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Abstract

We discuss a few issues in the burgeoning field of

physics of hadrons containing the b-quark. These include:

1)

2)

3)

4)

A simple parametrization of the Kobayashi-
Maskawa matrix featuring a triangle in the

complex plane,

a review of Bs and Bd mixing with special
attention given to width-mixing and the CP-

violating same-sign dilepton asymmetry,

a discussion of the (P-violating decay Bd —
grT,

a discussion of CP-violating rate asymmetries in

the two-body decays Ab — pr and Ab — pK .

The concluding discussion concerns generalizations beyond

these specific topics.



Introduction

0f the twenty-odd fundamental parameters of the standard model,
four of them reside in the Kobayashi-Maskawa mixing matrix. Tt is
obviously of high priority to not only measure them well but to
provide a redundant set of measurements sufficient to overdetermine
them. Only in such a way can one test that the standard-model-

description is indeed valid.

The decays of hadrons containing b-quarks appear to be a most
promising avenue for doing this. Even CP-vioclating effects can be
anticipated to be large in various rare decay and mixing phenomena.
And although the experiments are extremely difficult, there is growing

optimism that eventually the measurements will be dome.

The subject of b-physics is quite la.rge.2 In this talk, we
discuss in detail only a few specialized items as enumerated in the

abstract, and reserve more general remarks for the concluding section.

I. The Kobayashi-Maskawa Matrix

The amplitude for W' to decay into quark Qi and antiquark aj is
. proportional to gVij, where g is the weak coupling constant
characterizing pure leptonic decays. The factor vij is, by
definition, an element of the n x n Kobayashi-Maskawa "mixing-matrix",
where n is the number of standard-model generations. It accounts for
the varying strengths of non-leptonic decay processes, which depend

sensitively upon the amount of flavor-violation which is present.

+ It is a requirement of the standard-model that the matrix Vijvbe
-unitary, in order that radiative .corrections to'electroweak processes .
be finite -and not lead to unacceptably large amounts of flavor-
<changing neutral currents.. In-addition to the.unitarity constraint, .
-there is an additional freedom of choice of phases of the elements of
Vij because physics does not change if the phases of the quark fields

in the theory are redefined. That is, if



(1.1)

i(ao - a-)
physics does not change, even though the Lagrangian of the theory does
change.3 . This reparametrization invariance is somewhat like gauge-

invariance in field theories: choice of different gauges implies

different Lagrangians (and sometimes different Hilbert spaces!), bubt. .

the physics remains gauge-invariant.

.+ Traditionally, two»orzthree—generationwdescriptionswof-Vi.ihaveuw
used a generalized Euler-angle representation. This works fine, but
rapidly becomes quite cumbersome for more than three generations.
Here we a.dvoca.te4 a simple description which introduces no such
angles, but simply fixes the 2n - 1 phases of the diagonal and upper-
right next-to-diagonal elements of Vij such that they are all real and

positive.
That is,
R R . . .
. R R ° .
v o= e« ¢« B R e (1.2)
. O . R R
. ° ] . R

‘where the elements marked R are.not only real but also positive.
‘Independent parameters may be chosen to be the:magnitudes and residual
independent phases of all elements above and to the right of the

diagonal.

For the 3-generation case, one finds, using unitarity plus -
reliable data:

d s b
u .97 .23 Vub
*
V =c¢ —.23—.05Vub 97 .05 = .01 (1.3)
*
t th —.05—.23Vub 1.00



Unitarity implies orthogonality of the first and third rows.

Neglecting 5% corrections, this simplifies to
*
Vi o+ Vg w011 £ .002 (1.4)

This is a triangle relation5 in the complex plane, as shown in Fig.
1. Note that the height of the triangle is -proportional to the
strength of CP-violation, i.e. proportional to € and €’/e of the
"neutral kaon system. The square'of‘thnis proportional to the
amplitude for Bd - Bd mixing, observed to be "surprisingly" large.
The squared magnitude of Vib is proportional to I'(B —* nonleptonic
uncharmed states). If the "surprisingly large" ARGUS measurements of
B: — p5w+ and Bd —s ppT 7 hold up (they have not been confirmed by
Cornell), this implies a relatively large Vub’ forcing the triangle
~ into the obtuse .shape in Fig. 1. But this inference, presently
favored by most theorists, is quite shaky. A right.or even acute

triangle is far from being ruled out.

In terms of this triangle we can express some interesting features

of b-physics:

1) Determination of the magnitudes of the Vij’ in particular‘Vub
and th, is evidently sufficient to determine whether or not
the triangle is nondegenerate, i.e. whether or not there
really are CP-violating phases. This simple piece of
geomebtry has recently inspired lengthy and learned

theoretical treatises.

2) The CP-violating phase angles associated with various decay
processes are simply related to the interior angles of the

- triangle; examples will be seen later.

3) It is an important experimental issue 'to'determine whether-
indeed the triangle closes, i.e. whether Eqn. 1.4 is
satisfied. If it does, the angles and sides should be

overdetermined.




I believe that if the program of observation of CP-violation in b-
decays is possible at all, then there is sufficient richness and
variety within it that such overdetermination should be possible. The
situation is in some ways comparable to the validation and
determination of the Cabibbo-angle description of strange-particle

decays.

Before concluding this overview of Vij,‘it nust be emphasized that

the origin of the Kobayashi-Maskawa parameters:is. quite deep. - One way.

8

Upon doing this, the mass of W goes to zero, so that processes W —»

of appreciating this is to set the gauge coupling constants «, a., o

to zero, keeping the other 16 or so standard-model parameters fixed.

Qiaj go into Qi — qj + W". This decay fxists even in the limit of
vanishing gauge couplings provided the W' spin degree of freedom is
-longitudinal. . Thiswthird polarization state is -in-factsnothing other
than the Nambu-Goldstone spinless, massless boson associated with
spontaneous symmetry breaking in the Higgs sector. Thus in this
gaugeless 1imit,yVij measures the-Yukawa couplings of Nambu-Goldstone
bosons to quarks. To go deeper into the physical origin of these
couplings goes beyond questions of known gauge interactions. It is
likely-however that there is:linkage between the origin of quark

mixings and the origin of quark mass.



II. B-B Mixing

The mixing phenomenology for the neutral B system is similar to
the K-K mixing phenomenology, but simpler.g In the rest frame of the

neutral B, the Schrgdinger equation reads

i 8B o - A

3t | B 2 B

(2.1)

where the common mass and width, i.e. the factor exp - i(m - il /2)t,

has been removed. Unlike the situation for kaons, one has
|AT'] << Am (2.2)

This is based on the empirical measurement of Am and strict upper

bounds on Al -(more to come later). If one neglects for now Al', then

mg =l |0 M| éf 0 Jia 2.3)
2 |aM* o 2 |-ie 0

vand the problem is like spin-rotation in a uniform magnetic field.

The solution is

B()> = cos 22 By - 161 gin Amb |5
2 2
(2.4)
|B(t)> = cos Amt |By - je it gip Amb IB

2 2



Experimentally for the Bd one has
éf ~ 0.7 (2.5)
r

The origin of this is believed to be the "box-diagram" (virtual
annihilation into W-pairs) as shown in Fig. 2.- Roughly.

2 42
AmBox ~ mt th (2.6)

The "surprisingly large" experimental value favors a relatively large

Vid and/or top quark mass. An immediate inference is also that

(Am)BS Vts

Vid

> 1 (2.7)

~N

(Am)Bd

‘The favored value of the.ratio is:somewhere between 5 and 60. ..This
makes "complete" mixing of the BS very likely, i.e. several mixing

oscillations per mean life.

The width difference ATl'/T, while small, is important for the
possible observation of CP-violation in double.semileptonic decay of a

B-B pair. One looks at the asymmetry

o=t -N) g EE ) (2.8)
N(++) + N(--) AM

described pictorially in Fig. 3, which can be readily shown to equal

Im AT'/Am, as indicated above. The width.difference, according to the

.. Golden Rule, is-fed by real intermediate .states which~couple to both-

Bd and Ed" Most intermediate states do not have this property,- - -

. because at the quark level the decay products of Bdwmainly consist of
cd(ud + cs) which is not identical to the principal Bd products cd(ud
+ ¢s). This alone implies |Al'/T| ~ 1.4 |Al'/Am|-<< 1. The channels

~which do feed Al' are of three categories (cf. Fig. 4):



Intermediate State K-M Factor Phase Space

- = 2 . .
I. ccdd (vcbv:d) limited
II uudd v v* )2 vast
) ub ud
1II. cudd
ucdd (Vcbvzd)(vuszd) intermediate

Now these three classes of contributions probably destructively
interfere. The reason is that were the charm quark degenerate in mass
with the up quark, there would be no CP-violation effect. (This is a
sgeneral principle; the extra flavor symmetry allows an SU(2) rotation
in c-u space which,.with our phase conventions, allows Vbu to be
chosen real). To see this directly, we note that in that limit the
. phase-space factors for categories I, II, and III become identical,

and

AT

AM

* *\2 _ *y2
Ar V4 (VvaCd + Vubvud) = (" thvtd) = AM (2.9)

Here unitarity of the mixing-matrix -has been invoked, along with the
observation that the phase of (thVtZ)z is the same as the phase of AM

as calculated from the "box diagram".

In the presence of unequal ¢ and u masses, one can still use the
unitarity constraint to eliminate category III in terms of categories
I and II. Structurally one has

a = Im EE

« (V¥ 52 {(Ph.Sp.)I - (Ph.Sp.)1qg ]

A (2.10)

MG {(Ph.Sp.)II - (Ph.Sp.)1ry }



At the quark level, the value for a is no larger than 10—3. Altomari,
Wolfenstein, and 1'% looked at this and argued that the order-of-
magnitude cancellations present at the quark 1eve111 need not exist
at the hadron level, so that the 10_3 estimate is imprudently low.
But it is near impossible to work the value up to 1%. A reasonable
statement is that the asymmetry is almost .certainly below 10—2, but
the theoretical uncertainties are much too large to-support a claimed

upper bound of 10_3.

I1I. The Decay B, — ¢ 1

Many CP-violating effects in the B system exploit the interference
between CP-violating mixing and CP-violating decays, such as decays
sinto final states in categories I - III. But these final states are
not "allowed"; their branching ratios are suppressed by K-M factors
AVl Vel

bu’ "be
which has a very favorable signature is Bd - ¢KS. It is much

, Ivcd/vcslz’ etc. An "allowed" CP-invariant final state

‘discussedlz as a prototypical CP-violation measurement. Here we
choose a variant from category I of suppressed decays, namely Bd -+
¢ﬂ+ﬂ—. It is actually the same final state as ¢KS; the only
difference being that the dipion emerges from the B decay vertex
rather than downstream. - This should be an:experimental advantage.
And while one has paid a price of a factor 20 in 'Vcd/vcslz’ much of

this may be compensated. In particular

I By — ¢k) = _T(By— ¥K°)

Wl -

(3.1)

+ -
- TT

We guess ‘that vector final states are more prevalent than

pseudoscalars:

r(Bg — %) & 1By — ) (3.2)
3



Then using

o
TBy =9 1, Vea| 1 3.3)

r(By— 9K, 2 |V, 40
where the factor 1/2 allows for'Ba - ¢w°'as*we11 as Bd -+ ¢p°, we
find

F(Bd — ¢p° — ¢1r"'1r_) 3¢ 3 5 20% (3.4)

F(By — K, — 97'1) 40

There can also be expected to be s-wave dipions (not to mention
contributions from spins 2 2) which can add more to the branching
ratio. We furthermore expect that for yK_ the secondary kaon vertex
‘may be occasionally lost, and that the "V2" 2-prong ¥ vertex is
somewhat more difficult to resolve than the V4 vertex for ¢w+ﬂ—. So I
suspect the overall detection efficiency for ¢W+W_ exceeds that of

¢KS, although this assertion needs checking.

But the main reason for discussing this mode here is to point out
‘the richness present in the final-state phenomenology. CP-violation
~can be seen in angular distributions and Dalitz-plot distributions in

13

a variety of ways. To examine this, we assume for simplicity we

have a sample of tagged Bd’ i.e. the neutral B (which of course mixes)

was produced in association with a Eu or A . Then for a given CP

eigenstate F it is easy to work out the time distribution for the

decay:

dp(t) = drp(0) « 1% [1 + (In Ap)sin Ant | (3.5)

Here

.. T(B; — F)
Im Ap = 21 d (3.86)

T(By — F)

10



Again a is the phase of the mass-difference AM. The ratio of the
decay amplitudes T depend only upon the mixing-matrix elements and is

of modulus unity; therefore this is also true for XF:

Note that while neither the ratio of T’s nor the phase of [AM] is

rephase-invariant, the observable AF is; indeed

V. V.o
VeqVen) VeaVen) (@) 5.8)

>
=
1

(complex-conjugate)

The factor (CP)F = 21 accounts for the CP eigenvalue of the state F in
~question.  In terms of the triangle, Fig. 1, the phase of A is twice
the phase of th, i.e. twice the interior angle of the vertex on the
right. If that angle is 3 15°, |Im Apl is 2 0.5!

For dipion masses { 1 GeV we expect the final state is a
combination of only s and p waves. If s-wave dominates, then the CP
eigenvalue of the final state is fixed and one is assured of a big
integral asymmetry. If this is not the case, then Dalitz-plot and
angular-distribution asymmetries will show the CP-violation. The

structure of the decay. amplitudes is

AA AN A AA N
T(By) = [s(¥*p) + ip(¥xp)ek + iP(Pok)] * V,, Ve,
(3.9)
L A A AA A A A .
T(®,) = [s(W*p) - ip(¥xp)k - iP(Pok)] * VoV 4

Here the amplitudes s and p ‘have the final-state phase-shift of p-wave
7-7 scattering, dominated by the p resonance. Evidently for the s
term, the orbital angular momentum of the $-p system is zero, while
for the p term it is unity. The third amplitude P describes a J=0,
I=0 dipion which must be in a p-wave relative to the $. The phase of

P is that of I=0 s-wave 7-7 scattering. This, as well as the previous

11



assertion regarding the phases of the s and p amplitudes, is true
under the very reasonable assumption that there is negligible final-

state-interaction between the $ and the dipion.

Note that the CP eigenvalue of the s-wave yp configuration is
opposite to that of the two p-wave 9p and Yo terms. This provides an
extra structure in the time distribution for the decay of Bd(t) and

ﬁd(t). We have, with a suitable normalization

“there is:very interesting information in these angular.distributions,

in particular for the p decay.

that P ~ O, s

~
n~

introduce the angle ¢ between the decay planes of § and p:

12

2
AA
dN EE it —] _ -I't |sye*p|cos Ant | i\ sin At
— By grw | =T L& — e
dt 47 2 2
AANA AA
+i[p¢xp'k + P¢°k] cos éff - i\ sin _EE
2 2
(3.10)
. To obtain the corresponding distribution for Ed’ one simply
replaces A by 2* and p,P by -p,-P:
2
AA
Amt . x . Amt
EH [ﬁd—+¢w+w—) =T +e:Ft s¢°p[cos ___ + i\ sin _ ]
dt 4T 7 2 2
AAA AA
—i[p¢xp'k + P¢'k] cos ETE - i\ sin EEE
2 2
(3.11)

We shall not explicitly expand this out for the generalicase. However

For example, suppose for simplicity

ip and A = 1, signifying maximal CP violation.




A A
cos § =9 p
AA A (3.12)
singd=9xpek
Then
§§ « sin2 { ¢ - EEE + I ] (3.13)
d¢ 2 4
On the other hand,
N .2 Amt | 7
—a sin [ ¢ + _f_ + 7 ] (3.14)
d¢ 2 4

‘Wersee-that, as a-function of proper time, the decay plane of ¢

rotates relative to that of p. The rate of rotation is Am/2I' radians
per mean lifetime. . The direction:of rotation (right-handed versus
left) is opposite for Bd(t) and Ed(t). One can hardly ask for a more

graphic demonstration of CP violation.

The general case looks rather complicated. However -the number of .
parameters which characterize 'all distributions is not large; probably
two numbers |s/P| and |p/P| are all that are needed. This follows

“because ‘the -dependence: of ‘the functions-s, p; ‘and P on-dipion: mass are -

calculable in a resonance approximation; hence only the normalizations
may be required as input. In addition there is the parameter arg A,
which is the goal of the measurement. Thus a global fit for all data

should in principle be a practical procedure.

Will any of this actually be possible to do experimentally? To

estimate the branching‘ratio'for>Bd“—+‘¢T+N_,“wewstarb“with=the‘

observed branching ratio

N (A T

r

(3.15)
total

13



We therefore expect

B, — ¢X ~
F[ d 14 nonstrange] ~ az x 1% ~ 5 x 1074 (3.18)
r

tot

What remains to be estimated is the fraction of non-strange final
states that end up as charged dipions. - We guess, consistent with the

general ideas of duality, that

dr  (dr
— | (3.17)
a® lav?

Parton level

‘where Mz‘is‘théﬁéﬁhared mass of the hadron system X

; nonstrange
recoiling against the §. At the parton level this is a d quark
produced in the weak decay b — ccd together with the spectator d in

~the initial Bd meson. The squared mass of the dd system is

M2

2

2pg°pg ~ 2By <Ed>[1 - cos "dE] (3.18)
The energy of:the d-emitted in the weak decay is

M2 - M2
By ~ ¥ | ~ 1.5 Gev

ZMB

(3.19)

The energy (better, momentum) of the spectator d is characteristic of
the bound-state wave function. We take it to-be ~ 0.5 GeV. Because
the orientation of the d quark momentum is evidently distributed

isotropically, this leads, at the parton level, to a uniform

“distribution in M2 from a minimum of zero to a maximum of 4Ea<Ed> ~ 3

GeVz. In real life the low-mass region, M2 <1 GeV2, will be

1L



dominated by resonance contributions, probably 7, ¢, p, and Al, as
shown in Fig. 5. Duality would imply one third of the total
distribution is concentrated in the .mass region below 1 GeV. Taking
7/p/0 = 1/2/3 would put ~ 70% of this low mass contribution into two
charged pions. The net $1 7 branching ratio would then be

T|B, — ¢a'7
s ) » (119 xLxlxo07~12x10%  (3.20)
Lot 20 3

To this must be included the dilepton branching ratio of 7% for p+p—
or ete”. Even presuming both dilepton modes can be found, this
implies a net branching ratio of 1.7 x 10—5 Assuming 1000 Bd or Ed
are needed to measure well the dlstrlbutlons, this requires 500 x
(1. 7) X 105 ~ 3 x 107 Bd produced in the course of the experiment,
or roughly 108 bb quark pairs. But this does not include many
experimental inefficiencies. For hadron-hadron collisions, these

include, but are not limited to

Isolating the decay vertex (factor 27)

Geometrical acceptance (factor 57)

Detection efficiency (factor 37)

Findingrand tagging the spectator B- (which ideally should be
a B, or A) (factor 2 37)

This leads to an extra factor in excess of 103, or a number of bb
quarks produced into the apparatus in excess of 1011.
of hadron collisions, the SSC and only the SSC holds out promise of

providing such a large number of produced b-quarks.

Amongst sources

If one uses e’ e colliders, in principle the loss factors may be
greatly. reduced. But.even if they are a factor '~ 10 instead ofllos,

this implies 10° bb produced to get the sample of 1000 ¢w+w— decays.

15



IV, Ay =2 pT__and A, — pK  as Examples of "Penguin" Processes

As we have seen, there are several distinct mechanisms for b-
decays to occur, characterized by different effective weak
hamiltonians. For example, we may write, for ‘decays with initial and

final states of zero net strangeness
Ho, = ¢EH, + §H, + § 0, + h.c.
with (i = u, ¢, t)

*

€ = Vip Vid

and

B, =By, (1-15)g; 9 77 (1-75)d

Note that the H.1 are CP-invariant operators; CP violation is due to

the phases of the mixing amplitudes,gi.'

Normally, it is a good approximation to only consider one of these
three terms.in calculating a given decay process. However, there are
circumstances when,” due to strong final-state interactions, more than
one ‘contributes significantly. . Because the coefficients §i have
distinct complex phases this can lead to CP violation, provided the
(CP-invariant) decay amplitudes T, which multiply the {; are out of
phase. The observable CP-violating effect is a particle-antiparticle

branching ratio asymmetry, and its generic structure is

_re—1 _rE=7 ='2[Im ;¢3) (1 7,7}

oot Lot |e.T, + ngj|2

(4.1)

"1I>
|

Here i and j label the two contributing terms in Hwk’

16



Let us now specialize to decays containing no charm in the final
state. We will be interested in particular in the decay Ab -+ pT ,
although what we do is applicable to B —* p°1, By — 1, as well
as quite a few other processes. Normally one considers only Hu’ the
source of the "tree amplitude". in estimating these processes. The
two remaining contributors may be expected to be dealt with
perturbatively, since the strong-interaction contribution includes cc

or tt annihilation. We may write, for the strong corrections

b= g, Z KEITIn><nlH 1A > | ¢ Z<flTln><anclAb>.

n containing B, - M u containing B, - M+ e
top charm
(4.2)
€ E <flT|n><ulHu|Ab>
n E -M+ie

where ‘use of ‘the perturbation theory in the ‘last term is more -dubious.
But, as we shall immediately see, its short-distance contribution is

crucial.

At the quark level the relevant diagrams are shown in Fig. 6. The
- loop, after -Fierz rearrangement, still has the structure of a good old
vacuum polarization loop a la QED. - Aside from'factors of two it will,

“in momentum ‘space,-take the form:

o 2
> g Seledm N (4.9)
i 3 g (0 - &7

-There are 'several ‘important features to this contribution,- (in the

jargon, the "electric- penguin®):

1) The logarithmic divergence is cancelled via unitarity of the

mixing matrix:

17



(€, + & + &) log A2 =0

2) This implies the top contribution can be eliminated, provided
the sum-over-states E in the remaining terms is cut off at a

mass-scale of order the top-quark mass.

3) The short-distance contribution of the remaining charmless

part is not too large; it provides a small correction to the

leading tree diagram contribution.

4)  The charm contribution is complex because of the possibility
of real cc intermediate states in the decay. Nevertheless it

is a.rgua.blyl4 still a short-distance contribution, ‘being a

coarse-grained superposition of Feynman propagators with mass

parameter-3 3-4 GeV.

Thus the net result is that the effective short-distance
interaction can be considered to ‘be dominated by the (cut-off) charm

contribution. It has the structure

GF M & L _ - p
" penguin = — |18 o+ 112 B A, [1—75]d ) oM + b
M 37 ot -1
c 2 2

(4.4)

Here the Xi are QCD color matrices. Note that because of the final-
state interaction phase (which does not undergo complex conjugation
when external particles are replaced by antiparticles) "H" penguin is
not hermitian. ~With 40 GeV < M. < 200 GeV, this phase-factor 7/(in
mi/mz) is ~ 1/(8.2 = 1.6), or about 15°.

Now what about the phase of the presumably :dominant "treel: .

contribution? We might suspect ‘it to also suffer final-state
interaction phase-shifts beyond the arguably small "electric-penguin"
contribution already discussed.  However, we shall argue that to good

approximation this amplitude is real, essentially as free of final-

18



state interaction phases as semileptonic decays. This argument15 is
basically a defense, for this process, of the "factorization"
hypothesis widely used'® in calculations of nonleptonic B-decays and,
less justifiably, of charm decays. The argument is based on the
space-time evolution of the decay products. At the quark level the
decay b — u + T begins as a nearly collinear configuration of b — u
+ (ud)”. The color singlet ud pair recoils in the direction opposite
to the u. In order that it has good overlap with the final-state pion
it has low virtual mass relative to its momentum, of order 2.5 GeV.
It follows that the formation time of the pion will be long because of
the relativistic time-dilation. By the time the pion is formed it is
several fermis away from the color fields existing in the neighborhood
of the original Bd or‘Ab. And during the time the (ud) system is
within those color fields, it is a small color dipole, originating
from the pointlike,.color-singlet -weak interaction, and growing only
slowly because of the long formation time. It is therefore arguable
that this small dipole will not significantly interact with the
spectator system. There is a calculation possible here to check this,

but to my knowledge it has not been done.

In the absense of such final-state interactions, the decay
amplitude becomes a product of two factors, one of which is the usual
pion decay amplitude, and the other one the same (real) form factor
appearing in semileptonic decays. What is implied, therefore, is a
direct relationship between the nonleptonic pionic decay and

semileptonic decays. An easy calculation gives

A, — pm
[ b ] = 617 F12r ~ 1.0 GeV2
T B = (4.5)
- [Ab —+ pe V ]
2 €l.2
dM M° =0

‘This is indeed a general test-of factorization; the p-can be-replaced
by any low-mass hadron system, and the Ab by ‘any b-meson B. It is

‘quite important to test sharply this factorization hypothesis wherever

19



possible. There may already be a way to do this in decays such as B
— Dr and B — D*r.

Returning to the Ab —+ pr decay, we may estimate the branching

ratio as before. We take

o (B —pev) 0.2 4 (B Xes]
dm dm2 (4.6)
eV m2 -0 ey m2 -0

Here X implies a sum over all uncharmed (nonstrange) baryonic final

~gtates. We have not studied the dilepton mass distribution but guess

an average (ma.ss)2 of ~ 5 GeV2. Therefore in accordance with Eqn.
4.5, we take

I (o, = Xer ? (0.2 6ev?) r(n, - Xev] (4.7)

P 2

m n” =0
Evidently

[ ] 2 2

I'(A, — Xev v v
b = | bl x [Phase Space] ~ 2.5 _EE (4.8)
ra, — ev all) |V, v,

With a 15% semileptonic (er) branching ratio, we can put all these
numbers together to get

2
rfa, = pr7)= (1.0 GeV]2° (0.2)[0.2 cevZ)ez.5 vlb (0.15]
Veb
0 (4.9)
2 (1.5 x 1073 EE
vcb

20



With IVub/VcbI2 v (1-2) x 10—2, this implies, very roughly, a
branching ratio of (1.5-3) x 10%. This is actually surprisingly
large for a "first-forbidden" weak transition into a two-body final
state. ' This fact provides additional support for #the factorization
hypothesis. It is hard to see how complicated strong-interaction
mechanisms can lead to an effective "squared form factor" of 1073
(after taking out the |V b/V b| factor) at a parent mass scale of 5
GeV (Compare ete” — pp, or v — pp, etc.). Hence it is credible that

the factorized contribution in fact dominates.

Less certain is the relative magnitude of the "penguin" and "tree'
contributions. We here do not try to estimate the ratio. However,
for a large range of magnitudes of penguin amplitudes, the issue can
be finessed when comgarlng the Ay — pr  and Ay — pK processes. For
the latter process, the tree amplitude is suppressed by a factor of
Cabibbo-angle 6 _ ~ 0.23, while the Penguin contribution (Fig. 6) is
enhanced by a factor 0;1. Thus it is very likely that the process Ab
pK is dominated by the Penguin contribution. We write

2
vcb P
I'[Ab—-'pﬂJ r |1+8
Vol T
(4.10)
v
= T {1+ 206 | _°P||P
Vub T
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Consequently, we estimate

2

F A
oy —ac) 21 o 1] - e

F Vool T

(4.11)
2 2
F v
~ | 'cb Plpr I1. 2n Kl 5. ub| , T

—_— - ‘o —_ Y | — -
Vb T F Ve P

In both equations the parameter # is the ratio of CP-violating
strength to the maximum strength possible:

_ Inm vub o ImP ?

y = + 0.2 (4.12)
[P

|vub|

It changes sign upon replacing the particles by antiparticles.

In Table I we tabulate the decay asymmetries-and decay:widths for
a variety of assumed Penguin-amplitude strengths (namely‘]P/Tl = 0.3,
0.1, and 0.03) and values for vub (we take Vub/Vcb = .14 and .07). We
see that the asymmetry tends to be large either for the pr mode, pK~
mode, or both. This follows because, from Eqns. (4.10) and (4.11),

(4.13)

The mean asymmetry does not depend on the most uncertain elements

(other than the question of strong-interaction phases entering %).
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TABLE 1

Vo/Vep! [1B/T1 | TK/T(pr) | aler) | a(pK)
.07 0.3 17 8% 3%
.07 0.1 2 13% 0%
.07 0.03 17 4% 22%
14 0.3 4 18% 5%
14 0.1 0.5 6% 15%
14 0.03 0.04 2% 20%

Y. Concluding Remarks

The specific examples of B —+* g¢r7 and Ab —+ p7, pK are only
special cases of a broad class of similar decay modes which can
exhibit CP violation and other-interesting effects in similar ways.
17 .

But it may well

end up that the most interesting case experimentally is not on the

One can find these enumerations in many places.

theorists’ ‘long lists or at least not one which has received adequate

scrutiny.

My own emphasis has been to scrutinize low-multiplicity, all-
. charged decay modes of b-hadrons, where the multiplicity count
<dincludes the cascade -decays of intermediate charm .or strange.systems.
‘ReStriction‘tovtotal~Mch‘S’4“still*1eaves‘~:60;channels,'essentially
‘all of which are in principle-quite interesting for-one reason. or
a.no*ther.18 The decay branching ratios are in some cases computable
at the level of accuracy discussed for Bd = YT and~Ab —+ pm, pK.
Others (e.g. pp, ppT, etc.) are more uncertain. All can benefit from

more theoretical effort expended upon them.
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I find the duality techniques described above more trustworthy
than direct calculation using bound state wave-functions, but that is
a matter of taste. I would prefer most of all results based upon
‘current-algebra-or QCD sum rules; here the prototypical analogue is
- the set of estimates for strange-particle decays, e.g. K — 7lr, using
the Ademollo-Gatto-theorem approach.lg To my knowledge not much has

been done in this direction.

As for experimental prospects of reaching the sensitivities
required, it is clear that there is still a long way to go. To get to
the CP-violation level of sensitivity requires at least 10811 bb pairs
produced into the detection apparatus per experiment.2o Once that
level is reached, many experimental opportunities open up. This
implies to me that if this is possible at all, the study of CP-
violation in the B-system becomes a program, not only a discovery.
This will be important because, as we already mentioned, it is
overdetermination of the K-M parameters that both tests the validity
of the picture and provides some estimate of the reliability of the

measurements and theoretical calculations.

What facilities might provide this? Present-generation electron-
] 7
and 10
New ideas promise another order of magnitude. The best cms energy
choices appear to be either the T(48) or the Z°. Hadron-hadron
colliders can yield from 10° bb (Tevatron) to over 1011 (88C) per

experiment, but background, rate, and triggering problems make the

positron colliders - should provide between 10 bb/experiment.

overall achievable detection efficiency very uncertain at present.
And in every minute of fixed-target operation at Fermilab, about 107
bb pairs are made. While, alas, they are produced in the beam dumps,
there is hope that very high-luminosity experiments looking at the
simplest ‘decay meodes (eg»two—bddy<decay321-or‘decays‘with»a"¢‘in—the
final state2? ) will be possible.

No matter what the approach is, these experiments are very

difficult. I guess 20%#10 years as the relevant time scale to reach

the CP level of sensitivity. But this physics will not go out of
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fashion. Even given spectacular successes with physics up to the TeV
mass scale via SLC/LEP, Tevatron, and SSC, I cannot find a scenario
‘which would diminish the importance of this b-physics. It deserves a
great deal of effort, not only by experimentalists and accelerator

builders, but also by theorists.
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FIGURES

Unitarity triangles, with allowed regions for the vertex for
various assumed values of top quark mass m, . The base is
normalized to sin Gc (We thank H. Harari for this suggestion), and

the bounds are transcribed from Ref. 6).

"Box-diagram" believed to be responsible for Bd - ﬁd mixing.
Mechanism for same-sign dilepton asymmetry.

A redrawing of the "box-diagram", Fig. 2, illustrating the
presence of "real" intermediate states (shown here only at the

quark level).

Sketch of the expected mass distribution of hadrons X produced in
the decay of B — ¢X.

Tree (a) and penguin (b) contributions to the decays Ab -+ prT ,

pK~. The subprocess enclosed by the dashed box is, to good

approximation, local.
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