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Heavy Quarks at the Tevatron: Top & Bottom 
lkianfred Paulini (Representing the CDF and D0 Collaboration) 5 

Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA 

Abstract 
We review the status of heavy quark physics at the Fermilab Tevatron collider 

by summarizing recent top quark and B physics results from CDF and DO. In 
particular, we discuss the measurement of the top quark mass and top production 
cross section as well as B meson lifetimes and time dependent BOB0 mixing results. 

1 Introduction 

In this report, we review recent results on heavy quark physics (top & bottom) from the 
Tevatron pp collider at Fermilab operating at a centre-of-mass energy of fi = 1.8 TeV. 
During the Tevatron Run I, which ended in 1996, the CDF experiment [l] and the DO 
detector [2] recorded each an integrated luminosity of about 100 pb-*. 
In Section 2, we summarize the status of top quark physics at CDF and DO discussing 
measurements of the top production cross section and the top quark mass. Section 3 is 
devoted to recent B physics results from the Tevatron collider, where we concentrate on 
B hadron lifetimes and time dependent BOB0 mixing results. We conclude with Section 4. 

2 Top Quark Physics at the Tevatron 

At the Tevatron the dominant top quark production mechanism is tz pair production 
through QQ annihilation. Gluon-gluon fusion contributes to the tf cross section to about 
10% at fi = 1.8 TeV. During the Tevatron Run I over 5 . 1012 pp collisions took place 
within the CDF and DO detectors but only about 500 ti? pairs have been produced per 
experiment implying ate to be about ten orders of magnitudes lower than the total inelastic 
cross section. This means the challenge in studying top quarks is to separate them from 
backgrounds in hadronic collisions. 
Within the Standard Model, each of the pair produced top quarks decays almost exclu- 
sively into a W boson and a b quark. The W boson decays into either a lepton-neutrino 
or quark-antiquark pair. The top decay signature depends primarily on the decay of the 
W boson. Events are classified by the number of W’s that decay leptonically. 
If both W bosons decay leptonically into W + &, where lepton e refers to e or p, we call 
it the ‘dilepton channel’. The final state consists of e-iif?+vbg as can be seen in Figure la). 
Due to both W’s decaying semileptonically, this top decay mode has a small branching 
fraction of about 5%. If one of the W bosons decays leptonically into W + ev and the 
other into W + c$, we call it the ‘lepton plus jets channel’, where the final state consists 
of &qq’bE as shown in Figure lb). This decay mode happens with a branching ratio of 
about 30%. If both W bosons decay into quark pairs as W -+ Q$, we call it the ‘all 
hadronic channel’. The final state consists of qij’q$b& as can be seen in Fig. lc). This 
top decay mode occurs at a large rate of about 44%. The remaining top decays involve a 
T lepton plus another lepton (6%) or a T lepton plus jets (15%). 

§To appear in the Proceedings of IVth International Workshop on Progress in Heavy Quark Physics, 
Restock, Germany, 20-22 September 1997. 
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Figure 1: Top decay signature of (a) the dilepton channel, (b) the lepton plus jets channel, 
and (c) the all hadronic channel. 

r Dilepton D0 CDF Lepton plus jets DO CDF 
ep: 3 7 Event shape: 19 22 
Background 0.2 f 0.2 0.8 f 0.2 Background 8.7 f 1.7 7.2 f 2.1 
Expected yield 2.2 f 0.5 2.6 f 0.2 Expected yield 14.1 f 3.1 (67 pb-i) 
ee or pp: 2 2 Lepton tag: 11 40 
Background 1.2 f 0.3 1.6 f 0.4 Background 2.4 f 0.5 24.3 f 3.5 
Expected yield 1.9 f 0.3 1.8 f 0.2 Expected yield 5.8 -+ 1.0 9.6 f 1.7 
eu (Da), &r (CDF): 4 4 SVX tag: 34 
Background 1.2 f 0.4 2.0 f 0.4 Background 8.0 f 1.4 
Expected yield 11 I.7 f 0.5 1 0.7 f 0.1 11 Expected yield II - 1 19.8 f 4.0 ] 

Table 1: Event summary for the dilepton channel (left) and the lepton plus jets channel 
(right). The expected yield from ti production is based on determinations of the top cross 
section [3] for a top quark mass of 170 GeV/c2 (Da) and 175 GeV/c2 (CDF), respectively. 

2.1 The Counting Experiments 

2.1.1 The Top Dilepton Channel 

The signature of the dilepton channel (see Fig. la) is two isolated high pt leptons and 
missing energy (&) f rom the two neutrinos that escape the detector unobserved. In 
addition, there are two jets originating from b quarks in the event. After demanding two 
leptons and &, the event selection also relies on kinematic requirements. The dominant 
backgrounds are from Drell-Yan production, 2 + TT, fake leptons, and WW diboson 
production. The dilepton channel has a good signal to background ratio, but low statistics. 
The dilepton event summary for CDF and D0 is shown in Table 1 (left) and further 
described in Ref. [4,5]. Both experiments find a few events on small backgrounds. Table 1 
also contains the D0 eu channel [6] and the CDF e or /J plus T mode [7]. 

2.1.2 The Top Lepton plus Jets Channel 

The signature of the lepton plus jets channel (see Fig. lb) is one isolated high pt lepton, 
missing energy (#&) f rom the neutrino and four jets where two of them are from b quarks. 
The dominant background is from W plus jet production, where the jets tend to be softer 
than jets in tf events. In addition, t5 events always contain b quarks. Both experiments 
follow different strategies to reduce the background in this channel. 
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CDF tags the b jets in the event through a ‘soft lepton tag’ (SLT) and a ‘SVX tag’. The 
first technique identifies b jets by searching for typically low momentum leptons from 
b + LX or b + c 4 eX decays. Electrons and muons are found by matching tracks from 
the central drift chamber with electromagnetic energy clusters in the calorimeter or track 
segments in the muon chambers. The efficiency for SLT tagging a tf event is (18 f 2)% 
with a typical mistag rate per jet of about 2%. Details of the SLT algorithm can be 
found in Ref. [8]. Th e second, more powerful b tagging technique (SVX tag) exploits the 
finite lifetime of b hadrons by searching for a secondary decay vertex displaced from the 
primary event vertex with CDF’s silicon vertex detector. The efficiency for SVX tagging 
a tf event is (39 f 3)%, while the mistag rate is only M 0.5%. More information on the 
SVX tag can be found in Ref. [8, 91. 
D0 uses kinematic and topological cuts as well as b tagging via soft muon tagging to reduce 
the background in the lepton plus jets channel. The first approach exploits the fact that 
jets from tf decays tend to be more energetic and more central than from typical QCD 
background events. In addition, tf events are more spherical while QCD jet production 
results in more planar event shapes. Top enriched data samples can therefore be selected 
with a set of topological and kinematic cuts like missing energy or aplanarity. The second 
D0 approach uses b tagging via muon tags through b + PX and b + c + pX decays. 
For more details on both techniques see Ref. [lo, 111. The lepton plus jets event summary 
for the CDF and D0 experiment is shown in Table 1 (right). 

2.1.3 The Top All Hadronic Channel 

The signature of the all hadronic channel (Fig. lc) is nominally six jets where two of them 
are from b quarks, no leptons, and low qt. In order to overcome the huge background from 
QCD multijet production, b tagging as well as kinematic requirements are used. If the 
backgrounds can be controlled, the all hadronic channel would be well suited to determine 
the top mass because all objects of the top decay are measured in the detector. 
After kinematic cuts are applied in the CDF all hadronic analysis [12], at least five jets 
are required, where the leading jets have to pass an aplanarity cut. In addition, at least 
one jet has to be SVX tagged. CDF observes 187 events on a predicted background of 
151 f 10 events. In the search for tf events in the all hadronic mode, DO requires six jets, 
where a soft muon tag has to be present in at least one of the jets. DO combines several 
kinematic variables and uses a neural net approach to separate signal from background 
obtaining 44 events with an expected background of 25.3 f 7.3 events. 

2.2 The Top Production Cross Section 

The measurement of the top production cross section is given by gtr = (N,,br - N,.&/A L. 
The number of predicted background events Nbks is subtracted from the number of ob- 
served top candidates N,,br and divided by the acceptance A of the sample selection and 
the integrated luminosity L of the used data set. The measurement of otr has been de- 
termined in several decay channels. The results of the different atr measurements from 

+4*4 CDF [13] are 8.2-s., p , b 6.7ff.t pb, and lO.l+$i pb for the dilepton, lepton plus jets, and . 
all hadronic mode, respectively. CDF measures a combined top production cross section 
of air = 7.6:::: pb. The results from the DO analysis [6] are 6.3f3.3 pb from the dilepton 
and ey channel, 4.1 f 2.0 pb from lepton plus jets, and 8.2 f 3.5 pb from lepton plus jets 
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Figure 2: Reconstructed mass distribution of (a) the CDF and (b) the DO top quark 
mass measurements in the lepton plus jets decay channel. See text for more information. 

with a p tag. DO quotes a combined top cross section of atr = (5.5 f 1.8) pb. Theoretical 
predictions [3, 141 range between 4.7-5.5 pb for a top quark mass of 175 GeV/c2. 

2.3 The Top Quark Mass Measurement 

The top quark mass mtop is a fundamental parameter of the Standard Model. A precise 
determination of mtop is one of the most important measurement of CDF and DO in Run I. 
Because of the large background in the all hadronic mode and the low number of top events 
in the dilepton channel, the most powerful dataset for measuring the top quark mass is 
the lepton plus jets sample. The preferred method to determine mtor, is a constrained fit 
to the lepton plus 4-jet events arising from the process tf + WbWb + .tvbqij%. The exact 
correspondence between the observed lepton, jets, and & and the tf decay products is 
not known. There are 12 combinations to assign the observed objects to the partons from 
the t5 decay. These are reduced to six (two) combinations if one (two) b jets are tagged. 
Usually the mass fitter decides on a preferred assignment based on a x2 variable. 
At CDF the lepton plus 4-jet sample with at least one SVX tag provided the original 
top mass measurement [9]. Optimization studies indicated a reduced error on mtop, if the 
tagged events are partitioned into non-overlapping tagging classes and a set of untagged 
events is added. The following four data samples are used: events with a single SVX 
tag (15 events), events with two SVX tags (5 events), events with a SLT tag but no 
SVX tag (14 events), and events with no tag but all four leading jets have Et > 15 GeV 
(42 events). The reconstructed mass distribution of the sum of the four subsamples is 
plotted in Fig. 2a). The data points are compared with the result of the combined fit (dark 
shading) and the fitted background component (light shading). The inset shows the shape 
of the log-likelihood as a function of mtop. A value of mtop = (175.9 f 4.8 f 4.9) GeV/c2 
has been extracted, where the main systematic error is from the jet energy scale. Further 
details on the CDF top quark mass measurement can be found in Ref. [15]. 
The DO top mass measurement [ll] * b is ase d on 77 lepton plus jets events, where five events 
are p tagged and about 65% are background. Further separation of signal and background 

4 



~ . Tevotron Top Quark Moss Measurements ,_ I 81.2 1 I 1 I I I I ‘Y 1 (a) 
I 

t-e-l 

m 

t = I 

173.3f0.4 GsV/c’ 

172.0 * 7.5 w/c 

161 f 20 G&/e’ 

186 f 16 G&‘/2 

Df8 Lepton+jsts 

Df8 Combined 

CDF Dilepton 

CDFAI-Hodronic 

80.8 - 

175.9 f 6.9 G&/c CDF Lepton+jets %!,~ 1 , , , , , , , , 

140 160 220 240 
, 

Figure 3: (a) S ummary of the CDF and DO top quark mass measurements in different 
decay channels. (b) Relation between the top quark mass and the W boson mass. 

is based on four kinematic variables, which are chosen to have small correlations with mtop. 
D0 also engages in a neural net approach, which is sensitive to these kinematic variables 
as well as their correlations. The reconstructed top mass distribution of the final lepton 
plus jets sample is shown in Fig. 2b). The shaded histogram are the data, while the solid 
circles represent the predicted mixture of top and background, and the triangles are the 
predicted background only. DO extracts mtop = (173.3 f 5.6 f 6.2) GeV/c2, where the 
main systematic error also comes from the jet energy scale. 
A summary of the top quark mass measurement by CDF and DO is shown in Figure 3a). 
Both experiments also measured mtop in the dilepton channel, while CDF has a top mass 
determination from the all hadronic channel [12] in addition. 
Since the top quark mass is large, it controls the strength of quark loop corrections 
to electroweak parameters like the W boson mass mw. If mtop and mw are precisely 
measured, the Standard Model Higgs boson mass can be constraint as shown in Fig. 3b). 
The Tevatron results as well as the indirect measurements at the 2 pole seem to indicate 
a small Higgs boson mass, but the uncertainties are still large and more data is needed. 

3 Bottom Quark Physics at the Tevatron 

The principal interest in studying B hadrons in the context of the Standard Model arises 
from the fact that B hadron decays provide valuable information on the weak mixing 
matrix, the Cabibbo-Kobayashi-Maskawa (CKM) matrix [16]. Traditionally, B physics 
has been the domain of e+e- machines, but already the UA 1 collaboration has shown 
that B physics is feasible at a hadron collider [17]. In this report, we concentrate on 
recent results on B hadron lifetimes and time dependent BOB0 oscillations where there 
exist only results from the CDF experiment. 
The main production mechanism of b quarks at the Tevatron is through gluon-gluon 
fusion. Compared to top quark production, the b quark production cross section is quite 
large with Ub - 50 pb within the central detector region of rapidity less than one. This 
huge cross section resulted in about 5 s 10’ bz pairs being produced in Run I. But the 
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Figure 4: Summary of (a) B lifetime ratios and (b) CDF B hadron lifetime measurements. 

total inelastic cross section is still about three orders of magnitude larger. This puts 
certain requirements on the trigger system in finding B decay products. Because of the 
rapidly falling b production cross section, one likes to go as low as possible in the pt trigger 
thresholds to increase the amount of recorded B triggers with the DAQ bandwidth being 
the limiting factor. All B physics triggers at CDF are based on leptons. Dilepton triggers 
with principal pt thresholds of about 2 GeV/c per lepton as well as single lepton triggers 
with pt thresholds around 7.5 GeV/c both exist. An additional basis of CDF’s B physics 
program are the good tracking and vertexing capabilities of the CTC and SVX. 

3.1 B Hadron Lifetime Measurements 

The lifetime differences between bottom flavoured hadrons can probe the B decay mech- 
anisms which are beyond the simple quark spectator model. In the case of charm mesons, 
such differences have been observed to be quite large (~(O+)/T(.D”) N 2.5) [18]. Among 
bottom hadrons, the lifetime differences are expected to be smaller due to the heavier 
bottom quark mass [19, 201. S ome phenomenological models [19] predict a lifetime differ- 
ence between the B+ and B” meson of about 5% and between the B” and B,O meson of 
about 1%. A compilation of different B hadron lifetime ratios as determined by the LEP 
B Lifetime Working Group are shown in Fig. 4a). The range of theoretical predictions 
are indicated as shaded bands in this Figure. 
CDF has measured the lifetimes of all B hadrons by fully or partially reconstructing B”, 
B+, and Bj mesons as well as hb baryons. A compilation of the precise CDF B hadron 
lifetime measurements can be found in Fig. 4b). In the following, we will describe the 
Bg lifetime measurement using Die+ correlations, which has recently been updated. 

3.1.1 B,O Meson Lifetime Measurement 

The lifetime of the B,O meson is measured at CDF using the semileptonic decay B,O + 
D,~+YX, where the D, is reconstructed through its decay modes into &r-, K*‘K-, 
K!jK-, and 4,~~v. For the first 3 decay modes the analysis starts with a single lepton 
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Figure 5: (a) I nvariant K+K- mass distribution of B!j + D,p+vX decays with D, + 

h-4 4 + K+K-. (b) Decay length distributions for signal (top) and background 
(bottom) in the D, + &J-V sample. 

trigger data set, while the semileptonic DB decay mode is based on a dimuon data sample 
obtained with a trigger requirement of m(pp) < 2.8 GeV/c ‘. 0~ candidates are searched 
in a cone around the lepton and then intersected with the lepton to find the Hj’ decay 
vertex. Since the B,O meson is not fully reconstructed, its CT cannot be directly determined. 
A correction has to be applied to scale from the Die+ momentum to pt(Bi). This @y 
correction is obtained from a Monte Carlo simulation. 
About 600 B,O candidates have been reconstructed in the four 0; decay channels, where 
the D, + &r- mode contributes the largest statistics with 220 f 21 events. As an 
example, the K+K- invariant mass distribution from the DB -+ &J-Y decay mode with 
4 + K+K- is shown in Fig. 5a) displaying 205 f 38 signal events. Figure 5b) shows 
the decay length distribution of the &L-Y mode, where the background underneath the 4 
signal was obtained from the 4 sidebands as displayed at the bottom of Fig. 5b). From all 
four D, decay modes a B,O lifetimer = (1.39f0.09f0.05) ps has been measured. The 
main systematic errors arise from the background shape and from non-@ backgrounds. 
In the Standard Model of the CKM mixing matrix, the ratio AI’/Am contains no CKM 
matrix elements and depends only on QCD corrections. If the error on this QCD calcu- 
lation is understood and not too large, a measurement of AI’ in the B,O meson system 
implies a determination of Ams and thus a way to infer B,O@ mixing. The B,O meson 
proper decay length distribution has been examined for a lifetime difference AI’/P be- 
tween the two CP eigenstates of the B!j’ meson, Bf and Bk. Instead of fitting for a 
functional form of l?e-rt the likelihood fit has been expanded to fit for a functional form 
l/2 - (lYLfcrLt + rHcrHt ) with l?L,H = l? f AP/2. F ixing the average B,D lifetime to the 
PDG value r(Bi) = (1.57f0.08) ps [18], the fit returns AI’/I’ = 0.48+:::: indicating that 
the current statistics is not sensitive to a B,O lifetime difference. Based on this fit result a 
limit on AI’/I’ < 0.81 (95% CL) can be set. Using a value of AP/Am = (5.6 f 2.6). 10m3 
from [21], an upper limit on the Bj mixing frequency Ams can be obtained 

Ams < 92 x (5.6.10-“)/(AI’/Am) x (1.57~~/7~$ (95% CL). 
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Figure 6: (a) Summary of time dependent Am, results from CDF. (b) Measured asym- 
metry from the D(*).t mixing analysis. 

3 2 BOB0 Oscillations . 

In the Standard Model, BOB0 mixing occurs through a second order weak process, where 
the dominant contribution is through a top quark loop. The oscillation is expressed in 
terms of its frequency Am,, where Am, is the difference in mass between the two B” 
meson eigenstates. For a beam initially pure in B” mesons at t = 0, the number of B” 
that oscillate at proper time t is given by N(t)Bo,g~ = l/2 r exp(-I?) e (1 - cos Amdt). 
Measurements of the frequencies of B” and B,O oscillations can constrain the magnitudes 
of the CKM matrix elements Vtd and V,,. 
In general, a time dependent mixing measurement requires the knowledge of the flavour 
of the B meson at production and at decay, as well as the proper decay time of the B me- 
son. Experimentally, the flavour of the B meson at decay time is determined from the 
observed decay products like the charge of the lepton from a semileptonic B decay. The 
flavour at production time can be determined in various ways, employing either the sec- 
ond b-flavoured hadron in the event, or the charge correlation with particles produced in 
association with the B” meson (‘same side tagging’ SST). CDF has preliminary results on 
several time-dependent B” mixing analyses utilizing several ways to tag the B flavour at 
production. These measurements include opposite side lepton tagging, jet charge tagging, 
or SST as can be seen in Fig. Sa). The combined average from the CDF Am, measure- 
ments is Am, = (O.474f 0.029 f 0.026) ps-l, which is competitive with results from other 
experiments [18]. In th e o f 11 owing, we report about one of CDF’s Am, measurements 
exploiting the same side tag, which is of particular interest at a hadron collider. 

3.2.1 BOB0 Mixing in D(*)k? Events 

For this analysis, further described in Ref. [22], B 
semileptonic decays B + D(*)lvX. 

mesons are reconstructed through their 
Th 

and reconstructs D(*) 
e analysis starts with single lepton trigger data 

meson candidates in a cone around the trigger electron or muon in 
the following channels: B” + D*+Pv, D*+ + Do& with Do -P K-T+, K-T+T+T-, 
and K-7r+7r” (?r” not reconstructed) as well as B” + D+.t-v, D+ --t K-r+r+, and B- -+ 
Do-t-v, with Do + K-T+ (veto D*+). About 7000 partially reconstructed B” mesons 
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and about 2000 B+ candidates are selected this way. The D(*) candidates are intersected 
with the lepton to find the B decay vertex in a similar way as described in Sec. 3.1.1. 
To tag the B flavour at production, a same side tagging algorithm, which exploits the 
correlation between the B flavour and the charge of tracks from either the fragmentation 
process or B** resonances [23], is used. In this analysis no attempt is made to differentiate 
the sources of correlated pions. To study the correlation between the flavour of the 
B meson and the charged particles produced in association with it, all tracks within a 
q-d cone of radius 0.7 centered around the direction of the o(*)e candidate are used. The 
tracks considered as tags should be consistent with the hypothesis that they originate 
from the fragmentation chain or the decay of B** mesons; this means they are required 
to come from the primary event vertex. 
String fragmentation models indicate that the velocity of the fragmentation particles is 
close to the velocity of the B meson. Similarly, pions from B** decays should also have a 
velocity close to the one of the B meson. In particular, the relative transverse momentum 
(&‘“) of th e p t 1 ar ic e with respect to the combined momentum of the o(*)e combination 
plus tag particle momentum, should be small. Of the candidate tracks, we select as the 
tag the track that has the minimum component of momentum tie’ to the momentum sum 
of that track, and the o(*)e combination. The efficiency for finding such a tag is N 70%. 
Since we know the flavour of the B meson at decay from the o(*)e signature, we compare 
the number of right-sign (NRs) SST tags to the number of wrong-sign (Nws) tags as a 
function of cr. For the B” meson we expect the asymmetry A(t) to be A(t) = (N~s(t) - 
Kvs(~))/(x3s(q + Jhw(q) = D * cos(Amdt), where D is the dilution of the same side 
tagging algorithm. D is also related to the probability w of mistagging the flavour by 
D = 1 - 2 w. In this analysis both Am, and D are determined simultaneously. 
To obtain the asymmetry for B” and B+ mesons, a correction is applied for the fact 
that each o(*)e signal has contributions from both neutral and charged B mesons via 
D” decays. The fit result is shown in Fig. 6b). The fit yields Am, = (0.471?:::,7: f 
0.034) ps-‘, as well as the neutral and charged dilutions D,-, = 0.18 f 0.03 f 0.02 and 
D+ = 0.27 f 0.03 f 0.02, respectively. 

4 Conclusions 

In this article, we have reviewed recent heavy quark physics results from the Tevatron 
pp collider at Fermilab. We summarized the status of top quark physics at CDF and 
D0 including measurements of the top production cross section and the top quark mass 
in several top decay modes. We also discussed recent B physics results from the CDF 
experiment including B hadron lifetime measurements, which are very competitive with 
the LEP and SLC results, as well as time dependent BOB0 mixing. These results give rise 
to good prospects of top and B physics at the Tevatron in Run II starting in 1999. 
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