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The production of the g~ and gq states of charmonium has been observed in 300 GeV/c tr —1V and pN
interactions. The fraction of the total inclusive J/Vt production due to radiative g decay has been deter-
mined to be 0.40 ~ 0.04, 0.37 ~ 0.03, and 0.30 ~ 0.04 for the z+, x, and proton data, respectively. To-
tal cross sections for gt and gq production of 131 ~ 18+' l4 and 188 ~ 30 ~ 21 nb/nucleon in the 300
GeV/c tr N interactions have been obtained. By measuring the contributions to the J/y production due
to both ttr' and radiative g decay, the cross sections for direct J/lv production have been determined to be
97+ 14, 102 ~ 14, and 89 ~ 12 nb/nucleon for tr+, tr, and protons, respectively.

PACS numbers: 13.85.Ni, 13.40.Hq, 14.40.Gx

A considerable fraction [1] of the J =1 J/tlr's
produced in hadronic interactions results from the pro-
duction of the J =1++ (gt) and 2++ (g2) states of
charmonium followed by their radiative decays into yy.
The J =0++ (go) state has a small branching ratio to
J/y and is not expected to contribute appreciably to J/tlr
production. In the color singlet model [2], the direct pro-
duction of the J/tlr must proceed (because of conservation
of angular momentum, charge conjugation, and parity)
by three gluon or quark annihilation processes. Alterna-
tively, within the color singlet model, the production of
J/ty's can proceed indirectly via production of the g states
with relatively large cross sections by the two gluon
fusion, followed by the decay of the g states into final
states containing J/y's. A second production process is
provided by the color evaporation model [3] in which the
cc pair is initially produced in a colored, unbound state
and the final noncolored singlet state is reached via the
emission of a gluon. Therefore, an important facet of the
untangling of the hadronic production mechanisms for
hidden charm states is the determination of the fraction
of the J/ttr production resulting from decays of the g
states. In order to ascertain the formation mechanisms
for these charmonium states and, ultimately, to extract
the gluon structure functions from the study of their pro-
duction by various beam types, we have performed an ex-

periment to measure the fraction of J/y arising from the

g radiative decays. In the process, we have determined
the cross section for production of the g states, by com-
bining our measurement of the J/y cross section together
with our high-statistics measurement of the ratio of
(gt+g2)/tlr production and a previous measurement [4] of
the ratios of gt/tlr and g2/lit production.

Our experiment, Fermilab E705, was performed with
300 GeV/c tr, proton, and antiproton beams incident on
a S-cm-radius, 33-cm-long Li target (0.21 radiation
length; 0.24 and 0.175 interaction length for protons and
pions, respectively) in the P-West High Intensity Labora-
tory at Fermilab. The beam particles were tagged with
two gas Cherenkov counters operated in the threshold
mode; the 300 GeV/c negative beam was 98% tr and 2%
antiprotons and the positive beam was 55% protons and
45% n+. A small charged K contamination (estimated to
be less than 6% of the total beam flux) was present in
both the positive and negative beams.

The g states produced by the four beam types were ob-
served via their radiative decays
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using a large-aperture open-geometry spectrometer [5],
an element of which was a large electromagnetic (EM)
detector [6] composed of a main array of approximately
400 lead (PbO) and scintillating (BaO loaded with Ce2-
03) glass elements together with a photon preconverter
for photon identification, and position and energy mea-
surement. This choice of EM detector oAered a reason-
able compromise between the need to operate at high
rates without significant radiation damage and the desire
to maintain good photon energy resolution for photons of
quite low energy (down to 2 GeV).

An equally important aspect of the spectrometer was a
two-level dimuon trigger. The first level required that
two or more muons penetrate 0.40 m of Cu, 3.7 m of
steel, and 0.91 m of shielding concrete, causing appropri-
ate triple coincidences between the elements of three
banks of scintillation counters placed at various depths in

the absorbing material. The second level consisted of a
trigger processor [7] which processed hits from drift
chambers downstream of the spectrometer analysis mag-
net 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 ori-
ginated in the target. All events passing a mass cut of 2.4
GeV/c were written to tape. The suppression of the to-
tal cross section by this trigger system was approximately
a factor of 3x10 . Over 140 million dimuon triggers
were accumulated in this manner at interaction rates of
up to 1.5 MHz.

The mass spectra of all opposite-charge muon pairs ob-
tained by these triggers are shown in Fig. 1 for the four
different beam types, p

—and x —.A clear J/y signal is
seen with the expected resolution of a =60 MeV/c in

each of the four spectra. DifIerential and total cross sec-
tions for production of the J/y and y' as measured in this
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FIG. I. E705 p+p mass spectra for (a) z, (b) sr+, (c)
proton, and (d) antiproton Li interactions at 300 GeV/c.
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FIG. 2. E705 M (p+p y) —M (p +
p ) mass diff'erence

spectra for (a) all beam types, (b) x+, (c) n, and (d) proton
Li interactions at 300 GeV/c. The backgrounds superimposed

on the mass diA'erence spectra are generated from pairing pho-
tons and J/y's from diff'erent events. Ilf' decays resulting in J/tv
final states are also included in the background estimates.

experiment are given in Ref. [8] for the four beam types.
Approximately 32150 J/y pp candidate events with

mass between 2.88 and 3.28 GeV/c yielded approxi-
mately 24440 J/y events in total for all four beam types
(12470+ 160, 5560+ 90, and 6090~90 J/y's for x
x, and proton data, respectively, after background sub-
traction). A selected subset of these J/y events was used
in the search for the radiative decays of the charmonium

g states. For this measurement, the muon pairs were
combined with all photons in a given event other than
those from reconstructed x decays. The average multi-
plicity of non-z photons per event is 1.43~1.00. The
dN'erence between the invariant mass of p+p y and
p+p combinations is shown in Fig. 2 for our z —N and

pN data. Use of the mass diAerence spectra allows us to
eliminate part of the experimental error in the mass reso-
lution of the yy final states; the resulting mass distribu-
tions show a clear peak in the region of the g] -y and g2-y
mass differences (expected values 414 and 459 MeV/c ).
The numbers of events in the g peaks were 300+ 3S,
590 ~ 50, and 250 ~ 35 for the x+, z, and proton data,
respectively, after subtraction of background.

Uncorrelated yy backgrounds were constructed by
pairing photons and J/y from different events, provided
that both the photon and the J/y could have contributed
to the difIIerence mass spectra. Correlated yy back-
grounds due to y' decays (such as y' J/yx z, yri, or
gyes via an intermediate g state) were studied. In spite of
the non-negligible contributions to the mass spectra below
the g states, none of these y' decays can kinematically
generate yy combinations with mass equal to or larger
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than the ones corresponding to the g~, g2 states. There-
fore, to avoid the uncertainties in the low mass spectrum
associated with the y' decays or unknown g(0++) or 'Pl
production and decay into yy, the backgrounds in the gt
and g~ region have been estimated by fitting the uncorre-
lated background shape to the mass region above the g
peak. These background distributions are shown super-
imposed on the mass difference spectra in Fig. 2.

The acceptance of the electromagnetic spectrometer for
the photons in the g events was determined to be 0.60
+ 0.01 for both pion and proton data. These acceptances
were calculated using a Aat g photon angular distribution
and p& and xF distributions for g production equal to
those observed in J/y production [8]. Theoretical models
[9] suggest the possibilities of different forms for the pho-
ton angular distribution. For a photon angular distribu-
tion of 1

—
—,
' cosO (corresponding to the maximum ex-

cursion among the theoretical models investigated), the
acceptance could be as large as 65%. Changes of one
unit in the exponents in the assumed xF and pt distribu-
tion, Ed cr/dp =p, exp[ —(p, /po) ](I —~xF —xo~'), an

extremely large variation, could decrease the acceptance
to 57%.

The reconstruction and pattern recognition efficiency
for the photons in the acceptance of the EM detector was

0.27+ 0.01+0.03. The first error is due to the statistics
of the Monte Carlo g events used in the determination of
the efficiencies and the second to the systematics of using
e+e pairs to estimate the efficiency of the g photon pat-
tern recognition and reconstruction. The widths of the
reconstructed g peaks are greater than our resolution of
cr= 30+'3 MeV/c for a single g state (based on elec-
tromagnetic calorimeter resolution fixed by the experi-
mentally observed E/p distributions for electrons and the
observed width of the vr ), indicating the production of
both gt and g2.

The fractions of total J/y production due to radiative

g~ and g2 decay, determined from the total number of
background-subtracted g's corrected for acceptance and

reconstruction e%ciencies, are 0.40 ~0.04, 0.37 ~0.03,
and 0.30+ 0.04 for the z+, z, and proton data, respec-
tively. These data are compared in Fig. 3 with data from

other experiments [1] at different Jz =M7//Js. As can
be observed from Fig. 3(b), the vr+ and vr fractions
measured in this experiment are consistent with each oth-
er and with previous x measurements at approximately
the same JY=Mg/Js. Our proton datum as shown in

Fig. 3(a) has a somewhat smaller value than those ob-

tained in other proton experiments at different Jr.
In addition to radiative g decay, another contribution

to J/y production, for which there have been no previous

estimates, is y' production followed by decay into final

states containing J/y's. Combining our measurement [8]
of J/y and y' production, determined using the branching

ratio [10] for y' p p (0.0077 ~ 0.0017), the newly

determined branching ratio [11] for y p p (0.0591
+ 0.0011 + 0.0020), and our observation of the 1/y
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FIG. 3. Fraction of J/y produced via radiative g in 300
GeV/c (a) proton and (b) vv

—vLi interactions.

pp and y' pp channel, with the inclusive branching
ratio [12], 0.535 ~0.04, for y' J/@+anything, exclud-

ing double radiative transitions through the g states, we

find that (6.4 ~ 2.2)% and (7.5+' 1.7)% of the J/y signal
in 300 GeV/c vr+N and vr N interactions respectively
comes from y' production followed by decay into J/y
other than through y' radiative decays involving g states.
In the same manner, the fraction of J/y from y' is found

to be (7.5+'1.7)% for the pN interactions at 300 GeV/c.
Since we have measured J/i', y', and g production in a

single experiment, it is possible to obtain a cross section
for direct production of J/y. If we assume that the only

sources of J/y other than direct production are the de-

cays of the g~, g2, and y', then the fractions of directly
produced J/y are (56~ 3)%, (54+ 5)%, and (62+.4)%
in x N, n N, and pN interactions, respectively, at 300
GeV/c. While other indirect sources of J/y such as go or
8 meson decay can contribute, a small branching ratio
(0.0066+ 0.0018 for go J/yy from Ref. [13]) and the
combination of an expected small cross section for 8 pro-
duction at 300 GeV/c (in the range of 10-20 nb/nucleon

[14]) and small branching ratios (0.0112+ 0.0018 for
8 J/y inclusive decays [15])make these sources negli-

gible compared to production via g~, g2, and y' decay.
Combining the above fractions of direct J/y production
with our measurement [8] of the inclusive J/y produc-
tion, we obtain direct J/y production cross sections of
97+ 14, 102~ 14, and 89~ 12 nb/nucleon for the vr+N,

z N, and pN interactions, respectively, where the error
includes systematic and statistical components as well as
the errors in the various branching ratios used in extract-
ing these cross sections. We have assumed an

atomic number dependence to extract the cross section
per nucleon. The large percentage of directly produced
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J/y, unexpected in the color singlet model, indicates that
processes other than simple quark and/or two gluon
fusion must be involved in hadroproduction of hidden
charm at these energies.

The CERN WA11 experiment [4] has measured the
ratios g~/ttt and g2/y in 185 GeV/c tr Be interactions by
reconstructing the charmonium states in the subset of the

g yy decays in which the radiated photons converted.
They obtain (17.7+'3.5)% and (12.8 ~ 2.3)% for the
g~/y and g2/y ratios, respectively. These measurements
together with our measurement of 0.37 ~ 0.03 for the ra-
tio of the combined gt and g2 to J/y production at 300
GeV/c are shown in Fig. 4. Ignoring the possibility of an

energy dependence of the ratio of g states to J/y produc-
tion [none is required by the data of Fig. 3(b)], the new
best values for the ratios g~/y, g2/y, and gt+g2/y in 300
GeV/c tt N interactions from a fit to the combined
WA11 and E705 data are 0.201+ 0.024, 0.143 ~0.020,
and 0.344 ~ 0.031, respectively.

Combining the ratios of g~/ttt and g2/y determined in

this manner together with the absolute cross section for
J/Itt production in 300 GeV/c tr nucleon interactions
(178 ~6~20 nb/nucleon), as measured in our experi-
ment [8], and using branching ratios of 0.273~0.016
and 0.135 ~0.11 for gt yy and g2 yttf, respectively
[16], we obtain the following cross sections for g~ and g2
production in tr nucleon interactions at 300 GeV/c:
a(tr N g~+x) =131+ 18 ~ 14 nb/nucleon and
cr(tr JV @2+x)=188 ~ 30 ~ 21 nb/nucleon, where the
first error is statistical and the second systematic, and the
cross sections are for XF & 0.

In conclusion, we have determined the fraction of J/y
production due to the radiative decays of the g~ and g2
charmonium states in x — and proton interactions with

Li at 300 GeV/c. Using our measurement of J/y from
the decay of the y', we have also determined the cross
section for direct J/y production. Combining our mea-

surement of the ratio of gt+g2 to J/ttt production with
previous measurements of the gt/y and g2/y ratios and
using our measurement of the total cross section for J/y
at 300 GeV/c, we have obtained values for the cross sec-
tion for g~ and g2 production in z -nucleon interactions.
Both the large fraction of direct J/y production and the
approximately equal cross sections for g] and g2 produc-
tion indicate that processes in addition to the color singlet
processes are necessary to explain the data.
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