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Hadroproduction of the J/t( and g' states has been studied in 300- GeV /c proton, antiproton, and
~—Li interactions. Both total and differential cross sections in xF and pT have been measured for the

J/g for the m
—+, proton, and antiproton interactions. The ratio of g' to J/P production has been deter-

mined for the four types of beam particles.

PACS number(s): 13.85.Ni, 25.40.Ve, 25.80.Ls

The production of charmonium states in hadronic in-
teractions has been a topic of interest for some time be-
cause of the insights afforded by these processes into the
interactions of quarks and gluons and into the constituent
composition of the interacting hadrons. The
J = I J/lb and g' states have been detected via their
dimuon decays in the 300-GeV/c reactions

p, p, or m.—Li :J/lb+ anything

and

p, p, or~—Li :P'+anything

in an experiment (E705) done in the High Intensity Labo-
ratory (HIL) of the Fermi National Accelerator Labora-
tory. Both total and differential cross sections have been
measured for the inclusive production of J/lb and p'.

The 300-GeV/c proton, antiproton, and m
—beams used

in this experiment were a mixture of secondary and terti-
ary beams produced by 800-GeV/c protons incident on a
40-cm (=one interaction length) Be target. Neutral and
charged beams were formed by a magnet-collimator sys-
tem positioned just downstream of the Be target, as
shown in Fig. 1. The large-acceptance beam line, also
shown in Fig. 1, transported the charged particles exiting

the collimator to the HIL experimental area. The flux
captured by this transport was a mixture of 300-GeV/c
particles directly produced in the target (secondary flux)
and particles from decay of neutrals in the region just
downstream of the target (tertiary flux from
A ~ptt, K&~trmdecay). Depe.nding on the availability
of primary protons and on whether a positive (tr+, pro-
ton) or a negative (tr, antiproton) beam was desired, the
tune of the beam line was varied from one consisting of
predominantly secondary flux to one mostly composed of
tertiary decay products in order to optimize the antipro-
ton component of the beam. An antiproton composition
as large as 8% could be obtained in the tertiary beam
mode. Because of the limited flux of 800-GeV/c protons
available during the majority of the experiment, the
"standard" tune necessary to saturate the data taking ca-
pability of the E705 spectrometer was typically close to
the charged secondary beam tune and resulted in a 45%
m. + and 55% proton mixture for the positive beam and
98% m and 2% antiproton for the negative beam. A
charged E contamination of less than 6% of the total
beam flux was present in both the positive and negative
beams.

The typical beam intensity at which the experiment
was operated varied during the run from 1 X 10 to
)5X10 particles per second during the 23 s of spill
which the experiment received over a 56-s cycle. The
beam spill delivered to the experiment had a time struc-
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ture consisting of 2-ns beam bunches every 18.7 ns during
the 23 s of spill.

Beam particles were identified as proton, antiproton, or
on a particle-by-particle basis by two He-beam

Cherenkov counters C1 and C2 operated in the threshold
mode. The thresholds of both beam Cherenkov counters
were set to produce a signal for a pion and no signal for a
proton or an antiproton. To minimize the tagging losses
caused by inefficiencies of the Cherenkov counters, the
identification of a pion required that either C1 or C2 pro-
duced a signal. Correspondingly, to minimize contam-
ination of our antiproton or proton sample, the p and p
were defined by the absence of a signal in both C1 and
C2. In addition, the beam definition required a triple
coincidence of three stations of scintillation counter
hodoscopes. If more than two elements of any one of the
three beam hodoscopes were on during any rf bucket,
that beam bunch was vetoed.

The number of beam particles of each type that could
produce an interaction in the target was recorded for
each spill and then corrected for live time, Cherenkov
inefficiencies, and multiple bucket occupancy. Uncertain-
ties were determined in two ways: by propagating the
measured beam counting and Cherenkov tagging uncer-
tainties through to the final determination of the integrat-
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ed beam flux and by measuring the variation of the
interaction —beam-flux ratios over the experiment. Both
of these methods yielded the same uncertainties in the in-
tegrated beam flux for the four beam types and resulted
in integrated beam totals of 2.23+0. 11X 10'
1.05+0.06 X 10' m+, 1.29+0.07 X 10' protons, and
0.096+0.003 X 10' antiprotons. These totals have been
corrected for dead time, Cherenkov inefficiencies, and
multiple bucket occupancy.

The large-aperture, open-geometry spectrometer [1]
used in this experiment is shown in Fig. 2. The spectrom-
eter target was a 33-cm-long (0.21 radiation lengths; 0.24
and 0.175 interaction lengths for protons and pions, re-
spectively), 5-cm-radius cylinder of natural Li (composi-
tion 93% Li, 7% Li). The charged secondaries from
the proton, antiproton, and m*Li interactions were mea-
sured in a set of proportional wire chambers (PWC's) and
drift chambers positioned upstream and downstream of
the spectrometer analysis magnet. The PWC's were
deadened in the vicinity of the beam, a region which cor-
responded approximately to charged tracks with angles
less than 25 mrad. The 3 ft X6 ft aperture analysis mag-
net provided a p, deflection of 0.776 GeV/c.

An electromagnetic calorimeter [2] and a muon detec-
tor were positioned downstream of the last drift chamber.
Muons were identified as particles which penetrated both
the material of the EM detector and the muon detector
(0.40 m of Cu, 3.7 m of steel, and 0.91 m of shielding con-
crete), producing a triple coincidence between elements
of three banks of scintillation counters positioned at vari-
ous depths in the steel. The muon detector imposed a
lower bound on the muon momentum of approximately 6
GeV/c for a muon which could satisfy the trigger.

A very important aspect of the spectrometer was the
dimuon trigger, which consisted of two levels. The first
level required that two or more muon triple coincidences
be present in different quadrants in a given event. The
second level consisted of a trigger processor [3], which
processed hits from drift chambers downstream of the
spectrometer analysis magnet to find tracks pointing at
the muon counter triple coincidences. These tracks were
used to form a crude dimuon mass under the assumption
that each track originated in the target. All events pass-
ing a mass cut of 2.4 GeV/c were written to tape. The
suppression of the total cross section by this trigger sys-
tern was approximately a factor of 3X10 . More than
14X10 dimuon triggers (predominantly due to coin-
cidences between muonic decays of charged pions and
kaons from the interactions or halo muons that missed
the halo veto walls) were accumulated at interaction rates
up to 1.5 MHz.

The 140X 10 triggers that pass the various trigger lev-
els were subjected to three levels of off-line analysis. The
first level consisted of a fast filter program, which per-
formed a fast reconstruction of the dimuon tracks using
only information from detectors downstream of the
analysis magnet. A cut at 2.5 GeV/c was performed on
a crude dimuon mass formed from the combination of the
bend-plane projection tracks and an estimate of the y
slope obtained from a plane of muon scintillation
counters oriented parallel to the bend plane. A rejection
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FIG. 2. E705 large-aperture, open-geometry spectrometer.

of approximately 5.5 was achieved with a retention of
98% of the J/P's. The 2.5X10 events that passed the
filter were subjected to a second stage of analysis in which
a full reconstruction of the dimuon tracks was performed.
Applying a cut of 2.6 GeV/c to the dimuon mass spec-
trum formed using these fully reconstructed muons and
demanding opposite-sign dimuons cut the data sample to
approximately 10 events while retaining 90% of the
J/g's. A final pass through the remaining data applying
tighter cuts on muon track quality, agreement of muon
trajectory with muon detector scintillation hodoscope tri-
ple coincidences, and agreement of slopes and intercepts
of track segments formed upstream and downstream of
the analysis magnet reduced the data sample to the 10
dimuons, the mass spectrum of which shown in Fig. 3.
Approximately 85/o of the signal was retained in this
final analysis step.

The four dimuon mass spectra extracted from 300-
GeV/c p+—N and ~+—N interactions and displayed in Fig. 3
show both J/l( and l(!' peaks. The observed mass resolu-
tion (cr =47 MeV/c, where cr is defined as the full width
at half maximum divided by 2.36) is consistent with the
expected dimuon mass resolution of the spectrometer
(o.=44 Me V/c ) calculated by superimposing Monte
Carlo J/1( data on real events. The signal-to-background
ratio for the various J/l( peaks, obtained from a choice
of cuts in the reconstruction software, is approximately
3.5 to 4.3 to 1 depending on the choice of mass region for
the J/f. For a mass region from 2.980 to 3.280 GeV/c
(chosen to maximize the number of J/g available for the
search for higher-mass resonances decaying into J/g),
the J/1(-to-background ratio is 3.5/l. For purposes of
the x~ and pT cross-section determination, the ratio of
the mass of each dimuon pair to the accepted central
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mass value of 3097 MeV/c2 of the J/g was used to re-
scale the momentum of both muons in order to obtain the
best values of the various kinematic quantities.

Correcting for acceptances and efficiencies and sub-
tracting backgrounds (obtained from fits to the dimuon
mass regions above and below the J/g), the total cross
sections for production of J/g by the four beam types
have been determined (Table I). The errors quoted on the
cross sections are those due to statistics, systematics, and
uncertainties of the branching ratios, respectively. The
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TABLE I. f total cross sections (xF & 0).

Beam type B{Q~ILIILI l X o /nucleus cr/nucleus (nb) B{p—
+pp }X cr/nucleon cr/nucleon (nb)

n-+

Proton
Antiproton

63.7+2. 1+6.9
62.5+2. 1+5.2
50.4+1.6+5.3
48.2+6.7+4.2

1080+40+120+40
1060+40+90+40
850+30+90+30
820+ 110+70+30

10.5+0.3+1.1
10.3+0.3+0.9
8.4+0.3+0.8
8.1+1.1+0.7

182+7+20+7
179+7+15+7
143+5+15+5
138+19+12+5
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systematic error includes contributions due to beam-flux
counting systematics (9.5%}, muon counter efficiency
determinations (1.8%), uncertainties in acceptances due
to uncertainties in kinematic distributions (0.6%), and
Monte Carlo statistics (0.6%). The cross sections per nu-
cleon are calculated from the Li cross sections assuming
an atomic weight dependence of the total cross section
for J/g production of A * . The branching ratio
for J/g~p+ III used to extract the Jlf cross sections is
0.0591+0.0011+0.0020 as measured by the Mark III
Collaboration [4]:

In Figs. 4(a}, 4(b), 4(c), and 4(d), we compare our mea-
surements of the branching ratio X o for Jlf production
to those of other experiments [5] at different
&T=M&l&s. The solid curve shows an empirical pa-
rarnetrization by Lyons [6]. The ratio of the cross sec-
tions

o (rr+N~ J/Q+x) lcr(pN~ J/Q+x),
which is better determined than the individual cross sec-
tions because some of the systematic errors cancel, has
been determined to be 1.246+0.034+0.022 for the
positive-beam production of J/P. The ratio

cr(rr N~ J/g+x) lcr(pN~ J/g+x)
is dominated by statistical errors.

The ratio

B(tt/~pp, )cr(xN~Q'+x)
B(J//~pe)o (xN ~J/g+x)

has been determined for the four beam types from the
data of Fig. 3. The values of those ratios for the four
different beam types together with the ratio

o (xN ~P'+x) lo (xN +J/P—+x),
obtained using the Mark III measurement of the
J/tP~p+p branching ratio, 0.0591+0.011+0.020, and

the weighted average of the P'~p+p and g'~e+e
branching ratios, 0.0082+0.0011,are shown in Table II.

In Figs. 5(a), 5(b), 5(c), and 5(d), we compare our mea-
surements of the ratio of B X cr for g' to B X o for J/g to
those of other experiments [7] at different &r=M&. /&s.

The differential cross sections do'/dxF for Jlp pro-
duction are shown in Figs. 6(a), 6(b), 6(c), and 6(d), for
~+, m, p, and p data, and the cross sections and their
statistical errors are given in Table III. The bin width is
0.05 for the n.* and proton data and 0.10 for the antipro-
ton data. The high-xF region for forward J/g produc-
tion was difficult to measure in this experiment because of
the deadening of the PWC's in the beam region (corre-
sponding to muon angles less than 25 mrad) and the con-
fusion near the beam region caused by overlapping tracks
and rate effects due to pileup at high intensities. In order
to take these effects into account, the efficiency for ex-
tracting J/f and g' from data taken at different times
with different running conditions was determined by su-
perimposing Monte Carlo J/g and g' data on real dimu-
on triggers from the different periods of the run. These
efficiencies have been applied bin by bin to the J/P and
P' xF and p, distributions so that the data has been
corrected for effects due to rate and spill structure varia-
tions. The global systematic uncertainty in the absolute
level of the do ldxF cross sections (and the differential
cross sections do /dpT given in Table V) is 11.1%, 9.5%,
10.1%, and 9.3% for the m, m+, proton, and antiproton
data, respectively, due to uncertainties in beam normali-
zation, muon counter efficiencies, and J/p~ IIbIIMranch-

TABLE II. 8 {/'~yp)o'{g')/B {J//~pe)cr{ J/g) and
cr{P' }/cr{J/g) for 30G0eV c/~+N and p +N interactions.

0 I I I I I I I I I I I I I I II I I I I I I Il
0.1 0.12 0.14 0.16 0.18 0.2

VT

0 I I I I I I I I I I I I I I I I I I I I I I I I

0.1 0.12 0.14 0.18 0.18 0.2

4. & l J/P~pp)o{x +N~ J/'g+x'} vs t/r for {a) rr+,
(b) m, (c) proton, and (d) antiproton interactions.

Beam

m+

Proton
Antiproton

&~{/')/&o( J/P)

0.0166+0.0044+0.0004
0.0193+0.0026+0.0005
0.0188+0.0026+0.0005
0.0348+0.0304+0.0010

cr{I(")/cr{J/I( l

0.12+0.03+0.003+0.02
0.14+0.02+0.004+0.02
0.14+0.02+0.004+0.02
0.25+0.22+0.007+0.04
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TABLE III. do /dxF differential cross sections.
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FIG. 5. B(g'~pp)cr(x+N~P'+x')/ B(J//~pe)a(x
+N~ J/P+x') vs &~ for (a) n+, (b) n, (c) proton, and (d) an-
tiproton interactions. and

x, =(x'+xF)/2, xz=(x' —xF)/2,

x *= (xF +4m
&

/s)'/
ing fraction, which is known with a 3.9% error.

We have fit these data to two forms commonly used by
other experiments for purposes of comparison. The first
form is the empirical shape

do
dXF
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FIG. 6. do. /dxF differential cross sections for J/P hadropro-
duction in 300-GeV/c (a) m. +, (b) ~, (c) proton, and (d) antipro-
ton interactions. The fits are to Eq. (2) given in the text.

Parametrization (2) is inspired by the anticipated struc-
ture function factorization of the parton fusion process
for the J/g hadroproduction. If all J/g's are produced
directly without processes based on color evaporation or
g' and y production and decay into J/g being present
[8], each factor of (1—x )" would correspond to the
structure function xF(x) for either the target or beam
parton participating in the production process.

Fitting these forms to the differential cross sections of
Fig. 6, we obtain the values of n &, n2, xo, and c given in
Table IV. The fit of parametrization (2) is shown super-
irnposed on the data in Fig. 6.

We have used the parameters from the fit to the empir-
ical form (1) to compare our xF distributions to those ob-
tained by other experiments. A parametrization of the
world data performed by the E672 Collaboration [9] us-
ing data from experiments over a wide range of energies
and very different target and experimental configurations
results in values of the exponent c at 300 GeV/c of
2.9+0.14 and 4.7+1.6 for the m and proton reactions
to be compared with our results of 2.22+0. 27 and
4. 14+0.16. However, more to the point, a direct com-
parison of our values of c with experiments in a similar
energy range shows a very good agreement between our
proton result and the results of the E331, E444, and CS
collaborations (as listed in Ref. [5]), while our pion result
is in good agreement with WA11 and within two stan-
dard deviations of E331 and E444.

We have also fit our data to expression (2) to extract in-
formation about the gluon interactions resulting in J/I}'j
production. We have taken advantage of the approxi-
mate symmetry between the beam and target partons in
the case of the proton beam by setting n, = n 2 in our fit of
the proton data. This symmetry is strictly true for a nat-
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TABLE IV. Feynman-x differential-cross-section fit parameters.

Beam

7T+

Proton
Antiproton

n)

1.81+0.16
1.90+0.14
4.8+0.3
2.9+2. 1

4.8 (fixed)
4.8 (fixed)

n, =n2
n& =n2

X0

0.030+0.013
0.062+0.011
0.026+0.007

—0.02+0. 10

1.99+0.15
2.27+0.27
4.14+0.16
3.2+1.4

ural Li target only if processes involving gluons dominate
the J/g production processes and if the gluon distribu-
tions in a Li nucleon is not significantly modified by the
presence of the other Li nucleons. If this approximation
is good, the same symmetry can be used for the antipro-
ton interactions since, by the CPT theorem, the gluon dis-
tribution for the antiproton must be the same as that of
the proton. Furthermore, we have fixed the parton distri-
bution in the target nucleons to that determined in the
fits to our proton data when fitting our m data in order
to lower the error on n, for pions. The results of these
fits are superimposed on the data of Fig. 6.

Assuming that two-gluon fusion dominates the produc-
tion of J/g as suggested by the near equality of the J/g
production by proton and antiproton (see Table I), the
Feynman x distribution for pN interactions can be pre-
dicted using the gluon structure functions of Duke and
Owens [10]. Fitting the predicted do/dx~ distribution
to expression (2) while holding n, =n 2, we obtain
n =3.8+0.04 and 1.90+0.04 for Duke-Owens sets I and
II, respectively. However, this simple model cannot be
correct by parity conservation. The two gluons must ei-
ther fuse to form a y state which subsequently decays
into yP or must radiate a gluon. In either case, accord-
ing to the prescription of Kartvielishvili and Likoded
[11], this will raise the exponent of the gluon distribu-
tions by approximately 1 unit to 4.8 and 2.9, respectively,
for the two Duke-Owens structure function sets. Assum-

ing this prescription is correct, the measured value of
4.8+0.3 favors Duke-Owens set I.

If we assume that the gluons also dominate the m.*pro-
duction cross sections, the smaller values of the measured
exponents (1.81+0.14 and 1.90+0.14) shown in Table IV
suggest a much stiffer momentum spectrum for the
gluons, in agreement with the naive picture of the pion in
which a quark or gluon is expected to carry more
momentum on average, although the situation is con-
fused by the possible presence of quark-antiquark annihi-
lation which can proceed without gluon radiation (there-
by tending to lower the exponent).

Finally, we show the ratios of the differential cross sec-
tions for m to the ~+ and for the composite n.—+ to the
proton in Figs. 7(a) and 7(b), respectively. Because of the
Fermilab 800-GeV/c primary proton beam and the re-
sulting large n+ fraction in the 300-GeV/c positive
secondary beam, this experiment was capable of better
comparisons of ~+ and ~ interactions than previous ex-
periments. As can be seen, the m /~+ ratio is indepen-
dent of xF and is approximately unity, as expected. The
ratio n.—+/p, on the other hand, shows a significant in-
crease at high xF, indicating a harder gluon distribution
of the pions and/or the onset of qq processes.

The J/P differential cross sections as a function of
transverse momentum (pz) for the four beam types are
shown in Figs. 8(a), 8(b), 8(c), and 8(d) are tabulated in
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FIG. 7. Ratio of J//do/dxF differential cross sections for
(a) n.+ to m data sample and (b) m. to proton data sample.

FIG. 8. do/dpi' for J/P hadroproduction in 300-GeV/c (a)

, (b) m+, (c) proton, and (d) antiproton interactions. The
curves are fits to Eq. (3) of the text.
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TABLE V. der/dpi' for J/t( production in 300-GeV/c m —,
proton, and antiproton interactions.

PT
(GeV/c)

0.125
0.375
0.625
0.875
1.125
1.375
1.625
1.875
2.125
2.375
2.625
2.875
3.125
3.375

[nb/(GeV/c)]

81+4
183+6
239+7
235+7
209+7
161+6
121+5
79+4
52+3
25+3
14+2

8.5+1.4
3.5+1.0
1.6+0.9

[nb/(Ge V/c)]

59+6
177+9

229+11
233+11
210+10
152+9
128+8
61+6
36+4
23+4
15+3

5.3+2.3
3.2+2. 1

2.0+1.9

P
[nb/(Ge V/c)]

52+4
138+7
178+9
181+7
158+8
118+7
78+6
55+4
30+3
13+3

4.5+1 ~ 6
1.4+0.9

0.82+0.65
0.60+0.60

PT
(GeV/c)

0.25
0.75
1.25
1.75
2.25
2.75

[nb/(Ge V/c)]

116+62
180+46
134+36
77+24
30+21
7.4+11

d~ -P, iso

dp
(3)

Using this form, the mean transverse momentum is
&npo/2 and the mean square of the transverse momen-
tum is po. The values of the mean and the mean square
of the transverse momentum are given in Table VI, and
the fits are shown superimposed on the data. The first er-
ror is the statistical error of the fit, and the second is due
to the rescaling of the muon momenta to fix the J/g
mass at the world average.

In the case of the ~—+ data, the assumed form of the
differential cross sections fails to fit the high-pz tail of the
distributions, while for the proton data and antiproton

TABLE VI. (pT) and (pT ) of J/P production in 300-
GeV/c ~—+, proton, and antiproton interactions.

Beam

~+
Proton

Antiproton

(pT) (GeV/c)

1.062+0.008+0.003
1.045+0.012+0.003
0.993+0.002+0.003
1.08+0.11+0.003

(p T' ) (GeV'/c ')

1.43+0.02+0.008
1.39+0.03+0.008
1.255+0.005+0.008
1.5+0.3+0.008

Table V. The bin width is 0.25 GeV/c for the ~—+ and
proton data and 0.5 GeV/c for the antiproton data. The
errors associated with each cross-section value are statist-
ical. The systematic errors in the absolute level of these
cross sections are the same as those quoted above for the
d 0. /dxF differential cross sections.

We have fit these differential cross sections to
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FIG. 9. Ratio of J//der/dpT diff'erential cross sections for
(a) ~ to ~+ data sample and (bj ~ to proton data sample.

data the assumed shape of the pT distribution is a good
representation. Figures 9(a) and 9(b) show the ratio of
the pT distributions for the m. to sr+ data and the com-
posite vr to proton data. As expected, the m data are
consistent with the m. + data with a ratio flat and con-
sistent with unity in the range from 0 to 3 GeV/c. The m.

to proton ratio, on the other hand, is greater than 1 over
the same range and increases with increasing pT.

In summary, we have measured the total cross sections
for J/g and g' hadroproduction by m, proton, and an-
tiproton beams in Li interactions at 300 GeV/c. We have
also measured the differential cross sections in xF and pT
for J/g production. Several general conclusions can be
drawn from the data. We find that the antiproton-
nucleon cross section is not substantially larger than the
proton-nucleon cross section for J/g production, sug-
gesting that gluon fusion is the dominant mechanism for
J/g production at these energies. In addition, the n.
nucleon cross sections are very nearly equal, implying
that the production of J/g is due to a @CD process in
contrast with an electromagnetic process. Comparing
the ~—-nucleon cross sections with either the proton or
antiproton cross sections, we see that the pion-induced
production of J/g is larger by approximately 25% than
the p

—X cross section. This could be due to either the
presence of valence antiquarks in the ~— or to a large
fraction of the pion momentum vested in the gluons. The
large xF enhancement of the do. /dxz distribution for
pion-induced production with respect to the proton-
induced production of J/g also suggests that either
quark-antiquark reaction becomes more important at
high xz or that the momentum of the gluons in the ~—+ is
larger than in the nucleon. The larger high-pz- tail of the
do. /dpT for the m

+—also seems to suggest a larger average
parton momentum in the pion than in the proton.
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