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The Pool-Table Analogy with Axion Physics (Sikivie)

Physics Today 49, 12, 22 (1996); doi: 10.1063/1.881573

HORIZONTAL POOL TABLE on a
slanted floor. Adjusting the
lengths of the pool-table legs
compensates for the tilt of the
room. FIGURE 1

ing the lengths of the pool-table legs, as illustrated in
figure 1. To do that, the pool-table maker measured the
angle between the vertical and the playroom floor. Ver-
tical direction is determined by gravity and can be made
manifest by the plumb line, a well-known and wonderful
tool. After taking his measurements, he designed the
table's legs accordingly, with a precision of one part per
billion. TSP muses that if the table maker has many
customers, he must spend a lot of effort adjusting his pool
tables to the various angles between the vertical and the
floors of his customers' playrooms. Each pool table has
to be individually built to ensure the symmetry that the
customers demand for their snooker playing, to the tune
of one part per billion, apparently.

Automatic zeroing
Some time passes. One day, as TSP is sitting around
thinking about the life of the pool-table maker, an idea
occurs to him. If he himself were in the pool-table making
business, what he would do is build each pool table on a
post that would pivot on an axle. At the end of the post
opposite the pool table would be a big weight. The axle
would be mounted on a tripod. TSP's imagined contrap-
tion is illustrated in figure 2. The point is that gravity
would automatically pull the weight down, so the post
would be vertical and the pool table horizontal. Et voila!
All pool tables can now be made the same, with tremen-
dous savings in effort and production costs.

TSP gets excited at the idea of the fortune he could
make in the pool-table manufacturing business. His ta-
bles would adjust themselves automatically in any play-
room, just under the influence of gravity. The beauty of
the scheme is that it is gravity that decides what's vertical
and what's not. So gravity can do the job by itself.

What TSP has just discovered is the analog of the
Peccei-Quinn solution to the strong CP problem of the
Standard Model of particle physics. Roberto D. Peccei
and Helen R, Quinn slightly modified the Standard Model
in such a way as to make the 0 angle of QCD a dynamical
variable. There are nonperturbative effects that produce
P and CP violation in QCD if the 8 angle differs from zero
or 77. The analog of QCD is the physics on the pool table;
the analog of the 6 angle is the misalignment of the table
from the horizontal; the analog of the nonperturbative
effects that make QCD physics depend upon the 8 angle
is gravity, which makes pool-table physics sensitive to a
lack of horizontalness of the table; the analog of P and
CP symmetry in QCD is S symmetry in the pool-table
physics; and so on. In the Peccei-Quinn mechanism, the
nonperturbative effects that make QCD physics depend
upon 0 pull 8 to zero once the model has been arranged
so that 6 becomes a dynamical variable. In TSP's con-
traption, gravity, which makes pool-table physics sensitive
to a slant of the pool table, removes any such slant once
an axle is introduced to enable the pool table to pivot.

TSP is pleased with himself, although it turns out he
cannot make a fortune based on his insight. For some
reason, he is confined to the playroom and that keeps him
from going into the pool-table manufacturing business.
More time passes. One day, in a more humble mood than
the one he got into following his theoretical discovery of
the mechanism that can straighten out pool tables, a fresh
idea occurs to him. It might be that the pool-table maker
who made the table where TSP lives also discovered the
mechanism for straightening pool tables and that he
incorporated it into the pool table in TSP's room. TSP
becomes curious about this possibility. Unfortunately, all
around the pool table hangs a dark cloth that hides from
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view whatever supports it. But after a while, TSP realizes
that it is not necessary to see the support structure to
deduce whether or not the pool table has been built with
the pool-table straightening mechanism. The point is that
the physics of playing snooker on a table with the mecha-
nism differs from the physics of playing snooker on a
regular pool table without the mechanism. On a regular
table, as in figure 1, when the ball hits the rim, it bounces
back with the same energy it had before hitting the rim.
(For the sake of argument, we are neglecting the absorp-
tion of energy by the rubber on the rim.) But on a pool
table that has the straightening mechanism shown in
figure 2, a ball does not bounce off the rim with the same
energy, because some of its energy gets transferred to an
overall oscillation of the pool table about its horizontal
equilibrium position. In the past, snooker players always
perceived that the ball bounced back with the same energy
but, of course, they had no reason to question whether
that is true with infinite precision.

Theorist's motivation
Let me digress briefly to explain what is going through
TSP's mind at this moment. TSP's fellow snooker players
have always thought him a bit odd because, although TSP
was recognized from early on to be quite smart, he didn't
achieve much in real life. TSP just sits around thinking
about this and that, but he doesn't do much. His fellow
players thought TSP was acting very strangely when he
had insisted that there was something "terribly wrong"
about a horizontal pool table in a room that was itself not
horizontal. ''What's so wrong about that?" they said to
each other, "It's actually good to have a horizontal pool
table to play snooker." Their viewpoint is just so totally
different from TSP's. Of course, TSP enjoys thinking, and
that's why he does that rather than anything else. So,
contrary to what his fellow players think, TSP has a happy
life. Still, he would like it better if he were more appre-
ciated. Now, with his theoretical discovery of the pool-
table straightening mechanism, TSP sees an opportunity
to impress the other players. If he
can show that the rules of snooker
are not quite what they appear to
be and hence that there are new
possibilities in the game, that is
something his fellow players would
appreciate. They did not care to

wonder why the pool table was horizontal even though
the playroom floor was tilted. However, if balls can give
up some of their energy to an oscillation of the pool table
and hence an oscillation of the pool table can give extra
energy to the balls—well, of course, that is very important
and the players would want to know about that.

So TSP sets hard to work. His goal is simple. He
wants to produce an oscillation of the pool table and then
put into evidence that such an oscillation is occurring.
For example, he puts one ball some place on the table
next to the rim. Then he shoots another ball very hard
against the rim on the opposite side of the table. Some
of that energy gets absorbed into an oscillation of the
table. Then some of the energy in the table oscillation
gets transferred to the first ball, which has been sitting
next to the table rim. That would be the experimental
signature of the fact that the table has been built with
the straightening mechanism. When TSP's fellow snooker
players see that energy can be transferred from one ball
to another without the balls actually touching each other,
they will be astounded. They will want to know how that
happens. TSP will give them lectures. TSP will become
famous. So he hopes.

Limits of detectability
The analog of the pool-table oscillation in the case of the
pool table being built with the straightening mechanism
of figure 2 is, of course, an oscillation of the 6 parameter
of QCD if the Standard Model has incorporated into it the
Peccei-Quinn mechanism described earlier. The axion is
the quantum of oscillation of the 6 parameter of QCD. It
is a particle in the same way that the quantum of oscil-
lation of the electromagnetic field, the photon, is a particle.
To discover whether the Peccei-Quinn mechanism has
been incorporated into the Standard Model, one searches
for the axion. To search for the axion, one tries to produce
a few axions and then detect them. It is necessary to
produce them first because they are unstable and hence
cannot be around for a long time. (This last statement

POOL-TABLE STRAIGHTENING
MECHANISM. This pool table can

accommodate any tilt of the room.
FIGURE 2
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table that has the straightening mechanism shown in
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energy, because some of its energy gets transferred to an
overall oscillation of the pool table about its horizontal
equilibrium position. In the past, snooker players always
perceived that the ball bounced back with the same energy
but, of course, they had no reason to question whether
that is true with infinite precision.
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Let me digress briefly to explain what is going through
TSP's mind at this moment. TSP's fellow snooker players
have always thought him a bit odd because, although TSP
was recognized from early on to be quite smart, he didn't
achieve much in real life. TSP just sits around thinking
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players thought TSP was acting very strangely when he
had insisted that there was something "terribly wrong"
about a horizontal pool table in a room that was itself not
horizontal. ''What's so wrong about that?" they said to
each other, "It's actually good to have a horizontal pool
table to play snooker." Their viewpoint is just so totally
different from TSP's. Of course, TSP enjoys thinking, and
that's why he does that rather than anything else. So,
contrary to what his fellow players think, TSP has a happy
life. Still, he would like it better if he were more appre-
ciated. Now, with his theoretical discovery of the pool-
table straightening mechanism, TSP sees an opportunity
to impress the other players. If he
can show that the rules of snooker
are not quite what they appear to
be and hence that there are new
possibilities in the game, that is
something his fellow players would
appreciate. They did not care to

wonder why the pool table was horizontal even though
the playroom floor was tilted. However, if balls can give
up some of their energy to an oscillation of the pool table
and hence an oscillation of the pool table can give extra
energy to the balls—well, of course, that is very important
and the players would want to know about that.

So TSP sets hard to work. His goal is simple. He
wants to produce an oscillation of the pool table and then
put into evidence that such an oscillation is occurring.
For example, he puts one ball some place on the table
next to the rim. Then he shoots another ball very hard
against the rim on the opposite side of the table. Some
of that energy gets absorbed into an oscillation of the
table. Then some of the energy in the table oscillation
gets transferred to the first ball, which has been sitting
next to the table rim. That would be the experimental
signature of the fact that the table has been built with
the straightening mechanism. When TSP's fellow snooker
players see that energy can be transferred from one ball
to another without the balls actually touching each other,
they will be astounded. They will want to know how that
happens. TSP will give them lectures. TSP will become
famous. So he hopes.

Limits of detectability
The analog of the pool-table oscillation in the case of the
pool table being built with the straightening mechanism
of figure 2 is, of course, an oscillation of the 6 parameter
of QCD if the Standard Model has incorporated into it the
Peccei-Quinn mechanism described earlier. The axion is
the quantum of oscillation of the 6 parameter of QCD. It
is a particle in the same way that the quantum of oscil-
lation of the electromagnetic field, the photon, is a particle.
To discover whether the Peccei-Quinn mechanism has
been incorporated into the Standard Model, one searches
for the axion. To search for the axion, one tries to produce
a few axions and then detect them. It is necessary to
produce them first because they are unstable and hence
cannot be around for a long time. (This last statement
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DETECTOR of relic pool-table
oscillations. FIGURE 5

to determine whether it is oscillating at present, for he
realizes now that a relic oscillation is the telltale sign of
the pool-table straightening mechanism. He does not
detect any, and places an upper limit of 10~12 on the
present oscillation amplitude of the table. That rules out
the possibility of making the straightening mechanism
invisible at will by lengthening the lever arm, because the
longer Z, the lower the oscillation frequency of the pool
table and, comparatively, the more sudden the switch-on
of gravity when the spaceship lands on Mars, and hence
the larger the amplitude of relic pool-table oscillations.
From a NASA publication that happens to be in the
playroom, TSP can deduce the time scale over which the
retrorockets are fired for the Mars landing, which is also
the time scale over which Mars's gravity gets effectively
turned on. From that, he can figure out the amplitude
of relic pool-table oscillations as a function of/. He finds
that the upper limit of 10"1" on relic pool-table oscillations
requires that I be smaller than 10 meters. TSP is very
excited about this result. On the one hand, / must be
larger than 3 meters because he was unable to produce
and detect pool-table oscillations. On the other hand, /
must be smaller than 10 meters because he was unable
to detect relic oscillations. It seems TSP is closing in on
a resolution of the horizontal pool-table mystery.

The switch-on of gravity when the spaceship ap-
proaches Mars is analogous to the switch-on of nonper-
turbative QCD effects when the universe is about 10"7

seconds old and the temperature is about 1 GeV. The
relic pool-table oscillations are analogous to the coherent
axion field oscillations that constitute the present cosmo-
logical axion energy density if the axion decay constant,
/", is large. The requirement that the axion cosmological
energy density not overdose the universe puts an upper
limit on f and hence a lower limit on the axion mass.
Just as TSP found lower and upper limits on the length
/ of the lever arm in the pool-table straightening mecha-
nism, there are lower and upper limits on the axion decay
constant. If the axion mass is near its lower limit, axions
may be the dark matter of the universe. Experiments are
now under way at Lawrence Livermore National Labora-
tory and at Kyoto University that attempt to detect the

axion field oscillations that constitute the dark matter in
our Galaxy. In these experiments, an electromagnetic
cavity is placed in a large static magnetic field. The cavity
is tunable and its frequency is slowly changed. When
the cavity frequency matches the axion mass in natural
units (hv - me2), a tiny amount of excess microwave
power appears in the cavity, caused by resonant axion-to-
photon conversion in the externally applied magnetic field.
Figure 4 shows a photograph of a piece of the LLNL
apparatus.

TSP has similarly found a means of detecting relic
pool-table oscillations if / is in the range of 3 to 10 meters,
or equivalently, if the frequency of such oscillations is in
the range of 0.18 to 0.097 cycles per second. His device
is just a simple high-quality oscillator placed on the pool
table. (See figure 5.) The oscillator frequency is tunable
by changing the mass at the end of the spring. TSP plans
to slowly change the frequency. When it matches that of
relic pool-table oscillations, his oscillator will get excited.
TSP should be able to see this effect.

WiD TSP succeed in his latest venture and solve at last
the mystery of the horizontal pool table? We don't know
yet, but if he does, there may be a sequel to this story

/ adapted this article from a talk I gave at the 30th Moriond
Meeting, at Villars-sur-Ollon, Switzerland, in January 1995. I
thank my colleagues on the axion search experiments for their
insightful comments and Cynthia Chennault for stylistic suggestions.
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Preventing Proton Decay: R-parity
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Figure 2: Proton decay mediated by squarks. Arrows indicate helicity and should not be confused
with the ‘charge flow’ arrows of Dirac spinors [14]. Tildes indicate superpartners while bars are
used to write right-chiral antiparticles into left-chiral fields in the conjugate representation.

Superfield Matter parity
quark, lepton �sf PM = �1
Higgs �sf PM = +1
gauge vsf PM = +1.

Under these assignments, all terms in W
(good) have PM = +1 while all terms in (bad) have PM = �1.

One can check that one may write matter parity in terms of baryon and lepton number as

PM = (�)3(B�L)
. (2.51)

A common variation of this is to impose the above constraint using R-parity,

PR = (�)3(B�L)+2s
, (2.52)

where s is the spin of the field. Conservation of matter parity implies conservation of R-parity. This
is because the (�)2s factor always cancels in any interaction term since Lorentz invariance requires
that any such term has an even number of fermions. Observe that all sm fields have R-parity
+1 while all superpartner fields have R-parity �1. (This is similar to T -parity for Little Higgs
models.) The diagrams assocaited with electroweak precision observables carry only sm external
states. Since R-parity requires pair-production of superpartners, this means that electroweak
precision corrections cannot occur at tree-level and must come from loop diagrams.

It is important to understand that R-parity (or matter parity) is an additional symmetry that
we impose on top of supersymmetry. R-parity has some important consequences:

1. The lightest R-parity odd particle is stable. This is known as the lightest supersymmetric
particle or lsp. If the lsp is an electrically neutral color singlet—as we shall assume—it is
a candidate for wimp-like dm.

2. Each superpartner (sparticle) other than the lsp will decay. At the end of any such sequence
of decays one is left with an odd number (usually one) of lsps.

3. In collider experiments, the initial state has PR = +1 so that only an even number of
sparticles can be produced at a time (e.g. via pair production). At the end of the decay these
end up as lsps which manifest themselves as missing energy signals at colliders.

For most of this document we postulate that the mssm has exact R-parity conservation—though
this is something of an ad-hoc assumption.
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PR[ ordinary matter ] = + 
PR[ superpartner ] = −   

Added bonus: 
lightest superpartner is stable.

Dark matter is not even in our current mathematical or physical models of the
universe. There is a large amount of stuff out there silently pulling on us, and
we don’t know what it is. We can’t possibly claim to understand our universe
without understanding this huge part of it.

Now, before you start feeling paranoid about weird, dark, mysterious
stuff floating all around you, consider this: what if dark matter is something
awesome?

Dark matter is made of something that we have no direct experience with.
It’s something we haven’t seen before, and it might behave in ways we
haven’t imagined.

Think of the amazing potential that exists here.

What if dark matter is made of some new kind of particle that we are able
to produce and harness in high-energy colliders? Or what if in discovering
what it is, we figure out something about the laws of physics we didn’t know
about before, such as a new fundamental interaction or a new way that the
existing interactions can work? And what if this new discovery lets us
manipulate regular matter in new ways?

Imagine you’ve been playing a game your whole life, and suddenly you
realize that there are special rules or special new pieces you could be playing
with. What amazing technology or understanding could be unlocked by
figuring out what dark matter is and how it works?

We can’t stay in the dark about it forever. Just because it’s dark doesn’t
mean it doesn’t matter.

?
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The story so far: SUSY
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Weakly-Interacting Massive Particle

mh ?

Dark Matter !

Weak scale mass ~100 GeV  
Weak scale interaction strength GF  
No additional parameters (roughly)

Missing Mass
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One thing that we do know: density

Dark Matter !
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~ GeV / cm3
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Weakly-Interacting Massive Particle

mh ?

Dark Matter !

Weak scale mass ~100 GeV  
Weak scale interaction strength GF  
No additional parameters (roughly)

Missing Mass

How much dark matter do we predict?
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How much dark matter is there?
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WIMP prediction: relic abundance of dark matter
[ neutralino & cousins ]
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The “WIMP Miracle”
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16 27. Dark matter

Figure 27.1: WIMP cross sections (normalized to a single nucleon) for spin-
independent coupling versus mass. The DAMA/LIBRA [72], and CDMS-Si
enclosed areas are regions of interest from possible signal events. References to the
experimental results are given in the text. For context, the black contour shows a
scan of the parameter space of 4 typical SUSY models, CMSSM, NUHM1, NUHM2,
pMSSM10 [73], which integrates constraints set by ATLAS Run 1.

Table 26.1 summarizes the best experimental performances in terms of the upper limit
on cross sections for spin independent and spin dependent couplings, at the optimized
WIMP mass of each experiment. Also included are some new significant results (using
Argon for example).

In summary, the confused situation at low WIMP mass has largely been cleared
up (with the notable exception of the DAMA claim). Liquid noble gas detectors have
achieved large progress in sensitivity to spin independent coupling WIMPs without seeing
any hint of a signal. A lot of progress has also been achieved by the PICO experiment
for spin dependent couplings. Many new projects focus on the very low mass range of
0.1-10 GeV. Sensitivities down to σχp of 10−13 pb, as needed to probe nearly all of the
MSSM parameter space [39] at WIMP masses above 10 GeV and to saturate the limit
of the irreducible neutrino-induced background [56], will be reached with Ar and/or
Xe detectors of multi-ton masses, assuming nearly perfect background discrimination
capabilities. For WIMP masses below 10 GeV, this cross section limit is set by the solar
neutrinos, inducing an irreducible background at an equivalent cross section around 10−9

pb, which is accessible with less massive low threshold detectors [31].
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