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Heavy Quark Production at CDF
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The contribution summarizes the latest results from CDF on heavy quark production. Results from top, bottom
and charm production are included. Some new analysis using Run I (1991-1994) data have become available. More
importantly there are a number of results using Run II data which began in April 2001. The data indicate the
potential of CDF for bottom and charm production physics in the near future.

1. INTRODUCTION

The experiments at the Tevatron are, until the
LHC turns on, in the unique position to study all
quarks which are considered heavy: charm, bot-
tom, and top. In the following a number of re-
cent results from CDF are presented which are
obtained from data of the Run I and Run II
data taking periods. For heavy quark physics at
hadron machines like the Tevatron the triggering
system is crucial. Most of the collisions are un-
interesting with relatively low momenta going in
the transverse direction and originate from light
quarks. Interesting events have to be �ltered out
carefully due to limited bandwidth.
During the Run I data taking period (1991-4)

CDF took a total of 110 pb�1 of data. These data
are used extensively for analysis and even today
new results of heavy quark production are being
obtained. For b physics analyses data originating
from muon and electron triggers are used.
The Run II data taking period started in April

2001 and CDF has used up to 15 pb�1 for the
analyses presented here. The most exciting new
feature of the CDF detector with respect to the
Run I setup is the trigger for large impact param-
eter tracks [1]. For the �rst time at a hadron ma-
chine a level-2 trigger is able to measure the track
impact parameter fast and accurately enough to
allow a trigger based on these measurements.
This opens a new window of opportunity for
heavy avor physics based on purely hadronic de-
cays. This trigger will be essential to measure Bs

mixing, which is one of the most important mea-
surements targeted by CDF in the near term fu-

ture. Probably only the fully reconstructed �nal
state leads to suÆciently precise proper time mea-
surements to capture the rapid Bs oscillations.
Heavy quark production is predicted by QCD

and the larger the mass, the better the agreement
with perturbative calculations. One of the main
goals in measuring heavy quark production is to
test the validity of QCD calculation schemes. The
three quarks cover an interesting spectrum from
the top quark mass of about 175 GeV=c2 to the
charm quark mass of about 1:5 GeV=c2.
The text summarizes recent results for top and

bottom production in the next two sections. Both
are based on Run I data. The next section, num-
ber 4, is devoted to Run II data, �rst showing the
detector performance in the leptonic triggers and
then some �rst results on charm decays using the
new hadronic trigger.

2. RECENT RESULTS FROM TOP

PRODUCTION

Gluon radiation is an important aspect of top
quark production. Not only is the phenomenon
interesting in itself but it also constitutes a large
component of the uncertainty of the top quark
mass measurement. While the total uncertainty
on the top quark mass is about �5 GeV=c2 in
Run I, the uncertainty introduced by hard gluon
radiation amounts to �2 � 3 GeV=c2 depending
on the particular top decay channel.
Hard gluon radiation can in good approxima-

tion be separated into gluon radiation in produc-
tion which means before the top quark decays,
and gluon radiation in decay which happens dur-
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ing or after the top decay. While jets recon-
structed from the former type should not be in-
cluded in the tt system the latter one has to be
included to obtain the correct top quark mass.
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Figure 1. Fit of the Monte Carlo jet multiplicity
templates to the data.

The tt is reconstructed in the Run I data as
a lepton plus missing energy and at least two
jets [2]. At least one of the jets is required to
have a b-tag which means that it contains tracks
originating from a secondary vertex. For the anal-
ysis the events are classi�ed as tt plus 0, 1, 2
etc. jets. Jets are formed based on a cone algo-
rithm [2] using di�erent transverse energy thresh-
olds: ET > 20 GeV orET > 25 GeV. The jet mul-
tiplicity is then �t to Monte Carlo templates. The
Monte Carlo uses Pythia [3], where gluon radia-
tion in production is included via MADGRAPH
matrix elements [4]. The processes qq=gg ! tt,
qq=gg ! ttg, qg ! ttq, and qg ! ttgg are in-
cluded. Gluon radiation in the top decay is pro-
vided by Pythia itself. Using templates of the jet
multiplicities of the signal Monte Carlo and the
standard background simulation [2] allows one to
determine the contribution of the di�erent gluon
radiation diagrams. A �t of the jet multiplicity
templates for jets with transverse energy larger
ET > 20 GeV to the data is shown in Figure 1.

Table 1
Fraction of events originating from background,
tt or ttj production.

Contribution Fit (ET > 20 GeV)

ftt 0.36 +0:13
�0:12

fttj 0.051 +0:084
�0:059

fbg 0.523 +0:057
�0:056

For events with only 2 jets the background dom-
inates while the fraction of top-pair events with-
out radiation increases until jet multiplicities of
4. The contribution of top-pairs with one hard
gluon radiation reaches its maximum at 4 to 5
jets. The result of the �t is the fraction of tt, and
ttj events: ftt and fttj , respectively, and is listed
in Table 1.
The large uncertainty on the fraction of ttj

events indicates that the number of such events is
not yet suÆcient to make a signi�cant measure-
ment of this process. A �t including an additional
contribution of two hard gluons from production
is obviously hopeless and not further discussed
here. The fractions are converted into the cross
section ratios as:

�tt=�ttX = ftt=(1� fbg) ;

�ttj=�ttX = fttj=(1� fbg) :

Limits at the 90% con�dence level are also set on
the cross section fractions:

�ttj=�ttX(ET = 20 GeV) < 0:48 ;

�ttj=�ttX(ET = 25 GeV) < 0:55 :

Although the measurement lacks statistics, a
method to determine the hard gluon radiation in
top production has been established.

3. RECENT RESULTS FROM BOTTOM

PRODUCTION

Bottom production is huge at the Tevatron.
The total production cross section is on the order
of about 100 �b as compared to 1 nb at the �(4s)
resonance or 7 nb at the Z resonance. Neverthe-
less b physics is challenging at the Tevatron since
the light quark inelastic cross section is another
3 orders of magnitude larger.
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Figure 2. Di�erential production cross section of
bb production at 1.8 TeV.

3.1. Single Inclusive Cross Section

A measurement of the single inclusive b pro-
duction is performed using the exclusive signal
B+

! J= K+ with J= ! �+�� [5]. Since the
b quark is not measured directly the B meson
measurement has to be unfolded for various ef-
fects like fragmentation, structure functions, mo-
mentum scales and b quark mass. When cross
section was compared to the predictions in the
original publication it comes out too high by a
factor of 2.9. Recent developments in the the-
ory sector [6] shows that the Peterson fragmen-
tation function [8] with an � parameter value of
0:006 � 0:002 is not appropriate to use in con-
junction with next-to-leading order, NLO, pro-
grams [7]. This is due to the e�ect that the frag-
mentation parameter � has been determined using
leading-log calculations which are commonly used
in shower Monte Carlo programs like Pythia [3].
The authors of Reference [6] suggest a more

correct implementation of the fragmentation
function to be used in connection with the NLO
calculation. This new calculation is referred to as
FONLL by the authors. Using the new scheme
for the implementation of the fragmentation the
cross section prediction is only a factor of 1.7
higher than the measured cross section. The situ-
ation is nicely summarized in Figure 2. The data
points include statistical and systematic errors.
The dashed line is the central value of the FONLL

calculations while the solid lines indicate the the-
oretical uncertainties introduced by the variation
of the momentum scales of renormalization and
factorization. Also shown as a dotted line is the
cross section prediction when using Peterson frag-
mentation with a parameter of � = 0:006. The
new calculation does not exhibit a large discrep-
ancy to the measurements within the quoted un-
certainties.

3.2. Correlations of bb Production

Recently CDF has started an e�ort to measure
the correlations of bb production. Similar to the
single inclusive cross section b hadrons are used to
identify the b quark. Again an unfolding process
has to be applied, only this time there are two
b hadrons, which makes the process much more
complicated. From the measurement of bb corre-
lations it is possible to distinguish contributions
of di�erent production mechanisms. The lowest
order production mechanism is expected to pro-
duce bb pairs basically back-to-back while for the
higher order production mechanisms the distribu-
tion of the angle between the two quarks is almost
at.
So far CDF has only results for correlations of

b hadrons which are not yet unfolded for detector
e�ects. Two analyses have been performed.
In the �rst analysis an inclusive J= sample

is used where the second b hadron is identi�ed
by its semileptonic decay, a high pT lepton. The
ratio of the numbers of events with the lepton
in the same hemisphere with the J= , over the
number of events with the lepton in the opposite
hemisphere is measured to be:

R(same=opposite) = 0:52� 0:20

where the uncertainty is statistical and system-
atic. The measurement indicates that a large
fraction of bb events have small angles between
the two quarks and thus the data has contribu-
tions from higher order production mechanisms.
The measurement su�ers from low statistics, but
b hadrons are cleanly identi�ed.
In the second analysis b hadrons are identi-

�ed by tagging secondary vertices in jets. This
method has the advantage that there are many
more events but at the cost of larger background.
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The �� angle between the two jets is shown in
Figure 3, and compared to the Pythia prediction
at the lowest order. While data and Monte Carlo
agree quite well for large opening angles it does
not describe a signi�cant fraction of events with
small opening angle.
In summary, these �rst measurements indicate

that there is a signi�cant fraction of higher or-
der production mechanisms present in the data,
which can hopefully be disentangled in the near
future.

only lowest order

Figure 3. Smaller angle between the two b jets,
�� in the transverse plane. Dots with error bars
are data.

4. SEARCH FOR �b

An �b search is performed in about 80 pb�1 of
Run I data. The �b is searched for in its decay to
two J= mesons, where the J= decays to a muon
pair. The dataset is based on the dimuon J= 
trigger which constitutes the �rst J= . Muons are
identi�ed by the trigger starting at about 2.2 GeV
with a noticeable turn-on curve. For the second
J= the momentum cuts are signi�cantly relaxed

and the fourth muon need not be identi�ed by the
muon system.
The �b mass is expected to lie in a window

from 9.36 GeV to 9.46 GeV according to various
NRQCD predictions [9]. The analysis turns up
7 events in the given mass window with a back-
ground contribution of 1.8 events. The mass dis-
tribution is shown in Figure 4, where the expected
mass window is indicated by the arrows. Observ-
ing 7 events with an expected background of 1.8
translates into a probability of 1.5% for this ob-
servation to be due to background; a 2.2 standard
deviation e�ect. Assuming the events come from
the signal the mass of the �b is determined to be:

m(�b) = 9446� 6 MeV=c2 :

Figure 4. Mass distribution of the two J= 
mesons decaying to dimuons. The arrows indi-
cate the region for the expected �b signal.

Run II data will allow us to signi�cantly enlarge
the data sample and if the signal is true a de�nite
observation is soon possible.

5. A GLIMPSE AT RUN II DATA

Since April 2001 CDF has started its Run II
data taking period with a signi�cantly upgraded
detector [10]. The most striking upgrade in terms
of b physics is certainly the trigger which al-
lows us to trigger on high pT displaced tracks
at the Level-2 trigger [1]. Also important are
the upgrades of the silicon detector with higher
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vertexing precision and larger coverage, and the
upgrade of the muon system with lower trigger
thresholds and larger coverage.

5.1. Detector Performance

The performance of the CDF detector is al-
ready by now close to what has been achieved
in the Run I data taking period. Since the J= 
trigger delivers a large signal and is well un-
derstood from Run I it is used to demonstrate
CDF performance. The momentum scale cali-
bration performed on this signal [11] allows us
to measure B meson masses. The masses of
B+, B0 and B0

s mesons have been measured in
their most prominent J= decay modes B+

!

J= K+, B0
! J= K�0 (K�0

! K+��) and
B0
s ! J= � (K�0

! K+K�):

m(B+) = 5280:6� 1:7� 1:1 MeV=c2

m(B0) = 5279:8� 1:9� 1:4 MeV=c2

m(B0
s ) = 5360:3� 3:8+2:1

�2:9 MeV=c2

where the �rst uncertainty is the statistical and
the second the systematic one. All measurements
are in good agreement with the world averages
and the measurements are statistically limited.
The B0

s mass measurement is the second most
precise single measurement and will soon be im-
proved signi�cantly. The B0

s mass distribution
containing 14.4 signal events after background
subtraction is shown in Figure 5.
Also the vertex resolution is quite well under-

stood already. Therefore the inclusive b hadron
lifetime has been measured again using the inclu-
sive J= sample. Furthermore, the B+ lifetime
has been measured in its decay B+

! J= K+.
The results are:

c�incl = 458� 10� 11 �m

c�B+ = 446� 43� 13 �m

where the �rst uncertainty is the statistical and
the second the systematic one. Both measure-
ments are in excellent agreement with the world
average and the systematic uncertainties indi-
cates the good understanding of the resolutions
functions. In all analyses so far neither silicon
hits with z information nor the innermost silicon
layer is used, because they are still being commis-
sioned. A signi�cant improvement in momentum

]
2

 candidate mass [GeV/csB
5.1 5.2 5.3 5.4 5.5 5.6

  2
E

ve
nt

s/
10

 M
eV

/c

0

2

4

6

8

10
CDF Run II Preliminary 4.0±N(Bs)=14.4

Figure 5. Mass distribution of the B0
s meson

candidates in their decay B0
s ! J= � (K�0

!

K+K�).

and vertexing resolution is expected once they are
available.

5.2. Charm Physics

The commissioning of the displaced track trig-
ger has enabled CDF to trigger on hadronic de-
cay products of longer, lived particles like b and
c hadrons. Although the lifetime of b hadrons
is longer the huge production cross section of
charm quarks makes this trigger especially rich
in D mesons. This has opened a completely new
window of opportunities for CDF: charm physics.
In about 5 pb�1 of data CDF sees about 30k
D0

! K��+, 6k D�+
! D0(K��+)�+, 27k

D+
! K��+�+ and 1k D+

s ! �(K+K�)�+.
This is an impressive collection of D mesons tak-
ing into account that the integrated luminosity
will improve by more than 2 orders of magnitude.
We start a measurement of the charm produc-

tion cross section. The �rst step is to identify
background from secondary charm. This exer-
cise is also necessary for doing b physics with this
trigger where the background and the signal are
reversed.
To separate prompt from secondary charm the

impact parameter of the fully reconstructed D
meson is used. Direct charm should point back
to the primary vertex corresponding to a zero im-
pact parameter. Secondary charm on the con-
trary originates from a b hadron which has a long
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lifetime and has other decay products apart from
the D meson. Thus the D does not necessarily
point back to the primary vertex and its impact
parameter distribution is rather wide. The detec-
tor resolution smears out both prompt and sec-
ondary charm impact parameter distributions.
The detector resolution function, R, is mea-

sured from the impact parameter distributions
from Ks ! �+�� decays, which are predomi-
nantly prompt. This function should be the same
for all decays. The inclusive impact parameter
distributions of the D mesons is than �tted to
the function:

F (d0) = fB

Z
FB(x)R(d0 � x)dx +

+ (1� fB)R(d0) ;

where fB and FB are the fraction of secondary
D mesons and the impact parameter distribu-
tion of the secondary D mesons. The variable
x integrates over all possible values of the impact
parameter. For the �t the un-smeared impact
parameter distribution for secondary D mesons,
FB , is obtained from Monte Carlo. The impact
parameter distribution is shown in Figure 6 with
the �t superimposed indicating the contribution
of the secondary D mesons. As a comparison the
resolution function for prompt D mesons is as-
sumed to be a simple Gaussian. The result of
both �ts for the fraction of D mesons which orig-
inate from the decay of a b hadron are quoted be-
low, in parenthesis the numbers when using the
simple Gaussian resolution function:

D0: 16.43�0.65 % (23.14�0.59 %)
D�+: 11.41�1.37 % (20.00�1.19 %)
D+: 11.26�0.53 % (17.29�0.53 %)
Ds: 34.80�2.75 % (37.84�2.60 %)

The di�erence bbetween both models give an im-
pression of the uncertainty of this measurement.
In general we conclude that the charm sample has
contamination from secondaryD mesons between
10% and 40%. The di�erences for the various D
mesons are due to the di�ering production frac-
tions, lifetimes and the di�erent number of decay
products which have di�erent probablities to pass
the trigger.
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Figure 6. Impact parameter distribution for D0

mesons in its decay D0
! K��+. The tails are

mostly due to secondaryD0 decays while the cen-
ter is mostly due to promptD0 decays. Overlayed
is the �t described in the text.
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