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ABSTRACT 

We review the physics of heavy quark flavors, including weak decays, 
onium, tau leptons, mixing, the Kobayashi-Maskawa matrix, and CP 
violation in B decay. 

INTRODUCTION 

The study of heavy flavors is a possible path to uncovering physics beyond 

the standard model. Such is the case especially with respect to the study of rare 

decays and of CP violation. Within the standard model, the physics of hezivy 

flavors entails the study of the strong interactions or of the electroweak interac- 

tions in the presence of the strong interactions. With heavy quarks, the situation 

is often both cleaner and theoretically simpler to analyze than for systems in- 

volving only light quarks. As a result we can sometimes pinpoint the underlying 

dynamical mechanisms, as well as extract the values of key parameters. 

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 tied target 

experiments at hadron machines. For the tau lepton and for states containing 

heavy quark flavors, this has meant thousands of events in major decay channels. 

Correspondingly, we are beginning to probe some of the rarer decays, or to 

establish significant limits thereon. What follows is a rather quick, personal view 

of the status of the physics of heavy flavors. 
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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 

grow, SW4 x u(l), 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.‘] 

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 semiquantitative, account of 

the known data. 

It is clear, however, that there are corrections to this picture since the life- 

times 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 has recently undergone a qualitative improvement. The Fermilab photo- 

production experiment E691, using silicon strip vertex detection, provides clean 

data with high statistics; the result is precise lifetime measurements for different 

charmed species. ‘I Figure 1 shows the data that lead to the measured D, lifetime 

from observation of decay distributions for the D, + rrd and D, -+ Kz* modes. 

The results on charm lifetimes from E691 are shown in Table 1. 

So, to do better than the factor of two level of agreement, we need to go 

beyond the spectator model. Final state interactions, annihilation diagrams, 

interference between different amplitudes, and color (mis)matching have all en- 

tered the discussion. All have roles to play. The general situation is reviewed 

elsewhere; ‘I we discuss here only a few recent developments. 
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Fig. 1. Data for measurement of the lifetime of the D, from (a) the 4~ 
and (b) the KE* decay modes, from Ref. 2. 

Table 1. Charmed Particle Lifetime Measurements from Ref. 2. 

Mode Signal 

D+ 2992 

DO 4212 

0: 228 

AC 93 

Background Lifetime (psec) 

1354 1.090 f 0.030 f 0.025 

975 0.422 f 0.008 f 0.010 

75 0.47 f 0.04 f 0.02 

85 0.22 f 0.03 f 0.02 

l 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 -+ ii-r 

modes: Do + K-b, Do + jir”?yo, and D+ + ROT+. The Kr final state can 

occur with isospin l/2 and 3/2, and so there is one triangle relation between 

the three amplitudes. W ithout final state interactions the amplitudes should be 

relatively real. The experimentally measured branching fractions demand that 

the isospin l/2 and isospin 3/2 amplitudes have a large phase between them.‘] 

Similar comments hold for the D + E*?r 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. 
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We note in passing that the absolute D meson nonleptonic branching ratios 

from Mark III have been revised downward” by 19% to 25%, thereby removing 

the “charm deficit” in B decays.6’ The newest Mark III branching ratio for Do -+ 

K-T+ of 4.2 f 0.4 f 0.4% h as,also been confirmed in an independent manner by 

the HRS, which obtains*’ 4.0 f 0.6 ~~:~%. 

l 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 0: --) T+V, is 

expected with a roughly 2% branching ratio. Similarly, the new bound7’ 

B(D+ + p+v/,) < 6.2 x lo-’ 

from the Mark III may be used to assert that fo < 290 MeV, where the proba- 

bility of the c and d quarks in the D+ to annihilate has been summarized in the 

pseudoscalar decay constant, fD. 

The question which remains outstanding is again a quantitative one of the 

magnitude quark-antiquark annihilation or of W exchange in nonleptonic decays. 

The observationa of the decay Do --) 4K” 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 the a 

quark in the initial state since it does not appear 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 Do 

decay, annihilation should play at least as important a role in D8+ decay, and 

final state interactions should be different there as well. However, the results of 

recent experiments ‘I indicate that the lifetime of the 0,’ appears to be at least 

as long as the Do (see Table l), and the search for the specific mode D, + pr 

has turned up only upper limits. The best of these limits is derived from the 

data shown in Figure 2, from which 

B(DB’ + p”~+)/B(D; + qh+) < 0.08 

is established. As of now, the conclusion is that while annihilation and W ex- 

change are surely present, they are not very important. 
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Fig. 2. Data showing peaks for D+ and 0: decay into (a) 37r, (b) pr, 
and (c) non-pr modes, yielding a limit on B(D, + pi), from Ref. 2. 

That, however, leaves us with another question: Where have all the strange 

quarks gone in D, decay ? For if the s quark in a 0: does not annihilate, it 

must appear in the final state together with an s quark from (Cabibbo-allowed) 

charm decay. However, the modes that satisfy this criterion, like D, ---, 4?r, 
D, + KI?, and D, -P KI?*, do not appear to have branching ratios that would 

allow us to account for the majority of D, decays. An answer to the question 
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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 sg valence 

quarks). Figure 3 shows the evidence”’ from the Mark III for D, --) t/r, while 

Figures 4 and 5 show the Mark II invariant mass plots indicating lo1 signals 

for both D, + rl~ and D, + #R, respectively. These results correspond to”’ 

B(D, + q?r)/B(D, + 47r) = 2.5 and tolo B(D, -P rfn)/B(D, ---) q?r) 2 1 

Modes involving eta’s and eta prime’s are large; this problem may well be solved. 

Mark III Preliminary 
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Fig. 3. Signal for 0: --) r/x+ from Ref. 11. 
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Fig. 4. Signal for 0,’ ---) t/x+ from Ref. 10. 
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Fig. 5. Signal for Dt + r]‘zr+ from Ref. 10. 

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 charmoniumand bottomonium. 11 

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 xi (i.e., 23Po,1,2) states which were 

recently clearly separated by the CUSB collaboration,“’ as shown in Figure 6. 

Now that we have both Xb and xi states and their mass splittings, it becomes 

interesting to ask if we understand this theoretically. 

The splitting of these states, which is due to spin-orbit and tensor terms 

in the nonrelativistic potential, can be expressed in terms of one absolute maSs 

difference and one ratio, 

R _ Aq3P2) - M (%) = 2a - yb 
x - M (3P~) - AI a+6b ’ (1) 

where a and b are the matrix elements of the spin-orbit and tensor terms, re- 

spectively. 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 w2/c2 gives the spin-independent potential v(r) + s(r), 

plus various spin-dependent pieces which yield la1 
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Fig. 6. Observation of the xi states in radiative T” decays from Ref. 12. 
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where m  is the mass of the heavy quark. If only a Coulomb-like vector part of 

the potential, v(r) cx l/r, is present, Ii!, = 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. (2a); the matrix element a decreases, and Rx drops below 

0.8. 

The most recent experimental results la’ are Rx = 0.67310.06 and Rx, = 0.69f 

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



where the two coefficients having 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 = p/3r = r/rg and K = k/(p3p2), w h ere ~1 is the reduced mass and 

rB = l/pp is the Bohr radius of the corresponding purely Coulomb potential 

problem. The assumption is then made that the -p/r piece of the potential is a 

Lorentz four-vector, and the kr piece is a Lorentz scalar for all values of r. 

Figure 7 then shows’4i the ratio of mass splittings Rx 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 experi- 

mentally, Rx = 0.48 f 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 xe splittings is about a 

factor of two smaller than experiment. 

0.8 

ac” 0.6 

Fig. 7. The ratio Rx 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 
with m, = 1.84 GeV and mb = 5.17 GeV, respectively. 
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For quark masses above - 13 GeV, which corresponds to K = l/34, Rx > 

R x~, 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 Rx as we go up in principal quantum number. More generally, the 

behavior of Rx 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’inter- 

action between heavy quarks, and can be used as a tool to understand this more 
. detailed feature of the potential. 

THE TAU LEPTON 

The tau and the tau neutrino seem to fit nicely into the standard assignment 

of third generation leptons. ‘*’ The limits on the mass of the tau neutrino keep 

going down year by year, with the latest ARGUS limit 17’ being m,, < 35 MeV. 

During the past year there was a flurry of activity after the HRS collaboration 

claimed “I a branching ratio at the 5% level for the mode, r- + u,zr-q, that is not 

expected in the standard model. The q?r system, which is G odd, has natural 

spin-parity and in the standard model it must come from the vector current, 

which is G even; we have by definition a process that involves a second class 

current. A succession of results have come out since then contradicting this 

claim, with the latest and best limit coming from the Crystal Ball data”’ shown 

in Figure 8: 

B(T- + vq-q) < 0.3% . 

That brings us to the one problem that is still outstanding in tau physics, the 

“missing” one-prongs. The decays r + u,eDe, r + vrppP, r + Y,K, r --) yr27r, 

r + u,37r, and r -+ vr47r, plus a number of smaller modes occur at the expected 

rates ‘01 and the sum of their exclusive branching ratios accounts for about 90% or 

so of tau decays. Moreover, there seem to be no other modes of consequence which 

haven’t been included. The difficulty of getting to 100% centers on accounting 

for all the one-prong decays of the tau. 
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Fig. 8. Upper limit on an q peak from the decay r --) u,qn, from Ref. 19. 

In more detail, the problem arises as follows. Consider first three-prong 

decays, which are shown in Table 2. All the theoretical calculations of decay 

branching ratios “I are normalized to that for r + u,efie, for which we take211 

the world average value of 17.9%. Where theory and experiment can be com- 

pared, they are in excellent agreement. Moreover, the sum of all the exclusive 

measurements la1 is in agreement with the inclusive three-prong branching ratio. 

Table 2. Three charged prong decays of the tau. 

Decay Mode 
’ Branching Ratio (%) 

Theory “’ Experiment ‘*I 

r- -+ u,2?rr-7r+ 

r- + u,2?l-?f+7r0 

r- + uJKr)- 

r- + u,K-m~+(r~) 

r- + u,K-K+r- 

r- --+ u72~--7r+37r” 

4.9 

0.3 

< 0.4 

6.7 f 0.4 

5.0 f 0.5 

0.4 f 0.1 

0.22 f 0.14 

0.22 f 0.14 

Total Exclusive: 12.5 f 0.6 

Total Inclusive: 13.3 f 0.3 
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The agreement between theory (where there is a prediction of some accuracy) 

and experiment (where there is a definite measurement) is also very good in the 

case of tau decays involving one charged prong, as shown in Table 3. Note in 

particular that aside from the leptonic decays (whose branching ratio is used as 

an input), there is excellent agreement between theory and experiment for the 

semihadronic decays r + Z+X, r -+ v~K, and r- + v77rr-7ro. 

Table 3. One charged prong decays of the tau. 

Decay Mode 
Branching Ratio (%) 

Theory “I Experiment Is1 

r- -- + u,e v, 17.9 (Input) 17.7 f 0.4 

r- --) lJ+--Dp 17.4 17.7 f 0.4 

r- --) l+?r- 10.9 10.9 f 0.6 

r- + u+--?T" 22 22.8 f 1.0 

r- --) u77r--27rO 5 7.1 7.5 f 0.9 

r- ---) Y,lr--3Tr0 1.0 0.54 f 0.28 f 1.06 

r- -w~7rr-47r0 < 0.1 

r- -wg-57rO < 0.1 

r- + v,(KK)- < 0.26 

r- -+ vZ(Kiir7r)- < 0.5 

r- + v,?j7r-7r" 0.15 < 0.9 

r- --+ uTK- 0.7 0.6 f 0.2 

r- + vr(Kr)- 0.9 0.9 1.2 f 0.3 

Total Exclusive: 78.9 f 1.6 
Total Inclusive: 86.6 f 0.3 

The branching ratio for r- + y,7r-'2x0 that appears in Table 3 agrees with 

a new measurement lo1 of the Crystal Ball from the data shown in Figure 9 of 

7.4 f 0.6 f 1.37 0, which also supplies a branching ratio for r- + ~,7r-37r’ of 

0.54 f 0.28 f 1.06% and the upper limit on r- + Y,~x-K~. We have accounted 
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for all the purely leptonic modes and all the modes of the form r- + vz(n7r)- 

of any substance, as well as Cabibbo-suppressed modes. Although now with 

smaller experimental error bars, this is the situation that was already noted over 

two years ago. lo’ Where are the remaining one-prong decays? 
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Fig. 9. Scatter plot of M,,(high) ueraw M,,(low) and the diagonal 
projection for the measurement of the mode r + Y~T~~T’~F’, from Ref. 19. 

With other conventional (or even unconventional) modes that contribute to 

one-prong tau decays severely limited, there are two possible ways out of the 

problem. The first is that the branching ratio for r + ureDe, which we took to 

be 17.9% (and to which we normalized all our theoretical predictions), should 

be w 19%. This would scale up all the predicted branching ratios by = 6% and 

make the sum for theory agree with the measurement of the one-prong inclusive 

branching ratio. Of course it is one thing to scale up the theory by a common 

factor, as all the predictions are normalized to the single mode r- + v,e-ii,, 

and another to get all the individually measured experimental branching ratios 
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to change, all in the same direction! Nevertheless this is what the present world 

average value of the tau lifetime indicates (by about 20) is the solution, and it is 

the easiest (purely from the point of view of not straining the standard model) 

way out. 

Second, there is the possibility of something new. This is the direction in 

which the directly measured branching ratios, and particularly that for r + 

5rr- + multineutrals, points. But what? It is hard to find a scenario for this 

situation which is not very contrived (if it is not to be in conflict with other 

existing experiments). 

The experiments necessary to decide between these two possibilities are hard 

as well. I suspect that although the puzzle has been sharpened considerably in 

the past year, it will take some additional measurements over the next several 

years by detectors well-instrumented for detection of neutrals to resolve it. 

MIXING 

As in the neutral K system, the neutral D and neutral B systems are capable 

of exhibiting mixing between, for example, an initial @(i;d) and its charge conju- 

gate state, Bj(&). 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 Bi. Calling the eigenstates 

of the mass matrix Br and &, with AiU = Ml - M2 and Al? = I’1 - IY2, the 

relationship to experiment is made through the quantity 

(AM)2 + (AI’/2)2 ww2 
I= 2P+(AM)2-(Ar/2)2 = 2+(AM/ly ' 

where the last approximation follows when Ar 2 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 = l-/t+, th e number of “wrong” to “right” sign leptons in its semileptonic 

decay. For uncorrelated B” + B” pairs it follows that 2r/(l + r2) = t*ll*/f?t-, 

but for correlated pairs produced at the T(4S), r = l*l*/.t+i?. 
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For the Do -Do system we expect that r is of order 10s3 or so.“’ The tightest 

upper limit, 291 

r < 5 x 10S3 

comes from E691. On the other hand, the Mark III has three events from op- 

erating at the $I” which have Kaons of the same sign in nonleptonic decays of 

the final pair of D mesons.231 These events also could arise from the doubly 

Cabibbo-suppressed decay of one of the D mesons and the Cabibbo-allowed de- 

cay of the other, and only “look like” mixing. This is also expected221 at the 

level of a few times 10S3, while the observed events, if real correspond to a signal 

at the 10e2 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 guestimate on the high end for (Am/I’)B, = z,j was 

- 0.2. This past year the ARGUS collaboration found”‘] zd = 0.73 f 0.18; 

the mixing time is not so different from the lifetime. For theorists this has 

meant an upward adjustment in the combination of a hadronic matrix element, 

a Kobayashi-Maskawa (K-M) matrix element, and, most importantly, in the 

value of mt. For experimentalists, this together with the b lifetime means that in 

some situations not only will Bd mesons live long enough to leave a measurable 

gap, but that in this time there is a nonnegligible 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 in the last Section. 

The Kobayashi-Maskawa Matrix 

In the standard model, the left-handed quarks are assigned to the weak 

isospin doublets: 

(IJ, (3, (:), ’ 
where the upper components are chosen to be the mass eigenstates u, c, and t, 

and the essential complication that the weak and mass eigenstates are not the 
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same is entirely represented in terms of a matrix transformation”’ operating on 

the lower components. It takes us from the mass eigenstates (d, s, and b) to the 

weak eigenstates (d’, s’, and b’), and is represented by the unitary (K-M) matrix: 

(5) 

As V is a 3 x 3 unitary matrix, it is specified by nine parameters. When we take 

into account that each of the six quark fields can be changed by a phase with no 

change in the physics, but that a common phase change of all quark fields would 

not change the matrix V, we are left with 9 - (6 - 1) = 4 parameters. These 

can be considered as three mixing angles and one phase, with a non-zero value 

of this phase inducing CP violation. More on this in a moment. 

At the present time the three angles and one phase of the three-generation 

K-M matrix are limited by direct measurements of the magnitudes of the K-M 

matrix elements vu& vu,, V&, V,,, Vcb, and bounds on the magnitude of Vu&. This 

determines two of the angles (or combinations of the angles) fairly well, and 

bounds a third one. The key experimental restrictions can be stated a.sa6’ 

lVUdl = 0.221 f 0.002 (6) 

from strange particle decays, and”’ 

lV’&l = 0.046 f 0.010 (7) 

from the b lifetime, and 

0.07 2 Iv,b/v,bl 5 0.23 , (8) 

where the upper bound comes from the absence of a signal for b ---) u + fJ& in 

semileptonic B decay and the lower bound from the ARGUS observation” of 

exclusive baryonic B decays, shown in Figure 10, which involve b --+ u + da at 
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Fig. 10. Mass distribution of ARGUS candidates for B- + p@rr- and 
BO + pprr+rr- and their charge conjugates from Ref. 5 in running at 
the T(4S), below threshold, and the bin-by-bin net yield, by subtraction, 
coming from BB. 

the quark level. The present results2” from CLEO are not conclusive on the 

existence of these modes, although there is an apparent signal in the ppr mode 

(see Figure 11) which is comparable to that of ARGUS when interpreted as 

coming from B decay, if similar data selection cuts are made. 

As noted at the beginning of this Section, the standard model allows for CP 

violation in the form of phases in the quark mixing matrix, the K-M matrix.251 

When there are three generations of quarks and leptons, there is precisely one 

CP violating phase, 6. The theoretical expressions for all CP violating quantities 

then contain a factor of sin6’. 
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Fig. 11. Mass distribution of CLEO candidates for B- -+ p@rr- and 
charge conjugate after bin-by-bin subtraction, from Ref. 29. 

CP violation has still only been observed in the neutral K system. There 

it is conveniently parametrized in terms of c, which characterizes CP violation 

in the Kaon mass matrix, and 8, which is non-zero only due to CP violation in 

the neutral Kaon decay amplitude. Over the last ten years the expectations for 

E and for c’ have been refined again and again aa new experimental and theo- 

retical information became available on hadronic matrix elements, K-M matrix 

elements, mt, etc. 991 

As the present year has proceeded the standard model “explanation” of CP 

violation has looked better and better. In particular, there have been two impor- 

tant new experimental results for c//c. First came the preliminary result from a 

test run of the Fermilab experiment:301 

d/c = 3.5 f 3.0 f 2.0 x 1o-3 , 

and then this past summer, the preliminary result from the CERN experiment”’ 

d/c = 3.5 f 0.7 f 0.4 f 1.2 x 1o-3 . 
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Both experiments have the capability of eventually decreasing both their statis- 

tical and systematic error bars below the 10s3 level. If c’/c - 3.5 x 10s3, then 

CP violating effects from heavy quark loops is a likely interpretation and, espe- 

cially if mt is large, the result is not wildly different than expectations. It would 

seem that the wind is blowing in the direction of the standard model and the 

explanation of CP violation in terms of the K-M phase. 

CP VIOLATION IN B DECAY 

. The possibilities for observation of CP violation in B decay3 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 cB. It is related to p and 

q, the coefficients of the B” and B”, respectively, in the combination which is a 

mass matrix eigenstate by 

Q 1 - CB 
--. 

-- l+cB P 

The charge asymmetry in BOB0 -+ e*e* + X is given byaS 

b(B”go + Af!+e+ + X) - t7(B0B0 + e-e- + X) IEI” - Ifl” 
(T(BOBO + e+e+ + X) + Q(BOBO + e-e- + X) = 1g2 + l;l” (9) 

Im(rl2/M2) 

= 1+ flh2/M212 
(10) 

where we define < B”IHIBo >= Mr2 - $I’ 12. The quantity liWr21 is measured in 

B - B mixing and we may estimate I’12 by noting that it gets contributions from 

B” 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 10e3, and at best 10W2. For the foreseeable future, 

we might as well forget it experimentally. 
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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, j, like +K,“. Since there is substantial 

B” - B” mixing, one can consider two decay chains of an initial B” meson: 

B” + B” \ 

f , 
B” + I?” /” 

where j is a CP eigenstate. The second path differs in its phase because of 

the mixing of B” + l!l”, 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 interfere and generate non-zero asymmetries between 

r(B”(t) + j) and I’(B”(t) + j). Specifically, 

and 

r(Byt) -+ j) cv art 

r(B"(t) + j) N e-rt 1 + sin[Am t]lm 

(114 

. Wb) 

Here we have neglected any lifetime difference between the mass matrix eigen- 

states (thought to be very small) and set Am = ml - m2, the difference of the 

eigenstate masses, and p = A(B + j)/A(B --) j), the ratio of the amplitudes, 

and we have used the fact that IpI = 1 when j is a CP eigenstate in writing 

Eqs. (lla) and (llb). From this we can form the asymmetry: 

ACP Violation = 
r(B) -r(B) 
r(B)+r(B) 

= sin[Am t]Im(Fp) . (12) 

In the particular case of decay to a CP eigenstate, the quantity Im ip ( > is 

given entirely by the K-M matrix and is independent of hadronic amplitudes. 

To measure the asymmetry experimentally, however, one must know if one starts 

with an initial B” or B”, i.e., one must “tag.” 
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We can also form asymmetries where the final state j is not a CP eigenstate. 

Examples are Bd + D?r compared to Bd + b%; Bd + D7r compared t0 Bd + 

DF; or B, + DZK- compared to Bb + d; K+. These is a decided disadvantage 

here in theoretical interpretation, in that the quantity Im 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 

dependence, “I as given in Eqs. (lla) and (lib). As an example, Figure 12 

shows “’ the time dependence for the quark level process 6 + ~cg (solid curve) in 

comparison to that for b + C&J (dashed curve). At the hadron level this could be, 

for example, Bd in comparison to Bd decaying to the same, (CP self-conjugate) 

final state, t,bK,“. As discussed before, lpl = 1 in this case. 

The three parts of Figure 12 show the situation for Am/I’ = 0.2 (at the 

high end of theoretical prejudice before the ARGUS result”’ for Bd mixing), 

Am/I’ = r/4 ( near the central value from ARGUS), and Am/I’ = 5 (roughly the 

minimumvalue expected for the B, in the three-generation standard model, given 

the central value of ARGUS for Bd). The advantages of having Am/I’ for the Bi 

system as suggested by ARGUS (Figure 12b) rather than previous theoretical 

estimates (Figure 12a) are very apparent. When we go to mixing parameters 

expected for the B,” system (Figure 12c), the effects are truly spectacular. In 

fact, in this last case, the time average asymmetry is washed out by the many 

oscillations in one lifetime and a study of the time dependence of the asymmetry 

is a necessity. 

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: 

B, + D”K- + K,Or’K- 

and 

B; + D,“K- + K,“vr’K- . 
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Fig. 12. The time dependence for the quark level process 5 --) ECS (solid 
curve) in comparison to that for b + CES (dashed curve). At the hadron 
level this could be, for example, Bd -+ $K,” (dashed curve) in comparison 
to Bd -+ ~,!JK,” (solid curve). (Th e curves are interchanged for the t,bK,” 
final state because it is odd under CP.) The three subgraphs correspond 
to (a) Am/I’ = 0.2, (b) Am/I’ = 7r/4, and (c) Am/P = 5. 

Another possibility is to have spectator and annihilation graphs contribute to 

the same process.“’ Still another is to have spectator and “penguin” diagrams 

interfere. This latter possibility is the analogue of the origin of the parameter 

c’ in neutral K decay, but as discussed previously, there is no reason to gener- 
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ally 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 trsk of detecting 

these effects is a monumental one. When the numbers for branching ratios, 

efficiencies, etc. are put in, it appears that lo7 to lo8 produced B mesons are 

required to end up with a significant asymmetry (say, 3a), depending on the 

decay mode chosen. “I This is beyond the samples available today (of order a 

few times 105) or in the near future (- 106). On the other hand, it is possible to 

envision such samples at new electron-positron colliders, fixed target experiments 

and, at hadron colliders, especially the SSC. “I A great deal of experimental work 

needs to be done to explore both technique and physics to achieve the goal of 

observing CP violation in the B system. A good start has already been made. 

With the excitement within the experimental community that has been growing 

over the past few years, it begins to seem likely that in the next five years we will 

see the experimental situation develop to the point that this physics is capable 

of being attacked. 
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