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Abstrac t .  Theoretical predictions on decay properties of 
the simplest particle containing more than one heavy 
quark, the pseudoscalar (bc) meson B f ,  are presented. 
Some channels that should present a distinctive signa- 
ture are discussed in more detail. 

1 Introduct ion  

Given the existence of heavy flavoured quarks, hadron 
containing two (or more) different heavy quarks should 
exist. Up to now, we have no experimental confirmation 
of these particles: as a matter of fact, one expects their 
production cross section to be small as a consequence of 
the difficulty of producing (at least) two heavy quarks 
pairs and of the presumably small probability of recom- 
bination into a single hadron. 

In the large hadron colliders presently under study 
(LHC, SSC) one expects however a ve~  copious pro- 
duction of beauty particles (a(pp~bbX)> 100#b at 
LHC [1]), with an energy high enough to allow a 
separation of the decay vertex from the primary one. 
Even if the relative probability for the formation of a 
particle containing two (or more) different heavy quarks 
is small, it seems appropriate now to discuss the experi- 
mental signatures that could allow the discovery of these 
particles. 

Here we focus our attention on mesons formed by a 
bottom antiquark and a charmed quark. The lightest 
state in the family is the pseudoscalar (cb) meson Be +. 
All the heavier particles should decay, through strong or 
electromagnetic interactions, to a final state containing 
B + , which in turn is only allowed to decay weakly. 

We will assume in our study the Bc mass as predicted 
by potential models [2-4]: 

Msc ~ 6.27 GeV. (1.1) 

A much larger mass, Mso = MB, + (1.69 + 0.18) GeV, has 
been obtained using QCD sum rules of the type generally 
used for mesons made by one heavy and one light quark 
[5]. The success of potential models in fitting the known 

spectra of mesons formed by a heavy quark-ant iquark 
pair (charmonium and bottomonium) gives support to 
our choice. 

Relativistic corrections split the masses of the lightest, 
pseudoscalar and vector, particles. The first excited state, 
a vector meson, should be heavier by only 70 ~ 100 MeV, 
so that it would decay emitting a photon: this photon, if 
detected, could also help in identifying the subsequent 
Bc weak decay. 

In this paper we give theoretical predictions con- 
cerning the lifetime and decay branching ratios of B~ + , 
considering in particular the decay channels that could 
provide a distinctive signature for the presence of this 
particle. 

2 Inc lus ive  s e m i l e p t o n i c  d e c a y s  

The decay processes o f B  + can be divided in three classes: 
spectator c quark, spectator 6 and annihilation decays 
(Fig. I). The inclusive semileptonic rate due to processes 
of the first class is expected to be approximately equal 
to the decay rate for a B § (or B ~ meson. On the contrary, 
the naive expectations [6, 7] that the spectator model 

predict ion for the D decay rate correctly describes the 
rate due to spectator b decays should fail, for reasons 
that we will presently discuss. At the same time, the 
annihilation contribution to the total rate should be 
relatively important_ 

In the spectator b semileptonic decays, the heavy (and 
less strongly bound) B~ (or Bd,,) in the final state has a 
considerable effect in reducing the phase space: this is 
shown in Fig. 2, where the kinematical boundaries of the 
Dalitz plot for these decays are compared with those 
for c-quark decay, computed using different "standard" 
values for the quark masses. As one may notice, the 
endpoint of the lepton spectrum for c-quark decay is 
roughly equal to the true endpoint 

E . . . .  M 2 - -  M 2 
_ Bc ~, (2.1) 

2MBo 

while the maximum lepton invariant mass qZ is too big. 
Also shown in the figure are the kinematical boundaries 
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Fig. 2. Dalitz plot for semileptonic decays (E = positron energy, 
qZ =invariant square mass of the two leptons). Full lines: a) 
B~ + --*Bse+v, with Mns= 5.39GeV; b) B~--*B*e+v, with MR*= 
5.45 GeV. Dashed lines: c) D § --*/(~ e § v; d) D § --+/( .0 e § v. Dotted 
lines: e) c--+se+v, with constituent masses (m<=l.7GeV, 
m, = 0.55GeV); f) c--+se + v, with current masses (rn, = 1.5GeV, 
rn~ = 0.15 GeV) 

for D semileptonic decays: it is evident that  the spectator 
model  may  cope better with the experimental situation 
in this case. 

To estimate the rate for B c decay we make the simplest 
possible hypothesis, namely we use the spectator model 
formulae within the limits of the accessible kinematical 
region, and we obtain 

F(B + --+ X g e  + v) ~- 0.71 F(D + ~ X , e  + v). (2.2) 

Another  possible estimate can be made summing the 
exclusive decay rates in the two channels B~e+v and 
B*e+v .  Their sum should be a large fraction of the 
inclusive rate for 6 spectator semileptonic decays, as 
suggested by the following simple kinematical argument  
I-8]. If one neglects the spectator quark momentum in 
the decaying quark rest frame, the mass of  the hadrons 
produced in the inclusive semileptonic decay Q--+ Q'ev 
varies in the limited range 

rn 2 + rn~, (2.3) (toO, "-P msv )  2 <= ( M  2) <= m~, + m, 2 + m~p Q 
mQ 

Use of this approximate formula (with constituent masses 
for the quarks) for semileptonic B , ~ X c  decays gives a 
range of M x  values of about  200 MeV, thus providing 
an argument  in favour of  the dominance of the final states 
with lowest mass in the decay rate. In our  case, with 
me = mc = 1.7 GeV, m e, = m s = 0.55 GeV and m~v = mb = 
5.1 GeV, we obtain a range of M x values 340 MeV wide, 
less than the expected [2] mass difference between orbital 
excitations and ground state in the (bs) system. 

To evaluate the rates of interest we adopt  two dif- 
ferent quark  models. The I S G W  model [9] is basically 
nonrelativistic and therefore its predictions are most  
reliable at q2 = qmax2 = (MBc - M B s )  2. The wave function 
is a gaussian, whose width can be determined for the B< 
(B~) case according to their prescriptions, minimizing the 
mean value of the Hamil tonian given in [9] with 
cq=0.4(0.5).  We obtained f lBo~0.82GeV and f l B ~  
0.51 GeV. These values are larger than flBu _----- 0.41 GeV, 
in agreement with the expectation for a system formed 
by heavier quarks. One has further to extrapolate the 
form factors to q 2  0: this has been done both using 
the q2 exponential dependence predicted by the I S G W  
nonrelativistic model and using a pole model  extrapola- 
tion, with similar results (see Table 2). We obtain for the 
total rate 

F(Bc ~ B~ + e + v) + F(B< ~ B* + e + v) 

60.10-15 GeV 1 + ~- ~ F ( D  ~ X ,  e § v). (2.4) 

The second model we use is the BSW model [10], 
that predicts form factor values at q2 = 0 in terms of  one 
parameter  o~, corresponding to the mean root  square 
transverse momentum of the quarks in the meson. We 
again expect that  for mesons containing two heavy 
quarks a~ be larger than the value (0.4 GeV) appropriate  
for B and D decays.* Since BSW do not  give a 

* In [6] the same co value has been used for all mesons: this is 
difficult to justify, since the value of o9 for mesons containing a 
light quark has been already fixed in the BSW model 



prescription to evaluate this parameter, we chose its value 
to reproduce the mean root square PT estimated in the 
ISGW model (mx ~ fix). The form factor behaviour at 
q2 ~ 0 is obtained from a pole model extrapolation [10]. 
We obtain in this case 

F(Bc~Bs  + e + v) + F(B~--*B* + e + v) ~- 55.10-15 GeV. 
(2.5) 

The numerical value in (2.5) changes by no more than 
30% for reasonable variations of the parameters. 

From (2.2), (2.4), (2.5) we conclude 

F(B~ + --,, Xbe  + V) = (0.6 + 0.2)F(D + ~ Xs e+ v). (2.6) 

The annihilation contribution to the total rate is not 
expected to be small in our case. First, the helicity 
suppression is not very effective if heavy particles (z lepton 
or, for nonleptonic decays, c quark) are present in the 
final state. Morever, the annihilation decays are un- 
suppressed by colour factors (contrary to Bd decays). 
Finally, the decay constant fno, defined by the relation 

(OIg?.75cLB+ (P) > = i f  BoP, ,  (2.7) 

is expected to be rather large. 
A simple argument, albeit rough, in favour of a large 

fBo can be given as follows. Define fj/~, by 

<01e~. c lJ/tp (e, P) > = i fj/o Ms/* e,. (2.8) 

From the experimental rate for J/tp ~ e + e-  one obtains 
fj/o = 385 MeV. Consider now the extreme non relativistic 
approximation for both B~ and J/tp, in which the binding 
potential is approximately coulombic: then one would 
have 

fs~ ( M j / , ~  1/2 I ~%(0)1 

f s / o = \ ~ J  10s/o(0)l 

= ( m j / o ~ l / 2 (  2mb ~3/2 
\ ~ J  \ m ~ m c /  ~ 1.3 (2.9) 

and therefore f~o ~ 500 MeV. 
We will use instead the result of [2] 

fBc = 570 MeV (2.10) 

(that is also in reasonable agreement with the predictions 
of [4] and [5]), since the coulombic approximation is 
probably not good enough for the c6 potential. Thus we 
obtain: 

F(B  + ~ z + v~) = 63.10-15 GeV. (2.11) 
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m a r i o n - t h a t  knows nothing about # we will have to 
choose the subtraction point, hoping that the choice is 
good enough (technically, this means that the B- 
parameters have values close to one at this scale). Our 
choice will be p g me, since the Be radius should be 
O(mc- 1). 

With this choice of #, we must consider the variation 
of the coefficients in a range of scales in which the b- 
quark can be considered as heavy, and behaves essentially 
as a static colour source. The anomalous dimensions of 
four-quark operators containing a b quark are different 
in the two regions ~ >> mb and # << rob: their explict form 
in the leading logarithmic approximation (LLA) can be 
easily obtained from the anomalous dimensions of the 
corresponding currents [11] and is given in the Appendix, 
together with the resulting effective Hamiltonian. The 
further increase of the coefficients for/~ << rob, due to the 
resummation of powers of the large logarithm log(m~/ 
~2), must be taken into account for decays to exclusive 
final states. For inclusive decay rates and in LLA, it 
would only affect subasymptotic corrections (that we 
are neglecting here), but not the dominant spectator 
contribution [12]: this is a consequence of the infrared 
nature of these logarithms [13]. Given the uncertainty 
in the value offBc, we neglect this type of corrections for 
the annihilation contributions. 

In calculating nonleptonic decay rates, we adopt the 
approximation of neglecting colour suppressed 1/Nc 
terms,* that is phenomenologically successful for B and 
D decays [14, 15]. The results depend strongly on the 
values of the quark masses: their values (m~ = 1.5 GeV, 
m b = 4.9 GeV, m s = 0.15 GeV) have been chosen so that 
the spectator (free quark) predictions for semileptonic 
decay rates of B and D mesons and for the B total width 
are in good agreement with the experimental data. 
Moreover, we approximate the kinematics for b-spectator 
nonleptonic decays with that of the corresponding 
semileptonic decays, therefore assuming that the suppres- 
sion factor of about 0.6 is also present in this case. 

The resulting predictions for inclusive rates are given 
in Table 1. The rate of annihilation nonleptonic decays 
is most sensitive to the b and c quark mass values: the 
number reported in Table 1 is a conservative estimate, 
that could easily be increased using larger masses or 
largerfB. The three classes of decays in Fig. 1 contribute 
respectively 37%, 45~o and 18~o to the total rate; the mean 
life is estimated to be similar to that of D~ namely: 

ZBo ~ 5' 10- 13 S. (3.1) 

3 Nonleptonic decays and lifetime 

For nonleptonic decays, as usual in this kind of game, 
we have to fix the subtraction point/~ at a scale of physical 
relevance for our processes. The coefficients of the 
operators entering in the effective Hamiltonian vary 
with #, and this dependence should be cancelled by a 
corresponding dependence in the matrix elements of the 
four fermion operators. Since however we will evaluate 
the matrix elements via their vacuum-insertion approxi- 

4 Exclusive decays 

A very clear signature for a B c (three leptons coming from 
the same secondary vertex, two of them reconstructing 
a J /O  and some missing Pr) could be given by the decay 

* Should the reader dislike the neglect of 1IN c terms, he may easily 
correct the results with the help of formulae in the Appendix, 
keeping N c = 3 everywhere 
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Table 1. Inclusive decay rates (in units of 10 -~5 GeV) for free quarks and B~ decays and Bc inclusive branching ratios (rn~ = 1.5 GeV, 
mb= 4.9 GeV, I V~bl = 0.046). Doubly Cabibbo-suppressed decay channels have been neglected 

free B~ + BR free B~ + BR 
quarks quarks 

6---, ~ + e + + v~ 62 62 4.7% c--* s + e + + v~ 124 74 5.6% 

6 ~  ~ +/t + + v~ 62 62 4.7% c ~ s + ,u + + v u 124 74 5.6% 

b-~ ~ + z + + v~ 14 14 1.0% c --, s + u + d 675 405 30.5~o 

b-~ 6 + d + u 248 248 18.7% c ---, s + u + g 33 20 1.5% 

b - ~  + g+ u 13 13 t.0% c ~ d  + e + + v 7 4 0.3% 

G--- ,~+g+c 87 87 6.5% c---,d+l.t + + v  u 7 4 0.3% 

b - ~  + d+ c 5 5 0.4~o c ~ d  + u + d 39 23 1.7~o 

B + --*z + + v~ - -  63  4 .7% 

B~ + - ~ c  + g - -  162 12.2% 

B~ + --*c + d - -  8 0 . 6 %  Br + - - ,a l l  - -  1 3 2 8  1 0 0 %  

B + ~ J / $ l ~ + v , ,  followed by the decay of the J / $  into a 
+/~- pair. The estimate for the corresponding inc lus ive  

decay branching  ratio is of 4.7%. We expect [8] that also 
in this case a considerable fraction of these events will 
conta in  a J/~p in the final state, and proceed to give an 
estimate of the exclusive decay rate. 

In  this case, the results obta ined in the I S G W  and 
BSW models are different. As it may be seen from Table 2, 
the two ways to extrapolate form factors in the I S G W  
model ment ioned in the discussion preceding (2.4) give 
rather different results, in that the pole model has a 
milder q2 variation.* The BSW result, using a pole model  
var iat ion but  starting from its prediction at q2 = 0 is the 
smallest. In  fact, it may be noticed that  the exponential ly 
extrapolated values of I S G W  form factors at q 2 = 0  
essentially agree with BSW predictions. This, together 
with the belief that a nonrelat ivist ic t reatment  should be 
adequate for both  B~ and J / $ ,  leads us to assume as our  
best estimate: 

F ( B  c + ~ J / $  lt + vu) = 39.10-15 GeV (4.1) 

(with an error of at most  40%). The central value corres- 
ponds  to a b ranch ing  ratio of 2.9%. The same result 
applies to decays with a posi t ron (and its neutr ino)  in 
the final state. The combined branching ratio for 
B ~ ( l  + l - ) s / , l  '+ v ( l , l '  = e or #) is therefore ~ 8"10 -3.  

Also interesting to confirm the relevance of annihi la-  
t ion decays would be the purely leptonic B + ~ +  v~ c 

decay, with a large branching  ratio ( ~  5%) and  a rather 
large ~ transverse m o m e n t u m  (<2 .9GeV/c ) .  The un- 
ambigous identification of a z from its subsequent  
decay will probably  be quite difficult, however. 

* The uncertainty in the predictions for some other decay channels 
is very large. Luckily, this happens for strongly Cabibbo-suppressed 
(b ~ u) decays, that would anyhow be very difficult to observe 

The channels  just  discussed would not  allow the 
complete B § reconstruction,  due to missing neutrinos.  A 

c 

measure of the Bc mass would be possible observing the 
decay B + ~ J / t ~ r t  + , whose branching  ratio is expected 
to be: 

BR(Bc ~ J/~kzt  + ) ~ 2 .10 -  3. (4.2) 

This follows from the estimates for two-body non-  
leptonic decay rates that we made using the vacuum 
insert ion approximation.  Our  results, that often disagree 
with results obtained in previous analyses [6,7], are 
presented in Tables 3 and 4. In  these tables we have left 

2 2 .  indicated factors a 1 or a 2. al  and az are combinat ions  

Table 2. Exclusive semileptonic decay rates (in units of 10- ~SGeV), 
calculated with IV~bl=0.046 and IV, bl=O.11V~bl. First column: 
ISGW model with form factors given in (B1) of [-9], with x = 1 
(flBo = 0.82, fibs = 0.51, fiB. = 0.41, fls/q, = 0.66 and flo, = 0.39 GeV); 
second column: ISGW model with pole model form factors; third 
column: BSW model [10] (co B = coo = 0.4, ~%, = 0.5, cos/c, = 0.6 and 
~0eo = 0.8 GeV) 

B~ + ~B,  + e + + v 16.4 17.9 11.1 

B + ~B* + e + + v 40.9 46.3 43.7 

B~ + ~ B  d + e + + v 1.0 1.1 0.5 

B~ + ~ B ~  + e § + v 2.5 3.0 2.9 

B~+--*~l~ + e  + + v 10.6 16.1 6.5 

B~ + ~ J / t ~  + e  + + v 38.5 53.1 21.8 

B + ~ D  ~ + e + + v 0.033 0.12 0.002 

B + ~ D  ~ + e + v 0.13 0.32 0.011 



Table 3. Two body nonleptonic b-spectator decay rates (in units 
of 10-15 GeV), calculated with Mn~ = 6.27; MB~ = 5.39; MB, = 5.45; 
m, = 0.140; mp = 0.77; mK = 0.495; mr, = 0.86; M 8 = 5.27; MB, = 
5.33; f~ = 0.133; fp = 0.216; fo = 0.195; f r  = 0.162; Jr. = 0.216 GeV 

BSW ISGW 

B~+~ B~ + n + a~.31.1 a~.44.0 

B~ + ~B~ + p+ a~'12.5 a~'20.2 

B~ + ~B* + n + a2'25.6 a2"34.7 

B + ~B* + p+ a2-115.6 a~.152.1 

B+ ~ B  + +/(-o a22.28.2 a2.61.4 

B~ + ~ B + +/(-.0 a 2' 10.0 a 2"24.1 

B + ~ B , +  +/~0 a2.31.0 a2.28.3 

Bf --,B *§ +/~,o  a2.147.1 a2.163.8 

B~ + ~ B ~ + n + a2-0.97 al z. 1.89 

B~ + ---,B o + p+ a2.0.94 a2-2.14 

B~ + ~ B  *~ + n + a~. 1.58 alZ. 1.28 

B~ + --,B *~ + p+ a~.8.82 a2.8.86 

B~ + ~ B  + + n o a~'0.48 a2"0.95 

B + ~ B + + pO a2.0.47 a 2' 1.07 

B~ + ~ B  + +to a2.0.38 a2.0.87 

B~ + ~ B  *+ + n o a22.0.79 a2.0.64 

B+ ~ B , +  + pO 42.4.41 a2Z.4.43 

B~ + --,B *+ + to a2.3.60 a2.3.53 

B + --*B~ + K + a2"2.18 a2"3.28 

B~ + ~ B* + K + a 2-1.71 a~'2.52 

Table 4. Decay rates (in units of 10-~5 GeV) for some two body 
nonleptonic c-spectator decays, calculated with ISGW form factors 

B~ + ~r/c + n + a2.1.71 

B~ + ~r/c + p+ alZ.4.04 

B + ---,J/~ + n + a2.1.79 

B~ + ~ J /~  + p+ a2.5.07 

B~ + ~qc + K + a2.0.127 

B + ~q~ + K *§ a~.0.203 

B+~J/~b + K + a2.0.130 

B + --,J/~ + K *+ a2.0.263 
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of the coefficients in the effective H a m i l t o n i a n  (see the 
Appendix  for their  precise definition). F o r  # = mc and in 
the large Nc l imit  tha t  we used in Table  1 their  numer ica l  
values are a 1 = 1.24(1.19) and  a2 = - 0 . 3 3  ( - 0 . 3 9 )  for b(c) 
weak decays, respectively. 

A few comments  on the content  of Tables  3 and  4 are  
in order.  F o r  decays to a final s tate conta in ing  a beauty  
h a d r o n  (Table 3) bo th  the ann ih i l a t ion  and the "penguin"  
opera to r s  con t r ibu t ions  are  suppressed by a very small  
factor, O(sin 1~ 0c), and  can be safely neglected. Summing  
up the exclusive rates, one finds a to ta l  close to the 
independent  p red ic t ion  for inclusive decays given in 
Table  1. Moreover ,  as it  can be seen from Table  2, the 
predic t ions  of  I S G W  and  BSW models  are in r easonab ly  
good  agreement  here. I t  is unfor tunate  tha t  these decay 
channels  are  very difficult exper imental ly ,  since they 
require  the recons t ruc t ion  of  a B meson  from its 
subsequent  decay products .  F o r  this reason we found 
useless to r epor t  predic t ions  for doub ly  C a b i b b o -  
suppressed decays (for example,  Bc ~ B ~ K § ). 

A m o n g  the decays to a cha rm conta in ing  final s tate 
we present  in T a b l e 4  those for which the I S G W  and  
BSW form factors essential ly agree* and  the ann ih i l a t ion  
con t r ibu t ion  should  be small  or  vanishing.  To avoid  too  
large uncertaint ies ,  even in the f ramework  of the mode l  
that  we adop t ,  we do  not  present  predic t ions  for those 
exclusive channels  for which the form factors differ widely 
in the two models  used (like decays to DD, see Table  2), 
nor  for those tha t  receive a po ten t ia l ly  large annih i la t ion  
con t r ibu t ion  that  it is difficult to es t imate  rel iably:  this 
happens  for example  for the decay Bc ~ J /~ '  Ds ( that  also 
receives con t r ibu t ion  from "penguin"  operators) .  If one 
neglects ann ih i l a t ion  and  "penguin"  contr ibut ions ,  the 
decay rate  in this channel  would  be similar  to that  in 
J N m  + . 

As a general  character is t ic  of B c decays,  the presence 
in the final s tate of a J / ~  is ra ther  frequent.  The  inclusive 
B c ~ J / t ~ X , a ( ~  ) rate  can be evalua ted  a pp rox ima te ly  in 
the large N~ limit,  s imply mul t ip ly ing  the k n o w n  
semileptonic  rate  by a factor  of  3a ] = 4.6. The  result ing 
b ranch ing  ra t io  for B~ ~ ( J / ~  + l ight quarks  or  leptons)  
is 19~o. This  co r responds  to the most  in teres t ing chan-  
nels, in that  the J/~b could  have a m o m e n t u m  up to 
Pmax ~ 2.4 GeV in the B~ rest frame, to be c o m p a r e d  with 
a Pmax ~ 1.7 GeV for B, decays.** A rough  es t imate  of the 
decay rate to other,  phase  space suppressed,  final states 
conta in ing  a J/~,  leads to the to ta l  b ranch ing  rat io:  

BR(B~ ~ J / ~  + X )  ~- 0.24. (4.3) 

This  differs from the pred ic t ion  in [7],  where only  a few 
exclusive final states in had ron ic  channels  have been 
included and  (on the o ther  hand)  a very large semileptonic  
decay rate  has been assumed.  

* This happens since the form factors are evaluated here at qZ near 
to 0, see the remarks preceding (4.1) 
** Since however the B c produced in the process of fragmentation 
of a b-quark could be softer than B, I-7, 16] it will be difficult to tell a 
B c only from the observation of a J/t~ in the decay products 
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5 Conclusions 

In this paper, we have given theoretical estimates of the 
decay properties of B +,  the lightest bc meson, based on 
a QCD-corrected effective Hamiltonian and operator 
matrix elements evaluated in the vacuum insertion 
approximation and in the large Nc limit. 

The results can be summarized as follows. From a 
study of inclusive decays, we predict the contribution to 
the total rate of different decay mechanisms to be 37~o 
from c-spectator decays, 45~ from b-spectator decays 
and 18~o from cb annihilation. The B~ lifetime is expected 
to be 28~ = 5.10-13 s. The inclusive semileptonic branch- 
ing ratios should be 10.6~ for decays to e (or Ft) and 
5.7~o for decays to z, dominantly due to the direct 
annihilation decay B~ -~ zv~. 

We have also presented in Tables 2-4 predictions for 
exclusive semileptonic and two-body nonleptonic decays 
(in vacuum insertion approximation), based on the use 
of two different models for the form factors. The most 
clear signature for a B~ decay should be given by the 
decay chain 

B + ~ J / O l ' + v - - * ( l + l  ) l '+v ( l ' , l = e o r # )  c 

with a combined branching ratio (for e and /~) of 
(8-t-3).10 -3 . Probably the best decay allowing com- 
plete reconstruction is B c ~ J / ~ , ~  +, again followed by 
J/~ , -~  l+l  -,  with a combined branching ratio of about 
3.10 -4 , although other decays could be used as well. 

The smallness of these numbers calls for a large 
production rate of B~ to be able to observe it. For e + e-  
colliders, a calculation in a simple and naive nonrelati- 
vistic model [17] gives at the Z peak a cross section 
corresponding (with a luminosity L,e = 103 x cm-2 s-  1) to 
a meagre 400B ] produced in 107 s. 

The abundant production of b and c quarks at the 
LHC and SSC makes the hadron colliders more promis- 
ing for B~ search, although the present estimate [16, 7] 
of the production cross section, a ( p p - - * B ~ X )  ~- 
5-10 -a a(pp ~ bbX) ,  is only an educated guess, based on 
assumptions on unknown phenomenological parameters. 
This point will be discussed elsewhere [18]. 
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Appendix 

The effective hamiltonians for c nonleptonic decays have 
the form (qi = d or s) 

G 
~/~cff = 2/--x/2 Cq, 

- -  K.~ v* [c~+ (~)o~+ + C~_ (/t)O~_ ] + h.c. 

(A.1) 

(ti~Tu(1 - 75)qz6)(b,p 676 + ,5~6,5~p). (A.2) 

The anomalous dimensions of the operators O% and O c 

for/~ > m c are 

as 3 
7+ = -- - - ~ ( 1  ~ N~). (A.3) 

- 2z  Nc 

As a consequence, in leading logarithmic approximation 
and for # > rnc one finds [19] 

( % ( M 2 ) ~  6/23 (es(m2)'] 6/25 (A.4) 

c~(,~)  = \ ~s(mg) / \~s(#~)J  ' 

CL (#) = [C+ (#)] - 2 (A.4) 

and (for as(m~) -- 0.27, e,(m 2) = 0.19, c~s(M 2) = 0.11) one 
has C+ (me) = 0.80 andC2 (me) = 1.57. 

Nonleptonic decays of a b quark in three quarks with 
different flavours are described by the effective hamil- 
tonians (ql, q2 = c or u; q3 = d or s) 

b G V. ,z* r, "~b (i t)Ob++C b (kt)O~]+h.c .  
~ '~  = 2 ~  qlb rq2q3 k ~  + 

(A.5) 

O~ = (ql~,~,,(1 - 75)bp) 

�9 ( 0 3 , ~  u (1 - -  ~5 )  q2,~)(t~,at~,6 + ba~(~) (h.6) 

and for/~ > m~ the anomalous dimensions are the same 
as in the previous case. 

However to determine Cb+ (#) and C b_ (/~) for # = m~ 
it is necessary to calculate anomalous dimensions also 
for rnc < # < rob, that are different from (A.3), since at 
these scales the b quark behaves as a static colour 
source. Using the results of [11] on currents containing 
one heavy quark field to evaluate the corresponding 
anomalous dimension of four-fermion operators with one 
heavy quark, we have obtained: 

7+ 2nL 4No t- (1 -T-No) , (A.7) 

2 6/23 2 - 

\ ~(m2) } \a~(#.z) / , (A.8) 

cb(/~) \ a~,(m2 ) / \ ~ ( ~ ]  , (A.9) 

and one has in this case C b (me) = 0.90 and C b_ (me) - 1.57. 
The more complicated case in which a quark-  

antiquark pair (and therefore "penguin" operators) is 
present is not needed for the decays that we have 
considered in this paper: we will discuss it elsewhere. 

The factors a I and az for nonleptonic two body decays 
(Tables 3, 4) are defined as 

al C+ N c + l  c Nc - 1  = - - +  
2N~ 2N,: 

N~ + 1 N~ - 1 
a 2 = C +  - - -  C - - ,  (A.10) 

2N~ 2Nc 

and in the large N~ limit are replaced by 

1 1 C - -  a l ~ 5 ( C + + C _ ) ;  a 2 ~ g (  + C_). (A.11) 

The enhancement factor for nonleptonic spectator 



inclusive rates is 

Nc+l c2Nc=!] 
3 - C  2 2 U ~ +  _ 2Uc 3' (A.12) 

which co r re sponds  in the large N c l imit  used in Table  1 to 

3 " [ C 2 + C 2 - ]  " 2  (A.13) 

F o r  ann ih i l a t ion  decays the enhancement  factor  is ins tead  
3 .a  2. 

F o r  c -spec ta tor  and  annih i la t ion  inclusive decays we 
used for Cb+ and C b_ the values Cb_(mb)= 1.33 and  
Cb+ (mb) = 0.87. 
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