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In this presentation we will review the latest B physics results from the CDF Collaboration 
at the Fermilab Tevatron Collider. We will cover recently completed analyses of the 1988- 
89 data, and will describe the first preliminary results of the studies of the new 1992-93 
T”Il. 

In tune with the emphasis of this Workshop, we will try to put all of these results in 
perspective. With the latest upgrades of the detector, CDF has today a unique opportu- 
nity to carry out important measurements of B physics and to pave the way towards the 
realization of more specialized detectors which will explore CP violation in the B system 
[l] later in the decade. Several of the unknowns in the evaluation of CP reach for the 
experimental proposals presented at this Workshop can be pinned down within the next 
few years by CDF. We will try to indicate how this will happen. 

Section 1 summarizes the main detector features relevant for B identification and B- 
related studies. In Section 2 we will cover the studies of production mechanisms for heavy 
quarks. Section 3 presents the study of .I/$ and other charmonium states. Section 4 
covers the measurement of the inclusive B lifetime using the J/4 decay modes. Section 5 
describes the detection of exclusive decay modes of B mesons. Section 6 contains our 
conclusions. 

1 The CDF Detector and B Identification 

The CDF detector is described in detail elsewhere [2]. Here we will limit ourselves to 
presenting the main components needed for B studies. 

Several different channels allow the detection of bottom particles: fully reconstructed 
decays, high-p,leptons from inclusive semileptonic decays, lepton pairs either from sequen- 
tial b decays or from decays of both b and 6, inclusive J/y5 and 4 mesons detected via 
their pL+p- and +r?r decay modes. 

Muons, which are a fundamental element in most of these channels, are identified by 
four layers of drift chambers surrounding the central hadronic calorimeter. The coverage 
in pseudorapidity (7 = -ln[tan(t?/2)]) was extended in 1992 to 171 < 1 from the old 
171 < 0.63 region. In this most central section, 0.6m of steel and a new set of drift 
chambers have also been added, reducing the punch through background by a factor of 
5. Stubs in the muon chambers are then matched to tracks reconstructed in the central 
tracking chamber (CTC). The 84 layers of the CTC are immersed in a 1.4T field, which 
provides a momentum resolution of 6p,/p, N O.OOllp, @ 0.006 for central (171 < 1.2) and 
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vertex-constrained charged tracks. Immediately surrounding the beam pipe is a 4.layer, 
single-sided silicon vertex detector (SVX), p r&ding a resolution in the transverse position 
of primary and secondary vertices which is unprecedented in hadronic collisions. The 
primary vertex (PV) resolution in a typical event is 35pm, similar to the transverse beam 
size. For events with higher multiplicity, such as ttevents, the expected (PV) resolution is 
about 12pm. One can use the event-by-event or run-average (PV), depending on the data 
sample or event topology, in order to get the best resolution and minimize the systematic 
errors. The impact parameter resolution for tracks hitting all 4 layers of the SVX can 
be parameterized, as a function of pt, as follows: glp = a/pt @ b, with a = 39pm GeV 
as extracted from the simulation of multiple scattering and with the asymptotic value 
b = 13pm extracted from the data after alignment. 

Electron identification in CDF relies on the finely segmented central EM calorimeter, 
Ad x A7 = 15” x 0.11. In the region 1~1 < 1.1 proportional wire chambers (CES) with 
cathode strips perpendicular to the wires are embedded at shower maximum, six radiation 
lengths deep inside the calorimeter. The CES measure the lateral shape and position of 
the EM showers and are used for electron and photon identification. Good electrons are 
defined by requiring that: 

. only one track points to the calorimeter cluster, 

l the ratio of the calorimeter energy to the track momentum satisfies 0.75 < E/P < 

1.4; 

. the ratio of the energy deposited in the hadronic and EM compartments be HAD/EM < 

0.04; 

l the energy sharing with adjacent towers must agree with the expected lateral shower 
profile; 

. the shower position measured by the CES must match the extrapolated CTC track; 
the shower shape must be compatible with a single electron as measured in the test 
beam. 

During the 1988-89 data taking, two electron triggers the El thresholds of 7 and 12 GeV 
were used, collecting (0.22 & 0.02) and (4.2 Jo 0.3) pb-’ , respectively. 

There are several different channels which allow the detection of b quarks. Fully 
reconstructed exclusive decays of b-hadrons allow the unambiguous tagging of a b-quark, 
together with a precise measurement of the hadron momentum. Viable examples are 
provided by B* + J/$K* B” + J/$K’ and B” + J/I&KS. CDF had already detected 
during the 1988-89 run a total of 35 * 9 events in the first two channels [3], and has now 
more 150-200 in all three channels (see Section 5). The capability to reconstruct such 
exclusive decays, in particular the B” + J/$Ks channel, is needless to say a milestone 
for any attempt to measure CP violation. 

Due to the small branching ratios (BR) th ese channels are only accessible near thresh- 
old where the production rate of b quarks is more abundant. The region of small pt is 
expected to be more sensitive to the uncertainties in the calculations mentioned previously 
and is therefore potentially more interesting for critical tests of &CD. At larger values of 

2 



p, (typically above lo+15 GeV) semileptonic decays become the leading tool to study b 

production. Neglecting detector backgrounds, and neglecting W, 2 and c decays, b quarks 
are the most abundant source of high p, leptons. Fig. 1 shows the inclusive electron p, 

spectrum from the 1988-89 data. 
Backgrounds from Z’s, W’s and continuum Drell-Yan events can be identified because 

single leptons from these processes are more isolated than leptons from heavy quark 
decays, surrounded by the fragments of a jet. In addition, lepton pairs from Z’s can be 
eliminated with a cut on the invariant mass of the lepton pair, and W’s can be identified 
by the large missing El and transverse mass of the eu pair. Conversion electrons from 
y + e+e- and from &’ + ye+e- are removed with 50% efficiency looking for a partner 
track with small opening angle with the candidate electron. The unseen conversions, 
where the soft electron partner cannot be found, are evaluated to be (17 & 3)% using 
a sample of conversion pairs identified independently. The fake hadron background is 
estimated to be (17 I+= 5)% from the distribution of the hadronic energy fraction. 

For p, values larger than lo+15 GeV, the c and b cross sections are comparable. Since 
b quarks undergo a harder fragmentation into hadrons compared to c quarks, and since B 
hadrons have a larger phase space available for the decay, we expect the c contamination 
to contribute only a fraction of the total lepton yield. This fraction can be estimated 
by several means. UAl studied the transverse momentum of the lepton relative to the 
direction of the jet in which it is imbedded (ptrer) [4]. At CDF the excellent tracking 
capability allows good mass resolution for charged final states. One can therefore tag the 
charmed hadrons (say D’s) near the electron. Fig. 2 shows the Do + Kn peak from the 
prompt electron sample from the decay B + evDX [5]. Fig. 3 shows the K - T mass 
spectra in the K-(890) region for right sign combination to come from b decay (e-I?*“) 
and for wrong sign (e-K”‘) combinations. A clear peak in the right sign channel is seen. 
The observed K’ rate agrees with what expected and provides a 30% upper limit on the 
charm fraction. The shape of the pile’ spectrum gives a charm fraction of (20 & lo)%. 
Several additional resonances can be detected in the electron sample, such as A - pr and 
4 + K+K- (Fig. 4). 

b quarks can also be tagged through the inclusive J/T+!J and 4’ signal, as a significant 
fraction of J/$‘s and almost all of the 4”s are expected to originate from b decays. The 
reconstruction of a secondary vertex from which these 4’s originate, made possible by the 
SVX, uniquely tags these events as b production (see Section 5). 

2 B Production Properties 

Heavy quark production in high energy hadronic collisions is fundamental for the study 
of perturbative QCD [6]. The comparison of experimental data with the predictions of 
QCD provides a necessary check that the ingredients entering the evaluation of hadronic 
processes (partonic distribution functions and higher order corrections) are under control 
and can be used to evaluate the rates for more exotic phenomena or to extrapolate the 
calculations to even higher energies. The estimates of production rates for the elusive top 
quark rely on the understanding of heavy quark production properties within &CD. 

At the same time, the observability in hadron collisions of CP violation in the B 
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system [l] as well as other phenomena such as B, mixing or rare decays, depends to a 
large extent on the production cross section and correlations between the B and B. 

Complete NLO calculations are available today for the total [7], one-particle-inclusive 
[8] and two-particle-inclusive [9] cross sections. Production of heavy quarks in the per- 
turbative evolution of high energy jets has also been studied, and LO expressions for the 
heavy quark multiplicities are known [lo]. 

When applied to the energy of the current hadron colliders, these results are believed 
to provide a reliable description of the production properties of very massive quarks - e.g. 
the yet undetected top. In the case of charm and bottom, the situation is more delicate. 
In fact production of c and b quarks is dominated by gluon fusion processes (gg + Qa) 
and the distribution of gluons inside the proton is probed at values of I close to the 
boundary of current DIS measurements. Furthermore the next-to-leading order (NLO) 
contribution is larger than the leading order (LO) result, and very sensitive to the input 
scale p. Significant corrections are thus expected from yet higher order terms. 

The b-quark integrated p, distribution measured by CDF using the channels discussed 
above is presented in fig. 5, where the acceptance driven cut ly] < 1 is understood. The 
data are all taken from the analyses of the 1988-89 data [3, 51, [ll]-[14], and work is in 
progress on the new data. 

The data are compared with the results of the NLO QCD calculation [8], evaluated 
[15] using the most recent MRS parton distribution function (PDF) fits [16] of the NMC 
[17] and CCFR [I81 data. The two theory curves correspond to different values of the 
renormalization scale PF and h~crj, namely: &n=215 MeV, p~=rnr and A~~[)=275 
MeV, ~~=mr/4. These choices, with mrz = pf2 + nzb’, represent a rather extreme al- 
though acceptable range for the values of the parameters, and the relative curves represent 
the presumed range within which the NLO QCD prediction is allowed to vary. 

There is a clear excess in the observed rate at small p,. At larger values of pl, in the 
region of the inclusive b + I + X measurements, the data are consistent with the upper 
extreme of the theoretical band. 

2.1 Implications of the Measurement 

The b cross section measurement at 1.8 TeV is clearly an important benchmark to es- 
tablish feasibility of CP violation measurements at high energy hadron colliders. The 
UNK energy, 2.2 TeV in the center of mass, is close enough to 1.8 TeV that the CDF 
measurement would serve as a very accurate engineering number for those interested in 
that project. However the proposed experiments [19] will work in a forward geometry, 
therefore probing a region of p, almost complementary to the one probed by CDF. The 4~ 
detectors at LHC [20] will probe values of z ten times smaller than those probed by CDF. 
How reliable are therefore extrapolations based on the CDF results? While we cannot 
answer this question, we wiIl address some aspects of it in this Section. 

We will start with some comments regarding the possibility to extrapolate a mea- 
surement performed in the p, range of CDF to p,=O. For the time being we neglect the 
observed disagreement between data and QCD, and just work within the framework of 
the NLO calculation and its intrinsic and understood uncertainties, namely possible rob: 
PF and PDF variations. 
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As a reference we will use sets DO and D- of the recent MRS PDF parametrization 
[16]. We will use two values of A~cm, A,,=215 MeV and A+=275 MeV, corresponding 
respectively to the central value and to one standard deviation above the central value 
obtained from the fit. Tables 1 and 2 contain the bottom quark pt distribution integrated 
above a given p, at 1.8 TeV and for the two extreme values of PF, pr=rnr and pr;=m7/4. 
The quark is required to satisfy ]y] < 1. 

Several comments are in order. First of all notice that the use of the more singular 
set of structure functions leads to larger values of the total cross sections (pt > 0) at 1.8 
TeV. On the other hand, the singular gluon parametrization D- will give a cross section 
smaller than the set DO as soon as we consider transverse momenta of the b above 10 GeV, 
which is the region where most of the CDF data are. This is because the higher density 
of gluons at small 2: described by set D- forces via momentum sum rules a depletion at 
larger values of +. Since above 10 GeV the shapes of the integrated pt distributions for 
the two parametrization DO and D- are similar, this indicates that the measurement of 
the cross section for b production in this region cannot be reliably used to extrapolate to 
p,=O the total b production cross section. For example, while the region pi > 10 GeV 
represents 10% of the total cross section according to DO and using Aucr,=215 MeV, the 
same region represents only 7% of th e o a according to D- and using Aycu=275 MeV. t t 1 

As already indicated in [8], the dependence on the value of the b mass is not significant. 
In Table 3 we show a comparison between the integrated b pt distribution obtained using 
mb=4.5 and mb=4.75 GeV. Th e d’ff 1 erence is of the order of 20% for the total cross section, 
but becomes negligible for pt> 10 GeV. 

We conclude that the extrapolation to the total b cross section from its measurement 
in the region pl > 10 GeV has, even within NLO &CD, an uncertainty of the order of 
50%. The extrapolation from the ly] < 1 re gi on to the full rapidity interval is more solid, 
as it is mostly governed by phase space. 

What about the observed disagreement between data and NLO QCD in the region 

Pt z 10 GeV? Is this factor of 3 discrepancy going to affect directly the total cross section? 
Does this indicate a more rapid growth of the total cross section than predicted by NLO 
&CD? The suggestion has often been made that our ignorance on the gluon PDF in 
the small-r region could be responsible for this disagreement. Rather than studying this 
possibility by directly attempting to modify the gluon densities to fit CDF data, as done 
in refs.[21, 221, we will consider here the following quantity: 

u(z, < z; ptb > p,rn’” ) = l &, dn(PtZgPtmi”), 

namely the contribution to the integrated pt distribution coming from partons with mo- 
mentum fraction smaller than a given value of z. We plot this variable as a function of 
I and for different values of ptmi”(b) in Fig. 6. W e only integrated over b quarks within 
the regions of acceptance of the experiment, namely ]ya/ < 1. Since the contribution to 
the cross-sections due to the qcj and qg initial states are negligible for the relevant regions 
of p, we are concerned with, we limited ourselves to the gg process and normalized the 
curves to the value of 1 at z = 1. Therefore the plotted functions represent the fraction 
of cross-section due to gluons with z9 < z. 

Notice that the contribution to the cross section for p, > 10 GeV from the region 
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z < 0.01 is less than 20%. Furthermore no contribution at all comes from the region z < 
0.003. We verified elsewhere [23] that different fits of the NMC and CCFR data, obtained 
in Ref. [24], give gluon densities which differ, over the relevant kinematic range, by no 
more than 10% from the MRSDO set used here. Since all of these gluon parametrizations 
do not differ significantly from previous extrapolations, we conclude that the knowledge 
of the gluon density in the relevant region 0.1 > + > 0.01 and Q > 5 is today rather 
solid. We therefore expect that only dramatic changes in the gluon densities in the region 
0.003 < I .< 0.01 will lead to a change of a factor of 2 in the cross section integrated 
above p,=lO GeV. 

Therefore while it is tempting to conjecture that the ignorance about the behaviour 
of the gluon densities at smalI-z could explain the difference in slope of the CDF spectra 
compared to theory, we find no evidence that this assumption is justified. Rather, we find 
that the region zg < 0.01 is marginal in the production of b quarks passing the required 
acceptance and pt cuts. 

As an alternative explanation, recent theoretical work [25] has suggested that higher 
order small-x corrections to the partonic cross-section could increase significantly the 
heavy quark cross section. These phenomena alter the kinematic connection between p, 
and I, since they predict that initial state gluons with a given momentum fraction 1: can 
have a p, non negligible w.r.t. z,??beorn. This is equivalent to having an intrinsic pt of 
the order of the scale of the hard process itself, namely mb. As a result, the region with 
z9 < 0.01 could provide a significant contribution to the rate for pi > 10 GeV, thanks to 
the transverse momentum smearing induced by this sort of small-x primordial pt. Even 
though it was found in ref.[25] that th ese small-z effects can add at most 50% of the NLO 
contribution to the total b cross section at 1.8 TeV, no explicit indication is given on the 
pl distribution of this additional 50%. Since the cross section observed experimentally 
(ptb > 8.5 GeV) represents of the order of 10% of the total rate at NLO, we cannot 
exclude that the p, smearing induced by these effects be responsible for the factor of 2-3 
discrepancy observed between data and NLO predictions. Notice that the hypothesis of a 
p, smearing would help understanding not just the rate deficiency, but also the apparent 
difference in shape between NLO and data. 

If these mechanisms were at work, therefore, the observed difference between data and 
the NLO prediction would not affect the total cross section as much as it affects the partial 
pl > 10 GeV rate, and it would be wrong to assume that total cross sections should be 
larger than NLO QCD by a factor of 3 in extrapolating to p, > 0 or to higher energy. 

A quantitative statement regarding these possibilities will only come from more explicit 
studies. While we await for new calculations, it might be worth exploring some additional 
consequences of this scenario. In addition to trying to push the measurement of the b cross 
section to even smaller values of pl, it would be important to study correlations between 
the pair of 6 quarks. NLO calculations exist for these correlations [9]. If the smalI-1: effects 
were to behave as indicated previously, we would expect to observe a flattening of the 
A4 and plbb distributions w.r.t the NLO prediction. Here Ad represents the difference in 
azimuth between the b and the b, and pibb represents the transverse momentum of the pair. 
The flattening would be caused by the additional intrinsic p, due to the gluon transverse 
momentum. 

Measurements of the A$ correlations have been performed by UAl [26], indicating 
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a good agreement with the NLO calculation [9]. This result does not resolve the issue, 
though, because the agreement of the NLO b cross section with the data at UAl suggests 
that the energy at UAl is below the threshold for the possible onset of these new small-z 
phenomena. 

Similar studies are in progress at CDF using the new data, and will hopefully lead to 
a better understanding of this important issue, as well as provide a more solid basis for 
the understanding of correlations between b and & pairs, necessary in any study requiring 
double tagging. 

3 Charmonium Production 

The theory of quarkonium production [27] 1s on a less solid ground than the theory of 
open heavy-quark production. Production cross sections are evaluated by convoluting the 
CC matrix elements with the non-relativistic charmonium wave function, parametrized in 
terms of the decay widths of the relevant (J, L) state. The QCD radiative corrections to 
the LO processes have not been evaluated yet. 

The observation of J/I+!J’s is however an important ingredient in the study of b pro- 
duction. On one hand, a significant fraction of the detected J/$‘s comes directly from 
b-hadron decays rather than from prompt charmonium formation [28, 41. In fact the J/G 
form factor inhibits production with pt > m,. On the other hand, b-decay final states 
involving a J/T,/I provide unique tags in the search of yet unobserved or rare b-hadrons 
(such as B,, B,, A*) as well as in the detection of CP asymmetries (e.g. from Bd + J/$K,O 

decays [l] .) 

3.1 J/$ and $’ production 

The measurement of the J/$J and $’ production cross section reported here is based on a 
recently completed analysis of 2.6~t~O.2 pb- ’ of data collected during the 88/89 run. The 
sample consists of events with two muons with pt> 3 GeV each and contained within 
171 < 0.5. The muon pair is required to have pt > 6 GeV. The invariant mass distribution 
in the regions around the J/+ and $I’ is shown in fig. 7. The number of J/g candidates 
above background and within a k2.5~ mass signal region, 3.05 < m,+,- < 3.15, is 
889*30. The resulting J/$ mass is (3.0965 It 0.0007) GeV, with a width of (18.5 + 0.6) 
MeV. The number of 4’ candidates above background and within a &2.5a mass signal 
region, 3.63 < m,,+@- < 3.73, is 3558. The resulting $’ mass is (3.683 i 0.005) GeV, with 
a width of (20 & 4) MeV. 

The largest systematic uncertainty in the measurement of the cross section, after 
accounting for trigger and track finding/reconstruction efficiencies Ill], comes from the 
uncertainty in the trigger efficiency (&9% on the cross section). An additional systematic 
uncertainty is related to the polarization state of the J/I+. While direct J/$‘s are expected 
to be unpolarized, this is not the case for J/4 ‘s coming from the decay of a B meson. 
Polarized J/$‘s would produce mucms with a different p, spectrum, therefore affecting 
the estimate of the trigger acceptance. Assuming conservatively that all J/$‘s come from 
B’s, and exploring the range of extreme choices for the decay polarization of the J/~‘S, 
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we estimate a systematic uncertainty on the J/$I ($‘) production cross section of ‘y;i& 

c”,::a 
The measurements result in the following cross sections: 

BR($ + p+p-) x n$(piui > 6GeV; 171 < 0.5) = 6.88 h 0.23(stat)+~.~~(syst) nb (2) 

BR($ --) p+p-) x u$t(p,$, > 6GeV; 171 < 0.5) = 0.232 i O.O5l(st,t)t-~:~~~(,,,t)(~ 

These numbers can be turned into a measurement of the 6 cross section by assuming 
that a given fraction f~ of the Jill, ‘s come from B decays, and correcting for the acceptance 
using a MC model based on the NDE plb spectrum [8] and ARGUS+CLEO (B - $,$‘) 
spectra. Taking f~=l we calculate: 

$4.7 
c(pj? ---) bX ptb > 8.5GeV; Iyi < 1) = 18.9-5.0 pb using 4’s 

$5.0 
a(pp 4 bX ptb > 8.5GeV; Iyj < 1) = 10.5-5.1 pb using $J”S (5) 

The two measurements shown in fig. 5 are plotted assuming fa = 1 for the $’ and 
(63~t17)% for the J/I/I. The first value is justified by theoretical expectations, the second 
was derived assuming that all non-B J/ll, ‘s come from x decay (see next Section). 

Figure 8 shows the inclusive p, differential distribution for J/$‘s measured by CDF 
[ll]. We superimpose the result of a QCD calculation [15] based on the LO matrix ele- 
ments given in Ref. [27] for the direct charmonium production, plus the contribution from 
B decays evaluated using NLO matrix elements [8], convoluted with a Peterson fragmen- 
tation function and the B + J/4 decay spectrum observed by CLEO and ARGUS. The 
theoretical error band is evaluated using the same range of parameters Aqcl, and p em- 
ployed before in the study of the b cross sections. Notice that changing p for the direct 
charmonium contribution causes a variation ranging from a factor of ‘7 to 10, depending 
on pt. This indicates that the LO prediction for direct charmonium is very poor, and very 
large NLO corrections should be expected. 

CDF data show a production rate larger than expected. Equally worrisome is the 
comparison between theory and data in the case of the p, spectrum of the $J’, shown in 
fig. 9. As noted in [ll, 281, the expected contribution from direct quarkonium production 
is heavily suppressed, and the figure indicates that this remains true even allowing for the 
variation of PF within the PO/~< /+ <po range. 

In Table 4 we present the integrated p, distribution of J/$ mesons, calculated at CDF 
energy and divided into the direct quarkonium and B decay contributions. The relative 
fraction due to B decays, f~, is also shown as a function of the pt threshold, and the 
dependence on AQCO and ELF is studied by considering the central case of A,~~[,=215 
MeV, p~=rnr and the extreme case of A qcr~=275 MeV, p~=mr/4. A priori there is 
no reason why the same factorization scale should be used for the two contributions, as 
the two physics processes are entirely different. Furthermore the B decay is evaluated at 
NLO, while as mentioned previously only the LO terms are available and included in the 
quarkonium term. Nevertheless we take here the value of p for the two processes to be 
the same,in order to extract and indicative range of values for f~. 
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The value of f~ plays an important role in the experimental determination of the B 

cross section out of the measurement of the inclusive J/+ rate. The right hand side of 
Table 4 - which represents the choice of parameters which comes closer to representing 
the CDF J/Jl spectrum - suggests a value for fn which is significantly smaller than used 
in fig. 5. This would decrease the effective 5 cross section by a factor of 50%. The range 
of values exhibited by the tables indicates what is the systematic uncertainty that one 
should expect in deriving fn from the theory. 

f* can be extracted experimentally by other means, for example by separating the 
direct J/qb’s from those due to B decays via the observation of the displaced vertex from 
which the J/G originates, due to the long B lifetime. We will present a preliminary 
measurement of f~ carried out using this technique in the Section on the B lifetime. 

Alternatively UAl measured f~ (32% for pt($) > 5 GeV [4]) by assuming that direct 
J/$‘s are isolated while J/$‘s from B decays are not. This number is consistent with the 
estimates provided in [15]. The assumption used by UAl to extract f~ however might 
not be correct if other production mechanisms were responsible for direct quarkonium 
production, such as for example gluon + J/$ fragmentation [29]. It is reasonable to 
expect that at some value of p, the dominant production mechanism for charmonium states 
will indeed be via gluon fragmentation. The main reason being that direct production 
as described by the LO mechanisms inhibits production at large pt via a form factor 
suppression (the probability that a charmonium bound state will hold together when 
produced directly in an interaction with a large virtuality scale is highly suppressed). The 
fragmentation functions for the creation of S-wave charmonium (nc and J/G) in a gluon 
shower have recently been calculated [29] and those for the creation of P-wave states (x) 
will soon be available (E Braaten & TC Yuan, personal communication). 

These calculations can be used to extract the fragmentation contribution to char- 
monium production in the regions of pi explored experimentally, and to verify whether 
this process can account for the large observed rates. The experimental detection of 
non-isolated J/$‘s from a primary vertex, therefore not coming from B decays, would 
indicate that these processes are indeed present. Along the same lines, measurements of 
the decay-vertex position of the $’ would provide evidence in favour or against the current 
belief that most of them come from B decays. If the gluon fragmentation mechanism were 
important, it would appear with a signal of non-isolated prompt 4’. 

Both these studies are in progress at CDF using the new data. The current sam- 
ple of J/~‘S is significantly larger than what available for the analyses presented above, 
and statistical as well as systematic errors will decrease substantially in the forthcoming 
studies. 

3.2 x detection and cross section measurement 

An additional important ingredient in this picture is the production of x states. This 
is expected to be dominated by direct production rather than B decays. CDF has fully 
reconstructed xc mesons through the decay chain xc + J/$y, .J/$ + ptpL-, for the first 
time in hadronic collisions. We will shortly summarize here the results of the recently 
completed analysis from the 88-89 data [14]. 

The starting sample is the same as employed in the J/G study discussed above. Photon 
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candidates are selected by requiring an EM energy cluster in excess of 1 GeV and a cluster 
in CES. The direction of the photon is defined by the position of the cluster on the strip 
chambers and by the muon pair vertex. The mass difference of the ppy system and the 
pp pair is then plotted (figure 10) and shows a clear peak at a mass of 4O&t13 MeV. This 
value is consistent with the masses of the x1 and xz states, which are indeed expected to 
dominate the observed mode because of the small branching fraction of the J = 0 state 
(xi,) into muons. The observed signal corresponds to 67f8 (statistical) events within one 
standard deviation of the expected average mass. From this signal we can extract a cross 
section measurement after evaluating the detection efficiencies. This results in 

BR($ + /J+P-) x C(X< 4 @y; pt, > 7GeV; 171 < 0.5) = 3.2 & 0.4 i- l.lnb (‘-3 

This measurement can be compared with the range 0.64nb < r < 5.lnb obtained using 
the LO QCD calculation described above for the J/~‘S [15]. 

We can use our measurement of the x production cross section to evaluate the expected 
rate of observed J/$‘s from x decays. Assuming that no significant direct J/$ production 
is present, as is expected from the LO calculations, we can obtain by difference the number 
of J/$‘s coming from B decays, and therefore an estimate of the 6 cross section. This 
results in [14]: 

rb(ptb > 8.5GeV, lybl < 1) = 12.0 + 4.5pb, (7) 

which is consistent with the values quoted previously. The resulting value for fB is 
f~ = 63 f 17%. 

The additional statistics available from the 92-93 data will allow a more precise study 
of this important channel. In particular, enough statistics will be available to derive a p( 
distribution of x’s, and the SVX will a!.low a study of the position of the decay vertices. 
If all x’s were prompt, no tail in this distribution should be observed. Given the observed 
branching ratio for B + xX, 0.54 & 0.21% 1301, we expect a small fraction of x’s coming 
from B decay (less than 10%). This should leave a tail in the position of the decay vertex. 
It will also be interesting to study the distribution of tracks surrounding the prompt x’s, 
to determine whether they are produced directly or via a gluon fragmentation mechanism. 

4 Inclusive B Lifetime 

The CDF experiment has already collected several thousand J/$‘s since the start of the 
ongoing collider run. The size of the sample and the very good spatial resolution of the 
SVX allow a precise measurement of the inclusive B lifetime. In the following we will 
describe the basic guidelines of this analysis and its preliminary results. 

The basic idea for this analysis is that it is possible to separate in a simple way the 
contribution of J/$‘s from B decays from those originating from other sources. Indeed 
there are just 3 sources: 

a) J/ll, from B decay, 

b) J/+ from direct production or via direct production of 0 lifetime intermediate states 
like x’s and T’s, 
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c) false J/Q simulated by 2 p’s originated by DreU-Yan pairs, or by the decay of 
different particles, or by misidentified muons, whose invariant mass falls by accident 
in the mass range around the J/+ mass. 

J/$‘s of type a) have a decay length which is strictly related to that of the parent B 
hadron, so they are to some extent separated from the primary interaction vertex. Those 
of type b) come instead directly from the interaction vertex, and those of type c) represent 
a background, whose decay path characteristics are not so well defined, which can however 
be subtracted by studying the size and the shape of the J/T/J sidebands. 

The measurement procedure consists therefore in an analysis of the shape of the J/ii, 

pathlength distribution, which takes into account the contributions of all these sources. 

4.1 Definition of the J/$ sample 

The J/$‘s used in this analyses are required to have both muons fully reconstructed within 
the SVX and at least one muon with pl > 2.5 GeV. The second muon has an intrinsic 
pl threshold of 5 1.4 GeV given by the amount of traversed hadron absorber. Because 
of the limited geometric acceptance of the SVX relative to the spread of the luminous 
region, the first requirement reduces the J/$J sample by a factor of approximately 2. 

A series of quality cuts is then applied to the SVX reconstructed muon tracks and 
to the fit for a common vertex. It is also required that the calculated error on the 
transverse decay length, error which varies event-by-event because of the different J/$ 
decay configurations, be less than 150 pm. 

J/~‘S are then defined by a mass window of rt50 MeV around the J/ii, mass. The 
background in this mass range is 5-7% of the signal, depending on the track quality cuts 
and estimated by interpolating the side bands. These cuts leave us of the order of 5000 
J/$‘s out of the 13000 fully contained in the SVX currently analyzed (Spb-‘). 

4.2 Definition of the pseudo-w variable 

For most B’s in the sample we cannot close the kinematics. It is therefore impossible to 
determine exactly both the Pr correction and the precise direction of the B. It is however 
important for our study to define a variable which is as close as possible to the proper B 
lifepath. In the following we shall describe how this variable is constructed. 

After fitting for the common vertex position of the two muons, Z$, we define a signed 
transverse decay length, L,,: 

L,, = g, 

1 

with: 
i = z* - z**im, 

being the transverse decay length vector. Since the width of the beam line is seen to 
be of the order of 35 pm, comparable with that expected for the event by event fit, but 
much more insensitive to systematics and more efficient, we have used this determination 
of the primary interaction vertex ZPprirn throughout the analysis. Notice that here the 
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flight direction of the J/G and of the parent B are taken to be the same. A Monte Carlo 
study has shown that the opening angle between the B and the J/T! is about 7” with a 
maximum value of 20°. implying an error of at most 5% due to this approximation. 

We have now to correct L,, for an approximate Plr factor, in order to obtain a proper 
transverse decay length X. Again we use the fact that the J/+ is massive and we use the 
P(-y of the J/$J as an estimate, applying a correction factor determined by MC: 

x CDT? = Lz, Jb' 
Pf' ~cor, (ey 

An exponential fit to the distribution of X,,,, and to the true X shows a consistency of 
the slope at the 3% level. 

4.3 The results 

The distribution of the pseudo-cr distribution is presented in fig. 11, showing a clear 
signal of positive lifetime. The shaded area corresponds to the background, whose shape 
and normalizations are determined by the study of the sidebands. Even this distribution 
shows a positive lifetime, as expected if part of the background is generated by sequential 
B decays. It was checked by MC that this is indeed the case. 

The distribution is fitted using the sum of a gaussian term (direct J/$‘s), a back- 
ground term (sum of a gaussian, a left- and a right-side exponential) and an exponential 
convoluted with a gaussian (J/$J’ s f ram B decays). The parameters of the background 
distribution are fixed by the study of the side bands. The remaining parameters to be 
fitted are f~ and CT. As an alternative, one can decide to consider only the exponential 
tail for X,,,, > 400pm, having CT as the only parameter. 

The value obtained for f~ is of the order of 20%. The preliminary inclusive B lifetime 
is measured to be: 

ci- = 420 pm zk 19/m (stat.) zt 29/m (syst.). 

This measured lifetime value is consistent with what measured by the LEP experiments 

[311. 

4.4 Prospects for further lifetime and fs studies in the current 
run 

The systematic uncertainty on CT is at this time dominated the parameterization chosen 
to describe the tails of the X,,,, distribution for the background. Additional statistics will 
allow to reduce this effect. The residual misalignment of the SVX, now responsible for 
a 2% systematic uncertainty, will eventually have a negligible effect after including the 
alignment corrections. Uncertainties in the modeling of the B production spectrum and 
J/?i, p, distribution (now at the level of 3%), will also be reduced by directly using the 
data. Uncertainties in the B + II, decay (momentum spectrum and polarization) are at 
the level of 1% if use is made of CLEO and ARGUS data. It is expected that the final 
total systematic uncertainty on CT will be smaller than 5%. 
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The measured value of f~ is significantly smaller than what used in extracting the B 
cross section from the 88/89 J/?l, data. However the J/$‘s in the data sample used for 
this analysis have a spectrum which extends to much smaller values of p, than the 88/89 
sample. A more detailed study of the pl dependence of f~ is in progress, and will be used 
to shed more light on the b cross section issues mentioned in a previous section. 

Similar studies are likewise in progress using the $I’, benefiting from both the p+p- 
and the $rfr- decay channels. Given the current number of reconstructed $J in this last 
channel (192 l 21 events in 9pb-‘), we estimate of the order of 550 events by the end of 
this run. Scaling up the number of +’ detected in 88/89 in the muon channel, we expect 
at least another 1000 reconstructed in the SVX f ram this mode. This is consistent with 
a preliminary study of 2pb-’ of 1992 data, resulting in zz 100 4’. 

Using the relative number of x’s reconstructed in the 88/89 data (= 60 out of a sample 
of 900 J/~‘S, see Section 3), we expect by the end of th e current run of the order of 1500- 
2000 x’s fully reconstructed inside the SVX. This should suffice to determine a fraction 
of x’s from B decays at the level of few per cent. The expected value of fi is of the order 
of 5-10%. 

Furthermore, the number of exclusive B decays reconstructed in the B* 4 J/$K*, 
B” + J/$K* and B” + J/$Ks modes will allow a determination of the separate charged 
and neutral B lifetime with a statistical accuracy of about 5%. Theoretical analyses of 
the inclusive B + e + X branching ratio [32] indicate that the difference between charged 
and neutral lifetimes should be of the order of 20%, which is therefore well within the 
reach of CDF. 

5 B Exclusive Decays 

CDF has shown already from the analysis of the 88/89 data a good capability to fully 
reconstruct exclusive decay modes of B mesons. The 35 f 9 events detected in the B* - 
J/$K* and B” + J/$K* modes, shown in fig. 12, were used to determine the B cross 
section [3, 121. The addition of the SVX has significantly improved CDF’s ability to 
reconstruct clean samples of these decays. In this section we present some very preliminary 
results of these studies from the 1992/93 data. The aim is solely to show how clean the 
signal can be, as no systematic attempt to optimize the efficiency of the cuts has been 
made. 

The J/$ sample consists of z 27000 J/$’ s, corresponding to 9 pb-’ of data. About 
half of these are fully reconstructed in the SVX. The mass distribution for a slightly smaller 
subsample is shown in fig. 13. We then use dimuons within 80 MeV of the J/$ mass. 

To these J/$‘s, we combine tracks which pass minimal track quality cuts. We perform a 
combined vertex constraint with a J/ii, mass constraint and a pointing constraint to the 
primary vertex. 

In addition, we require the following: 

l pt of the Ki (K’) greater than 2 GeV; 

. pt of the B, (Bd) greater than 8 GeV; 

l Lifetime, CT, greater than 100 pm; 
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l Fit x2 less than 100; 

l KT mass within 80 MeV of the K’ mass. 

In case of ambiguity for the K’, we use the Klr closest to the K’ mass. The resulting 
mass spectra are shown in fig. 14 and 15. To display the power of the lifetime cut, we 
show the mass distribution of the ?jlK’ mode with and without the CT cut in fig 16 (the 
upper plot refers to SVX and CTC, the lower plot SVX only). Here the pl cut for the B 
was reduced to 6 GeV. 

In Table 5 we collect the preliminary values of some of our mass fits, and compare them 
to the world averages. The results for the $’ refer to the $I’ + +rn decay mode. This is 
reconstructed with a technique similar to what described above, but for the pointing to 
the primary vertex, which is not demanded in this case as 4”s are expected to come mostly 
from B decays. The $’ mass plots are shown in fig. 17. Approximately 20 B + $JK, have 
also been reconstructed already, but are not shown here. 

Studies are in progress to reconstruct a sample of exclusive B, + $14 decays, where we 
expect to observe a signal of few tens of events by the end of the run, sufficient for a first 
estimate of the B, mass. Limits have been set from the 1988/89 data on the production 
of Ab [33]. CDF limits seem to be stronger than the production rate reported by [34], and 
the search for this state is continuing using the new data sample. As for the observation 
of other new states, as an example we include here a short summary of the discovery 
potential for the & state, and refer to the report of the Theory Group at this Workshop 
for more details [35]. 

5.1 Prospects for B, Discovery at CDF 

Bound states of a b and E quark pair have never been observed. They represent interesting 
objects for QCD because their properties are expected to be calculable on the basis of what 
already known of CC and b& states. Possible differences between different models, such as 
non-relativistic potentials or QCD sum rules, can therefore be tested. Estimates of the 
mass of the lowest energy state (the i?, (O-) meson) vary in the range MB, = 6250 * 100 
MeV [36], depending on the details of the model. The splitting between the ground state 
and the vector B,‘ is rather model independent, and of the order of 80 MeV [36]. We will 
however concentrate here on the O- state only. 

From the point of view of the detection, the two most important parameters are 
the production rate and the branching ratios (BR) ’ t m o accessible decay modes. The 
production rate can be expressed in terms of the fraction of b quarks that will evolve into 
a B, meson, fcb+~,). No complete calculation of this parameter is available as yet, but 
partial estimates have been carried out [37]. A reasonable range is f+~,) = 1 f 5 x lo-“, 
combining both perturbative and non-perturbative contributions. 

The situation with BR’s is likewise uncertain. The results of potential models and 
QCD sum rules seem to differ on the value of the pseudoscalar decay constant (f~,), 
and on the values of the most interesting BR’s [38]. W e collect some of these results in 
Table 6. Notice that also the lifetime has a rather large range of values. This is a critical 
parameter in view of the possibility to reduce the background to the decay modes via the 
presence of a secondary vertex. 
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In order to get a crude estimate of the possible signal at CDF, we will normalize 
ourselves to the number of observed exclusive B decays. The best decay channel that 
allows full reconstruction is B, -+ +r+. We will confront this channel to the observed 

Bu + $K +, ~assuming equal acceptance and reconstruction efficiency. Notice however 
that the efficiency for the B, decay is expected to be higher; in fact, the larger mass of 
the B, w.r.t the B+ and the smaller mass of the pion w.r.t kaon will give a larger impact 
parameter and a higher transverse momentum to the decay pion. 

Under the assumption of equal efficiency, we can write the following equation for the 
number of expected reconstructed decays (the subsequent +!J -+ pfp- decay is under- 
stood): 

(Bc + 4~‘) = f(b-~,) x BR(Bc + IIT*) 
(B+-'$K*) f(b-H,) BR(B+ -$K*) 

= 6 f(b-8,) > 

where we used the value of the BR given in Table 6 and f@-&)x35%. Using the num- 
ber of currently reconstructed B - $JK' (approx. 60 events in Spb-1), we obtain 
N(B, - qh*)= 36Ofcb-&). This corresponds to l-5 events in 25pb-1, using the range of 
estimates for f(b-B,). Considering the levels of the combinatorial background, this signal 
could be detected with a larger integrated luminosity only in the upper range of fcb+B,), 
unless the detection efficiency is significantly higher for this mode than for B - $K. 

One could also hope to establish the presence of a B, signal by looking at the inclusive 
B, + +!v decays, observing the presence of the third lepton coming from the same 
secondary vertex as the 4. In this case we can write: 

cB= + %%‘)x) _ f(b-H,) x 2BR(B,d$,eX) 

(B -+ 4x1 f(b-H) 
BR(B ~ $,x) = ” fW%). 

This indicates that of the order of 2-10 % of the +‘s from B decays could be accompanied 
by an additional lepton (e or IL). The requirement that this lepton come from the same 
vertex as the $ and with a large p, relative to the direction of the B should reduce 
significantly the possible background, but accurate feasibility studies are still lacking. In 
equation (9) we used the PM estimate of the inclusive B, + eu decay. The SR estimate 
would give a smaller, and perhaps unobservable, signal. 

6 Conclusions 

Some of the earlier CDF results we could not review here for lack of time. This is the case 
of BB mixing [41] and B + pfp- decays. A more precise measurement of BE mixing 
with the new data, together with the accurate measurement of Bd mixing from CLEO 
and ARGUS, will allow a determination of the B, production rates, to be compared as an 
important consistency check with the observed cross sections. The background rejection 
power of the SVX will allow to extend even further the limits on the B + p+p- branching 
ratios. Systematic studies to establish the ultimate achievable limit are in progress. 

The B physics program of CDF is in continuous evolution, as the new elements of 
the detector are better understood and new upgrades are being undertaken. It is hard to 
estimate today what the final B physics reach of CDF will be, as economic pressures on 
both the experiment and the Laboratory make it difficult to rely on the most optimistic 
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upgrade scenarios. Nevertheless we believe that the results obtained so far provide a 
strong proof that complex B physics can indeed be performed in hadronic collisions with 
good efficiency and sufficient background rejection. 

The current and forthcoming runs of CDF will provide essential information on the 
production mechanisms for b quarks and J/4 mesons. These studies will hopefully solve 
the long standing debate on the reliability of NLO QCD to evaluate the b cross section, 
and will stimulate continuous efforts by the theorists to improve the calculations. As a 
result, we hope that reliable extrapolations of the b cross sections to the higher energies 
considered during this Workshop will become possible. 

Large statistics of fully reconstructed B decays will allow direct experimental measure- 
ments of most of the key ingredients needed to evaluate the capability of an experiment 
in hadron collisions to perform delicate measurements such as CP violation or B, mix- 
ing. For example, tagging efficiencies for the leptons in BB events with one B fully 
reconstructed will be measured in the large B -+ $K* and B + $K* samples. These 
efficiencies will strongly depend on the correlation properties of the B pairs produced, 
and therefore will also provide additional tests of &CD. 
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Table 1: Integrated bottom quark pt distribution at 1.8 TeV. ~~2~~4.75 GeV, pF=p,,, 
ho = 215 MeV, A+ = 275 MeV. 

MRSDO MRSD- 1 

Table 2: Integrated bt Dtl 
A” = 215 MeV, A, = :2 

.b 
1.14E+04 

4.503+03 

l.O5E+03 

3.163+02 

1.15Et02 

4.97E+Ol 

2.40E+Ol 

6.94EtOO 

2.60EtOO 

1.21EtOO 

At 

1.343+04 

5.223+03 

1.223+03 

3.563+02 

1.323+02 

5.583+01 

2.723+01 

7.853+00 

2.79E+OO 

1.30E+OO 

A0 
1.333+04 

4.503+03 

9.453+02 

2.703+02 

9.69EtOl 

4.20E+Ol 

2.06EtOl 

6.05E+OO 

2.16EtOO 

l.O3E+OO 

A+ 
1.573+04 

5.273+03 

l.O9E+03 

3.11E+02 

1.12Et02 

4.753+01 

2.343+01 

6.80E+oo 

2.383+00 

l.l4E+OO 

T5mMqu;kpl distribution at 1.8 TeV. mb=4.75 GeV, p~=p~g/4, 
I P 

MRSDO 

1 A0 
2.173+04 

7.233+03 

1.833+03 

5.783+02 

2.233+02 

9.863+01 

4.843-l-01 

1.44EtOl 

5.28EtOO 

2.233+00 

A+ 
3.033$04 

9.39Et03 

2.273$03 

7.11E+02 

2.683+02 

1.17Et02 

5.633+01 

1.65E+Ol 

6.04EtOO 

2.493+00 

ME 

A0 

2.693+04 

7.683+03 

1.663+03 

4.933+02 

1.833+02 

7.983+01 

3.89E+Ol 

1.23EtOl 

4.48EtOO 

2.04EtOO 

;D- 

A+ 
3.713+04 

l.OOEt04 

2.093+03 

6.10E+02 

2.253+02 

9.753+01 

4.72E-t.01 

1.38EtOl 

4.873+00 

2.273+00 



Table 3: Mass dependence of the integrated bottom quark pi distribution at 1.8 TeV. 
MRSDO parton distributions, p~=p,~/4, Au = 215 MeV, At = 275 MeV. 

mtn 

(LV) 

A0 A+ 
mbd.5 GeV mbd.75 GeV mbz4.5 GeV mbz4.75 GeV 

0 2.63+04 2.23+04 3.83+04 3.OEt04 

5 8.OE+03 7.23+03 l.OEt04 9.43+03 

10 1.9Et03 1.8E+03 2.43+03 2.33+03 

20 2.33$02 2.23$02 2.83+02 2.73+02 

Table 
(x+4 
BR(JI 

m,n,u’ 

p&V) 

3 

4 

5 

6 

8 

10 

12 

14 

16 

18 

20 

25 

30 

4: 
1) a 

Integrated $ pt distribution from B decays, from charmonium production 
.nd relative B fraction at 1.8 TeV. MRSDO, A0 = 215 MeV, At = 275 MeV. 
+ p+p-) inc ill ded. 

T CT*’ BR (nb) 

2.6E+OO 

1.7EtOO 

l.lEtOO 

6.7E-01 

2.93-01 

1.4E-01 

7.83-02 

4.43-02 

2.63-02 

1.7E-02 

l.lE-02 

4.23-03 

1.9E-03 

, /‘F=PO 

crx’ BR (nb) 

5.4EtOO 

1.9EtOO 

7.63-01 

3.4E-01 

8.73-02 

2.9E-02 

1.2E-02 

4.93-03 

2.53-03 

1.3E-03 

7.33-04 

1.9E-04 

4.9E-05 

fB (%I 
- 

32 

46 

58 

66 

77 

83 

86 

89 

91 

92 

93 

95 

97 

1” 

C7B’ BR (nb) 

5.4EtOO 

3.4Et00 

2.2EtOO 

1.4EtOO 

6.3E-01 

3.2E-01 

1.7E-01 

l.OE-01 

6.1E-02 

3.93-02 

2.53-02 

9.43-03 

4.1E-03 

PF=d4 

7x. BR (nb) 

3.9EtOl 

1.5EtOl 

6.OEtOO 

2.8EtOO 

7.7E-01 

2.6E-01 

l.OE-01 

5.OE-02 

2.53-02 

1.3E-02 

6.93-03 

1.9E-03 

5.23-04 

fH (%) 

12 

19 

26 

33 

45 

55 

62 

67 

71 

75 

78 

82 

88 



Table 5: CDF Mass Measurements Compared with World Values 
Decav Mode / PDG Mass (MeVj 1 SVX Mass 

A + PK 1115.63 i 0.05 1115.6 & 0.2 

J/4 + w 3096.93 2~ 0.09 3096.1 f 0.2 

$(ZS) + J/+r 3686.00 zt 0.10 3686. 21 1. 

B, + J/4K+ 5278.6 rt 2.0 5277. & 3. 

BA ---) J/~!JK”* 5278.7 zt 2.1 5277. i 4. 

Table 6: Values ofsome parameters ofinterest for the decay ofthe B,. The expectations of different 
models (QCD sum rules (SR) OF potential models (PM)), togeth er with uncertainty estimates, are 
included whenever available. (ISGW, see [39], BSW, see [40]). 

Lifetime 0.5 f 1.5 x 10-l’ set (PM) , 0.9 x 10-l’ sex (SR) 

fEl. 550 * 50 MeV (PM) , 360 * 60 MeV (SR) 

BR(Bc + $ t X) 
BR(Bc + @Y) 

BR( B, + yGt!v $ X) 

BR(& + ?lir) 

24 i 10% (PM) 

3 f 1% (ISGW,BSW) , 0.8% (SR) 

4.7% (ISGW,BSW) 

0.2% (ISGW,BSW) 
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105 I” 1 1 ” 1 ” 

s 
104 

23 
‘3 a 
A 103 

D 
& 
x 

102 

101 

CDF Data Preliminary 

I upper: MRSDO. @=M,,‘4,1\=275 

lower: MRSDO, /1=M,,A=215 

I I 

0 10 20 

Pt (GeV) 

30 40 
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Figure 15: Preliminary B* - JJ1IK’ mass spectra from the 1992/93 run 
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