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c--. Abstract. The CDF experiment at the Fermilab Tevatron has proven to be well 
I suited for precision studies of b physics. Thanks to the excellent performance 

Q... of the Tevatron Collider and the detector, CDF has accumulated very large 
\j data samples and roughly a decade of experience with b physics in pP collisions. 

With the much higher luminosities expected for the Main Injector era, the next 
~ decade promises to be an even more fruitful period for CDF. Here we offer a 

brief overview of issues in hadron-collider b physics and a summary of CDF's ~ accomplishments and future plans. 

OVERVIEW 

Although b physics was not mentioned in the original 1981 CDF technical 
design report [1,2], several features were incorporated in the CDF design that 
made precision b physics possible. These included: a large solenoidal magnetic 
tracking volume; a well segmented electron/photon calorimeter outside of the 
tracking region; and a relatively thin muon filter that allowed muon detection 
down to '" 1.5 GeV /e transverse momentum (PT). While not intended for 
b physics, these detector capabilities allowed CDF to study basic features of 
b production in the first official physics run (so-called "Run 0", 1988-1989, 
4 pb-1 ), and to develop strategies for a more sophisticated program of b physics 
in the second physics run ("Run I", 1992-1996, 120 pb-1 ), using a silicon 
vertex detector [3]. In turn, the experience gained from Run I now provides 
a baseline for planning the CDF b physics program in the Main Injector era. 
("Run II" and beyond) [4], including detector upgrades that will significantly 
expand on the present CDF capabilities. 

The main motivation for pursuing b physics at hadron colliders is well 
known. The production cross sections measured at CDF at v's =1.8 TeV 
imply total event yields of 1011 BB pairs per fb-1 integrated luminosity, much 
higher than the yields expected for e+e- B-factories. This rate advantage 
is significant because once product branching ratios are taken into account, 
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almost all interesting B-decay modes are quite rare. For example, for the 
"sin 2/3" mode, BO -+ 1j;K., tP -+ p,+p,-, K. -+ 7r-7r-, the combined branching 
ratio is 1.7 X 10-5

, and the production yields would be 1.4 x 106 events for 
1 fb- 1 at the Tevatron, compared with 500 events for 30 fb-1 at BARAR (nom­
inal BARAR year). Even though trigger and event selection cuts on PT and 
11 reduce the geometrical efficiency at CDF to around 1% for this mode, the 
potential advantage is still rather large. 

In addition to high rates, the Tevatron offers other features that are worth 
noting. First, pp is a CP-symmetric initial state~ and so we expect equal rates 
for Band B hadrons, at least in the central region. Second, the PT spectrum 
for B hadrons scales like the B mass and is significantly harder than that 
for light hadrons. As a result, the B hadrons are Lorentz-boosted at all 
rapidities, including the central region where the production rate is highest; 
at y=O, the average PT(B) is around 3.5 GeVIe. Thus, with PT cuts on the 
B decays, one can take advantage of the long B lifetime to identify B decays 
and to exploit the time dependence of mixing and CP v;olation signatures. 
Third, the hard PT(B) spectrum is also a useful tool in improving signal to 
background; whereas BB production makes up ~ 0.2% of the pp inelastic cross 
section, at high PT the ratio of b jet to inclusive jet production is measured 
to be around 2%. Finally, the Tevatron (like LEP) produces all species of b 
hadrons, including B., Ab,=b, Be, and B- and B·· excitations; in this respect, 
b physics at the Tevatron complements that at the T (45) B factories. 

In order to take advantage of the potentially high yields at the Tevatron, 
efficient trigger schemes are needed. For Runs 0 and I, CDF relied on single 
and dilepton triggers to collect very large samples of semileptonic and J11/J 
decays, with typical trigger thresholds at PT ",8 GeVIe (single leptons) and 
at PT ,,-,2 GeVIe (dileptons). From silicon vertex-based analyses, the inclusive 
J ItP sample has a B fraction of /'"V 20%, the remainder coming from prompt 
sources. Similarly, the inclusive lepton samples are found to be typically 40% 
from B decays, the remainder coming from ec production or fake leptons. 
Silicon vertex cuts can be used to further improve the B sample purities, but 
to start with, the signal to background in these samples is comparable to the 
b fractions that are produced in e+e- collisions at the T(45) or the Zo poles 
(,,-,20%). 

Combining the high purity and large yields for these lepton trigger samples, 
the CDF Run I data provide the largest single sample of exclusive decays 
for JI1/J modes, /'"VISOO total events in B -+ 1f;Ks, 7jJK+, 1j;K-o, 1/Jt/J, and 1/JA. 
CDF also has the largest single sample of quasi-exclusive semi-leptonic decays, 
,,-,10,000 total events in the modes B -+ l+vDo, D+, D-+, D., and Ac. Figure 
1 shows examples of the B O -+ 1/JKs and 1j;K-o and B+ -+ 1jJK+ signals from 
Run I. Figure 2 shows reconstructed charm peaks from semileptonic B O and 
B+ decays. These correspond to total samples of order 105 B -+ JI1/JX and 
106 B -+ l+vX inclusive events. For comparison, typical B O -+ 1fJKs yields at 
LEP are /'"V S events per 3.6 million ZO decays [5], and at CLEO "-' 46 events 
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FIGURE 1. (left to right) 1jJKs, 1jJK+, and 1jJK-o mass peaks frc::1 CDF R:ln L 

per 3.1 fb-1 integrated luminosity [6]. Thus, for modes where CDF can exploit 
an efficient trigger, it is demonstrably possible to take ad·va.ntage of the very 
large b production cross section in the central region. 

While lepton and J /7./J triggers open up a broad palette of b physics, there 
are at least two further challenges that are not easily met at a hadron collider. 
The first is flavor tagging- identifying the flavor of a neutral B hadron at 
birth- needed for mixing and CP violation studies. This can be done by 
identifying the associated b jet in a bb final state, or by measuring the charge 
of the parent b jet that produced the BO or B. ("self-tagging" or "same-side 
tagging"). These place demands on the rapidity coverage for tracking and 
particle identification and on the ability to reject particles from associated 
gluon jets or underlying event debris. CDF has used both tagging methods 
to make competitive measurements of BO - BO time-dependent mixing. Using 
the experience gained in Run I, CD F will improve the tagging efficiency in 
Run II by extending the tracking coverage in 7J, improving both muon and 
electron coverage, and possibly adding kaon identification by time-of-flight. 

The second challenge is to trigger on all-hadronic B decays, such as 
BO -+ 11'"+11'"-, 11'"+11'"+11'"-11'"-, and B. -. D.1I'", D.K. Taking branching ratios into 
account, a single-lepton trigger (e.g., triggering on B -+ I and then searching 
for associated B decay to hadrons) would not be a viable way to get adequate 
statistics. Instead, a silicon-based trigger on secondary vertices, coupled with 
trigger-level tracking cuts, appears to be a good way to capture large numbers 
of hadronic B decays, and CDF plans to deploy a silicon vertex trigger in Run 
II. A key feature that makes this workable in the central region is the very 
small transverse spread of the beam at the interaction point (IP). In Run I the 
typical beam spot size was ±22 microns in both transverse dimensions. Thus, 
it is not necessary to reconstruct the primary vertex event by event in the 
trigger, but only to find tracks with large projected impact parameter with 
respect to the IP. For forward detectors (LHC-B and BTeV), the task will be 
more challenging because of the longitudinal spread of the interaction region. 
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FIGURE 2. (Left) Charm peaks in B+ - l+lIDO}( and BO -+ l+lID(-)- X: (a) 
DO _ K+~-; (b)D- - K+7r- 7r- ; (c) D"- - D°7r-, DO -+ K+ ';t'- or K+ 7r+~-7r- j 

(d)D-- -+ D0 7r-, DO _ K+7r-1f'0. 

Below, we summarize physics topics that CDF has examined, including b 
production, spectroscopy, rare decays, lifetimes, and mi.."Cing properties. We 
then conclude with a brief overview of future plans. 

CDF B PHYSICS RESULTS 

Run 0 

The CDF detector, as configured at the start of Run 0, is described in Ref. 
[7J. The most relevant components for B physics are the 3-meter-diameter 
by 3-meter-long central drift chamber, which covered the region 171/ ::; 1.2; 
the central calorimeter, which featured fine-grained electromagnetic shower 
detection; and muon chambers located outside the central calorimeter at SAc"'.' 

The first physics run in 1988-89 yielded samples of about 1000 J/1/J + 1/1', 
40,000 inclusive leptons, and 900 ep. dilepton pairs. The ep. sample produced 
the first CDF publication on b physics, a measurement of X, the species- and 
time-averaged mixing parameter [8J. 

Clear signals were seen for exclusive B hadron production in the modes 
B+ ~ 1/1K+ [9], B O ~ 1/1K-o [10], and B ~ e+vDo [11]. These had a ma­
jor impact on CDF's planning for B physics in Run 1. The observed signals 



corresponded to a substantially larger B hadron cross section than predicted 
by 1'LO QeD [12]. Likewise, the b quark inclusive cross I sections, as deter­
mined with inclusive electron [11], muon [13], J / 7j;, and,p [14] samples: also 
indicated higher than expected cross sections. In order to extract the b cross 
section from the charmonium samples, it was assumed that B's were the main 
source of ,p' production and that B's and Xc -+ ,pi were the main S01ll'ces 
of J /,p production. It proved possible to measure the Xc contribution, using 
the excellent CDF calorimeter segmentation to identify the soft photon in Xe 
decay [15,16]' and thus, by subtraction, infer the b -+ J/,p contribution. \Vith 
the assumption that direct J /"p production is negligible, this measurement im­
plied that "",60% of J/,p's originate from B decay. The high cross section was 
good news from an engineering standpoint (i. e., better for a future b physics 
program), but seemed inconsistent with the older V Al results at .JS=630 Ge'V 
[1 i], and generated considerable interest in the theory community [18]. 

Run I 

During 1989-1992 major improvements were made to both the Tevatron 
Collider and the eDF detector. The most important eDF upgrade component 
was the four-layer silicon vertex detector (5VX), located very close (3 to 8 em 
radii) to the IP, yielding typical impact parameter resolutions of 13 + 40/PT 
J-Lm ~3]. This device quickly resolved the cross section issues raised in Run 
O. The SVX data allowed model-independent separation of B production in 
B -+ J/1/J, ,p', el/X, JLl/X ... from backgrounds such as prompt charmoruum 
production, ee, and misidentified leptons. In particular, it was easy to show 
that a relatively small fraction (",,20%) of J /"p and "p' production comes from 
B decay [19}. Also, the fraction of inclusive leptons coming from B decays 
was somewhat overestimated in the Run 0 analyses; the SVX measurements 
allowed precise determinations of the sample composition, including fake rates. 
The unexpectedly large cross sections for direct.,p and .,p' production are very 
interesting in their own right [20], but remain a background in the B physics 
industry. 

Currently all Run I CDF B cross section measurements are based either on 
the SVX impact parameter data [21-23] or exclusive reconstruction [24,25]. 
Figure 3 shows examples of the exclusive and inclusive cross section measure­
ments, compared with NLO QeD, using MRSDO structure functions. Both 
the single b quark and B hadron, and the correlated bb cross sections in the 
central region are consistently 2-3 times higher than the nominal QCD predic­
tions. To check the earlier discrepancy with VAl data, CDF interleaved data 
at .JS=O.63 TeV with .JS=LB TeV at the end of Run I; this permitted a direct 
comparison of the b cross sections at the two energies with the same appara­
tus, the same decay channels (inclusive muons), and minimal systematic bias. 
The ratio of experimental cross sections at the two energies agrees well with 



CDF Prel!!:ninary 
IoIRSOO.Ituc:tut.f~ 

NlO OCD.}L "'~. c."".006. m_=4.75 

.••. NlO OCD.}L = ~/4. c.=.004. m.=4.5 

..... NlO OCD.}L =2~. '_=.008. m.=5.0 


• 00 
". 0 

". 0 
•••• 0 

•••••• 0 

•••••••• 0 

.......? 


-2 
10 

·······..···,,··············0..... 

o B ~ J/y, X 


.. S ~ ,,(:::5) x 

-J 

10 

, J/" Systematic Error 

, ,,(25) Systematic Error 


o 5 10 :5 2Q 25 
PT(~) [GeV/c) 

PT(B-,B1 (GeV/c) 

FIGURE 3. (left) Inclusive J /.,p and .,p' cross sections from B decay, compared with NLO 
QeD; (right) B+, BO differential cross sections compared with NLO QeD. 

NLO QCD expectations [26]; however, the absolute cross sections (including 
UAI's) are systematically higher than the QeD predictions at both energies 
[27J. Thus, CDF cross section measurements show that the absolute yields 
and also the probability of finding the second b jet for tagging are favorable 
for a b physics program in the central region. 

In addition to the SVX detector, other improvements to CDF augmented 
the b physics capability in Run I. First, the trigger strategies were optimized, 
using the experience gained in Run O. By lowering thresholds, tightening 
trigger-matching cuts, and extending the muon coverage in 11, CDF increased 
the yield of J /1/1's per pb-1 from ",,230 in Run 0 to "-'4500 in Run 1. The purity 
of the single muon triggers was improved using additional absorber with read­
out chambers at 8"\06,; this reduced hadron punch-through backgrounds by a 
factor of twenty. The inclusive electron trigger purity was improved by match­
ing the shower-maximum detector signal to the electron track [28]. Electron 
identification was also improved by addition of preshower detectors at lXo • 

Relativistic rise dEjd'J! information was obtained from the outer 54 layers 
of the central drift chamber; with"" 9% resolution,this gave -... 20" separation 
between electrons and minimum ionizing particles, and allowed statistical sep­
aration of 1t"±, K±, and p, p. For slow particles, ;3 dE / dx was available from 
both the drift chamber and the SVX. Finally, it should be noted that the SVX 
provides not only precise impact parameter information; by matching tracks 
to secondary vertices, the SVX also allows clean reconstruction of multipar­
ticle charm and bottom decays, such as DO ~ K-1t"+1f'-1r+, which would be 
otherwise buried in combinatorial background. Overall, the CnF detector im­



provements in Run I allowed much larger ba.nd·~dths for sir.gle and dilepton 
triggers and better B purity than in Run o. 

Properties of b Hadrons 

Masses 

The exclusive J /'if; decay modes provide very straightforward signatures to 
measure b hadron masses. The J /'if; and 7/;' decays themselves provide a built­
in calibration for tracking systematics. With :lmples of 32 B. ~ 7/;</> and 
20 Ab 7/;A events, CDF measurements dor:c...in::.:e the w;:)r1d ayerages for B.--.oj> 

[29] and Ab masses [30]. With much higher sta::stics in Ru:l II, we can look 
forward to precision mass measurements for a \c..;ety of states using the J /'if; 
sample: B., Ab, Lb, 2 b) Be, and strong-decay ex:itations (B·· l Eb, A;). 

Branching Ratios and Decay Distributions 

CDF has used the exclusive J /'if; sample to establish relative branching 
ratios for the decays B+ ~ 1/JK+, 1/J'K+, 'if;K--, BO -+ .,pK-o, -,p'K-o, 'if;Ko, 
and B. 1/J</> [31-33], as well as the Cabibbo-s:lppressed decay B+ ~ 'if;1C'+--.oj> 

[34]. The decay angular distributions are used :0 study the CP-composition 
in B. 'if;</> and BO -+ 'if;KaO [35]; this informa:ion is potentially important--.oj> 

for CP violation studies with these modes. T:'e published CDF results on 
the longitudinal polarization fraction in BO - 1j.;K-o are compatible with 
the recent CLEO analysis: rL/r= 0.65±0.10±J.04 (CDF), O.52±O.07±O.04 
(CLEO) [6]. A value rL/r=l would signal a pure CP-even final state; the 
observed value is consistent with an admL"<:ture cf even and odd partial waves, 
and a full angular distribution analysis is nee:ed to separate the OP-odd 
P wave from the OP-even Sand D waves. T.le published CnF result on 
B. ~ 1/;</>, rL/r= O.56±O.21~~:~!, is also consiste:lt with an admixture of even 
and odd waves. The current CnF results are based on 19 pb-1

, and with the 
full statistics of Run I and eventually Run II, it will be possible to carry out 
a precise determination of the full angular distri~ution for both .,p K*o and 'if;q, 
modes, similar to the CLEO analysis on BO --+ -..:K-o [6]. 

Rare Decays 

CDF has set competitive limits on rare decays invoh;ng non-resonant dilep­
ton final states, B+ -+ K+ JL+ JL- and BO ~ K-op,+ p.-, as well as BO --.oj> JL+ JL-
and B. JL+ p.- [36]. The limits on the first :';vo modes a.:e currently only--.oj> 

an order of magnitude above the standard mocel expectations; CDF should 
have large enough dimuon samples in Run II to obserye of order 100 or more 
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events in the K+ JL+ JL- and K-°p,+ JL- modes in Run II. These decays involve 
loop diagrams and are potentially sensitive to physics beyond the standard 
model. 

Radiative Decays 

CDF has also done a feasibility study on rare radiative decays. The relative 
branching ratios for BO .....", PI to BO .....", K-o; or B. ---+0 K-o, to B. ~ 4rt are 
proportional to the ratio of CKrvl matrix elements v~~/y~;, up to hadronic cor­
rections of order unity. CDF implemented a photon-plus-two-charged-particle 
trigger for about 23 pb -1 integrated luminosity in Run I. [sing standard pho­
ton identification and isolation cuts, and impact parameter cuts on the charged 
particles, the preliminary CDF analysis finds 1(0) signal candidate events with 
expected physics signals of 0.95 ± 0.51 (0.34 == 0.18) events in the K-o, (cfrt) 
channels. Preliminary limits on the B. ---+0 ¢rf decay branching ratio are found 
to be 3.9 X 10-4 at 90% confidence; so far, the only published limit on this 
mode is 7.0 X 10-4 from DELPHI [37]. ..\ second experimental method is 
to use photon conversions into e+e- pairs in place of the photon in these 
final states. This would improve the mass resolution and the background 
rejection, using an electron rather than a photon trigger. The conversion 
radiator is supplied by the CDF inner detector (about 12% Xo in Run II). 
Combining the conversion efficiency with the product branching ratios, the 
radiative decay signal, B O .....", K-o" would be around 3% of the "known" sig­
nal BO .....", K-°1/;, 'r/J e+e-, for which CDF expects several 1000's in Run II.---+0 

CDF already has clean B peaks using J/'r/J ~ e+e-, and has shown the utility 
of conversion photons with cleanly resolved peaks in Xe ~ 'ifJ, [30]. 

Search for the Be 

The spectroscopy of be states can best be studied at hadron colliders. The 
mass of the weakly decaying Be is predicted to be 6.24-6.31 GeV [38], and its 
production rate is predicted to be around 4 x 10-3 relative to the B+ meson 
[39]. The decay rate is expected to be the sum of b and e decays plus the 
be annihilation process; one of the more interesting experimental questions 
is whether the b or c-quark decays first. Predictions for the lifetime range 
from 0.4 to 1.4 ps, depending on whether the decay is c or b dominated [40]. 
Predictions are given in Ref. [41] for branching ratios into states involving 
J I1/;. Combining the theoretical assumptions, we get the following estimates 
for ratios of Be to B+ production: 

(1) 
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FIGURE 4. Exclusive B hadron lifetimes measured in CDF, combi!1ing J /t/J, t/J' and 
semileptonic modes. Also shown are the B+ / BO lifetime ratio and the species-averaged 

lifetime, the latter based on inclusive J /t/J and t/J' production. Values s~own for B+, BO, 
and B. are preliminary. 

Be ~ 1/;7r+ 	 r 
5 	 (2)== 0.009 X -0 X €,B+ ~ 1/;K+ . ps 

where r is the Be. lifetime and € is the relative detection efficiency. CDF has 
published limits on the 1j;7r+ mode [34], and has candidates in the semileptonic 
modes. The important point here is that CDF has a large B+ ~ 1/;K+ signal 
in the denominator (c./., Figure 1), and so the Be. signal should be detectable, 
depending on r(Be.). ALEPH has reported a clean candidate event in the 
1/;p.+v~ final state [42]; as noted earlier, the total yield of B hadron decays to 
J /1/J's at LEP is substantially lower than the Run I CDF yields. Stay tuned! 

Lifetime lVfeasurements 

In 1990 the PDG species-averaged lifetime for B hadrons was 1.18±O.11 ps. 
The current average values are 1.538±O.019 ps from LEP semileptonic decays 
and 1.533±0.036 ps from CDF inclusive J /-r/J decays. This underscores the 
dramatic impact that CDF, SLD, and LEP experiments have had on time­
dependent measurements such as B lifetimes and mixing parameters. Current 
world averages on the individual B hadron lifetimes now approach accuracies 
of around 5%. The effects of non-spectator contributions have been calculated 

- ------~ 
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with the heavy quark expansion technique [43,44]. The expected pattern for 
T( Ab ) : T B, : T BO : T B+, ...... 0.9:1.0;1.0: ...... 1.05 appears to match the data fairly 
well, 0.79:0.98: 1.00: 1.06 [45], although the short Ab lifetime is not understood. 

CDF has measured the species lifetimes using large samples of semileptonic 
and exclusive J I 'r/J decays [46-52). The systematic uncertainties are larger 
for the semileptonic samples, since the B hadron is not fully reconstructed 
(missing neutrino) and there are uncertainties associated with feed down from 
excited charm states (e.g., D--'s). For the exclusive JI-,p modes, typical sys­
tematic uncertainties are on the order of 1 %, mainly due to modeling of the CT 

resolution function. Since the semileptonic channels have higher statistics, the 
errors are comparable for both modes, but it is likely that after Run II all of 
the B hadron lifetimes, like the mass measurements, will be dominated by the 
J 11/1 data. Figure 4 shows a summary of the CD F results with semileptonic 
and J 11/1 modes combined. The values are in good agreement with the LEP 
results and the world averages [45]. 

Two additional lifetime measurements are accessible at hadron colliders, 
namely the Be lifetime discussed above and the lifetime difference between 
the short and long-lived B, states (expected to be the predominantly GP-even 
and odd B, ± B. mi.:'(ing eigenstates, respectively). Theoretical estimates give 
.n.rIr ",0.16 [53,541, with phenomenological upper limits, based on b ~ cC.s 
transition rates, of ~rIr ~ 0.44 ± 0.06 [53]. \Vith the present sample of 420 
B. ~ lvD.X events, CDF has probed the sensitivity of a double exponential 
fit to separate the two lifetimes; extrapolating from this, CDF should be able 
to measure .n.rIr to ±0.02-0.03 in Run II. If .:lrIr is indeed large, it would 
open up new avenues to GP violation, including the elusive phase 1 (53]. In the 
limit of large LlrIr, the B, system would be similar to the KL - Ks system; 
the separability of the two eigenstates by lifetime acts like a flavor tag, and 
allows one to compare the CP properties in the decay of each eigenstate. In 
addition, if the difference is large, the relation between .n.J..\,f and .n.r can be 
used to estimate z, for the B. [53]. 

Time-Dependent kfixing 

Time-dependent measurements of B OBO oscillations at LEP, SLD, and CDF 
have yielded precise values for the mass difference, I.n.md!, between the neutral 
Bd eigenstates. Eventually, combined with accurate measurements of the mass 
difference for the B. eigenstates, this information should lead to relatively 
model-independent determinations of IVtetI/IVf.I. 

The current CDF analyses of Bet-mixing are based on semileptonic decays, 
using both the high-PT single lepton and lower-PT dilepton trigger samples. 
In all cases, one of the leptons is combined with other charged particles in 
the same b jet to measure the decay vertex in the transverse plane and to 
estimate 131 and the proper decay time. The analyses further split depending 

http:0.02-0.03
http:0.79:0.98


on whether the charged particles accompanying the lepton are reconstructed 
as charmed DO, D+, and D*+ or are treated inclusively. In both cases, the B 
hadron flavor at decay time is tagged by the decay lepton. In the reconstructed 
charm sample, illustrated in Figure 2, the B~ is identified by its semileptoruc 
decay (with a few % cross-talk from charged B decays). In the inclusive sam­
ples, the B~ time-dependent oscillation must be extracted from backgrounds 
from B+, B., and Ab decays. 

The flavor of the B hadron at birth is deduced either from the associated 
"away-side" b jet or from the fragmentation products in the "same-side" b-jet. 
For 	the dilepton trigger samples, the away-side jet is tagged using the second 
trigger lepton. For the inclusive single lepton triggers, both away-side tags, 
based on soft leptons or jet charge, and same-side (SST) tags, based on t::e 
fragmentation charge, are used. 

To 	date, these combinations have led to five CDF measurements of ~md, 
which are shown in Figure 5. These are: 

(1) single lepton-plus-charm with SST ('" 9K events- c.f., Figure 2) 

(2) 	single inclusive lepton with away-side tag on soft lepton or jet charge 
('" 250K events) 

(3,4) inclusive lepton from both eJL and JLJL dilepton samples ('" 20K events) 

(5) 	lepton-plus-charm from dilepton sample ("" O.SK events) 

The lepton-plus-charm samples are essentially pure B, after sideband subtrac­
tion on the mass peaks. The inclusive lepton samples are also very pure in 
B content, after selecting lepton plus charged particle jets having displaced 
vertices; the b fractions are estimated using the lifetime distributions, the jet 
mass, and the lepton PT(rel), and are typically of order 90%. 

The time-dependent oscillation is given by 

(3) 

-rt 
B~ag(O) -4 BO(t) = T[l - D cos Llmt]; (4) 

the equations give the relative probabilities for a neutral B, tagged as a BO 
at birth (t = 0) to decay as a BO or a BO at time tj Llm is the oscillation 
frequency; and D is the flavor tagging "dilution" (D = 2R -1, where R is the 
probability for a right-sign tag). The known variation of D as a function of 
the event variables (for example, ]JT(rel) for lepton tags, or charge sum for jet ­
charge tags) is input to the maximum likelihood fits for each event. The fits 
then determine the overall magnitude of D from the amplitude of the mixing 
oscillation and Llmd from the phase. 
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The band shows the current world average from LEP, SLO, and CDF r::easurer:1ents. The 

labels give the Bd decay signature/ tagging method. 

If we denote the overall tagging efficiency, including right- and wrong-sign 
tags, as €, then the statistical accuracy of a sample of ~V sig!lal events corre­
sponds to that of a tagged sample of size N x eD2. From the inclusive lepton 
analyses, the figure of merit for the different tagging methods, ED2, is found 
to be: 

eD2 ~ 0.8% (away-side jet charge) 

eD2 ~ 1.1% (away-side lepton tags) 

eD2 ~ 2.4% (SST on EO) 

eD2 ~ 5.2% (SST on B+) 

The away-side tagging methods (jet-charge and lepton tags) are handicapped 
by several effects: mi"ring of the away side jet, which gives an intrinsic DTniz = 
1-2X; sequential decays for leptons; the limited 1J coverage of the present CDF 
tracking system; and background tags from gluon jets at small 'fJ. The same­
side tags do not suffer from these effects and so yield a higher efficiency_ In the 
CDF SST algorithm, prompt tracks from the b --t> B fragmentation or from 
B** decay [55] are selected, and the parent B hadrons are tagged according to 
the expected correlations: B°1r+, B01'(-, B+1C'-, and B-1r+. As an example, 
Figure 6 shows the time dependence of the B -+ B transition using SST tags; 
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neutral B's show the expected mixing oscillation, while charged B's, used as 
a check on the method, do not [56}. 

THE FUTURE 

With the main injector, the Tevatron is expected to deliver luminosities 
of order 2 x 1032 

, and both the CDF and DO experiments expect an inte­
grated luminosity of 2fb-1 in Run II. To handle the higher luminosities and 
shorter (396 ns) bunch spacing, the CDF detector is undergoing a. major ren­
ovation [4}. The silicon vertex- tracking system will be upgraded from the 
present single-sided 4-layer device to a double-sided 7-layer system having 
both X - Y and R - Z readout; the new device will cover 90% of the lu­
minous region in Z, compared with 60% in the Run I device, and will""-J 

be capable of standalone track reconstruction to '1/=2. These features should 
improve the signal-to-noise for B reconstruction and will increase the tag­
ging efficiency for all tagging methods. In addition, the central drift chamber 
will be replaced, a.nd high-PT tracks (1'7' ~ 1.5Ge V / c) will be available for 
the level-l decision. The trigger itself will be pipelined to accomodate a 50 
kHz rate out of level-I; this bandwidth requirement is driven primarily by 
the all-hadronic B trigger. At the second trigger level, drift-chamber tracks 



found in level-l will be matched to the silicon vertex-detector hits, allowing 
offline-quality information on the track impact parameters. Fast processors in 
level-2 can then be used to form track-based triggers with secondary-vertex 
cuts, as well as the traditional lepton-based triggers. The third level trigger, 
which will perform event reconstruction using the full event readout, will se­
lect inclusive lepton, dilepton, and J /1/; samples as in Run I, and also the 
all-hadronic triggers needed for studies of CP ,,;olation (BO 71"+11"-) and B.-1' 

.. (B• -+ D-• 7r,+ D-• 11" +11" +7C' -)IDlXlng • 

We have already alluded to some of the B physics goals that can be met 
with very high statistics lepton and J /1j,' samples in Run II, for example: 

• Precision masses and lifetimes fer fclly recor:.structed B:s 

• Determination of ~r for B., using B, -. Z-:-vD;,,pcP 

B O• Observation of rare decays, B+ -. p.~1'- K+ = --+ p.+p.- K-o 

• Radiative decay branching ratios, e.g., B. --+ </rr, B. -4 K-oi 

• Detailed studies of the Be meson 

In addition, CDF expects to: 

• Observe CP violation in the channels B~ --+ '..j; K~ and B~ ---+ 7r+7r­

• Search for CP violation in B~ -+ -,prj; (=0 in S.l'.L) 

• establish Llm(B.) using all-hadroruc B. triggers. 

CP Violation 

We conclude with a brief discussion of CP violation studies in Run II. The 
general form for the time evolution for BO decays to CP-eigenstates like 'f/;K~ 
and 7r+7C'- is given by 

acp(Bd --+ Ij t) = A~p cos ~(mdt) + Act sin Ll(mdt ), (5) 

where the OP-violating asymmetry is defined by 

a p (B ---+ I' t) ..!.-(_ B-=-~(..!-t-=--)-_'...:../..::.....)_-~(B~~=(t=)_--+.-..,;;/~) (6) 
C ci - (B3(t) -+ I) + (B~(t) --+ I)'I 

Here, "B~(t) -+ In is the probability for a neutral B, produced as a BO at 
t = 0, to decay to the OP-eigenstate I at time t; A~p denotes direct CF 
violation in the decay, while Ac~ denotes CF violation due to interference 
between mixing and decay processes [57~. For the final state I = 'f/;Ks, the 
first term in Eq. (5) is expected to be small, and the mixing induced term Ac~ 
is given by the quantity - sin (2,8). For the final state I = -;r+7C'-, the first 



term could be large, depending on penguin contributions; the mixing induced 
term Ac; is given by - sin (2a) plus possible additional contributions from 
penguin amplitudes. 

As with mi.x:ing measurements, the observed asymmetry is rec.uced by the 
tagging dilution factor D: 

(7) 

Thus, it is necessary to calibrate the dilution accurately. For the a.way-side 
tagging methods, D can be calibrated directly using the high-stat:stics sample 
of B+ ~ 1jJK+ [58J. For "same side tagging", since B+ and BO ha.ve different 
charge correlations with the fragmentation tracks, D must be calibrated us­
ing the mixing oscillation signal from B~ -+ 1jJK-o, supplemented by mi"ring 
measurements using B~ semileptonic decays. 

Extrapolating from the observed event yields in Run I, taking into account 
lower trigger thresholds and better tagging coverage with the upgra.ded de­
tector, CDF expects to obtain up to 15,000 'if;Ks events in Run II (2 fb-l), 
with overall tagging efficiency r-..; 5.4% [4]. A simple time-averaged asymmetry 
measurement would yield an uncertainty 

c . ( a) ~ 1 + x~ 1 Js +B 
Q SIn 2,v - v' B ' (8)

Xci ED2 N 

where the dilution factor (1 + X~)/Xd = 2.13 arises from time ayeraging the 
sin ~mdt dependence, and S/ B is the signal to background. With these input 
assumptions, 6' sin (2{3) = 0.09. In practice, it will be necessary to fit the time 
dependence. This verifies the sin (~mdt) dependence expected for Ac~ and 
reduces 6' sin (2{3); it also improves the effective signal to background, since 
the combinatorial background from prompt J /1jJ production occurs at t = 0, 
where the CP asymmetry should vanish. 

Assuming a nominal BR(B~ ~ 1["+1["-) of 1 x 10-5 , the all-hadronic trig­
ger designed for CDF in Run II would yield approximately 10,000 events 
in this mode [4]. Ignoring A~p , Monte Carlo studies indicate that an error 
6' sin (2a) "-I 0.12 can be achieved, with the same eD2 as for'r/lKs above. Again, 
it will be necessary to fit the time dependence, and here the penguin-induced 
cos (~mdt) oscillations may turn out to be large. In that case, the interpre­
tation of "sin (2a)" is more complicated; some strategies for this case are dis­
cussed in Ref. [59]. In addition to the possible complications from penguin dia­
grams, backgrounds are expected from B3 -+ K+1["- and B~ ~ K-1r-, K-K- , 
which overlap the 1["+71'- mass distribution within ~ ±20". ~either of these 
backgrounds would contribute to the sin (~mdt) oscillation, but they intro­
duce an overall dilution factor in the observed asymmetry [60]. This overall 
dilution can be determined by measuring the total background from K+-;r­
and K+K- production using relativistic-rise dE / dz measurements from the 



central drift chamber; this purely statistical separation can be done on the 
full signal sample before tagging. Since the time-dependence of the CP asym­
metry is especially important for B~ - 7["+ IT- : it is worth noting that the 
proper time resolution is quite good in this mode due to the large opening 
angle between the decay pions. With the all-hadronic trigger selections and 
just the Run I silicon vertex resolution, the average resolution on the decay 
proper time would be around 6% of the B~ lifetime; this should improve with 
3D vertexing in Run II. 

CONCLUSIO); 

CDF has shown that it is possible to take ad-vantage of the high B hadron 
production rates in the central region at the Tevatron, using selected triggers. 
The very high yields and the mix of B hadron flavors make the hadron-collider 
B program complementary to that at e+e- B factories. \Vith the upgraded 
CDF detector, it should be possible to increase the present samples of J /1/J 
and lepton triggers by factors of fifty. CDF also plans to deploy all hadronic 
silicon-based triggers for studies of CP violation and B. mixing. Thus, the 
CDF collaboration is optimistic that after ten years of experience doing B 
physics at the Tevatron, the best is still yet to come. 
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