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This Letter reports the full reconstruction of B mesons through the decay chain B — J/VKt—,
J/ttr p+p, using data obtained at the Collider Detector at Fermilab in pp collisions at Js =1.8 TeV.
This exclusive sample, the first observed at a hadron collider, is then used to measure the 8-meson cross
section, from which we extract the b quar-k cross section. We obtain a=2.8+'0.9(stat) +' 1.1(syst) pb
for B mesons with Pr & 9.0 GeV/c and rapidity ~y~ & 1.0. We obtain a=6.1+ 1.9(stat)+'2. 4(syst)
pb for b quarks with transverse momentum Pr & 11.5 GeV/c and rapidity Iy ~

& 1.0.

PACS numbers: 13.85.Ni, 13.25.+m, 14.40.Jz, 14.80.Dq

This Letter reports the first full reconstruction of 8
mesons at a hadron collider, through the decay chain
B J/tit+ K, J/tlt p+p . Although the branch-
ing ratio for this process is small, the J/tlt decay into
dimuons provides an easily implemented trigger at low

momentum. The technique employs the fact that the J/tlt
signal is cleanly identified in a hadron collider; in addi-
tion, the J/y sample has been shown previously by UAl
at CERN [1] to be a sample enriched in B mesons. This
observation confirms the expectation of a large 8-meson
cross section at Ks =1.8 TeV in pP collisions.

The B mesons observed at the Fermilab Tevatron are a
result of the production and fragmentation of b quarks
formed in pp collisions. The b quark is considered 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 diAerential
cross section for b-quark production exists [2], which in-

cludes the O(a, ) radiative corrections. This calculation
is sensitive to a number of parameters, including the b-

quark mass, AQQD the gluon structure functions, and the
contribution of higher-order terms. In this Letter we

present a measurement of the b-quark and B-meson cross
sections using a data sample with an integrated luminosi-

ty of 2.6+ 0.2 pb ' accumulated with the Collider
Detector at Fermilab (CDF).

CDF has been described in detail elsewhere [3,4]. The
events used in this analysis were collected using a mul-
tilevel trigger system [5-8]. The first level required the
presence of two charged tracks in the muon chambers.
The second level required both muon chamber tracks to
match charged tracks in the central tracking chamber
(CTC). In addition, the two muon candidates can be no

closer than approximately 0.26 rad.
We assume that the efficiencies of the two muons are

uncorrelated, given their geometrical separation. The
trigger efficiency of a muon candidate is the product of
the level-one and level-two trigger efficiencies; the trigger
efficiency of a muon pair is then the product of the trigger
efficiencies of the two muon candidates. The level-one
and level-two efficiencies have been studied using muon
candidates in data taken with nonmuon triggers. The
level-one trigger efficiency was determined to be an in-

creasing function of the muon PT, with an efficiency of
(44~4)% at PT=2.0 GeV/c, rising to (92+'4)% for
PT) 6.0 GeV/c. The level-two trigger efficiency rises
sharply from (10+'5)% at PT =2.0 GeV/c to (99+ 1)%
for PT & 3.0 GeV/c.

Transverse momenta are calculated from track curva-
ture in the 1.4116-T axial magnetic field. There is an un-

certainty in the magnetic field of 0.05%. Constraining
the tracks of a multibody decay to come from a common
vertex (called a vertex constraint) yields a momen-
tum resolution of bPT/PT = [(0.0014PT) + (0.0066) ] ' "-.

(Note that the momentum resolution for tracks originat-
ing from the beam can be further improved by constrain-
ing the common vertex to be coincident with the beam
position. The long lifetime of the B meson implies that
its decay vertex will be significantly displaced from the
beam position, therefore, a common-vertex constraint
is favored over a beam-vertex constraint. ) The mass
scale was checked by studying the following decays: J/y—p+p, tit(2S) —p+p, Y(lS)—p+p, and

Y(2S) p+p . After corrections for dE/dX losses, we

obtain values of mass of 3.099~0.001, 3.690+ 0.005,
9.470+ 0.015, and 10.002+ 0.024 GeV/c, respectively,
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which are in reasonable agreement with the world-

average values. Based on these measurements we esti-
mate a mass-scale error of -0.1% due to systematic
momentum-scale uncertainties.

The process of reconstructing B —mesons begins with

the reconstruction of the daughter J/Is'. The J/y is

identified by requiring two oppositely charged muon can-
didates, with each muon having PT & 3.0 GeV/c. We
form the differences between the muon chamber track
and the extrapolated CTC track in the transverse and
longitudinal directions, weight the differences by multiple
scattering and measurement errors, and require that they
be less than 3.0 standard deviations from zero. These
muon matching cuts remove approximately 50% of the

p
+

p background. The p
+

p mass distribution is

shown in Fig. 1. J/Itr candidates are defined as p+p
mass pairs within + 3.0a of the mean, where a is the ob-
served width of 0.022 GeV/e . We observe 1029~37
reconstructed J/y mesons above a background of 128

p p pairs.
Since CDF has no charged kaon identification, candi-

date kaons are defined as any track with PT & 2.0 GeV/c.
The p

+
p K — system is required to have PT & 9.0

GeV/c; this removes that part of the phase space in which

the efficiency is changing rapidly. The invariant mass of
the p+p K —system is formed by simultaneously vertex
constraining the three tracks and mass constraining the
p+p pair to the world-average J/y mass 3.09693
GeV/c [9]. The p+p K —mass distribution is shown

in Fig. 2. A clear signal is present in the mass range 5.25
to 5.33 GeV/e .

The number of events is determined by fitting the
p+p K —mass distribution by a Gaussian signal distri-
bution plus linear background using a binned maximum
likelihood technique. We fix o to 0.012 GeV/c, the
value we obtain in a Monte Carlo study. The fit results in

a mean of 5.294~0.006(fit) + 0.005(scale) GeV/e with

14.1 ~4.3 signal events. The mean is within 2 standard

deviations of the world-average 8 — mass of 5.2791
+' 0.0019 GeV/c [10,11].

We have investigated the effect of the fitting procedure

by fixing both the mean and the e of the Gaussian, float-

ing both the mean and the o, and, finally, fixing the mean

and floating the a. The fitted numbers of events for these
different methods are 11.2~4.1, 17.2~5.1, and 16.9
~5.3, respectively. To account for this spread in the
determination of the fitted number of events, we assign a
systematic error of 20% due to the fitting procedure.

We determine our detection efficiency using a Monte
Carlo model which incorporates the following.

(I) We assume the shape of the b-quark PT and rapidi-

ty spectrum provided by the O(a, ) calculation [2]. We
then generate b quarks with PT & 7.0 GeV/e and rapidity

~y( ( 1.0. We assign a systematic error of 10% in both
the B —-meson and b-quark cross sections due to varia-
tions in the shape of the b-quark PT spectrum.

(2) We model energy sharing between the quark and
meson with the Peterson parametrization [12], which is

governed by the ep parameter. Results from several ex-
periments indicate ep=0.006+0.002 [13]. The varia-
tions in ep lead to a 7% variation in the acceptance.

(3) In the decay B — J/tir+K —,the J/Itr and K—
are produced in a I I state and the J/y is transversely
polarized in the rest frame of the decaying B meson. This
results in a sin 8 angular distribution for the decay
muons with respect to the J/y direction in the rest frame
of the B meson.

(4) Parametrizations of both the level-one and level-

two trigger efficiencies as functions of muon PT were used
in the simulation. We assign a systematic uncertainty of
) 2% due to variations in the trigger pararnetrizations for
muons with PT & 3.0 GeV/c.

(5) We measured the CTC position resolution and wire
efficiency for both muons from the J/y decay, and then
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imposed these effects in our simulation. The azimuthal
position resolution varied from about 350 pm in the inner
CTC layers to about 200 pm in the outer layers. The
probability that a CTC wire measurement would be used
in the final fit varied from about 50% in the inner layers
to about 93% in the outer layers. The simulation predicts
a width of 0.012 GeV/c for the 8 meson.

(6) We measured the CTC track reconstruction effi-

ciency by embedding simulated tracks in real data J/ter

events. We see a tracking efficiency of (97~2)% for
each muon. The broader pseudorapidity (i)) spectrum of
the kaons results in a slightly lower efficiency of (94
~ 2)%. The overall tracking efficiency is then (89
~4)%. Based on this study, we assign a systematic error
of 5% due to the track reconstruction algorithm.

(7) The simulation predicts 7% of the kaons with

PT & 2.0 GeV/c decay before exiting the CTC. Approxi-
mately half of these are successfully reconstructed as 8-
meson decays. We assign a 4% systematic due to kaon
decays inside the CTC.

(8) The simulation models the muon chamber ge-
ometry, the single wire resolution, and the single wire
efficiency. The muon fiducial volume covers 85% of the
solid angle in the region

~ rl( & 0.65. For muons inside the
fiducial volume with PT & 3.0 GeV/c, the simulation pre-
dicts an efficiency of (98+ 1)% for muon reconstruction.

(9) We measured the efficiency of the muon matching
cuts using both a cosmic-ray muon sample and a Monte
Carlo muon sample. We find that (97+ 2)% of real
muons pass these cuts. In addition, we investigated the
possibility that the wrong CTC track was matched to the
muon chamber track. We assign a systematic error of
8% in associating extrapolated CTC tracks with muon

tracks.
The Monte Carlo model predicts that the reconstruc-

tion efficiency for 8 — J/llr+K —, J/tll —p+p is

(1.87+'0.37)%, where the error represents the sum in

quadrature of all the systematic eff'ects listed in steps (I)
through (9).

In our results we quote the cross section for pp 8 L
only; note that the cross section for pp 8 —L is twice
as large. The measurement is determined by the follow-

ing formula:

cr(pp 8 X; PT & 9.0 GeV/c, (y~ & 1.0)

N/2
J/@+K )8(J/ill p p )

'

~here N is the number of events we observe in the data,
L is the integrated luminosity, and e is the detection
efficiency for reconstructing 8 mesons. The combined
branching ratio 8(8 J/@+K )B(J/ill p p ) is
(5.2~1.4)XIO [10,lit. Since our observed sample
includes contributions from both 8+ and 8 mesons, we
divide A' by 2.

The result for the cross section is

o(pp 8 X; PT &9.0GeV/c, (y~ & 1.0)

=2.8 ~ 0.9(stat) +' 1.1(syst) pb.

The first error is statistical and the second combines in

quadrature the systematics due to the mass-fitting pro-
cedure, the efficiency calculation, the luminosity measure-
ment, and the branching-ratio uncertainties. The PT cut
on the kaon has been varied over the range 1.5 to 3.5
GeV/c, and after correcting the efficiency for the different
cut values, we observe that our result is not a strong func-
tion of this cut.

A b quark can fragment into 8, 8, 8, mesons, or a
variety of b-flavored baryons. To extract the b-quark
cross section, we make the standard assumption [141 that8, 8, 8, , and b baryons are produced in the ratio
0.375:0.375:0.15:0.10. Since the b quark is not observed
directly, we quote the cross section for b quarks with

PT & PT
'" where PT'" is defined as that b-quark PT such

that 90% of our final sample of reconstructed 8 —mesons
come from b quarks with PT & PT'". Using the Monte
Carlo model described above, we find that PT'"=11.5
GeV/c, and that the efficiency for the decay chain
b 8 J/tlrK, J/tlf p+p is (2.27+ 0.45)'%%u.

Our result for the cross section is

o(pp bX; PT & 11.5 GeV, ~y( & 1.0)

=6. 1 + 1.9 ~ 2.4 pb,
where the errors are broken down as for the meson calcu-
lation. The O(a, ) prediction for the b-quark cross sec-
tion for PT & 11.5 GeV/c and ~y~ & 1.0 is 1.1 —+tt'4 pb.
The errors quoted on the theoretical prediction are in-
tended to show how sensitive the result is to reasonable
variations of the parameters that enter into the calcula-
tion. Our measurement is approximately 1.6 standard
deviations above the theoretical calculation.

In summary, we have presented the first full recon-
struction of 8 —mesons in a hadron collider environment.
We have used this sample to measure the 8-meson and
b-quark production cross sections.
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