
Sixteen years before the discovery of
charge-conjugation-parity nonconser-
vation in the decay of K mesons, a very
fine high-school physics teacher got me
interested in physics. I'm not sure that
I wouldn't have been interested in it
anyway, but nevertheless he was a
remarkable gentleman in a high school
in Dallas, Texas. I think high-school
physics teachers continue to play a
crucial role today, so I want to make
one or two remarks about physics
teaching before I describe the fascinat-
ing behavior of K mesons and discuss
some of the historical and human
aspects of the research that Val Fitch
and I did on their decay.

In my high school, physics was said to
be the toughest and most difficult class,
so if you got in that physics course and
passed, you felt very proud. The very
nature of the course gave us that kind
of incentive. In particular I remember
that in the spring term our teacher had
us do two projects. One was to go home
and somehow build an electric motor,
something that would go around when
you put six volts to it. That was quite
fun to do, but the one that turned out to
be even more challenging was to make
a transformer to step down 110 volts to
6 volts. The important thing, he said,
was that it had to drive a certain load.
That was the test. So each student
would come up, connect his or her
transformer, and drive a load. Some
people didn't realize that you had to
consider more than the ratio of turns to
drive this load, and there were some
spectacular explosions. He had this
wonderful way of teaching by a very
demonstrative method.

Another thing I'd like to comment
about is the decline in the number of
high-school physics teachers, although
it is probably difficult to do much about
this. I have seen newspaper reports
saying that on the average there is only
half a physics teacher per high school
in the Chicago school system.1 I think
this is really a very serious matter, and
the fact that we are not doing a good job
of teaching mathematics, physics and
science to the young people is ultimate-
ly going to have a very serious effect on
the nation.

Neutral K mesons
Now let me turn to the question of K

mesons, which were not even known
when I was in high school. These
particles were discovered in cosmic
rays by physicists in Europe shortly
after the end of the Second World War.
They appeared as neutral particles that
decayed into positive and negative
pions, which were thought to be the
nuclear glue, or the particles that
transmitted the nuclear force.

The first thing that was so fascinat-
ing about the K meson was that it lived
so long. It had a lifetime of 10"'°
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seconds, which seems short by macro-
scopic time scales, but a particle decay-
ing via the strong interaction would
have a lifetime of only 10 ~20 seconds.
So there is a great inhibition to decay
here, and this was understood finally
by postulating that the particle has a
quantum number called "strangeness."
Murray Gell-Mann coined this term
while he was at the University of Chi-
cago. The K° meson was assigned a
strangeness of + 1 and the pions were
each said to have a strangeness of 0.

K°
1 0 0

If a decay requires a change of strange-
ness, it is inhibited and, in fact, it takes
place via the weak interaction.

According to dogma, every particle is
thought to have an antiparticle. Now,
a proton and an antiproton are opposi-
tely charged. For a neutral particle,
you might ask, what's the difference
between the particle and its antiparti-
cle? The neutral pion, for example, is
identical to its antiparticle. But the
neutron and the antineutron have
quite different properties; their mag-
netic moments, for example, have oppo-
site signs. The antineutron is an anti-
baryon, and when it interacts with a
neutron, they annihilate.

Unlike the neutral pion, the K° and
its antiparticle K" cannot be identical,
because the K" would have a strange-
ness of - 1. The K° is a particle of zero
spin, so the difference between K° and
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K°is subtle; it is controlled by this
strangeness quantum number. Since
the K5 also decays to two pions via the
weak interaction, how is that differ-
ence manifested?

What is really fascinating is that the
final state of the K° and W are the
same. In fact, that very point was
made in a class I attended. I was a
graduate student at the University of
Chicago in the spring of 1954. Gell-
Mann was a very young man then—I
guess he's still a young man by his own
standards—and he was giving a course
in which he outlined his ideas about
strangeness. One quite distinguished
person in this class was Enrico Fermi.
He asked Gell-Mann: If K° and W
both decay to the same final state,
what's the difference between them?
Even Gell-Mann didn't have an answer
for that—right away. He went to the
Institute for Advanced Study and pre-
sumably thought a lot about this ques-
tion. In 1955 he wrote a remarkable
paper2 with another physicist at the
Institute, Abraham Pais. They predict-
ed some very bizarre effects due to the
fact that a particle and an antiparticle,
even though distinct from one another,
have a common decay mode.

There is an analogy in a pair of

Apparatus for neutral K-meson experiment.
Housings contain spark chambers and
cameras. Researcher is standing near the
triggering system electronics. (Photograph
courtesy of Brookhaven National
Laboratory). Figure 1

pendulums—say, a red one that repre-
sents the K°, and a white one that
represents the K". Suppose you hang
them on a common ring stand so there
is a little coupling between them.
When you describe the motion of these
pendulums you talk not about one or
the other, but about the normal modes
of the coupled pair. There are two
normal modes, each with its own peri-
od: the symmetric mode, where the
pendulum bobs move together, and the
antisymmetric mode, where they move
oppositely. Essentially, what Gell-
Mann and Pais pointed out is the same
thing: The K° and K15 are coupled via
their common final state, and in decays
are observed not separately but in two
"normal modes" characterized by two
different lifetimes. So it's very similar
to the coupled pendulums.

And it is similar algebraically, too, as
we will see later. For now, recall that
in the case of pendulums, if you let x,
and x2 represent the displacements of
the bobs from their equilibrium posi-
tions, then you must solve two differen-
tial equations to describe their motion.
But each equation contains terms in-
volving x, and x2. Substituting x, =
%(X} + X2) and x2 = V2(X, - X2) you
obtain two simpler equations: one con-
taining only Xu and the other, only X2.
X[ and X2 are called the normal modes.
From these equations you obtain the
characteristic frequency of each nor-
mal mode. The normal mode X, corre-
sponds to the symmetric motion of the
pendulum bobs (*, = x2), and the nor-
mal mode X2 corresponds to the anti-
symmetric motion (xl= — x2).

CP symmetry
Gell-Mann and Pais asked, what is

the guiding principle that would estab-
lish the effects of this coupling? At the
time they said that there is a symmetry
of charge conjugation. That is, if you
take a system and change every parti-
cle into its antiparticle, the laws of
physics should be the same. Further-
more, one can characterize the quan-
tum mechanical states, or assemblies of
particles, by a quantum number relat-
ed to this symmetry of charge conjuga-
tion.

Now that was before the discovery in
1957 of parity violation, where nature
was found to have preference, a han-
dedness if you like: The laws of physics
are not symmetric under the operation
of space reflection. That is, if you
describe a system and then reverse all
of the coordinates, the physical laws
are not quite the same in certain weak

interactions. So when that happened,
the Gell-Mann-Pais argument was
modified slightly to include parity vio-
lation. The argument that I will pre-
sent to you will discuss these K mesons
under the combined operation of
charge conjugation C and parity P.

Gell-Mann and Pais said that the
controlling principle that will tell us
about the "normal modes," the proper
linear combinations of K° and K", is
CP symmetry. What does this mean?
Let's discuss it for the final state that
consists of a 77+ and a TT~ when they are
in a state of zero angular momentum.
When I operate on this state with
charge conjugation C, the IT* becomes a
n~, and the n~ becomes a ir+. The
order in which I write down the pions
certainly doesn't matter. It turns out
that under space reflection the wave-
function of a particle can have either
an even or an odd symmetry. The pions
are odd under space reflection, giving
us a factor of ( — I)2 because there are
two pions. The zero angular momen-
tum wavefunction is even under space
reflection. The net result of charge
conjugation and space reflection, then,
is that I get the state back again with a
plus sign. So this final state has a CP
eigenvalue of + 1 .

-77-+>(- If

As a second example consider a sys-
tem of three pions: TT+, n~ and v°.
When I operate on this with CP, the
final state has the opposite sign.

CP\tT + TT-TT°y = \TT-ir+ir0> ( - I)3

If the interaction responsible for the
decay of the K meson system respects
CP, then it can decay to a final state
that contains either two pions or three.
I think it's not too hard to see that the
particles that have a definite lifetime
are either symmetric or antisymmetric
combinations of K° and K°:

Ks =(l/v /2X|K°>+|KD» (1)
K L = ( 1 / A / 2 X | K ° > - | K C » (2)

The subscripts indicate short-lived and
long-lived mesons; we will see later why
the lifetimes are different.

If we solve for JK°> we find
K° = (1/V2)|KS>

James W. Cronin, university professor of phy-
sics at the University of Chicago, responded to
questions from the Chicago section of the
American Association of Physics Teachers on
3 October 1981. Margaret Stautberg Green-
wood, currently the section president, trans-
formed Cronin's talk into this article. Green-
wood, associate professor of physics at
DePaul University in Chicago, is author of
Physics: The Excitement of Discovery (Wads-
worth, Belmont, Calif., to be published in
1983).
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Thus, a beam of K° mesons produced at
a particle accelerator contains equal
mixtures of short-lived mesons Ks and
long-lived mesons KL. The short-lived
mesons decay into two pions and the
long-lived mesons into three pions.
After some time has passed, the beam
contains only the long-lived mesons.
(The apparatus shown in figure 1 was
positioned to observe the decay of long-
lived mesons.) From equation 2 we see
that KL contains equal mixtures of K°
and K".

Coupled pendulums
The situation is analogous to the

coupled pendulum where the normal
modes are characterized by either a
symmetric or an antisymmetric mo-
tion. In fact, the pendulum analogy
can be pushed a little further if you
imagine two ideal pendulums connect-
ed by a slide immersed in some viscous
oil, as I suggest in figure 2. Clearly, if
you took this system and started it out
with the pendulum bobs going some
arbitrary way, the antisymmetric mode
(with the bobs going in opposite direc-
tions) would damp out right away and
the other mode (with the bobs going in
the same direction) would persist.
Now, we are going to see the same kind
of phenomenon going on with K me-
sons. That is, the damping, or the

lifetime, of these two linear combina-
tions is going to be quite different. Now
why will they be quite different?

Let's look at the two linear combina-
tions and let CP act on them. Well, you
won't like this, I'm sorry, but in quan-
tum mechanics one has a lot of freedom
to define phases, and one can by defini-
tion—you won't like this at all—de-
clare that CP acting on K° gives K°.

CP|K°> = | K°>

That's the way it is; you are free to
choose that phase. We could spend a
lot of time talking about those phases.
Anyway, if you'll accept that very un-
pleasant assertion, then you can see
that CP acting on the symmetric combi-
nation gives the same state back again
with a plus sign.

In other words the symmetric combi-
nation of K° and K° is even under CP,
and now you can see clearly that CP
acting on the antisymmetric combina-
tion is odd.

CP(1/V2X|K°>-

Now if CP is respected, the symmetric

combination is free to go to two pions
but not to three, and the antisymmetric
state can only go to three pions.

Now then, this is an interesting thing
because it predicts that the lifetime of
these two different "normal modes" of
the K°- K° system will be quite dis-
tinct. When a particle system decays,
the rate depends upon the excess ener-
gy available, the "Q value." Because
the K meson has a mass of about 500
MeV and the pion a mass of 140 MeV,
the Q value is greater for two-pion
decay than for three-pion decay.
There's not much excess energy for the
decay to three pions—only about 75
MeV—so the decay just goes slower.
The lifetime of the KL meson is about
5x10"" seconds.

So these gentlemen, Gell-Mann and
Pais, predicted2 that in addition to the
short-lived K mesons, there should be
long-lived K mesons. They did it beau-
tifully, elegantly and simply. I think
theirs is a paper one should read some-
time just for its pure beauty of reason-
ing. It was published in the Physical
Review in 1955. A very lovely thing!
You get shivers up and down your
spine, especially when you find you
understand it. At the time, many of
the most distinguished theoreticians
thought this prediction was really ba-
loney.

Coupled pendulums exhibit behavior that is analogous to that of the
two-component K-meson system, whose "normal modes" are super-

positions of the K° and its antiparticle. In this photograph, Cronin
points to a coupling device in the schematic diagram. Figure 2
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The short-lived decays were rather
easy to see in cosmic rays. You could
see the whole thing in a cloud chamber.
There would be an interaction and the
neutral K meson (which would not
leave a track) would travel, considering
its lifetime, from three to ten centi-
meters before decaying into two pions.
The KL mesons will go many meters on
the average before they decay, and are
not so easy to observe.

In 1956 Leon Lederman and collea-
gues at Brookhaven National Labora-
tory discovered the KL meson in cloud-
chamber photographs. The signature
of the KL meson was that it decayed
into three pions. Now how can you tell
that? Only the ir+ and the IT" make
tracks in the cloud chamber; the TT°
doesn't because it is neutral. What you
notice is that the momentum of the TT+

plus that of the IT~ does not give a
vector pointing in the direction in
which the KL was traveling. That's
because the momentum of the n° is
missing. So it is quite easy to see how
they observed the long-lived K meson
and to see that it decays into three
pions. There are other three-body de-
cay modes, but that would just compli-
cate matters.

You can push this a little bit further
and see how CP symmetry comes in.
The fact that CP is odd for a long-lived
K meson means that KL could not
decay into a TT+ and a n~. If it does—
and that was our observation—then
there is something wrong with the
assumption that the CP quantum num-
ber is conserved in the decay.3

Eureka?

I should explain how we did the
work. Sometimes there are discoveries
in which you rush out of the lab and
shout "Eureka!" This was certainly
not the case for us. First of all, the
primary motivation for doing the parti-
cular studies that led to our discovery
was not really, not even in our own
minds, to study this question. It just
seemed evident that CP symmetry
should hold. People are very thick-
skulled. We all are. Even though par-
ity had been overthrown a few years
before, one was quite confident about
CP symmetry.

We were led into our research by
some other anomalies associated with
the decay of K mesons and their inter-
actions with matter, which I won't go
into. The idea of doing these experi-
ments grew out of many lunch-table
conversations with Val Fitch while we
were working on different experiments
at Brookhaven National Laboratory. I
was working at the Brookhaven Cosmo-
tron. At the time, Brookhaven had two
machines: the Cosmotron, which was a
3-GeV accelerator, and the Alternating
Gradient Synchrotron, a 30-GeV pro-
ton accelerator.

Decay of neutral K meson
into several pions (a).

Horizontal line represents
path of K meson, which

leaves no trail because it
is neutral. In the case of
two-body decay, that is,
when there is no neutral

third pion, the vector sum
of the momenta of the two

charged pions (b) is
horizontal (6 = 0). Figure 3

The protons crash into a target and
make, among other things, K mesons.
One can make a beam of long-lived K
mesons by getting far enough away
from the target so that the short-lived
K mesons have decayed. I had some
apparatus that was ideally suited to
investigate K-meson decay at the Alter-
nating Gradient Synchrotron. The
idea came in March or April, and by
July we had moved all the apparatus
over there. There was a little place on
the inside of the ring, referred to as
Inner Mongolia, where we placed our
equipment. Others had looked for the
rr+TT" decay of KL and had found an
upper limit: No more than 1 in 300 of
the decays was of this CP violating
type. We realized right away, in the
course of setting up this experiment,
that we could very easily push that
limit down to 1 in 10 000.

The data tracks were recorded in
devices called spark chambers, where
you photograph the trail of sparks made
by a charged particle passing between
many condenser plates. It is clear that
right on the spot you can't really tell
what's going on. You have to go back
and measure the photographs. And you
have some priorities on what you are
going to measure first. We studied
another effect first, so it was six months
before we even got around to looking at
the film that had the data relevant to
the question: Does KL decay to a ir+

and a TT ~ ? So there was zero excitement
at the time of running the experiment.
The excitement came when we finally
analyzed these events and found a num-
ber of two-body decays.

If the momenta of the w+ and TT~ are
added vectorially and the sum points in
the beam direction, then you know you

have a two-body decay. The result was
that one KL meson in about 500 decays
to a TT + and a IT". That seems small,
but in subsequent years people looking
for other things have done experiments
in which this is only a calibration rate,
very mudane. At first you don't believe
it. You also know that you are going to
be under great attack by all of your
colleagues because nobody wants to
believe it. So you work very hard to be
sure it's right. By July we were quite
convinced it was right and we pub-
lished it. So that's how it happened.
No Eurekas.

Measurement and verification

Let me describe in a little more detail
what one measures. A K meson comes
along, which I represent in figure 3
with a dashed line because it it neutral.
Then all of a sudden out of nowhere
appear two charged particles. The mo-
menta of these two particles are added
to give pt. The angle between pt and
the direction of the KL meson is called
0, as in figure 3b. If it were a two-body
decay, 0 would have to be zero. From
the momenta of the TT+ and n~, you can
reconstruct the mass of the parent
(mn, „ ), which must have the mass of
the K meson.

As an example of reconstructing the
mass of the parent, let's consider the
case where 8 = 0. In the experiment
we measure the momentum of each
pion. The relativistic relationship
between energy and momentum,
E2 = p V + m0V, gives us the energy
of each pion, E+ and E_. From conser-
vation of momentum we know that the
momentum of the parent must be the
total momentum pt. And conservation
of energy tells us that the energy of the
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parent is the sumof£ t and E _. Final-
ly, from the momentum and energy of
the parent, the relativistic relationship
yields the mass of the parent.

When you plot the number of events
against the angle 8 and require the
mass of the parent to be 498 ± 5 MeV,
you get a peak at 9 = 0. When we made
the same kind of plot with a greater or
lesser mass for the parent, say 508 MeV
or 488 MeV the distribution was flat.
So the evidence for CP nonconservation
was this peak on the graph at 0 — 0,
which is shown schematically in figure
4. There were something like 50 events
in the peak with a background of about
10 events. So it wasn't all that sensa-
tional, but it was very clear.

Traditionally, when you find some-
thing unusual in an experiment, you go
back and repeat it. Here that was not
so easy to do because the apparatus had
been removed from the beam line. On
the other hand, when one records data
photographically, there is not a ques-
tion of, say, misreading the meter. We
did, in fact go back and remeasure
every one of the 5000 or so events. We
first began with rather inaccurate mea-
suring machines, but it didn't seem to
matter that much. When we remea-
sured, the width of the peak sharpened
up and was zero within the resolution
that we had. In that sense, one can go
back and check. A particle-physics
experiment done at a large accelerator
is very hard to repeat, but we did go
back and do many other things to
follow it up.

If you do an experiment that is quite

striking, people at other laboratories
usually rush to confirm it, and that's
what happened. Of course, one is de-
lighted to see that. At the time there
were probably about six laboratories in
the world where this experiment could
have been done. Three in the US, one
each in England, the Soviet Union and
Geneva. Within three or four months
the work was confirmed, because peo-
ple had apparatus that could be adapt-
ed to look at this problem. It was nice
for someone else to see what we saw.
We felt maybe we were right after all.

P, CP and CPT
I mentioned that physicists were

quite confident that CP was universally
conserved even after it had been found
that parity was not always conserved. I
would like to explain this and then say
something about time reversal, because
we now believe in CPT invariance.

In the original experiments that
demonstrated parity violation, the
magnetic moments of cobalt nuclei
were polarized by a magnetic field and
more electrons came off opposite to the
direction of the magnetic moment, as
figure 5a indicates. Let's do a space
reflection around the plane. The re-
sult, shown in figure 5b, is a change in
the direction in which the electrons
travel, but no change in the direction of
the magnetic moment. The magnetic
moment remains unchanged because it
depends upon the angular momentum
and charge of the nucleus, neither one
of which changes sign under space
reflection. Because the angular mo-

Peak at e = 0 in the
graph of the
number of events
versus angle.
This is evidence
for the two-pion
decay of KL,
a violation of CP
symmetry. Figure 4

mentum is defined as the cross product
of r and p, both of which change direc-
tion under space reflection, the angular
momentum itself stays in the same
direction.

If I operate on the nuclei represented
in figures 5a and b with charge conjuga-
tion, I see some interesting results.
The nuclei become antinuclei and the
electrons, positrons. Operating on the
original nucleus with charge conjuga-
tion only (figure 5c), more positrons
come off in the direction of the magnet-
ic moment. This is a way of seeing that
charge conjugation is violated. Operat-
ing with space reflection only (figure
5b), I see a parity violation for the same
reason. However, the combined oper-
ation CP (figure 5d) shows that CP is
conserved, because more positrons
come off opposite to the direction of the
magnetic moment. The violations of
parity and charge conjugation, in a
sense, were discovered at the same
time.

Although you might not think it is
the case, CP determines whether there
is really a symmetry between the uni-
verses of matter and antimatter. If
charge conjugation and parity are both
violated in such a way that CP is a
conserved quantity, then there is no
experiment a person in an antiuniverse
can do (and call you up on the tele-
phone and explain) that will show that
he's different from you. The more tech-
nical point is that the discovery of
parity violation led to a great simplifi-
cation of our understanding of weak
interactions. The nature of that under-
standing had CP symmetry built into it
from the very beginning.

The essential point—the more uni-
versal point—is that violation of CP
symmetry permits one to do experi-
ments that can distinguish between a
universe of matter and one of antimat-
ter. Now that's not very manifest in
what I described to you: a neutral K
meson decaying into a ir+ and a TT~.
Where's the asymmetry between mat-
ter and antimatter? There are other
three-body decay modes that I conve-
niently swept under the rug. For ex-
ample, KL has decay modes that lead to
electrons or positrons:

KL —*v++e~+v
K L ^ 7 7 " + e + + v

One finds that there's a slight asymme-
try:

(no. of e+) — (no. of e~)
(no. of e+) + (no. of e~)

This is an unmistakable effect of asym-
metry between matter and antimatter
because there are simply more posi-
trons emitted than electrons. Because
there is no absolute sense of plus or
minus, I tell my colleague in the an-
tiuniverse, "I see an excess of positrons,
electron-like objects that have the same
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sign of charge as my atomic nucleus."
Because his atoms contain antiparti-
cles, he says, "I see an excess of parti-
cles that correspond to my electrons."
You wouldn't agree about the results of
the experiment. Therefore, you would
be aware that there is a difference
between your universe and your collea-
gue's universe. So it is this kind of
gedanken experiment that brings out
the significance of CP violation.

Now, what about time reversal? In
the expressions for Ks and KL given in
equations 1 and 2, CP asymmetry re-
quires the coefficients to be unequal
and to differ slightly from l/ \ /2. In a
beam of K° mesons (or K°) the short-
lived component Ks decays, leaving the
long-lived component KL. However,
because the coefficients are now slight-
ly different from l/*\/2, the rate at
which K° transforms into K° is not
equal to the rate at which the reverse
occurs.

Let's consider now the combined
symmetry CPT. What do you mean
when you say that something is sym-
metric under time reversal? It's a very
technical thing. You have equations in
which some law says that an observable
is going to behave as some function of
time f(t). If you let t —* — t and appro-
priately change the boundary condi-
tions, as you always have to do, then
there is no change in the laws of phy-
sics. That's what time-reversal symme-
try means.

Now it is considered on fairly solid
theoretical grounds, much deeper than
I am able to comprehend myself, that
any system undergoing the combined
operations CPT should obey the same
physical laws. This means that if CP is
violated then you would also have to
have T violated in such a way that the
combination retains symmetry. So if
one believes in CPT symmetry, then the
implication of CP asymmetry is that
there is a violation of time reversal.

In fact, detailed analysis and auxil-
iary measurements carried out on the
K-meson system in the ten years follow-
ing this discovery quite independently
suggest both CP violation and time
reversal violation. These time-reversal
violations are not of the manifest type
where you set the boundary conditions
correctly and see forward and back-
ward going reactions to be unequal. All
kinds of searches and experiments
have been done for a more manifest
violation of time reversal, but none has
been found. In fact, the only place this
tiny effect appears is in the K-meson
system.

Well, you might shrug you shoulders
and say, "OK, it's a little anomaly and
doesn't matter." But it does matter
because it relates to one's fundamental
understanding of space and time. But
there is a lot more, we pray, to find out
about this.

Parity violation in the beta decay of the cobalt-60 nucleus, (a): Electrons are more likely to be
emitted opposite to the direction of the magnetic moment fi of the nucleus, (b): After parity oper-
ation P. (c): After charge conjugation C. (d): After CP. Figure 5

These asymmetries do not necessar-
ily mean we live in a disorderly uni-
verse. There is a hierarchy: It is order-
ly at various levels. In fact, the
violations are not exactly disorderly.
For example, even though parity is
violated, the neutrino is always left-
handed, never any other way. Here
lefthanded means that the neutrino's
spin and velocity always point in oppo-
site directions. So there is a violation of
symmetry, but the violation is maxi-
mal. It's clean, neat. Aside from the K
meson's violation of CP, things are in
order. We live in a universe where
there is a favor toward the left hand.
Of course, with antineutrinos, it's the
reverse. So in a sense, there is still
symmetry.

Regeneration
Another of the very beautiful set of

phenomena related to the K-meson sys-
tem is regeneration. Aside from what
this system teaches us about nature, it
has a certain aesthetic beauty.

Regeneration is the following pheno-
menon. Suppose we prepare a beam of

KL mesons by getting very far away
from the source so that all the Ks
mesons have decayed away. Now we
let that KL beam impinge on a target.
Coming out of the target you'll find not
only KL mesons, absorbed somewhat
because of the material, but also a
significant component of Ks mesons.
That is regeneration. Now how does it
work?

The decay of particles is controlled by
CP conservation—or nearly so, now.
However, we have to remember that
KL is a quantum mechanical superposi-
tion of K° and W. When these parti-
cles are passing through matter we
have to think about their strong inter-
action. That is, the K° and K° get
absorbed by different amounts. It
turns out that the cross section, or
absorption coefficient, for a particle
with strangeness — 1 is greater than
that for a particle with strangeness
+ 1. So when this wave of pure KL,

goes through the material, its K15 com-
ponent is attenuated more than its K°
component. Recall from the definition
of KL (equation 2) that the coefficients
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ofK°and K" are both 1/-/2. When the
beam comes out of the target, you don't
have this balance any more. You have
a little less contribution from the K°
component because it has been atten-
uated more.

You can, however, write this new
wave function as a superposition of KL
and Ks. As an example, suppose that
after the pure KL beam passes through
the material, there are 1.78 times as
many K° as K°. The normalized wave-
function representing this situation is

* = 0.8|K°> - 0.61 K">
where 0.82/0.62 = 1.78. We can write
this wavefunction as

* = 0.7(|K°>-|Kc»

Using the definitions of Ks and KL
(equations 1 and 2), this becomes

* = 0.990KL +0.141Ks

So 98% of the decays will be three-body
decays from the KL component, and
2% will be two-pion decays due to the
Ks component. (We have neglected
KL's small contribution to two-pion
decay via CP violation.)

Hence, we have regenerated a small
component of Ks in the beam. Because
Ks mesons have a very short lifetime
you'll immediately see two-body decays
appear. It's a beautiful phenomenon.
You take a KL beam and put a piece of
material in its path—copper, lead, car-
bon, whatever—and two-pion decays
occur. It's also nice for experimental
purposes because you can insert a piece
of material at the KL decay distance
and calibrate your detector to see how
it will behave when you really have a
CP-violating two-body decay of KL.

Future
In thinking about future research

more generally, nucleon structure im-
mediately comes to mind. One is find-
ing that the proton and neutron almost
certainly have a very definite substruc-
ture, and are composed of quarks.
Quarks have an unusual nature in that
their binding to one another is so
strong that you really can't get them to
be free. These are the notions.

We have found in recent years that
quarks come in families. The nucleon
is composed of "up" and "down"
quarks. The K meson, because of its
strangeness, is made up of a "strange"
quark and a down quark. There is now
strong evidence that there is a third
family. We've discovered a "bottom"
quark and it is expected to have a
partner, called the "top" quark, which
still needs to be found. We had better
find the top quark and be sure that the
families aren't broken up.

We have made enormous progress in
understanding interactions because
the weak and electromagnetic interac-

tions are almost certainly of the same
nature. This means we have not only a
photon, but a "heavy photon," so to
speak, called Z°, that has a mass slight-
ly below 100 GeV. We'd like to check
and find that!

One result of all the understanding
that has come in the last ten years is
the possibility of including the strong
interaction in the unification of the
weak and electromagnetic interactions.
As a consequence, one expects the nu-
cleon—the proton itself—to be unsta-
ble with a very, very long lifetime,
something like 1031 to 1033 years. A
number of large experiments are being
constructed down in mines to look for
proton decay. If the lifetime is 1032

years, it takes on the order of 10 000
tons of material to get a few dozen
counts per year. Although these are
large experiments, they are examples
of the fact that not all particle-physics
experiments require high-energy accel-
erators.

At the present time people are cock-
sure they understand many of the
broad outlines and details about the
nature of particles and energies. Ex-
perimentalists want to find out
whether that is the case. There are all
sorts of beautiful—lovely—special phe-
nomena that experiments reveal even
after you think you understand every-
thing. Superconductivity is an exam-
ple of this—I don't think anybody
would have predicted superconductivi-
ty even if they had known the basic
underlying physics.

Another thing people speculate
about is that neutrinos, those massless
particles that I have not discussed
much here, may not be massless. One
can go into the laboratory and measure
the endpoint of the beta decay spectra
and measure the rates of electron cap-
ture in certain special nuclei to shed
light on that particular question.

The basic goal of all these experi-
ments and theories is the same: What's
everything made out of? What are the
laws? What are the different forces?
Can we unify them? How are you going
to get an understanding?

So, intellectually these problems are
of very high order. The pity is that it
takes expensive—and enormous—de-
vices. You have to spend lots of the
public money, and to carry out these
projects you have to form research
groups that might have a hundred
individuals, either all physicists or
some physicists and some engineers.
But the intellectual imperative, if you
like, is there. One has just got to do it.
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