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This paper reports the measurement of the B meson and b quark cross sections through the
decay chain B® — J/v¢ K*(892)°, J/v — p*u~, K*(892)° - K*n~, using 4.3 pb~! of data
collected at the Collider Detector at Fermilab in pp collisions at /s = 1.8 TeV. We obtain o5 =
1.540.7(stat)+0.6(syst) ub for B® mesons with transverse momentum Pr > 9.0 GeV/c and rapidity
ly| < 1.0. Using this result, we find o = 3.7 £ 1.6(stat)+1.5(syst) ub for b quarks with Pr > 11.5
GeV/c and rapidity |y| < 1.0. The b quark cross section is compared to next-to-leading order QCD

calculations and previous measurements.

PACS number(s): 13.25.Hw, 13.85.Ni, 14.40.Lb, 14.65.Fy

This paper reports the measurement of the B° me-
son and b quark cross sections in pp collisions at /s =
1.8 TeV through the decay chain B® — J/y K*
(890)°,J/¥ — ptpu~,K*(892)° - K*n~. Cross section
measurements for b quark production using the charged
B meson decay, B* — J/¢ K* [1], and inclusive B me-
son decays to J/19 and 1(2S5) [2] have been reported pre-
viously by this experiment. The cleanly identified J/4
signal, in combination with associated charged tracks, al-
lows the reconstruction of B meson final states with low
branching ratios. The J/v final state has been shown
previously by the UA1 experiment at CERN [3] to be a
good signature for tagging the production of B mesons at
a hadron collider. The measurement described here pro-
vides further evidence for the large B meson cross section
at /s = 1.8 TeV in pp collisions.

The B mesons observed at the Fermilab Tevatron col-
lider are a result of the production and fragmentation of
b quarks formed in pp collisions. The b quark is assumed
heavy enough that its production cross section can be
calculated as a perturbation series in the QCD running
coupling constant a,. A calculation of the total and dif-
ferential cross section for b quark production, including
O(a3) radiative corrections, is available [4,5]. This calcu-
lation is sensitive to a number of parameters, including
the b quark mass, Aqcp, the choice of gluon structure
function, and the contribution of higher order terms. The
exact magnitude and shape of the gluon structure func-
tion for £ ~ 0.01, the kinematic region appropriate to
this experiment, is of considerable theoretical and exper-
imental interest [6]. In this paper, we present a measure-
ment of the b quark and B meson cross sections using
two data samples obtained with separate triggers, hav-

ing a combined integrated luminosity of 4.3 £ 0.3 pb~!,
and accumulated with the Collider Detector at Fermilab
(CDF).

The CDF has been described in detail elsewhere [7,8].
The events used in this analysis were collected using a
multilevel trigger system [9-12]. The first level required
the presence of a track segment in the muon chambers.
The second level required the muon chamber tracks to
match charged tracks in the central tracking chamber
(CTC). In addition, for the first data sample of 1.7+ 0.1
pb~! (the dimuon_5_2 sample), both muons in the level-
one trigger were required to satisfy a threshold which
had a Pr-dependent efficiency of (54 + 9)% at Pr = 2.0
GeV/c, rising to (92 + 6)% for Pr > 5.0 GeV/c. At
level two, the requirement for this sample was that at
least one muon match to a charged track which satisfied
a trigger Pr threshold which was (57 + 5)% efficient at
Pr = 4.0 GeV/c and rose sharply to (97 +2)% for Pr >
6.0 GeV/c. The second data sample had an integrated
luminosity of 2.6 + 0.2 pb~! (the dimuon_3_3 sample)
and slightly different trigger requirements. Here, both
muons had a level-one trigger efficiency of (44 + 4)% at
Pr = 2.0 GeV/c, increasing to (92 + 4)% for Pr > 6.0
GeV/c. For level two, both muons in this sample had
to match with charged tracks which passed a trigger Pr
threshold of (10 +5)% efficiency at Pr = 2.0 GeV/c and
(99 + 1)% efficiency for Pr > 3.0 GeV/c. In both cases,
the trigger efficiency of a muon candidate, included as
part of the reconstruction efficiency, was taken to be the
product of the level-one and level-two efficiencies. The
dependence of the individual trigger efficiencies on the
Pr of the muons is shown in Fig. 1. The trigger efficiency
of the muon pair was then the combined product of the
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FIG. 1. Muon trigger efficiency parametrizations. Curves
A and B show the parametrizations of the 2 and 3 GeV trig-
ger requirements for level 1, respectively. Curves C and D
show parametrizations of the 3 and 5 GeV/c charged track
requirement for the muon triggers, respectively.

trigger efficiencies of the two muon candidates.

The charged particle transverse momenta were calcu-
lated from the track curvature in the 1.4116 T axial mag-
netic field. There was an uncertainty in the magnetic field
of £0.05%. Constraining the tracks of a multibody decay
to come from a common vertex yielded a momentum res-
olution of § Pr/Pr = 4/(0.0014Pr)2 + (0.0066)2. The re-
sulting mass scale was checked by studying the following
decays: J/¢ — ptp~,9(25) = pFp7, T(1S) - ptp™,
and Y(2S) — ptp~ and the particle masses were found
to agree well with world-average values [13].

The process of reconstructing B® mesons began with
the reconstruction of the daughter J/4. The J/¢ was
identified by requiring two oppositely charged muon can-
didates. For the dimuon_5_2 sample, one of the muons
was required to have Pr > 5 GeV/c while the other muon
had Pr > 2 GeV/c. For the dimunon_3 _3 sample, both
muons were required to have Pr > 3 GeV/c. The differ-
ences in position between the muon chamber track and
the extrapolated CTC track were formed in the trans-
verse and longitudinal directions, weighted by multiple
scattering and measurement errors, and required to be
less than 3.0 standard deviations from zero. The utpu~
mass distribution is shown in Fig. 2. J/v candidates were
defined at p*u~ mass pairs within +3.00 of the world-
average mass value of 3.0969 GeV/c? [14], where o is the
observed width of 0.023 GeV/c?. There are 2649 recon-
structed J/v mesons above a background of ~ 580u™t ™
pairs.

The next step was to select K*(892)° candidates.
For each event containing a candidate J/v, oppositely
charged tracks were combined assuming one track was a
kaon and the other a pion. This random mass assignment
was necessary since CDF had no charged kaon identifi-
cation for this measurement. The track designated the
kaon was required to have Py > 1.0 GeV/c and the other
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FIG. 2. ptu~ mass distribution after all cuts. The solid
curve is a fit to a Gaussian signal plus a linear background
giving 2649 + 51J/1’s above background.

track was required to have Pr > 0.5 GeV/c. The tracks
associated with the muons forming the J/v¢ candidate
were excluded from consideration. Figure 3 shows that
although there is some evidence of a peak at the broad
K*(892)° mass resonance, there exists a large combina-
toric background. To search for the presence of a B sig-
nal, K*(892)° candidates were selected from those track
combinations having an invariant mass between 0.846
and 0.946 GeV/c?, corresponding to +1 natural widths of
the K*(892)°. Only one K*(892)° candidate was taken
for each combination of tracks. For events in which both
mass assignments to the track pair formed a candidate
K*(892)° meson, the mass combination closest to the
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FIG. 3. Invariant mass distribution of track pairs with
K*r¥ mass assignments. Candidate K*(892)° mesons
were selected from the region within +0.050 GeV/c? of the
K*(892)° mass as shown by the location of the arrows.
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K*(892)° mass was chosen.

The B° candidates were selected by constraining the
four tracks corresponding to the candidate J/¢K*(892)°
conibination to a common vertex and simultaneously re-
quiring that the muon pair mass have the world-average
J/1 mass value. Figure 4 shows the invariant mass dis-
tribution of the J/¥K*(892)° combinations. Evidence
for a signal is present in the expected mass range of 5.24
to 5.32 GeV/cz. The peak bin contains 19 events with a
fit background of 10.1 events. The probability that the
observed number of events in the peak bin is due to a
fluctuation is approximately 0.8%.

In order to measure the cross section, events were re-
quired to pass further cuts which defined a region of
well-understood reconstruction efficiencies. These cuts
included the trigger related Pr cuts on the muons. Fig-
ure 5 shows the invariant mass distribution of those
events passing both triggers with the associated Pr
cuts and requiring the B® to have Pr > 9.0 GeV/c
and |y| < 1.0. The number of events on which the
measurement of the cross section was based was deter-
mined by fitting the J/vK*(892)° mass distribution to a
Gaussian signal distribution plus a linear background us-
ing a binned maximum likelihood technique with a fixed
B° mass resolution of 0 = 0.014 GeV/c?, the value ob-
tained from a Monte Carlo study. The result of the fit was
9.6+4.6 events with a fitted mass of 5.281+0.018 GeV /c?,
which compares well with the world average B® mass of
5.2787 + 0.0021 GeV/c? [14]. The nonresonant process
B® — J/¢/K*/m~ has a comparable branching fraction
[B(B® = J/4/K*/m~) = 0.0010 % 0.0004 % 0.0003 [15]
compared with B(B® — J/¢/K*(892)°) = 0.00169 +
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FIG. 4. J/+4 K*(892)° mass distribution. The distribution
includes those candidates with the initial cuts described in the
text and before the final cuts required to measure the cross
section. The arrow shows the world average value of the B°
mass. The curve is a fit to a Gaussian signal plus a linear
background. Based on the fit, the number of background
events expected in the peak bin is 10.1 &+ 0.8 with a signal of
11.1 £+ 5.8 events.

4255

S \
~N
=10 |
(&)
o
M
=]
e
< [ \
-
0
i | |
2 |
z |
5 L L
,
[_i
), ‘_l
OJ||||]IIIA|\\V'l'\AAl\ll:llll
5 5.1 5.2 5.3 5.4 5.5

Mass (GeV/c?)

FIG. 5. J/¢ K*(892)° mass distribution after all cuts re-
quired for the measurement of the cross section. The curve
is a fit to a Gaussian signal (with the width fixed to 0.014
GeV/c?) plus a linear background. The number of events fit-
ted above the background is 9.6 + 4.6 and the fitted mass is
56.281 & 0.018 GeV/c?.

0.00031 £ 0.0018 [19]] and could, in principle, contribute
to the measured signal. The number of nonresonant de-
cays contributing to the signal was estimated from the
fitted number of events. By applying Monte Carlo de-
termined correction factors for the decreased efficiency
of the K*(892)° mass cut and relative branching frac-
tions, the nonresonant process was estimated to con-
tribute 0.27 + 0.15 events to the signal and is subtracted
from the measured signal.

As additional evidence that the events from which the
cross section is measured are associated with the decay of
interest, the mass of the K*(892)° candidates is plotted
in Fig. 6, both for a £30 mass window around the B°
and for adjacent side bands of half-width 1.5¢. To avoid
the false generation of a peak, both K*¥n~ and K~ 7+
combinations were plotted in Fig. 6. It is seen that those
mass combinations in the B® mass window peak about
the K*(892)° mass.

The B® meson detection and reconstruction efficiency
was determined from a Monte Carlo simulation which
used the shape of the b quark Pr distribution provided
by the O(a?) calculation of Ref. [4] and a flat rapidity
distribution. The b quarks were generated with Pr > 6.0
GeV/c and rapidity |y| < 1.5. By varying the Pr and
rapidity distributions of the b quarks, systematic errors
of 15% and 3%, respectively, in the acceptance were es-
timated. The energy and momentum of the B® meson
along the b quark flight direction were determined using
the Peterson fragmentation model [16] with the ep pa-
rameter varied over the range ep = 0.006 & 0.002 [17].
An ansatz of the form f(Pr) = 1/(1 + aPr), where a
was chosen to give a mean Pr of 350 MeV /¢, was used to
obtain the B® meson momentum perpendicular to the
b quark direction [18]. After determining the labora-
tory four-momentum of the B® meson, the subsequent
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FIG. 6. K*(892)° mass distribution for events in the B°
mass window (solid line) and for events in the B° sideband
region (dashed line). Both K*7~ and K~ 7% combinations
are plotted.

decay into a J/v and K*(892)° was simulated. The sim-
ulation of the decays included the effects of the finite
K*(892)° width (50 MeV/c?) and the finite B® meson
lifetime (1.29 + 0.08 psec) [14].

The simulated B® mesons were then reconstructed and
the effects of detector acceptance, trigger efficiency, and
kinematic cuts (including the muon, kaon, and pion Pr
cuts, the K*(892)° mass window cut and double-counting
removal) were applied as in the data. The efficiency
was calculated from the simulated events and addition-
ally corrected for the efficiencies of the J/4 mass window
(0.98 £ 0.02), the muon matching cuts (0.94 +0.01), and
the pattern recognition and tracking efficiency for the
four B® daughters (0.83 + 0.08), all of which were deter-
mined independently of the Monte Carlo simulation. An
additional factor of 0.86 + 0.06 attributed to hardware
trigger losses was measured for the dimunon_5 _2 sample.
This inefficiency was not present for the Dimuon _3_3
sample.

Additional systematic uncertainties in the reconstruc-
tion efficiency also are listed below.

o(pp » B°X;Pr > 9.0GeV/c,|y| < 1.0)

F. ABE et al. 50

(1) A systematic uncertainty of +18% (dimuon 5 2
and +12% (dimuon _3 _3) was assigned to the uncertainty
in the trigger parametrizations used in the Monte Carlo
simulation.

(2) A systematic uncertainty of £20% in the number
of events was assigned due to the uncertainty in the B°
mass resolution based on the difference in the J/3 mass
resolutions observed in the data and Monte Carlo sim-
ulation and on the variation in the fitted number of B°
mesons resulting from varying the constrained width of
the Gaussian signal.

(3) The variations in ep in the Peterson fragmentation
model led to a +6% variation in the B® acceptance.

(4) The simulation predicts 8% of the kaons with
Pr > 1.0 GeV/c decay before exiting the tracking cham-
ber. Approximately half of these are successfully recon-
structed as B® meson decays. A +4% systematic due to
kaon decays inside the CTC was assigned.

(5) The luminosity uncertainty has been measured to
be £7% and is included.

(6) The J/v and K*(892)° are both vector mesons and
could, in principle, be polarized in the B° decay, which
would result in a variety of different angular distributions
of the final state K,w, and p pair. The CLEO Collabo-
ration has measured the longitudinal polarization to be
'/T = 0.80 + 0.08(stat) £ 0.05(syst) [19], where I" and
'y are the full decay width and the partial width into
longitudinally polarized states, respectively. Using this
value and our Monte Carlo data, we obtain a correction
factor to our acceptance of 0.89 + 0.05.

(7) The uncertainty in the number of events due to
the choice of binning has been studied by varying both
the width and positioning of the bins. We find that the
fitted number of events varies by approximately 10% and
assign this value as a systematic error in the number of
fitted events.

The overall reconstruction efficiency was calculated for
B° mesons with Pr(B®) > 9.0 GeV/c and |y| < 1.0.
From the Monte Carlo simulation and the above ad-
ditional considerations this efficiency was found to be
(1.22 £ 0.31)% and (0.97 £ 0.21)% for the dimuon _5_2
and dimuon _3_3 samples, respectively.

In the following results, the cross section for pp — B°X
only is quoted. The cross section including B° mesons
is twice as large. The B° cross section measurement is
determined by the formula

(N/2)

T eLB(B% — J/¢ + K*(892)%) x B(J/¢ — ptpu—) x B(K*(892)° —» K+n—)’

where N is the number of events observed in the com-
bined data set, and €L is the sum of the luminosities
for the two samples weighted by their respective effi-
ciencies. The combined branching ratio B(B® — J/¢ +
K*(892)°) x B(J/¢ — u*p~). B(K*(892)° - K*n™)
is (6.6 = 1.4) x 10~° [19]. Since the observed sample in-
cludes contributions from both B® and B° mesons, the

[
number of events is divided by 2.
The result for the B® meson cross section is

o(pp — B°X; Pr > 9.0 GeV/c,|y| < 1.0)

= 1.5 + 0.7(stat) £ 0.6(syst)ub,
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where the first error is statistical and the second com-
bines in the quadrature the systematics from the recon-
struction efficiency determination, the luminosity mea-
surement, and the branching ratio uncertainties. Alter-
natively, this result can be quoted as a limit of o5 < 2.7
ub at 90% confidence level.

A b(b) quark can fragment into B(B) mesons, or a va-
riety of b(b) flavored baryons. We choose to extract the b
quark cross section by making the standard assumption
[20] that B—, B®, B mesons and b baryons are produced
in the ratio 0.375 : 0.375 : 0.15 : 0.10. Equivalently,
one could extract a b quark cross section by using B
mesons and b baryons. The extreme cases where the b
quark fragments either entirely to B~ and B°® mesons
or where B~, B%, B? mesons and b baryons are produced
in equal proportions would change the branching frac-
tion by approximately 30%. Guided by this variation
in the extreme cases, we include a 15% systematic un-
certainty in the efficiency. Since the b quark is not ob-
served directly, we quote the cross section for b quarks
with Pr > PPi® where PF® is defined as the b quark
Pr such that 90% of our final sample of reconstructed
B mesons comes from b quarks with Pr > P®in. Us-
ing the Monte Carlo model described previously, we find
that PPi® = 11.5 GeV/c. No cut on the B meson Pr
or rapidity is imposed on the data for the extraction of
the b quark cross section. The resulting number of recon-
structed B mesons from which the b quark cross section is
extracted is 10.3+4.9. The efficiencies for the decay chain
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b — B° » J/$pK*(892)°,J/v — ptu,K*(892)° —
K—nt, are (1.38 £ 0.32)% for the dimuon _5_2 sample
and (1.27+0.24)% for the dimuon _3_3 sample. The dif-
ference between the b and B meson efficiencies reflects the
different Pr requirements quoted in the cross sections.

From combining the two data samples, our result for
the cross section is

o(pp = bX; Pr > 11.5 GeV, |y| < 1.0)

= 3.7 £ 1.6(stat) £ 1.5(syst)ub,

with a corresponding 90% confidence level limit of o} <
6.5 pb. This result is in agreement with, but is
somewhat lower than, the previously published B* —
J/Y K*,J/ — ptp~ measurement of 6.1 +£1.9+2.4 ub
for the same b quark Pr and rapidity [1]. Both measure-
ments are noticeably above the order O(a?) prediction
of 1.11J-% ub for the b quark cross section for Pr > 11.5
GeV/c and |y| < 1.0.
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