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1. Introduction

The work on the subject of weak interactions spans the last half a century. In
assessing where we are today and where we might be going in the near future it is
useful to look at the historical development of this field. Furthermore, we can say
that the task of the high energy physicist is to understand the basic constituents
of matter and of the forces that govern their behavior. Thus, in the spirit of the
title of this talk, I start out by outlining the development‘) of our present picture
of the constituents and the present picture of the weak force which determines

at least a part of their mutual interactions.

Figure 1 attempts schematically to outline the major milestones in the de-
velopment of the picture we shall be discussing. There is undoubtedly certain
arbitrariness in the choice of these milestones but hopefully they do represent
reasonably fairly the logical development of the subject. In the “constituent
sector” I take the discovery of the muon as the logical starting point since that
was the first indication that the spectrum one is dealing with is richer than initial
observations might have indicated. The unexpected discovery of strange parti-
cles followed by observation of the electron neutrino and the famous 2 neutrino
experiment were other key steps in the initial elucidation of the quark-lepton

picture.

The decade of the 1960s saw the birth of the quark concept and its subse-
quent growth to maturity. The initial spectroscopic measurements led to the
quark postulate and culminated in the discovery of the predicted 11~ particle.
The dynamical reality of the quarks was demonstrated beautifully in a series of
deep inelastic scattering experiments, first with electrons using the SLAC accel-
erator and subsequently with the neutrinos and muons, mainly at Fermilab and
CERN. The decade of the 1970s brought us an enlargement of both the quark
and lepton sectors with the observation of the postulated charm quark and the
totally unexpected 7 lepton. The subsequent measurements of the properties of

these two new constituents confirmed the initial belief that they represent an



addition to the family of the fundamental building blocks.

R Finally the late 1970s and early 1980s provided us with evidence for, and
properties of, the fifth quark. Just now we may be in the process of completing

the quark sextet with the recent observations at CERN.
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We turn now to the evolution of our present understanding of the weak in-
teractions. I find it natural to distinguish between two different topics associated
with two different eras in the study of this field - the charged current sector with
its golden age in the 1950s and the neutral current sector with the height of its
development in the 1970s. The key nuclear physics experiments in the 1950s on

QUARK LEPTON PICTURE

the nature of the weak interaction, parity nonconservation, and neutrino helic-

1

ity, coupled with the seminal theoretical ideas about parity violation and the

A rough outline of the historical development of our present pic-

ture of quarks and leptons and their weak interactions.

conserved vector current hypothesis led to the establishment of the presently ac-

i

cepted V-A picture of charged current interactions. The experiments on decays

of elementary particles and the program on neutrino interactions reinforced this

1

picture and developed further the phenomenology of weak interactions.

Figure 1

Our understanding of neutral currents also progressed very rapidly with
the height of activity in the late 1970s. A few years after the formulation of

! the Glashow-Weinberg-Salam model (GWS), neutral currents were discovered at
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CERN and their existence confirmed soon afterwards at Fermilab. There followed

several important experiments culminating in the key polarized electron-deuteron

EVOLUTION OF THE CONSTITUENT PICTURE
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scattering asymmetry measurement at SLAC: The subsequent experimental work
provided even more stringent tests, all of them reinforcing our belief in the va-
lidity of the GWS picture.

Both of those rather separate lines of investigation have culminated in the
recent discoveries at CERN of the W and Z gauge bosons. This key experiment
can be viewed as bringing to a successful end the previous 50 years of work on

weak interactions. We can justifiably ask where do we go from here.

It is my opinion that the next decade will emphasize the weak interactions of
higher mass scales. Thus we shall try to answer the questions that will address
the existence and the properties of the postulated (as well as the unexpected)
higher mass particles and their roles as mediators of the weak interactions. This
physics will span a range of investigations including detailed tests of the standard
model with the hope of discovery of small discrepancies as well as searches for to-
‘tally new phenomena, whether these be violations of existing laws, new particles,
or something totally unexpected. The techniques employed will undoubtedly be
numerous, ranging from atomic and nuclear experiments, through proton decay,
v decay and oscillation searches and cosmic ray studies, to the experiments at
the highest energies which will hopefully be opened up by the next generation of
accelerators. Finally, it may also be hoped that these “high mass scale investi-
gations” will at the same time shed light on the puzzles that are present today

in the constituent sector.

The choice of topics adopted for these lectures can be understood in the
context of the above discussion. My emphasis will be less on how we got here
rather than on where we are and where we are going from here. Hence, I will
discuss the present experimental status of weak interactions, with the emphasis

on the problems and questions and on the possible lines of future investigations.
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2. The Quark Mixing Matrix

In our present picture of the quark sector, we have three left-handed doublets:

(&), G), = ),

It is furthermore known experimentally that the quark mass eigenstates (denoted
by the unprimed symbols) are not the same as the quark gauge group eigenstates
(denoted by primed symbols). There is a certain arbitrariness in parametrizing
this fact. The convention is to define the phases in such a way that the two sets
of eigenstates are identical for the q = 2/3 quark states i.e., u = u',¢c = ¢/, and
t = t'. We can then define a unitary matrix,U, which is totally specified by four
real parameters conventionally taken to be three angles and one phase. This
matrix can then be thought of as giving us the relationship between the (d', &', b')

states and the (d, s,b) states i.e., schematically
¢=Uqg (21)

Alternatively, the matrix U can be said to specify the quark couplings in the

charge-changing weak interaction current, i.e.
JE = gry* (1 - )Uq” (22)

with the g% (¢™) symbols standing for the positive (negative) charge quark states.

The matrix U is similar to the Euler matrix representing a rotation in the
three-dimensional space. There are several parametrizations of this matrix. The

original one, due to Kobayashi and Maska.wa.,z) is
C; —-851C3 —~S183
51C3 C1C3C3 — 5352¢%  C1C38; + 53C3e
515; C15:Cs + C353e®  C15353 — CaCae®
where C; = cosf;, S; =sinf; ; 1 = 1,2,3 and 8;, 82,03 are three angles equivalent

to Euler angles and § is the phase mentioned above. It was the contribution of



Kobayashi and Maskawa to point out that the CP violation can be introduced
naturally if one has 6 quarks (rather than 4 known at that time) and provided
that the phase § £ 0 or 7 .

The other representation that finds frequent use is due to Maiani®) and is

given by
CsCy CpSe Sg
~8,CS3e ~ S4Cy  CyCy — 5, S5Ssc™®  §,Cye
~85C4Cy + S,-,Spe“ —C. 555y ~ S..,Cgc_“ C4Cp

where Cy = cosl, Sy = sinf , etc.

Even within the framework of each representation there are several different
phase conventions that are used in the literature. These do not present a problem
for us since the experiments that we shall discuss determine only the absolute
magnitude of each particular matrix element. Finally, we should remark that one
can define each angle to be in the first quadrant. The phase § can then range

from O to 27 and must be determined by experiment.

There are certain advantages to each representation. In the original K-M
representation all the angles, 0;,8,0; are relatively small and thus the form of
the matrix explicitly shows that the U;s element, for example, is second order in
these small quantities. In the Maiani representation, 4,3, and - are also small,

and in that approximation the matrix becomes simply

1 6 B
-4 1 =«
- -1 1

Thus the angles 8,3, are approximately related to the size of the amplitude

describing the couplings ¥ — s,u — b, and ¢ — b respectively.

A third parametrization of the mixing matrix has been recently introduced

by Wolfenstein.!) That particular parametrization is convenient for the analysis
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of the CP problem insofar that it explicitly shows that the CP violation enters

only multiplied by a third power of a small parameter A.

Our procedure in this discussion will be to describe the experimental input

that allows us to measure the general matrix elements, i.e.,

Uu Usi Un
Ug Uy Uy
Ua U Un

At the end we shall try ‘to relate that experimental input to the values of the

K-M representation parameters §; , 82 , 83 and § .

Before embarking on this task, it might be worthwhile to summarize the
phenomenological need for the top quark that would complete the third doublet.
In other words, the question that one asks is whether the experimental data is
compatible with the b quark being a singlet. This question might be moot in
light of the recent evidence® for a possible new quark state from CERN, but
until these data are shown to be completely conclusive, it is worthwhile to keep

an open mind on this point.

A rather general argument on this point has been recently presented by Kane
and Peskin®) and we reproduce here its general qualitative features. The authors
show that in any model in which the & quark is an SU(2) singlet with conventional
W% and Z° couplings the following inequality involving semileptonic decays has
to be satisfied:

I'(B— Xt+e)

—— 2 > 0. 2.3
TE S X)) = 0P @3)

where £* is the generic symbol for charged leptons. Furthermore, the alternative
models, which do not make this standard coupling assumption, are either already

ruled out by the data or extremely unattractive.

The essence of the argument is as follows. The b quark is known to decay

and thus must decay by virtue of mixing. The two weak eigenstates representing



g = —1/3 quark states can then be written-as:

3
d = E ;g and

=1

3
d=3 Big

=1

(2.4)

where o , f§; are mixing coefficients and ¢; =d, s ,or b. In Fig. 2 we show
the diagrams that must be responsible for leptonic decays of the b quark. As can
be seen from these diagrams the decay rates are given solely by the couplings of
the gauge bosons to the leptons and to the quarks. The former are determined
entirely in the framework of the Glashow-Weinberg-Salam model”; the latter are
given by the model if the mixing coefficients (s and 8’s) are known. Accordingly,
the problem reduces to finding these coefficients which minimize the ratio given
in 2.3 and at the same time are compatible with the other experimental data.
To put it in other words the Glashow-Weinberg® theorem which shows that the
GIM mechanism for suppression of neutral currents is applicable for any number
of weak doublets, is no longer relevant if b quark is a weak singlet. Hence, the
mixing coefficients have to be adjusted “by hand” so as to minimize the flavor
changing neutral current amplitude in b decay and to make those amplitudes in

other decays compatible with the very stringent experimental limits.

One makes now the observation that the mixing angles are rather well con-
strained already by the existing data. Specifically if the first equation in 2.4 is

rewritten as

d = Cy(Ced + Scs) + 5yb

C is constrained to be very close to 1 by Cabibbo universality and S, is the sine
of the Cabibbo angle that is well measured in K and hyperon decays. Additional
constraints are imposed by the requirements of orthogonality of s' and d' and the
requirement that the strangeness changing d «— s neutral current amplitude be

small enough to be compatible with the K — Kg mass difference. The net effect
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of these constraints is that the mixing parameters are strongly constrained and

the lower bound stated in 2.3 is obtained.

The best experimental limit comes from the data taken by the CLEO collab-

oration which obtains®)

B — Xttt

Boar < 0.3% (90% C.L) . (2.5)

Coupled with the world average % for each (i.e. electron and muon) semilep-

tonic branching ratio of the B meson of 11.6 + 0.5% , this yields

(B — Xt*t7)

_I.‘—(—B:—R:Z:F;)_ < 1 -3% . (2-6)

Thus the experimental value is clearly in contradiction with the Kane-Peskin
bounds and excludes the b singlet possibilities. We next proceed to the discussion

of the experimental determination of six out of the nine total elements Uy 10)

a) U4 responsible for v — d and d — u transitions.

We determine this matrix element by comparing the strength of nuclear vector
beta decays to muon decay rate. To assure pure vector, i.e., Fermi transitions
we have to limit ourselves to 0% — 0% decays. In addition, it is important that
the nuclear matrix element be perfectly understood, which in turn implies use of

superallowed transitions.

Several transitions satisfying these requirements exist in nature and have
been studied experimentally. They generally are decays within the same T' = 1
multiplet and the two that provide the most accurate information are 40O and
26 A|™ decays. The data on those and other decays, satisfying the criteria outlined

above, are presented in Table I below (reproduced from Paschos and Turke!V)),
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Table I

ft-values, corrections and corresponding results for more accurate decays.

Nucleus ft(s)  ORr(%) 6c(R) bw (%) Ul

Ho 3047.6 + 3.6 1.57 0.18 2.10 0.97223
Bam 30379 £29 161 024 2.10 0.97377
Mcr  3052+12 168 0.51 2.0 097255
3Bg™ 3063+ 10 1.74 0.44 2.10 0.97015
425¢ 3052+ 13 1.81 044 2.10 0.97154
ey 3039+ 16 1.87 0.40 2.10 0.97311
OMn 3038.1 + 7.1 1.95 047 2.10 0.97322
84Co  3041.4 + 5.0 2.01 0.56 2.10 0.97289

The relevant corrections are: &g , the “outer” electromagnetic correction, 6c
- the nuclear isospin correction to correct for isospin impurity in the transitions
in question, and &y - the difference in “inner” electroweak correction between

the nuclear £t values and the muon decay rate.

Paschos and Turke obtain from their analysis
Uyg = 0.9730 % 0.0004 + 0.0020

where the first error is statistical and the second represents theoretical uncer-
tainties. An independent analysis by Shrock and Wang!?) using compilations by
Towner and Hardy and by Wilkinson!3) as the basic input yields

U,q = 0.9737 £ 0.0025

Clearly these numbers are compatible with each other. As the best value I shall



take the average of the two, obtaining

Uy = 0.9733 + 0.0024. (2.7

b) U,, responsible for u — s and § — u transitions.

There are two alternative approaches to measuring this matrix element and

we shall discuss each one in turn.
1 - Analysis of the Ke; decays, i.e., of the processes

Kt - n°tv  and

K3 — rteFy

There are several theoretical difficulties that have to be kept in mind when
discussing these decay modes. First, we might expect some SUj breaking ef-
fects, even though they should be small here by virtue of the Ademallo-Gatto
theorem!?) Second, the momentum transfer involved is no longer negligible as
in the case of the nuclear beta decay; hence the form factor behavior must be

understood insofar as it is the rate at ¢ = 0 that is directly related to UZ,.
Experimentally, the input consists of the lifetimes of the two K mesons, the
branching ratio into the wer mode and the form factor dependance aliowing the
extrapolation to obtain f4(0).
Shrock and Wang”) apply radiative and SUj breaking corrections to the data

to obtain

U,, = 0.221 1 0.003 from K* decays and

Uy = 0.212 £ 0.005 from Kj, decays.

Combining these we obtain

Uy, = 0.219 + 0.003. (2.8)

2 - The other method consists of analysis of the combined hyperon and neu-

tron decay rates. We first briefly describe qualitatively the formalism that is used
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in this analysis. The general matrix element for hyperon (or neutron) decay can
be expressed in terms of 6 form factors, three of which: f; , fa , fa are vector
form factors and the other three, ¢; , 92 , g3 axial form factors. Only f, and ¢; ,
and to much lesser extent f; , give significant contribution to the experimentally

observable quantities.

The amplitude of the strangeness conserving decays is proportional to Uy
(cosé in the old 4 quark formalism}); of the strangeness changing decays to Uy,
(sinf in the 4 quark formalism). Furthermore, both f; and f; are determined
entirely by the CVC hypothesis. The g; form factor for each decay is expressible
as a linear combination of 2 parameters, F and D, which represent the strength of
the symmetric and anti-symmetric 8 ® 8 couplings. The exact parametrization

of these 3 form factors is specified in Table II.

Table IT

Parameters of the baryon weak matrix

Decay Amplitude £1(0) f2(0)® 91(0)
n — pey, cosf 1 Hp — B F+D
T* o Aer, cosf 0 —\/372;1“ V273D

X — Y, cosl

\/E \/2_[[‘;1 + ([1.,,/2)] \/EF

A — ply, sind  —/3/2 —\/3/2u, —+/3/2(F+D/3)
L7 — nly, sinf -1 —(pp +200) —-(F-D)
B~ — Ay, sind /32 /3/2(ip + pa) /3/2(F - D/3)
E~— I sind  1/vZ 1/V2(up—us) (F+D)/VZ
8° — Ltey, sinf 1 by — bn ¥+D

8™ — By, cosf 1 #p + 2pn F-D

¢ The values of the anomalous magnetic moments are: u, =
1793, up = —1.913.



Every measurable in these decay processes (decay rates, asymmetry parame-
ters, angular correlation coefficients) can be expressed in terms of the form factors
discussed above. Thus once sind (and hence cosf) is known, each indépendent
piece of data determines a straight line in the D , F space. Hence the analysis
can be thought of as consisting of finding that value of sinf which results in
all of those straight lines intersecting in a common point, or more specifically,

minimizing the “circle of least confusion.”

The latest experimental results from the hyperon decay experiment at CERN®®)
are displayed in Fig. 3. In addition, data on neutron lifetime and neutron decay
angular correlations are also shown on the same figure. There is some contro-
versy and inconsistency in the neutron lifetime data. For the purpose of this plot
a value of 7, = 925.3 + 11.1 sec has been used by the authors of Ref. 15. The
lines labeled (g1//1) represent the angular correlation measurements; the other
lines come from the partial rate measurements. The shaded area represents the
extent of the experimental errors. Clearly the data are quite consistent and a

least squares fit yields for the best values of the parameters:

F =047740.012,
D =0.756 4+ 0.011 , and
sind = Uy, = 0.231 % 0.003.

This value of Uy, is somewhat different from the K decay value (~ 30). This
probably reflects the theoretical uncertainties in both analyses. Accordingly, it
is probably best to take the average value and increase the error somewhat to

take into account these uncertainties. Thus we quote

Uy, = 0.225 £ 0.005 . (2.9)

Before leaving this topic, one should mention that there exists one set of data

that is inconsistent with the above picture, namely the measurements of the a.,
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the decay asymmetry parameter for L7." These data are illustrated in Fig. 4,
together with the prediction from the overall fit to the CERN data. The present
consensus is to discount this disagreement somewhat, since all these data points
come from low statistics experiments, done in less than optimum conditions.
There is an experiment'®) at Fermilab, which just completed its data-taking
phase, which uses a polarized X~ beam and attempts to reconstruct the full £~
decay by measuring both the decay neutron and the decay electron. The resuits

from that experiment should definitely settle this particular question.

¢} U, responsible for ¢ — d and d — ¢ transitions.

In principle, there are two ways of extracting this parameter out of the data

and we shall discuss each one in turn.

1 - We can study the ¢ — d transitions in the charm decays. The ideal

processes would be the decays

D — nly and
D — plv

since these are unencumbered by the effects of strong interactions in the final

state,

In practice neither of these decay modes has been observed as yet. Even
when some data on these channels will be accumulated, there will still be certain
conceptual difficulties with the proper analysis e.g., SUy breaking effects, mass
of the charm quark to be used and form factor dependance. The pure hadronic
decays D — 27 and D — K*K~ have been observed but the extraction of
U, out of these data does not appear to be possible at the present time. The
fundamental difficulty lies in the fact that the hadronic effects simply are not
understood well enough theoretically to be able to extract quantitative results.

To illustrate this fact we remind the reader that experimentally”)

o + =
DD° 2 KPK7) 55
L(D° — ntx~)

i l f i
0.8 . ~—
O
= ey
O I~ N
2 |
0.4 F ¢ 213 —
[o0]
O
)
Qe 0 I ] Wi J SN
)
-0.4 -
Cabibbo N
-0.8 - }_value
i [ l
-0.8 -0.4 0 0.4 0.8
9-84 gl/fl 4909A3

Figure 4 The four measurements of the ™ asymmetry parameter (o)
compared with the prediction of the overall fit. The curve shows

the dependance of the a, on the ratio of form factors (a1/ 1)
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whereas the phase space effects would tend to favor the #*x~ mode. To my

knowledge, no satisfactory explanation of this discrepancy has been given.

In addition there is the experimental fact that the lifetimes of D° and DY do
not appear to be equal. Specifically using Hitlin’s compilation!® we have

+0.86 + 0.31
+/r° =278
T =278 60— 0.42

This can be understood at least qualitatively on the basis of the fact that the
exchange diagrams that contribute to the D° decay are absent in the case of
the D* decay (see Fig. 5). However, I am not aware of any reliable theoretical

calculations that are able to reproduce accurately this number.

Thus at best we can conclude from the non-leptonic decay modes that the
¢ — d transition is suppressed with respect to the ¢ — s rate. Extraction of any
quantitative information out of the charm Cabibbo forbidden decays, however,
will have to await better experimental data or better theoretical understanding
or both.

2 - Quantitative information on the U4 matrix element can be obtained from
the charm production by neutrinos. More specifically, one studies a p*u~ final

state that is dominated by the sequence

v+ p (or n) — charm + p~

I wt+ X
which on the quark level can be written as
v+d—p e
I s+ut+v

or
v+s-— p+e

l-'4+u++u

-185-
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and comparable reaction for the incident £'s.

To obtain the value of U4 we must separate the two quark contributions.
The expressions for differential charm production cross sections by neutrinos and
anti-neutrinos on an isoscalar target {a good approximation for heavy target

experiments) are given by:

:i‘;; CMEE (0 aPu(a) + dle)] + Ve -25(2)} (210
o = TME iy pla) + B + 0l -2} (e

where u{z) and d(z) are the u and d quark distributions in the proton and we

have utilized the fact that u(z) in proton is the same as d(z} in neutron.

Experimentally, the best measurement is of the 2u/1u ratios i.e. of 0% _/o¥.

and of the o _/o%. We note that for single muon production we have
+-/04

dzav .
=y & g(2) + (1 - v)d(z) , (2.12)

d2
aedy o« g(z) + (1 — v)%q(x) (2.13)

where g(z) stands for u(z) , d(z) , and s(z) and similarly for g(z). We can now
define

R=o0% /0" (2.14)

and integrate the expressions 2.10 - 2.13. Using the fact that s(z) = 5(z), after

some algebra we obtain

BU.f? = (04 -/0%) — (Ro%_[o3)2

, 2.15
1-R 3 (2.15)

with B being the weighted average semileptonic branching ratio of the charmed
particles, the weighting being determined by the relative production cross section
of various charm particles in v (D) interactions and the relative muon detection

efficiency for those decay modes.
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The detailed analysis of this reaction has been performed!®) by the CDHS
group who used R = 0.48 - 0.02 and B = 7.1 & 1.3%, the latter value obtained
by studying relative charmed particle production in emulsions. The dimuon to
single-muon cross section ratios used came from the CDHS experiment. For the

value of |U.q| the authors obtain
[Uqf=0.24£003 . (2.16)

The CCFRR collaboration at Fermilab obtains a similar value?®) (0.25 % 0.07)
from the analysis of their p* ™ data.

d) U,, responsible for the ¢ — s and 8 — ¢ transitions.

Again, information here can be obtained both from the charm decays and

from the charm production by neutrinos.

1 - The optimum charm decay channel to use is the process
D - Ktty

since this decay combines the best experimental input and fewest theoretical
uncertainties. Nevertheless some problems remain and they tend to limit the

accuracy with which we can measure this matrix element.

On the theoretical side we need to cope now with the potential SUy breaking
effects which could be larger here than in the case of K decays. The form factor
dependance could also be more important here since ¢* involved can be quite
large. At present, there is no information on the Dalitz plot density for this
decay. Finally the relationship of the decay rate to the value of |U,,|* depends

on the masses of the ¢ and s quarks used.

Experimentally, for a specific decay, for example:
DY = K°eto,

we need to know the D* lifetime, exclusive branching ratio D — e*X , and the

fraction of that exclusive mode that goes to K°e*v, . The difficulty in extracting



the rate of interest lies in the fact that 7}, and 7} appear to be different and thus
their leptonic branching ratios will not be equal. Most of the exclusive D — X
branching ratio measurements came from high energy ¢*e~ annihilations, where

the precise D°/D* production rate is not known very well experimentally.

The numbers we shall use are:

T4 /1. = 2.78 (Ref.18),

3 = (8.3 £ 1.0) x 10 ¥sec (Ref.21),

B(D — eX) = (8.4£0.6)% (Ref.21),
a{D°)/o(D*) = 2.3+ 1.2 (Ref.22)  and

I'(D — Kev)/T(D — eX) = 0.55 + 0.14 (Ref.23).

These values give

B(D* —» e*X) = (15£3)%,
B(D* =+ K°etv,) = (8 £3)%,
and T(D* — K°c*v,) = (1.0£0.3) x 10'gec™? .

Finally, to relate the last value to |U.,| we use??)

(D% — K°e*v,) = 1.5 x 10"sec™! x | fP~%(0)|? x U..[?

’

where the numerical coefficient was derived by using the F* dominance of the

form factor. Assuming perfect SU, symmetry, i.e., fP~%(0) = 1, we obtain
Vel = 82 13,

where the uncertainty quoted represents merely a propagation of the errors in

the input quantities and does not reflect any additional theoretical uncertainties.
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2 - Independent information on this matrix element can be obtained from the
charm production by neutrinos, i.e. from the analysis of u* 4~ events in the final
state. The differential cross section has been given in Equation 2.10 and thus
one must separate the two contributions. This can be done because the valence

and sea quark distributions have quite different z dependance.

In more detail the procedure is as follows. The s{z) distribution is assumed to
be the same as 5(z) and can be obtained directly from the u*u~ events produced
by the & interactions. Because U,q is small, i(z) and d(z) contribute very little to
this process, and in addition they are very similar to s(z) as can be ascertained
from single 4 production by P’s at high y. This fact is illustrated in Fig. 6a
where the actual p¥u~ z distribution is compared with the prediction from the
single u data analysis. Finally, the u and d quark distributions can be obtained

from the structure functions using the relation
1
z{u(z) + d(z)] = —2-[Fz(z) + zFs(z) — 2zs(z)] , (2.17)

where F; and F3 are derived from the analysis of single muon data?® As can
be seen from Fig. 6b the data can be fit quite wel!®) by a linear combination of

these two distributions with the result

|Uel? - 28
e = 1,19+ 0.00 2.18
Veal? - (U + D) (2.18)
where S = |, : zs{z)dz and similarly for U and D. Again, using the results of the

single 4 experiment, this result can be converted to

[Ueal? - 28

m:&!&ilﬁ.

To go any further we have to make some assumptions. We expect that 2§ <

(U + D) because of the heavier s quark mass. If we take the extreme case of SUs
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Figure 6 The z distribution for u*pu~ events from Ref. 19.

(a) Histogram represents the & data, the curve is the prediction

from single p analysis.
(b) Histogram represents the v data; dotted curve is the contri-
bution due to s(z), dash-dot curve due to u{z) + d(z), and the

dashed curve the sum of both.
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symmetry i.e., 25 = U + D then we obtain
[Ueaf? = (9.3 2 1.6){U.4* .

Clearly, this assumption gives a lower limit for U.,. We can plug in the previously

derived value of U.4 to obtain the inequality

|Ues] > 0.59 at 90% C.L. .

This value is obviously consistent with the result obtained from the charmed

meson decay analysis.

e) Uy responsible for the u — b or b — u transitions.

By far the best limit on this parameter comes from the new information on the
b quark lifetimes and the upper limit on b — u branching ratio. Before discussing
these data, for historical reasons we mention briefly the information that can be
extracted from the like sign dimuon data resulting from & interactions. These

events could originate (in the quark picture) from:
p+u—pt+b
l—* c+ X
I s+put+u,.

In the actual ca.lcula.tion,”) it is convenient to compare the rates for g*u~ and
u*p* gince some of the uncertainties cancel out in that procedure. Threshold
factors due to finite ¢ and b quark masses have to be included. The most stringent
limit can be obtained by assuming that at least a part of the u*u* rate is due
to some background process that also contributes with the same strength to v

interactions, and is responsible there for all of the u~u™ events (the cross section



for vii — bu~ would be much smaller). Under those assumptions one obtains the

Jimit
Uwl <018 . (2.19)

A much better value is obtained by studying the b decays directly. The
important input here is the ratio I'(b — ulv)/T'(b — cfv) which can be obtained
from the study of the lepton momentum spectra resulting from the semileptonic
b decays. The 45 T region is the ideal point to study this question since the B

mesons produced are almost at rest and Doppler broadening is relatively small.

T T

This problem was studied by the two collaborations working at CESR and — Primory (b-=c)

Y
2 160 e Pri (b—=1u) "]
they have obtained the following limits at the 90% C.L. g o S;::’::t;:ry (c__:)
O 120 -
s
I'(b — ul)/T(b— ctv) < 55%  CUSB collaboration®”  and 3 g0 -
z
4 \
5 40 \ =
T(b — utv)/T(b — ctv) < 4%  CLEO collaboration.?®) w \
w o ——ee Nyt g b a o e
There is some model dependance in the extraction of these limits from the data ; :; ; s
{
since one has to make some assumptions that affect the exact functional depen- 2;’%‘; A6 ELECTRON ENERGY (GeV)

dance of the curve that is fitted: i.e., spectator quark model or well defined final

state mass, Fermi momentum of the b quark, mass of the spectator quark. The .
: ectrum from b decay as obtained by the

end result, however, is only mildly sensitive to these assumptions provided that Figure 7 The electron enefgy P

reasonable values of relevant parameters are taken. The relevant lepton spectra CUSB collaboration.

and the fits to different hypotheses are shown in Fig. 7 for the CUSB data and

Fig. 8 for the CLEO data.

Taking the more stringent CLEO limit and correcting for phase space effects

due to different masses of the u and ¢ quarks we obtain an upper bound

[Ua|/|Ua| < 0.14 with 90% C.L. . (2.20)

f) Uy, responsible for ¢ — b and b — ¢ transitions.
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The lifetime of the b quark can be related to the linear combination of |U|*
and |Uuc|?. The exact values of the coefficients depend on the quark masses used
and on the magnitude of the dynamical enhancement for the non-leptonic modes.

We follow the treatment of Gaillard and Maiani?®) who derived the relationship:
rp = 0.93 x 107 14/(2.75|U|* + 7.7|Uws{?) sec . {2.21)

Note that the ratio of the 2 coeflicients, i.e., 0.36 is somewhat different than the
ratio of 0.45 used by the CLEO collaboration?®) in relating their 4% experimental
limit to 0.14 limit on matrix elements previously quoted (using 0.36 would reduce
the limit to 0.125).

The b quark lifetime has been shown about a year ago to be surprisingly
long®® and the present situation has been sumimarized by Jaros®!) at this Insti-
tute. The results are tabulated in Table III below.

Table I

Summary of b lifetime results

Collaboration  Value {ps)  Reference

Mark II' 0.85+£0.171+0.21 31

MAC 1640404 31
DELCO  116%{l +.23 32
JADE 1815 +.35 33
TASSO 19+ .44 .6 33

All of these experiments use the impact parameter method3031} to extract
the lifetime value. Thus the systematic errors could be similar and it is probably

incorrect to take a weighted average of all the values. For the purpose of the



following discussions we shall take
7 = (1.0 £ 0.3) x 1072 gec .

This value yields

|Ues| = 0.058 + 0.009 (2.22)

since the Uy contribution can be neglected here in light of Equation 2.20.

Furthermore, combining this with the Equation 2.20 we also obtain

[Uw| <001  90% C.L..

(2.23)

Clearly this limit is much more stringent than the one obtained in 2.19.
g) Other 3 matrix elements.

Clearly no direct experimental information exists at the present time on the
other 3 matrix elements that link the ¢t quark to d , s , and b quarks. For
completeness, it might be worthwhile to end this discussion by discussing the

eventual prospects for measuring these elements.

As will be apparent from the discussion below, we expect the inequality
U] >> |Uts] >> |Uy4} based on the extracted values of 8;,0; , and 8. If the
mass of the t quark is in the vicinity of 40 GeV, we would expect an appreciable
decay rate®®) of the toponium state into tb¢~v and fety. Since I'(¢f — ete™)
can be measured from the height of the toponium peak, the relative branching
ratio of (tf) — ete™ vs théy can give us the value of ]Uﬂ,[’. We expect here
the usual difficulties associated with measuring an angle by measuring its cosine

when cosf ~ 1.

In principle the values, or more likely, the limits on the other ¢ quark matrix
elements can be obtained by looking at the lepton energy spectra in toponium
decays, or bare top decays, in a manner similar to the CESR work on b quarks
discussed above. However, because of the high ¢ quark mass, this technique will
be rather difficulf.
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Again, in principle, the top production by neutrinos can yield information on
U;, and Uy. This method, however, will have to await v beams of much higher

energy than are currently available.

Calculations of the 4 basic parameters: 8;,0;,03, 6.

We can proceed now to the extraction of the 4 basic parameters from the ex-
perimental input. We shall use the original Kobayashi-Maskawa parametrization

for this purpose. We proceed in several steps:

1 - Since U,y = C; in K-M parametrization, we obtain directly from Equation
2.5 that

S =0.230 + 0.011 . (2.24)

2 - We can perform a consistency check using the elements of the first row, which

also gives us a value of S3. Since
UL + Ul =1-5{53

by substituting the experimental values for the expressions on the left hand side

of the equation, we obtain

+.05
S3=. .
5183 = .045 — 045

Clearly, the unitarity condition is satisfied but the information on Sj is limited.

Dividing by S; we obtain

+.21

=0 . 25
S3=020" 0 (2.25)

This method of obtaining S3 is much less sensitive than the more direct evaluation

discussed below.



3 - Using Eq. 2.23 and definition of Uy, Wwe obtain

o.nt ] | T l
5,83 < 0.01 90% C.L.
0.10 1
and dividing by S; we have I8O
009 —
53 <0043 90% C.L.. (2.26) 150
. . 0.08 1
4 - From the expression for U, and Eq. 2.22 we obtain
[Ua| = IC1C3Ss + S3Cac’®| = 0.058 + 0.009 007 20 1
which gives us the inequality Sp 0.06 =1
|S3 + 52¢**| > 0.058 £ 0.009 . (2.27) 0.05 -
90
The above expression gives us correlated limits on S; and S3 which will occur 0.04
when 6 = 0 and § = x. More precisely, the allowed space for S; and S3 will be a )
triangular region bounded by the three lines i.e., 60
0.03 -
S3 = 0.058 + S3 § = x case
S;=0058~S; b=0case } . (2.28) 0.02 o
Ss = 0.043 Ss limit
0.0l I { 1 I
The intermediate values of § give well defined contours inside this triangle. These 0 0.0l 0.02 0.03 004 0.05
limits as well as contours for other values of § are displayed in Fig. 9 (adapted o84 S3 508A8
- 4
from L.-L. Chau and W.-Y. Keung®®).
5 - As is apparent from the discussion in the preceding section 6 can be deter- Figure9  The relationship between S; and Sy values and the value of 6. The
mined if both S3 and Sz are known. The functional form of the 6 matrix elements allowed S; and S values must lie within the triangle bounded by
discussed above demonstrates that even if the experimental errors were consid- the three solid lines. '

erably reduced, a unique determination of these two angles is impossible without
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additional input. Hence we might discuss briefly which other experiments can
provide auxiliary information on these parameters. A full discussion of these
questions would take us too far into the theoretical domain; in addition it would
unnecessarily duplicate a much more erudite treatment given in the parallel lec-
tures by H. Harari. For completeness, however, we should mention briefly some

of the relevant points.

The basic idea is that the off diagonal K° — K° mass matrix element is
related to several experimentally measurable quantities and that a major (?)
contribution to this element is expressible in terms of the K-M matrix elements
and hence 0y, 8,, 03, and 6. Some of the quantities related to this matrix element
are Am, K; — K; mass difference, CP violation parameter in K° — K° system
and part of the amplitude for K® — utu~. We shall have occasion to return
to this point in several instances later on in these lectures. Below we elaborate

briefly on the second point.

The off-diagonal K° — K° matrix element can be expressed as®®:

< K°|Hjjn >< n|H1|K°® >
Myg — E,

My =< K°|Hy)R° > +) (2-29)
n
where the first part, involving a local AS = 2 Hamiltonian can be related to the
box diagram shown in Fig. 10, and the second, dispersive part represents a time
ordered product of two local AS = 1 Hamiltonians. It has been customary fo
neglect the second part on the grounds that the different contributions enter with
both positive and negative signs and hence will cancel out. The contribution
of the box diagram,37) MPX, which in this approximation equals M3, can be
written as
u,c,t
M},’ox [ Z AirjAiKia (2.30)
b
where A; = U;,U;g and 1 = u,¢,t , and A;; are well defined functions of the quark

masses, generally calculated under the assumption that my < mw. The matrix
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Figure 10 The box diagram used to calculate the short range approximation
of K° — K° transition amplitude.



element of the AS = 2 Hamiltonian is Ku.‘ Thus it follows from the above that
if

a) masses of all the quarks are known

b) one knows how to calculate Kj; and

¢) the neglect of the long distance contributions is valid,

then the measurement of the quantities expressible in terms of Mj; will give
us information about elements of matrix U. It is important to emphasize these
limitations and approximations inherent in these analyses. In practice the ap-
proximation (c) is considered to be better for calculations of some parameters
than for the others) {e.g. better for € than for Am). The uncertainty in Kiz
has been traditionally parametrized by3?)

Ky; = B(Ki2)vac

where (K12)vac is the vacuum saturation approximation of the matrix element,
first used successfully by Gaillard and Lee®) in predicting the value of the
charmed quark mass and B is usually called the “bag factor” that can be cal-
culated theoretically with a certain degree of reliability.$!) The mass of the top
quark has been either used as a parameter in calculating other quantities or has

been predicted from other measurements.4?)

1t should be clear from the above that when the top quark mass is known
and the value of B is well understood, quite accurate determination of the basic
parameters should be possible. Furthermore, different pieces of the experimental
input can then be required to be self-consistent. Any discrepancy would be an

indication of the new physics that is not contained in the K-M matrix parameters.
Summary.

It is useful to put together all the results on the matrix elements of U. We

first compile together the raw experimental data (we quote here magnitudes of
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the matrix elements):

9733 +.0024 .225 + .005 <0.01
U= 24+ .03 .82+ .13 .058 +.009

We can obtain more precise values by assuming the unitarity of the U matrix
and utilizing the values of 8,,8;, and 03 derived above to calculate the elements

of U. This procedure then yields (again magnitudes only):

9733 £ .0024 2251+ .005 0-0.01
U= 2251+ .006 .971+4.002 .058 +.009
.013 +.009 .058 +.009 .998 +.001

3. CP Violation

It has been 20 years almost to the day since the initial observation'®) of
the CP violation through the decay K7 — w¥n~. The subsequent decade has
witnessed a great flurry of activity which established the validity of CP violation
interpretation as the explanation of the K} — 27 decay, uncovered no evidence
of CP violation in any other process, and led to quite accurate measurement of

the fundamental CP violation parameters in the K° — K° system.4!)

The last few years have seen a revival of the interest in the CP violation
question. Part of the stimulation came from the discovery of the heavy quark
systems, which could provide a new laboratory for studying these phenomena.
More important, however, has been the realization that more precise measure-
ments of the CP violation parameters could shed light on any potential new
physics since the prediction of these parameters from the K-M matrix phase 6§

appears possible.%5)



In this chapter we shall discuss the most recent work on the K — 27 decays,
the prospects for improvement during the next few years, other CP violation
experiments planned, and possibilities for observation of CP violation in the
heavy quark systems. We shall begin by a brief summary of the formalism needed

to describe the K° — K° system phenomena.

We define |K > and |K3 > as CP eigenstates, i.e.

S >= %{lm > +1B° >} and |K3 >= _1\/—5{|K° >-k°>)  (31)

and the actual states observed, |K3 > and |K} > as

|Kg >= (IKS > +e|K3 >} and |K§ >= ——e (/K3 > +€|K3 >} .
€

Vv1+ 1
(3.2)

From the above it is clear that € represents the amount of the “wrong” CP state

1
V1+]e?

admixture and thus is a measure of the amount of CP violation in the K° ~ K°

system.

One can also have CP violation directl}; in the K — 27 decay. This would be
the result of a non-zero phase difference between Ay and A3, amplitudes leading
to T=0 and T=2 27 states respectively. The standard convention is to define
phases in such a way that Ag is real. Then the direct CP violation parameter ¢

can be expressed as

e = ;}_i Im (%) c|'(6a——5.+|r/2) (3.3)

where 8; and §g are T=2 and T=0 nx scattering phase shifts that can be measured

in independent experiments.

1t is also customary to define 2 other amplitudes that are linear combinations

of € and €. These are

_AKy = ntaT)

]
Ne— = m =€+E€ and (34)
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_ A(K} — n°n°)

Moo = A(K3 — non°)

=¢—2¢ . (3.5)

Finally, one should mention the types of experiments that can provide infor-

mation on these parameters:
a) The rate of K ~ n*x~ gives us |n._|* .
b) The rate of K} — #°7° gives us |noo|® .
¢) The charge asymmetry in semileptonic modes is proportional to Re ¢ .

d) Interference between coherent K} and Kg beams decaying into n*#™~ yields

phase of 4 .

¢) Interference between coherent Kj and K§ beams decaying into 7°#° yields

phase of 7, .

The first 4 experiments provide by far the most precise information on the CP vi-
olation parameters. One should also mention an important relation that provides
a constraint on arg ¢, which follows from unitary arguments

2(mp — mg) )

tan arg € =
g Ts

(3.6)

The experiments mentioned above are all consistent?!) with the superweak model
of CP violation*®) which demands that ¢ be zero to a very high level of precision.

For ¢ they yield the value
€ = (2.27 £ 0.08) x 10~3,43.7£02)°

In the last few years there has been a renewed interest in precision measurements

of ¢'/e. Experimentally, this measurement is attractive since due to the relation
Mool /1n+—|* = 1~ 6¢'/e (3.7

which follows immediately from 3.4 and 3.5, a measurement of |7oo|?/|n+—|* gives

an amplified precision for ¢'/e by a factor of 6. Furthermore, this measurement



represents a ratio of two ratios, namely

[noo|? _ T(Kg - 2n°)/T(K§ — 27°)
ne-2  T(K} - xata~) /T (K5 — ntx)

(3.8)

and one can propose experimental arrangements where at least a part of the

systematic errors will cancel out by virtue of this fact.

On the theoretical front, theoretical advances and improved experimental in-
put on the K-M parameters allow one to predict the value of ¢ /e within the
standard model.#”) The s.pirit of these calculations involve basically the assump-
tions that the ¢ parameter is dominated by the box diagram in Fig. 10, the ¢ by
" the quark diagram illustrated in Fig. 11. Experimental results at variance with
this theoretical prediction would have to imply additional sources of CP violation

(for example more complicated Higgs structure or right-handed currents).

There have been recently two new experiments that try to extend our knowl-
edge of ¢ /e ratio. The first one of these, Fermilab E617, is a Chicago-Saclay
collaboration and its final results have been presented by Winstein at the 1984
neutrino conference in Dortmund“®) and by Cronin at this Institute.*?) The sec-
ond one, BNL experiment 749, by a BNL-Yale collaboration, is still in the analysis

stage and only preliminary results are available at this time.50)

Because the new results are discussed in mich more detail by Cronin®®) we
fimit ourselves here only to several brief comments. One could first make some

general statements that apply to both of these experiments:

a) The goal is to measure ¢ /¢ to better than 1 % . Since ¢ itself is small, good

control of backgrounds is mandatory.

b} By measuring either 27° and #nt7x~ modes simultaneously, or K} and K§
decays simultaneously, some of the uncertainties drop out (e.g. dependance

on flux measurement).

¢) Since in either procedure one tries to utilize as much of the same apparatus

as possible, lot of experimental uncertainties do cancel out and reliance on

9-84 4909A10

Figure 11 The diagram which gives a major contribution to the ¢ parameter

in the standard picture.
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Monte Carlo is lessened.

The basic idea of the Chicago-Saclay experiment is indicated schematically*®}
in Fig. 12. The modes 27° and #* =™ are observed at different times, but one does
look simultaneously at 2 separate beams, a direct K} beam and a regenerated K g
beam. The regenerator is moved from one beam to another on a pulse to pulse
basis to average out any possible variations in the flux or differences in efficiencies
in different areas of the apparatus. An identical regenerator is used for both x+x~
and 7°7° running. In the 27° mode, one of the + rays is required to convert in a
thin converter which also defines the end of the decay volume. Finally, the rate
of decays in both beams is maintained roughly constant by another absorber in
the regenerated beam that is located far upstream and moved from one beam to

another in phase with the regenerator.
One has to be careful about several potential sources of trouble:

a) The 2 beams (K} and K3) have to be well separated so that after recon-

struction one can identify unambiguously the source of each 27 event.

b

~

The resolutions for the 7°x° and 7*#~ modes are inherently different, both
in mass and also in direction. This has the effect that the background that
has to be subtracted, both under the K° mass peak and under the 0°
regenerated beam (due to incoherent regeneration) is larger for the 2x°

mode.

¢) Because of lifetime differences, the longitudinal decay distribution of K
and Kg will be different. This does introduce some dependance on Monte

Carlo calculation of efficiency.

The extent of these potential difficulties and/or the level at which they have
been taken care of by the experimenters is illustrated in Figs. 13 - 16. Figure
13 shows that the decays from the two beams are well separated in both the 2x°
and #*x~ modes. Figures 14 and 15 illustrate for 2 typical energies the effects
of different resolution for the 2 decay modes. The background is essentially

negligible for the xtx~ mode; for 27°’s it is at the level of few percent both
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under the mass peak and under the forward coherent regeneration peak. Finally
the 2z dependance of the reconstructed detays and the Monte Carlo prediction is

shown in Fig. 16.

In addition, various checks on the systematics have been performed by the
group which give one an ability to estimate quantitatively the magnitude of the

systematic errors. The final result is
€'/e = —0.0046 -+ 0.0053(stat) + 0.0024 (syst) . (3.9)

The BNL experiment takes a different approach and collects #t7x~ and »°x°
events simultaneously. The datataking alternates between K} and Kg, the latter
being generated by moving an 80 cm carbon regenerator into the beam. The

45)

highly preliminary result quoted by Winstein*®) at the Dortmund Conference is

€'/e = —0.0027 £ 0.0061 (stat) . (3.10)

The systematic errors are still in the process of being calculated.

These experimental numbers should be compared with the most recent theo-

47) of lower bounds on ¢ /e displayed in Fig. 17. The important

retical calculations
point to be made here is that the sign of €'/¢ is predicted by these calculations

and thus there appears to be ~ 3o discrepancy with the experiment.

In light of these results there is a considerable interest in improving the
¢ /e measurement. There are at present plans for two major new experiments
with that goal in mind. The first one, a Chicago-Fermilab-Princeton-Saclay®!)
experiment at Fermilab (E731) uses similar techniques as its predecessor, E617.
It does, however, take advantage of several improvements, namely better duty
cycle at the Tevatron, new and improved beam line, better acceptance, and
an improved detector. A datataking rate some 30 times higher than what was

achieved previously is anticipated.

-200~

0.02

~

mlm

0.0l

20 50 100 150

8-83 4640A1

Figure 17 Lower bounds on €'/ as calculated by Gilman and Hagelin. Two
different values (0.33 and 0.66) of the bag factor B are used, and
three different b quark lifetimes: 0.6 psec (solid line), 0.9 psec
(dash-dot) and 1.2 psec (dashed line).



A quite different approach has been proposed at CERN52) by the CERN-Pisa-
Dortmund-Orsay-Siegen-Er:li.nburgh collaboration. The plan is to take #*x~ and
7°7° data simultaneously like in the BNL experiment. There are several impor-
tant and ambitious innovations. The Kg beam is obtained not by regeneration
but by targeting the primary proton be?,m near the detector. This K3 target is
movable, the idea being to vary the targeting point along the z direction through
the decay volume during the experiment. Thus the Kg and K} z decay distribu-
tions should be very similar. The experiment uses no converter and no magnet
and thus achieves very high acceptance. The background to #*7~ mode is sup-
pressed by good particleAidentiﬁca.tion, good angular measurements, and use of
a hadron calorimeter to measure pion energies. A liquid argon detector is used

to measure 7-ray energies and impact points.

These experiments strive for accuracy in the € /e ratio in the neighborhood
of 1073, The first results should be available in three years.

I would like to summarize next some of the other experiments on CP violation,
either performed in the recent past or planned for the near future, that attempt

to extend our knowledge of that phenomenon.

a) The CP-nonconserving polarization of u* from the decay K+ — n°utv ,
normal to the decay plane, has been measured recently by the Yale-BNL group.5?
For events satisfying ﬁ,, . B, = 0 they obtain a value

P=(-30+47)x1073.

This result, especially when coupled with the earlier companion work on u polar-
ization from K}, decay,5%) precludes unusually large contributions to CP violation

from the Higgs sector.

b) There are tentative plans at CERN to look for a difference in the branching
ratios for K° — 2x° and K° — 27°, which is allowed if CP invariance is violated.

The proposed letter of intent®® plans to exploit the fact that at LEAR one has
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a very good source of tagged K° and K° decays resulting from the channels
fp— Ktn K> or K"n*K° .

The authors propose to look at about 2 x 10® 2x° decays which would yield

sensitivity on the €' /e ratio of about 3 x 1073.

¢) A search for CP violation in a new channel is at present under way in a new
experiment at Fermilab®) by a Rutgers-Wisconsin-Michigan-Minnesota collabo-
ration. The experiment will measure the rate for the decay K° — ntx~x° as
a function of the proper time in the K° rest frame. The major contribution to
this decay will come from the decay of Kj , but this rate will be modulated at
a level of about 10~3 by simultaneous presence of a CP violating amplitude due
to K3 — m*x~n° decay. The interference of this small amplitude will give some
time dependance to this rate. If one defines
_ A(K - tax%)
142 = J(Kg = 179)

one expects a precision on 14, /€ of about 0.25. This can be compared with the

present limit of

Il‘:;"l <150 .

d) A recently approved experiment at BNL, E791, proposes’” to look for CP

violating mode
K} — x%te”

The single 4 or Z° diagram which contributes to this decay is CP violating
and its contribution to the branching ratio can be estimated from the rate of
K* — ntete™ decay if the decay occurs solely through the K admixture in
the K} state. This rate would involve CP violation in the mass matrix and thus
be proportional to |¢|>. The estimated branching ratio from this contribution is
6 x 10712,



On the other hand there can also be “direct” CP violation in this decay
mode which has been estimated®® to generate a branching ratio at the level of
3 x 107!, Thus the situation could be quite different here than in the case of
K — 27x decay where the “direct” CP violation amplitude ¢ is S 10~%¢. The
proposed experiment hopes to achieve sensitivity to be able to see the “direct”

CP violation.

e) The same experiment®”) plans also to look for the longitudinal polarization of

the ut in the decay

Ki —uptp
Two amplitudes can contribute to this process®:
a = 18, which is P and CP conserving, and

b= 3P, which is P and CP violating.

Since a longitudinal polarization of u* violates parity, both of the above
amplitudes must be present if that polarization is non-zero, and hence CP must
also be violated. In the standard picture, the polarization is expected to vanish at
the level of 1073, so a significant non-zero polarization observed must be evidence

of new physics contributing to the process.

The decay rate can be expressed as

T a (Jaf® + *b}%) (3.11)
and the polarization P as
_ 2u(be*)
P~ G

where v is a phase space factor that is numerically = 0.91.

The important point here is that considerable theoretical uncertainties ex-
ist in calculating the rate for K§ — p*u~. The pure weak interaction quark

diagrams are not able to account for a significant fraction of the remaining
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K3 — p*u~ amplitude after the contribution of the 2+ intermediate state is
subtracted out.5%) Thus from the rate measurement alone, one cannot exclude a
significant CP violating amplitude b and a polarization close to 100% cannot be
ruled out. Furthermore, there is no experimental information at the present time

on the polarization in this process.

f) Finally, one should mention the electric dipole moment of the neutron as a
potential testing ground of the different models of T violation {and hence also CP
violation within the framework of CPT invariance). The present upper limit,?")

quoted as

dn = (04£1.5) x 107Me em

is already restricting some of the more exotic models of CP violation, but still
about 6 orders of magnitude away from the prediction of the standard model.t%)
Thus even with the experimental improvements anticipated in the near future,
the experimental accuracy will not be sufficient to expect a non-zero answer if

the K-M phase is the sole source of CP violation.

Heavy quark systems.

We conclude this chapter with a brief discussion of potential CP violation
effects in the heavy quark neutral states. The uniqueness of the K° — K° system
lies in the fact that the only quantum number distinguishing K° from its antipar-
ticle is strangeness, i.e., a quantity that is not absolutely conserved. The heavy
quark neutral states, D° ~D°, B°— B°, and T° — T* duplicate these conditions
insofar as they also differ by a flavor quantum number that is violated by weak
interactions. Hence we should ask to what extent the mixing phenomena and
mass matrix CP violation, seen in the K° — K° system, can be expected to be

reproduced also in these heavier neutral systems.

We should first point out that the B° — B° system is the most favorable one

of the three for the observation of the mixing phenomena.’®) The two heavier



quark doublets can be generically represented as

(1)-) = ()

In general T'(L) < I'(H) because of enhanced phase space for heavy quark
(H) decays and even more importantly because the light quark (L) has to decay
out of its doublet and hence is Cabibbo suppressed. In addition, if the mass

difference is dominated by the box diagrams we would expect
{(Am)L a MY,
(Am)y @ M}
and hence
(Am)g > (Am)g .

We shall have large mixing if the mass difference is large enough so that the
phase between Qg and Qr, (Q is used as a generic name for a neutral system,
eg. Kg, Dg ,etc.) can change appreciably during an average lifetime of that
system. Thus {Am/T) is a measure of the size of that mixing and from the
arguments given above we expect that
Gy > (Al

Hence the K and the B systems should exhibit the greatest mixing effects. Par-
enthetically, we should mention that experimentally“) the D° — D° mixing is
limited to less than 4%.

In the remainder of this chapter we shall comment very briefly on some of the
theoretical calculations regarding the possible mixing and CP violation effects in
the B° — B° system. One measure of mixing is the parameter r defined as
T(B° — tt)

TETE SO

The physical meaning of r is the relative probability that a particle which starts

out as a B° changes into a B°, as evidenced by its decay into the “wrong” sign
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lepton. It goes without saying, that the leptons discussed above refer to primary
leptons only, i.e. do not include secondary leptons from intermediate charm
particles. One can show®5) that r is given by
? (Am)?+i(ar)?

2T2 + (Am)? — 1/4(AT)?

r= 1—-¢p
T l1+ep

where eg is the € in the B system (parameter characterizing CP violation in the
mass matrix) and AT =T'g — 'z . Thus we see that r can be non-zero either by
virtue of Am # 0, i.e. mixing due to phase difference or AT # 0 , which gives
rise to mixing by virtue-of one linear combination of B’s decaying away faster
than the other. Both of those terms are appreciable in the K° — K° system. For
the B’s we expect Am >> AT since the states that couple to both B® and B°
and hence give rise to AT, couple to them relatively weakly®) in contrast to the

situation with the 2r state in K°K° system.

The CP violation arises if r and ¥ are different. In that case the lepton
charge asymmetry, which is a true measure of observability of CP violation in
the B° — B° system is non-zero and is given by

- N -N{L) _ r—7F
" NEHY+NE) 2+r+F

Clearly mixing is essential if CP violation effects are to be observed.
The B° — B°® mixing will also lead to like-sign primary dileptons in ete™
annihilations. Again we define a mixing parameter R

N** 4+ N=  r4F

B Ny N3 N™ —ryrimsl

and a CP violation parameter

_Nt*—-N"—" r—F
CENTFENT rar
Because the B°B° pair is produced in a coherent state, the effects of Bose statis-
tics have to be included and the magnitude of R will depend on whether the BB

is in a relative even or odd angular momentum state.



The magnitude of these parameters have been estimated recently by a number
of authors.3547:63,65,68) The calculations can be made for both the By(bd) and
B,(b3) states and they all depend on the values of the K-M mixing angles and
the K-M phase. Using the experimental input on these parameters, one reaches
the general conclusion that the mixing parameter can be quite large for B, but
the CP violation parameter a is very small. For By, the CP violation parameter
is somewhat larger but the mixing effects are correspondingly smaller. The net
result is that the CP violation effects due to mass matrix-term will probably be
unobservable in the B — B system. This situation is summarized in Fig. 18 taken

from Ref. 35.

Another possible source of CP violation in the B° — B° system would be CP
violation in the decay process itself. This could occur in those final states which
can be fed by either B° or B° , e.g. ¥+ K3 + #'s . CP violation effects would
exhibit itself in a lepton asymmetry in association with such exclusive states. The
calculations performed indicate that such asymmetries could be appreciable?3)
but the statistics will be much more limited because of the requirement to observe

an exclusive state.

4. RARE DECAYS

The last several years have seen a renewal of interest in rare decays, more
specifically in experimental searches for decays of u’s, K*’s and K}’s which are
forbidden in the standard model because they violate one or more conservation
laws. These searches are driven in part by the theoretical arguments that new
physics might indeed require processes that do not observe these symmetry laws.
But they are also fueled by improvement in experimental techniques which make
feasible exploration of new domains. In general, most of the ideas for new physics
require existence of some new processes and very frequently different schemes

make quite different quantitative predictions. Thus experiments on rare decays
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are, at least in principle, capable of narrowing down the spectrum of viable new

models.

A useful phenomenological classification of different processes has been pro-
vided by Cahn and Harari®”) who utilize the fact that quarks and leptons appear
to come in three generations: (u,d,v.,¢€) , (¢,8,v4,4) , and (t,b,vr,7) each one
classified by a generation number G: G1 for the first one, G2 for the 2nd one, etc.

with G1 - G2 = 1. In this scheme different diagrams can be classified by their

AG value. In addition, the reactions can be diagonal or non-diagonal, depend-
ing whether the reaction is purely leptonic or hadronic or whether it is mixed.
This scheme is illustrated in Fig. 19 which shows the diagrams and Cahn-Harari

classification for several processes of interest.

The symmetry violating processes could depend on AG and thus different

reactions could proceed at quite different rates. But there are other possible S
relevant factors. Thus if the mediating interaction is of the vector nature, the H e

process Kj — eXuT will not occur., The same is true for K* — xte~pu™ if the

relevant interaction is axial. Finally the reaction K* — #*vv is allowed in the 5 AG=l AG=] 3

standard model with a reasonably well defined rate. But new interactions or K° H° R°

phenomena could enhance it or other effects (like large v, mass) could suppress d s

it. The main point of this discussion is that there exists a great wealth of different 9-84 (e} 4909A18

possibilities in different models and only experiments can resolve these issues.

In contrast to the new K decay experiments that are not scheduled to start

i ion to e b, lear capture, AG = —1;

taking data for another year or so, the muon rare decay program has been pursued Figure 19 (a) The u conversion to e by nuc p y ;
vigorously during the last decade. The main lepton number violating channels {b) The K+ — ntpte™ decay, AG=0;

that have been studied are: (c) The diagonal process y — 3¢ , AG = -1

+ .t
pomen {d) The non-diagonal, AG =0, K] — e decay; and
+ L, etete
g (¢) The AG = 2 diagonal interaction which can contribute to
u N—e' N,

K3 — Kg mass difference.
and pt - etyy,

No positive evidence for any of these processes has been found but the great deal
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of progress that has been accomplished during the last 40 years in this field is
illustrated in Fig. 20. The branching ratio for the u~ capture process is defined

as its relative rate with respect to the standard u~ capture reaction, i.e.,
u"N = N

At present there are extensive experimental programs at the three pion and
muon factories: LAMPF, SIN, and TRIUMF on the above 3 decay modes and
the forbidden conversion process. The present and anticipated branching ratio
sensitivity for both u and K channels is indicated in Fig. 21 where the different
processes are explicitly tagged by their AG value.

I would like next to discuss several of the planned experimental programs on
the rare K decays. They are all scheduled to run at the BNL AGS and can be

expected to start yielding results in a period of 1 to 3 years. The first process is
the channel

Kt —gtup

or, more correctly, since v’s are not observed
K* — =t + pothing visible.

In the standard model, this process is allowed in second order and proceeds via a
modified box diagram illustrated in Fig. 22, which effectively turns the 3 quark
into the d quark. The u quark acts as a spectator. In addition there is an induced
Z° contribution, also illustrated in Fig. 22. The strength of these contributions
can be calculated and the results of the most recent calculations*”) are shown in

Fig. 23 as a function of the top quark mass.

Assuming high experimental sensitivity and a narrowing of the theoretical
uncertainties the measurement of this rate could shed light on the number of

lepton generations within the framework of the standard picture. The rate for

-206-~

o~! T T T T T T T

L . O . /_L-—-e)/ _
-3 | o p——eee 3
5 10 -8 o N e
ECI IO"S " o ?80 ]
2 5 LS O _
I
<ZI L o B ]
& i A D
Og
. o Al
|C)-|| | { I ! 1 1 1
1945 1955 1965 1975 1985
9-84 YEAR 4909A19

Figure 20 Upper limits for separate lepton number violating processes as a

function of time.



1077
1078
>
=
=
= -9
w
@ 10
g
(7]
o
g
14
o 10'°
=Z
I
[®)
Z
P=t
1
a0}
o™
1012
10-84

Figure 21 Present and anticipated branching ratio sensitivities for various

Kt—smtyy-

K¥——nte o

4o+ -

i
—1
T ¢ e & e ¢ e S § e S —— ¢ e 8 e a8 — ]

!
!
!
> !
Kt——/.;.e l
!
: !
!
I
l
p—ey |
1" tp—ecee '
1 1 :
| | ph—eA i |
. i
b Kt-mrrt
P I
I \K+—— +e—,+
1 TER
|
|| AG
L —0
|
P!
i

cavesenve 2

—-— 0,allowed

rare decays.

4909A20

~207-

W+

:

/3 0

4909A21

Figure 22 The box diagram contribution to the process K+ — x+pv (a)
as well as some of the diagrams contributing to the induced Z°

process (b).
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each generation has some dependance on the lepton mass(es) in the next gener-
ation(s) due to the explicit form of the box diagram,®8) but this dependance is
weak if my << mwy. In addition if the v, has an appreciable mass (several MeV

or more) the total rate and the 7% spectrum would be affected.

Probably more interesting is the possibility that there is new physics which
contributes to this process. One is the existence of new massless and non-
interacting particles, like some of the “nuinos” postulated within the framework
of the supersymmetry models. Another new physics possibility is the existence of
a new massless Goldstone boson postulated by Wilczek®®) to explain the lepton
and quark masses. This new postulated particle, commonly called familon and

denoted by f would exhibit itself in the process under discussion as a decay mode

K+—’7|'++f

and would resulf in a peak in 7t energy spectrum.

Recently an experiment’™ has been proposed at Brookhaven to investigate
this process down to the level of 2 x 10719, about three orders of magnitude
better than the present upper limit.”") The main experimental problems center
around a clean identification of 7% and total hermiticity, i.e. ability to detect all
the known particles except neutrinos over the full 47 solid angle. The proposed
experiment achieves the former, i.e. a good n — u separation by combining
range and curvature information for the momentum measurement and insisting
on observation of the full #* — u* — et decay chain. The apparatus looks very
much like a modest colliding beam detector except that it is totally enclosed by
live detectors. The entrance end is capped by a BaFl scintillator which serves
simultaneously to degrade the K beam to a low energy and to detect any decay
particles heading in that direction. A fully live and finely segmented target is
used to suppress various second order processes that could simulate the decay in

question.



