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We report on a sample of J/P mesons coming from secondary vertices, a characteristic of heavy-
quark decay, detected in the Fermilab Meson West spectrometer. Based on eight signal events in which
a J/P emerges from a secondary vertex occurring in an air-gap region, we obtain an inclusive bb cross
section of 75 ~ 31 ~ 26 nb/nucleon. This result is compared to recent QCD predictions. We have
also observed several events in the exclusive decay modes B I/tk + K—— and Bo ~ I/P + Ko* in
which the B mass is fully reconstructed.

PACS numbers: 13.85.Ni, 12.38.Qk, 13.25.Hw, 25.80.Ls

Next-to-leading order (NLO) calculations for the pro-
duction of heavy quarks have become available during the
past few years [1—3]. Recent collider data have shown
that these predictions underestimate bottom production
[4]. The calculations require the convolution of hard-
scattering cross sections with parton distribution func-
tions, and uncertainties result from the choice of gluon
distribution functions, scale factors, and b-quark mass.
Calculations by Berger [2] and by Mangano, Nason, and
Ridolfi (MNR) [3] also provide predictions at fixed-target
energies. Consequently, our measurement of the bb cross
section for 515 GeV/c incident pions provides an oppor-
tunity to test these NLO QCD calculations.

In this Letter, we report on a measurement of the cross
section for 7r + Be ~ b + X, with b ~ J/tit + X
and J/P ~ p, +p, . b ~ J/P + X decays are uniquely
tagged by J/tit's emerging from secondary vertices.

Although the branching ratio into J/t/t is small (1.3%)
[5], this decay is advantageous since the resulting
dimuons provide a clean trigger and signal. A significant
background to secondary-vertex J/P's from b decays is,
however, produced by events in which a high-momentum
particle from the primary collision interacts further
downstream in the target and produces a J/tie (secondary
interactions).

The experiment was carried out in the Fermilab Me-
son West beamline, using a large-aperture, open-geometry
spectrometer with the capability of studying high-mass
muon pairs. The muon detector, located 20 m down-
stream of the target, consisted of two muon proportional-
wire-chamber (PWC) stations, a beam dump, a toroid
magnet with an average PT impulse of 1.3 GeV/c, four
more muon PWC stations separated by iron and concrete
shielding, and two muon hodoscopes [6]. The upstream
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FIG. 3. J/i/I secondary vertex positions in the y-z plane
showing events in the gap between target elements.

considerations, we obtain a background subtracted signal
(attributed to b decays) of 8 ~ 3.3 secondary-vertex J/P
events in which the secondary vertex occurs in a region
where only air is present.

The number of J/P's from b decays in the entire fidu-
ciaI volume can be estimated from the number in the gaps.
Monte Carlo studies indicate the (37 ~ 5)% of the recon-
structed vertices from b's produced in Be occur in the

gap regions. Thus, 22 ~ 10 b J/P + X events are ex-
pected from Be. An additional 4 b events are expected
from Cu. Even though the requirement of low multiplic-
ity from the secondary vertex suppresses secondary inter-
actions as a source for these J/P's, a simulation using
the forward pion momentum spectrum from interacting
beam events and the J/f production cross section indi-
cates that 33 ~ 6 of the events in the secondary-vertex
sample are attributable to secondary interactions. Thus
based on the observed gap events, combined with the
Monte Carlo analysis, we expect 22 b's produced in Be, 4
b's produced in Cu, 33 secondary interaction events, and
11 events from false vertex reconstruction, for a total of
70 secondary vertex J/i/ events. This is consistent with
the 73 events observed.

We searched the 73-event sample of secondary
J/P's for the exclusive channels B ~J/P + K — and—
B J/i/t + Ko'. Events with three-prong secondaries
(2 muons plus another track) were selected as candidate
B ~J/t/j + K — decays-. To reduce background, only
combinations with a secondary hadron having pT )
0.5 GeV/c were considered. This track was assumed
to be a kaon, and its momentum was added to that of
the J/P to form a candidate B momentum vector. The
vector was projected back from the secondary to the
primary vertex, and a transverse impact parameter 6
was calculated; only events with 6 ( 80 p, m were
kept [9]. Since tracks from the underlying event can
be coincidentally associated with a secondary vertex,
4—prong secondary vertices were also included in the

where eb ~ and e~ are reconstruction efficiencies, ab
and a~ are detector acceptances, and A is the target atomic
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FIG. 4. Combined J/tb + K= and J/P + K"' invariant-mass
distribution; the hatched entries are J/i/ K — combinations.
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selection. The secondary vertices for these events were
refit, omitting the low pT track, and the events were
analyzed under the hypothesis of 3-prong 8 decays.
Four events survived the above cuts. In the search for
neotral 8 decays, K""''s were observed by their decays
into K—~- pairs. Kaon mass was assigned only to
tracks with momentum greater than half that of the other
track, and pairs having mass consistent with the K"'" were
combined with the J/P in the same manner as in the
8- analysis. Momentum vectors of 8" candidates were
required to satisfy 6 ( 100 p, m. Five events passed
these cuts (none had double K~ combinations).

The combined J/P + K — and J/i/ + K""' invariant-
mass distribution is shown in Fig. 4. The expected 8
mass resolution is 35 MeV/c . There are 5 events
near the nominal 8-meson mass. A background analysis
using primary-vertex events subject to the same cuts as
the 8-candidate sample shows no evidence for arbitrary
enhancement in the 8-mass region due to the imposed
cuts. The 5 events have the following characteristics: 3
are J/P Ko* candidates, 2 are J/i/ K —;one J/P K"' event
has its primary vertex in Cu while the rest of the events
are from Be, and only 1 of the events has its secondary
vertex in the air-gap region. Because of the small number
of events observed in each decay mode, the exclusive
decays are not used for a cross section determination.

Based on the background subtracted signal of 8 b

J/P + X air-gap events (and using J/P production as
normalization), the bb cross section is given by

Xb

Rb pQb p2B(6 ~ t/I ~ p p )

opB((P p, +-p, ) epap
X

A
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FIG. 5. Total bottom cross sections in m-nucleon collisions,
compared with several theoretical predictions. Uncertainties on
measurements represent statistical and systematic contributions
added in quadrature.

mass. The factor of 2 arises since either the b or the
b in an event can result in a J/P. We use a combined
branching ratio of B(b J/(lt ~ p, p, ) = 7.7 x 10 4

[5,10], which is averaged over all b-hadron species,
including baryons.

There are N~ = 9800 ~ 130 J/P's from the Be target
having xF(P) ) 0.1 in the sample. The reconstruction
efficiency and acceptance for these J/P's are e& = 64%
and a~ = 43% .We measure a J/P cross section (on
Be) of o.&B(ttf ~ p, p, )/A = 9.2 ~ 1.2 nb/nucleon for
xF(p) ) 0.1.

To determine detection efficiencies, bottom hadron
pairs were generated according to the NLO calculations
of MNR [3], with hadron momentum equal to that of
the parent quark as observed in charm meson production
[11]. One of the b hadrons in each event was randomly
chosen to decay into J/P + X with J/tj't ~ p, +p, . Our
apparatus was found to accept only events in which the
parent b quark had xF ~ 0. The overall acceptance in
this region is ab ~

= 19%%uo. The reconstruction efficiency
for b ~ J/P + X events of 39%, combined with a 27%
probability of a decay occurring in an air-gap region
yields an effective efficiency eb y

= 15%.
Using these values and Nb ~

= 8 ~ 3.3, we obtain
a bottom cross section for xF ) 0 of crbb = 47 ~ 19 ~
14 nb/nucleon (assuming A' dependence) for ~ -nucleon
collisions at 515 GeV/c, where the first uncertainty
is statistical and the second is systematic. The main
sources of systematic uncertainty are in the normalization
(13%), branching ratios (13%), b production, hadroniza-
tion, decay properties (16%), and reconstruction efficien-

cies (18%). For comparison with theory and other experi-
ments, this measurement is extrapolated from xI; ~ 0 to
all xF. Based on predictions by MNR [3], we obtain a
total cross section of o.bl = 75 4- 31 ~ 26 nb/nucleon.
Extrapolations based on xF distributions from Berger's
predictions [2] and a measurement by Fermilab experi-
ment E653 [12] are refiected in the quoted systematic un-

certainty. With this cross section value we expect a total
of 3 or 4 exclusive decays in the J/tl K — and J/tl &"*

modes, which is consistent with the observed excess in

Fig. 4.
A comparison of our measurement to predictions for

bottom cross sections in ~-nucleon collisions made by
MNR [3] and Berger [2], and to those of previous ex-
periments [12,13], is shown in Fig. 5. Our measurement
favors predictions with smaller b-quark mass values and
renormalization scales that are a smaller fraction of the
mass scale. This is consistent with recent analysis of col-
lider bottom-quark data [14].
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