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1 Reality

We’ve analyzed the possible energy (mass) eigenstates of an SU(3)-invariant
theory. These correspond to irreducible representations of SU(3). A partic-
ularly fruitful model of particle masses is one where we regard the hadrons
as bound states of quarks. The resultant energy/mass eigenstates are then
automatically grouped into irreducible SU(3) representations with common
(aka ‘degenerate’) eigenvalues. For example, the baryons are regarded as
bound states of three quarks, and the detailed baryon properties have to do
with the flavors, spin-orientations and orbital configurations of the quarks in
their bound states.

It’s been noted that the above model is only an approximation. First of
all, the quarks have different masses (thus violating strict flavor symmetry)
and even though their interactions are flavor-independent, the bound-state
energies depend on the quark masses and thus aren’t precisely the same for
all quark combinations.

Secondly, the idea of a bound state comes from intuitions about the hy-
drogen atom, whose properties are derived using non-relativistic quantum
mechanics. In particular, when solving equations for the hydrogen atom,
we assume that the proton and electron are the only particles binding to-
gether. In a relativistic theory, particles can be created and annihilated. So
the situation is somewhat similar to what would happen if you were trying
to compute earth’s orbit around the sun while taking into account earth’s
collisions with huge asteroids. In that case, orbits are only approximately
elliptical and over a long period of time, earth would fall into the sun or
alternatively be kicked out of the solar system. Similarly, when looking at
quark-binding, one can end up with temporary bound states, aka ‘unstable’
bound states.

So, are the quark bound states ‘real’? This is a deeply philosophical
question that requires a definition of ‘real’. I don’t want to attempt a proper
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analysis of this question. It’s been a subject of interest to the greatest philoso-
phers through the ages. However, I’ll toss out two somewhat opposing views
on the matter.

� Heisenberg’s view: The only things which are ‘real’ are those capable of
being measured (‘observed’). Famously, Heisenberg argued that there
is no reality to the question “what is the simultaneous momentum and
position of a particle?”, since no measurement can be done which can
determine position without disturbing momentum, etc.

� Einstein’s view (sort of): There is a relatively-simple mathematical
model so that every measurement is uniquely determined by the pa-
rameters of the model. This mathematical model is called ‘reality’. So
if you first measure the position of a particle and subsequently measure
its momentum, the results are uniquely predicted by a single mathe-
matical model of the world with particular values for the parameters
of that model.

Heisenberg’s view is blemished by the imprecise notion of what constitutes a
measurement. For example, is your consciousness part of the measurement?
Einstein’s view is blemished by the imprecise notion of ‘relatively-simple’.

Both views are resolved in practice by acknowledging the role of approx-
imation in science and engineering. What Heisenberg’s principle demon-
strated, was that different kinds of approximations were required for mi-
croscopic/quantum phenomena, than were appropriate for macro/classical
phenomena.

So, what do we mean by a ‘real particle’? When the particle is large
(macroscopic) it has measurable properties that we can all agree on.
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When the particle is microscopic, its properties are inferred from its col-
lisions with other particles. As an example, free electrons can be produced
through chemical reactions on separated plates, and the electron trajecto-
ries are inferred through collisions with gas etc. More specifically to particle
physics, electrons or protons can be accelerated and then collided (scattered)
with one another to produce a variety of other particles that can be deflected
in a particular direction dependent on the masses of those particles. Those
new particles can in turn be scattered, etc. However, from a mathemati-
cal point of view, the new particles don’t ‘precisely’ have the property of
mass. Rather, the electromagnetic deflection can be computed by assuming
an ‘approximate’ mass for those particles.

Consider, for example, a collision of the form

e+ ⊕ e− → ℵ → stuff (1)

where an electron and a positron produce an ℵ ‘particle’ which then de-
composes into a particular collection of other particles which we call ‘stuff’.
In this process, we don’t directly see the ℵ ‘particle’ because it decays into
‘stuff’, but we can infer its existence by measuring the rate of production
of ‘stuff’ as a function of the center-of-mass energy of the electron-positron
pair. An approximate prediction for this rate, is obtained from the colli-
sion amplitude, proportional to the Feynman propagator as we’ve discussed
previously.

GF (p) =
i

p2 −m2
(2)
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where p is the 4-momentum of the electron-positron pair. In the center-
of-mass frame, p = (2E,0). A more precise approximation is obtained by
considering perturbative corrections to the Feynman propagator, which can
be shown to have the form

∆F (p) =
i

p2 −m2 + imΓℵ
(3)

It turns out that Γℵ is proportional to the rate of decay of the ℵ particle.The
total scattering rate is then proportional to the magnitude-squared of ∆F (p)
and we end up with the cross-section (rate)

σ(e+ ⊕ e− → ℵ → stuff) ∝ 1

(4E2 −m2)2 +m2Γ2
ℵ
. (4)

This is known as the Breit-Wigner resonance formula.

 

Note that the width of the curve, Γℵ, is the imaginary part of the denom-
inator in the propagator.

A real-life example of this kind of thing is shown here, in the production
of a mysterious particle known as Y(4260), speculated to be a 4-quark bound
state.
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Can we imagine taking two unstable particles and colliding them? Yes we
can, but the process is a bit convoluted. First you have to create the particles
– often requiring the collision of other particles (e.g. electrons). Then the
new particles would need to be separated from other by-products of the
original collision. This might be accomplished by collimation of some sort.
This multi-step process could be modelled using various approximations that
apply to reasonably-stable ‘particles’. In the end, the approximation ends up
looking a lot like the computation for collisions of two stable particles, but
with perturbations.
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2 The particle table from The Particle Data

Group
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