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The production of the 1P X, and X, states of charmonium has been observed
in 300 Gev/c 71N and pN interactions. The ratio of direct to total inclusive J/¥
production has been determined for the different beam types by measuring the
contributions to the J/¥ production due to ¥' and radiative X decay. Combining
this experiment's measurements of J/¥ and the ratio of X, + X, to J/v¥
production with previous measurements of the ratios of X,/¥ and X,/¥, total
cross sections for Xy and X, production in 300 GeV/c =N interactions have been

determined.
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A considerable fraction' of the JPC = 17 J/¥ s produced in hadronic interactions results from the
production of the JPC = 1+ (%) and 2%+ (X2) states of charmonium followed by their radiative decays
into ¥V . The JPC = 0** () state has a small branching ratio to J/¥ and is not expected to contribute
appreciably to J/¥ production. In the color singlet model?, the direct production of the J/¥ must proceed
(because of conservation of angular momentum, charge conjugation and parity) by three gluon or quark
annihilation processes. Alternatively, within the color singlet model, the production of J/¥'s can proceed
indirectly via production of the X states with relatively large cross sections by the two gluon fusion,
followed by the decay of the X states into final states containing J/¥'s. A second production process is
provided by the color evaporation model® in which the ¢ ¢ pair is initially produced in a colored, unbound
state and the final non colored 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/¥ production resulting from decays of the X 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 production by various beam types, we have performed an experiment to measure
the fraction of J/¥ arising from the X radiative decays. In the process, we have determined the cross
section for production of the X states, by combining our measurement of the J/\¥ cross section together
with our high statistics measurement of the ratio of (X | + X2)/¥ production and a previous measurement?
of the ratios of X,/¥ and X,/V¥ production.

Qur experiment, Fermilab E705, was performed with 300 GeV/c n¥, proton and antiproton beams
incident on a S c¢m radius, 33 cm long 7Li target [0.21 radiation lengths; 0.24 and 0.175 interaction lengths
for protons and pions respectively] in the P-West High Intensity Laboratory at Fermilab. The beam
particles were tagged with two gas Cerenkov counters operated in the threshold mode; the 300 GeV/c
negative beam was 98% 1~ and 2% antiprotons and the positive beam was 55% protons and 45% nt.
Small charged K components estimated to be less than 6% were present in both the positive and negative
beams.

The X states produced by the four beam types were observed via their radiative decays

pEaE N—>%1.%2
—> Jiy+ ¥
> u+ u'
using a large aperture open geometry spectrometer>, a component of which was a large EM detector
composed of approximately 400 lead (PbO) and scintillating (BaO loaded with Ce,05) glass elements.
The EM detector also incorporated a photon preconverter consisting of an eight layer lead sheet/extruded

aluminum channel sandwich in the beam region and a hodoscope of scintillating glass counters followed
by a conducting plastic gas tube layer at large angles. The preconverter identified photons and determined



their positions. This choice of EM detector® offered a reasonable 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 .40 meters of Cu, 3.7 meters of steel and 0.91 meters of
shielding concrete, causing appropriate 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’ 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 passing a mass
cut of 2.4 GeV/c? were written to tape. The suppression of the total cross section by this trigger system
was approximately a factor of 3 x 10-%. 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 obtained by these triggers are shown in Fig. 1 for
the four different beam types, pt and nt. A clear J/¥ signal is seen with the expected resolution of ¢~
60 Mev/c? in each of the four spectra. Differential and total cross sections for production of the J/¥ and
¥’ as measured in this experiment are given in Ref. 8 for the four beam types.

Approximately 32,150 J/¥ ->pp candidate events with mass between 2.88 and 3.28 GeV/c? yielded
approximately 24,440 J/¥ events in total for all four beam types after background subtraction. These J/v
events were used in the search for the radiative decays of the charmonium X states. For this purpose, the
muon pairs were combined with all photons in a given event other than those from reconstructed nt
decays. The difference between the invariant mass of p*u-% and p*u- combinations is shown in Fig. 2
for our ¥ N and pN data. Use of the mass difference spectra allows us to eliminate part of the
experimental error in the mass resolution of the ¥V final states; the resulting mass distributions show a
clear peak in the region of the X =¥ and X~V mass differences (expected values 414 and 459 Mev/c?).
The numbers of events in the X peaks were 590450, 300135 and 250435 for the n-, a+ and proton data
respectively after subtraction of background. These X's are associated with the 12470+160, 5560190, and
6090490 J/¥'s obtained after background subtraction from the n-, %, and proton induced J/¥ data
samples respectively.

Uncorrelated ¥¥ backgrounds were constructed by pairing photons and J/¥ from different events,
provided that both the photon and the J/¥ could have contributed to the difference mass spectra.
Correlated ¥¥ backgrounds due to V' decays (such as ¥'-> J/¥YRORC, ¥ 10, or X¥) were also estimated
and are included in background distributions superimposed on the mass difference spectra shown in Fig.
2. These background distributions were fitted to the mass region above the X because of the uncertainties
associated with the inclusion of the ¥' decays and the possibility that the backgrounds below the X ,X»
region might include some X (0*+ ) decays into ¥¥.



The acceptance of the electromagnetic spectrometer for the photons in the X events was determined to
be 0.60+0.01 for both pion and proton data. The photon reconstruction and pattern recognition efficiency
- for the photons in the acceptance of the EM detector was 0.2740.014G.03. The first error is due to the
statistics of the Monte Carlo ¥ events used in the determination of the efficiencies and the second to the
systematics of using ete" pairs to estimate the efficiency of the X photon pattern recognition and
reconstruction. The width of the reconstructed X peaks are greater than our resolution of o= 303
Mev/c? for a single X state (based on electromagnetic calorimeter resolution fixed by the experimentally
observed E/p distributions for electrons and the observed width of the nt9) , indicating the production of
both ¥ ; and X..

The fraction of J/¥ production due to X decay was determined from the total number of background
subtracted X's, corrected for acceptance and reconstruction efficiencies. Table I lists the fractions of ¥
contribution to ¥ production for our pion and proton data.

Table I
Fraction of Total J/V Production due to Radiative ), and X, Decay

t P proton
Fraction 0.401+0.04 0.3740.03 0.30+0.04

These data are compared in Fig. 3 with data from other experiments' at different /T =Mx/./s. As

can be observed from Fig. 3b, the nt and n~ fractions measured in this experiment are consistent with
each other and with previous ®- measurements at approximately the same /v = MX/-/S_ . Our proton

data as shown in Fig. 3a has a somewhat smaller value than that obtained in other proton experiments at
different /T .

In addition to radiative X decay, another contribution to I/ production, for which there have been no
previous estimates to date, is ¥' production followed by decay into final states containing J/¥'s.
Combining our measurement® of J/¥ and¥' production, determined using the branching ratio® for ¥ '->
up (0.077140.017), the recently redetermined branching ratio'C for ¥ ->pu (0.059120.00110.0020),
and our observation of the J/¥ -> pup and¥’~> pp channel, with the measured inclusive branching ratio!"
y'->J/¥ +anything (0.5510.07), we find that 7.612.3%, and 8.0+2.2% of the J/¥ signal in 300 GeV/c
7N and nt*N interactions respectively comes from ¥' production followed by decay into J/¥. In the
same manner, the fraction of I/¥ from V' is found to be 5.531.6% for the pN interactions at 300 GeV/c.

Since we have measured J/¥, ¥' and X production in a single experiment, it is possible to obtain a
cross section for direct production of J/¥. If we assume that the only sources of J/¥ other than direct
production are the decays of the X, X, and ¥', then the fraction of directly produced J/¥ is
49.2+4 9%, 45.4+5.4% and 60+4.8% in in =N, =*N and pN interactions respectively at 300 GeV/c.
While other indirect sources of J/¥ such as Xy or B meson decay can contribute, a small branching ratio



(0.006610.0018 for Xg->J/¥ ¥ from Ref. 12) and the combination of an expected small cross section for
B producton at 300 GeV/c (in the range of 10->20 nb/nucleon'3?) and small branching ratios
(0.0112+0.0018 for B->J/¥ inclusive decays'?) make these sources negligible compared to production
via Xy, Xz and ¥' decay. Combining the above fractions of direct J/¥ production with our
measurement® of the inclusive J/¥ production, we obtain direct J/v production cross sections of
97.746.4+11.8, 86.416.1£8.7 and 97.4+£6.4£11.8 nb/nucleon for the ©°N, =*N and pN interactions
respectively, where the first error is statistical and the second systematic. We have assumed an A0-92
atomic number dependence to extract the cross section per nucleon . The large percentage of directly
produced J/¥, 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 WA1l experiment? has measured the ratios ¥ /¥ and X,/¥ in 185 GeV/c n-Be
interactions by reconstructing the charmonium states in the subset of the X->%¥ decays in which the
radiated photons converted. They obtain 17.7£3.5% and 12.842.3% for the X ,/¥and ¥,/¥ ratios
respectively, These measurements together with our measurement of 0.3710.03 for the ratio of the
combined Xy and X, to J/¥ production at 300 GeV/c are shown in Fig. 4. Ignoring the possibility of an
energy dependence of the ratio of X states to J/V production (none is required by the data of Fig. 3b), the
new best values for these ratios from a fit to these three available pieces of data are indicated in Fig. 4 and
shown in Table II below.

Table I
XY, X2/¥ and X ,+X,/¥ Ratios for n-N Interactions
from a Fit to the Combined WA11 and E705 Data

. STA 4 X2/¥ Xa+Xo/¥
Ratio 0.201+0.024 | 0.143+0.020 | 0.3440.031

Combining the ratios of X ,/Yand X,/V¥ determined in this manner together with the absolute cross
section for J/¥ production in 300 GeV/c n~ nucleon interactions (178+6420 nb/nuclecn), as measured in
our experiment?®, and using branching ratios of 0.273+0.016 and 0.13540.11 for X ,->%¥ and ¥,->¥¥
respectively ', we obtain the following cross sections for ¥, and X, production in ®" nucleon
interactions at 300 Ge V/c:

(" N->¥,; +x) = 131118£14 nb/nucleon
O(T"N->X, +x) = 188+30+21 nb/nucleon

where the first error is statistical and the second systematic, and the cross sections are for xg>0..

In conclusion, we have determined the fraction of J/¥ production due to the radiative decays of the
X1 and ¥, charmonium states in n¥ and proton interactions with ?Li at 300 GeV/c. Using our
measurement of J/V from the decay of the V', we have also determined the cross section for direct J/¥



production. Combining our measurement of the ratio of ¥ ;+ X, to J/¥ production with previous
measurements of the X /¥ and X,/ ratios and using our measurement of the total cross section for J/¥
at 300 GeV/c, we have obtained values for the cross section for X ; and X, production in &~ nucleon
interactions. Both the large fraction due to direct J/¥ production and the approximately equal cross
sections for X, and X, production, indicate that processes in addition to the color singlet processes are
necessary to explain the data.
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Figure Captions

Fig. 1 E705 p+U- mass spectra for a)n-, b)n+, c)proton and d)antiproton ?Li interactions at 300 GeV/c
Fig. 2 E705 M(utu-%) - M(utp-) mass difference spectra for a)all beam types, b)r+, ¢)n- and d)proton
Li interactions at 300 GeV/c. The backgrounds superimposed on the mass difference spectra are
generated from pairing photons and J/¥'s from different events. ¥' decays resulting in J/\ final states are
also included in the background estimates.

Fig. 3 Fraction of J/ produced via radiative ¥ in 300 GeV/c a)proton and b) i¥ 7Li interactions

Fig. 4 Composite WA11 and E705 results for ratio of X,/¥ and X,/¥ in n"N interactions.
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