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We describe the observation of the Bc meson through its semileptonic decays,

Bc ! J= `�, and the measurements of the Bc mass, lifetime and production rate

in the CDF detector at Fermilab. We also present estimates for Bc production

and decay into other �nal states in the forthcoming run of the upgraded CDF and

Tevatron.

The discovery of all possible quark-antiquark combinations, i.e. the

conventional mesons, occupied a time-span of a half-century. The charged

�-meson and the K-meson were �rst observed 1947. Over the next two

decades, a large number of mesonic states were added to the list until it

was demonstrated1 that the quarks proposed by Gell-Mann and Zweig2 were

real. All mesons observed until that time were ground states or excitations of

the known qq combinations of u, d and s. Three new quarks, the c, b and t,

were discovered from 1974 to 1995. The c and b quarks have lifetimes of order

picoseconds and are able to form mesons, but the t decays before it can com-

bine with an anti-quark to form a meson. Thus, �ve quarks (and antiquarks)

are available to form mesons, and there are just �fteen such combinations as

shown in Fig. 1. The observation of the Bc in 1998 provided the �nal entry

in this chart.

The excitations of cc and bb states have been described rather successfully

by potential models. Similar models, using the same quark masses,3 have been

proposed for the Bc and its excited states. One example is shown in Fig. 2.

These give a variety of predictions for the mass, M(Bc) from 6.2 GeV/c2 to

6.4 GeV/c2.

It is expected that hadro-production of Bc will be dominated by the

gluon-gluon interaction which has 36 Feynman diagrams to order �4. Cal-

culations assume the pseudoscalar decay constant in the bound-state vertex

to be f(Bc) � 500 MeV.4 The fragmentation probability for b ! Bc is esti-

mated to be (1.3 to 1.5)�10�5. The corresponding probability for b! B
+ is

0:378� 0:022.

In order to compute the decay probability, we assume three main processes
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Figure 1. The �fteen possible qq states.
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Figure 2. The potential model of Buchmuller and Tye showing the ground state and several

excited states for Bc. This model uses mc = 1:48 GeV/c2 and m
b
= 4:88 GeV/c2

which do not interfere, yielding a total width: � = �c + �b + �a, where

�c represents diagrams involving c ! sW , �b represents b ! cW and �a
represents the annihilation process bc ! W . We expect �c to dominate and

this yields lifetime estimates ranging from 0.4 ps to 1.4 ps.5;6

We used data from the Collider Detector at Fermilab (CDF) to look for

Bc production in 1.8 TeV pp collisions in 110 pb�1 of data collected during

the runs of 1991-1996. Detailed results of our successful search for the Bc have
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Figure 4. The mass spectrum for J= K� which were cut from the data in the search for

the Bc, and used to normalize the Bc production rate. The �tted peak contains 290 � 19

events and is centered at 5.279 GeV/c2 with an r.m.s. width of 14 MeV/c2. Events within

50 MeV of this peak were eliminated from the search for Bc.

ters. The third muon was required to have pT > 3 GeV/c and pass through

additional absorber. We found 23 Bc ! J e� candidates, of which 19 were

in the signal region, and 14 Bc ! J �� candidates, of which 12 were in the

signal region.

Signi�cant contributions to backgrounds come from misidenti�cation of

hadron tracks as leptons and from random combinations of real leptons with

J= . These are discussed in detail in Ref. 7 The procedure for determining

the amount of each source of background was checked by applying it to an

independent data sample where the background could be determined experi-

mentally.

Table 1 summarizes the results of the background calculation and of a

simultaneous �t for the mass spectrum over the region between 3.35 and 11

GeV/c2. Figure 5 presents the mass spectra for the combined J= e and J= �

candidate samples, the combined backgrounds and the �tted contribution

from Bc ! J `�. The �tted number of Bc events is 20:4
+6:2
�5:5.

To test the stability of the result, we generated Monte Carlo signal tem-

plates for various assumed Bc masses. The size of the signal was stable over

the range of theoretical predictions, and this gave us measurement of the mass,

M(Bc) = 6:40� 0:39(stat:)� 0:13(syst:) GeV/c2.
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Table 1. Bc Signal and Background Summary

3:25 < M(J= `) < 11:0 GeV/c2

J= e Events J= � Events

False Electrons 4.2�0.4

Undetected Conversions 2.1�1.7

False Muons 11.4�2.4

BB Background 2.3�0.9 1.44�0.25

Total Background (predicted) 8.6�2.0 12.8�2.4

(from �t) 9.2�2.0 10.6�2.3

Predicted
N(Bc!J= e�)

N(Bc!J= ��)
0:58� 0:04

e and � Signal (derived from �t) 12.0�+3:8
�3:2 8.4�+2:7

�2:4

Total Signal (�tted parameter) 20:4+6:2
�5:5

Signal + Backgrounda 21.2�4.3 19.0�3.5

Candidates 23 14

P(null)b 0:63� 10�6

a The total number of �tted events was not constrained to be equal to the number of

candidates.
b Probability that background alone can 
uctuate to produce an apparent signal of 20.4

events or more, based on simulation of statistical 
uctuations.

Figure 6 shows distribution in ct�, which is related to the proper time for

Bc. For this study, we relaxed the cut of 
ight path to include events around

the primary production vertex. Through a procedure described in detail in

Ref. 7 we were able to determine the Bc lifetime to be

c� = 137+53
�49(stat:)� 9(syst:)�m (1)

� = 0:46+0:18
�0:16(stat:)� 0:03(syst:)ps (2)

(3)

From the 20.4 Bc events and the 290 B� ! J K
� events, we calculated

the ratio for production cross section times branching fraction for these two

processes. We �nd

�(Bc) _BR(Bc ! J= `�)

�(B) _BR(B ! J= K)
= 0:132+0:041

�0:037(stat:)� 0:031(syst:)+0:032
0:020 (lifetime);

(4)

for Bc and B
� with transverse momenta pT > 6:0 GeV/c and rapidities

jyj < 1:0. This result is consistent with previous searches.8 Figure 7 compares
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Figure 5. Histogram of the J= ` mass that compares the signal and background contribu-

tions determined in the likelihood �t to the combined data for J= � and J e. Note that

the mass bins vary in width. The total Bc contribution is 20:4+6:2
�5:5

events. The inset shows

the behavior of the log-likelihood function vs. the number of Bc mesons.

phenomenological predictions with our measurements of c� and this branch-

ing fraction. Within experimental and theoretical uncertainties,5;9 they are

consistent.

What are the prospects for further studies of the Bc in Run 2 of CDF

which is scheduled to start in March, 2001? This has been studied by my

collaborators, Vaia Papadimitriou and Wei Hao. Run 2 will have a factor

of twenty higher luminosity, 3-dimensional micro-vertex tracking covering the

full interaction region ( �1:4 acceptance), and lower energy thresholds yielding

another factor of 1.4 in acceptance. Overall, we expect a factor of 40 greater

acceptance for Bc and enhanced ability to reject backgrounds. In Ref.
10 there

are estimates of a variety of decay branching fractions for Bc, including the

semileptonic modes measured above and a variety of fully hadronic modes

with all charged particles in the �nal state. Any of the latter would allow a

precise measurement of the Bc mass.

One of the most promising decay modes is B�
c
! J= �

� which is es-

timated to have a decay rate about a factor of ten lower than either of the

two modes discussed above. Monte Carlo calculations for the CDF detector

suggest that the mass peak for this process would have an r.m.s. width of
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Figure 6. The distribution in ct� for the combined J= � and J e data along with the �tted

curve and contributions to it from signal and background. The inset shows the log-likelihood

function vs. c� for the Bc.

about 17 MeV with the Run 1 detector. We searched for a Bc signal in this

and other decay channels in the Run 1 data, but were unable to extract a

de�nitive result above backgrounds. The higher luminosity of Run 2 should

produce a much higher yield of such events, and the 3-D tracking should re-

duce backgrounds. We expect to be able to obtain a measurement of the Bc
mass to an accuracy at least an order of magnitude better than that reported

above for the semileptonic decays. In addition, we should have hundreds of

semileptonic decays with more precise tracking which should yield greatly

improved measurements of the Bc lifetime.

A number of you who have worked with potential model calculations of

the excited states of Bc have asked me about the possibility of measuring the

masses of B�
c
states such as those shown if Fig. 2. I am not optimistic about

our ability to do this because decays such as B�c ! Bc�
+
�
� happen at the

primary interaction vertex where large numbers of other pions are produced.

These yield a large combinatoric background, which make it di�cult to isolate

a signal. Nevertheless, I suspect that we will search for such states, and if we

are succesful it will certainly place strong constraints on the various potential

models.
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= �(Bc ! J= `�) based on Refs. 4 and 9.

U. S. Department of Energy and the National Science Foundation; the Ital-

ian Istituto Nazionale di Fisica Nucleare; the Ministry of Education, Science

and Culture of Japan; The Natural Sciences and Engineering Research Coun-

cil of Canada; The National Science Council of the Republic of China; the

A. P. Sloan Foundation; and the Swiss National Science Foundation.

c5382: September 18, 2000 to be submitted to World Scienti�c 8



References

1. For a review, see J. A. Friedman and H. Kendall, Ann. Rev. Nucl. Sci.

22, 203 (1972).

2. M. Gell-Mann, Phys. Lett. B 8, 214 (1964),

G. Zweig, CERN Report 8419/Th 412, 1964.

3. See, e. g., W. Buchmuller and S.-H. Tye, Phys. Rev. D 24, 132 (1981),

W. Kwong and J. Rosner, Phys. Rev. D 44, 212 (1991),

E. Eichten and C. Quigg, Phys. Rev. D 49, 5845 (1994),

H. P. Shanahan et al., Phys. Lett. B 453, 289 (1999),

L. P. Fulcher, Phys. Rev. D 60, 074006 (1999).

4. M. Lusignoli et al., Phys. Lett. B 266, 142 (1991),

E. Braaten et al., Phys. Rev. D 48, 5049 (1993).

5. M. Lusignoli and M. Masetti, Z. Phys. C 51, 549 (1991).

6. M. Beneke and G. Buchalla, Phys. Rev. D 53, 4991 (1996),

C. Quigg, Proceedings of the Workshop on B Physics at Hadron Accel-

erators, Fermilab-Conf-93/267, (SSCL-SR-1225) (1994).

7. F. Abe et al., The CDF Collaboration, Phys. Rev. Lett. 81, 2432 (1998),

F. Abe et al., The CDF Collaboration, Phys. Rev. D 58, 112004 (1998).

8. F. Abe et al., The CDF Collaboration, Phys. Rev. Lett. 77, 5176 (1996),

P. Abrue et al., The DELPHI Collaboration, Phys. Lett. B 398, 207

(1997),

R. Barate et al., The ALEPH Collaboration, Phys. Lett. B 402, 213

(1997),

K. Ackersta� et al., The OPAL Collaboration, Phys. Lett. B 420, 157

(1998).

9. D. Scora and N. Isgur, Phys. Rev. D 52, 2783 (1995).

10. C. H. Chang and Y. Q. Chen, Phys. Rev. D 49, 3399 (1994).

c5382: September 18, 2000 to be submitted to World Scienti�c 9


