Z bosons)
3) Quarks and Leptons

4) Higgs particle

I shall deliberately simplify some aspects of the
model; so not everything that I'll say will be
completely correct.



Conventions:

20 = t: time coordinate

Z = (21,22, 23): space-coordinates

We shall choose our units so that

1) the velocity of light c=1

2) The Planck’s constant h = 1.
Thus spin s — angular momentum sh.

Indices are raised and lowered by

(-1 0 0 0)
o 1 0 o0
=10 0 1 0
\ 0 0 0 1/



Electromagnetic interaction:

Classical electrodynamics is described by a 4-
vector field

{Au} = (Ao, A)

Define

Then

E1 = Fp1, FEp = Fpp, FE3= Fp3

B1 = F»3, Bo=1F31, B3=Fji>



Maxwell's equations in space in the absence of
charges

3
OF MV

Y =0 for v=0,1,2,3
oxH

p=0
These equations can be derived from an action

1 3
] e 3 R

p,v=0

using the usual variational principle.



Gauge symmetry

0A, O0Ay
OxH oxV

F/'“/:

A, and A, + aé\agi) give same Fj, and hence

same (E, B) for any function A(z) of 29, z1, 22, 23.

Thus these two configurations describe the same
physical situation.

We say that these two configurations are gauge
equivalent.



So far the theory we have described is a clas-
sical theory of electromagnetic field.

We can quantize it using standard procedure
and find the eigenstates and eigenvalues of the
Hamiltonian.

Typically these eigenstates are characterized
by total energy, total momentum, total angular
momentum and other quantum numbers.



One finds that among all the eigenstates there
IS a special class of states

|E, P, s)
characterized by
1. energy F,
2. momentum p and
3. component of spin along p = s:
such that

E = |p] and s ==1

— describes states of a massless particle of
spin 1 (compare with E = \/ﬁQ + m?)

This state is called the photon.

The quantum theory also contains many other
states, but they can be viewed as states con-
taining multiple photons.



The theory of strong and weak interactions
are based on an extension of electrodynam-
iIcs, known as non-abelian gauge theories or
Yang-Mills theories.

We shall first outline formulation of non-abelian
gauge theories and then consider the specific
cases of strong and weak interactions.

The main feature of these theories is that un-
like electrodynamics which has a single vector
field Ay, now we have

multiple vector fields.

Instead of describing a general non-abelian gauge
theory, we shall focus on a special class of the-
ories known as SU(N) gauge theories.



For SU(N) gauge theory, the vector fields can
be regarded as components of

an N x N hermitian matrix with zero trace.

Example: SU(2) gauge theory

A S, Qu+ iR,
H Qu — iRy —S,

Thus there are 3 independent vector fields,
each with four components

Spy Qu, Ry

An SU(N) gauge theory will have N2 —1 inde-
pendent vector fields.

These are known as gauge fields.



Field strengths: N x N matrix
0A, OA,

axlu, Ly

Note: For electrodynamics the last term is triv-
ially zero since

ALA, = AyA,

g. A parameter of the theory known as the
coupling constant

Action

dt | &3z 5 Tr (F,FF)
farf &= 3

1
4 p,v=0

Gauge transformation:
i@U(x)

()1
o ok (z)

A, — U(@)ALU @)+

U(x) is an N x N unitary matrix valued function
with determinant 1.



Quantization of an SU(N) gauge theory in g —
O limit

— (N2 —1) different massless spin 1 particles.



The theory of strong interaction is based on
an SU(3) gauge theory.

— contains gauge fields of the form By, where
for each u, By, is a 3 x 3 traceless hermitian
matrix.

s 32 — 1 = 8 different spin 1 particles.
— 8 gluons

The theory of weak interaction is based on an
SU(2) gauge theory.

— contains gauge fields of the form C,, where
for each u, Cy, is a 2 x 2 traceless hermitian
matrix.

— 22 _ 1 = 3 different spin 1 particles.

—~ W* W= and Z particles.



Quarks and Leptons: spin half fermions.

In the absence of any interaction, quarks and
leptons are described by Dirac equation for a
free relaivistic spin half particle.

For the k-th fermion (quark or lepton) of mass

m{*) we introduce a Dirac field ¥(¥) satisfying
the Dirac equation:

0,
i%w)aﬂ@wé’“) + m®y® =

«, 3. spinor indices, ~vH: Dirac y-matrices

For neutrinos we need additional constraint:

> (1 —95)aptp =0, V5 = 170717273
B

This projects out the right-handed component.



Coupling to gauge fields:

In electrodynamics the interaction between elec-
tromagnetic field and the electron gives rise to
two modifications.

1. The Maxwell's equation acquires a new
term:

3
OF MV
> P = J¥ for »=0,1,2,3
Zr

vr=0

(JO,J): electric charge density / current pro-
duced by the electron.

2. The Diract equation is also modified:

o
’Lzﬂ: ’Ygg (@Tﬂﬁ — ieAmbg) + mypa =0

e. electric charge of the electron.



Coupling of quarks / leptons to strong and
weak interaction gauge fields follow the same
pattern.

Example: Coupling of a quark to strong gauge
field By:

Define (1), 4(2) and ¥(3) to be the Dirac field
associated with the three components ¢!, ¢2
and ¢3 of the quark g.

Then the Dirac equations for these fields take
the form:

R w5\
| 9 |
0205 | g | V5 | 9B | ¥5”
B ¢(3) ¢(3)
| I5] (1)5 J
S
+m | 9§ | =0
&

gs. coupling constant of strong interaction



Another example: Coupling of weak gauge field
C, to electron and electron neutrino.

Let (¢) and ¢(*) denote the Dirac fields asso-
ciated with the electron and the electron neu-

trino.

Then the Dirac equation for these fields take
the form:

(v)
: w | 9 (¥
ZEB:% law“<¢<e’

B
B
1 v (V)
. L1+ 45)y¢ %)] <mma )
— 3Gy, C 2 o =0
Y “(%{(1+75)¢(6)}5 T e p®

gw. coupling constant of weak interaction



(v) (v)
iguC (1-I-75)¢ }5>]+<mma >=o

{(1 + v5)1(¢)} 5

/"\

1. Due to the presence of the (1 4 ~g5) factor
only left-handed fermions couple to the weak
interaction vector fields.

2. Weak interaction mixes the Dirac equations
for electron and electron neutrino (ve,e).

Similarly it mixes (vu,u), (vr, )
and also (u,d), (c, s), (t, b)

— three generations of quarks and leptons.



The Higgs particle:

We have seen that quantization of an SU(N)
gauge theory in the zero coupling limit gives
rise to (N2 — 1) massless spin 1 particle.

Thus strong interaction should have 8 massless
vector fields (gluons).

This is indeed true and the massless nature of
the gluons is responsible for the ‘strongness’
of strong interaction and confinement for non-
zero coupling.

According to the same analysis weak interac-
tion should have 3 massless vector fields (W"‘,

W=, Z).

If this were true then weak intearction should
also be strong.

— not true.



Resolution: WT, W~ and Z must be massive.

This is achieved by a mechanism known as
the Higgs mechanism (spontaneous symmetry
breaking).

The price we have to pay is that the final list
of particles has an additional spin zero bosonic

particle.

— the Higgs particle.



Limitations of the standard model:

1. It does not include gravity.

Gravitational interaction, however small it may
be, is present in nature and a theory is not

complete if it cannot describe gravity.

2. According to the standard model, neutrinos
are massless.

But recent experiments show that neutrinos
have small but non-zero mass.

This can be incorporated in the theory via a
slight modification of the standard model.



3. The Higgs particle, and consequently the
origin of the masses of WT, W~ and Z in the
standard model is somehow mysterious.

According to general arguments these masses
should have been much larger than what we
observe in experiment.

Only a very fine tuning of the parameters of
the theory can keep these masses small.

— |looks somewhat unnatural.

Due to these reasons many people have tried
to contstruct theories ‘beyond the standard
model’.



1. Supersymmetric models:

In these models for every fermionic particle in
the standard model there is also a bosonic par-
ticle with similar properties and vice versa.

These models partially solve the naturalness
problem.

2. Grand unified theories:

In these models the strong, weak and electro-
magnetic gauge fields come from components
of a single big matrix (5 x5, 10 x 10 etc.)

3. Supersymmetric grand unified theories:
These theories combine 1 and 2.

None of these theories include gravity.

4. String theory:

Combines 1 and 2 and also includes gravity.



On the experimental side, we expect to get
new results around 2008 from an accelerator
at CERN, Geneva that is currently been built.

This experiment is expected to discover the
Higgs particle, and (if we are lucky) may test
some of the ideas involved in the theories be-
yond the standard model.



