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We have studied the production ofJ/c andc(2S) charmonium mesons in 515 GeV/c p2Be collisions in
the Feynman-x range 0.1,xF,0.8. J/c mesons were detected via their decay intom1m2, andc(2S) mesons
were studied in both them1m2 and J/cp1p2 decay modes.J/c differential cross sections have been
measured as functions ofxF ,pT

2 , and the cosine of the Gottfried-Jackson decay angle. We measure an inclu-
sive J/c cross section ofB(J/c→m1m2)s(p2Be→J/c1X)/A5 @9.360.1~stat!61.1~syst!# nb/nucleon for
J/c xF.0.1. Ourresults are compared with those from other experiments performed at lower beam energies.
We also measure the differentialc(2S) cross section as a function of bothxF andpT

2 , and ac(2S) inclusive
cross section ofB„c(2S)→J/cp1p2

…s„p2Be→c(2S)1X…/A5@7.461.5~stat!61.2~syst!# nb/nucleon for
c(2S) xF.0.1. Thefraction of the inclusiveJ/c yield due toc(2S) meson decays is 0.08360.017~stat!
60.013~syst!, and the observed ratio ofc(2S) decay rates isB„c(2S)→J/cp1p2

…/B„c(2S)→m1m2
…

530.267.2~stat!66.8~syst!. We have searched for production of ‘‘hidden’’ charm resonances decaying into
eitherJ/cp6,c(2S)p6, or J/cp1p2 systems, and report an upper limit of 3.1 nb/nucleon for the product of
branching ratio and cross section for the recently reported enhancement at aJ/cp1p2 mass of 3.836 GeV/
c2.

PACS number~s!: 13.85.Ni, 25.40.Ve, 25.80.Ls

*Deceased.
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I. INTRODUCTION

The hadronic production of charmonium states continu
to play a role in the study of perturbative and nonperturb
tive quantum chromodynamics~QCD! @1,2#. A significant
fraction of theJ/c ’s produced in hadronic interactions com
from the decay of higher-mass charmonium states. One
the goals of this experiment is measuring the cross sect
for the production of several charmonium state
J/c,c(2S), andxc , and comparing these values to theore
cal predictions using various models of parton and final-st
interactions.

In addition to QCD studies, charmonium hadroproductio
provides spectroscopic information complementary to th
obtained ine1e2 interactions. The initial states produced i
hadronic collisions are not restricted to those with the qua
tum numbers of the photon, as ine1e2 interactions.

In this paper, we report theJ/c and c(2S) total and
differential inclusive cross sections, measurements of
fraction of the inclusiveJ/c yield due toc(2S) decay, the
ratio of thec(2S) decay rates intoJ/cp1p2 andm1m2,
and results of a search for ‘‘hidden’’ charm resonances d
caying into eitherJ/cp6,c(2S)p6, or J/cp1p2 systems.
In a subsequent paper, we will discuss the cross sections
xc and directJ/c production, and will compare current mod
els of QCD interactions to our results@3#.

II. APPARATUS

The experiment was performed in the Fermilab Mes
West beam line using a large-aperture, open-geometry sp
trometer with the capability of studying high-mass muo
pairs. The layout of the experiment is shown in Fig. 1.
brief description of the essential elements of the Meson W
apparatus as implemented in the 1990 fixed target run
lows.

The beam line included a 42-m-long differential Chere
kov counter capable of tagging incident beam particles. T
unseparated negative secondary beam at 515 GeV/c was
composed primarily of pions with a small admixture~,5%!
of kaons. The Cherenkov counter was not directly used in
dimuon analysis described in this paper. The beam inten
varied during the run, and at its maximum was 23108 pions
per 23s-long spill~at 57-s intervals!.

A hadron shield consisting of 5 m of iron was located
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upstream of the target to reduce background from off-ax
hadrons and soft muons. One scintillator veto wall wa
placed upstream of the hadron shield, and two others we
located downstream of the shield. These veto walls we
used to identify high-energy muons that penetrated the iro
An on-line veto for the dimuon trigger rejected events with
coincidences between a signal from the upsteam veto w
and a signal from at least one of the downstream walls.

Incident beam was defined via three scintillation counte
(BA, BB, andBH) located upstream of the target, and a
three-plane (X,Y, andU) beam hadoscope with mm-scale
resolution. A beam particle was identified by signals from
theBA andBB counters plus at least a twofold coincidence
from the beam hodoscope, and no signal from theBH
counter, which had a 1-cm-diam hole centered on the bea
Signals from the beam hodoscope were also employed
veto events containing more than one spatially isolated bea
particle. The redundancy in the beam trigger elements w
used to satisfy simultaneously the different timing require
ments of the dimuon triggers~of E672! and the high-pT elec-
tromagnetic triggers~of E706!.

The target consisted of two copper pieces, each 0.8 m
thick, followed by two pieces of beryllium, 3.71 cm and 1.12
cm thick, respectively, separated by 1 cm. The total thick
ness of the target material corresponded to 9% of a pio
interaction length.

ThreeX-Y modules of silicon-strip detectors~SSD’s! @4#
were located upstream of the target to measure the trajec
ries of incident beam particles. Each module consisted
two single-sided planes. Five moreX-Y SSD modules were
located downstream of the target. These modules were us
to determine the trajectories of charged particles produced
the target and to reconstruct primary and secondary vertic
The SSD’s in the first downstream module had a 25
mm-pitch inner region and a 50-mm-pitch outer region; the
SSD’s in the other modules had 50-mm pitch throughout.

A dipole magnet producing apT impulse of 0.45 GeV/c
was located downstream of the SSD’s. Four proportion
wire chamber~PWC! modules were located downstream o
the dipole magnet. Each module contained four wire plan
to provide X,Y,U, and V measurements.~The U and V
coordinates were a pair of orthogonal coordinates rotated
37° relative to theX andY coordinates.! The wires in each
plane had 2.54-mm pitch. An area of from 6 to 26 cm2 in the
FIG. 1. Plan view of the Fer-
milab Meson West spectrometer
during the 1990 fixed target run.
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53 4725PRODUCTION OFJ/c AND c(2S) MESONS INp2Be . . .
center of each plane had reduced sensitivity to provide p
tection against interacting beam particles. Two stations
straw tube drift chambers@5#, each with four planes in the
X and four planes in theY directions, were located adjacen
to the outside PWC modules. In the analysis reported he
momentum measurements for charged nonmuon tracks
ployed the SSD’s, the dipole magnet, and the PWC’s, yie
ing a momentum resolution ofDp/p50.06%p.

Interactions were detected by a pair of scintillatio
counters located before the dipole magnet and another
after the magnet. An interaction was defined as a signal fr
at least two of these counters in coincidence with a va
beam particle. The interaction rate was generally less th
0.8 MHz.

A liquid-argon calorimeter~LAC! @6# was located down-
stream of the magnetic spectrometer. The LAC contain
both electromagnetic and hadronic sections. The outer rad
of the electromagnetic section was 165 cm; the inner rad
was 20 cm. A helium-gas-filled beam pipe was insert
along the axis of the LAC to minimize interactions of bea
particles. The total LAC material corresponded to more th
10 interaction lengths. Approximately 70% of the muons r
corded in the muon detector passed through the beam p

An iron and scintillator forward calorimeter was locate
downstream of the LAC to detect particles passing throu
the beam pipe. The forward calorimeter had a diameter
1 m with a 3-cm-diam axial beam hole and contained
absorption lengths of material.

The muon detector@7,8# was located 20 m downstream o
the target and extended for 16 m. The detector contained
sequence, two muon PWC stations~mA, mB! with four
planes each (X, Y, U, andV!, a beam dump consisting o
tungsten and steel imbedded in concrete, an iron toroid m
net producing an averagepT impulse of 1.3 GeV/c, and four
more PVC’s, (m12m4), each with three planes (X,U, and
V). In these PWC’s, theU andV coordinates were at angles
of 45° above and below the horizontal, respectively. Iro
lead, and concrete shielding was interspersed between ch
bersm1 throughm4. Two muon hodoscope planes,H1 and
H2 ~each with 16 petal-shaped scintillation counters! were
also located in this region. The outer radius of the mu
chambers and hodoscopes was 135 cm. The acceptanc
the muon spectrometer was limited by tapered axial hol
ranging from 13 to 20 cm in radius, through the toroid ma
net, the muon chambers, and the scintillator hodoscopes.
hole in the toroid was filled with lead absorber.

The muon detector elementsH1, H2, andm1–m4 were
shielded from hadrons by material in the LAC, the forwa
calorimeter, the beam dump, the toroid, and the concr
shielding. Muons produced at the target with energies lar
than ;15 GeV penetrated this material, and all particle
reaching the muon hodoscopes were assumed to be mu
Two or more hits in each of the muon hodoscopes we
required as part of the dimuon pretrigger@9#; the average hit
multiplicity was 2.3 per hodoscope plane. In addition to th
muon hodoscope requirement, signals from the upstre
veto walls completed the pretrigger requirement. The pretr
ger rate was 231024 per live interaction. The pretrigger
efficiency for two muons penetrating the system was 0.
and remained constant during the data taking period. No
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dial dependence of the pretrigger counter efficiencies w
observed.

The final dimuon trigger was formed by the dimuon trig
ger processor~DMTP!, which reconstructed space points in
PWC’sm1 andm4, formed muon tracks~requiring an addi-
tional hit in eitherm2 or m3 along the projected track tra-
jectory!, measured muon momenta from the estimated be
in the toroid~assuming that the tracks originated in the tar
get!, and calculated the dimuon invariant mass. Trajectorie
of muon tracks reconstructed in the downstream muo
PWC’s were projected to the center of the target. The pr
cessor accepted only muon tracks with at least three hits
each of themA and mB chambers within roads around the
projected trajectory. A trigger resulted if any of the dimuon
masses, calculated assuming massless muons, was abo
preset threshold. A mass threshold of 0.7 GeV/c2 resulted in
a trigger rate of 231025 per live interaction. The average
DMTP processing time was 10ms per pretrigger, which in-
cluded 5ms to decode the muon chamber data. The com
bined efficiency of the chambers and the DMTP algorithm
was 0.77 for dimuon events. The DMTP mass resolution fo
the J/c was 550 MeV/c2.

III. DATA

Approximately 53106 dimuon triggers were recorded
during the 1990 run~corresponding to a luminosity of 7.5
pb21 per nucleon on Be!. This yielded 33105 events with
reconstructed dimuon combinations originating from the ta
get region. For each dimuon-triggered event, the muon trac
were linked through the entire detector. This fit accounte
for multiple-scattering effects, and required consistency b
tween the track momenta determined by the dipole and t
toroid magnets. Only events with at least two fully linked
muons were retained. The remaining track segments in t
SSD’s and upstream PWC’s were used to reconstruct oth
tracks and find the event vertices. The distribution of th
reconstructed primary vertices along the nominal beam (Z)

FIG. 2. Primary vertexZ-coordinate distribution for events con-
taining dimuons with reconstructed masses in theJ/c mass range.
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direction, for events containing reconstructed dimuons in t
mass range 2.8 – 3.4 GeV/c2, is shown in Fig. 2.

Dimuons contributing to this analysis came from even
with primary vertices in the beryllium targets, and ha
dimuon Feynman-x (xF52pz /As) in the range 0.1
,xF,0.8. Figures 3 and 4 show the reconstructed oppos
sign dimuon invariant mass distributions for the full mas
range and in theJ/c region, respectively. A fit to the high-
mass sample yields 96006105~stat!6200~syst! J/c ’s with
a full width at half maximum~FWHM! mass resolution of
160 MeV/c2, and 270635~stat!650~syst! c(2S)’s. This fit
used resolution functions for theJ/c andc(2S) resonances
determined by Monte Carlo simulations, plus the sum of tw
exponentials for the continuum background. TheJ/c mass
obtained from the fit is~3.097560.0003! GeV/c2. The
c(2S) mass was fixed at the Particle Data Group value@10#.
The systematic uncertainties in the number ofJ/c and
c(2S) events take into account variations in the shapes
sumed for the signal and background distributions.

To determine overall reconstruction efficiencies and a
ceptances, we generated 33105 Monte CarloJ/c events.
The xF and pT

2 distributions of the generated Monte Carl
J/c ’s were taken from our previous measurement@8#. We
assumed thatJ/c ’s decay isotropically~consistent with ob-
servations to be described in the next section!. These Monte
Carlo events also contained additional charged tracks with
average multiplicity consistent with the data. The dimuo
and associated particles were propagated through aGEANT

simulation of the Meson West spectrometer, which incorp
rated measured spectrometer chamber efficiencies and in
mental noise determined from our data. The dimuon eve
were then processed with the same tracking programs u
for the data. We have evaluated theJ/c reconstruction effi-
ciency and geometrical acceptance as a function of th
variables:~i! xF , theJ/c Feynman-x; ~ii ! pT

2 , the square of

FIG. 3. The invariant mass distribution ofm1m2 pairs produced
in p2Be interactions~data were collected with varying dimuon
trigger processor mass thresholds!. The inset displays the data in
semilog form.
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the J/c transverse momentum; and~iii ! cosu, the cosine of
the Gottfried-Jackson decay angle between them1 and the
beam axis in theJ/c rest frame. The product of acceptanc
and reconstruction efficiency,aJ/c→m1m2•«J/c→m1m2, was
calculated~a! as a two-dimensional surface over thexF and
pT
2 plane ~see Fig. 5!, and ~b! as one-dimensional distribu-

tions averaged over the other variable using an iterative te
nique @see Figs. 6~a! and 6~b!#. ~In the second method, the
input Monte CarloxF andpT

2 distributions for a given itera-
tion were weighted to match those of the data corrected
the acceptance and reconstructing efficiencies determined
the previous iteration. The iterations were stopped once s
bility was achieved.! The two methods gave consistent cros
section results. The product of acceptance and efficiency a
function of cosu, integrated over thexF and pT

2 spectra, is
shown in Fig. 6~c!.

IV. J/c DIFFERENTIAL CROSS SECTIONS

J/c candidates consisted of opposite sign dimuons w
invariant mass between 2.8 and 3.4 GeV/c2 originating from
the primary vertex. The background accounts for 8% of th
combinations in theJ/c mass range, and this fraction doe
not change appreciably as a function ofxF or pT

2 . Fits to the
dimuon mass spectra, similar to the one described in Sec.
and shown in Fig. 4, for different regions ofxF andpT

2 indi-
cate that the variation in the background contribution is le
than61% of the total number of combinations in theJ/c
mass region. With the constraints that them1m2 invariant
mass be 3.097 GeV/c2, and that both muons come from the
same vertex, a two-constraint kinematic fit was carried o
for each J/c candidate to improve the muon momentum
resolution. The resultingxF resolution for fittedJ/c ’s var-
ied from 0.005 atxF50.2 to 0.03 atxF50.7. Because of this
constrained fit and the observed background stability, we d

FIG. 4. The invariant mass distribution form1m2 pairs in the
J/c mass region. The solid curve is a fit to the data, the dash
curve shows the background contribution, and the dotted curve
lustrates the background under thec(2S) signal.
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not perform a bin-by-bin background subtraction to dete
mine theJ/c differential distributions, but instead normal
ized the distributions so that their integrals matched t
background-subtractedJ/c integrated cross section.

The J/c differential distributions with empirical fits are
shown in Fig. 7, and tabulated in Table I. Data points we
corrected for the geometrical acceptances and reconstruc
efficiencies discussed in the previous section.

The Feynman-x acceptance of the apparatus does not p
mit an independent determination of the differential cro
section behavior forxF,0.1. We used the following param-
etrization to describeds/dxF @11# @see Fig. 7~a!#:

ds/dxF}x1
a~12x1!

k~12x2!
k12/~x11x2!, ~4.1!

where

x1,250.5@AxF214t6xF#, ~4.2!

and t5MJ/c
2 /s. Here, x1 represents the beam parton frac

tional momentum andx2 the target parton fractional momen
tum. The values obtained from the fit arek52.1960.10
and a50.3360.06, with a x2 per degree of freedom,
x2/NDF530/32. The empirical factorx1

a in Eq. ~4.1!, which
was not used in@11#, was introduced to improve the fit in the
low-xF region. A fit with a set to zero givesk
51.6960.04 with x2/NDF550/33.

ThepT
2 spectrum@Fig. 7~b!# was fit to the empirical form

@12#

ds/dpT
2}~11pT

2/b2!c ~4.3!

with parametersb5~2.360.2! GeV/c and c524.760.6
andx2/NDF 561.47. Figure 8 shows that the measured a
eragepT of the J/c candidates,̂ pT&, is consistent with a
slow decrease as a function of theJ/c xF . The
xF-integrated valuê pT&5(1.1760.02) GeV/c measured

FIG. 5. Surface illustrating the product of geometrical acce
tance and reconstruction efficiency as a function ofxF andpT

2 for
the J/c→m1m2 decay.
r-
-
he

re
tion

er-
ss

-
-

v-

by this experiment is larger than the corresponding value
reported at lowerAs. As shown in Fig. 9, the value of
^pT& grows linearly with c.m. energy.

A fit to the cosu distribution in the rangeucosuu,0.8 @Fig.
7~c!# using the function

ds/d~cosu!}~11lcos2u! ~4.4!

yields l520.0160.08 andx2/NDF 533/34, which is con-
sistent with unpolarizedJ/c production. Only 0.3% of the
observedJ/c ’s haveucosuu.0.8.

V. J/c INTEGRATED CROSS SECTION

The inclusiveJ/c cross section was determined as fol-
lows:

B~J/c→m1m2!s~p2Be→J/c1X!/A5NJ/c
~c! /~Le1e2!.

~5.1!

Here,NJ/c
(c) is the measured number ofJ/c ’s coming from

primary vertices corrected for geometrical acceptance an
reconstruction efficiency on an event-by-event basis~see Fig.
5!, L is the integrated luminosity,e1 is a luminosity correc-
tion factor, ande2 is an apparatus efficiency factor.

The integrated luminosity was calculated from the tota
number of beam particles incident on the 8.92 g/cm2 of be-
ryllium during the live time of the spectrometer. The lumi-

p-

FIG. 6. Product of geometrical acceptance and reconstructio
efficiency for theJ/c→m1m2 decay as a function of~a! xF , ~b!
pT
2 , and~c! cosu.
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nosity correction factor,e1 , includes corrections for dimuon
pretrigger and trigger processor dead time, losses due to
ing requirements between the muon detector and the res
the spectrometer, and transverse target fiducial cuts. The
paratus efficiency factor,e2 , was used to account for the
pretrigger hodoscope and the dimuon trigger processor e
ciencies mentioned in Sec. II.

The J/c cross section was evaluated for each of sev
groups of data corresponding to different running condition
The apparatus efficiency factor,e250.5960.05, remained
constant during the data-taking period. The luminosity co
rection factor,e1 , varied from 0.61 to 0.96, with a weighted
averagee150.76. The cross sections determined for the i
dividual groups agree with each other within uncertaintie
and the spread of the absolute values is less than 19%
weighted average was used to determine the cross sec
reported.

For J/c mesons withxF.0.1, we find

B~J/c→m1m2!s~p2Be→J/c1X!/A

5@9.360.1~stat!61.1~syst!# nb/nucleon.

The error quoted is dominated by systematic uncertainties
the luminosity, trigger, reconstruction efficiencies, and a

FIG. 7. Product ofB(J/c→m1m2) and theJ/c differential
cross section as a function of~a! xF ~nb/nucleon!, ~b! pT

2 @nb/
nucleon/GeV/c)2#, and~c! cosu ~nb/nucleon!. The solid curves rep-
resent empirical fits to the data as described in the text~uncertain-
ties are statistical only; the overall normalization uncertainty
612%!.
tim-
t of
ap-
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en
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ceptance calculations. This result is consistent with our p
vious measurements@7,13,14#.

For comparison with theory and with other experimen
for which the data cover different kinematic regions, we us
the results of the fit to Eq.~4.1! to determine theJ/c cross
section for the regionxF.0. The extrapolation factor re-
quired is 1.3960.05. The error quoted takes into accoun
uncertainties in thexF distribution at lowxF . The corre-
sponding product of dimuon branching ratio and cross se
tion is @12.960.2~stat!61.6~syst!# nb/nucleon forxF.0. The

is

FIG. 8. The averageJ/c transverse momentum versus th
J/cxF ~uncertainties are statistical only!.

FIG. 9. Dependence of the averageJ/c transverse momentum
onAs for p2 nucleon interactions. The data are fitted with a linea
function ~uncertainties are statistical and systematic errors added
quadrature!.
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TABLE I. Differential cross sections forJ/c production in 515 GeV/cp2Be interactions. Quoted uncertainties reflect statistical errors
only. The normalization uncertainty is612%.

ds/dxF pT
2 bin ds/dpT

2 ds/dcosu
xFbin ~nb/nucleon! @~GeV/c)2# @nb/nucleon/~GeV/c)2# cosu bin ~nb/nucleon!

0.0–0.2 6.396 0.17

0.2–0.4 4.826 0.15

0.4–0.6 4.486 0.14

0.6–0.8 3.606 0.13

0.8–1.0 3.106 0.12

0.10–0.12 36.46 2.4 1.0–1.2 2.596 0.11 20.80–20.68 4.716 0.37

0.12–0.14 31.36 1.8 1.2–1.4 2.296 0.10 20.68–20.64 4.476 0.47

0.14–0.16 32.86 1.6 1.4–1.6 2.136 0.10 20.64–20.60 3.896 0.37

0.16–0.18 32.36 1.4 1.6–1.8 1.7066 0.089 20.60–20.56 4.676 0.35

0.18–0.20 29.46 1.2 1.8–2.0 1.4756 0.083 20.56–20.52 4.746 0.32

0.20–0.22 26.96 1.1 2.0–2.2 1.2466 0.077 20.52–20.48 4.826 0.30

0.22–0.24 24.86 1.0 2.2–2.4 1.3386 0.080 20.48–20.44 4.926 0.28

0.24–0.26 26.66 1.0 2.4–2.6 1.0486 0.071 20.44–20.40 4.606 0.26

0.26–0.28 22.156 0.90 2.6–2.8 0.8236 0.063 20.40–20.36 4.796 0.25

0.28–0.30 19.076 0.82 2.8–3.0 0.9476 0.068 20.36–20.32 5.386 0.26

0.30–0.32 19.046 0.82 3.0–3.2 0.9376 0.067 20.32–20.28 4.846 0.24

0.32–0.34 16.406 0.75 3.2–3.4 0.6346 0.056 20.28–20.24 4.556 0.23

0.34–0.36 16.166 0.75 3.4–3.6 0.6326 0.056 20.24–20.20 4.576 0.23

0.36–0.38 14.536 0.71 3.6–3.8 0.6396 0.056 20.20–20.16 4.506 0.22

0.38–0.40 13.356 0.68 3.8–4.0 0.5436 0.052 20.16–20.12 4.696 0.23

0.40–0.42 12.266 0.66 4.0–4.2 0.4566 0.048 20.12–20.08 4.406 0.22

0.42–0.44 11.836 0.65 4.2–4.4 0.4186 0.046 20.08–20.04 4.816 0.23

0.44–0.46 10.426 0.61 4.4–4.6 0.4146 0.045 20.04–0.00 4.656 0.23

0.46–0.48 8.646 0.56 4.6–4.8 0.3756 0.043 0.00–0.04 4.656 0.23

0.48–0.50 7.766 0.54 4.8–5.0 0.3416 0.041 0.04–0.08 4.406 0.23

0.50–0.52 7.436 0.54 5.0–5.2 0.2976 0.039 0.08–0.12 4.456 0.23

0.52–0.54 7.076 0.53 5.2–5.4 0.2376 0.035 0.12–0.16 4.756 0.25

0.54–0.56 5.706 0.49 5.4–5.6 0.2686 0.037 0.16–0.20 4.386 0.24

0.56–0.58 5.206 0.48 5.6–5.8 0.2136 0.033 0.20–0.24 4.676 0.26

0.58–0.60 4.566 0.46 5.8–6.0 0.1836 0.030 0.24–0.28 4.276 0.25

0.60–0.62 4.136 0.45 6.0–6.2 0.1536 0.028 0.28–0.32 4.726 0.28

0.62–0.64 3.816 0.45 6.2–6.4 0.1736 0.030 0.32–0.36 4.516 0.02

0.64–0.66 3.746 0.46 6.4–6.6 0.1286 0.026 0.36–0.40 4.796 0.30

0.66–0.68 2.066 0.35 6.6–6.8 0.1946 0.032 0.40–0.44 4.526 0.31

0.68–0.70 1.936 0.35 6.8–7.0 0.1436 0.027 0.44–0.48 5.146 0.35

0.70–0.72 2.426 0.40 7.0–7.2 0.1136 0.024 0.48–0.52 4.106 0.34

0.72–0.74 1.816 0.35 7.2–7.4 0.1336 0.026 0.52–0.56 4.346 0.38

0.74–0.76 1.136 0.29 7.4–7.6 0.0876 0.021 0.56–0.60 5.066 0.45

0.76–0.78 1.266 0.32 7.6–7.8 0.1186 0.025 0.60–0.64 4.146 0.45

0.78–0.80 0.846 0.28 7.8–8.0 0.0876 0.021 0.64–0.68 3.976 0.51

8.0–8.2 0.1136 0.024 0.68–0.80 5.256 0.79

8.2–8.4 0.0726 0.019

8.4–8.6 0.0516 0.016

8.6–8.8 0.0626 0.018

8.8–9.0 0.0776 0.020

9.0–9.2 0.0366 0.014

9.2–9.4 0.0616 0.018

9.4–9.6 0.0516 0.016

9.6–9.8 0.0266 0.011

9.8–10.0 0.0416 0.014
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dependence of theJ/c cross section onAs for xF.0 is
shown in Fig. 10. The effect of the different target materia
used by the various experiments was accounted for by n
malizing all data to beryllium, assuming anAa atomic mass
dependence, wherea50.9060.02@1,7,15#. The curve in Fig.
10 represents a parametrization of theAs dependence of the
J/c production cross section in the form

s5s0~12MJ/c /As!n, ~5.2!

with s05~25.761.9! nb/nucleon andn57.360.26.

VI. c„2S… PRODUCTION

We have detectedc(2S)’s both in the dimuon~Fig. 4!
and in theJ/cp1p2 ~Fig. 11! decay modes. We report on
~i! differential and integratedc(2S) cross sections,~ii ! the
fraction of inclusiveJ/c ’s due toc(2S) decays, and~iii ! the
ratio of thec(2S) decay rates intoJ/cp1p2 andm1m2.

For the analysis ofJ/cp1p2 final states, we used the
J/c four-momenta combined with the four-momenta of tw
opposite-sign charged tracks~assumed to be pions! originat-
ing from the same primary vertex. TheJ/cp1p2 mass was
calculated by adding the nominalJ/c mass to the difference
between the invariant masses of them1m2p1p2 and
m1m2 systems. Tracks identified either as muons~via pen-
etration through the muon detector!, or as electrons from
photon conversions~via detection of pairs of opposite charg
tracks with an invariant mass less than 20 MeV/c2), were not
considered as candidate pion tracks. We also required
ratio of invariant masses,Rpp5Mpp /(Mmmpp2Mmm), to
be greater than 0.8. This requirement was imposed sin

FIG. 10. Dependence of the productBsJ/c for xF.0 onAs for
p2-nucleon interactions~uncertainties are statistical and systemat
errors added in quadrature!. Measurements from different target
have been normalized to Be assuming anA0.9 atomic mass depen-
dence. The curve represents the parametrization described in
text. Results from previous experiments have been adjusted to
count for the appropriateJ/c→m1m2 branching ratio where nec-
essary.
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according to Brown and Cahn@16#, the phase space for a
decay such asc(2S)→J/cp1p2 is modified by chiral sym-
metry so that the dipion mass distribution is skewed towa
high values, a conjecture strongly supported by Mark III da
@17#. Our data, shown in Fig. 12, are also consistent with th
Rpp distribution measured by Mark III. RequiringRpp

.0.8 reduced the number of combinations by a factor of
with an estimated 23% loss ofc(2S) signal.

The resultingJ/cp1p2 mass plot, shown in Fig. 11,
exhibits a clearc(2S) signal with a FWHM of 12 MeV/
c2, consistent with our Monte Carlo simulation. A fit to the

ic
s

the
ac-

FIG. 11. TheJ/cp1p2 invariant mass distribution. The solid
curve shows the fit to the data described in the text. The low
histogram shows the background-subtracted signal with the Mon
Carlo expectation superimposed~solid curve!.

FIG. 12. The distribution ofRpp for c(2S)→J/cp1p2 de-
cays. The points represent our background-subtracted data;
curve represents the parametrization of the Mark III results@17#.
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J/cp1p2 mass spectrum using a two-Gaussian resoluti
function for the signal and a fifth-order polynomial for th
background yields 224644~stat!620~syst! background-
subtracted combinations. Thec(2S) mass obtained from the
fit is ~3.68460.002! GeV/c2. The systematic error in the
number ofc(2S) combinations reflects the uncertainties i
the background and signal shapes.

The c(2S) differential cross section as a function ofxF
andpT

2 is shown in Fig. 13 and tabulated in Table II. Thes
distributions were obtained by fitting theJ/cp1p2 mass
spectrum in bins ofxF and pT

2 . The resulting background-
subtracted signals in each bin were corrected for accepta
and reconstruction efficiency, including the effects of th
Rpp requirement. The differential distributions were norma
ized to the branching ratio times the measured integra
cross section~discussed below!. Other measurements of the

TABLE II. Differential cross sections forc(2S) production in
515 GeV/cp2Be interactions. Quoted uncertainties reflect statis
cal errors only. The normalization uncertainty is616%.

xF bin ds/dxF pT
2 bin ds/dpT

2

~nb/nucleon! @~GeV/c)2# @nb/nucleon/~GeV/c)2#

0.0–0.5 4.261.4
0.10–0.24 23.169.3 0.5–1.0 3.861.4
0.24–0.38 13.964.4 1.0–1.5 3.261.2
0.38–0.52 8.863.2 1.5–2.0 2.461.3
0.52–0.66 5.662.1 2.0–2.5 0.461.2
0.66–0.80 1.461.0 2.5–3.0 0.861.0

FIG. 13. Product ofB„c(2S)→J/cp1p2
… andc(2S) differ-

ential cross section as a function of~a! xF ~nb/nucleon!, ~b! pT
2

@nb/nucleon/~GeV/c)2#. The solid curves are the parametrization
given by Eqs.~4.1!–~4.3! using the values of the parameters dete
mined by fits forJ/c production, and substituting thec(2S) mass
in the t calculation. The shape of the fitted inclusiveJ/cxF distri-
bution is shown as a dashed curve in~a! for comparison. The curves
are normalized to thec(2S) branching ratio times the inclusive
cross section.
on
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c(2S) differential cross section have employed the dimuo
decay mode using 150 GeV/c @18# and 253 GeV/c @19# in-
cident pions, and 800 GeV/c incident protons in the central
xF region @20#.

The solid curves in Fig. 13 represent the parametrizatio
given by Eqs.~4.1!–~4.3! with the c(2S) mass substituted
for theJ/c mass, and the values fora,k,b,c from the fit to
theJ/c differential spectra reported in Sec. IV. The observe
agreement demonstrates that the shapes of the measu
J/c andc(2S) differential distributions can be described by
similar parametrizations. We use these parametrizations
the evaluation of acceptance and efficiency in the followin
c(2S) analyses.

Based on a signal of 224644~stat!620~syst! detected
c(2S)’s, we obtain B„c(2S)→J/cp1p2

…s„p2Be
→c(2S)1X…/A5@7.461.5~stat!61.2~syst!# nb/nucleon
for xF.0.1. The systematic uncertainty quoted assumes t
J/c andc(2S) xF distributions are described by the same
parametrization, and takes into account variation in the me
suredJ/cxF distribution@a variation of60.4 in the value of
k 52.2 in Eq.~4.1!#. It does not account for possible contri-
butions due to theRpp requirement.

Using the branching ratiosB(J/c→m1m2)50.0597
60.0025 andB„c(2S)→J/cp1p2

…50.32460.026 @10#,
the ratio of the inclusive cross sections,s„p2Be
→c(2S)1X…/s(p2Be→J/c1X), is 0.1560.03~stat!
60.02~syst!. This ratio is consistent with results obtained a
lower energies, as shown in Fig. 14, and exhibits little varia
tion over theAs range currently accessible.

The fractional contribution of allc(2S) decays to the
observedJ/c signal is given by

f c~2S!5
Nc~2S!→J/cp1p28 3B„c~2S!→J/cX…

NJ/c→m1m23B„c~2S!→J/cp1p2
…

k1 ,

~6.1!

ti-

s
r-

FIG. 14. Dependence of the ratio of inclusivec(2S) and J/c
cross sections onAs for p2-nucleon interactions~uncertainties are
statistical and systematic errors added in quadrature!.
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where B„c(2S)→J/cX…50.5760.04 @10#. NJ/c→m1m2

596006105~stat!6100~syst! is the number of J/c ’s
having xF in the range 0.1–0.8,Nc(2S)→J/cp1p28 5220
644~stat!620~syst! is the number ofc(2S)’s that decay into
a J/c in the samexF range. The factork1 represents the
relative detection efficiency~product of acceptance and re
construction efficiency! of theJ/c andc(2S) decay modes:

k15
aJ/c→m1m2•«J/c→m1m2

ac~2S!→J/cp1p2•«c~2S!→J/cp1p2
52.0760.12~syst!.

~6.2!

Using the above values, we findf c(2S)50.08360.017~stat!
60.013~syst! in the J/c xF range 0.1–0.8. The systemati
uncertainty quoted also does not account for uncertain
due to theRpp requirement. This is the first determination o
f c(2S) usingc(2S) decays intoJ/c; previous measurements
used them1m2 decay mode of thec(2S) @21–23#. Our
value for f c(2S) is consistent with these measurements.

The ratio of thec(2S) decay partial widths was deter
mined as

B„c~2S!→J/cp1p2
…

B„c~2S!→m1m2
…

5
Nc~2S!→J/cp1p2

Nc~2S!→m1m23B~J/c→m1m2!
k2 , ~6.3!

where Nc(2S)→J/cp1p25224644~stat!620~syst! and
Nc(2S)→m1m25270635~stat!650~syst!, and k252.17
60.17~syst! is the ratio of the detection efficiencies in th
two modes. We find B„c(2S)→J/cp1p2

…/B„c(2S)
→m1m2

…530.267.1~stat!66.8~syst! ~again, the system-
atic uncertainty quoted does not include contributions due
the Rpp requirement!. The current world average for this
ratio calculated from Particle Data Group information
42610 @10#.

VII. SEARCH FOR ‘‘HIDDEN’’
CHARM RESONANCE STATES

We searched for evidence of the enhancement in
J/cp1p2 mass spectrum around 3.836 GeV/c2 reported in
@24#. A fit to the mass spectrum obtained in thec(2S) analy-
sis ~see Sec. VI! was performed using a double-Gaussia
resolution function centered at 3.836 GeV/c2 for the ‘‘hid-
den’’ charm candidate, in addition toc(2S) and background
shapes. Figure 15~a! shows the result of this fit. The exces
was calculated as the number of entries above the fitted ba
ground in the mass region~3.83660.015! GeV/c2. This pro-
cedure yields 52630~stat! background-subtracted combina
tions to be compared with 224644~stat! c(2S)
combinations. The corresponding 90% confidence level u
per limit on the value for B„X(3836)→J/cp1p2

…

s„p2Be→X(3836)1X…/A for xF.0.1 is 3.1 nb/nucleon,
assuming the same production properties for thec(2S) and
the ‘‘hidden’’ charm resonance. The 90% confidence lev
upper limit is the cross section calculated for the~statistically
insignificant! number of background-subtracted combin
tions observed plus 1.28 times the sum in quadrature of
statistical uncertainty and a 20% systematic uncertainty.
-
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We have also investigatedJ/cp6 andc(2S)p6 spectra
in a search for charged resonance states decaying into ei
J/c or c(2S), plus a single charged pion. The search involv
ing the c(2S) employed c(2S)→J/cp1p2 events. As
shown in Figs. 15~b! and 15~c!, the data indicate no evidence
for significant structure. Mass spectra obtained by combini
J/c or c(2S) and pions from different events are also show
for comparison.

VIII. SUMMARY

We have studied the production ofJ/c and c(2S)
charmonium mesons in 515 GeV/cp2 Be collisions in
the Feynman-x range 0.1,xF.0.8. For xF.0.1, we
measure the cross sectionsB(J/c→m1m2)s(p2Be
→J/c1X)/A5@9.360.1~stat!61.1~syst!# nb/nucleon
and B„c(2S)→J/cp1p2

…s„p2Be→c(2S)1X…/A5@7.4
61.5~stat!61.2~syst!# nb/nucleon. The shapes of the mea
sured differential distributions for theJ/c andc(2S) can be
adequately described by the same parametrization.

The fraction of the inclusiveJ/c yield due toc(2S)
decays is f c(2S)50.08360.017~stat!60.013~syst!. The ra-

FIG. 15. The invariant mass distributions for~a! J/cp1p2, ~b!
J/cp6, and ~c! c(2S)p6 combinations. The solid curve in~a!
represents a fit to the candidate ‘‘hidden’’ charm resonance p
background as described in the text. Dashed histograms show
mass spectra obtained by combiningJ/c or c(2S) candidates and
pions from different events.
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tio of two c(2S) decay ratesB„c(2S)→J/cp1p2
…/

B„c(2S)→m1m2
… is 30.267.1~stat!66.8~syst!.

We have also searched for production of ‘‘hidden’’ char
resonances decaying into eitherJ/cp6,c(2S)p6, or
J/cp1p2 systems. We find no statistically significant ev
dence for the recently reported enhancement at
J/cp1p2 mass of 3.836 GeV/c2.
m
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