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We report on results obtained by the D� and CDF collaborations on the properties of b-quark production in p�p collisions atp
s = 1:8 TeV. The D� experiment has measured the inclusive production cross section for muons originating from b-quark decays

in the forward region, corresponding to the rapidity range 2:4 <j y� j< 3:2. Combined with previous measurements in the central

region, these results permit a comparison of the rapidity dependence of the b-quark production cross section with the predictions of

next-to-leading order QCD. The CDF experiment has achieved the �rst direct measurement of b�b rapidity correlations at a hadron

collider, with the ratio of the cross sections obtained in two rapidity bins. This measurement is a direct probe of the high-x gluon

content of the proton.

1 Introduction

The production of b quarks in p�p collisions provides a
benchmark process for the study of perturbative QCD.
Predictions of the QCD theory at the next-to-leading
order (NLO) have been available for a decade 1. They
describe the production of heavy 
avors by three ma-
jor mechanisms: 
avor creation, with s-channel gluon
or t-channel quark exchange, t-channel gluon exchanges
with subsequent gluon splitting, and, 
avor excitation.
The latter two mechanisms dominate the O(�3

s) contri-
bution to the cross section and are of about the same size
as the leading order (LO) contribution.

The NLO QCD predictions show a large dependence
on the choice of the renormalization and factorization
scale, �. This scale is usually choosen as � = �o �q
m2

b + (pbT )
2, where pbT is the transverse momentum of

the b-quark and mb its mass. The theoretical uncertain-
ties are obtained by varying � between �0=2 and 2�0.
This large scale dependence is a symptom of large next-
to-NLO (NNLO) corrections. The theoretical predictions
are also a�ected by the choice of mb, with a central
value set to 4.75 GeV/c2, and varied between 4.5 and
5.0 GeV/c2 for the uncertainties.

In the last few years, the inclusive b-quark produc-
tion cross section has been measured in the central ra-
pidity region j y j< 1 by CDF 2 and D� 3 using various
data samples. These measurements were found to agree
in shape with the NLO QCD predictions over the studied
transverse momentum range, 6 < pbT < 40 GeV/c, but to
be a factor 2 to 3 larger than the central value obtained
with mb = 4:75 GeV/c2 and � = �0.

The D� experiment has now measured the di�eren-
tial muon cross section due to b-quark decays in the for-
ward region, 2:4 <j y� j< 3:2, as a function of the muon
transverse momentum, p�T . This analysis is presented in
section 2.

The study of b�b correlations is a fundamental test of
QCD at the next-to-leading order. It allows the compar-
ison of the shapes of kinematic distributions rather than
their more uncertain normalizations. Previous studies
of the b�b correlations performed by CDF 4 and D� 5 fo-
cused on the di�erence in azimuthal angle between the
two muons coming from b�b decays. These results show
consistently higher values than the prediction of the NLO
QCD theory. The shape of the opening angle between
the two muons is found to be consistent with the theory
within the uncertainties. However, another CDF anal-
ysis 6 of the correlations between the b and �b quarks in
�{jet events shows discrepancies between the predicted
and observed shape of the azimuthal opening angle be-
tween the two quarks, indicating that a simple K factor
is insu�cient to explain the di�erence between data and
theory.

Recently, CDF has extended its correlation studies
to the forward region, measuring the b�b production cross
section when one quark is produced in the forward re-
gion (1:8 <j �b j< 2:6), and the other in the central
pseudorapidity range (j �b j< 1:5). This measured cross
section was found to be higher than the QCD prediction
by a factor 2:4+0:6

�0:5, with the uncertainty re
ecting the
experimental error only. In order to reduce the system-
atic uncertainties a�ecting both the data and the theory,
they now measure the cross section in two rapidity bins
and take the ratio. This analysis is described in section
3.

2 Forward � and b-Quark Production

The D� analysis of the b-quark production in the for-
ward region is based on the small angle muon spectrom-
eter7 consisting of magnetized iron toroids and drift tube
stations on each side of the interaction region with pseu-
dorapidity coverage of 2:2 <j �� j< 3:3 for a single muon.
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The data were collected in special runs during the 1994-
95 Tevatron run. Using only events corresponding to a
single interaction, the e�ective integrated luminosity for
these runs is 82� 7 nb�1.

Muons are selected in the rapidity range 2:4 <j y� j<
3:2, with momentum p� < 150 GeV/c and transverse mo-
mentum p�T > 2 GeV/c. Additional cuts are applied to
ensure a good momentum measurement and an energy
deposition in the calorimeter consistent with that from
a minimum ionizing particle, leading to a �nal sample of
6709 events. The contamination due to cosmic rays and
hadronic punch-through are estimated to be less than
1%. The contribution from W and Z decays is deter-
mined by both D� data and ISAJET8 Monte Carlo (MC)
simulation and is also negligible. The muon detection ef-
�ciency is obtained from MC events with full detector
simulation. It is cross-checked with muon unbiased data.

Figure 1: The inclusive muon cross section, per unit of rapidity, in

the forward region as a function of p�
T
. The dashed line represents

the expected contributions from �=K decays.

The measured inclusive muon cross section is shown
in Fig. 1 as a function of p�

T
. It is computed per unit of

rapidity and only the statistical errors are shown. The
systematic uncertainties vary between 14 and 18%, the
major error sources being the limited MC statistics and
the momentum unfolding.

The two major contributions to the inclusive muon
cross section consist of in-
ight decays of pions and kaons,
and, b- and c-quark decays. The expected �=K contri-
bution is obtained using ISAJET. The pT spectrum of
charged particles predicted by ISAJET was found to be
in agreement with the CDF measurement in the central
region. As shown in Fig. 1, this contribution dominates
the inclusive muon cross section for low p�T but falls more
rapidly than the data, the excess being attributed to the
heavy 
avors decays. After subtraction of the �=K con-
tribution, the muon cross section is multiplied by the
b-quark fraction, fb, de�ned as the ratio of the muon yield
due to b-quark decays to the total muon yield from b-
and c-quark decays. This ratio is determined using NLO

QCD predictions for b- and c-quark production cross sec-
tions. D� uses events containing a muon associated to
a jet to compare the b-quark fraction obtained from the
data against the MC predictions. The presence of the
jet allows the determination of the origin of the muon by
looking at its transverse momentum relative to that of
the jet. From a sample of 31,000 events collected dur-
ing the entire 1994-95 Tevatron run (

R
Ldt = 90 nb�1),

they �nd an excellent agreement between data and MC
simulation for the b-quark fraction vs: p�T .

Figure 2: pT spectrum of forward muons from b decays compared

to NLO QCD prediction.

The di�erential muon cross section from b-quark pro-
duction and decay is presented in Fig. 2. The systematic
uncertainties on this measurement include those of the
inclusive muon cross section together with uncertainties
due to the fb estimation (10 { 3)% and the �=K subtrac-
tion (14 { 1)%. In Fig. 2, the data are compared to the
NLO QCD prediction obtained using the Monte Carlo
simulation HVQJET 9. This MC relies on MNR calcula-
tions1 for the production of the b=�b partons and ISAJET
for the fragmentation to B mesons and the decay of these
mesons to muons. The \partonic events" are generated
with mb = 4:75 GeV/c, � = �0, and the MRSR2 10 par-
ton distribution functions. The theoretical uncertainty is
determined by varying the parameters mb and � from 4.5
and 5.0 GeV/c2 and from �0=2 to 2�0, respectively. The
disagreement between the data and the model prediction
is patent and increases with p�T , from around 2.5 at low
p�T to more than 5 when p�T > 8 GeV/c. A slightly better
agreement in shape is obtained when using the MRSA0 11

parton distribution functions but the data remain larger
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than the theory by a factor close to 4.

Figure 3: b-produced muon cross section vs: rapidity compared to

the NLO QCD prediction.

These measurements can be combined with previous
D� results 3 obtained in the central region (j y� j< 0:8)
to study the rapidity dependence of the b-produced muon
cross section. The di�erential muon cross section from b
decay as a function of rapidity is shown in Fig. 3 for two
p�T ranges, p�T > 5 GeV/c and p�T > 8 GeV/c. The NLO
QCD prediction obtained with HVQJET does not exhibit
the same rapidity dependence as the data: for p�T > 5
GeV/c, the ratio data/theory is equal to 2:5� 0:5 in the
central region and increases to 3:6 � 0:6 in the forward
region. The uncertainty on these ratios only re
ects the
experimental errors. For p�T > 8 GeV/c, these numbers
become 3:1�0:6 and 5:1�1:1 in the central and forward
regions, respectively.

3 b�b Rapidity Correlations

Using their forward muon data set collected during the
1994{95 Tevatron run, CDF recently measured the pro-
duction cross section for b�b pairs with one quark in the
forward region (1:8 <j �b1 j< 2:6), and the other in the
central pseudorapidity range (j �b2 j< 1:5) 12. The re-
sulting cross section

�(p�p! b1b2X) = 6:49� 0:63(stat)+1:43
�1:23(syst) nb;

valid for pb1;b2T > 25 GeV/c, is a factor 2:4+0:6
�0:5 larger

than the NLO QCD prediction (2.7 nb) obtained with
the standard parameter values and the MRSA0 11 parton
distribution functions.

In order to reduce the systematic uncertainties on
both the data and the theory, CDF now measures the
cross section in two rapidity bins and takes the ratio.
In this way, several of the large uncertainties a�ecting
the absolute measurement of the forward-central cross
section cancel in the ratio. Moreover, the dependence
of the theory prediction on the choice of the � scale is
reduced.

The event selection requires a central b-quark jet
with ET > 26 GeV and j �jet j< 1:5, accompanied by
a second b-quark decaying into a muon and a jet. This
jet must have an ET > 15 GeV and the events are
classi�ed as central-central or forward-central depend-
ing upon the muon pseudorapidity range, j �� j< 0:6
or 2:0 <j �� j< 2:6, respectively. For the �-jet combina-
tion, the b-quark decay is identi�ed on the basis of the
muon momentum transverse to the �-jet direction, prelT .
The central b-quark jet is identi�ed through a secondary
vertex tag. A minimal azimuthal opening angle of 60�

between the two tags is required to remove events from
the region of poor acceptance. Based on 80 pb�1 of data
collected in 1994-1995, the �nal data sample contains 382
forward-central and 7544 central-central events.

Figure 4: prel
T

distribution for the muons in central-central events

together with the �t result.

To extract the signal fraction in each sample, the
prelT of the muon and the pseudo-c� of the b-jet are �t-
ted simultaneously using a binned maximum likelihood
method. The template histograms for the signal and the
dominant background sources (c�c production and b�b pro-
duction where one b tag is a fake) are obtained either
from MC simulation or directly from the data. The prelT
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distribution obtained for central-central events is shown
in Fig. 4, together with the �t result. The results of the
�ts are summarized in Table 1. The signal fraction is
about 75% in the forward-central events and 60% in the
central-central events.

Table 1: Composition of the data samples.

Source (b-tag/�-tag) forward-central central-central

Real b / Real b 0:739� 0:073 0:582� 0:021

c / �c 0:123� 0:089 0:169� 0:021

Real b / Fake 0:034+0:087
�0:034 0:085� 0:026

Fake / Real b 0:104� 0:030 0:165� 0:009

The ratio of the cross sections is obtained with the
relation:

Rdata =
�(p�p! b1b2X; 2:0 <j yb1 j< 2:6)

�(p�p! b1b2X; j yb1 j< 0:6)
(1)

where pT (b1; b2) > 25 GeV/c, j yb2 j< 1:5, and, ��(b�b) >
60�. It is calculated using the number of signal events
in both samples and the ratio of the total e�ciency for
central-central and forward-central events. Due to the
much smaller kinematic acceptance of the forward toroids
relative to the central detector, this ratio is equal to 5.4.
The result is

Rdata = 0:361� 0:041(stat)+0:011
�0:023(syst);

in good agreement with the NLO QCD prediction ob-
tained with MRSA0:

Rtheory = 0:338+0:014
�0:097:

The dominant systematic errors on Rdata come from
uncertainty in the energy scale (3%), acceptance (3%),
fragmentation (3%), and background assumption (5%).
The uncertainty on Rtheory results from changing the �
scale between 2�0 and �0=2. The evolution of the cross
section ratio with the rapidity range of the muon coming
from the b-quark semileptonic decay is shown in Fig. 5.
The measurement is in agreement with both the LO and
NLO QCD predictions.

With the cross section de�nition given in (1), the
forward-central events arise from collisions between one
parton with an average x � 0:025 and a second parton at
x � 0:25. The cross section ratio should thus be sensitive
to the gluon distribution in the proton at high x values,
i.e. in a region where this gluon distribution is not very
well known 13.

Figure 5: Evolution with rapidity of the cross section ratio.

Figure 6 shows a comparison of the Rdata measure-
ment with Rtheory obtained using the parton distribution
sets MRSR1(2) 10 and CTEQ4HJ 14. The data point
and theory curves are normalized to MRSA0 and are pre-
sented as a function of the rapidity of the b-quark de-
caying to �-jet. The data point is in good agreement
with the MRS sets and slightly disfavors the CTEQ4HJ
distribution.

4 Summary

D� has measured the b-produced muon cross section as a
function of the muon rapidity. Compared with the NLO
QCD calculations, the data are a factor 2:5� 0:5 larger
than the central prediction in the region j y� j< 0:8 for
p�T > 5 GeV/c. This discrepancy increases to a factor
3:6� 0:6 in the forward region, 2:4 <j y� j< 3:2. Recent
theoretical developments attempt to account for this in-
crease of the data/theory discrepancy with rapidity. New
calculations based on a variable 
avor number scheme 15

predict an increase of the forward b-quark production
cross section by a factor of 1.2 - 1.5 with respect to the
standard NLO QCD calculations corresponding to a �xed

avor number scheme. A sti�er b-quark fragmentation
function would result in a 30 to 50% increase of the B-
meson production cross section for transverse momentum
larger than 10 GeV/c when compared to that obtained
with the usual Peterson fragmentation function 16.

CDF has measured the ratio of the forward-central
to the central-central cross sections. This ratio Rdata =
0:361�0:041(stat)+0:011

�0:023(syst) is in good agreement with
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Figure 6: Comparison of the cross section ratio with various parton

distribution functions.

the NLO QCD prediction. Although this measurement
should show some sensitivity to the gluon distribution
in the proton at large x values, more data are needed
before being able to distinguish between various parton
distributions.
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