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We have studied J= production in p�p collisions at
p
s =1.8 TeV with the D� detector at Fermilab

using �+�� data. We have measured the inclusive J= production cross section as a function of
J= transverse momentum, pT . For the kinematic range pT> 8 GeV=c and j�j < 0.6 we obtain
�(p�p ! J= + X) � Br(J= ! �+��) = 2.08 � 0.17(stat) � 0.46(syst) nb. Using the muon
impact parameter we have estimated the fraction of J= mesons coming from B meson decays to
be fb=0.35 � 0.09 (stat) � 0.10 (syst) and inferred the inclusive b production cross section. From
the information on the event topology the fraction of nonisolated J= events has been measured
to be fnonisol = 0.64 � 0.08(stat) � 0.06(syst). We have also obtained the fraction of J= events
resulting from radiative decays of �c states, f� = 0.32 � 0.07(stat) � 0.07(syst). We discuss the
implications of our measurements for charmonium production processes.
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Introduction

In high energy p�p collisions the dominant contributions to J= production are expected to come from the lowest
order gluon-gluon fusion Feynman diagrams. The charmonium state is produced either directly [1], or through a b�b
pair followed by a decay B ! J= X [2,3]. Existing data from p�p collider experiments UA1 [4] and CDF [5,6] indicate
that gluon-gluon fusion processes alone fail to reproduce the observed J= production rate. It has been argued [7]
that, in addition to gluon-gluon fusion, the process of gluon or charm quark fragmentation, i.e. splitting of a virtual
parton into a charmonium state and other partons, is an important source of J= . Both fragmentation directly into
J= and fragmentation into �c followed by the radiative decay �c ! J= + 
 were included in the calculations of
Ref. [7]. Fragmentation into �c was found to give the largest contribution. While this process is of higher order in
the QCD coupling constant �s, it is enhanced by a factor of pT 2=mc

2 (mc is the charm quark mass) with respect to
gluon-gluon fusion and thus may play a signi�cant role at su�ciently high transverse momentum. Recently it was
suggested that the production and subsequent decay of hybrid, metastable charmonium (c�cg) states might be yet
another source of J= [8].
Our measurement of the inclusive J= production cross section presented in this paper is in agreement with the

earlier results [4{6]. In addition, a detailed study of the J= data, including the event topology, muon impact
parameter, and the rate of �c radiative decays, allows us to estimate the role of various charmonium production
mechanisms in p�p collisions and to infer the inclusive b production cross section.

Detector and Data Selection

In this analysis we select opposite charge muon pairs in the mass range M�� < 6 GeV/c2. The analysis makes
extensive use of all the main components of the D� detector [9]: the muon spectrometer, the liquid-argon uranium
calorimeter, and the central tracking detector. The muon spectrometer consists of three layers of proportional drift
tubes and a magnetized iron toroid between the �rst two layers. The muon detector provides a measurement of

muon momentum with a resolution of �p=p = [(0:18(p�2)
p )2 + (0:008p)2]1=2 (p in GeV=c). The calorimeter provides

con�rmation of the muon track and information on the presence of other hard scattering products in the vicinity.
The total thickness of the calorimeter plus the toroid varies from 13 to 15 interaction lengths and reduces the hadron
punchthrough to a negligible level (<0.5%). The electromagnetic part of the calorimeter, with its �ne segmentation
and energy resolution for electrons and photons of 15% =

p
E(GeV), has been used to detect the photon from the

radiative decay of �c states. The central tracking system helps in identifying muons associated with the interaction
vertex. The inner vertex chamber (VTX) has three cylindrical layers of cells of eight wires each. The spatial resolution
in the r�� plane is � 60 �m. Muon track segments detected in the VTX chamber have been used in �nding evidence
for B particle decays as a source of muons.
The data sample comes from the 1992 { 1993 Tevatron collider run. Dimuon data are collected with a multilevel

trigger. The hardware and software muon triggers are described elsewhere [10]. The inclusive J= cross section
determination and the inferred integrated b quark cross section are based on a data sample collected during the last
half of the run, following major changes in the muon trigger electronics. The data correspond to a total integrated
luminosity of 6.6 pb�1. For this sample the events are required to have two muons at both hardware and software
trigger levels. In the o�ine analysis two good quality muon tracks are required in the pseudorapidity range j��j < 1.0
( �� = �ln[tan(�=2)] where � is the polar angle with respect to the beam axis). Both muon trajectories are required
to be consistent with the reconstructed vertex position and to have a matching track in the central detector and at
least 1 GeV energy deposition in the calorimeter. Each muon candidate is required to have at least one hit in the
innermost layer of the muon detector. We exclude muon candidates in the region 80� < �� < 110�, corresponding to
the detector area near the Main Ring beam pipe where the muon chamber e�ciency was low and poorly measured.
We also restrict the pseudorapidity range for the dimuon to j�j < 0:6. In view of the modest dimuon mass resolution,
� 12% at the J= mass, we carry out a complete analysis of the dimuon data in the invariant mass range M�� < 6
GeV/c2. The total number of events used is 1146. The M�� distribution is shown as the solid points in Fig. 1. The
�tted J= signal and background contributions are discussed in the following sections.
To determine the relative rates of J= production from B meson decays, fb, and from radiative �c decays, f�,

we use data from the entire run, with a total integrated luminosity of 13 pb�1. The combination of the increased
luminosity and looser trigger requirements results in a 60% increase in the number of J= events available for the
analysis.
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FIG. 1. The mass spectrum for opposite sign muon pairs. The �tted J= signal and background contributions are shown
separately.

Inclusive J= Production Cross Section

In addition to the J= signal, the dominant contribution to the dimuon spectrum atM�� < 6 GeV/c2 is expected to
come from processes involving heavy quarks, b and c. We distinguish the following classes of processes: (1) B ! J= X;
(2) direct charmonium production; (3) b�b and c�c events with both heavy quarks decaying semileptonically or with a
sequential semileptonic decay b! c+ �, c ! � (jointly denoted Q �Q); and the case where one muon comes from a b
or c decay and the other from a decay of a � or K meson (4). Other mechanisms that yield opposite sign dimuons
are (5) virtual photon decays, referred to as the Drell-Yan process [11], and (6) decays of light quark mesons such as
�, � and �.
Muons originating from b or c decays are accompanied by a collimated jet of hadrons that can be detected in the

calorimeter. Gluon fragmentation into charmonium is also expected to produce muons embedded in jets. By contrast,
muons from Drell-Yan events and those coming from direct charmonium production are expected to be isolated.
We use the dimuon mass,M��, the isolation of the more energetic muon, I�, and the dimuon momentum transverse

to the jet axis, p��T rel, to distinguish between various sources of dimuon events. We measure the isolation parameter
for a muon, I�, by summing the energy in the calorimeter cells traversed by the muon and their two nearest neighbors
(i.e. in a tower of size �� �� � = 0:5�0:5) and subtracting the expected energy deposition for a minimum ionizing
particle with the given momentum. If the other muon of the pair lies within an � { � cone of radius �R = 0:6 about
the direction of the �rst muon, the energy loss of that muon is subtracted as well. If there is a jet in the event with a
transverse energy greater than 8 GeV within a cone of radius �R = 0:7 about the direction of the dimuon momentum,
it is used to calculate p��T rel, otherwise p

��
T rel is set to zero.
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FIG. 2. The isolation distribution for opposite sign muon pairs in the mass range 2 < M�� < 4.4 GeV=c2. The solid line is
the �tted sum of the J= signal and background contributions. Also shown are the contributions from nonisolated and isolated
J= production, as well as Q �Q, and �=K decays.

For each of the six dimuon production processes mentioned above, we generate a sample of Monte Carlo events.
The process B ! J= X serves as a paradigm for the `nonisolated' J= production, including the possible gluon frag-
mentation process, for which no simulation program is currently available. Similarly, direct charmonium production
is used as a template for all possible sources of isolated J= . To simulate direct charmonium production we use the
explicit formulae for gluonic production of P wave c�c states given by Humpert [12]. We use the ISAJET [13] Monte
Carlo generator which employs the EHLQ parton distribution functions [14].
Each ISAJET Monte Carlo sample is passed through a program simulating the e�ects of the detector [15] and trigger

responses and then processed with the standard o�ine reconstruction program. For all six processes we have formed
normalized probability distributions in the three selected physics variables,M��, p

��
T rel, and I�. The distributions are

combined to form a normalized likelihood function which is maximized with respect to coe�cients that correspond to
the contribution of each process.
The �tted contributions to the dimuon spectrum from various processes are shown in Fig. 1. The total estimated

number of J= events is 407 � 28(stat) � 55(syst). The fraction of J= events attributed to nonisolated production
is determined to be fnonisol = 0.64 � 0.08(stat) � 0.06(syst). The systematic uncertainty in the number of J= events
and fnonisol is estimated by testing the stability of the �ts with respect to changes in the �t assumptions. This includes
varying the number of subprocesses considered in the �t, changing the shapes of the mass and isolation distributions,
and �tting using only the mass and isolation distributions. The I� distribution for events in the mass range from 2
to 4.4 GeV=c2, together with the four largest contributions, is shown in Fig. 2. Figure 3 shows the distribution of the
dimuon transverse momentum p��T for the same mass range. We emphasize that the p��T distributions are not used in
the �t, and therefore the observed agreement between the data and the sum of all QCD subprocesses considered in
the analysis provides support for this approach. In Figs. 1 { 3, we also show individual contributions from di�erent
processes included in the �t. However, the limited statistics of the data and the nonresonant character of most of
those processes prevent us from making a reliable measurement of the cross section for each individual process. More
details on the �tting procedure can be found in Ref. [16].
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FIG. 3. The transverse momentum distribution for opposite sign muon pairs in the mass range 2 < M�� < 4.4 GeV=c2. The
solid line is the �tted sum of the J= signal and background contributions. Also shown are the contributions from nonisolated
and isolated J= production, Q �Q, and �=K decays.

As a result of the �t, each event is assigned a relative probability of originating from a given process. To obtain
the inclusive J= transverse momentum spectrum, we weight the experimental p��T distribution with the probabilities
for nonisolated and isolated J= . To correct for the momentum smearing of the muon, we have separately unfolded
the resulting J= transverse momentum spectra using the technique of Ref. [17] and added the two unsmeared
distributions together. The total unfolded spectrum, corrected for the acceptance and e�ciency determined with
simulated events, is used to calculate the di�erential J= cross section d�=dpT .
The combined acceptance and e�ciency as a function of pT increases from 1% at 8 GeV=c to a plateau of 10% at

15 GeV=c. The total systematic uncertainty is estimated to be 22%. It includes contributions from trigger e�ciency
(15%), background subtraction (14%), o�ine dimuon selection cuts (6%), and the integrated luminosity (5.4%).
Finally, the acceptance of the two muons depends on the unknown polarization of the parent J= meson. Our

results are presented for the case of zero polarization. For the extreme cases of 100% longitudinal and transverse
polarization, the estimated cross section is changed by +20% and �25%, respectively.
For the integrated cross section we obtain

�(p�p! J= +X) �Br(J= ! �+��) = 2:08� 0:17(stat)� 0:46(syst) nb;

pT > 8:0 GeV=c; j�j< 0:6:

The inclusive J= production cross section as a function of transverse momentum is shown in Fig. 4. The data
points are shown with the statistical uncertainties and with the total of statistical and systematic uncertainties added
in quadrature. The spectrum agrees closely in size and shape with the J= inclusive cross section measured by the
CDF collaboration [5,6]. Also plotted in Fig. 4 are theoretical predictions for the J= production cross section. They
agree with our measurement within the total experimental and theoretical uncertainty but are somewhat less steeply
falling with pT .
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FIG. 4. The product d�=dpT �Br vs pT for J= ! �+��. The dotted line corresponds to J= production through B meson
decays. The dashed line corresponds to prompt J= production. The sum, with theoretical uncertainties[3], is delimited by
the two solid lines.

J= Production from B Meson Decays

To determine the fraction fb of J= events originating from B meson decays, we examine the distribution of the
impact parameter of the muons relative to the event vertex in the transverse plane.
The beam position in the r { � plane is determined collectively for all events occurring during a running period

lasting a few hours. Tracks from the central drift chamber (CDC) are used to determine the z coordinate (along the
beam) of the primary vertex. CDC tracks consistent with originating from the primary vertex are extrapolated to the
VTX chamber. VTX track parameters and the z coordinate of the event vertex are stored for each event and used at
the end of the run to �t the parameters of the beam trajectory: x0; y0 and slopes dx=dz and dy=dz.
To calculate the muon impact parameter, each muon is required to have a matching track in the CDC and in the

VTX chamber. The track matching e�ciency is � 50%. The impact parameter is de�ned as the distance of closest
approach between the track and the primary vertex in the transverse plane. The sign is de�ned as positive (negative) if
the track crossed the associated jet axis in front of (behind) the primary vertex. If there is no associated jet, the dimuon
direction is used as the reference axis. We have performed a simultaneous mass and impact parameter maximum
likelihood �t [16] to the opposite sign dimuon data in the mass range 2 to 4.4 GeV=c2 and the impact parameter range
�0:08 cm to 0.16 cm. The �t includes four processes: (1) B ! J= , (2) direct charmonium production, (3) Q �Q, and
(4) Drell-Yan production. The VTX track matching requirement suppresses the events with � and K decays. Figure
5 shows the muon impact parameter distribution together with the �tted contributions from processes (1) { (3).
The total number of �tted J= events is 143 � 17, over a background of 120� 15 Q �Q and 8� 4 Drell-Yan events.

The �tted value of the fraction of J= mesons coming fromB meson decays is fb =0.35 � 0.09 (stat) � 0.10 (syst). For
this sample the mean value of the J= transverse momentum is 11.8 GeV/c. The CDF collaboration has determined
fb as a function of the J= transverse momentum by measuring the decay distance of the dimuon in the transverse
plane [6,18]. The two experiments are in good agreement in the overlap region, pT> 8 GeV=c.
To determine the b quark cross section (the average of the b and �b quark inclusive cross sections) we employ a

technique �rst used by the UA1 collaboration [19]. We scale the measured J= inclusive production cross section by
the following factors:
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1. the predicted Monte Carlo acceptance for b quarks with transverse momentumgreater than pmin
T (b) that produce

J= 's satisfying the kinematic cut pT > pmin
T (J= ),

2. the combined branching fractions Br(B ! J= +X) �Br(J= ! �+��),

3. the fraction fb of J= from B meson decays.
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FIG. 5. Distribution of the impact parameter with respect to the event vertex in the transverse plane for muons in the J= 
region. Also shown are the �tted contributions from prompt J= ( dotted line), B produced J= (dashed line), and the Q �Q
continuum (dashed-dotted line).

We de�ne pmin
T (b) such that 90% of the b quarks remaining after application of the cut on the J= transverse

momentum pT > pmin
T (J= ) have pbT > pmin

T (b). Figure 6 shows the b quark integrated cross section for pmin
T (b) =

9.9 and 12.4 GeV=c, corresponding to pmin
T (J= ) = 8 and 10 GeV=c. The cross section is in excellent agreement

with the D� single muon results [20]. The lines show next to leading order (NLO) QCD predictions [21] with
theoretical uncertainties. Our results are consistent with the upper limit of the QCD band, corresponding to the

choice �5
MS

= 187 MeV and the factorization and the renormalization scale � = �0=2 where �0 =
q
m2
b + hpbT i

2.
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FIG. 6. Integrated b quark production cross section vs pminT (b). The full circles correspond to D� J= data (this work) and
the open squares correspond to D� single muon data [20]. The curve represents the QCD NLO prediction [21]. This prediction
uses mb = 4:75 GeV=c2 and the MRSD0 structure functions with �5

MS
= 140 MeV. The theoretical uncertainty results from

choosing 100 < �5

MS
< 187 MeV, and the factorization and the renormalization scale � in the range �0=2 < � < 2�0 , where

�0 =
p
m2
b + hpbT i2.

P Wave Charmonium Production

J= production in the direct charmonium model proceeds predominantly via P wave states, �c, followed by their
radiative decays, that is, gg ! �c ! J= + 
. The dominant contribution to J= production through fragmentation
is also expected to involve �c states. On the other hand, in B meson decays the fraction of J= mesons coming from
�c decays is (23�8)% [22].
We have obtained a �c signal [23] by performing a full reconstruction of the decay chain �c ! J= + 
; J= ! ��.

For events with a pair of opposite charge muons in the J= mass region (2 < M�� < 4 GeV/c2) with p��T > 8
GeV=c, we search for photons with energy greater than 1 GeV in the cone �R=2 about the dimuon direction. In
the photon reconstruction, we employ a nearest neighbor clustering algorithm. Proceeding from a list of towers in
the electromagnetic calorimeter, nearby towers are added to the cluster until there are no towers left with transverse
energy ET above 0.5 GeV. To ensure the maximum reconstruction e�ciency for low energy photons and maximum
discrimination against hadrons, a number of restrictions on the cluster shape is imposed. We de�ne nth order moments
Mn(x) for a given variable x as Mn(x) =

PN
i=1Eix

n
i =M

0(x), where N is the number of cells in the cluster, Ei is the
energy deposited in the ith cell and x stands for �, � or the coordinate along the shower development l. The following
set of cuts is applied: M2(�) < 0:3, M2(�) < 0:4, 2 < M1(l) < 13, and M2(l) < 150. Finally, the cluster is required
to be separated from each muon by at least �R=0.1.
The di�erence between the invariant mass of the ��
 and �� systems, �M , is shown in Fig. 7. There is a clear

�c signal near �M = 0.4 GeV. The background comes from photons from the decay of particles belonging to the jet
associated with the dimuon, as well as from random electromagnetic clusters from the underlying event. To estimate
the background we have generated two distributions of �M by combining data from di�erent dimuon events: (1) the
jet associated with a dimuon is replaced with another jet from a di�erent event, together with its associated photons;
(2) a dimuon in one event is combined with any photon in any other event.
We �t the experimental distribution of �M with a combination of a Gaussian signal peak and the two background

shapes. For the Gaussian we use the resolution of 0.063 GeV obtained from a Monte Carlo simulation. That gives us
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the best estimate of the size and shape of the background under the �c signal. The �t assigns 74�13 events to the
Gaussian. To make the signal estimate less dependent on the assumed Gaussian parameters, we subtract the �tted
background from data in the �M interval 0.20 { 0.65 GeV. The result is 70 � 15(stat) � 12(syst) �c events. The
systematic uncertainty is estimated by varying the relative contribution of the two background shapes and by redoing
the �t with the �M resolution changed by �30% from its central value. In each case the result for the number of
signal events varied by � 8 events.
The combined correction factor for photon acceptance and reconstruction e�ciency is obtained by the Monte Carlo

method. With the e�ciency of 30 � 4%, the measured fraction of J= events coming from �c decay is f� = 0.32
� 0.07(stat) � 0.07(syst). Using a similar technique, the CDF collaboration obtained [24] f� = 0.45 � 0.05(stat) �
0.15(syst) for pT> 6 GeV=c.
Our result indicates that, contrary to the predictions of the direct charmonium production [1] and gluon fragmen-

tation models [7], the prompt J= production is not dominated by �c decay. Using our results on fb and f�, and
accounting for the contribution of 0.08�0.03 from the decay chain B ! �c ! J= [22], we obtain a fraction of
1� fb � f� + 0:08 = 0.41�0.17 of all J= events that do not originate from either B or �c decay.
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FIG. 7. Distribution in �M = M��
 �M�� for dimuon events in the J= region.

Summary and Conclusions

We have measured the inclusive J= production cross section as a function of J= transverse momentum, pT . For
the kinematic range pT> 8 GeV=c and j�j < 0.6 we obtain �(p�p! J= +X) �Br(J= ! �+��) = 2.08 � 0.17(stat)
� 0.46(syst) nb. From the simultaneous �t to M��, p

��
T rel, and I� we determine the fraction of J= events with a

nonisolated dimuon, fnonisol . Using the muon impact parameter we have estimated the fraction of J= mesons coming
from B meson decays, fb. We have also obtained the fraction of J= events resulting from radiative decays of �c
states, f�.
The integrated b production cross section inferred from the J= cross section and from the fraction of J= events

attributed to B decay is consistent with the upper edge of the NLO QCD band.
With fnonisol = 0.64�0.11 and fb = 0.35�0.14, there is a fraction of fnonisol � fb =0.29�0.17 of all J= events with

nonisolated prompt dimuons. The large production of prompt, nonisolated J= may be tentatively explained by gluon
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fragmentation [7]. Our measured inclusive J= production cross section can be adequately described by theoretical
predictions that include direct charmonium production, B decay, and gluon and c quark fragmentation processes.
However, in both the direct charmonium production [1] and gluon fragmentationmodels [7] the P wave charmonium

states are predicted to play a prominent role, contrary to our results. We �nd that 0.41�0.17 of all J= events do
not originate from either B or �c decay. The observation of a large component of J= cross section which is neither
due to B or �c decays warrants more study of possible sources of charmonium production in p�p collisions at large
transverse momentum.
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