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ABSTRACT

Various asbects of the physics of heavy flavors and of CP violation are reviewed.

1. INTRODUCTION

The primary aim of many of the theorists and experimentalists doing research
in the area of heavy quark flavors is to search for physics that is beyond the standard
model or which at least requires significant extensions of the standard model. In

- looking for such new physics there are two avenues:

e The high energy route involves the direct observation of new quarks, new
leptons, particles predicted by supersymmetry, . . . Of necessity, this involves
accelerators which are at the high energy frontier and now entails examining
physics at the weak scale.

o The low energy route also can involve the direct observation of new particles
such as ‘additional neutrinos, axions, . . . The confirmation of non-zero
neutrino mass and mixing falls in this category as well. However, much
of the work at low energy aims to be sensitive to new physics through the
indirect effects of virtual, heavy particles. These occur through amplitudes
which receive contributions from one-loop Feynman diagrams and, through
precision measurements, give us a window on the high energy world which
others attack directly.

In this latter mode, we search for physics beyond the standard model through:

e Processes forbidden in the standard model, such as would be induced by
lepton-flavor changing neutral currents.

* Wo;i; supported by the Department of Energy, contract DE-AC03-76SF00515.

Invited talks given at the Heavy Flavor Physics Symposium,
Beijing, China, August 10-20, 1988.



e Indications that CP violating phenomena have an origin other than from the
non-trivial phase in the quark flavor mixing matrix.

e Deviations from expected rates, especially for rare processes which are for-
bidden at tree level in the electroweak interactions. These can be sensitive to
heavy virtual particles (from a fourth generation, supersymmetry, left-right
electroweak gauge symmetry, etc.) This is especially true of CP violating
amplitudes, which, when they involve one loop amplitudes, arise first at mo-
mentum scales due to second and third generation quarks rather than those
characteristic of Agcp or light quarks.

e Theoretical relations between masses and mixing angles. The values of
masses and angles are put into the standard model by hand, and hence
originate from physics outside of it.

While less exciting, we also look at heavy flavor phenomena from inside the
standard model to study: ) ' '

e The interplay of strong and electroweak interactions in the weak decays of
hadrons. -

‘e The parameters of the standard model (masses and mi}éing angles). Even-
tually we will pin down these parameters, permitting us to calculate the
standard model contributions to these processes unambiguously.

By making these measurements, we go on to complete the cycle. As each

- a priori free parameter of the standard model is pinned down and measured, we

use these numbers, together with -our improved calculational skills in evaluating

matrix elements where strong and weak interactions overlap, to obtain updated

predictions. Then we return to the former perspective of looking for physics beyond

~ the standard model by comparing these predictions with all previous data and by
pointing to further experiments which are yet more sensitive to new physics.

2. THE KOBAYASHI-MASKAWA MATRIX

~ In the standard model with SU(2) x U(1) as the gauge group of electroweak
interactions, both the quarks and leptons are assigned to be left-handed doublets
and right-handed singlets. The quark mass eigenstates are not the same as the weak
eigenstates, and the matrix connecting them has become known as the Kobayashi-
Maskawa " (K-M) matrix since an explicit parametrization in the six-quark case
was first given by them in 1973. It generalizes the four-quark case, where the
matriX is parametrized by a single angle, the Cabibbo angle. )

By convention, the three charge 2/3 quarks (u, ¢, and t) are unmixed, and all

the mixing is expressed in terms of a 3 x 3 unitary matrix V operating -on the
- charge —1/3 quarks (d, s, b):
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There are several parametrizations of the K-M matrix. In the 1988 edition of
the Review of Particle Properties a “standard” form is advocated:”

c12€13 $12€13 s13e” 01

V= | —s12c23 — cr2s23813€™ s

€12€23 — $12523513€ sa3c1z |- (2)

i613 o i613

812823 — C12023813¢€ —C12823 — $12€23513€ €23C13

This is the notation of Harari and Leurer*! for a form generalizable to an arbitrary
number of “generations” and also proposed by Fritzsch and Plankl’ ' The choice
of rotation angles follows that of Maianif] and the placement of the phase follows
that of Wolfenstein” The three “genération” form was proposed earlier by Chau
and Keurig.s] Here c¢;; = cos 0;; and s;; = sin6;;, with 7 and j being “generation”
labels, {i,7 = 1;2,’3}. In the limit 623 = 613 = 0 the third generation decouples,
and the situation reduces to the usual Cabibbo mixing of the first two generations

-with 612 identified with the Cabibbo angle.zl The real angles 619, 023, 613 can all
be made to lie in the first quadrant by an appropriate redefinition of quark field

phases. Then all s;; and ¢;; are positive, and |Vys| = sizc13, |Vup| = s13, and
IVes| =-s23c13. As c13 deviates from unity only in the fifth decimal place (from
experimental measurement of s13), |Vus| = s12, |Vus| = s13, and |Vp| = s23 to

an excellent approximation. The phase 6;3 lies in the range 0 < 613 < 2w, with
non-zero values generally breaking CP invariance for the weak interactions.

The values of individual K~-M matrix elements can in principle all be deter-
mined from weak decays of the relevant quarks, or, in some cases, from deep
inelastic neutrino scattering. Our present knowledge of the matrix elements comes

from the following sources:

(1) Nuclear beta decay, when compared to muon decay, givesg'w]

V| = 0.9747 £ 0.0011 . (3)

(2) Analysis of K3 decays yields™ |V, = 0.2196 + 0.0023 . The analysis
of hyperon decay data has larger theoretical uncertainties because of first
order SU(3) symmetry breaking effects in the axial-vector couplings, but due

- account of symmetry breaking gives a consistent value'” of 0.220 + 0.001 +

0.003. The average of these two results is”

[Vis| = 0.2197 4 0.0019 . @)

(3) The magnitude of |V4| may be deduced from neutrino and antineutrino pro-
duction of charm off valence d quarks. When the dimuon production cross
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sections of the CDHS groupm] are supplemented by more recent measure-
ments of the semileptonic branching fractions and the production cross sec-
tions in neutrino reactions of various charmed hadron species, the value™

IVeq| = 0.21 £0.03 . (5)

is extracted.

Values of |V,,| from neutrino production of charm are dependent on assump-
tions about the strange quark density in the parton-sea. The most conserva-
tive assumption, that the strange-quark sea does not exceed the value corre-
sponding to an SU(3) symmetric sea, leads to a lower bound,” |V,,| > 0.59.
It is .more advantageous to proceed analogously to the method used for ex-
tracting |Vus| from K3 decay; namely, we compare the experimental value for
the width of D.3 decay with the—expression151 that follows from the standard

weak interaction amplitude. This gives:al
- 172(0) P |Ves|? = 0.51 £ 0.07

With sufficient confidence in a theoretical calculation of |fP(0)| a value

of |Ves| follows,”"” but even with the very conservative assumption that

|f+(0)] < 1 it follows that
|Vcs| > 0.66 . (6)

The constraint of unitarity when there are only three generations gives a

- much tighter bound (see below).

()

The ratio |V,;3/V| can be obtained from the semileptonic decay of B mesons
by fitting to the lepton energy spectrum as a sum of contributions involving
b — u and b — c. The relative overall phase space factor between the two
processes is calculated from the usual four-fermion interaction with one mas-
sive fermion (¢ quark or u quark) in the final state. The value of this factor
depends on the quark masses, but is roughly one-half. The lack of observa-
tion of the higher momentum leptons characteristic of 8 — ufv; as compared
to b — ¢fvy has resulted thus far only in upper limits which depend on the

lepton energy spectrum assumed for each decay. e Using the lepton mo-

mentum region near the end-point for b — ¢f7; and taking the calculation™

of the lepton spectrum that gives the least restrictive limit results in™

[Vae/Ves| < 0.20 . Y

A lower bound on [V,| can be established from the observation®" of exclusive
baryonic B decays into ppr and pprn which involve b — u + du at the quark



level. A chain of assumptions on the relative phase space, the fraction of the
quark level process which hadronizes into baryonic channels, and the fraction
of those that occur in the observed modes is required. No other channels that
reflect b — u at the quark level have been observed’ " Given the branching

fractions of the two observed modes, a reasonable lower limit is™

[Vus/ Ves| > 0.07 . (8)

(6) The magnitude of Vg itself can be determined if the measured semileptonic
bottom hadron partial width is assumed to be that of a b quark decaying
through the usual V — A interaction:

|Vep| = 0.046 £ 0.010 . (9)
Most of the error quoted in Eq. (9) is not from the experimental uncertainty
in the value of the b lifetime, but in the theoretical uncertainties in choosing
a value of mp and in the use of the quark model to represent inclusively
semileptonic decays which, at least for the B meson, are dominated by a
few exclusive channels. We have made the error bars larger than they are
sometimes stated to reflect these uncertainties. They then also include the
central values obtained for |V, | by using a model for the exclusive final states
in semileptonic B decay and extracting |V | from the absolute width for one

17,19,23
or more of them. !

From Egs. (3) through (9) plus unitarity (assuming only three generations),
the 90% confidence limits on the magnitude of the elements of the complete matrix

—— 3
’ are:

0.9748 t0 0.9761  0.217 to 0.223  0.003 to 0.010
0.217 to 0.223  0.9733 to 0.9754  0.030 to 0.062 . (10)
0.001 to 0.023 0.029 to 0.062  0.9980 to 0.9995

The ranges shown are for the individual matrix elements. The constraints of unitar-
ity connect different elements, so choosing a specific value for one element restricts
the range of the others. The ranges given in Eq. (10) are consistent with the one
standard deviation errors on the input matrix elements.

‘The data do not preclude there being more than three generations. Of course,
the constraints deduced from unitarity are loosened when the K-M matrix is ex-
panded to accommodate more generations. Still, the known entries restrict the
possible values of additional elements if the matrix is expanded to account for ad-

“ditional generations. For example, unitarity and the known elements of the first row
require that any additional element in the first row have a magnitude |V, < 0.07,
and the known elements of the first column require that |V;/4] < 0.15.



Further information on the angles requires theoretical assumptions. For ex-
ample, By — By mixing, if it originates from short distance contributions to AMpg
dominated by box diagrams involving virtual ¢ quarks, gives information on Vj; Vi
once hadronic matrix elements and the ¢ quark mass are known” ‘" A similar com-
ment holds for V33 V;} and B, — B, mixing. Even at the present stage of knowledge,
wé may use the published data claiming the observation of B — B mixing”" to ob-
tain a significant lower bound on |Vj4| within the three generation standard model.
This is because the magnitude of the mixing depends on m;, an hadronic matrix
element, and |Vyy|. Taking m; < 180 GeV,%] and the relevant matrix element
parametrized as |Bp f3| to be less than (200 MeV)?, we obtain

|Vaa| > 0.006 . (11)
This is a considerable improvement over the constraint provided by unitarity and

the measured values of other matrix elements in Eq. (10).

Up to this point we have discussed only information on magnitudes of K-M
matrix elements. In principle, such measurements of magnitudes could tell us
about the phase, §;3, as well as the “rotation angles” 632, 0,3, and 6;3 in Eq. (2).
This is most easily seen for the case at hand, where the “rotation angles” are small,

" by -using-the unitarity of the K-M matrix applied to the first and third columns to
derive that (c¢;; have been set to unity):

1- Vi —s12- Vg + V- 1=0 . (12)

This equation is represented graphically in Fig. 1 in terms of a triangle in the -
complex plane, the length of whose sides is |V};|, |s12 - V}|, and |Viq].
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Fig. 1. Representation in the complex plane of the triangle

Jormed by the K-M matriz elements V}}, 812 -V}, and V4.

~ This triangle has been implicit, and even occasionally explicit, in many people’s
work on the constraints on the K-M matrix implied by various data involving
mixing or CP violation, but has been particularly emphasized by Bjorken’ 728l



With this representation of the unitarity of the K~-M matrix, it is possible to
see more directly the interplay of various pieces of experimental information. For
example, an increase in the magnitude of the b — u transition obviously increases
the side whose length is |V,3|. The present upper bound on |Vy/Vep| means that
this side at most is as long as the side whose length is |s;2V}|. On the other hand,
an increased magnitude for By — By mixing implies (keeping m; and the appropriate
hadronic matrix element, Bg flzg, fixed) stretching the side whose length is |Vi4].
With the other sides set by independent measurements, the triangle gets flatter
and flatter and eventually “breaks.” At that point B — B mixing has become
incompatible with other data plus assumed values of m; and the hadronic matrix
element. Hence the derivation of a lower bound on m; from B — B rnixing.2 4.2

In principle, accurate measurement of the lengths of all three sides could show
that the triangle can not exist (and we must go beyond the three generation stan-
dard model), or cause the triangle to collapse to a line (and we must go beyond
the standard model for an explanation of CP violation), or demand the existence
of a nontrivial triangle with é;3 not equal to 0° or 180°. Unfortunately, given
our present experimental knowledge and our limited theoretical ability to compute
hadronic matrix elements, the three sides are not known with sufficient accuracy

" to discriminate between these situations, let alone determine the value of é13. To
do this we are forced to consider a CP violating quantity and assume it can be
understood within the three generation standard model.

In this connection, note that the law of sines applied to the triangle gives:

sindgp _ sinéiz
ls12V3 1 Vil

Setting cosines of small angles to unity and expressing V3 as s23, but Vig as sis2
in the original notation of Kobayashi and Maska’wall, allows this equation to be
converted to (s12 = s1):

s?sys3sin by ~ 812893813 sin 613 . (13)

This is twice the area of the triangle, and, aside from cosines of small angles having
been set to unity, is just proportional to the measure of CP violation in the three
generation standard model proposed by J arlskog’ °l

3. CP VIOLATION IN THE K° SYSTEM

As noted in the previous section, the standard model allows for CP violation

"1n the form of phases originating in the quark mixing matrix when there are three

or more generations of quarks and leptons. With just three generations, there is
precisely one non-trivial CP violating phase’ 1



The computation of any difference of rates between a given process and its CP
conjugate process (or of a CP violating amplitude) always has the form

I' -T « 8%323361C2C3 sinégpy = 8123233136126236%3 sin 813, (19)

where we express things first in the original parametrization of the quark mixing
matrix” and then in the “new” parametrization used in the previous section. Our
present experimental knowledge assures us that the approximation of setting the
cosines to unity induces errors of at most a few percent. In that case the true
equality in Eq. (14), involving the invariant measure of CP violation, " becomes
the highly accurate approximate statement in Eq. (13). The combination of fac-
tors characteristic of CP violation is (after removing s2, whose value is accurately
known)

8283sin by = S28385

where we have used the “old” parametrization.

An example of such a CP violating quantity is provided by the one well-
measured CP violation parameter, ¢, in the neutral K system. Assuming that
‘¢ arises from short distance effects, i.e., the box diagram with virtual ¢ and ¢
quarks shown in Fig. 2, gives the relation:

e'"/* BG3 fimgk
V2 6mlAMg . (15)
X 3%328»335 [~mim? + nas2(s2 + sscs)m? + nym? en(mi/m2)]

[

As stressed above, the factor s?s2s3s5 must appear in Eq. (15) and it does.

w
s d
u,c,t u,c,t
d s
w
5—79 3629A2

Fig. 2. Boz diagram whose imaginary part contributes to the CP
violation parameter € in the neutral K system.

" The quantities 71, 72, and 73 are due to strong interaction (QCD) corrections.

They are calculable and have the values 0.7, 0.6, and 0.4, respectively, given a
renormalization scale of a few hundred MeV and typical quark masses. ' Less well



determined is the infamous parameter B, which is the ratio of the actual value of
the matrix element between K® and K° states of the operator composed of the
product of two V-A neutral, strangeness changing currents divided by the value
of the same matrix element obtained by inserting the vacuum between the two
currents. The parameter B has a long history of calculation and re-calculation,
but a reasonable range seems to be

1/3<B<1

If we insert known experimental quantities, Eq. (15) becomes

0.314
Ge\v/2

€| = B sys3s5 [ — mm? 4 nasa(s2 + sacs)m? + nzm? fn(m?/mg)] . (16)

Eqgs. (15) and (16), as written, are strictly valid when m? << M%,, but their
forms are representative of the general character of the full expression *I which we
use in the analysis that follows. Numerically, even for m; ~ My, the changes in
the coeflicients of the last two terms in brackets are not large.

Viewed from the direction of making a prediction, can we understand the
-magnitude of ¢, i.e., why is CP violation in the neutral Kaon system so small? The
answer .is yes, we do understand its rough magnitude, for our present knowledge
of the elements of the K-M matrix permits the placing of an upper bound on
the quantity s2s3ss of about 2.5 x 1073, This plus the quark masses and other
quantities on the right-hand side of Eq. (16) make |¢| be in the ballpark of 1072,

From the opposite direction, we can constrain the mixing angles by using the
measured magnitudes of ¢ and B — B mixing. These constraints will depend on
7 What we assume for the quantities B and my, as well as on the still uncertain value
forb—ou/b—ec

o If my = 45 GeV, the magnitude of € and the “large” observed™ B — B
mixing push the K-M matrix elements into a corner: Such a “small” value
of m; together with the “large” mixing force V4 to be as large as possible.
The long (Vi4) side of the triangle in Fig. 1 is stretched as far as it will go,
and in the process |Vy| is increased and the phase 613 pushed toward 180°.
The parameter B must be near the upper end of its allowed range as well,
to obtain the experimental value of |¢| in Eq. (16). This is illustrated in
Fig. 3 from Nirfq which indicates that for m; = 45 GeV and B = 1 there

~ 1s just barely an allowed region. It is centered around a phase §;3 =~ 150°
and b — u/b — c (s13/s23 in Fig. 3) near its maximum allowed value.
Correspondingly, .

0.75 x 1073 < sps385 < 1.25 x 1073

is rather narrowly constrained as well.
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Fig. 8. The allowed range (shaded) of the K-M matriz parameter
q = 813/523 versus that for 813 for top quark masses of 45, 65,
85, and 180 GeV when B = 1 as given in Ref. 3{. The solid
curves show the restrictions due to satisfying the constraint of
imposing the experimental value of €, while the dashed curves
(the upper limit is off the scale of the first three subgraphs) do
the same for B — B mizing. The horizontal dotted line gives the
upper bound on q that follows from the bound on b — u using
the inclusive lepton spectrum in B decay.

e As we go to larger values of my, a bigger range of angles is allowed. This
is shown in Fig. 3, where the allowed range is shaded. The corresponding
~ Tfigures for other values of B show the same effect’”

e Very roughly, larger values of m; generally favor smaller values of s;s3ss, as
the constraint imposed by the experimental value of |¢| inserted into Eq. (16)
forces them to move in compensating directions if the other parameters (like

B and m,) are fixed.

10



e The region of K-M angles allowed by the constraints translates into a cor-
responding range for the amplitudes of processes induced at one loop which
involve a virtual t quark. A sample of the resulting theoretical predictions is
shown® in Fig. 4.
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Fig. 4. The range of branching ratios allowed for several rare
v decays as a function of my from Ref. 34: (a) Upper and lower
n— limits on B(K+ — n+vu); (b) Upper limit (solid curve) on the
short distance contribution to B(Kp — ptp~). The dotted line
gives the ezperimental branching ratio and the dot-dashed line
an upper limit on the short distance contribution once the (long
distance) contribution from the two photon intermediate state is
subtracted from the ezperimental rate; (c) The branching ratio
B(b — svv); (d) The branching ratio B(b — sv) without (solid
curve) and with (dashed curve) QCD corrections.

A second quantity is provided by the parameter €', which measures CP violation
in the¥X decay amplitude itself, and arises in the standard model from diagrams
involving heavy quarks in loops, the so-called “penguin” diagrams, an example of
which is shown in Fig. 5.

11
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Fig. 5. “Penguin” diagram whose imaginary part contributes to
the CP violation parameter € in the neutral K system.

By inserting experimentally measured quantities, the contribution to ¢ from the
« . - . . . 35]
penguin” operator contribution to X — 7w can be written

§ ) | ~ 0
¢/e = 6.0 525355 (Imcs) (< mr|Qs | K >) 1=+ Qm) ,  (17)

—0.1 1.0 GeV?®

- where (0 is the “penguin” operator in the short distance expansion of the strangeness-

changing weak Hamiltonian®® ImCg is the imaginary part of the corresponding Wil-
son coefficient with the K-M factor taken out, and 2, , and Qem are corrections
_due to 7% — 5 and #° — 5’ mixing, and to “electromagnetic penguins,” respectively.
These latter two contributions tend to cancel; the factor (1 — Q, . + Qerm) may
result’” in anything between a ~ 30% decrease and a small increase in €'/e. The
value of —0.1 for ImCy is relatively stable from calculation to calculation if the
renormalization scale is taken as a few hundred MeV, since the imaginary part

" depends on momentum scales from m, to m; where the short distance expansion

is well justified. The value of the matrix element of Q¢ is much less certain. If it is
large enough to explain the experimental magnitude of A(K — #), i.e., roughly
1 to 2 GeV3, then, combined with the value of sys355 needed to fit || (see above),
it yields the prediction that €/e is positive and of order 10~2. This was the basic
observation in Ref. 36.

Over the past ten years there have been many calculations of €¢//e. The pre-
diction depends directly on the value of the matrix element of (g, but also on
that of m;. The latter dependence is direct in that ImCs depends on m;. In the

calculations done until now, there is also an indirect dependence on m; which is

even more important: the constraint involving || is used to determine szs3s5. One
needs to be very careful in comparing the predictions from different calculations as

12



the fashionable value of m; has drifted higher and higher over the years. Sometimes
nothing more fundamental than a change in the favorite value of m; is the cause
of a large change in the predictions. As m; has risen, the predictions for € /¢ have

correspondingly gone down. °l

_ As the last year has unfolded, the standard model “explanation” of CP viola-
tion has looked better and better. In particular, there have been two important
new experimental results for ¢//e. First came the result from a test run of the
Fermilab experiment *! which has been updated to:

€/e=324+28+1.2 x 1073,

The full data set is now being analyzed. The result from the NA31 experiment*”
at CERN

€/e=33+11 x1073,

is the first significant indication for CP violation in the decay amplitude itself. They
are running again. Both experiments have the capability of eventually decreasing

“both their statistical and systematic error bars below the 10~2 level. We will have
to wait and see if the central value of €'/¢ remains non-zero by many standard
deviations when the combined error bars shrink to this level.

While we wait, we can ask in any case whether the present central value, if it
persists, is consistent with the standard model. The answer is yes, particularly if
the value of m; is large. One perspective on this is obtained by taking whatever
_. knowledge we have of the matrix element, m, and s;s3ss and predicting € /¢ in
the usual way. " A different perspective 1s gained by turning the situation around
and assuming a value for €' /¢, and then asking what combined Wilson coefficient,
“penguin” matrix element, and electromagnetic corrections would produce such a
result. In the future, when the experimental situation settles down with small error
- bars, this will be more typical; we will take the experimental value of € /e as an
input and use it to measure the magnitude of the “penguin” operator contribution
to K decay. Hopefully the theory will have progressed sufficiently that there will
then be a significant comparison between this and lattice gauge theory calculations
of the same quantity.

Soylet us assume that ¢/e = 3.5 x 1073, When m; = 45 GeV, there is not
too much room to maneuver and still satisfy the constraint of getting the correct
value of |¢|. Our previous discussion, together with Eq. (17), makes

ImCs \ (< 7x|Qs|K° >
( —-0.1 ) ( 1.0 GeV3 (1 - Q"?,ﬂ' + Qem) = 0.47

13



for the biggest value allowed for s3s3s5, and

ImCs < 7r|Qs|K® >
( —0.1 ) ( 1.0 G,gl\/3 (1= Qg + Qem) = 0.78

for the smallest. The corresponding values for m; = 100 GeV are 0.4 and 2.1,
respectively.

The outcome of this exercise, recalling that a value for the matrix element
of the “penguin” operator of 1 to 2 GeV? is large enough to make it a plausible
explanation for the AT = 1/2 rule,"is that the “penguin” contribution to the K —
nr amplitude is unlikely to be negligible when compared with an “interesting”
value. “Penguins” could well play an important part in K decay.

Another decay in which it is possible to observe CP violation in the K° system
is K; — 7%%e™. If we define K; and K to be the even and odd CP eigenstates,
respectively, of the neutral K system, then

Ky =570 v, — nlet

-~ e—
. is CP violating, while

Ky — 7° Yo — lete

and

0+, —

Ky — 7% vy = n%%e

are CP conserving. Therefore K; = n%¢te~ has three contributions:

e Through the small (proportional to €) part of the K which is K due to CP
~—  violation in the mass matrix. We call this “indirect” CP violation.

e Through the large part of the K; which is Ky due to CP violation in the
decay amplitude. We call this “direct” CP violation.

e Through a two photon intermediate state. This is higher order in «, but is
CP conserving.

The question before us is the relative magnitude of these three contributions.
Let us take them one at a time.

e We may estimate the contribution to the decay rate from the amplitude
induced by “indirect” CP violation by using the identity:

B(Kp — 7%% e )indirect = B(KT — ntete™)x
TKL X F(Kl - Woe+6_) F(KL — Woe+e.—)indirect (18)
T+ DKt > rtete) ['(K; — wlete)

Experimental values*™ of 2.7 x 10~7 and 4.2 may be inserted for the first two
factors on the right hand side. The last factor is |¢|? by the definition of what

14



we mean by “indirect” CP violation in the convention where Ag(K — 77) is
real. The third factor can be measured directly one day. For the moment it
is the subject of model dependent theoretical calculations, with a value of 1
if the transition between the K and the 7 is AI = 1/2. This is the case for
the short-distance amplitude which involves a transition from a strange to a
down quark. For AI = 3/2, the corresponding value is 4. With both isospin
amplitudes present and interfering, any value is possible!” Using a value of
unity for this factor makes

B(Kp — 7% e )indirect = 0.58 x 10711

The amplitude for “direct” CP violation comes from penguin diagrams with
a photon or Z boson replacing the usual gluon and also from box diagrams
with quarks (of charge 2e/3), leptons (neutrinos) and W bosons as sides,
shown in Fig. 6.

- w
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__ Fig. 6. Three diagrams giving a short distance contribution to

the process K — mete™: (a) the “electromagnetic penguin;”

(b) the “Z penguin;” (c) the “W boz.”
For values of m; << My, it is the “electromagnetic penguin” that gives the
dominant short-distance contribution to the amplitude, which behaves like
fn(m?2/m?). A full analysis, including QCD corrections, has been carried out
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in the case of six quarks, 4 building upon work done with four quarks. ! The
CP violating amplitude from the “electromagnetic penguin” is summarized
in the Wilson coeflicient of the appropriate operator,

Q7 = a (57,(1 —s)d) (&v"e) ,

with the K-M factor s9s3s5 factored out. This coefficient is Im57 in the
notation of Ref. 44, and typically has a value of 0.1 to 0.2 for m? << M%,,
with QCD corrections included. The Z penguin and W box graph contribu-
tions are suppressed in amplitude by a power of m? /MI?V This is no longer
a suppression when we contemplate values of m; ~ Myy. In fact, the “Z
penguin” and “W box” contributions add another operator involving &vy,vse
and together become comparable to that of the “electromagnetic penguin”
in this region. We may relate the hadronic matrix element of the relevant
operator and the phase space to that which occurs in K.3 decay. Then we
find that*”

B(Kp — 7%%e™) = 1.0 x 1075 (s28354)? [(Im57)2 + (Im57A)2]

With QCD corrections and m; between 50 and 200 GeV, the last factor
ranges“] between about 0.1 and 1.0, so that the corresponding branching
ratio induced by this amplitude alone for K — n%%te~ is around 10711,
It appears that the contribution from the “direct” CP violating amplitude
is at least comparable to that from the “indirect” amplitude, reinforcing an

earlier conclusion*” that they gave comparable contributions (at a time when
the favorite values used for m; were 15 and 30 GeV). A full analysis of the
“direct” contribution is in preparation’ o

e The CP conserving amplitude is interesting, if only for its checkered history
of theoretical ups and downs. There are two invariant amplitudes”] for the
CP conserving subprocess Ky — 7® v4. If we take the momenta as p, p',
q1 and gy, respectively, and define 12 = p - q12/p - p, then they may be
expressed in a gauge invariant way as:

<myy|K2 > = Alen,z)[p-aq-e—q-gea-e] +
B(z1,22)[p? z12261 - €2+ q1 " g2 p- €1 p - €2/p*
—T1 Q@ ap-e—T2q1-€p-€)
with €; o the polarization vectors of the two photons. When joined with the
QED amplitude for vy — ete™ to form the amplitude for Ky — 7lete™,

the contribution from the A amplitude gets a factor of m, in front of it. This
is not hard to understand, as the total angular momentum of the yv system
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that pertains to the A amplitude is zero; the same is then true of the final
ete™ system. However, the interactions, being electroweak, always match
(massless) left-handed electrons to right-handed positrons and vice versa,
causing the decay of a J = 0 system to massless electrons and positrons to be
forbidden. Hence the factor of m, in the overall amplitude for Ky — 7% ete™,
so that the A amplitude provides a negligible contribution. A corollary of
this theorem applies to the Ky — 7% vy amplitude calculated using current
algebra low energy theorems. In the limit of vanishing pion four-momentum,
a non-vanishing A amplitude is predicted. The factor of m, found*® in the
resulting amplitude for K3 — 7% ete™ is then no surprise. On the other
hand, the contraction of vy — e*e™ with the B amplitude produces no such
factor of m.. B does however contain a coefficient with two more powers
of momentum, and one might hope for its contribution to be suppressed by
angular momentum barrier factors. Because of the extra powers of momen-
tum, in chiral perturbation theory this amplitude is put in by hand with its
coefficient not predicted. An order of magnitude estimate may be obtained
by pulling out the known dimension-full factors in terms of powers of fr,
and asserting that the remaining coupling strength should be of order one’ K
The branching ratio for K2 — 7° ete™ is then of order 10714, If so, the
CP conserving amplitude makes a negligible contribution to the decay rate.
However, an old fashioned vector dominance, pole model predicts”] compa-
rable A and B amplitudes and a branching ratio of order 107!, comparable
to that from the CP violating amplitudes. The applicability of such a model,
however, can be challenged on the grounds that the low energy theorems and
Ward identities of the overall theory are not being satisfied” ? The consis-
. —  tent implementation of vector dominance with all the other constraints leads
to extra powers of momentum in some of the couplings, and possibly to a
smaller prediction than in the old fashioned model.

The dust is not yet settled. The burden is still on the theorists to show that the
CP conserving amplitude is very much smaller than the CP conserving one, so that
" the experimental observation of the decay K; — 7% ete™ could be interpreted as
another example of CP violation in the neutral K system, this time with comparable
effects from the mass matrix and the decay amplitude itself.

4. NEW DEVELOPMENTS IN HEAVY FLAVORS

This is a field that is reaching maturity. Many of the questions that remain
open are quantitative rather than qualitative ones. To complement this kind of
question, there are high statistics data samples available from electron-positron
annihilation and, more recently, from the use of vertex detectors in fixed target
" experiments at hadron machines. For the tau lepton and for states containing
charm quarks, this has meant thousands of events in major decay channels. Cor-
respondingly, we are beginning to probe some of the rarer decays, or to establish
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significant limits thereon. What follows is a brief, personal view of some topics in
the physics of heavy flavors.

4.1 Weak Decays of Heavy Quarks

We have a solid general framework within which to calculate the weak decays
of heavy quarks. Starting with the electroweak interactions and their gauge group,
SU(2) x U(1), we add the corrections due to the strong interactions through the
‘use of the renormalization group equations for the coefficients of the operators,
with anomalous dimensions computed from QCD.m

These calculations are carried out at the quark level. A first stage in their
application to actual hadrons is to consider weak decays inclusively and to simply
neglect any other constituent of the decaying hadron aside from the heavy quark.
In such a spectator model, as it is called, one directly carries over the quark level
calculation as the hadron level result; spectator quarks and gluons are assumed to
arrange themselves into final state particles, together with the quarks or leptons
coming from the heavy quark, at no cost or benefit in the overall rate. This simple
spectator model in fact gives a qualitative, if not semi-quantitative, account of the
known data. )

. It is-clear, however, that there are corrections to this picture since the lifetimes
of different species of charmed particles, which are all the same in the spectator
model, differ by a factor of two or so. The data on charmed particle lifetimes have

- recently undergone a qualitative improvement. The Fermilab photoproduction
experiment E691, using silicon strip vertex detection, provides clean data with
high statistics; the result is precise lifetime measurements for different charmed
species’” The. results on charm lifetimes from E691 are shown in Table 1.

Table 1.
Charmed particle lifetime measurements from Ref. 52.
Mode Signal | Background Lifetime (psec)
D+ 2992 1354 1.090 £ 0.030 £ 0.025
D° 4212 975 0.422 £ 0.008 £ 0.010
D} 228 75 0.47 +£0.04 £0.02
_— Ac 93 85 0.22 +£0.03 £ 0.02

If we want to do better than the factor of two level of agreement, then we need

' to go beyond the spectator model. Final state interactions, annihilation diagrams,
interference between different amplitudes, and color (mis)matching have all entered
the discussion. All have a role to play. *! We discuss here some recent developments.

18



Final state interactions. Final state interactions must be present. The question is
their importance. Direct evidence of their magnitude is provided by the Mark III
data on D — K7 modes: D® — K—n%, D® — K%?9, and D* — K% *. The
K7 final state can occur with isospin 1/2 and 3/2, and so there is one triangle
relation between the three amplitudes. Without final state interactions the ampli-
tudes should be relatively real. The experimentally measured branching fractions
demand that the isospin 1/2 and isospin 3/2 amplitudes have a large phase between
them’! Similar comments hold for the D — K*=x channel, but, on the contrary,
D — Kp shows only a small phase difference. Thus, at least in some cases, final
state interactions are very important.

We note in passing that the absolute D meson nonleptonic branching ratios
from Mark III have been rev1sed downward " by 19% to 25%, thereby removing
the “charm deficit” in B decays:" The newest Mark III branching ratio for D° —
K—nt+ of 4.2 + 0.4 + 0.4% has also been confirmed in an independent manner by
the HRS, which obtains™” 4.0 +0.6 *31%.

Annihilation diagrams. Quark-antiquark annihilation must occur in the decay of
a meson if only leptons are present in the final state. In particular, the decay
- D+ — T+1/,. is expected with a roughly 2% branching ratio. The bound**

B(Dt = pty,) <6.2x 1074

from the Mark III may be used to assert that fp < 290 MeV, where the proba-
bility of the ¢ and d quarks in the D to annihilate has been summarized in the
pseudoscalar decay constant, fp.

'The question which remains outstanding is again a quantitative one: What is
~ Tthe magnitude of quark- anthuark annihilation or of W-exchange in nonleptonic
decays? The observation®” of the decay D® — ¢K?° at the 1% level in branching
ratio looks, on the face of it, to be evidence for W exchange. (One needs to get
rid of both the ¢ and @ quarks in the initial state since neither appears in the
final hadrons.) It can be argued, however, that such a final state can be generated
without W exchange by final state interactions’” As this one decay mode is not
decisive, we seek more evidence. This comes from observing that if W exchange
_is important in D° decay, annihilation should play at least as important a role in
D} decay, and final state 1nteract10ns should be different there as well. However,
the results of recent experiments”” ! indicate that the lifetime of the D} appears to
be.atleast as long as the D° (see Table 1), and the search for the specific mode
D, — pr has turned up only upper limits. The best of these limits is®"

B(D} — p°nt)/B(DF — ¢nt) < 0.08 . -

Also striking is that while® B(DF — xtatx~)/B(DF — ¢rT) =044 +£0.10 £
0.04, a non-negligible part is due to D} — f5(980)x* where the f(980), which
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contains strange quarks, decays to two pions because of the very restricted phase
space for its decay to K K. Thus, interpreted at the quark level, a substantial part
of the three pion decays of the D, actually involve strange quarks and should not
be counted as due to annihilation of the initial quark and antiquark. As of now,
the conclusion is that while annihilation and W exchange are surely present, they
are not very important.

~ That, however, leaves us with another question: Where have all the strange
quarks gone in D, decay? For if the 3 quark in a D} does not annihilate, it must
appear in the final state together with an s quark from (Cabibbo-allowed) charm
decay. However the major known modes that satisfy this criterion, like Dy — ¢,
D, - KK, and D, — KK*, do not appear to have branching ratios that would
allow us to account for the majority of Ds decays. An answer to the question
has now come from the Mark II and Mark III collaborations, which observe®™™
very substantial modes involving eta’s and eta prime’s (which contain s3 valence
quarks). The data® from Mark III shows an n7t mode of the D, while Mark

3
IT has sighalsm for both D, — n7 and D, — n'm. respectively. These results
correspond to* B(D, — nr)/B(D, — ¢7) ~ 2.5 and to*” B(D, — n'w)/B(D, —
nw) 2> 1 Modes involving eta’s and eta prime’s are large. The strange quarks
"resulting from D, decay are found a good faction of the time in eta’s and eta
prime’s; any problem with modes involving strange quarks may well be solved.

4.2 Onium

Bound states of heavy quarks and heavy antiquarks provide us with the show-
case of our understanding of strong interactions spectroscopy. The same flavor-
independent potential can fit the spectra of both charmonium and bottomonium.:"
~ In this area also we are asking detailed, quantitative questions, and have much
beautiful data to supply us with answers.

An example is provided by the three x} (i.e., 23 Py 12) states which were re-
cently clearly separated by the CUSB collaboration’ ' Now that we have both x;
- and x} states and their mass splitting, it becomes interesting to ask if we under-
stand this theoretically.

The splitting of these states, which is due to spin-orbit and tensor terms in the
non-relativistic potential, can be expressed in terms of one absolute mass difference
and one ratio,

- _ M(3P) - M3P) _ 2a—1—52—b

= MR MOR) T et "

where a and b are the matrix elements of the spin-orbit and tensor terms, respec-
“tively. In a picture where one thinks of Lorentz vector and scalar exchanges as
giving rise to the effective potential between the heavy quark and antiquark, an
expansion in powers of v?/c? gives the spin-independent potential v(r)+ s(r), plus
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various spin-dependent pieces which yieldesl

1 ds dv

@= Iz <_rdr + 3rdr> ’ (20a)
1 dv d*v

b= Gm <$ - a—z> : (200)

‘where m is the mass of the heavy quark. If only a Coulomb-like vector part of
the potential, v(r) o 1/r, is present, R, = 0.8. As the strength of the scalar
term, s(r), is increased, there is more cancellation between the two terms on the
right-hand-side of Eq. (20a); the matrix element a decreases, and R, drops below
0.8.

The most recent experimental results®! are R, =0.67+0.06 and R,» = 0.69 £

0.05 for bottomonium. A rather simple model accounts for these numbers’ &6

We take the Cornell potential, °l

- —-B —0.52 T

vir)= . kr = . (2.34 Gev~1)2 ’

- where the two coefficients have been adjusted to fit the charmonium spectrum

(although the model does a quite adequate job in describing bottomonium as well).

The Schrodinger equation can be put in dimensionless form by using the variables

p=pPr=r/rg and K = k/(83u?), where p is the reduced mass and rg = 1/8u

is the Bohr radius of the corresponding purely Coulomb potential problem. The

assumption is then made that the —f/r piece of the potential is a Lorentz four-
vector, and the kr piece is a Lorentz scalar for all values of .

(21)

Figure 7 then shows® the ratio of mass splittings R, for the 1P and 2P levels
of the Cornell potential as a function of the scaled variable K. The arrows indicate
the values of K corresponding to charmonium and bottomonium. The agreement
with experiment is quite good for both charmonium (where experimentally, R, =
0.48 £ 0.01) and bottomonium, considering that nothing about spin-dependent
effects was used as an input in the choice of parameters. For charmonium, however,
the absolute magnitude of the x. splittings is about a factor of two smaller than
experiment.

For quark masses above ~ 13 GeV, which corresponds to K = 1/34, R, > R,+,
opposite to the situation for bottomonium. Even with very high mass quarks, very
high radial excitations (which “live” primarily in the confining part of the potential)
revert back to the situation for bottomonium: One gets larger values of R, as we go
up in principal quantum number. More generally, the behavior of R, as we-go from

" “the lowest P states to their radial excitations is sensitive to the radial dependence
of the Lorentz character of the effective interaction between heavy quarks, and can
be used as a tool to understand this more detailed feature of the potential.
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Fig. 7. The ratio R, for the Cornell potential as a function
of the scaled, dimensionless variable K for the x and X' states,
‘respectively. The arrows indicate the values of K corresponding
to charmonium and bottomonium withm, = 1.84 GeV and my =
5.17 GeV, respectively.

4.3 Mixing

As in the neutral K system, the neutral D and neutral B systems are capable of
exhibiting mixing between, for example, an initial B3(bd) and its charge conjugate
 state, B}(db). A typical signature (although hardly the only one) arises from the

ensuing semileptonic decay involving a negatively charged lepton instead of the
positively charged one which would come from a BY. Calling the eigenstates of the

- —inass matrix B; and B;, with AM = M; — M; and AT’ =T’y —T'y, the relationship

to experiment is made through the quantity

__(AM)*4(Ar/2)2 (AM/T)?
"T ATy (AM)E —(AL/2)? 2+ (AM/T)?

(22)

where the last approximation follows when AT' << AM, as should be the case
for the B — B system. When the initial B is tagged as to being a B° rather than
B% r = £~ /%, the number of “wrong” to “right” sign leptons in its semileptonic
decay. For uncorrelated B® + B° pairs it follows that 2r/(1 + r2) = ££¢£ /¢4,
but for correlated pairs produced at the Y(4S5), r = ¢*¢*/¢+i~.

For the D% — DO system we expect that r is of order 10~ or so’” The tightest
upper limit, o

r<5x1073

comes from E691. On the other hand, the Mark III has three events from operating
at the 9" which have kaons of the same sign in nonleptonic decays of the final pair
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of D mesons’"! These events also could arise from the doubly Cabibbo-suppressed
decay of one of the D mesons and the Cabibbo-allowed decay of the other, and
only “look like” mixing. This is also expected”l at the level of a few times 1073,
while the observed events, if real correspond to a signal at the 10~2 level. It
will take more experiments to decide what is the level of mixing and of doubly
Cabibbo-suppressed decays in the D system.

As already noted, we expect mixing in the neutral B system to be due to
'AM. Before the fact, a theoretical guess on the high end for (Am/T')p, = z4 was
~ 0.2. In 1987 the ARGUS collaboration found™ z; = 0.73 £ 0.18 (corresponding
to 7 = 0.21 £ 0.08); the mixing time is not so different from the lifetime. This
has now been confirmed by the CLEO collaboration, which finds a value of r =
0.182 £ 0.055 £ 0.056, which is compatible within the statistical or systematic
errors.”’ For theorists this has meant an upward adjustment in the combination of
a hadronic matrix element, a K-M matrix element, and, most importantly, in the
value of m;. For experimentalists, this together with the b lifetime means that in
some situations not only will By mesons live long enough to leave a measurable gap,
but that in this time there is a non-negligible chance that they will oscillate into
the corresponding antiparticle state. The B, meson must have large mixing in the
- three generation standard model, which has important consequences for observing
CP violation for the B, system as we will see later.

44b—>u
‘ As noted in our discussion of the K~M matrix, the ARGUS collaboration claims

evidence for the existence of a b — u transition from the observation of charm-
less final decay products that include baryons. & Specifically, they find B(B~ —

- ppr~)=52+14+19x10"* and B(B® — pprtrT) = 6.0+2.0+2.2x10~% and

have performed numerous checks to eliminate the possibility of a systematic error
in the analysis or to have another interpretation of the origin of these final states.

The CLEO collaboration, however, on the basis of an enlarged data sample
. sees no evidence for these modes; they only quote upper limits. They do see’
other decay modes, like B — Dr — K=w, whose product branching ratios are at
or below the ARGUS numbers, so there is no lack of sensitivity at the desired level.
The conflict between the two experiments is several standard deviations.

With more data and more data analysis coming soon, we wait for a resolution
of the difference between experimental results. A quantitative result for V,; may
have to await the observation of the semileptonic decays B — mev and B — pev.

4.5 Penguins in B Decay

As we saw for K decays, in addition to changing the strength of the usual
four-fermion effective weak interaction, there are additional operators introduced
by QCD, the “penguins”. In bottom decay it is possible to have particular quark
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level processes which are suppressed by K-M angles and are such that “penguin”
diagrams give rise to. contnbutlons comparable to, or maybe even larger than, those
of ordinary tree level graphs Figure 8 shows a possible example. The “penguin”
diagram contributes an effective Hamiltonian density:

Gr as
H = 2225 Vi Vi In(md/m?) syu(1 =)\ b ag® Mou ,  (23)

whereas the usual spectator diagram (aside from short-distance QCD correction
factors, c4, which are close to unity) corresponds to

H= —\5 wb Vils @1u(1 —75)b 8v*(1 —5)u . (24)

The “penguin” loses to the spectator graph because of the
= In(m?/m?) that arises from having one loop and the couplings due to the
presence of the gluon, but it wins by at least a factor of 20 in amplitude because
of the K-M factor Vi3V (which involves a combination of zero and one gener-
ation jumps), as compared to VyVys, (which involves a combination of two and
* one generation jumps). Depending in part on the matrix elements in particular
processes, it could well be that the spectator graph gives the lesser of the two
contributions. Then, for example, in the decays By — K¥r~ or Bs — ¢p the
“penguin” contribution may be dominant’”

b S
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Fig. 8. Diagrams for the K-M suppressed decay b — siiu

It is possible that the inclusive rate for b — sgq is of order 1% and exclusive
modes—a few percent of that. The experimental limits on exclusive channels ™™
are beginning to reach the appropriate level. In particular, the CLEO limit™
the branching ratio for B® — K+7~ is 0.9 x 10~ and a number of the limits on
_other decay channels of this type from both ARGUS and CLEO are at the several

times 10™* level. The next few years could well see the observation of some of
these decays.
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There are also processes in the B system induced by “electromagnetic penguin”
diagrams. The benchmark process of this type is B — Kup. In the standard model
the decay b — sete™ should occur with a branching ratio "7 of several times 106,
the associated exclusive modes should be roughly an order of magnitude smaller.
The presence of a fourth generation " could increase the branching ratio by perhaps
an order of magnitude. The measurement of such small branching ratios still seems
a way off.

The same basic one-loop diagram can lead to a real photon and result in the
decay b — s+~ at the quark level, or B - K*+v, B — K**+4, etc. at the hadron
level. Here QCD corrections are absolutely critical: They change the GIM suppres-
sion in the amplitude from being in the form of a power law, (m? — m2) /MI%Vv to
the softer form of a logarithm, In(m?/m?). This corresponds to an enhancement,

—81]

depending on my, of one order of magnitude or more’ ) over the rate expected

from the simplest one-loop electroweak graph’ ! The inclusive process at the quark
level, b — sv, should then occur with a branching ratio of roughlyn’so's” several
times 10™%; exclusive modes like B — K*v and B — K**v are estimated at 5 to
10% of this ™ Again a fourth generation could enhance this rate by an order of

" magnitude or so’ ' The extension to a supersymmetric world is more interesting.
The obvious new diagrams come from putting the supersymmetric partners of the
quarks and the W in the loop of the “electromagnetic penguin” diagram. Much
more irnportantfq however, is the transition from a “penguin” to a “penguino,”
- — the “penguin” diagram involving a gluino and a squark. Because it involves
strong interaction couplings rather than weak ones, it competes (and interferes)
with the QCD enhanced “electromagnetic penguin” and produces an inclusive
_. _branching ratio that could be of order 1073.

Here again experiment is beginning to probe to the level of sensitivity needed
to test theory. The ARGUS limit ™ on the branching ratio for B — K*~ is now
2.4 x 10™* and the limits on several other exclusive radiative B decay channels are

close to this level. One can already say that these processes cannot be enhanced
* far beyond the standard model predictions.

5. CP VIOLATION IN B DECAY

When we form a CP violating asymmetry we divide a difference between the
rate for a given process and the rate for its CP conjugate by their sum:

s ]

I —

Asymmetry = TIT

(25)

If we do this for K decays, the decay rates for the dominant hadronic and leptonic
modes all involve a factor of s2, i.e., essentially the Cabibbo angle squared. A CP
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violating asymmetry will then have the general dependence on K-M factors:
Asymmetry g pecay X 825385 - ' (26)

The right-hand-side is of order 10~3. This is both a theoretical plus and an ex-
perimental minus. The theoretical good news is that CP violating asymmetries
in the neutral K system are naturally at the 1073 level, in agreement with the
measured value of |e|. The experimental bad news is that, no matter what the
K decay process, it is always going to be at this level, and therefore difficult to
get at experimentally with the precision necessary to sort out the standard model
explanation of the origin of CP violation from other explanations. '

Note also that because CP violation must involve all three generations while
the K has only first and second generation quarks in it (and its decay products
only involve first generation quarks), CP violating effects must come about through
heavy quarks in loops. There is no CP violation arising from tree graphs alone.

This is not the case in B decay (or B mixing and decay). First, the decay

rate for the leading decays is very roughly proportional to s, which happens to

 be much smaller than the corresponding quantity (s?) in K decay. But more

- importantly, we can look at decays which have rates that are K-M suppressed by

factors.of (s152)? or (s183)%, just to choose two examples. By choosing particular
decay modes, it is even possible to have asymmetries which behave like

AsymetryB Decay < S5 - (27)

With luck, this could be of order unity! Note, though, that we have to pay the

_ _price of CP violation somewhere. That price, the product s2s;s3ss, is given in the

CP violating difference of rates in Eq. (25). The K-M factors either are found in

the basic decay rate, resulting in a very small branching ratio, or they enter the

asymmetry, which is then correspondingly small. This is a typical pattern: the

rarer the decay, the bigger the potential asymmetry. The only escape from this

- pattern comes from outside of K-M factors. A good example of this is provided

by B — B mixing, which can be big because of a combination of the values of

a hadronic matrix element and my, as well as a particular combination of K-M
matrix elements.

The fact that asymmetries in K and B decay can be different by orders of
magnitude is part and parcel of the origin of CP violation in the standard model.
It “knows” about the quark mass matrices and can tell the difference between a b
quark and an s quark. This is entirely different from what we expect in general
from explanations of CP violation that come from very high mass scales, as in

" the superweak model or in left-right symmetric gauge theories. Then, all quark
masses are negligible compared to the new, very high mass scale. Barring special
provisions, there is no reason why such theories would distinguish one quark from
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another; we expect all CP violating effects to be roughly of the same order, namely
that already observed in the neutral K system.

The possibilities for observation of CP violation in B decays are much richer
than for the neutral K system. The situation is even reversed, in that for the B
system the variety and size of CP violating asymmetries in decay amplitudes far

overshadows that in the mass matrix."

To start with the familiar, however, it is useful to consider the phenomenon of
CP violation in the mass matrix of the neutral B system. Here, in analogy with
the neutral K system, one defines a parameter e¢g. It is related to p and ¢, the
coefficients of the B° and B°, respectively, in the combination which is a mass
matrix eigenstate by

g l—ep
p l+ep

The charge asymmetry in B°B°® — £+¢* 4 X is given byss]

o(B°B” — £40% + X) — o(B°B° — £~ + X) _ |27~ |Z}?

= = = 28
Co(B°B° = H + X) +0(B°B° = £~ + X) B2+ |1 (28)

_ _Im(T1s/ M)
1+ |T12/Mia|?

(29)

where we define < B°|H|B° >= Mjp — %I‘lz. The quantity |Mj2| is measured in
B — B mixing and we may estimate I'j5 by noting that it gets contributions from

7 7B° decay channels which are common to both B° and B°, i.e., K-M suppressed
decay modes. This causes the charge asymmetry for dileptons most likely to be in
the ballpark of a few times 1073, and at best 10™2. For the foreseeable future, we
might as well forget it experimentally.

- Turning now to CP violation in decay amplitudes, in principle this can occur
whenever there is more than one path to a common final state. For example, let us
consider decay to a CP eigenstate, f, like ) K°. Since there is substantial B° — B°
mixing, one can consider two decay chains of an initial B° meson:

Bo — BO \ f
- BO — Bo /l

where f is a CP eigenstate. The second path differs in its phase because of the
' mixing of B° — B°, and because the decay of a B involves the complex conjugate of
the K-M factors involved in B decay. The strong interactions, being CP invariant,
give the same phases for the two paths. The amplitudes for these decay chains can
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interfere and generate non-zero asymmetries between I'(B°(t) — f) and I'(B°(t) —
f). Specifically,

[(B°(t) — f) ~e T (1 — sin[Am t]Im [Sp] ) (30a)

and
[} -I't . p
N(B°(t) ~ J) ~ e_f (1 + sin[Am t]Im(Ep)) . (30)

Here we have neglected any lifetime difference between the mass matrix eigenstates
(thought to be very small) and set Am = mj —mg, the difference of the eigenstate
masses, and p = A(B — f)/A(B — f), the ratio of the amplitudes, and we have
used the fact that |p| = 1 when f is a CP eigenstate in writing Egs. (30). From
this we can form the asymmetry:

I'(B) —T(B)

ACE Violation = T(B)+T(&)

= sin[Am t]Im (gp) : (31)

In the particular case of decay to a CP eigenstate, the quantity Im (p/gp)
is given entirely by the K-M matrix and is independent of hadronic amplitudes.
However, to measure the asymmetry experimentally, one must know if one starts
~ with an initial B°® or B°, i.e., one must “tag.”

We can also form asymmetries where the final state f is not a CP eigenstate.
Examples are B; — Dn compared to By — D#; By — Dr compared to By — D7;

~~or Bs — D} K~ compared to B — D; K*. These is a decided disadvantage here

in theoretical interpretation, in that the quantity I m(p/ gp) is now dependent on
hadron dynamics.

It is instructive to look not just at the time - integrated asymmetry between
. rates for a given decay process and its CP conjugate, but to follow the time depen-
dence,” as given in Eqgs. (30a) and (30b). As a first example, Figs. 9, 10 and 11
show® the time dependence for the process b — ¢ud (solid curve) in comparison
to that for b — cud (dashed curve).

At the hadron level this could be, for example, By — D~x% in comparison to
B; — Dtx—. The direct process is very much K-M favored over that which is
introduced through mixing, and hence the magnitude of the ratio of amplitudes,
|pl, is very much greater than unity. Figs. 9, 10 and 11 show®” the situation for
Am/T = 0.2 (at the high end of theoretical prejudice before the ARGUS result,
" Ref. 25, for By mixing), Am/T = n/4 (near the central value from ARGUS), and
Am/T' = 5 (roughly the minimum value expected for the B in the three generation
standard model, given the central value of ARGUS for By). In none of these cases
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Fig. 9. The time dependence for the quark level process b — ¢ud
(solid curve) in comparison to that for b — cud (dashed curve).
At the hadron level this could be, for example, By — D~ =%t in
comparison to By — DYr~. Am/T =0.2.
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Fig. 10. Same as Fig. 9, but with Am/T = = /4.

are the dashed and solid curves distinguishable within “experimental errors” in
drawing the graphs. This is simply because |p| is so large that even with “big”
mixing the second path to the same final state has a very small amplitude, and
hence not much of an interference effect.

‘A_much more interesting case is shown in Figs. 12, 13 and 14 for the time
dependence at the quark level for the process b — ¢c5 (solid curve) in comparison
to that for b — cés (dashed curve).
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- Fig. 11. Same as Fig. 9, but with Am/T = 5.
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Fig. 12. The time dependence for the quark level process b —
ccs (solid curve) in comparison to that for b — ccs (dashed
curve). At the hadron level this could be, for example, By —
YK (dashed curve) in comparison to By — hK? (solid curve).
(The curves are interchanged for the YK? final state because it
is odd under CP.) Am[T = 0.2.

At the hadron level this could be, for example, By in comparison to By decaying to
the same, (CP self-conjugate) final state, K. As discussed before, |p| = 1 in this
case. The advantages of having Am/T for the Bj system as suggested by ARGUS
(Fig. 13) rather than previous theoretical estimates (Fig. 12) are very apparent.
When we go to mixing parameters expected for the By system (Fig. 14), the effects
are truly spectacular.

Figures 15, 16 and 17 illustrate the opposite situation to that in Figs. 9-11;
mixing into a big amplitude from a small one.
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Fig. 13. Same as Fig. 12, but with Am /T = = /4.
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Fig. 14. Same as Fig. 12, but with Am/T' = 5.

- We are explicitly comparing the quark level process b — acd (solid curve) to b —
uéd (dashed curve). At the hadron level this could be, for example, By — Dtx~
in comparison to By — D~ xt. The direct process is very much K-M suppressed
compared to that which occurs through mixing and hence the magnitude of the
ratio of amplitudes, |p|, is very much less than unity. Here we have an example
where too much mixing can be bad for you! As the mixing is increased (going
from Figs. 15 to 17), the admixed amplitude comes to completely dominate over
the original amplitude, and their interference (leading to an asymmetry) becomes
less important in comparison to the dominant term. .

A more likely example of the situation for B, mixing is shown® in Fig. 18c.
The oscillations are so rapid that even with a very favorable difference in the time
dependence for an initial B, versus an initial By, the time-integrated asymmetry
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Fig. 15. The time dependence for the quark level process b — wcd
(solid curve) in comparison to that for b — ucd (dashed curve).
At the hadron level this could be, for example, By — D+r~ in
comparison to By — D™x%t. Am/T = 0.2.
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Fig. 16. Same as Fig. 15, but with Am /T = n /4.

is quite small. Measurement of the time dependence becomes a necessity for CP
violation studies.

A second path to the same final state could arise in several other ways besides

through mixing. For example, one could have two cascade decays that end up with
the same final state, such as:

By - D°K~ —» K}n°K~
~and

By - D°K~ — K2n°K~
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_ Fig. 17. Same as Fig. 15, but with Am/T = 5.
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Fig. 18. The time dependence for the quark level process b—
tud (dashed curve) in comparison to that for b — wuud (solid
curve). At the hadron level this could be, for example, Bs — pK
(solid curve) in comparison to By — pK¢ (dashed curve) (the
curves are interchanged for the pK? final state because it is odd
under CP) for values of (a) Am/T =1, (b) Am/T =5, and (c)
Am/T =15, from Ref. 90.
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Another possibility is to have spectator and annihilation graphs contribute to the
same prooess?ll Still another is to have spectator and “penguin” diagrams interfere.
This latter possibility is the analogue of the origin of the parameter € in neutral
K decay, but as discussed previously, there is no reason to generally expect a small
asymmetry here. Indeed, with a careful choice of the decay process, large CP
violating asymmetries are expected.

Note that not only do these routes to obtaining a CP violating asymmetry in
decay rates not involve mixing, but they do not require one to know whether one
started with a B or B, i.e., they do not require “tagging.” These decay modes are
in fact “self-tagging” in that the properties of the decay products (through their
electric charges or flavors) themselves fix the nature of the parent B or B.

Even with potentially large asymmetries, the experimental task of detecting
these effects is a monumental one. When the numbers for branching ratios, efli-
ciencies, etc. are put in, it appears that 107 to 108 produced B mesons are required
to end up with a significant asymmetry (say, 30), depending on the decay mode
chosen® This is beyond the samples available today (of order a few times 10°) or
in the near future-(~ 10°%). The exciting prospect of being able to do this physics,

" but needing at least an order of magnitude more B’s to have even a reasonable

chance to see a statistically significant effect, has led to a series of studies (and
even proposals) of high luminosity electron-positron machines (“B factories”), of
detectors for hadron colliders, and of the possibilities in fixed target experiments. A

I look at the next several years as being analogous to reconnaissance before a
battle: We are looking for the right place and manner to attack CP violation in
the B meson system. We need:

e Information on branching ratios of “interesting” modes down to the ~ 107>
level in branching ratio. For example, we would like to know the branching
ratios for By — wm,pp, K7,% K, DD + three body modes + . .. and for
B, - v¢,KK,Dr,pK,. ..

e Accurate BB mixing data, first for By, but especially verification of the
predicted large mixing of B;.
e A look at the “benchmark” process of rare decays, B — Kpuj.
e Experience with triggering, secondary vertices, tertiary vertices, “tagging”
B versus B, distinguishing B, from By, distinguishing By from Bs, . . .
“e Various “engineering numbers” on cross sections, zy dependence, B versus

B production in hadronic collisions, . . .

Many of these things are worthy, lesser goals in their own right, and may reveal
" their own “surprises.” But the major goal is to observe CP violation. With all the
possibilities, plus our past history of getting some “lucky breaks,” over the next
few years we ought to be able to find some favorable modes and a workable trigger
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and detection strategy. While the actual observation of CP violation may well be
five or more years away, this is a subject whose time has come.

6. THE t QUARK

We define the t quark to be the partner of the left-handed b quark in a weak
isospin doublet. Such a partner must exist, i.e., the b quark cannot be in a singlet,
_because of the non-zero front-back asymmetry exhibited in the reaction ete™ — bb
in experiments at PEP and PETRA.”™ As this asymmetry is generated by an
interference of the vector couplings of the photon with the axial-vector couplings
of the Z, its magnitude can be interpreted in terms of the coupling, g4, of the
Z. This in turn is proportional to I3 ;. The data’ indicates that this is non-zero,
-and to nobody’s surprise, consistent with the value —1/2 that corresponds to the
lower member of a weak isospin doublet. Therefore the b quark has non-zero weak
isospin; it must share the same weak multiplet with another quark. An earlier
argument“] to the same end had shown that if the b was in a weak singlet, then
there would be flavor changing neutral currents inducing processes like b6 — sete™
at tree level, in"contradiction to experiment.

The discovery and elucidation of the properties of the ¢ quark and its bound
~ states is interesting from a number of aspects, aside from just being the completion
of the task of finding all the fermions of the three generation standard model. In
accordance with the reasons for studying heavy flavor physics which we outlined
at the beginning of these lectures:

e The t quark mass and the K-M matrix elements connecting it to other quarks
will allow us to check for possible relations between masses and mixing angles

. —  which follow from various proposals advanced until now. Perhaps it will

suggest a new one.

e Its properties could also be an indication for physics beyond the standard
model, for example by indicating mixing with a fourth generation or by
decaying into a charged scalar.

e Its mass is a key input into many of the one loop calculations which we have
discussed and an important part of the present uncertainty in theoretical
predictions for the magnitude of these amplitudes will thereby be eliminated.

e The top quark is a very useful tool for the discovery of other particles. For

_example, a heavy Higgs boson should have a prominent decay to t¢ and
toponium, if light enough, should have an appreciable decay to a photon
plus a light Higgs boson.

e The weak decays of the top quark will involve the electroweak and the strong
interactions in a regime where the strong coupling is truly small. This simpler
context may well permit a quantitative, perturbative understanding of weak
nonleptonic decays of the ¢t quark, which is interesting in itself, and which
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can be extrapolated back to lower mass scales and a better understanding of
the b and ¢ quark decays.

e The strong interaction spectroscopy of toponium probes the effective non-
relativistic potential between quarks as the distance between them becomes
very small. This is a region where we might hope perturbative QCD would
give us information, with the potential eventually behaving as —4/3c,/r as
r — 0 from one gluon exchange. In this case the spectroscopy is sensitive to
other possible short distance effects due to new physics as well.

What is our present knowledge on the mass of the top quark? First, the t quark
mass is constrained to be above 27.3 GeV from TRISTAN,QS] above 44 GeV from
7UA13 ®! and above about 50 GeV from theoretical considerations**” based on the

ARGUS result™ for B— B mixing. In fact, the B — B mixing results, interpreted
within the standard model and with nominal values for the relevant K-M and

hadronic matrix elements, would have one entertain ¢ quark masses in the vicinity
of 100 GeV.

On the other end there is an upper limit on the ¢ quark mass from the p
parameter, defined as
My

—_— 32
M% cos? Oy (32)

il

p

The value of p is constrained to be unity when SU(2)r symmetry is exact. If we
do not define cos by imposing’ " Eq. (32) with p = 1 and the physical W and Z
masses, then the value of p will deviate from unity due to the one loop contributions
of quark-antiquark pairs to the vector boson masses, once the quarks in an SU(2)[

_. —doublet no longer have the same mass. In particular, the most relevant doublet is

that consisting of the t and b quarks. Since the analysis” **1 of the experimental
data shows that™

p = 0.998 £ 0.009 ,

the splitting between the f and b quark masses cannot be arbitrarily large. Specif-
ically, Ref. 98 finds that m; < 180 GeV. While one may quibble with some of the
input or analysis that leads to either the lower to upper limits, a range of about
40 to 200 GeV now seems to be the relevant hunting ground for ¢ quarks.

Where and how can we expect to find such a ¢t quark? At pp colliders, the
lowest-order production processes are from creation of a W followed by the decay
W — tb (if the t is light enough) and from gluon - gluon fusion, gg — #f. At the
CERN collider the total cross section is about 1 nb for my; = 50 GeV, and comes
dominantly from W decay’ 1 At the TEVATRON collider, the cross sections are
~ bigger - something like 3 nb for a 50 GeV top mass, but dropping to roughly 100
pb when m; = 100 GeV." The data planned for collection in the coming year
should suffice for detection of the t quark if its mass is less than about 100 GeV. To
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get truly spectacular cross sections we can go to the SSC, where even a 200 GeV
top quark, the limiting case, is expected to be pair produced at the 10 nb level:*"

At electron-positron colliders, the asymptotic cross section (for /s >> my, Mz)
18
o(ete™ — tt) ~ 2.1op.(s)

where o4 (8) = 4wa?/3 s is the cross section for ete™ — p*pu~ with just the one
‘photon intermediate state. If m; is as low as 40 GeV, so that Z — tf, the electron
- positron annihilation cross section jumps at the Z peak to more than a nanobarn
(more than a hundred times oy, at that energy).

The actual detection of the ¢ quark is somewhat similar for both high energy
pp and ete™ colliders. One looks for one ¢ quark to decay in a semileptonic mode,
(i.e., the real or virtual W decays to £7;), while the other decays in a hadronic
mode (i.e., quark jets). The semileptonic decay can result in an isolated lepton
with both high momentum and high transverse momentum with respect to the
associated quark jet, giving a distinctive signature. One tries to “reconstruct” the
W’s, and then the t and t. The demand that both the ¢ and the f in the event yield
the same mass is a non-trivial constraint which can be used to reject background.

- How does the t quark decay? In the three generation standard model a great
deal of the physics of ¢ decays is fixed. Let us consider the semileptonic decay of ¢
to b

t—ob+ Wt Sbety,,

with the W being either real for virtual, depending on the ¢t mass. The tree-level
width, for any value of my, is given bym]

T(t—bety) =

g (me—me)?

where I'y is the total width of the W and the integration variable Q% is the
square of the four-momentum which it carries, with the associated quantities @y =

(m? + Q? — m?/2m;) and |Zj|2 = Q% — Q% In general, the right-hand side of
Eq..(33) should contain the square of the relevant K-M matrix element, |V;;|2. In
the case of three generations this is 0.997, i.e., equal to one to high accuracy.
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In the limit that m; <« My, the momentum dependence of the W propagator
can be neglected and the expression simplifies to

(me—ms)?
GZm? —
r—betn) =32 [ a@? (G101 +3 @2 - Qu/m)]
0
(m,—m,,)"’
= 6_7r3 ~dQ Q|
0
GFmt

_ AZ 6 _ A8 _ 4
=== [ 8AZ + 8AS — A8 — A znA] :
where A = my/m;.

In the other limit, where m; >> My, we may integrate over the Breit~Wigner
for producing a “real” W, and using

(35)

rewrite Eq. (33) as

I(t — b+ W —> betve) = B(W = ev)- F'\?_I [215|2+3Ma, (1 - Z—‘I) } , (36)

where now Q% = M3, so that Qo = (m? + MZ, — m2/2m;) and |6|2 = Q3 -
MZ,. For very large values of mq, the width in Eq. (36) behaves as B(W —
ev) - Gpm?2 [87+/2, to be contrasted with Eq. (34).

The finite width of the W determines the behavior of the rate as we cross
the threshold for producing a real W. Once we are several full widths of the W
above threshold, the much larger width given in Eq. (36) for producing a “real” W
dominates the total ¢ decay rate. This is seen in Fig. 19, where'™ the t — bet v,
decay rate is plotted versus m;. The dashed curve is the result in Eq. (36) which
would hold for production of a real, infinitely narrow W, while the solid curve gives
the result of integrating Eq (33) numerically.*® For smaller values of m; the width
is less than G%m; /1927 because of the finite value of m; [here taken to be 5 GeV,
see Eq. (34)], but then is enhanced by the W propagator as m; increases. Even

_ for values of M; ~ 50 GeV, the finite mass of the W results in a &~ 25% increase
in the ¢ decay width over the value calculated with the point (infinite My ) Fermi
interaction; The exact result quickly matches that for an infinitely narrow W once
we are several W widths above threshold. The finite W width simply provides a
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Fig. 19. T(t — b etv.)/(G4m3/19273) as a function of my
from the full expression in Eq. (1) for My = 83 GeV, Ty =
2.25 GeV and my =5 GeV (solid curve), and from Eq. ({) for
decay into a real, infinitely narrow W (dashed curve).

smooth interpolation as the decay rate jumps by over an order of magnitude in
crossing the threshold.

When m; is in the present experimentally acceptable range, the rate for weak
decay of the constituent ¢ quarks within possible hadrons becomes comparable with
that for electromagnetic and strong decays. Weak decays become a major fraction
of, for example, the decays of the J® = 1~ toponium ground state, and even for

7" “the T*(tg) vector meson, weak decays can dominate the radiative magnetic dipole
transition to.its hyperfine partner, the T meson J¥ = 0~ ground state’ = By the
stage that m; = 100 GeV, the total decay width of the ¢ quark is ~ 80 MeV. The
weak decays of the constituent ¢ and ¢ quarks completely overshadow the usual
electromagnetic and strong interaction decays of toponium. In fact, with a slightly
higher mass the ¢ decays so fast that it disappears before hadronic bound states
can form."”

. o) . . .1103]
We now examine the transition region where m; ~ my + My in more detail.

Ordinarily the weak transition ¢ — s is suppressed relative to ¢ — b by the ratio
of the relevant K-M matrix elements squared, |Vis|?/|Vis|* ~ 1/500. However, we
have seen that I'(t — b etv,) increases sharply as my crosses the W threshold,
changing from being proportional to G% to being proportional to Ggp. Thus we
expect I'(t — se*v,) to be enhanced relative to ['(t — betv,) when m; lies between

~ - the two thresholds: Mw + ms, < m; < Mw + my. The question is whether the
threshold enhancement “wins” over the K-M suppression.
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To examine this quantitatively we consider the ratio of the widths with the
K-M factors divided out:

I'(t—b e+l/e)/|V}b|2
I'(t — setve)/|Vig]? ’

Either well below or well above threshold for a “real” W this ratio should be
near unity. For an infinitely narrow W the denominator is strongly enhanced,
but the numerator is not, when Mw + ms < my < My + myp. The ratio indeed
drops dramatically near t — s + W threshold, as shown in Fig. 20, for 'y =
0.0225 GeV (dotted curve) and even for Ty = 0.225 GeV (dashed curve) However,
the expected W width of 2.25 GeV (solid curve) smears out the threshold effect
over a mass range that is of the same order as my — m,, and gives only a modest
dip (to & 0.6) in the ratio. This is hardly enough to make t — s comparable to
t —b.

T(1—be*v)/ Vip|2

20 40 60 80 100
12-87 my (GeV ) $80042

Fig. 20. The ratio of decay rates with K-M factors taken out,
(F(t — b e+1/e)/|th]2)/(I‘(t - se+Ve)/|1/t3]2) with my =
5 GeV and my = 0.5 GeV and T'w equal to fictitious values

of 0.0225 GeV (dotted curve) and 0.225 GeV (dashed curve),
and the expected 2.25 GeV (solid curve).

We now turn to the possible exclusive decay channels of hadrons which contain
at quark. In decays of heavy flavor mesons the branching ratios for typical exclusive
channels scale like (f /MQ)Z, where f is a meson decay constant (like fr or fg), of
order 100 MeV, and Mg is the mass of the heavy quark. For D mesons individual
channels have branching ratios of a few percent; for B mesons they are roughly
ten times smaller; and for T' (or T*) mesons they should be a hundred or more

"times smaller yet. It should be possible to treat T' decays in terms of those of the
constituent ¢ quark, t — b+ W™, with the b quark appearing in a b jet not so
different from those already observed at PEP and PETRA.
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There is one possible exception to these last statements, and that is when
m¢ ~ my + My, the situation we are examining in more detail here. In this case
there is a premium on giving as much energy to the W as possible, i.e., keeping
as far above threshold for “real” W production as possible, and hence on keeping
the invariant mass of the hadronic system containing the b quark small. Then we
expect the T' and T* to decay dominantly into a few exclusive channels: a “real”
W plus a B or a “real” W plus a B*.

Furthermore, this is one place where the use of the non-relativistic quark model
is a priori well-justified. The ¢ quark and final W are very heavy. When m; ~
mp + Mw, the final heavy b quark is restricted to have a few GeV or less of kinetic
energy if the W is to be as “real” as possible. The accompanying light quark in
the T hadron is very much a spectator which simply becomes part of the final B
or B* hadron.

We need only match up the matrix elements of the weak currents taken between
hadron states (and expressed in terms of form factors) with the matrix elements of
those same currents taken between quark states in the appropriate spin and flavor
configurations found in the hadrons. The details of all this are found in Ref. 103.

Within the scenario of discovery of the top quark at a hadron collider, it would

“be useful to have several handles on the value of my. An indirect method would

be to measure a quantity in top decays which depends strongly on the top mass.

For my in the vicinity of Mw + my, such a quantity is the ratio of the production
of longitudinal W’s to that of transverse W’s in top decay.

The decay widths into longitudinal and transverse W’s are defined by decom-
posing the numerator of the W propagator as

w = Qu@u /My = 3 (Vs () = D + Pl 4 el (3)
A .

where the superscripts give the helicity of the W, whether virtual or real. In
. calculating the ¢t decay rate in Eq. (33), we define I'y = I'®), originating from W’s
with helicity zero, and I'r = I'*) 4 (=), originating from W’s with helicity +1.
Separating in this way the portions of Eq. (33) that originated from longitudinal
and transverse W’s, we find

(mt—mb) —
GFmt 2 Mf/lv |Q | 2 2 Qo
M= 0/ N (CEIS TR NG VR B [ZIQI +4 ( )]
. (38a)
am "7 My (0 ol Qo
Ip= -2t 0/ dQ @I T [2 Q ( )] . (38)
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In the case m; << My the integrals can be done with the result

(39)

S
[l

Sufficiently far above the W threshold we need only calculate the relative produc-

_tion of longitudinal and transverse real W’s:

Iy _1 1Qw*
m| & w
- 40
Tt 2+ EyMZ, (40)

Precisely at threshold where we have an s-wave decay with two transverse W
polarization states and one longitudinal state, I'; /T = 1/2. The value of 'y /T
near the threshold is shown in Fig. 21 for I'yy = 0.0225 GeV (dotted curve), 0.225
GeV (dashed curve), and the expected 2.25 GeV (solid curve). In this case we see
that even for the expected value of I'yy the ratio varies rapidly, with m;, especially
just below the threshold.

T T I T I T T
e
— ~
(g
80 100 120 140
12-87 my (GeV) 589844

Fig. 21. The ratio T /T'r of t = b+ W — b etv, decay widths

into longitudinal compared to transverse W's as a function of m;

for T'w equal to fictitious values of 0.0225 GeV (dotted curve)

- and 0.225 GeV (dashed curve), and the expected 2.25 GeV (solid
curve).

The ratio of longltudmal to transverse W’s is reflected in the angular distribu-
tion of the electrons'®” from its decay. With the final b quark direction as a polar
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axis,

where

Thus

dl. 2
dcosﬂ_l+a cos® @, (41)
_I'r-Ty
i v (42)

a measurement of a gives a value for I';/T'r and indirectly a value for m;.

In particular, @ changes rapidly and becomes positive only a few GeV below the
threshold; this may provide a useful lower bound on m;.

REFERENCES

. Kobayashi, M. and Maskawa, T., Prog. Theor. Phys. 49 652 (1973).

2. Cabibbo, N., Phys. Rev. Lett. 10 531 (1963).
3. Gilman, E. J., Kleinknecht, K. and Renk, B., The Kobayashi-Maskawa

Mizing Matriz, in the 1988 Review of Particle Properties, Phys. Lett. B204,
1(1988)

. Harari, H. and Leurer, M., Phys. Lett. 181B, 123 (1986).

5. Fritzsch, H. and Plankl, J., Phys. Rev. D35, 1732 (1987).
6. Maiani, L., Phys. Lett. 62B, 183 (1976) and in Proceedings of the 1977 In-

ternational Symposium on Lepton and Photon Interactions at High Energies
edited by Gutbrod, F., (DESY, Hamburg, 1977), p. 867.

7. Wolfenstein, L., Phys. Rev. Lett. 51, 1945 (1984).

8. Chau, L. -L. and Keung, W. -Y., Phys. Rev. Lett. 53, 1802 (1984).
9. Marciano, W. J. and Sirlin, A., Phys. Rev. Lett. 56, 22 (1986).

10.
11.
12.

13.

Sirlin, A. and Zucchini, R., Phys. Rev. Lett. 57, 1994 (1986).
Leutwyler, H. and Roos, M., Z. Phys. C25, 91 (1984).

Donoghue, J. F., Holstein, B. R. and Klimt, S. W., Phys. Rev. D35, 934
(1987).

Abramowicz, H. et al., Z. Phys. C15, 19 (1982).

14. Kleinknecht, K. and Renk, B., Z. Phys. C34, 209 (1987).

15.

" 16.

17.

See, for example, Bletzacker, F., Nieh, H. T. and Soni, A., Phys. Rev. D16,
732 (1977).

Aliev, T. M. et al., Yad. Fiz. 40, 823 (1984) [Sov. J. Nucl. Phys. 40, 527
(1984)).

Bauer, M., Stech, B. and Wirbel, M., Z. Phys. C29, 637 (1985).

43



18.
19.
20.
21.
22.

23.

24.

25.
26.
27.

28.

29.

Altarelli, G. et al., Nucl. Phys. B208, 365 (1982).

Grinstein, B., Isgur, N. and Wise, M. B., Phys. Rev. Lett. 56, 298 (1986).
Behrends, S. et al., Phys. Rev. Lett. 59, 407 (1987).

Albrecht, H. et al., Phys. Lett. 209B, 119 (1988).

Berkelman, K., in International Symposium on the Production and Decay
of Heavy Flavors, Stanford, September 1-5, 1987, edited by Bloom, E. and
Fridman, A. (New York Academy of Sciences, New York, 1988), vol. 535,
p. 273 and Ref. 75.

Altomari, T. and Wolfenstein, L., Carnegie Mellon University preprint
CMU-HEP86-17, 1986 (unpublished), and Phys. Rev. Lett. 58, 1583 (1987).

See, for example, Harari, H. and Nir, Y., Phys. Lett. 195B, 586 (1987);
Nir, Y., Nucl. Phys. B306, 14 (1988); Albright, C. H., Jarlskog, J. C. and
Lindholm, B.—A., Phys. Lett. 199B, 553 (1987); and Krawczyk, P. et al.,
Nucl. Phys. B307, 19 (1988).

Albrecht, H. et al., Phys. Lett. 192B, 245 (1987).
Amaldi, U. et al., Phys. Rev. D36, 1385 (1987).

Bjorken, J. D., lectures, private communication and Fermilab preprint 1988
(unpublished). '

This was also developed, explained and elaborated upon by Chau, L. L. and
Keung, W. Y., Ref. 8; Jarlskog, C. and Stora, R., Phys. Lett. 208B, 268

(1988); C. Jarlskog, Stockholm University preprint STOCKHOLM-ITP-87-
8a, 1987 (unpublished); Rosner, J. L., Sanda, A. I. and Schmidt, M. P., in
Proceedings of the Workshop on High Sensitivity Beauty Physics at Fermilab,
Fermilab, November 11-14, 1987 , edited by Slaughter, A. J., Lockyer, N. and
Schmidt, M. (Fermilab, Batavia, 1988), p. 165; Hamzaoui, C., Rosner, J. L.
and Sanda, A. I. in Proceedings of the Workshop on High Sensitivity Beauty
Physics at Fermilab, Fermilab, November 11-14, 1987 , edited by Slaugh-

ter, A. J., Lockyer, N. and Schmidt, M. (Fermilab, Batavia, 1988), p. 215.

Ellis, J., Hagelin, J. S. and Rudaz, S., Phys. Lett. 192B, 201 (1987);

Bigi, I. I. Y. and Sanda, A. I., Phys. Lett. 194B, 307 (1987); Gilman, F. J,,
in The Fourth Family of Quarks and Leptons, edited by Cline, D. B. and
Soni, A. (The New York Academy of Sciences, New York, 1987), p. 159;

_ -Altarelli, G. and Franzini, P. J., Z. Phys. C37, 271 (1988); Khose, V. A.

and Uraltsev, N. G., Leningrad preprint, 1987 (unpublished); Chau, L. L.
and Keung, W. Y., UC Davis preprint UCD-87-02, 1987 (unpublished);

Donoghue, J. F. et al., Phys. Lett. 195B, 285 (1987); Ali, A., DESY preprint
DESY-87/083, 1987 (unpublished); Cudell, J. R. et al., Phys. Lett. 196B,
227 (1987); Datta, A., Paschos, E. A. and Turke, U., Phys. Lett. 196B, 376
(1987); Du, D. and Zhao, Z., Phys. Rev. Lett. 59, 1072 (1987); Halzen, F.,

44



30.
31.

32.

- 33.
34.
35.
-36.

37.

38.

39.
- 40.
41.

42,
43.

Kim; C. S. and Pakvasa, S., University of Wisconsin preprint MAD/PH/394,
1987 (unpublished).

Jarlskog, C., Phys. Rev. Lett. 55, 1839 (1985) and Z. Phys. 29, 491 (1985).

See also the recent review of CP violation by M. B. Wise, lectures delivered
at the Banff Summer Institute, August 14-27, 1988 and Caltech preprint
CALT-68-1514, 1988 (unpublished).

Gilméun, F. J. and Wise, M. B., Phys. Lett. 93B, 129 (1980) and Phys. Rev.
D27, 1128 (1983). Note that the QCD correction calculation has been done
for mg << M3V§ it needs to be redone for the case where m; & Myy.

Inami, T. and Lim, C. S., Prog. Theor. Phys. 65, 297 (1981).
Nir, Y., Ref. 24.
Gilman, F. J. and Hagelin, J. S, Phys. Lett. 133B, 443 (1983).

Gilman, F. J. and Wise, M. B., Phys. Lett. 83B, 83 (1979) and Phys. Rev.
D20, 2392 (1979).

Donoghue, J. F. et al., Phys. Lett. 179B, 361 (1986) and Erratum, 188B,
511 (1987); Buras, A. J. and Gerard, J. M., Phys. Lett. 192B, 156 (1987);
Sharpe, S. R., Phys. Lett. 194B, 551 (1987). For a viewpoint on Eq. (17)
within a specific approach to the calculation of the matrix element see
Bardeen, Buras, A. J. and Gerard, J. M., Phys. Lett. 192B, 138 (1987)
and Buras, A. J., invited talk at the IVth LEAR Workshop, Villars,
Switzerland, September 6-13, 1987 and Max Planck Institute preprint MPI-
PAE/PTh 78/87, 1987 (unpublished).

This is seen, for example, in Fig. 1 of Gilman and Hagelin, Ref. 35, where
there is roughly a factor of two decrease in the predicted value of €' /e when
my 1s increased from 30 to 55 GeV.

Woods, M. et al., Phys. Rev. Lett. 60, 1695 (1988).
Burkhardt, H. et al., Phys. Lett. 206B, 169 (1988).

Shifman, M. A., in Proceedings of the 1987 International Symposium on
Lepton and Photon Interactions at High Energies, Hamburg, July 27-31,
edited by Bartel, W. and Ruckl, R. (North Holland, Amsterdam, 1988),
p. 289, presents an affirmative answer, but with smaller “error bars” on
‘the theoretical uncertainties in the matrix element than I would venture.
An affirmation of the standard model is provided by Altarelli, G. and
Franzini, P. J., CERN preprint CERN-TH-914/87, 1987 (unpublished).

Particle Data Group, Phys. Lett. 170B, 1 (1986).

In a chiral perturbation theory calculation, Ecker, G., Pich, A. and de
Rafael, E., Nucl. Phys. B291, 692 (1987), obtain two values, 0.25 and 2.5 .

45



44.

45.

46.
7 47.
48.
~49.
§0.

51.

52.

53.

T 4.

85.

Gilman, F. J. and Wise, M. B., Phys. Rev. D21, 3150 (1980). The presence
of a CP violating amplitude from the “electromagnetic penguin” in the six

quark case was pointed out by Ellis, J. et al., Nucl. Phys. B109, 213 (1976).

Vainshtein, A. L. et al., Yad. Fiz. 24, 820 (1976) [Sov. J. Nucl. Phys. 24,

427 (1976)]; Flambaum, V. V., Yad. Fiz. 22, 661 (1975) [Sov. J. Nucl. Phys.
22, 340 (1975)]; Nanopoulos, D. V. and Ross, G. G., Phys. Lett. 56B, 279
(1975); Ibanez, L. E. et al., Phys. Rev. D21, 1428 (1980).

Dib, C., Dunietz, I. and Gilman, F. J., SLAC preprint SLAC-PUB-4762,
1988 (unpublished). .

Ecker, G., Pich, A. and de Rafael, E., Phys. Lett. 189B, 363 (1987) and
Nucl. Phys. B303, 665 (1988).

Donoghue, J. F., Holstein, B. R. and Valencia, G., Phys. Rev. D35, 2769
(1987).

Sehgal, L. M., Phys. Rev. D38, 808 (1988). See Morozumi, T. and Iwasaki, H.,
KEK preprint KEK-TH-206, 1988 (unpublished).

de Rafael, E., private communication and Ecker, G., Pich, A. and de Rafael,
E., to be published.

See, for example, the lectures of Gilman, F. J., Proceedings of the Fourteenth
SLAC Summer Institute on Particle Physics, edited by Brennan, E. C.
(SLAC, Stanford, 1987), p. 191.

Witherell, M., in International Symposium on Production and Decay of
Heavy Flavors, Stanford, September 1-5, 1987, edited by Bloom, E. and
A. Fridman (New York Academy of Sciences, New York, 1988), vol. 535, p.
383. Raab, J. R. et al., Phys. Rev. D37, 2391 (1988) and Anjos, J. C. et al.,
Phys. Rev. Lett. 60, 1379 (1988). '

Some recent reviews from various viewpoints are found in Ruckl, R.; in
Proceedings of the XXIII International Conference on High Energy Physics,
edited by Loken, S. C. (World Scientific, Singapore, 1987), p. 797; Stech, B.,
invited talk at the International Europhysics Conference, Uppsala, June 25—
July 1, 1987 and Heidelberg preprint HD-THEP-87-19, 1987 (unpublished);
and Bigi, I. I. Y., in International Symposium on the Production and Decay
—of Heavy Flavors, Stanford, September 1-5, 1987, edited by E. Bloom and
Fridman, A. (New York Academy of Sciences, New York, 1988), vol. 535, p.
333.

Hitlin, D., in Charm Physics, edited by Ming-han Yeh and Tao Huang,
(Gordon and Breach, New York, 1988), p. 219.

Adler, J. et al., Phys. Rev. Lett. 60, 89 (1988).

46



56. Schmidt-Parzefall, W., in Proceedings of the 1987 International Symposium
on Lepton and Photon Interactions at High Energies, Hamburg, July 27-31,
edited by Bartel, W. and Ruckl, R., (North Holland, Amsterdam, 1988), p.
257.

57. Abachi, A. et al., Phys. Lett. 205B, 411 (1988).
58. Adler, J. et al., Phys. Rev. Lett. 60, 1373 (1988).

~ 59. Albrecht, H. et al., Phys. Lett. 158B, 525 (1985); Bebek, C. et al., Phys.
Rev. Lett. 56, 1983 (1986); Baltrusaitis, R. M. et al., Phys. Rev. Lett. 56,
2136 (1986). .

60. Donoghue, J. F., Phys. Rev. D33, 1516 (1986).

~ 61. Anjos, J. C. et al., Phys. Rev. Lett. 60, 817 (1988) and Fermilab preprint
FERMILAB-PUB-88/90E, 1988 (unpublished).

62. Wormser, G. et al., Phys. Rev. Lett. 61, 1057 (1988).

63. Stockdale, I. E., in International Symposium on the Production and Decay
of Heavy Flavors, Stanford, September 1-5, 1987, edited by Bloom, E. and
Fridman, A. (New York Academy of Sciences, New York, 1988), vol. 535,
p--427.

64. Lee-Franzini, J., talk at Les Rencontres de Physique de la Vallee d’Aoste,
La Thuile, February 28-March 5, 1988 and Stony Brook preprint, 1988
(unpublished).

65. Rosner, J. L., Proceedings of the 1985 Symposium on Lepton and Photon
Interactions at High Energies, edited by M. Konuma and K. Takahashi
(Kyoto University, Kyoto, 1986), p. 448. See also Schnitzer, H. J., Phys.
Lett. 134B, 253 (1984) and Phys. Rev. Lett. 33, 1540 (1975) for the original
use of the ratio R,.

66. Dib, C. O., Franzini, P. J. and Gilman, F. J., Phys. Rev. D37, 735 (1988).

67. Gupta, S. N, Radford, S. F. and Repko, W. W., Phys. Rev. D30, 2425 (1986)
and Phys. Rev. D34, 201 (1986) have a more complicated model which is in
good accord with the data.

68. Eichten, E. et al., Phys. Rev. D17, 3090 (1978) and D21, 203 (1980).

69. See, for example, Bigi, I. I. Y., lectures at the Theoretical Advanced Study
_ -Institute, Santa Fe, July 5-August 1, 1987 and SLAC preprint SLAC-PUB-
4439, 1987 (unpublished), and references therein.

70. Anjos, J. C. et al., Phys. Rev. Lett. 60, 1239 (1988).

- 71. Katayama, N., invited talk at the Sixteenth SLAC Summer Institute on
Particle Physics, Stanford, July 18-29, 1988 (unpublished).

72. Guberina, B., Peccei, R. and Ruck], R., Phys. Lett. 90B, 169 (1980).

47



73.
74.

75.
76.
77,

78.

- 79.

80.
81.

82.
83.
84.
85,

86.
87.

88.

89.

See, for example, Gavela, M. B. et al., Phys. Lett. 154B, 425 (1985).

Macfarlane, D. B., invited talk at the Sixteenth SLAC Summer Institute on
Particle Physics, Stanford, July 18-29, 1988 (unpublished).

Berkelman, K., invited talk at the Sixteenth SLAC Summer Institute on
Particle Physics, Stanford, July 18-29, 1988 (unpublished).

Deshpande, N. G. and Trampetic, J., Phys. Rev. Lett. 60, 2583 (1988).

Grinstein, B., Savage, M. J. and Wise, M. B., LBL preprint LBL-25014,
1988 (unpublished).

Eilam, G., Hewett, J. L. and Rizzo, T. G., Phys. Rev. D34, 2773 (1986);
Hou, W.-S., Willey, R. S. and Soni, A., Phys. Rev. Lett. 58, 1608 (1987).

Deshpande, N. G., Lo, P. and Trampetic, J., University of Oregon preprint
OITS-352, 1987 (unpublished), and Deshpande, N. G. et al., Phys. Rev.
Lett. 59, 183 (1987). - : :

Bertolini, S., Borzumati, F. and Masiero, A., Phys. Rev. Lett. 59, 180 (1987).

Grinstein,-B, Springer, R. and Wise, M. B., Phys. Lett. 202B, 138 (1988)
consider explicitly the QCD corrections when m; ~ My .

Shifman, M. A., et al., Phys. Rev. D18, 2583 (1978).
Hou, W.-S., Soni, A. and Steger, H., Phys. Lett. 192B, 441 (1987).
Bertolini, S., Borzumati F. and Masiero, A., Phys. Lett. 192B, 437 (1987).

Foley, K. J. et al., in Proceedings of the Workshop on Ezperiments, De-
tectors, and Ezperimental Areas for the Supercollider, Berkeley, July 7-17,
1987, edited by Donaldson, R. and Gilchriese, M. G. D., (World Scientific,
Singapore, 1988), p. 701, review CP violation in B decay and give references
to previous work.

Pais, A. and Treiman, S. B., Phys. Rev. D12, 2744 (1975); Okun, L. B., et
al., Nuovo Cim. Lett. 13, 218 (1975).

The importance of this has been particularly emphasized by Dunietz, I. and
Rosner, J. L., Phys. Rev. D34, 1404 (1986).

These graphs were constructed by Kauffman, R., in accord with the paper
of Dunietz and Rosner, Ref. 87, but with somewhat different parameters:
s1 = 0.22,5 = 0.09,s3 = 0.05 and 6y = 150° and the values of Am/T
given in the text and figure captions.

Here we hold the K-M angles and phase fixed in comparing the situations
with different amounts of B — B mixing. This neglects the effect that the
measurement of the mixing has had on the favored values of the K-M

angles and especially on the phase, which was discussed in the section on
the K-M matrix. Very roughly, larger mixing indirectly tends to decrease
sin 6 as (with other parameters held fixed). Allowing this variation makes

48



the comparison in the figures of the situation before and after the ARGUS
observations less dramatic.

- 90. Dunietz, 1., University of Chicago PhD thesis, 1987 (unpublished).

91. This possibility has been particularly emphasized by Chau, L. L. and
Cheng, H. Y., Phys. Lett. 165B, 429 (1985). -

92. See, for example, the reports of Cassel, D. J., Feldman, G. J., Siemann, R.
‘ and of Schmidt, M. P., in the Proceedings of the 1988 Summer Study on
High Energy Physics in the 1990s, Snowmass, June 27-July 15, 1988, to
be published, and the Proceedings of the Workshop on High Sensitivity
Beauty Physics at Fermilab, Fermilab, November 11-14, 1987, edited by
Slaughter, A. J., Lockyer, N. and Schmidt, M., (Fermilab, Batavia, 1988).

93. Wu, S. L., in Proceedings of the 1987 International Symposium on Lepton
and Photon Interactions at High Energies, Hamburg, July 27-31, edited by
Bartel W. and Ruckl, R., (North Holland, Amsterdam, 1988), p. 39.

'94. Kane, G. L. and Peskin, M. E., Nucl. Phys. B195, 29 (1982).

95. Shirai, J., invited talk at the Sixteenth SLAC Summer Institute on Particle
Physics, Stanford, July 18-29, 1988 (unpublished).

96. Wingerter, 1., in International Symposium on Production and Decay of
Heavy Flavors, Stanford, September 1-5, 1987, edited by Bloom, E. and
Fridman, A., (New York Academy of Sciences, New York, 1988), vol. 535,

p- L. ‘
97. Cahn, R. N., lectures in these Proceedings.
98. Amaldi et al., Phys. Rev. D36, 1385 (1987).
99. Costa, G. et al., Nucl. Phys. B297, 244 (1988).

100. Eichten, E., in High Energy Physics 1985, edited by Bowick, M. J. and
Gursey, F., (World Scientific, Singapore, 1986), p. 709.

101. Herten, G., in Proceedings of the Workshop on Ezperiments, Detectors, and
Ezperimental Areas for the Supercollider, Berkeley, July 7-17, 1987, edited
by Donaldson, R. and Gilchriese, M. G. D., (World Scientific, Singapore,
1988), p. 103.

102. This is a standard calculation which has appeared previously in a num-
 Dber of places, for example: Kiithn, J. H., Acta Phys. Polonica B12, 347
(1981); Barger, V., Baer, H. and Hagiwara, K., Phys. Rev. D30, 947 (1984);
Bigi, I. I. Y. et al., Phys. Lett. 181B, 157 (1986); Geer, S., Pancheri, G.
and Srivastava, Y. N., Phys. Lett. 192B, 223 (1987). See also Martin, A.,
talk at the Second Topical Seminar on Heavy Flavors, San Miniato, May
25-29, 1987 and CERN preprint CERN-TH.4836/87, 1987 (unpublished)
and Jezabek, M. and Kiihn, J. H., Phys. Lett. 207B, 91 (1988).

49



103.
104.

105.
106.
107.

Gilman, F. J. and Kauffman, R., Phys. Rev. D37, 2676 (1988).

We take the total width of the W to be 'y = 2.25 GeV = SI'(W — ev,),
accounting for three generations of leptons and only two of quarks, since

here we are only interested in the situation where W+ — tb is kinematically
forbidden or at least very highly suppressed.

Bigi, I. I. Y. and Krasemann, H., Z. Phys. C7, 127 (1981).
Bigi, I. I.Y., et al., Ref. 102.

The direction of muons, taus or quark jets in other decays of the W will of
course serve the same purpose.

50



