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Abstract

We report the latest results on the measurement of inclusive b quark and
heavy quarkonium production by the D@ collaboration in pp collisions at
\/$ = 1.8 TeV at the Fermilab Tevatron Collider. The results are from anal-
yses of the 1992-93 data. This report includes measurements of inclusive b
quark, J/¢ and T meson production cross sections. The b quark produc-
tion cross section, measured in inclusive muon data, is consistent with next
to leading order QCD predictions within theoretical and experimental errors.
We study J/¢ and T meson production in dimuon events and perform an
investigation of the J/¢ production mechanisms. Including the latest devel-
opments in charmonium phenomenology, the J/¢ production rates are now
almost all accounted for in the transverse momentum range above 8 GeV/c.
The observed T production rates, however, are higher than expected by a
factor five.

*To appear in the Proceedings of the Xth Topical Workshop on Proton-Antiproton Collider
Physics, Fermilab, IL, May 9-13, 1995.



INTRODUCTION

The study of b quark production in high energy hadronic interactions plays a crucial
role in the testing of perturbative quantum chromodynamics (QCD) description of heavy
quark production [1-3]. The study of heavy quarkonium production also plays an important
role in testing QCD. Theoretical models of heavy quarkonium production are of particular
importance because they involve both perturbative and non-perturbative QCD [4-6]. The
basic ingredients of these calculations can be checked by comparing theoretical predictions
with data.

We will briefly review the aspects of the D@ detector relevant to the analyses presented
here. We present the results of a completed analysis of inclusive muon and b quark cross
sections. We will also describe the analyses of inclusive J/¢ and T production in dimuon
data. Measurements of the inclusive J/¢ and T production cross sections and a discussion
of the J/v¢ production mechanisms will be presented. We will close this report with a brief
discussion of the analyses in progress and the future prospects for B physics at D@.

D® DETECTOR

D@ is a large multi-purpose detector operating at the Tevatron pp Collider, located at
Fermi National Accelerator Laboratory. It features a non-magnetic inner tracking system, a
compact and hermetic calorimeter and an extensive muon system. The D@ detector has been
described in detail elsewhere [7] and only the features relevant for the analyses described
here will be discussed briefly.

The inner tracking system covers a cylindrical region of radius 75 cm with wire drift
chambers for the detection of charged tracks. The relatively small radius translates to a
short decay path which makes muon contamination from in-flight decays of 7/ K minimal.
The innermost tracking detector is a vertex drift chamber with a spatial resolution in the
transverse plane of 60 pm, and the outermost is a central drift chamber with a resolution
of 180 pm. Tracks in the central chamber are used to determine the primary interaction
vertices, and together with the vertex chamber, enable the reconstruction of the muon impact
parameter relative to the event primary vertex for b quark tagging.

The calorimeter is a uranium-liquid argon sampling detector, with a fractional electro-
magnetic energy resolution of 15%/+v/E, where E is in GeV, and a measured resolution for
jets of 75%/+/E.

The muon system covers the pseudorapidity range |p| < 3.3, and consists of three layers
of chambers, with magnetized iron toroids located between the first and second layers. The
magnetic field in the iron toroids is 1.9 T and provides a momentum measurement with a
resolution, o(1/p)/(1/p) = 0.18(p — 2)/p @& 0.008p, with p in GeV/c. The thickness of the
calorimeter plus iron toroids varies from 14 A in the central region to 19 A in the forward
region. This reduces the hadronic punchthrough background to a negligible level (< 0.5%)
and allows a good identification of muons in jets.



£ AND b CROSS SECTIONS

Tagging b quarks through their semi-leptonic decays into muons has been standard in
the study of b production. For moderately high pr, muons come primarily from b quark
decays. The standard technique for extracting a b cross section from inclusive muon data is
to measure the muon cross section, determine the fraction of events coming from b decays,
associate muon pr with b quark pr, and then correct for acceptance, branching ratio and
fragmentation effects. The following is the analysis of inclusive muon data.

This analysis was based on data corresponding to a total integrated luminosity of [£ dt =
75.644.1 nb~!. The data sample was obtained by filtering the interactions through a multi-
level trigger. At the level 1 hardware trigger at least one muon candidate was required and
the level 2 software trigger required at least one reconstructed muon track with transverse
momentum pf > 3 GeV/c. Events were fully reconstructed off-line and retained for further
analysis if they contained at least one muon track with rapidity |y*| < 0.8 and py >
3.5 GeV/c. Candidate muons had to deposit > 1 GeV of energy in the calorimeter; the
mean energy loss for a single muon is about 2.5 GeV. A match was required with a good
track in the central tracking detector pointing back to the primary interaction vertex. To
minimize cosmic ray background, the reconstructed time of passage (to) through the muon
chambers had to be within 100ns of the beam crossing. A total of 15995 muons passed
all selections. Using ISAJET [8] Monte Carlo and data the total detection efficiency was
estimated to be 0.28 £ 0.03 for pf > 6 GeV/c. This analysis has been recently completed
and published in Physical Review Letters [9] *.

b Fraction in Inclusive y Events

Possible sources of backgrounds to muons from heavy flavor decays consist of cosmic
rays, muons from Drell-Yan and J/v¢ decays, and from 7 /K and W/Z decays. The residual
cosmic ray contamination was estimated from the observed ¢, distribution to be (9 + 3)%
and was subtracted from the data. Muons from Drell-Yan and J/v¢ decays were estimated
to contribute less than 2% of the data.

In obtaining the b quark cross section we restricted our analysis to muons in the p7. range
4-30 GeV/c. We estimated and subtracted the expected W/Z background. The remainder
is expected to come mainly from b and ¢ quark decays. To determine the fraction of muons
from b quark decays, f;, we used the transverse momentum of the muon with respect to the

associated jet axis (p}s'). Jets are reconstructed for E%Et > 8 GeV, using a cone algorithm

with radius R=0.7, where R = \/(AU)Z + (A¢)2. The pi! distributions for b quark, ¢ quark,
and 7/K decays were modeled with ISAJET.

Another interesting quantity in the study of heavy flavor production is the b fraction

out of b and ¢ decays, @, = Ny/(Ny + N.), which can be obtained by subtracting the =/K

In computing the cross sections of Ref. [9] we used [L£dt = 73.3 & 8.8 nb™! instead of the more
accurate luminosity measurement used in this report [12]. Therefore, the improved cross sections
presented in this report are lower by ~ 3% and their uncertainties are reduced by ~ 10%.



contribution [9]. The relation between @, and fs is simply Qs = fo/(1 — fx/x ), and at large
pr the w/ K contribution is negligible and @, ~ f;. The measured @), distribution, compared
to the result of ISAJET Monte Carlo simulation, is displayed in Fig. 1. The two results are
consistent within errors but are slightly different in shape.

1t Cross Section

The muon cross section due to inclusive b quark decays can be obtained by correcting for
the total efficiency, the fraction due to b decays and the muon momentum resolution using
the technique of Reference [13]. The results, including the statistical and systematic errors
are summarized in Table I. The spectrum shown in Fig. 2 is extracted without assumptions
concerning heavy flavor production cross sections, and represents our experimental result.
The theoretical spectrum was calculated using ISAJET for b-quark production, fragmen-
tation and decay, with the cross section normalized to the NLO QCD calculation [1]. We
used the Peterson fragmentation function with ¢, = 0.006 4+ 0.003 [14] and the average LEP
inclusive branching ratio Br(B — w)= 0.110 £ 0.005 [15].

b Quark Production Cross Section

We extracted the b quark production cross section from the muon spectrum following
the method described in References [9-11]. The resulting cross section as a function of
pmn for |yb| < 1.0, is shown in Fig. 3. p™ refers to the b quark pr above which 90% of
the muons originate from b quarks with pr > p?". The results including the statistical
and systematic errors are summarized in Table II. The curves represent the NLO QCD
predictions [1] using MRSD® parton distribution functions [17]. The QCD mass scale A%
= 140 MeV and the renormalization and factorization scale p = po (with p2 = m2 + (p%)?,
and my = 4.75 GeV/c?) were used for the solid curve, and customary variations of these
parameters for the dashed curves: 187 MeV and po/2 (upper), and 100 MeV and 2u4 (lower).

This result is in close agreement with our b cross section measurement in inclusive dimuon
data [18]. Another analysis is in progress to determine the b production cross section from
the study of the properties of muons plus jets. We also expect to obtain other b cross section
measurements through the study of the spatial bb correlations, where the measurement of

the opening angle between muon pairs in the transverse plane allows the separation of the

LO and NLO contributions.

INCLUSIVE J/¢y PRODUCTION

Previous calculations of J/1 production in pp collisions have assumed that the dominant
contribution to the cross section comes from leading order diagrams with gg fusion into
a charmonium state and a recoiling gluon [4], and bb pair production followed by b —
J/1¥ 4+ X decay [3,5]. These calculations, however, did not explain all the observed rates at
hadron colliders [19,20], which suggested that there were other possible important production
mechanisms. This has inspired theorists to investigate higher order processes. It has been



suggested recently that the dominant mechanism for charmonium production at large pr
is fragmentation [21], which is the production of a high pr gluon or charm quark which
subsequently fragments into charmonium states (J/%, x.).

Inclusive J/¢ Cross Section

We have studied J/v¢ production at D@ using opposite sign dimuon events. The analysis
where we measured the inclusive cross section was based on a total integrated luminosity of
f L dt ~ 6.6 pb', while the analysis where the fraction of J/v events coming from b decays
and the fraction produced through . radiative decays were investigated, was based on a
larger sample ~ 13 pb~'. Events were collected by requiring at least two muon candidates at
the level 1 trigger. At level 2, at least two muon tracks had to be reconstructed and pass some
loose track quality cuts with a minimum pr of 3 GeV/c on each muon. The offline selection
of each muon track was similar to that of the inclusive muon sample. In addition, the muon
pairs were restricted to be within the kinematic range |n**| < 0.6 and p7' > 8 GeV/c.
In this analysis we investigated the dimuon mass range 0.2 < M** < 6 GeV/c® A total
number of 1221 events passed all selection criteria with an overall efficiency of 2.8 + 0.3%.

The invariant mass, M**, distribution for the opposite sign muon pairs is shown in
Fig. 4. We observed a J/1 signal with a mass resolution well represented by a Gaussian
function. The dominant contribution to J/v background is expected to come from bb, c¢ and
7 /K decays. Other mechanisms that yield dimuons in the J/v mass region are Drell-Yan
processes and decays of the light quark mesons p, ¢ and 7.

The invariant mass width is dominated by the muon momentum resolution where
AMH [ M* = (1/4/2)(Ap*/p*). AM* is expected to be 0.4 GeV/c? at the J/(15) mass
of 3.1 GeV/c?, and 0.5 GeV/c? at the ¢(25) mass of 3.7 GeV/c?. Because the difference be-
tween the masses of the two states is of the same order of magnitude as the mass resolution,
1t is difficult to distinguish the two states. On the other hand, due to the suppression of the
decay ¥(25) — ptu~ (0.77%) compared to J/¢(1S5) — ptu~ (5.97%) [22], the expected
contribution to the J/¥(1S5) sample from 9(25) should be small.

Muons originating from b and ¢ decays are usually accompanied by a jet of hadrons.
Gluon and charm fragmentation into charmonium is also expected to produce muons inside
jets. By contrast, muons from Drell-Yan events and those coming from the direct charmo-
nium production are expected to be isolated. In order to distinguish these processes we
selected the variables M**, p}el“ # and I**. We define the isolation parameter for a muon,
I# as the difference between the observed energy in the calorimeter, within a cone of radius
R = 0.3 around the muon direction, and the expected energy deposition for a minimum
ionizing particle, weighted by the energy measurement uncertainty. The isolation parameter
for a muon pair, 7#*, is the isolation of the more energetic muon.

For each process we parametrized the distributions for the selected variables using a full
Monte Carlo simulation consisting of ISAJET, detector [23] and trigger simulations. We
then applied the maximum likelihood method to determine the relative contribution of each
process. The resulting mass distributions for all the contributions are shown in Fig. 4. From
the fit, the total number of dimuon events due to J/¢ — ptp~ is 407 £ 28.



The J/v¢ pr distribution resulting from the fit was then unfolded [13] and corrected
for acceptance and efficiency. The differential J/¢ production cross section as a function
of the J/v¢ pr is shown in Fig. 5. The data points are shown with the statistical and
systematic errors added in quadrature. The total systematic uncertainty of ~ 22% includes
contributions from trigger efficiency (15%), background subtraction (14%), offline dimuon
selection cuts (5%) and the integrated luminosity (5%). After accounting for the contribution
due to fragmentation, the theoretical predictions describe our spectrum reasonably well. It
should also be noted that our spectrum agrees closely in normalization and shape with the
J /v inclusive cross section measured by the CDF collaboration [20]. By integrating over all
bins we obtain a total cross section of:

Br(J/Y — utp™)-a(pp — J/¢ + X) = 1.93 £ 0.16(stat) 4= 0.43(syst) nb,

p:{«w > 8.0 GeV/c and |p7/¥] < 0.6

b Decay Channel: b — J/¢ + X

b quarks may be tagged through J/v production, since a good fraction of J/1 events is
expected to come from b decays. To determine this fraction we have examined the distri-
bution of the impact parameter of the muons relative to the event vertex, in the transverse
plane to the beam axis. Each muon was required to have a matching track in the central
drift chamber and in the vertex drift chamber. We have performed a simultaneous mass
and impact parameter maximum likelihood fit to the opposite sign dimuon data in the mass
range 2 - 4.4 GeV/c® and the impact parameter range —0.08 cm to 0.16 cm. The muon
impact parameter distribution together with the results of the fit is shown in Fig. 6. More
details on this analysis can be found in Reference [24].

Radiative Decay Channel: x, — J/¢ + v

One of the J/¢ production mechanisms is through the radiative decay of x.0, Xe1, Xe2
states. The masses of the x.012 states are 3.42,3.51,3.56 GeV/c? respectively [22]. The
width of the experimental distribution AM, which is a characteristic of the photon energy
and is defined below, is dominated by the photon energy resolution, 15%/+/E. For a photon
energy of 1 GeV the expected width of AM is 0.06 GeV/c? at the peak of 0.4 GeV/c?. This
resolution is not sufficient to observe the different . states separately and the result will
therefore pertain to the inclusive y. production.

We investigated the production of J/¢ through the x,. radiative decay by fully recon-
structing the decay chain x. — J/¥ +v,J/¢Y — ptp~. The data sample consisted of
opposite sign muon pairs in the J/¢ mass range, defined as 2 < M** < 4 GeV/c?. We then
searched for photons with energy greater than 1 GeV, in the cone R = 2 about the muon
pair with an efficiency of ¢, = 30 = 4%. We found a total number of Ny, = 722 events
above background. The invariant mass difference between the ppy and pp systems, AM,
where a clear x. signal is observed, is shown in Fig. 7.



To obtain the number of y. signal events we performed a fit of the AM distribution
to a Gaussian signal plus background. The background shape was obtained from data by
combining dimuons with electromagnetic clusters from different events. The fit resulted in
N, = 66 £+ 15(stat) £ 5(syst)x. events. The measured fraction of J/¢ events coming from
X. decay is obtained as f, = N,/(Ny/y - €4) = 0.30 £ 0.07(stat) & 0.07(syst). Our result is
similar to that obtained by the CDF collaboration [25] using a similar technique.

INCLUSIVE T PRODUCTION

The study of T production in pp collisions is particularly interesting because it allows us
to test the existing bottomonium production models by investigating the different production
mechanisms. The various T states are expected to be produced through direct gg fusion
or indirect production through radiative decay of x; states. Unlike the J/1¢ cross section,
which is limited to pr > 8 GeV/c by the detector acceptance, the T cross section can be
extended down to pr = 0. This allows the study of the low pr region where fragmentation
is not expected to dominate.

The masses of the states T(15,285,35) are 9.5,10.0,10.4 GeV/c?, respectively [22]. On
the other hand the expected mass resolution at the Y(1S5) mass, which is dominated by the
muon momentum resolution, is 1.3 GeV/c?. Therefore we do not expect to resolve the three
different states but perform an inclusive observation of all states combined.

Dimuon Mass Distribution

The T study at D@ was based on a data sample of opposite sign dimuons corresponding
to a total integrated luminosity of f£dt = 6.6 == 0.4 pb™!. The data were collected using a
multilevel trigger with similar conditions as the J/¢ data. In addition to selecting each muon
in a similar fashion to the inclusive muon data, both muons were required to be isolated such
that /* < 3. To minimize the contamination from high pr cosmic ray muons penetrating
completely through the detector and appearing as dimuons, the opening angle between the
two muons was restricted to be less than 165°. In addition, the muon pairs were restricted
to be within the kinematic range |p*#| < 0.7 and 0 < p4* < 25 GeV/c. In this analysis we
investigated the dimuon mass range 6 < M* < 35 GeV/c®. A total number of 240 events
passed all selection criteria with an overall efficiency of 1.2 + 0.2%.

Contributions to dimuon events in the T mass region are expected to come from QCD
processes (bb, c¢ and 7/ K), Drell-Yan decays and cosmic rays. In order to distinguish these
processes we used the variables M#* H and to, where ¢ is the timing offset relative to
beam crossing and H is the isolation parameter defined as the energy difference between
two concentric cones of radii R = 0.6 and 0.2 around the muon direction. We used data to
obtain the H distribution for both T signal and QCD processes. The T, QCD and Drell-Yan
mass shapes were taken from a fully simulated Monte Carlo, while the shape for the cosmic
contribution was taken from cosmic ray data which was also used to determine the ¢g cosmic
ray distribution. A different data sample with tight cuts was used to extract the ¢y shape
corresponding to beam related dimuon events. The signal and background contributions
were then determined by performing a simultaneous maximum likelihood fit of the selected



distributions to the data. The number of T signal events resulting from the fit 1s 85 4+ 11,
which is about 35% of the total event sample. The dimuon mass distribution along with all
the different contributions is shown in Fig. 8.

Inclusive T Cross Section

The T pr distribution resulting from the fit was then unfolded [13] and corrected for
acceptance and efficiency. The obtained differential cross section as a function of the T pr
1s displayed in Fig. 9. Also shown is a solid curve representing the theoretical predictions
for T production [4,6] with MRSD® parton distribution functions. The predictions include
the production of T(15), T(25) and T(395) states directly and through radiative decays of
higher x; states. The data points are higher than the theoretical predictions by a factor five
except at low pr. The shape of our distribution differs from the theory at low pr. The inner
error bars are statistical and outer systematic. The total systematic uncertainty includes
contributions from trigger efficiency, momentum resolution correction, sign determination
and the opening angle cut. There is an additional 15% overall uncertainty to the normal-
1zation not included in the figure; it includes uncertainties in the distributions used in the
fit (12%), selection cuts (7%) and luminosity (5%). By integrating over all bins we obtain a
total cross section of:

Br(YT — ptu™)-o(pp — T + X) = 1.12 £ 0.12(stat) &= 0.22(syst) nb,
pt >0 GeV/e and |y*| < 0.7

The existing calculations for heavy bottomonium production have provided a reasonable
description of the lower energy data. These predictions are clearly inadequate to explain
our measured T rates at the Tevatron energy. The fact that fragmentation processes are
not expected to contribute considerably in the low pr region suggests that other states
and production mechanisms may exist [26]. It should be noted that our measurement is in
reasonable agreement with that of the CDF collaboration [27].

B PHYSICS FUTURE PROSPECTS AT DO

The results presented here are obtained from analyses of the 1992-93 data. These analyses
are restricted to the central region of the D@ detector. We have begun to explore the forward
region, which is of particular importance because it is the region where the cross sections
are most sensitive to the gluon distribution. By analyzing a dimuon data sample based on a
total integrated luminosity of 4.6 pb™! from the 1994-95 run we have observed a J/% signal
in the region 2.6 < |77/%| < 3.4. The corresponding opposite sign dimuon mass distribution
1s shown in Fig. 10. A fit to a Gaussian signal and exponential background, in the mass range
2.1 < M < 4.5 GeV/c?, yields a total number of 198 signal events above a background of
36.

To pin down the fraction of J/1 events coming from b decays, in addition to the impact
parameter technique, an analysis of trimuon events, where one b is tagged with a J/v and
the other with a muon, is in progress. A perturbative QCD test is also being performed



through the measurement of heavy flavor content in inclusive jets, which further allows the
study of parton fragmentation for gluons, b and ¢ quarks.

CONCLUSIONS

The D@ experiment has demonstrated the ability to study & production in hadronic
collisions with reasonable efficiency and background rejection. Our b production cross section
measurements indicate that NLO QCD calculations describe heavy flavor production within
the experimental and theoretical errors. Although there is a residual discrepancy of ~ 50%
in magnitude between the central values, the pr shapes are in good agreement over the entire
pr range. A precise agreement of the theory and data can be obtained with extreme values
for Agep and the scale y. We have observed the charmonium states J/4¢ and inclusive y..
We have measured the inclusive J/9 cross section and it is almost all accounted for in the
pr range above 8 GeV/c, when including the fragmentation production mechanisms. We
have also observed an inclusive T signal and measured the corresponding production cross
section down to pr = 0. Our preliminary measured rate is higher than existing theoretical
predictions by a factor five. Our data suggest that other states and production mechanisms
at the Tevatron energy may be important. Several analyses are in progress and five times
more data should provide us with a better understanding of b production properties in pp
collisions.
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TABLES

TABLE I. A summary of the unfolded b produced muon cross section, the statistical and
systematic uncertainties as a function of the muon transverse momentum p4. pf is computed
using the algorithm of reference [16].

m
do b

Py bin Py o Statistical Systematic
(GeV/c) (GeV/c) [nb/(GeV/c)] [nb/(GeV/c)] [nb/(GeV/c)]
4-5 4.5 66.192 0.861 17.872
5-6 5.5 37.251 0.671 6.705
6-8 6.9 15.888 0.318 2.860
8-10 8.9 5.312 0.197 0.956
10-12 10.9 2.237 0.132 0.403
12-15 13.3 0.938 0.075 0.169
15-19 16.9 0.366 0.039 0.073
19-24 21.2 0.102 0.018 0.024
24-30 26.7 0.027 0.009 0.008

TABLE II. A summary of the inclusive b quark production cross section integrated above a
certain p’lﬁ‘in, the statistical and systematic uncertainties as a function of the b quark pr.

ppin ab(ph > pFin) Statistical Systematic
(GeV/e) (nb) (nb) (nb)
6 6884.0 89.5 2202.9
7 5362.0 96.5 1340.5
9 2895.2 57.9 723.8
12 1167.1 43.2 2901.8
15 566.9 33.5 141.7
19 258.0 20.6 64.5
23 152.3 16.3 41.1
30 51.4 9.1 14.9
38 18.9 6.2 6.2
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FIG. 1. The measured b fraction (Q) using p7** technique, compared to the result of a simula-

tion using ISAJET Monte Carlo, as a function of the muon p7.
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FIG. 2. The unfolded muon cross section corresponding to inclusive b decays compared to the
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details). Inner error bars are statistical and outer statistical and systematic added in quadrature.
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FIG. 4. The dimuon mass distribution in the range 0.2 < M** < 6 GeV/c2. The hatched area
indicates the J/v signal on the top of the sum of the background contributions, which are also

shown separately.
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FIG. 5. The J/% production cross section Br - do/dpr as a function of the J/¢ pr. The error
bars are statistical and systematic added in quadrature. The solid curves represent the error band

on the sum of the expected contributions.
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FIG. 6. The muon impact parameter distribution with respect to the event vertex in the trans-

verse plane. Also shown are the fitted contributions from prompt and non-prompt J/¢ sources.
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FIG. 7. The distribution of the mass difference AM for dimuon events in the J/v mass region.
The data are shown as points. The solid curve is a fit to a Gaussian plus the background shape
(see text).
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FIG. 8. The dimuon mass distribution in the range 6 < M** < 35 GeV/c?. The hatched area
indicates the T signal on the top of the sum of the background contributions, which are also shown
separately.
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FIG. 9. The T production cross section Br - do/dpr as a function of the T py. The error bars

are statistical and systematic (wider ticks), shown separately. The curve represents the theoretical

predictions for T production (see text).
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FIG. 10. The invariant mass distribution for opposite sign muon pairs in the D@ forward muon
detector 2.6 < |n**| < 3.4. The solid curve is the fitted sum of the J/¢ signal (hatched area) and
background contribution in the mass range 2.1 < M** < 4.5 GeV/c2.
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