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CP Symmetry Violation:
The Search for Its Origin

The greatest pleasure a scientist can
experience is to ericounter an unexpect-
ed discovery. I am always astonished
when a simple apparatus, designed to
ask the right question of nature, receives
a clear response. Our experiment, car-
ried out with James Christenson, Val
Fitch, and René Turlay, gave convincing
evidence that the long-lived neutral K
meson (K;) decays into two charged
pions, a decay mode forbidden by CP
symmetry. The forbidden decay mode
was found to be a small fraction, 2.0 =
0.4) x 1073, of all charged decay modes.
Professor Fitch has described our dis-
covery of CP symmetry violation. He
discussed how it was preceded by bril-
liant theoretical insights and incisive ex-
periments with K mesons. My lecture
will review the knowledge that we have
obtained about CP violation since its
discovery (/). The discovery triggered an
intense international experimental effort.
It also provoked many theoretical specu-
lations, which in turn stimulated a vari-
ety of experiments.

At present there is no satisfactory the-
oretical understanding of CP violation.
Such understanding as we do have has
come entirely from experimental studies.
These studies have extended beyond the
high energy accelerator laboratories into
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nuclear physics laboratories and re-
search reactor laboratories. The experi-
ments which have sought to elucidate the
tiny effect have demanded both ingenu-
ity and painstaking attention to detail.

Upon learning of the discovery in
1964, the natural reaction of our col-
leagues was to ask what was wrong with
the experiment. Or, if they were con-
vinced of the correctness of the measure-
ments, they asked how the effect could
be explained while still retaining CP
symmetry. I remember vividly a special
session organized at the 1964 Interna-
tional Conference on High Energy Phys-
ics at Dubna in the Soviet Union. There,
for an afternoon, I had to defend our
experiment before a large group of physi-
cists who wanted to know every detail of
the experiment—more details than could
have been given in the formal conference
session.

As the session neared a close, one of
my Soviet colleagues suggested that,
perhaps, the effect was due to regenera-
tion of short-lived K mesons (Kg) in a fly
unfortunately trapped in the helium bag.
We did a quick estimate of the density of
the fly necessary to produce the effect.
The density required was far in excess of
that of uranium.

More serious questions were raised at
this session and by many other physi-
cists who had thought deeply about our
result. While we were confident that the
experiment had been correctly carried
out and interpreted, many sought reas-
surance through confirmation of the ex-
periment by other groups. This confir-
mation came quickly from experiments
at the Rutherford Laboratory (2) in En-
gland and at Centre Européen de Re-
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cherches Nucléaires (CERN) (3) in Ge-
neva, Switzerland.

Another important issue was raised. In
the original experiment, the decay to two
pions was inferred kinematically, but no
proof was given that these pions were
identical to the ordinary pions or that the
decay was not accompanied by a third
light particle emitted at a very low ener-
gy. The direct proof that the effect was
indeed a violation of CP symmetry was
the demonstration of interference be-
tween the decay of Kg and K; to two
charged pions. This interference was
first demonstrated in a simple experi-
ment by my colleague Val Fitch with R.
F. Roth, J. S. Russ, and W. Vernon (4).

Their experiment compared the rate of
decay of a K; beam into two charged
pions in vacuum and in the presence of a
diffuse beryllium regenerator. The densi-
ty of the regenerator was adjusted so that
the regeneration amplitude A, was equal
to the CP-violating amplitude m.._.
These amplitudes were defined by

amplitude (K; — =*n"7)

M= amplitude (Ks — 7 7))

A, = inNA (f—;—f—)<i8+ ;—)—1

The yield of K; — w¥w~ in the pres-
ence of the regenerator is proportional to

and

A, + my_t?

In the expression for A;, 8 is given by
(Ms — M )/T's, where Mg and M, are the
Ks and K; masses and I's is the decay
rate of the Kg meson; A is the mean
decay length of the Kg meson; k is the
wave number of the incident K; beam;
and f and f are the forward-scattering
amplitudes for K and K, respectively, on
the nuclei of the regenerator. The regen-
eration amplitude is proportional to N,
the number density of the material. The
quantity (f — )’k was determined in an
auxiliary experiment with a dense regen-
erator. Then a regenerator of appropriate
density was constructed by using the
formula for A, (5). The actual regenera-
tor was constructed of 0.5-millimeter
sheets separated by 1 centimeter. Such
an arrangement behaves as a homoge-
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neous regenerator of 1/20 normal density
if the separation of the sheets is small
compared to the quantity SA.

In the earliest experiment, Fitch and
his colleagues found that with 14,/ cho-
sen to be equal to Im._t{, the rate of
w*n~ decays was about four times the
rate without the regenerator. This result
showed not only that there was interfer-
ence, but also that the interference was
fully constructive. Complete analysis of
this experiment (6) gave the w* =~ yield
as a function of density (Fig. 1). The
quantity « in the figure is the relative
phase between the regeneration ampli-
tude and the CP-violating amplitude.

The result of this experiment also per-
mits the experimental distinction be-
tween a world composed of matter and a
world composed of antimatter (7). Imag-
ine that this experiment were performed
in the antiworld. The only difference
would be that the regenerator material
would be antimatter. If we assume C
invariance for the strong interactions,
the forward scattering amplitudes for K
and K would be interchanged so that A,
would have the opposite sign. Thus, an
investigator performing the interference
experiment in the antiworld would ob-
serve destructive interference similar to
that shown by the dashed curve in Fig. 1,
an unmistakable difference from the re-
sult found in our world. The interference

experiment of Fitch and collaborators
eliminated alternative explanations of
the K. — m"n~ decay, since the effect
was such that an experiment distinguish-
ing a world of matter and antimatter was
possible.

It was also suggested that the effect
might be due to a long-range vector field
of cosmological origin (8). Such a source
of the effect would lead to a decay rate
for K; — ==~ which would be propor-
tional to the square of the K; energy in
the laboratory. Our original experiment
was carried out at a mean K| energy of
1.1 GeV. The confirming experiments at
the Rutherford Laboratory and CERN
were carried out at mean K energies of
3.1 and 10.7 GeV, respectively. Since
the three experiments found the same
branching ratio for K, — w*n~, the
possibility of a long-range vector field
was eliminated.

Before continuing, it is necessary to
state some of the phenomenology which
describes the CP violation in the neutral
K system. The basic notation was intro-
duced by Wu and Yang (9). For this
discussion, CPT conservation is as-
sumed. Later, we shall refer to the evi-
dence from K meson decays which
shows that all data are consistent with a
corresponding T violation. Any CPT vio-
lation is consistent with zero within the
present sensitivity of the measurements.
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Fig. 1. Yield of " n~
events as a function
of the diffuse regener-
ator amplitude. The
three curves corre-
spond to the three
stated values of the
- phase between the re-
generation amplitude
A, and the CP-violat-
ing amplitude n._.
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Two basic complex parameters are
required to discuss CP violation as ob-
served in the two pion decays of K
mesons. The first quantity, €, is a mea-
sure of the CP impurity in the eigenstates
IKs> and IK;>. These eigenstates are
given by

1
IKg> = W[(l + ¢)IK>
+ (1 - e)K>]

and

1
Ki> = _\/—‘5‘\/1-—’—7‘“ Z‘[(l + e)IK>
- (1 — e)IK>]

The quantity € can be expressed in
terms of the elements of the mass and
decay matrices which couple and control
the time evolution of the IK> and /K>
states. It is given by

—Im M12 +iIm I‘12/2
¢ T iMs—My) + (Ts=T)2

Limits on the size of Im I'j; can be
obtained from the observed decay rates
of Ks and Kj to the various decay
modes. If Im I'; were zero, then the
phase of € would be determined by the
denominator, which is just the difference
in eigenvalues of the matrix which cou-
ples K and K. These quantities have
been experimentally measured and give
arg e ~ 45°

The second quantity, €', is defined by

i Az .
- i(® — &)
“ = (A0> ¢

Here Aj and A; are the amplitudes for
a K meson to decay to standing wave
states of two pions in the isotopic spin 0
and 2 states, respectively. Time reversal
symmetry demands that Ay and A, be
relatively real (9, 10). The quantities g
and 3, are the s-wave m-w scattering
phase shifts for the states 7 =0 and
I =2, respectively. The parameters e
and €' are related to observable quanti-
ties defined by

amp (K, —»n ")

ibt— =
ms-le amp (Ks —»n'n7)

0.0
. amp (K;y — w°7")
Moole™™® =

amp (Kg — w%%%

T(Ky — 7€*v,) ~ T(Ky — 7" €75,
€7 T(Kp— w€tv,) + TRy — 7€)

These experimentally measured quan-
tities are related to € and €' by the
following expressions (11):

Ny =€+ €
Moo = € — 2¢’
8, = 2 Ree



The magnitude and phase of the quan-
tity m+_ have been most precisely mea-
sured by studying the time dependence
of w*n™ decays from a K beam which
was prepared as a mixture of Kg and KL.
This experimental technique was sug-
gested by Whatley (/2) long before the
discovery of CP violation. If we let p be
the amplitude for Kg at ¢ = 0, relative to
the K; amplitude, then the time depen-
dence of m*n decays will be given by
(V5]

N._() = Ip expl(—iAM — T4t] + q,_?

The initial amplitude for the Kg com-
ponent can be prepared by two different
methods. In the first method, we pass a
K beam through a regenerator. Then p
is the regeneration amplitude. Here the
interference term is 2lpl I _leTT+7?
cos(—AMt + ¢, — é+). In the second
method, we produce a beam which is
pure K (or K) at ¢ = 0. In practice,
protons of ~ 20 GeV produce at small
angles about three times as many K as
K. The K dilution is a detail which need
not be of concern here. In this case
p = +1 and the interference term is
2m._le 2 cos(—AMt — ..

The important CP parameters are I, _|
and ¢._. We see, however, that a knowl-
edge of the auxiliary parameters I's and
AM is also required. In the first method
one measures ¢ — ¢,, and one must
also have a technique to independently
measure ¢,. In both cases the = n~ yield
is most sensitive to the interference
term when the two interfering ampli-
tudes are of the same size. For the
sécond method we require observation
at 12 Kg lifetimes. (We want ¢T52 =~
I+l =2 X 107.) As a consequence, a
small error in AM can lead to a large
uncertainty in ¢._, and, more impor-
tantly, a systematic error in AM can
lead to an incorrect value for ¢.+_. A 1
percent error in AM corresponds to an
error in ¢,_ of about 3°. The measure-
ment of AM with satisfactory precision
has required an effort as formidable as
the interference experiments them-
selves (14).

Time and space do not permit a survey
which does justice to the many groups at
CERN, Brookhaven, Argonne, and the
Stanford Linear Accelerator Center
(SLAC) who made the meticulous mea-
surements leading to the following pa-
rameters (15):

M- = [(2.27 £ 0.02) x 107
exp [i(44.7° + 1.2°)]

AM = Mg — M, =
—(0.535 = 0.002) x 101 sec™!

I's = (1.121 = 0.003) x 10'° sec™!

As an example of the quality of the
measurements mentioned above, Fig. 2
shows a time distribution of = n~ decays
following the passage of a K; beam of 4
to 10 GeV/c momentum through an 81-
cm-thick carbon regenerator (16). The
destructive interference is clearly seen.
If the experiment were carried out with a
regenerator of anticarbon, then con-
structive interference would have been
observed.

Measurements of the charge asymme-
try 8, for K; decays began in 1966. This
asymmetry is found in the abundant
semileptonic decay modes K; — ™€y,
where € is either an electron or muon. It
basically measures the difference in am-
plitude of K and K in the eigenstate of
the K. It does so by virtue of the
AS = AQ rule, which states that all semii-
leptonic decays have the change in
charge of the hadron equal the change in
strangeness. Thus, K mesons decay to
w€"v and K mesons decay to = ¢,
The validity of the AS = AQ rule was in
doubt for many years, but it has finally
been established that the AQ = —AS
transitions are no more than about 2
percent of the AQ = +AS transitions
(I7). The size of the charge asymmetry
expected is ~ V2in,-l =3 x 107, Mil-
lions of events are required to measure 3,
accurately, and excellent control of the

symmetry of the apparatus and under-
standing of charge-dependent biases are
needed to reduce systematic errors.

Again, we must omit a detailed review
of all the asymmetry measurements.
These have been carried out at CERN,
Brookhaven, and SLAC. The net result
of these measurements gives (15)

3 = (3.33 = 0.14) x 1073
and
8, = (3.19 = 0.24) x 107

We expect these two asynmimetries to be
equal, since they both are a measure of 2
Re €. These asymmetries are measured
for a pure K| beam. For a beam which is
pure K at ¢+ = 0, the charge asymmetry
shows a strong oscillation term with an-
gular frequency AM. Figure 3 (I18) shows
the time dependence of the charge asym-
metry. The small residual charge asym-
metry of the K; decays after the oscilla-
tions have died out is clearly resolved.
The charge asymmetry is a manifest
violation of CP, and as such also permits
an experimental distinction between a
world and an antiworld. In our world we
find that the positrons in the decay are
slightly in excess. The positrons are lep-
tonis which have the same charge as our
atomic nuclei. In the antiworld the ex-

27 Intensity (4 to10 GeV)

}: Experimental points
——No interference

106 ~
105
Fig. 2. Yield of w¥n™
events as a function 44
of proper time down-
stream from an 81-cm
carbon  regenerator
placed in a K; beam.
108
102 1 1 i
o] 2

6 - 8 10 12 14

Proper time (x 10710 sec)



perimenter would find that the excess
leptons have a charge opposite to that of
his atomic nuclei; hence, he would re-
port a different result for the same ex-
periment.

Simple examination of the relations
between the experimentally measurable
parameters and the complex quantities e
and ¢’ show that measurements of 14l
and &g are essential to finding € and €'.

The path to reliable results for Imol and
dgo has been torturous. This statement is
based on personal experience; 6 years of
my professional life have been spent on
the measurement of Imgl.

Measurement of the parameters asso-
ciated with K; — =%® is complicated
by the fact that each w° decays rapidly
(1078 second) into two photons. For
typical K beams used in these experi-
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ments, the plioton energies are in the
range of 0.25 to 5§ GeV. It is difficult to
measure accurately the direction and en-
ergy of such photons. In addition to that
difficulty, the CP-conserving decay
Ky —> 3%° occurs at a rate which is
about 200 times as frequent, and pre-
sents a severe background.

Edrly results suggested that Imgel was
about twice Im._|, with the consequence
that ¢’ was a large number. By 1968,
however, an improved experiment in
which spark chambers (/9) were used
and a painstaking heavy-liquid bubble
chamber experiment from CERN (20)
showed that Imgl was rather close in
value to Im._|. Figure 4 shows the results
from the most accurate measurement of
Ingol/Im+_l 21). Shown are reconstructed
events from free K decays as well as a
sample of Ks — w%n° from a regenerator
used to determine the resolution of the
apparatus. The serious background from
the 3= decays is clearly seen. The re-
sult, imggl/lm+_l = 1.00 = 0.06, is based
on only 167 events. The equality of Img!
and Im._| means that the ratio of charged
2w decays to neutral 27 decays is the
same for CP-violating K; decays as for
CP-conserving Kg decays. This result
implies that €' is very small, provided ¢gq
is close to ¢ _.

The K; — #%n® events cannot be
collected at the rate of the w*#~ de-
cays, nor can they be separated so
cleanly from backgrounds. As a conse-
quence, the precision with which we
know the parameters Ingl and &g is
much less than that with which we
know the charged parameters. A
weighted average of all the data pres-
ently available gives (15)

[T]OQW’T]+J = 1.02 = 0.04
and
dboo — b+ = 10° = 6°

The results are quoted with reference to
the charged decay mode parameters be-
cause the most accurate experiments
have measured the quantity Inggl/In+_|
directly. The result for &y is principally
due to a recent experiment by Christen-
son et al. (22).

The phase of the quantity €’ is given
by the angle m + 8, — 8. Information
concerning the pion-pion scattering
phase shifts comes from several
sources (23). A compendium of these
sources gives 8; — 8§, = —45° = 10°,
The phase of e is naturally related to ¢,
= arg [iMs — M) + Ts — T2 =
43,7° = 0.2°. This is the phase € would
have if there were no contributions from
Im Ty;. The measured phase of m._
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(44.7° = 1.2°) is, within measurement
precision, equal to ¢

The measured parameters are plotted
on the complex plane in Fig. Sa. The size
of the box for m-_ and mgy and the width
of the bar for 8, correspond to 1 standard
deviation. The derived quantities € and €’
are plotted in Fig. 5b. Boxes correspond-
ing to both 1 and 2 standard deviations
are shown. Also plotted is the constraint
coming from the m-w scattering phase
shifts, which defines the phase of €' to be
45° + 10°. With this constraint we find
that €, €', Moo, and m._ lie nearly on a
common line. There is a mild disagree-
ment between the m-w phase shift con-
straint and the result of Christenson et
al. for dgp.

A more general analysis of the neutral
K system, which includes the possibility
of violation of CPT with T conservation
as well as CP violation with CPT conser-
vation, has been given by Bell and Stein-
berger (24). The analysis does depend on
the assumption of unitarity, which re-
quires that the M and I’ matrices remain
Hermitian. The Bell-Steinberger analysis
has been applied to the data with the
conclusion that while a small CPT viola-
tion is possible, the predominant effect is
one of CP violation. All experiments are
consistent with exact CPT conservation
(25) and, hence, imply a violation of time
reversal symmetry. The conservation or
nonconservation of CPT remains, how-
ever, a question that must be addressed
by experiment. A brief discussion of the
unitarity analysis is given in the appen-
dix.

The essential point of this analysis
rests on the measurement of the phase of
M4_. Limits on the contribution of Im Ty,
can be estimated from measured decay
rates to all modes of decay of the neutral
K mesons. The absence, within present
experimental limits, of CP violation in
the decay modes other than the 2=
modes limits the contribution of Im T';
to e to = 0.3 x 103, a value small
compared to im._I. Thus the phase of €
and hence 7. _ is expected to be close to
&,. We can examine the other extreme,
namely, that CP and CPT symmetry are
both violated while time reversal sym-
metry remains valid. Under these condi-
tions we would find the natural phase &,
to be ~ 135° and would expect &,_ to be
close to 135°. The fact that this is not the
case is the essence of the argument that
CPT is not violated.

We note that the natural phase de-
pends on the sign of the mass difference.
We have assumed that AM = (Mg
— M) < 0. If the sign of AM were the
opposite, we would expect the phase of €
to be equal to 135° or —45° for CP

12 JUNE 1981

a % b
100 ——
2.0 — l_
4“"". /€
Q
oW
] = [
o
®
>
§ 10 — P
- v - o
5 AN #n= 4370t 02
£ \
= . 1/28) L
7 \(17+ 53~ 5g) =450+ 100
0 L ! | L !l 1 ]
0 1.0 1.0 2.0
¢
Real (x1073)

Fig. 5. Summary of CP-violating parameters in the neutral K system. (a) Measured quantities;

(b) derived quantities.

violation with CPT symmetry. The phase
of €' would remain the same, however,
since it does not depend on AM in any
way. Thus, the conclusion that the phase
of e and ¢’ are approximately the same is
a consequence of the fact that K is
heavier than Kg. The sign of AM has
been measured by several groups with
complete agreement (26).

Independent of any particular theory,
we would expect results similar to those
observed. The constraint of unitarity and
-7 scattering phase shifts force ¢go =~
&, for € <e. Under these circum-
stances, a measurement of the ratio
(Imool/Im+_1)? is a direct measurement of
the quantity ¢ by means of the relation
€'/e ~ [1 — (Imgol/m+_N?1/6.  Applying
this relation to the present data, we have
e'le = —0.007 = 0.013. New experi-
ments at Fermilab and Brookhaven will
attempt to increase the sensitivity of the
measurement by a factor of 10.

As we have shown, detailed analysis
of the CP violation in the neutral K
meson system leads to the conclusion
that time reversal is also violated. Table
1 gives a representative set of experi-
ments which have searched for T viola-
tion, CP violation, and C violation (in
nonweak interactions). None of these
experiments has led to a positive result.
Many of the experiments are approach-
ing a sensitivity for the violation of 107,
but few have attained this value. A
strength of 10~ in amplitude or relative
phase is what we might expect for the CP
violation based on the results of K de-
cay. For experiments involving decays
with electromagnetic interactions in the
final states, an apparent T-violation ef-
fect is usually expected at the 1073 level.
An example of this is the result for the
1Ty decay, in which a significant effect

is found, but it is of the size expected on
the basis of the final-state electromagnet-
ic interaction.

Among the many measurements listed
in Table 1, we would like to single out
the electric dipole moment of the neu-
tron. The first measurement of this quan-
tity was made in 1950 by Purcell, Ram-
sey, and Smith (27) with the avowed
purpose of testing the assumptions on
which one presumed that the electric
dipole moment would be zero. Today,
outside the K system, the search for an
electric dipole moment of the neutron is
the most promising approach to the de-
tection of T violation. At present the
upper limit is ~102* e-cm. New experi-
ments using ultracold neutrons give
promise of an increase in intensity by
100-fold in the next several years. The
significance of a negative result for the
electric dipole moment, or for any of the
measurements in Table 1, is difficult to
assess without a theory of CP violation
28).

Up to now our discussion has been
entirely experimental. In the analysis of
the CP violation in the neutral K system,
general principles of quantum mechanics
have been used. The manifest charge
asymmetry of the K; semileptonic de-
cays requires no assumptions at all for its
interpretation. The literature abounds
with theoretical speculations about CP
violation. One of these speculations, by
Wolfenstein (29), is frequently referred
to. He hypothesizes a direct AS = 2 su-
perweak interaction which is construct-
ed to produce a CP violation. This direct
interaction interferes with the second-
order weak interaction to produce the
CP-violating AS = 2 coupling between K
and K. Since the hypothesized super-
weak transition is first-order, it need
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have only ~1077 of the strength of the
normal weak interaction. As such, the
only observable consequence is a CP
violation in K — 27 decay characterized
by a single number, the value of Im M,
in the mass matrix.

At present, the data are in agreement
with this hypothesis, which leads to
predictions that Imgl = Im+_!, and
dgo = d+- = by However, the relation
boo = ds- = ¢, to a good approxima-
tion follows from the constraints of uni-
tarity and the m-w scattering phase shifts
with no further assumptions. On the oth-
er hand, the relation imgl = In._| has
not been tested to very high accuracy,
especially considering the difficulty of
experiments which attempt to measure
the properties of K — =%, These ex-
periments are more prone to systematic
errors, and in truth img! and Im+_l could
differ considerably more than the experi-
ments appear to allow. Thus, while the
superweak hypothesis is in agreement
with the present data, the data by no
means make a compelling case for it.

In 1973, Kobayashi and Maskawa (30)
pointed out that with the (then) current

understanding of weak interactions, CP .

violation could be accommodated only if
there were three or more pairs of strong-
ly interacting quarks. The paper was
remarkable because at that time only
three quarks were known to exist experi-
mentally. Since then, strong evidence
has been accumulated to support the
existence of a charmed quark and a
bottom quark. It is presumed that the
sixth quark, top, will eventually be
found. With six quarks the weak hadron-
ic current involving quarks can be char-
acterized by three Cabibbo angles and a
phase §. This phase, if nonzero, would
imply a CP violation in the weak interac-
tion.

In principle, the magnitude of & which
appears in the weak currents of quarks
can be related to the CP violation ob-
served in the laboratory. Unfortunately,
all the experimental investigations are
carried out with hadrons, which are pre-
sumed to be structures of bound quarks,
while the parameter one wants to estab-
lish, 3, is expressed in terms of interac-
tions between free quarks. The theoreti-
cal “‘engineering’’ required to relate the

-free-quark properties to bound-quark

properties is difficult and, as a conse-

Table 1. Searches for CP, T, and C violation.

Ref-
Measurement Result Test er-
ence
K" > n'n™n ) - T(K™—» 7w w")
0.8 =1.2) x 1073 CP 37
average
I'K* — #ta%%% — (K™ — 7 =%
(0.8 = 5.8) x 1072 CP 38
average
Ary —0r- .
» where ¢ = is the slope of the
average (=7.0 £5.3) x 1073 CP (37)
odd pion in the K* — 7w« Dalitz
plot
Muon polarization transverse to decay (2.1 £4.8 x 1073 T 39)
plane in K. — w7 p" vy,
Coefficient of T odd correlation (J-P, x P,) (0.5 = 1.0) x 1073 T (40)
in the B decay of polarized °Ne
Coefficient of T odd correlation (1.1 £ 1.7) x 1073 T “n
(o04'P. X P,) in the B decay of the
neutron
Asymmetry in distribution of (T.+ — T,-) (1.2 =17 x 1073 C “42)
in the decay of m — w¥n n°
Electric dipole moment of the neutron 0.4 = 1.5) x 1072* ¢-cm T 43)
0.4 = 0.75) X 1072 ¢-cm “4)
Angular correlation in v decay of polarized 4.7 £ 0.3) x 1073 T 45)
iridium, °'Ir* — r + y. Measure
phase angle between E, and M, decay
amplitudes
Result expected on basis of electro- 43 x 1073 (46)
magnetic interaction in final state
Detailed balance in nuclear reactions, such =3x107? T “7)

as *Mg + a2 Al + p
amplitude T-violating

Measure: ; -
amplitude T-conserving
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quence, not well developed. A balanced
view of this problem is given by Guber-
ina and Peccei (31). Even if the CP
violation has its origin in the weak cur-
rents, it is not clear whether the experi-
mental consequences with respect to K
decay can be distinguished from the su-
perweak hypothesis. If we are successful
in establishing the fact that CP violation
is the result of a phase in the weak
currents between quarks, we will still
have to understand why it has the partic-
ular value we find.

There are, however, new systems on
the horizon which have some promise of
giving additional information about CP
violation. These are the new neutral me-
sons D, B®, and B’ (composed of ci,
bd, and bs§ quarks) and their antiparticles
DY B and B,°. These mesons have the
same general properties as K mesons.
They are neutral particles that, with re-
spect to strong interactions, are distinct
from their own antiparticles and yet are
coupled to them by common weak decay
modes. While we may not expect any
stronger CP impurities on the eigenstates
(the parameter analogous to €), we might
expect stronger effects in the decay am-
plitudes (the parameter analogous to €’).
We might expect this since the CP viola-
tion comes about through the weak inter-
actions of the heavy quarks ¢, b, and t,
which participate only virtually in K
decay, but can be more influential in
heavy neutral meson decay. At present,
D mesons can be made rather copiously
at the e "¢ storage ring SPEAR at SLAC
(32) and B mesons are beginning to be
produced at the e “e™ storage ring CESR
at Cornell (33).

It is conceivable that the effect of CP
violation may become stronger with en-
ergy. Soon collisions of protons with
antiprotons with a total center-of-mass
energy greater than 500 GeV will be
observed at CERN. It will be most inter-
esting to look for C violations in the
spectra of particles produced in those
collisions. Also, improvements in detec-
tor technology over the next several dec-
ades may permit sensitive searches for
time reversal-violating observables in
high energy neutrino interactions.

Recently, much attention has been
given to the role of CP violation in the
early stages of the evolution of the uni-
verse (34). A mechanism has been pro-
posed, with CP violation as one ingredi-
ent, which leads from matter-antimatter
symmetry in the early universe to the
present small excess of matter. To my
knowledge, the first published account
of this mechanism was made by Sakha-
rov (35) in 1967. He stated the three
ingredients which form the foundation of
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the mechanism as it is presently con-
ceived: baryon instability, CP violation,
and appropriate lack of thermal equilibri-
um. The recent intense interest in this
problem has arisen because baryon in-
stability is a natural consequence of the
present ideas of unification of the strong
interactions with the successfully unified
electromagnetic and weak interactions.
This latter unification was discussed in
the 1979 Nobel lectures of Glashow,
Salam, and Weinberg (36).

A very simplified explanation of the
process which leads to a net baryon
number can be given with the aid of Fig.
6a. Quarks and leptons are linked by a
very heavy boson X and its antiparticle
X. While the total decay rates of X and X
may be equal, with CP violation the
fractional partial rates rand 7to B = ~Y%
and B = +Y decay channels of X and X,
respectively, can differ. At an early
stage, when the temperature is large
compared to the mass of X, the density
of X and X may be equal. On decay,
however, the net evolution of baryon
number is proportional to (r — 7). The
excess can be quite small since the ratio
of baryons to photons today is ~10~°.
Figure 6b shows how such an X boson
can mediate the decay p — e¢* + #° If
nucleon decay is discovered it will give
strong support to these speculations.

Whether the CP violation that we ob-
serve today is a ‘‘fossil remnant’” of
these conjectured events in the early
universe cannot be answered at present.
That is to say, does the CP violation we
observe today provide supporting evi-
dence for these speculations? We simply
do not know enough about CP violation.
Our experimental knowledge is limited
to its observation in only one extraordi-
narily sensitive system that nature has
provided us. We need to know the theo-
retical basis for CP violation and we
need to know how to reliably extrapolate
the behavior of CP violation to the very
high energies involved.

Our experimental understanding of CP
violation can be summarized by the
statement of a single number. If we state
that the mass matrix which couples K
and K has an imaginary off-diagonal term
given by

Im M, = —1.16 x 10°% eV

then all the experimental results related
to CP violation can be accounted for. If
this is all the information nature is willing
to provide about CP violation, it is going
to be difficult to understand its origin. I
have emphasized, however, that despite
the enormous experimental effort, punc-
tuated by some experiments of excep-
tional beauty, we have not reached a
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Fig. 6. (a) Simplified diagrams of baryon
number nonconserving X boson decays. (b) A
proton decay mediated by an X boson.

level of sensitivity for which a single-
parameter description should either sur-
prise or discourage us.

We must continually remind ourselves
that CP violation, however small, is a
very real effect. It has been used almost
routinely as a calibration signal in sever-
al high energy physics experiments. But
more importantly, the effect tells us that
there is a fundamental asymmetry be-
tween matter and antimatter and that, at
some tiny level, interactions show an
asymmetry under the reversal of time.
We must continue to seek the origin of
the CP symmetry violation by all means
at our disposal. We know that improve-
ments in detector technology and accel-
erator quality will permit even more sen-
sitive experiments in the coming dec-
ades. We are hopeful then, that at some
epoch, perhaps distant, this cryptic mes-
sage from nature will be deciphered.

Appendix

The evolution of a neutral K system
characterized by time-dependent ampli-
tudes o and 4 for the |K> and IK>
components, respectively, is given by

1[i)- et ()

where M and I' are Hermitian matrices
and ¢ is the time measured in the rest
system of the K meson. Expressed in
terms of their elements, the matrices are

My My, 'y Tz
and
(MIZ* My, ) <F12* 1ﬂzz)
The matrix iM + 1/2 T has eigenvalues

vs = iMs + 12 Ts and vy, = iMy + 1/2
I'L. We define small parameters ¢ =

(=Im My, + iIm T'15/2)/(ys — y1) and A =
(M1 — Myp) + (T — T)2)2(ys —
vu)]. We can then express the eigenvec-
tors as

1 1

Ks>=Vi Vitieral?
[(1+ e+ A)IK>+ (1 —e—- A)IK]

and
1 1
> =
Ko V2 Vi+le-Alz

[(H+e—-AIK>-(1-¢+ A)IK>]

The parameter e represents a CP viola-
tion with T nonconservation. The param-
eter A represents a CP violation with
CPT nonconservation.

If we form a state IK(#)> which is an
arbitrary superposition of IKg> and
K> with amplitudes as and ap at
t=0, we can compute its norm
<K(@)IK(@)> as a function of time. At
t = 0, by conservation of probability we
have the relation

d
~ g < K@®IK(@) > . 0=

ZIaS amp(Ks — f) + ar amp(Kp — f)I?
f

where f represents the set of final states.
Explicit evaluation of the expression
gives

[~ iMs = M) + (T's + Tp)/2]

<KslKp > =

>, (amp (Ks — /) * (amp (Ki — /)
f

A number of definitions and a particu-
lar phase convention are used. We define
A=A - (A — Ap(Ay + Ay), where A
and A, are the standing wave amplitudes
for K and K, respectively, to decay to
the I = 0 state of two pions. Ay and A
are chosen real and define the phase
convention used in the analysis. From
the experimental parameters, we define

2 1 V2
€o=?ﬂ+-+ 3 Moo, € = 3T

(M+- — Moo)s and aff) = (1/Ts)
(amp (Ks — f)) * (amp (K — f))
With these definitions, we find to a

good approximation that

1 -
[— IAMITs + ?:l [2Ree—-2iImA] =

€ + Zf: olf) (D

and

e—-A=¢ 2
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The sum over f, which now excludes the
I = 0 =-7 state, consists of the following
terms:

a(m-m, I = 2) = (Ay/Ag)e® ~ %) ¢ #

a(wTm ) = CEKL —
matw)/Tsm* s

a(r’n'7%) = (T(KL = 7°w*7%)/Ts)m* o0
a(mev) = (I(Ky — wev)/T'g)2i Im x,
and
a(rev) = T(Ky = wuv)/Ts)2i Im x,

where m._ = amp (Kg— =" w =%/amp
(Kp = nrn %, mop = amp  (Ks —
OrOn%/amp (Kp — %1%, and x,
is the ratio, amp(AQ = —AS)/amp(AQ =
AS) for K — wév,. The quantities m4_q
and mgy are CP-violating ratios. (The
final state w " can be CP even or
odd. Here we refer only to the odd
state.) The measurements of mge and
m+_g are not at present very accurate and
are consistent with zero. If we use the
experimental limits (/5), we find

Rea=Rez a(f)=
f -3
0.14 = 019)><10
Ima=ImZ af) =
f

f
(—0.19 = 0.25) x 1073

Equations 1 and 2 take a very simple
form if we resolve the components of e
and A parallel and perpendicular to the
direction which makes an angle &, with
the real axis, where

oo = tan | - 2 (Ms — M)
" (I's = T'w)
We then find
€ = € *+ cos o, Rea
€, = — cos ¢, Ima
A” = ¢cos ¢, Rea
AL=_EQL_COS¢nIm(X

The experimental values of € and € L

are, respectively (2.27 = 0.03) x 1073
and (0.16 = 0.09) X 1073, We then find
g =Q37= 0.19) x 107
=(0.14 = 0.18) x 1073
Aj =(0.10 £ 0.14) x 107
A, = (- 0.02 £ 0.20) x 107
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Within the present experimental limits,
we find that all the measurements are
consistent with T violation and CPT con-
servation. In particular, we see that the
limit on €, is very small, so we cannot
expect ¢_ and g to differ greatly from
¢y Further, if the values of mggp, M+—0»
xe, and x, were < 107, then we would
find le, | = 107. Such an expectation is
reasonable if the strength of the CP vio-
lation is roughly the same in all modes.
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