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bb Quark Pair Correlations in pp Collisions at /s = 1.8 TeV

Abstract

Events with an ep pair resulting from the dual semileptonic decay of a bb
quark pair (b; — e* X, b; — u*X) are used to investigate correlations between
bb quark pairs produced in pp collisions at /s = 1.8 TeV. Data collected with
the CDF detector during the 1988-1989 run of the Fermilab Tevatron Collider
are used to extract the cross section for bb quark pair production as a function of
Pr(b,) and Pr(bz). The data are also used to investigate spatial bb correlations
via the ey opening angle. The cross section and the distribution of ey opening
angles are seen to be consistent with the predictions of next-to-leading order
QCD.
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Studies of b production in pp collisions provide quantitative tests of perturbative
Quantum Chromodynamics (QCD). For processes involving momentum tranfers on
the order of m;, the strong coupling constant o, becomes relatively small, and pertur-
bative methods may provide reliable predictions [1]. Measurements of the inclusive
cross section for pp — X have been made at UA1 [2] and at CDF [3]. The process
pp — bbX providés further opportunities for comparison of experiment and NLO
QCD through observation of the Pr and spatial correlations between the b and b
quarks.

The CDF detector has been described in detail elsewhere [4]. The e data sample
consists of events collected with a dilepton trigger. The trigger requires an electron
with a minimum Er of 5 GeV and a muon with a minimum Pr of 3 GeV/c. Hardware
constraints limit the reconstruction of muons and electrons to the regions | 5 |< 0.6
and | 7 |< 1, respectively !. The integrated luminosity for the sample is 2.7 pb~'.
The ee and pp channels are not considered because of the additional background

from Drell-Yan production and decays of vector mesons. Lepton selection criteria are

'n = —logtan8/2 is the pseudo-rapidity. 6 is the polar angle defined with respect to the proton
beam. ¢ is the azimuthal angle.



applied to the data to reject hadrons. The data, including all the lepton selection
criteria, have been used previously in a measurement of the B“B? mixing parameter
x [5].

The data come from the dual semileptonic decays of bb quark pairs and ¢ quark
pairs, the cascade decays of single b quarks, and ‘fakes’, where fakes are misidentified
particles. The cascade decays are removed by requiring the invariant mass of the ey
pair Mey be greater than 5.0 GeV/c?. The contribution from fakes is removed by
subtracting the number of events with leptons of like sign (LS) from the number of
event with leptons of opposite sign (OS). bb production produces mostly OS pairs but
also contributes to LS. Leptons may be produced from B meson decays either directly
(B — £X) or indirectly through a sequential D meson (B — DX,D — VZX ). In the
absence of B’B? mixing, pairs of direct leptons and pairs of indirect leptons are OS
while one direct and one indirect lepton are LS. B°B° mixing also produces LS pairs.
c€ contributes only to OS as there is negligible mixing. Fake events contribute equally
to OS and LS as no sign correlation is expected between fake leptons or between fake
and real leptons [5]. An excess of OS ey events remains after the subtraction of the
LS events. This excess represents the excess OS bb events and the c¢ events. The
fraction of the excess ey events due to bb is denoted by sz. The total number of

bb events sz is obtained by correcting the number of excess OS bb events for the



fraction lost in the subtraction:

N be(Number OS ep - Number LS eu )
(1) b = (1-2x2)8

The factor (1 — 2x)? corrects for the events lost due to mixing. x is the b mixing

parameter and is defined as:

Prob(b — BS, — BS, — £%)
(2) X <
Prob(b — £*)

i

Here B° refers to either BS or BY. The factor § corrects for a smaller fraction of
events lost because of cases in which one or both of the leptons come indirectly from
the decay of a B meson, through the semileptonic decay of a sequential D meson
(B—- DX,D — {X).

The fraction sz of the excess OS ey events due to bb production is determined
by examining the P;® distribution. P} is the component of the lepton momentum
transverse to the direction of the associated jet. The jet axis is reconstructed by
clustering tracks with an algorithm utilizing a fixed cone of radius R = /An? + Ag?.
R is chosen to be 1.0 to ensure adequate containment of the B decay products. The
tracks associated with the electron and muon are excluded from the clustering.

The expected P;e! distributions for electrons from semileptonic decays of b and ¢
quarks are shown in the inset of figure 1. The ¢ quark distribution is obtained from

the ISAJET Monte Carlo event generator [6]. The b quark distribution is obtained



from a Monte Carlo model incorporating the following.

(1) The shape of the b quark Pr and rapidity spectrum is provided by the NLO
calculation [7]. The b quarks are generated with rapidity | y |< 1.

(2) The energy sharing between the quark and the meson is modeled with the
Peterson function [8]. The value of the free parameter of the model is chosen to be

ep = 0.006 £ 0.002 in accordance to experimental results from e*

e~ annihilation [9].

(3) The semileptonic decay of the B mesons is handled by the CLEO Monte Carlo
program [11] which employs the model of Isgur et al [10].

(4) The effects of the CDF trigger, detector and event reconstruction code are
simulated. The simulated events are then subjected to the same lepton selection
criteria as the data.

The P§¢ distributions for electrons in OS and LS events are shown as histograms
in figure 1. Also shown is the difference of the two histograms with a fit to the sum
of the normalized b and ¢ distributions; the fit indicates sz = 1.0%59, where the
uncertainty includes both statistical and systematic effects.

The cross section for the inclusive production of two b quarks is:

N
£€CUTS€TR[GA(€)A(P)2B7‘(6 — eX)B'I‘(b — uX) ’

o(pp — bbX) =

L is the integrated luminosity represented by the data. The factor of two associated
with the branching fractions reflects the two ways in which a 4% pair may produce

an ep pair. A(£) (£ = p,e) is the acceptance for leptons from b decay. erpig is



the combined efficiency of the electron and muon trigger requirements. ecyrs is the
combined efficiency of the electron and muon quality cuts.

The efficiencies of the lepton selection criteria are calculated from the number of
excess OS ey events before and after the imposition of the selection criteria. The
bb content of the excess is in both cases determined from the P} distribution of the
electron. The efficiencies of the muon quality cuts are obtained from J/¢ — p*p~
events.

The electron and muon trigger requirements are uncorrelated and are considered
seperately. The efficiency of the muon trigger requirements is obtained from a study
of cosmic ray events [12]. The efficiency of the electron requirements is determined
from a simulation of the trigger[13).

The electron and muon acceptances are obtained from the Monte Carlo model of
b production described above. The structure function parameterizations of Diemoz
et al(DFLM) [14] with AS]CD = 260 MeV are used. The acceptances are defined
as the fraction of accepted b quarks relative to the number of b quarks with Pr >
Pmin PMn js defined as the Pr such that 90% of the accepted quarks have Pr >
Ppin [2]. The electron and muon acceptances are treated independently. Justification
for this factorization is obtained from the NLO calculation of bb production [7]. The
calculation predicts that the biasing of the b quark Pr distributions due to interquark
correlations is negligible compared to the biasing introduced by the lepton Pr and

Er7 thresholds.
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Pr(p) > (GeV/c) 3.0 4.0 5.0

Pyin (GeV/c) 6.5 75 8.75
Excess OS ep 248 £33 190 +25 115+ 18
ETRIG 0.56 £0.10 0.61£0.10 0.65+0.10
ecuTs 0.69 +0.27 0.52+0.21 0.41 £ 0.20
A(p) 0.12+0.02 0.10 £0.02 0.09 % 0.02
§ 0.76 +0.03 0.80 £0.03 0.81 % 0.03

Table 1: Table of quantities as a function of the muon Pr threshold.

Table 1 lists some quantities used in calculating the cross section. A(e) is found
to be 0.15 3 0.02 for Er(e) > 5 GeV. The values of x and the branching fractions are
taken to be the world average values: x = 0.16 £0.04 , Br(b — eX) = 0.107 £ 0.005,
and Br(b — pX) = 0.103 £0.005 [15]. The values for § are determined from a Monte
Carlo calculation.

Figure 2 shows the cross section for pp — bbX and the prediction from NLO QCD.
The cross section is plotted versus the P/ of the second b given the PF" of the first
b. The inner error bars indicate the size of the statistical uncertainty. The outer error
bars represent the combined statistical and systematic uncertainty. The systematic
uncertainties are highly correlated, tending to change the normalization, but not the
shape, of the cross section. The dominant uncertainties are associated with ecyrs and
X. The theoretical prediction uses the DFLM parton distribution parameterizations.
The upper and lower bands represent the theoretical uncertainty corresponding to
variation of the bottom-quark mass, the choice of the renormalization scale y, and the
uncertainty in the parton distributions through the parameter Ag]CD. The theoretical

uncertainty is dominated by the y dependence.
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Pr"(be) (GeV/c) o(bb X; P (by) = 8.75(GeV/c), | yn [< 1, | wa |< 1) (1b)

6.5 1.76 £ (0.23)tar T (0-97) 1y
7.5 1.83 £ (0.24)pqr + (1.03),,,6
8.75 1.39 £ (0.22) ypat + (0.89),,

Table 2: o(bb X) as a function of PP™(b,).

Spatial bb correlations are investigated by examining the Ag,, distribution, where
Ade, is the opening angle between the electron and muon in the transverse plane.
Figure 3 compares the sign subtracted A¢,, distribution for the data with the NLO
QCD prediction. The theoretical prediction is shown both with and without the
M., > 5 GeV/c? requirement. The UA1 collaboration has published a measurement
of Ag,z which also agrees well with the NLO prediction [16].

The data is seen to be consistent with the 40X cross section predicted by NLO
QCD to within one standard deviation. Using the theory to convert the 46X cross
section to the equivalent single inclusive cross section, we obtain o(bX) = 3.8 ub for
Prn(b) = 8.75GeV/c,| y» |< 1, which is in good agreement with previous CDF
results [3]. The shape of the Ag,, distribution from bb production is also seen to be
in good agreement with the theory.
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Figure Captions

Figure 1: PI for electrons from the data. OS (SS) events are shown in solid
(dashed) lines. The difference of the OS and SS distributions is shown with points.
The curve is a fit of the sum of the normalized b and c distributions to the subtracted
data. The normalized b and ¢ distributions from simulation are shown in the inset.
The fit yields a value of 1.0 for sz, the fraction of the sign-subtracted events from
bb production.

Figure 2: The cross section for pp — bBX. M., > 5 GeV/c?, | yn2 |[< 1. The
cross section is plotted as a function of the P of the second b, given the Pj*" of
the first b. The theoretical prediction and associated uncertainty are represented by
the solid and dotted lines, respectively.

Figure 3: The opening angle between the electron and the muon in the transverse
plane. The data is shown as dots. The NLO QCD prediction is shown with (solid)
and without (dotted) the M,, > 5 GeV/c? requirement. The theoretical prediction
including the mass cut is normalized to the data. The theoretical prediction excluding

the mass cut is normalized to the data above 80°.
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