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The bb Production Cross Section and

Correlations in pp Collisions at
p
s = 1.8 TeV

The D� Collaboration1

(July 1996)

We present measurements of the bb production cross section and angular corre-
lations between the b and b-quarks in pp collisions using the D� detector at the
Fermilab Tevatron operating at

p
s = 1.8 TeV. The b-quark production cross section

for jybj < 1:0 and pbT > 8 GeV/c is extracted and found to be consistent with next-
to-leading order QCD predictions. In addition, the angular correlations between the b
and b-quarks are found to agree in shape with next-to-leading order QCD predictions.
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INTRODUCTION

Measurements of the b-quark production cross section and bb correlations in pp collisions
provide an important test of perturbative QCD at next-to-leading order (NLO). The mea-
sured b-quark production cross section (1) is in agreement with the NLO QCD predictions
(2,3). The central values of the data lie a factor of approximately 2 above the central values
of the theoretical predictions but the two are in agreement within experimental and the-
oretical uncertainties. Measurement of bb correlations such as the di�erence in azimuthal
angle between the b and the b-quarks allow additional details of b-quark production to be
tested since these quantities are sensitive to the relative amounts of di�erent production
mechanisms.
This analysis makes use of the fact that the semi-leptonic decay of a b-quark results in

a lepton(a muon in this analysis) plus an associated jet. We measure both the b-quark
production cross section and the angular correlations between the bb pair starting with a
sample of dimuons and their associated jets to tag both the b and b-quarks.
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DETECTOR AND EVENT SELECTION

The D� detector and trigger system are described in detail elsewhere (4). The central
muon system consists of 3 layers of proportional drift tubes and a magnetized iron toroid
located between the �rst two layers. The muon detector provides a measurement of the
muon momentumwith a resolution parameterized by �(1=p)=(1=p) = 0:18(p�2)=p�0:008p,
with p in GeV/c. The calorimeter is used to measure both the minimum ionizing energy
associated with the muon track and the electromagnetic and hadronic activity associated
with heavy quark decay. The total thickness of the calorimeter plus toroid in the central
region varies from 13 to 15 interaction lengths which reduces the hadronic punchthrough in
the muon system to less than 0.5% of all sources of low transverse momentum muons. The
energy resolution for jets is � 80%/

p
E(GeV).

The data used in this analysis was taken during the 1992-1993 run of the Fermilab Teva-
tron collider and corresponds to a total integrated luminosity

R
Ldt = 6:5 � 0:4 pb�1.

The dimuon data was collected using a multilevel trigger requiring at least one recon-
structed muon with transverse momentum p�T > 3 GeV/c and at least one reconstructed
jet with transverse energy ET > 10 GeV. The events were then fully reconstructed of-

ine and subjected to further cuts. The o�ine analysis required two muons with p�T > 4
GeV/c and pseudorapidity j��j < 0:8. Both muon tracks were required to be consistent
with the reconstructed event vertex and to deposit > 1 GeV of energy in the calorimeter.
Each muon was also required to have an associated jet with ET > 12 GeV within a cone of
�R =

p
(��)2 + (��)2 < 0:8. In addition, muon candidates in the region 80� < '� < 110�

were excluded due to poorly measured chamber e�ciencies around the Main Ring beam pipe.
Further cuts are also placed on the dimuon system to reduce backgrounds to bb produc-

tion. The invariant mass of the dimuons is restricted to the range 6 < M�� < 35 GeV/c2.
The lower limit removes dimuons resulting from the cascade decay of single b-quarks and
J= decays, while the upper limit reduces dimuon decays of the Z boson. An opening
angle cut of ��3D < 165� between the muons is also applied to remove contamination from
cosmic ray muons. A total of 397 events pass all selection criteria.
The trigger and o�ine reconstruction e�ciencies, were determined by Monte Carlo.

ISAJET (5) events were passed through a detailed GEANT (6) simulation of the detector
and passed through full trigger simulation and reconstruction programs. Trigger and some
o�ine e�ciencies found in this way were cross checked by using appropriate data samples.
The overall acceptance and e�ciency as a function of the leading muon in the event in-
creases from about 1% at 4 GeV/c to a plateau of 9% at 15 GeV/c. We de�ne the leading
muon in the event as the muon with the greater value of p�

T
.

SIGNAL AND BACKGROUND DETERMINATION

In addition to bb production, dimuon events in the mass range 6-35 GeV/c2 can also arise
from other sources. These processes include semi-leptonic decays of cc pairs, events in which
one or both of the muons are produced by in-
ight decays of � or K mesons, Drell-Yan
production, and � decays. Muons from Drell-Yan and � decays are not expected to have
jets associated with them. Monte Carlo estimates normalized to the measured Drell-Yan
and � cross sections (8) show that less than one event is expected to contribute to the
�nal data sample from these two sources. An additional source of dimuons originates from
cosmic ray muons passing through the detector.
To extract the bb signal, we used a maximumlikelihood �t with four di�erent input distri-

butions. The input distributions were chosen based on their e�ectiveness in distinguishing
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between the di�erent sources of dimuon events. We used the transverse momentum of the
muon with respect to the jet axis, prelT , for both the leading and trailing muon, the frac-
tion of longitudinal momentum of the jet carried by the leading muon divided by the jet
ET , z0, and the reconstructed time of passage, tf0 , of the leading muon track through the

muon chambers with respect to the beam crossing time. The last variable, tf0 , was used to
subtract the cosmic ray muon background which is not expected to pass in time with the
beam crossing. For both prelT and z0, the jet energy is de�ned to be the vector sum of the
muon plus jet energies minus the expected minimum ionizing energy of the muon.
The prelT and z0 distributions for bb, cc, and b or c plus �=K decay were modeled using

the ISAJET Monte Carlo. Each of these samples was processed with a complete detector,
trigger, and o�ine simulation. The distributions for b-quark decays include both direct
(b ! �) and sequential (b ! c ! �) decays. The distributions for cc and a c-quark plus
a � or K decay are very similar, so the contributions from both of these processes was �t

as a single process. The distributions for tf0 were obtained from two di�erent sources. The

tf0 distribution for cosmic ray muons was obtained during special runs where the detector

triggered on cosmic rays. For beam produced muons, the tf0 was calculated using muons
from J= decays.
Figure 1 shows the result of the maximum likelihood �t for prelT of the leading and trailing

muons. Included in Fig. 1 are the contributions from each of the sources of dimuon events.
The bb contribution to the �nal data sample is found to be 45.3�5.8%. The other fraction
of the data set is comprised of b or c plus �=K decay(37:9+5:5

�5:7%), cc(14:0
+3:9
�3:7%), and cosmic

ray contamination(2:8+1:7
�1:5%). As a result of the �t, we obtain the number of bb events

in each bin as a function of p�T of the leading muon and as a function of the di�erence
in azimuthal angle between the two muons, ����. The systematic errors on the number
of bb events in each bin (' 8%) were estimated by varying the input distributions to the
maximum likelihood �t. A complete description of the �tting procedure can be found in
Ref. (7).
As a cross check to the �tting procedure, we calculate fb, the fraction of events originating

from bb production, using a Monte Carlo sample and compare this result to that determined
by the maximum likelihood �t to the data. The Monte Carlo calculation of fb applies
all trigger and o�ine selection cuts and includes all sources of QCD dimuon events. In
addition, the Monte Carlo sample cross sections are normalized to the next-to-leading order
calculations of Ref. (2). Figure 2 shows good agreement between the Monte Carlo calculated
fraction of dimuon events from bb production and what is found in the data.

RESULTS AND DISCUSSION

The dimuon cross section originating from bb production was calculated using

d���
bb

dp�1T
=

1

�p�1T

N
bb
fp

�
R
Ldt

(1)

and

d���
bb

d����
=

1

����
N
bb
fp

�
R
Ldt

; (2)

where �1 refers to the leading muon in the event, and fp is an unfolding factor to account
for the smearing due to the muon momentum resolution. An unfolding technique (9) was
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FIG. 1. The results of the maximum likelihood �t to the data for (a) prelT of the leading muon
and (b) prelT of the trailing muon. Also included are the curves showing the contribution from each
process to the dimuon sample.

FIG. 2. The fraction of dimuon data associated with bb production, fb, as a function of (a) prelT of
the leading muon and (b) ����. The open diamonds represent the Monte Carlo estimates to fb.
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FIG. 3. (a) The unfolded p
�1
T spectrum for bb production compared to the expected spectrum

(see text) where the data errors are statistical and total and the Monte Carlo errors are statistical
only; (b) the b-quark production cross section compared with previous D� results and the NLO
QCD predictions. The error bars represent the total error.

used to determine fp. fp varies from � 0.78 at low p�1T to � 0.93 in the highest p�1T bin.
The systematic uncertainty associated with fp was estimated to be 43% in the low p�1T bin
to � 5% in the highestp�1T bin.

Figure 3(a) shows the result of this calculation as a function of p�1T . The bb ! ��
cross section is shown for 4 < p�T < 25 GeV/c, j��j < 0:8, 6 < M�� < 35 GeV/c2, and
��3D < 165�. The total systematic error is found to be p�1T dependent, ranging from 18-
48%. This includes uncertainties from trigger e�ciency (19%), o�ine selection cuts (5%),
likelihood �t (6%), and the integrated luminosity (5%). The theoretical bb! �� curve was
calculated using ISAJET for b-quark production with the CTEQ 2L parton distributions (10)
and cross section normalized to the NLO QCD calculation (2).
To extract the b-quark cross section from the dimuon data, we employ a method �rst used

by UA1 (11) and subsequently used by both CDF (12) and D� (1). Since a correlation
exists between the pT of the muons produced from b-quark decays and the parent b-quark
pT , the muon pT cuts in the data are e�ectively b-quark pT cuts. For a set of kinematic
cuts, including cuts on the transverse momentumof the muons, we de�ne pminT as that value
of the b-quark pT such that 90% of the accepted events have b-quark transverse momentum
greater than pminT . The b-quark cross section can then be calculated as

�b(p
b
T > pminT ) = ���

bb
(p�1T )

�MC
b

�MC

bb!��

; (3)

where ���
bb
(p�1T ) is the measured integrated dimuon cross section of Eq. (1) integrated over

di�erent intervals of p�1T , �MC
b is the total Monte Carlo b-quark cross section for pbT > pminT ,

and �MC

bb!��
is the Monte Carlo cross section for dimuon production with cuts that match the

data set. For each interval of p�1T , pminT is calculated using ISAJET. Additional uncertainties
incurred when extracting the b-quark cross section include B-hadron leptonic branching
fraction (7%), parameterization in the fragmentation (20%), and muon decay spectrum



8

(11%). Combining these errors with those on the dimuon cross section, we obtain a total
systematic uncertainty of 35-48% on the b-quark cross section.
The results of the b-quark production cross section as a function of pminT , for jybj < 1:0,

are shown in Fig. 3(b). Also included are previous measurements of the b-quark cross
section measured by D� (1). The two curves represent the NLO QCD predictions (2) using
mb = 4:75 GeV/c2 and the MRSD0 (13) structure functions with �5

MS
= 140 MeV. The

theoretical uncertainty results from varying the QCD mass scale between 100< �5

MS
<187

MeV and the factorization and renormalization scale, �, in the range �0=2 < � < 2�0,
where �20 = m2

b + hpbT i
2.

The di�erential bb cross section calculated in Eq. (2) gives further information on the
underlying QCD production mechanisms by studying the topological correlation between
the two b-quarks. The di�erence between the azimuthal angle between the b and b-quarks(or
equivalently, between the decay muons), allows us to di�erentiate between the contributing
QCD production mechanisms. These contributions include the leading order term, 
avor
creation, and the two next-to-leading order terms, gluon splitting and 
avor excitation.
There are also contributions from interference terms.
The cross section d���

bb
=d���� is shown in Fig. 4 after acceptance correction for the

three-dimensional opening angle cut. Also shown is the NLO QCD prediction that we
have determined using the HVQJET Monte Carlo. HVQJET is a direct implementation
of the NLO MNR calculation which uses a modi�ed version of ISAJET for hadronization,
particle decays, and modeling of the underlying event. In HVQJET, the MNR prediction is
realized by combining troublesome parton level events having negative weights with parton
level events having positive weights but similar topologies. The prediction shown in Fig. 4
includes only gluon-gluon initiated subprocesses but other subprocess contributions are
expected to be small.
The data show a clear excess above the HVQJET prediction but agree with the overall

shape. The ratio between the data and the ����MNR calculation is shown in Fig. 4. A zero-
order polynomial �t to this ratio indicates that the data di�er from the NLO theoretical
calculation by an overall constant of 1.9�0.2.

CONCLUSIONS

In conclusion, we have measured both the b-quark production cross section and the az-
imuthal correlations between the two b-quarks using dimuons to tag the presence of b-quarks.
Both measurements are found to agree in shape with the NLO QCD calculation of heavy

avor production but lie above the central values of these predictions (yet within the theo-
retical uncertainties).
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FIG. 4. (a) The ���� spectrum for bb production compared to the HVQJET prediction (see
text); (b) the ratio between the data spectrum and the HVQJET prediction of Fig. 4(a). Also
shown is a zero-order polynomial �t to this ratio.
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