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1. INTRODUCTION 

When Vera Liith asked me to give a talk on B decays in and beyond the standard 
model (SM), I readily accepted. However, when I sat down and made a list of the topics 1 
would have to cover, I quickly realized that I had bitten 017 more than I could chew. My list 
consisted of the following subjects: 

l Ssmileptonic B decays: these are typically described in one of two ways. Either one 
picks a specific model,‘, or one uses the Heavy Quark Effective Theory (HQET);* 

. Hadronic B decays: such decays are usually described by the BSW model$ 

l Right-handed B decays? the suggestion here is that B decays are mediated not by the 
ordinary W, but rather by a right-handed W,; 

. Rare B decays: included are the flavour-changing neutral-current decays 
b + 87, b + sPl-, b -a wv, b - sg, b - aq& and 8’ + PP, as well as hadronic 
penguins (B + K,r, etc.), and B’ + 77; 

. the decay B,t + l+v; 

. Exotic B states such as B,‘a and Ah’s; 

s B-B mixing - 26 and t.; 

l T Violation (triple products), 

and I’m sure I’ve overlooked xrne other possibilities. Given the length of this list, I realized 
that I would have to limit myself to a subset of the above topics. I lherefore decided to 
discuss only right-handed B decays, certain rare B decays, B, decays, B,O-e mixing, and T 
violation. Some of the other subjects, such as HQET and B baryons, are discussed elsewhere 
in these proceedings.s 
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2. RIGHT-HANDED B DECAYS 

ated 
Gronau and Wakaizum? (CW) have suggested bhat B decays might in fact he medi- 

by B right-handed We, instead of the SM left-handed W. This possibility is predicated 
on two facts. First, the chirality of B decays has not yet been measured. And second, the 
mass of the W, could still he relatively small:” 

where M. is the mass of the W,, and gL and ga are the left and right couplings, respectively. 
With this in mind, GW have proposed a model in which the SM W doesn’t couple to 

B’s at all. They interpret the long B lifetime as being due to the heaviness of the W., not 
to the smallness of Vd. That is, 

A= (2) (2) N IVcal = 0.044 -t 0.006 

Phenomenolagicedly, & is bounded to he < 0.07. 
In order for this model to he viable, the form of the right-handed CKM matrix VR 

must take into account a large number of phenomenological constraints involving B’s - the B 
lifetime, b - u transitions, Z-body B decays, Cabihbo-suppressed B decays, B:-@ mixing 
- as well as the K&-K, mass difference, Am,. The forms suggested by GW far both the 
left- and right-handed CKM matrix, consistent with the above data, are 

( 

EoS e, sin& 0 
V’, = -sine, case, 0 

0 0 1 i i 

, V” zz *(I -‘L),d (c+T)\/z 
-s(l - c)/Jz m(c - 2)Jz 

cl”& ( (3) 
c/Jz 1 

in which 8, is the Cabihho angle, and 3 = sinOn, c z cos&‘. The magnitude of J is 
determined from IV+,/V,,l, i.e. 

s = 0.08 f 0.02 (4) 
With this choice of left- and right-handed CKM matrices, all known data can he explained 
with 

M; = 300-600 GeV. (5) 
In fact, strictly speaking, this is not completely true - additional assumptions are 

necessary. For example, this model demands the existence of a right-handed neutrina with a 
mass m(u,) < mb-m,. Furthermore, if the vn is very light, muon decay experiments require 
either that ME be in the upper part of the range of Eq. 5, or that the vR he unstable. In 
addition, from direct searches for right-handed W’s at hadron colliders, the limit M, > 520 
GeV is obtained for gn = gL. Thus, if one wants a value for MS in the lower part of the 
range of Eq. 5, it is necessary that grr he larger than gL. Nevertheless, despite these caveats, 
the model is interesting in the sense that it points out certain aspects of B decays which 
must be examined in order to fully test the SM. 

One possibly bothersome aspect of the GW solution (Eq. 3), pointed out by Hou 
and Wyler’ (HW), is that V: is unnaturally small (= 0.0003). One way to avoid this is to 
parametrize the right-handed CKM matrix using two angles 11,2 and 0,3. HW propose’ 

Now, the question is, how can one rule out these models? One of the advantages 
of B hadron collider, as compared to an asymmetric e+e- collider operating at the T(4s) 
resonance, is that one can search directly for new physics. It is more likely that physics 
beyond the standard model - supersymmetry, extra Higgses, technicolour, etc. - wiU be first 
found via direct searches than by looking for indirect signals in B physics. As such, the most 
straightforward way to rule out models of right-handed B decays is simply to look Ior, and 
fail to find, a light W,. 

Another possibility’ is to look at certain B decays which are suppressed in these 
models relative to the SM. Far example, 

BR(b + cEd) 
BR(b + c~s) 

= x2 II 0.05, (SW, 

= O(lO.‘), (CW 
5 o(lo-‘I), (LW. (8) 

In this case, if right-handed currents were responsible for B decays, the ratio of the decay 
rates of B + Dl’lD;l’l and B + D(.lD-l-l would d&r from that of the SM. Similarly, 

BR(b + mis) 
BR(b - tid) 

= A2 Y 0.05, PM), 

z 0.008, (‘=,I), 
2 2 ,$ o(1o-a), w. (9) 

Here one should compare, for example, B - D(‘)p and B + D(‘)K’. 
Finally, there is the possibility of measuring the chirality of B decays. The tepton 

forward-backward decay asymmetry A,, in the decay ?? + D’l-iil is sensitive to the chirality 
of the b + c coupUng.8 However, not being parity-violating, A,b aI.0 depends on the chirality 
of the lepton current, and therefore cannot distinguish models of right-handed B decays from 
the standard model. On the other hand, experiments at LEP can make such a distinction. 
One looks’ at the reaction e+e- -+ 2’ - AaX, in which the hb is highly polarized, its spin 
carried essentie.lly entirety by the bquark. The electron energy spectrum in Aa + charm 
semileptonic decays is then quite sensitive to the V f A nature of the b + c coupling. In 
this way it might be possible to rule out models of right-handed B decays at LEP. 

and take all Y 0.098, 613 z 0.085, in which case VCi = sIz - c12a13 c 0.01. I will refer to this 
as solution (I). 

HW also point out that even if the b + c transitions are dominated by right-handed 
currents, b + u decays might still he mediated mainly via left-handed currents. They thus 
arrive at solution (II): 

v+ Jb %) I v*=(;* G& &). (7) 

with X = sine,, 6 - 0.05 and E i 0.01. 

V” = 
( 
1 0 0 o ~l,Jz A) (;!I;, i T) (;: :;i2 H) , l/Jz (6) 



3. RARE B DECAYS 

3. I b + a-, (and b -P d7) 

The Ravour-changing decay b + 37 occurs first at one loop, and is dominated at 
lowest order by the t-quark contribution: 

M(b + 5-r) = $ $ ~,&(~,)q’r”~~,, (ms( 1 + 7s) + m,(l - 15)) b , (10) 

in which Xt z &bV,;, z, = mF/M:,, and 

&(z) = 24(2: 1)” [6z(3z - 2)logz -(z - l)(Sz* + 52 - 7)] (11) 

However, this process receives important QCD conlrihutions,‘O as shown in Fig. 1. For 
example, for m, = 150 GeV, we find 

BR(b+ a-,) = 1.4 x lo-” (no QCD corrections), 

= 4.2 x 10-4 (including QCD corrections). (12) 

6.o ----?I 

Figure 1: Branching ratio ior b 4 37 in the SM with (solid line) and without 
(dashed line) QCD corrections (from Ref. 11 (reproduced by permission)). 

The rate for b + d7 is obtained from that for b + ~7 (Eq. 10) by replacing the 
a-quark variables by d-quark variables. Thus, to lowest order, 

BR(b - d7) 
BR(b + a-,) 

= 1g1’ (13) 

However, there are additional corrections due to the breaking of SfJ(3),,..,.,. Estimating 
these, and taking into account the uncertainty in the magnitude of I&, one finds” 

BR(b + 31) = 3-5 x IO-’ , 

BR(b + d-,) = 0.5-3 x 10.’ 04) 

Although the inclusive decay rate for b - 87 can be calculated with good precision, 
it is well-known that exclusive decays are poorly understood theoretically: 

R B - BR(B - K’7) = 4-40 %. 
BR(b - q) (15) 

CLEO has measured both inclusive and exclusive tlavour-changing dccays:‘2 

BR(b- 57) < 8.4 x lo-’ (1991), 

< 5.4 x 10-d (1993), 
BR(B - K=,) = (4.5 f 1.5 f 0.9) x IO-’ (1993). (1’5) 

These measurements have important consequences for models al new physics. 
First coiwider models with two Higgs doublets (ZHDM). In general, such models wiU 

lead to flavo,:r-changing neutral currents. This then requires that the Higgs bosom be very 
heavy, rendering their effects in B physics unobservable. There are two ways to avoid this, 
distinguished h y th e couplings of the iermions and the Higgses. One possibility (model 
I) is that one Higgs doublet, 62, gives mass to all fermions, while the other doublet, b,, 
decouples. In the other case (model II), one doublet, &, couples to aU u-type quarks, while 
the second Higgs doublet, $0, gives mass to d-type quarks. It is model II which appears in 
supersymmetric and &on models. 

In either of these ZHDM there are new contributions to the decay b + 37, found by 
replr(cing the W’ in the loop by B charged Higgs, If*. In these models, both Higgs doublets 
acquire vacuum expectation values, denoted vI and “2. We define tan0 E v2/v,, which is 
apriori completely free. The transition amplitude is then proportional to 

(17) 

where A,, and Ai;’ represent the SM and charged-Hiiggs contributions to the amplitude, 
respectively. In model I, X = -11 tan’p, while X = +I in model II. 

From this we see that in model I, there is an enhancement to the rate for b + q 
only for small values of tan0. In model II, the rate is also enhanced for small tanp. More 
importantly, due to the AL term, the rate is olwoys larger than that of the SM. This leads 
to a lower bound on the mass of the charged Higgs in this madel,‘3,” independent of the 
value of ml. In Fig. 2, taken from Ref. 13, the constraints cm models I and II are shown for 
ml = 150 GeV, using the 1991 CLEO hound (Eq. 16). 
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0.2 tanp a4 a6 0.8 I 19 100 IO’ 
tan!3 

Figure 2: Excluded regions in the M,,+-tanp plane for models 1 and II, 
for rn, = 150 GeV, (from Ref. 13 (reproduced by permission)). 

For model I, we see that there is no tan&independent lower limit on M,* coming 
from the bound an b -a 57. However, in model II, we find that M,,t > 110 GeV at large 
tanp, with stronger bounds for smaller values of tan/3. For model 11 this lower Limit has 
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been updated’s using the 1993 data on b + 67 (Eq. 16): M,,t > 320 GeV (540 GcV) for 
WI, = 120 GeV (150 GeV). This new lower bound has several important consequencea. First, 
the decay t 4 bH+ is no longer allowed. Second, if the two Higgs doublets arc part of a 
supersymmetric theory, the difficult region for Higgs searches is now ruled out (see below, 
however). Finally, this eliminates most large effects in ZHDM in other rare B decays. 

The implications of the limits on BR(b - 67) e*e less clearcut for supersymmet- 
ric models. If the main new contributions to b - ST came from the two Higgs doublets, 
then the constraints would be as described above. However, the situation is more compii- 
c&d. First, electroweak radiative corrections to the charged-Higgs mass and to the charged 
Riggs-fermion-fermion vertex can be substantial. ‘* These corrections tend to weaken the 
constraints on the charged-Higgs mass as a function of t;nP. More importantly, in the 
minimal supersymmetric standard model (MSSM), the contributions to b + ~7 from other 
supersymmetric particles may not be negligible.” In this case there can be cancellations with 
the charged-Higgs contributions, possibly resulting in a branching ratio for b - ~7 which is 
smaller than that of the SM. Thus, it is impassible to say anything concrete regarding the 
constraints on SUSY models due to BR(b - 81). 

Finally, left-right symmetric models are essentially unconstrained by the limits on 
BR(b 4 87) (Eq. 16). Models with right-handed B decays predict a rate for b + ST 
which is down by a factor of 2 compared to the SM. And in models with manifest left-right 
symmetry, the W, must be so heavy that its effects in b + q are negligible. 

3.8 b - sL+t- 

In the SM, at the quark level, the decay b - afiLm arises through penguin diagrams 
with a virtual 7 or Z”, s.s well as through box diagrams. In addition, in contrast to b + q, 
b + aPL- receives important long-distance contributions. These effects are dominated by 
the decays B + P(B’)X + PC-X, whose branching ratios have been measured by the 
ARGUS and CLEO collaborations1B to be O(10.“). Th e I ong-distance effects are then very 
important when the P(- pair has an invariant mass close to that of the 9 or g’. However, 
since the long-distance contribution is so much larger than the short-distance contribution, 
which is estimated to be O(lO-‘) ( see below), one has to worry about residual effects in the 
spectrum away from the % and q’ resonances. In other words, the invariant dilepton mass 
spectrum is important in analysing b + J t’l-. 

The short-distance contributions have been calculated:‘g+‘J’ 

BR(B - X, e+e-) = 0.6-2.5 x 1OP , 
BR(B - X.,L+~-) = 3.5-14.0 x 1OP , (18) 

for 100 GeV < m, < 200 GcV. Note that th e n,-dependence is much more important here 
than in b + 37. Also note the the UAI upper limit? 

BR(B -@‘p-X) < 5 x 10m5 (19) 

The short-distance contributions for the inclusive decays b - dl+!- have also been 
computed,*’ assuming IV,&& = 0.21: 

BR(B + X,e+e-) = 2.6-10.0 x lo-’ , 

BR(B - X, p+p’) = 1.5-6.0 x IO-’ (20) 
Again, it must be remembered that the above cross sections are only the short- 

distance contributions. One can try to also include the long-distance effects, but there are 

large uncertainties. Nevertheless it is possible to isolate the short-distance contributions by 
looking at the forward-backward asymmetry in the decay. In Fig. 3 one sees the angular 
distribution of the decay, for three different values of m,, in which 8 is defined LB the angle 
between the momentum of the B-meson and that of the f+ in the centre-of-mass frame of the 
dilepton pair. and i is the scaled dileptan invariant mass. This figure is taken from Ref. 23, 
to which I refer the reader for more details. 
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Figure 3: The angular distribution d’ BR/dz dj in the decay b + sL+!-, 
for i = 0.3 (from Ref. 23 (reproduced by permission)). 

As mentioned earlier, the constraints from b + 37 on two-Higgs-doublet models 
preclude large enhancements to b + s P(-. As to supersymmetric models, in Ref. 24, it is 
found that the rate for b - s!+!- can be greater than that of the SM by up to a factor of 
2, when the electroweak symmetry is broken radiatively. On the other hand, this reference 
predates the recent CLEO bounds on b * ~7, and I’m not sure how their inclusion would 
change the predictions of SUSY models for b - SC+!-. The feeling seems to be that the 
CLEO data probably now precludes SUSY enhancements to b + sPL-, but this should be 
checked.= 

Another type of new physics which could lead to an enhancement of the rate for 
b + sl+l- is extended technic&w. In fact, for certain models, specifically those which 
include a “tcchni-GIM” mechanism, the enhancement is too large.” In such models, barring 
delicate fine-tuned cancellations, the prediction for BR(B + p+p-X) is O(1O-a), which is 
in conflict with the UAl bound (Eq. 19). Th ese models therefore appear to be ruled out. On 
the other hand, extended technic&w models without a GIM mechanism are still allowed 
- they predict BR(B 
compared to the SM. 

- p+p-X) = 1-3 x lo-‘, a,, enhancement of roughly a iactor of 4 

3.3 b-WC 

Although the decay b * sv? has negligible QCD corrections, it is very sensitive to 
the value of ml. In the SM, its bianching ratio is calculated to be’“J’J’ 

c BR(b - a&v;) = 2.8-13.0 x IO-’ (21) 

for 100 GeV < ml < 200 GeV. 
This branching ratio is not expected to be significantly affected by the presence oi 
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new physics. In two-Higgs-doublet models, any possible effects are already ruled out by the 3.5 
b + 87 measurement, end the inclusion ofsupersymmetric particles” is not expected to lead 

8. - 17 

to any enhancement. All that I will say about this processzs’zl is that in the SM BR(B, --t 77) = 1.5 x IO-* 

3.A BP 4 u*u-lr+r- 
for ml = 150 GeV and fs. = 200 McV. 

~ ..I 

In order to deduce the form af the operator leading to the decay B,O _ t+C, one 
notes the following points. First, the a-b matrix element is 

(Ol~Y-rablB) = JnP;; (22) 

This is because the matrix element of 6T”b vanishes due to consideratians of parity (the B,O is 
e pseudoscalar) and %?“b won’t work since there aren’t enough Lorentz vectors to construct 
e scaler. Second, P;tiac~~vt = 0, which means we need e helicity flip in the leptonic current. 
Thus, the operator describing the decay By - tcfm is 

3.6 Hadronic penguins 

The predictions far the exclusive rates of penguin-induced hadronic B decays are 
highly model dependent. However, it is important to measure the branching rstios of such 
deceys for several reasons. First, this will give us some idea as to the importance of penguin 
cantributimw” in CP-violating hadranic B asymmetries. Also, we will be able to test dif- 
ferent models of exclusive decays and hence gain some information regarding QCD effects in 
B decays. 

0 - il”-,sbiT,,7sl (23) 

The helicity flip means, of course, that the final enswer will depend on the lcpton mess. 
The branching ratio for the decay 8,” + p+p- is given in Fig. 4 es e function of 

m,,27~2s ior Jn. = 200 MeV, re. = 1.49 psec, and IV,.1 = 0.042. For m( = 150 GeV, this gives 

BR(B,O +fi+p-) = 2 x IO-*, 

BR(B; - ~+r-) = 4 X 10“ (24) 

Some examples of such penguin-induced decays3,J2 and their predicted branching 
ratios (taken from Ref. 32) are given in Table 1. These specific final states have been chosen 
since the signal consists only of charged particles, so that these processes might be observable 
et hadron colliders. 

Table 1: Same exclusive penguin-induced hadronic B decays 
and their predicted branching ratios (from Ref. 32). 

4. B, PHYSICS 

One particularly interesting piece al B physics which is likely to be studied et hadron 
colliders is the B, = (EC) system (for further discussion regarding B, physics, see Refs. 33 
and 34). The mess of the B, has been calculatcd,3~+‘s using potential models, to be = 6.25 
GeV. Its production cross-section is about a(B - lo-? This leads to3* 

1.3 x 103 B,‘s per year (IO’ sec.) et LEP, 

2.0 x 106 TeVetron, 
1.1 x 10’ LHC (fixed target), 

1.1 x 10” LHC. 
0 

mt 

Figure 4: Standard model branching ratio for B,O + ptp- es a function of m,, 
assuming Je, = 200 MeV, rg, = 1.49 psec, and IV,,1 = 0.042. 

In two-Higgs-doublet models, there ten be en enhancement to the rate for B,O - 
p+p-,r+r- by es much es one to two orders of magnitude.” Since this decay proceeds 
through the loop-induced exchange of a neutral Higgs scalar, the constraint 0,; the M,* c CASd c’ \ 

from b + ST is unimportant. In extended technic&w models without a GIM mechanism, 
the rate ten also be an order of magnitude bigger than that of the SM.Q (Recall that 

Iii1 ’ 1 iii l 

extended technic&w models with e GIM mechanism are alreedy in conflict with date from 
B -a p+p-X,) Finally, light leptoquarks could also enhance the rate for B,O + p+p-. 

Figure 5: The three mechanisms for B, decay: 
(i) c-spectator, (ii) b-spectator, (iii) annihilation. 
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The main reason that B, mesons are so interesting is that there are three mechanisms 
for their decay, show” in Fig. 5. Examples of these different decays are: 

e-spectator: B: -+ 4Je+u. , 

B: - w+u, , 
0; - -#‘n+ ) 
8: + D+p 

b-spectator: 0: * Bj&, ) 
(25) 

B: + B%f”, ( 
0: + l?yp+ , 
B.’ _ B(.)qp ) (26) 

annihilation: Bf + r++ ( 
0; 4 DC’)+ KU (27) 

Note that, unlike B.‘s, B,,‘s and B,‘s, the annihilation decays of the B, are expected to be 
important. There are e number “I reasons ior this, First, h&city suppression is ineKective 
iI there are heavy particles (e.g. r, D. . ..) in the final state. Second, in the B, system, such 
decays are unsuppressed by CKM factors. And finally, 1”. is expected to be large. 

The relative importance of these three different decay mechanisms have been esti- 
mated. Using quark and spectator models, and taking T,(. 2 5 x lOm’3 sec., the inclusive 
branching ratios for each of these three types of decay are predicted to be:-” 

e-spectator: 37%, 
b~spectator: 45%, 

annihilation: 18%. 

Assuming 7’~. z 9 x IO-‘” sec., QCD sum roles give? 

(28) 

c-spectator: 48%, 
b-spectator: 39%, 

annihilation: 13%. (29) 

For a more complete discussion “1 these relative inclwive branching ratios, pee Ref. 34. 
There are several particularly interesting decay modes of the B, which involve a Y, 

in the final state. The decay 8: - *‘ai is likely to be the discovery mode. Its branching 
ratio is estimated to be 2 x 10m3 and it permits the full reconstruction of the El,. The decay 
B,t + ‘l!‘p+v, has a large branching ratio (l-4 x 10mz) and its signal is three leptons coming 
from the same vertex. In fact, BR(B, + g + X) is estimated to be (19~24)%, which means 
the.1 the B, probably can be seen at CDF. 

Given a sufficiently large sample of B,‘s, it is even possible to look for CP violation 
in the B, s~stern.~’ In order to have a non-zero CP-violating decay-rate asymmetry, it is 
necessary to choose a final state which can be reached via two different weak amplitudes. 
For example, the decay B: + D’K + has two contributions with ditTerent CKM matrix 
elements - a c-spectator tree diagram and a 6 + i penguin diagram. Another example is the 
processes B: - DOD: and B: + PDF. By measur’ g 
Bf - D;,D:, where D;, 

,n these decay rates and the rate for 
is identified by its decay to a CP eigenstate, the angle 7 of the 

unitarity triangle can in principle be extracted. ‘” (Unfortunately, this particular example is 
probably experimentally unfeasible, due to the tiny product branching ratios.) 

J. ., B”-p MIXING 

The measurement of B,D-p mixing” is important for a number of reasons: 

l The mixing parameter z, z (AM)a./r,. is expected to be large (> 3). If found to he 
small, this would be a smoking gun for new physics. 

. 2, can be used in conjuction with td to get a handle an Kd: 

The ratio of hadronic matrix elements is usually known better than each individual one. 
Thus, the measurement of 2, would enable us to extract II&I with better precision. 

l An accurate knowledge of z, is needed to extract the CP-violating angle 7 in B,O decays. 

In the SM, BP-e mixing is dominated by t-quark exchange in the box diagram, 
leading to 

~a = W&&T. (fi.B~,) ~.Y~~~(Y~)IK;K,I* > 

in which y, = m:/M:, and 

(31) 

f*(z) = - 1 + -~ 9 1 3 x2lnr - -__ 3 1 --__ 
4 4(1-z) 2(1-z)* 2(1-.)3’ (32) 

Taking 

Iv,,1 = Iv& = 0.042 -t 0.005 , 

%. = 7” = 1.49 f 0.04 psec , 
‘Is* = ljr, = 0.55 , 

Ml?. = 5.38 GeV , (33) 

this gives 

zl. B 
I, = (175 * 21) &~tfh). (34) 

For 89 GeV 5 ml 5 182 GeV, the lunction y,f2(y,) 
to 2.03 for the “central” value of m,, 150 GeV. 

is in the range 0.88-2.72, and is equal 

A consensus has not yet been reached regarding the value “I fi,BB,. Potential models 
and QCD sum rules tend to give smaller values, while lattice calculations give larger values. 
I will therefore consider two ranges for fi;,BB.: 

(1) : fB.6 = 180 rt 35 MeV, 

(II) : fB.6 = 225 + 25 MeV. (35) 
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These lead to the following “central” values for z, (taking ml = 150 GeV): 

(I) : 2# = 11.5, 

(II): z, = 18.0. 

The “la” lower limits on z. are 

(36) 

(I) : z, > 3.3, 
(II) : 2, > 6.6. (37) 

Clearly thereis alarge theoretical uncertainty regarding the hadronic matrix elements. 
For example, lattice estimates give’* 

ftl, = 188-246 MeV, 

JFJ. = 204-241 McV. 

However, the error on the ratio 01 these two quantities is considerably smaller:‘3 

(36) 

J&b 2 = 1.19 5 0.10 
f&b, 

This is why a precise measurement of z, can be used, along with zdl to extract I& (see 
Eq. 30). 

It is possible to get smaller values oi 2, ii one invokes physics beyond the SM. Ex- 
amples oi such new physics are: B fourth generation,4’ non-minimal SUSY models,” fine- 
tuned left-right symmetric mod&’ and models with Z-mediated flavour-changing neutral 
currents.” However, none oi these is particularly compelling. 

6. T VIOLATION 

The last topic I wish to briefly discuss is T violation. By this I do not mean CP 
violation, which is discussed elsewhere, ‘I8 but rather triple-product correlationa. There exe 
two examples of these which have been discussed in the literature, having to do with the 
decays B + VtVt (Vt and VZ are spin-l mesons) and B - D’Lvt. I won’t go into very much 
detail regarding either oi these decays, preierring instead to simply sketch out the salient 
ieatures. 

Consider first the decay” 

B(P) + Vc(k ~~)V,(q,4, (46) 

in which the particles are specified by their 4-momenta (p, k, q) and their polarizations (Lo, c?). 
The most general decay amplitude can be written 

in which 

M=ar,.s+ &(P l I)(P 62) + i e per* 
ml** 

c,,wk,ps, (41) 

* = I,lp.+w ( 

b = lble’(6bt+‘) , 

c = I,l,w.+a) , (42) 

where S.,s,~ and &a.. are the strong phases and the weak phases, respectively. The corre- 
spanding amplitude for the decay of the antiparticle is 

XT=iiQ.C,+ &(P. ~I)(P.~z) i&e%,,, ezPk,pd , 

in which i,$,E are identical to a,b,e (Eq. 42), except that the $.,a.c change sign. 
Now, the asymmetry 

(43) 

A, = AL.,. (i, ?I x r; > 0) - N =“=n,, (i. Z, x r; < 0) 

NT”, (44) 

can be written 
A, - Im(oe*) - 1x1 sin(6 + 4), (45) 

where S E S. - 6. end +4 f 4. - &. Ii we imagine measuring a similar asymmetry As for the 
antiparticle decay, then we ca.n obtain 

A,+Az - (neleos6sin4, 
A,-AE - laclsin6cos4. (46) 

The useful thing about such asymmetries, particularly the sum A. + AZ, is that 
they are sensitive to the weak phases only, i.e. they do not vanish if 6 = 0. On the other 
hand, the question oi how to relate phases at the meson level to phases at the quark level, 
and oi how to calculate strong phases, introduces much theoretical uncertainty and model 
dependence?’ Still, the signals would be interesting to look for. Some possible decay modes 
are: z + p’+K’-, Be - 8K‘- and p - p4. 

Another interesting process is the decay B 
to Dx.~’ The triple product 6. (p’ 

- D’&, in which the D’ decays further 
,s x &) is T-violating. There are .a variety of asymmetries 

one can measure which depend on this triple product (I refer the reader to Ref. 51 ior more 
details). Again, to go irom the quark-level calculation to the meson-level measurement intro- 
duces hadronic uncertainties and model dependence. However, this triple product vanishes 
in the SM, so that this would be another way of looking for CP violation from new physics, 

7. REFERENCES 

1. G. Altarelli, M. Cabihba, G. Corbo, L. Maiani and G. Martinelli, Nucl. Phys. B208 
(1982) 365; M. Wirbel, B. Stech end M. Bauer, Zeil. Phys. C29 (1985) 637; J.G. Kbrner 
and G.A. Schuler, Zeil. Phys. C38 (1988) 511; N. Isgur, D. Score, B. Grinstein and M. 
Wise, Phys. Reu. D39 (1989) 799. 

2. N. lsgur and M.B. Wise, Phys. Let!. 232B (1989) 113, B237 (1990) 527. 

3. M. Bsuer, B. Stech and M. Wirbel, Zeif. Phys. C34 (1987) 103; 

4. M. Gronau and S. Wakaizumi, Phys. Rev. Left. 66 (1992) 1814. 

5. For a review of HQET, see B. Grinstein, these proceedings; 
for a discussion of B baryona, see B. Ksyser, these proceedings. 

6. P. Langacker and S.U. Sanksr, Phys. Rev. D40 (1989) 1569. 

7. W..S. Hou and D. Wylcr, Phys. Lctt. 292B (1992) 364. 

17 



8. J.G. Kiirner and G.A. Schuler, Phys. Lelt. 226B (1989) 185; F.J. Gilman and R.L. 
Singleton, Jr., Phys. Rev. D41 (1990) 142; M. Gronau and S. Wakaieumi, Phys. Left 
28OB (1992) 79; S. Sanghera et. al. (CLEO C o a II b oration), Phys. Rev. D47 (1993) 791. 

9. J.F. Amundson, J.L. Rosner, M. Worah and M.B. Wise, Phyrr. Reu. D47 (1993) 1260; 
Z. Nioki, Phys. Left 303B (1993) 125. 

10. S. Bertolini, F. Boreumati and A. Masiero, Phys. Rev. Lelf. 58 (1987) 180; N.G. Desh- 
pande et. al., Phys. REV. Lell. 58 (1987) 183; B. Grinstein, Il. Springer and M.B. 
Wise, Phys. Leff. 2020 (1988) 138, Nucl. Phys. B338 (1990) 269; R. Grigjanis et. 
al., Phys. Lcff. 213B (1988) 355, 224 (1989) 209, 286 (1992) 413(E); G. Cella et. 
al., Phys. Leff. 2480 (1990) 181; A. Al I and C. Greub, Zcif. Phys. C4Q (1991) 431, 
Phys. Leff. 2878 (1992) 191; P. Ch o and B. Grinstein, Nucl. Phys. B365 (1991) 279; 
M. Misiak, Nucl. Phys. B393 (1993) 23. 

11. A. Ali, in Proceedings of the 1991 ICTP, ‘lbiesfe, Summer School in High Energy Physics 
and Cosmology (World Scientific, Singapore, 1992), p. 153. 

12. 1991: M. Battle et. al. (CLEO Collaboration), in Proceedings olfthe Joinf Infrrnafianal 
Lepfon-Phofon Symposium & Europhysics Conlerence on High Energy Physics, eds. S. 
Hegarty, K. Potter and E. Quercigb (World Scientific, Singapore, 1992), p. 869; 
1993: E. Thorndike (CLEO Collaboration), talk given at the 1993 Meefing offhe Amer- 
icon Physical Sociefy, Washington, D.C., April, 1993; R. Ammar et. al, (CLEO Collab- 
oration), Phys. Rev. Leff. 71 (1993) 674. 

13. J.L. Hewett, Phys. Rev. Left. 70 (1993) 1045. 

14. V. Barger, MS. Berger and R.J.N. Phillips, Phys. Rev. Leff. 70 (1993) 1368. 

15. G. B&banger, C.Q. Geng and P. Turcotte, UdeM-LPN-TII-93.148 (1993). 

16. M.A. Diaz, Phys. Rev. D48 (1993) 2152, Phys. Left. 304B (1993) 278. 

17. N. Oshimo, h&l. Phys. B404 (1993) 20; T. Hayashi, M. Matsuda and M. Tanimoto, 
KU-01-93, AUE-01.93, EHU-01-93 (1993); Ft. B ar mri and G.F. Giudice,, Phys. Lefl. b 
309B (1993) 86; J.L. Lopez, D. Nanopoulos and G.T. Park, Phys. Rev. D48 (1993) 
974; Y. Okada, Phys. Leff. 315B (1993) 119; Ft. G a&o and J.N. Ng, TRI-PP.93-66 
(1993); F. Borzumati, DESY 93-090 (1993). 

18. Particle Data Group, Phys. Rev. D45 (1992) Vol. 45, part 11. 

19. W.-S. Hou, R.S. Willey and A. Son;, Phys. Rev. Lell. 58 (1987) ,608. 

20. N.G. Deshpande and J. Tramp&c, Phys. Rev. Leff. 60 (1988) 2583; C.S. Lim, T. Mo- 
rommi end A.I. Sanda, Phya. Left. 218B (1989) 343; B. Grinstein, M.J. Savage and 
M.B. Wise, Nucf. Phys. B319 (1989) 271; N.G. Deshpande, J. Trampetic and K. Panose, 
Phys. Rev. D38 (1989) 1461; W. Jaus and D. Wyler, Phys. Rev. D41 (1990) 3405. 

21. A. Ali, C. Grab and T. Mannel, in ECFA Worbhop on a European B-Meson Factory, 
eds. R. Aleksan and A. Ali (1993), p. 155. 

22. C. Albajar et. al., UAI Collaboration, Phys. Lelf. 2628 (1991) 163. 

23. A. Ali, T. Mannel and T. Morozumi, Phys. Left. 2738 (1991) 505. 

24. S. Bertolini, F. Borzumati and A. Masiero, in B Decays, ed. S. Stone (World Scientific, 
Singapore, 1992), p. 458, and references therein. 

25. F. Borzumati, private communication. 

26. B. Grinstein, Y. Nir and J.M. Soares, SSCL.Preprinc482, WIS-93/67/J+PH, CMU- 
HEP93.10; DOE-ER/40682-35 (1993). 

27. A.J. Bums and G. Bucballa, Nucl. Phys. B400 (1993) 225. 

28. B.A. Campbell and P.J. O’Donnell, Phys. Rev. D25 (1982) 1989. 

29. M.J. Savage, Phys. Leff. 2868 (1991) 135; W. Sk’b I a and J. Kalinowski, Nucl. Phys. 
B404 (1993) 3. 

30. L. Rand?.il and R. Sundrum, Phys. Lell. 3128 (1993) 148. 

31. D. London and R.D. Peccei, Phys. Leff. 2230 (1989) 257; M. Gronau, Phys. Rev. Left. 
63 (1989) 1451; Ll. Grinstein, Phys. Lelf. 229I) (1989) 280. 

32. N.G. Deshpande and J. Trampetic, Phys. Rev. D41 (1990) 895. 

33. C. Hill, these proceedings 

34. C. Quigg. these proceedings. 

35. A.K. Likhoded, S.R. Slabospitsky, M. Mangano, and G. Nardulli, BARI-TH/93-137 and 
references therein. 

36. M. Lusignoli, M. Masetti and S. Petrarca, Phys. Letf. ZBBB (1991) 142; C.-H. Chang, 
Y.-Q. Chen, Phys. Ml. 2840 (1992) 127. Phys. Rev. D46 (1992) 3845; E. Braaten, K. 
Cheung and T.C. Yuan, NUHEP-TH-93-6. UCD~93.9 (1993). 

37. V.V. Kiselev and A.V. Tkabladze, Sow. J. Nucl. Phys. 48 (1988) 536; M. Lurignoli and 
M. Masetti, Zeif. Phya. C51 (1991) 549. 

38. P. Colangelo, G. Nardulli and N. Paver, .&if. Phys. C57 (1993) 43. 

39. M. Masetti, Phys. Leff. 2880 (1992) 160. 

40. M. Groaau and D. Wyler, Phys. Leff. 2538 (1991) 483. 

41. For a review of B~-~~ mixing, see A. Ali and D. London, J. Phys. G: Nucl. Pnrl. Phyr. 
18 (1993) lOG9. 

42. C. Alexandrou et. al., Nucl. Phyr. 0374 (1992) 263. 

43. A. Ahada et. al., Nucl. Phys. 8376 (1992) l72. 

44. D. London, Phys. Lcll. 234B (1990) 354. 

45. 1.1. Bigi and F. Gabbiani, Nucl. Phys. B352 (1991) 309, and references therein. 

46. D. London and D. Wyler, Phys. Leff. 2320 (1989) 503. 

47. Y. Nir and D. Silvermza, Phys. Rev. D42 (1990) 1477; D. Silverman, Phys. Rev. D45 
(1992) 1800. 

48. For a review of CP violation in the E system, see hf. Gronau, these proceedings. 

49. G. V&n&, Phys. Rev. D39 (1989) 3339. 

50. For an example of such a model analysis, see G. Kramer and W.F. Palmer, Phys. Rev. 
D45 (1992) 193, Phys. Leff. 2788 (1992) 181, Phys. Rev. D46 (1992) 2969, DESY 
92-043 (1992); G. Kramer, T. Mannel and W.F. Palmer, Zeif. Phys. C55 (1992) 497. 

51. E. G&&h and G. Valencia, Phys. Rev. D40 (1989) 112; J.G. Khmer, K. &hitcher 
and Y.L. Wu, Phys. Lell. 2428 (1990) 119. 

18 


