Quark Colour

Colour and QCD

∆++ —>

u↑ u↑ u↑

Q=2/3+2/3+2/3=2
L=0+0+0=0
S=1/2+1/2+1/2=3/2
J=L+S=1/2+1/2+1/2=3/2
C=R, G, B

Color Charge

Note - red-antiblue gluon —> r quark —> b quark AND b quark —> r quark

—> does not exist

remember QED

—> invariant
QCD Color Transformations

Thus, invariance(has to remain colorless) under Local Color
Transformation—-> exchange of gluon —> existence of strong force
Same thing happened in QED
invariance under Local Gauge Transformation—-> exchange of photon
—> existence of electromagnetic force

photons do not interact directly

Self Interaction

Color Charge Strength
Running of coupling constant
Remember same thing happened in QED
but it increased with energy
A very important point!

Free Quarks?

Quark Con nement

eventually enough energy to
form a particle that we can see

fi

always before quark gets free!

Hadronization - production of Jets
High energy quarks do not get out!!

they simply produce hadrons

——>

Observed Jets

And now some ideas
from the string theory
community

Supersymmetry (SUSY)

Required
Supersymmetric Particles

multiply R parities

cannot decay

or maybe do not exist

as is everything else we
can’t actually observe

as collider energies increase
and we see no SUSY particles
theorists just keep increasing their mass
so we were not
supposed to see them yet
extremely nice and useful features

<—important
according to string
theorists

Standard Model Summary

Unanswered Questions

The Standard Model Lagrangian
Success of QED and then electroweak uni cation as gauge theories
immediately prompted a gauge theory of the strong interaction,
Quantum Chromodynamics (QCD),
based on
the exchange of massless colored gluons between quarks
The Standard Model is the sum of QCD and the electroweak theory
which together account
for the interactions of the 3 families of quarks and leptons
All the interactions between the particles of the SM
are speci ed by the Lagrangian
including the coupling strengths and dynamical properties
Lagrangian = L = K
Action =

V = kinetic energy
Z

potential energy

Ldt

fi

fi

fi

Equations of motion arise nding the trajectories that minimize the action
d @L
—> Lagrange equations @L
= 0 valid in both classical and quantum worlds
@x
dt @v

The full SM Lagrangian contains many terms,
even in the most compact notation,
and covers several pages
a sample

more detail later

Beyond the Standard Model — Grand Uni ed Theories (GUTs)
weak coupling decreases also

or energy

fi

broken symmetry

Let me expand on these ideas a bit….
Grand Uni ed Theories (GUTs)
3 interactions still distinct in Standard Model
GUT = 1 uni ed interaction
6 leptons and 6 quarks —> same particle
GUT predicts q(p)=q(e - only theory that does!!
Low E looks like 3 distinct interactions
old, cool universe
Large E they unify
young, hot universe
—> symmetric universe
Spontaneous symmetry breaking

fi

fi

Same mechanism as Higgs

GUT: Higgs elds = mechanism for breaking all particles
= bundles of elds = particle-like properties
Masses appear from Higgs mechanisms
Spontaneous Symmetry Breaking appears from Higgs mechanism
Standard Model Higgs -> M ~100 GeV (LHC)
GUT Higgs -> M ~ 1016 GeV
proton -> M ~ 1 GeV

GUTs designed to produce Spontaneous Symmetry Breaking as universe cools
➞ E-density Higgs elds must behave in a certain way
—> E-density lowest when Higgs elds ≠ 0
GUT —> 24 Higgs
In cool universe under SSB
some ➞ leptons;
some ➞ quarks
some ➞ W,Z;
one ➞ photon
Large M W,Z ➞ short range, etc.....

fi

fi

fi

fi

to see GUT would need 1016 GeV

24 bosons corresponding to Higgs elds

fi

typical vertices

Proton Decay

latest numbers
experiment —>

⩾ 1.67×1034 years.
theory —>
1031 to 1036 years

just keep changing it!

original data

Successes & Failures

Hans Bethe predicted this “particle desert” in 1970
LHC=104 GeV

SLHC=106 GeV

End of desert=1015 GeV

Tau quark
Higgs

The Planck Scale

the realm of quantum gravity

Quantum Gravity

—> octopole radiation

Quantum Gravity

Supergravity

fi

cannot x!

discuss discrete spacetime

String Theories

mass of particles = characteristic oscillation frequencies

Extra Dimensions

Superstring Theory

All these ideas now fading…..
no supersymmetry, no string theory, no extra dimensions, no superstrings
Either no experimental evidence or no experimental predictions at all.

The deconstructed Standard Model equation
The Standard Model of particle physics is often visualized as a table,
similar to the periodic table of elements,
and used to describe particle properties,
such as mass, charge and spin.
The table is also organized
to represent how these teeny, tiny bits of matter interact
with the fundamental forces of nature.
But it didn’t begin as a table.
The grand theory of almost everything actually
represents a collection of several mathematical models
that proved to be timeless interpretations of the laws of physics.
Here is a brief tour of the topics covered in this gargantuan equation.

The whole thing

This version of the Standard Model
is written in the Lagrangian form.
The Lagrangian is a fancy way of writing
an equation to determine the state of
a changing system and explain
the maximum possible energy the
system can maintain.
Technically, the Standard Model
can be written in several different formulations,
but, despite appearances,
the Lagrangian is one of the easiest
and most compact ways
of presenting the theory.

Section 1
These two lines in the Standard Model are ultraspeci c to the gluon,
the boson that carries the strong force.
Gluons come in eight types,
interact among themselves
and have what’s called a color charge.

Section 2
Almost half of this equation is dedicated
to explaining interactions between bosons, particularly W and Z bosons.
Bosons are force-carrying particles,
and there are four species of bosons

fi

that interact with other particles using three fundamental forces.

Photons carry electromagnetism,
gluons carry the strong force
and W and Z bosons carry the weak force.
The most recently discovered boson, the Higgs boson,
is a bit different; its interactions appear in the next part of the equation.

Section 3
This part of the equation describes how elementary matter particles interact
with the weak force.
According to this formulation, matter particles come in three generations,
each with different masses.
The weak force helps massive matter particles decay into less massive matter particles.
This section also includes basic interactions with the Higgs Field,
from which some elementary particles receive their mass.
Intriguingly, this part of the equation makes an assumption
that contradicts discoveries made by physicists in recent years.
It incorrectly assumes that particles called neutrinos have no mass.

Section 4
In quantum mechanics, there is no single path or trajectory a particle can take,
which means that sometimes redundancies
appear in this type of mathematical formulation.
To clean up these redundancies, theorists use virtual particles they call ghosts.
This part of the equation describes how matter particles interact with Higgs ghosts,
virtual artifacts from the Higgs Field.

Section 5
This last part of the equation includes more ghosts.
These ones are called Faddeev-Popov ghosts,
and they cancel out redundancies that occur in interactions through the weak force.

Some more details about color and a review of other things
At a fundamental level,
Quantum Mechanics
reality is determined by two properties of our Universe:
the quanta that make up everything that exists
—> Quantum Field Theory
and the interactions that take place between them.
While the rules that govern all of this might appear complicated,
the concept is extremely straightforward.
The Universe is made up of discrete bits of energy
that are bound up into quantum particles with speci c properties,
and those particles interact with one another
will see in Fall QM class
according to the laws of physics that underlie our reality.
how everything is linked
by quantization
Some of these quantum properties
govern whether and how a particle will interact under a certain force.
Everything has energy, and therefore everything experiences gravity.
Only the particles with the right kinds of charges experience the other forces,
however, as those charges are necessary for the couplings to occur.
In the case of the strong nuclear force, particles need a color charge to interact.

fi

Only, quarks don't actually have colors. Here's what's going on instead.

The particles and antiparticles of the Standard Model
are predicted to exist as a consequence of the laws of physics.
Although we depict quarks, antiquarks and gluons as having colors or anticolors,
this is only an analogy.
The actual science is even more fascinating.
While we might not understand everything about this reality,
we have uncovered all the particles of the Standard Model
and the nature of the four fundamental forces
— gravity, electromagnetism, the weak nuclear force, and the strong nuclear force —
that govern their interactions.
But as I said, not every particle experiences every interaction;
you need the right type of charge for that.

Of the four fundamental forces, every particle has an energy inherent to it,
even massless particles like photons.
So long as you have energy, you experience the gravitational force.
Moreover, there's only one type of gravitational charge: positive energy (or mass).
For this reason, the gravitational force is always attractive,
and occurs between everything(all have energy) that exists in the Universe.
Electromagnetism is a little more complicated.
Instead of one type of fundamental charge,
there are two: positive and negative electric charges.
When like charges (positive and positive or negative and negative) interact,
they repel,
while when opposite charges (positive and negative) interact,
they attract.
This offers an exciting possibility that gravity doesn’t have:
the ability to have a bound state that
doesn't exert a net force on an external, separately-charged object.
When equal amounts of positive and negative charges
bind together into a single system,
you get a neutral object: one with no net charge to it.

Free charges exert attractive and/or repulsive electromagnetic forces,
but uncharged systems do not.
That's the biggest difference between gravitation and electromagnetism:
the ability to have neutral systems composed of non-zero electric charges.

Newton's law of universal gravitation (L) and Coulomb's law for electrostatics (R)
have almost identical forms,
but the fundamental difference of one type vs. two types of charge
opens up a world of new possibilities for electromagnetism.
If we were to envision these two forces side-by-side,
you might think of electromagnetism as having two directions,
while gravitation only has a single direction.
Electric charges can be positive or negative, and the various combinations
of positive-positive, positive-negative, negative-positive, and negative-negative
allow for both attraction and repulsion.

Gravitation, on the other hand, only has one type of charge,
and therefore only one type of force: attraction.
Even though there are two types of electric charge,
it only takes one particle, as we have seen, to take care of
the attractive and repulsive action of electromagnetism: the photon.
The electromagnetic force has a relatively simple structure
— two charges, where like ones repel and opposites attract —
and a single particle, the photon, can account for both electric and magnetic effects.
In theory, a single particle, the graviton, could do the same thing for gravitation.
Feynman diagrams , as we have seen,
are used in calculating every fundamental interaction
spanning the strong, weak, and electromagnetic forces,
including in high-energy and low-temperature/condensed conditions.
The electromagnetic interactions, shown here, are all governed by a single force-carrying
particle: the photon.

+……….

But then, on an entirely different footing, there's the strong force.
It's similar to both gravity and electromagnetism,
in the sense that there is a new type of charge
and new possibilities for a force associated with it.
If you think about an atomic nucleus, you must immediately recognize
that there must be an additional force that's stronger than the electric force is,
otherwise the nucleus, made of positive protons and neutrons,
would y apart due to electric repulsion.
The creatively-named strong nuclear force is the responsible party,
as the constituents of protons and neutrons,
and quarks that have both electric charges and a new type of charge: color charge.
Contrary to what you might expect, though, there's no color involved at all.
The reason we call it color charge is because instead of
1 fundamental, attractive type of charge (like gravity),
or 2 opposite types of fundamental charge (positive/negative, like electromagnetism),
the strong force is governed by 3 fundamental types of charge,
and they obey very different rules than the other, more familiar forces.
For electric charges, a positive charge can be cancelled out
by an equal and opposite charge — a negative charge — of the same magnitude.

fl

But for color charges where you have three fundamental types of charge.

In order to cancel out a single color charge of one type, you need one of each of the second
and third types.
The combination of equal numbers of all three types
results in a combination that we call "colorless,"
and colorless is the
only combination of composite particle that's stable and appear in our world.
Quarks and antiquarks, which interact with the strong nuclear force,
have color charges that
correspond to red, green and blue (for the quarks)
and cyan, magenta and yellow (for the antiquarks).
Any colorless combination,
of either red + green + blue,
cyan + yellow + magenta,
or the appropriate color/anticolor combination,
is permitted under the rules of the strong force.
This works independently for quarks,
which have a positive color charge,
and antiquarks, which have a negative color charge.

If you picture a color wheel, you might put red, green and blue
at three equidistant locations, like an equilateral triangle.
But between red and green would be yellow;
between green and blue would be cyan;
between red and blue would be magenta.

These in-between color charges correspond to the colors of the antiparticles: the anticolors.
Cyan is the same as anti-red; magenta is the same as anti-green;
yellow is the same as anti-blue.
Just as you could add up three quarks with red, green and blue colors
to make a colorless combination (like a proton),
you could add up three antiquarks
with cyan, magenta and yellow colors to make a colorless combination
(like an antiproton).

If you know anything about ordinary color,
you might start thinking of other ways
to generate a colorless combination.
If three different colors or three different anticolors
could work, maybe the
right color-anticolor combination could get you there?
In fact, it can. You could mix together the right combination
of a quark and an antiquark to produce a colorless composite particle, known as a meson.
This works, because:
cyan = anti-red
magenta = anti-green
yellow = anti-blue
are all colorless combinations.
So long as you add up to a colorless net charge,
the rules of the strong force permit the particle to exist.
Combinations of three quarks (RGB) or three antiquarks (CMY) are colorless,
as are appropriate combinations of quarks and antiquarks.
The gluon exchanges that keep these entities stable are quite complicated.

This might start your mind down some interesting paths.
If red + green + blue is a colorless combination,
but red + cyan is colorless too,
does that mean that green + blue is the same as cyan?
That's absolutely right.
It means that you can have a single (colored)
quark paired with any of listing on the right

or any other combination that leads to a colorless total.

When you hear about exotic particles like tetraquarks (two quarks and two antiquarks)
or pentaquarks (four quarks and one antiquark),
you know that they obey these rules.

With six quarks and six antiquarks to choose from,
where their spins can sum to 1/2, 3/2 or 5/2,
there are expected to be more pentaquark possibilities
than all baryon and meson possibilities combined.
The only rule, under the strong force, is that all such combinations must be colorless.
But color is only an analogy,
and that analogy will actually break down pretty quickly
if you start looking at it in too much detail.
For example, the way the strong force works is by exchanging gluons,
which carry a color-anticolor combination with them.

If you are a blue quark and you emit a gluon,
you might transform into a red quark,
which means the gluon you emitted contained a cyan (anti-red)
and a blue color charge, enabling you to conserve color.
The strong force, operating as it does because of
the existence of 'color charge'
and the exchange of gluons,
is responsible for the force
that holds atomic nuclei together.
A gluon consists
of a color/anticolor combination
in order for the strong force
to behave as it does.
You might think, then, with three colors and three anticolors,
that there would be nine possible types of gluon that you could have.
After all, if you matched each of red, green and blue with each of cyan, magenta and yellow,
there are nine possible combinations.
This is a good rst guess, and it's almost right.
As it turns out, though, there are only eight gluons that exist.

fi

Imagine you're a red quark, and you emit a red/magenta gluon.

You're going to turn the red quark into a green quark,
because that's how you conserve color.
That gluon will then nd a green quark,
where the magenta will annihilate with the green
and leave the red color behind.
In this fashion, colors get exchanged between interacting colored particles.
This line of thinking is only good for six of the gluons, though:

fi

When you run into the other three possibilities
— red/cyan, green/magenta, and blue/yellow —
there's a problem: they're all colorless.

In quantum physics, whenever you have particles
that have the same quantum numbers,
they mix together.

superpositions

These three types of gluons, all being colorless,
absolutely do mix together.
The details of how they mix are quite deep
and go beyond the scope of this class,
but you wind up with two combinations
that are an unequal mix of the three different colors and anticolors,
along with one combination that's a
mix of all the colors/anticolor pairs equally.

That last one is truly colorless,
and cannot physically interact with
any of the particles or antiparticles with color charges.
Therefore, there are only eight physical gluons.

—> does not exist

The exchanges of gluons between quarks (and/or antiquarks),
and of colorless particles between other colorless particles,
is literally what binds atomic nuclei together.

Individual protons and neutrons may be colorless entities,
but there is still a residual strong force between them.
All the known matter in the Universe can be divided into atoms,
which can be divided into nuclei and electrons,
where nuclei can be divided even farther.

We may not have even yet reached the limit of division,
or the ability to cut a particle into multiple components,
but what we call color charge,
or charge under the strong interactions,
appears to be a fundamental property of quarks, antiquarks and gluons.
We may call it color charge, but the strong nuclear force
obeys rules that are unique among all the phenomena in the Universe.
While we ascribe colors to quarks, anticolors to antiquarks,
and color-anticolor combinations to gluons, it's only a limited analogy as I said.
In truth, none of the particles or antiparticles have a color at all,
but merely obey the rules of an interaction that has three fundamental types of charge,
and only combinations that have
no net charge under this system are allowed to exist in nature.
This intricate interaction is the only known force
that can overcome the electromagnetic force
and keep two particles of like electric charge
bound together into a single, stable structure: the atomic nucleus.
Quarks don't actually have colors,
but they do have charges as governed by the strong interaction.
Only with these unique properties can the building blocks of matter
combine to produce the Universe we inhabit today.

End
Hope to see many of you in Quantum Mechanics in the Fall

