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1. Introduction 

The Fermilab experiment E687 used the Wide Band Photon Beam with the 
endpoint photon energy of about 450 GeV to study production and decay of charmed 
particles at the highest energy of a photon beam made available at present by 
accelerators/l/. 

Among the different trigger setups to select charm candidates, a multimuon 
trigger enabled us to select a sample of J/v particles decaying into moon pairs and to 
measure the cross section for elastic J/v photoproduction on a Be target at previously 
unattained photon energies, as high as about 400 GeV. 

Photoproduction of J/v has been observed at Fermilab, Slat and Cornell, 
immediately after the discovery of the J/v in 1974; elastic photoproduction of J/v has 
been measured from some 10 GeV to about 250 Gev by several author&, both on 
nuclei and on hydrogen. Photoproduction, at that time, was interpreted in terms of 
the Vector Meson Dominance (VMD) Model proposed by J.J. Sakurai/3a/ to describe 
the photoproduction of low mass vector mesons as due to the vector meson 
component of the hadronic structure of the photon. The Model was found to be very 
satisfactory/3b/; in particular, combined with the Additive Quark Model (AQM), it 
shows impressive agreement with the do/dt differential cross section for p 
photoproduction and good agreement to the w and @ data/xb/. 

The more recent Photon Gluon Fusion (PGF) Model inspired by QCD14/ seems to 
provide a better description of the J/v data due to the relatively large mass of the 
charmed quark that makes it possible to perform perturbative QCD calculations and 
thus to make definite predictions on the energy dependence of the J/v 
photoproduction cross section. 

The two basic processes are sketched and compared in fig. 1. The VMD Model 
assumes that the direct coupling of the photon to the vector meson dominates the 
process, the remaining interaction being just the scattering of the vector meson off 
the target nucleon (fig. la). The PGF Model, on the other hand, is based on the cross 
section calculation from the elementary process of fig. lb. Such process is closely 
related to the Bethe Heitler QED process15/ generating a pep- pair in the nuclear field 
of the target. 

In 1985, Holmes, Lee and Wiss published an extensive compilation of 
experimental data /&I to which the data from the Cem NA14 experimen0hi has to 
be added. be added. 

In the present paper we give the experimental measurement of the cross In the present paper we give the experimental measurement of the cross 
section per nucleon for the elastic J/v photoproduction in six energy intervals from section per nucleon for the elastic J/v photoproduction in six energy intervals from 
100 GeV to 450 GeV; the overall do/dt differential cross section. as well as an estimate 100 GeV to 450 GeV; the overall do/dt differential cross section. as well as an estimate 
of the coherent diffractive photoproduction off the Be nucleus. We will finally 
compare the energy dependence of our measured cross sections with the predictions 
of the PGF Model. 

2. Beam setup and apparatus 

The beam setup and the apparatus used to detect the elastic J/v 
photoproduction as well as the final states containing heavy flavours such as charm, 
and possibly bottom, are described elsewhere /6/. Here we very briefly recall the 
points relevant to the present measurement: i.e. some features of the beam and of the 
muon detector/trigger. 



3 

2.1 Beam 

The Wide Band Photon Beam/ha/ is a “bremsstrahlung beam”. The 850 GeV 
protons strike a 45.7 cm Be upstream target; charged particles are swept away to 
produce a neutral beam (48% neutron, 48% photons, 2% ko plus others). The neutral 
beam impinges on a 0.3 radiation lengths Pb converter, to produce electron-positron 
pairs. From the converter, the electron component (of energy E,) is magnetically 
separated and transported to a second radiating Pb foil (0.3 radiation lengths) which 
finally produces via bremsstrahlung a photon beam whose momentum bite is 
essentially defined by the acceptance of the electron transport line (*15% of the 
central setting of the electron beam). A set of counters immediately after the 
radiator, measures the energy Er of the scattered electron after bremsstrahlung to 
give an estimate of the photon energy F;I=Eo-E,. 

The bremsstrahlung beam has the advantage of containing a negligible 
neutral hadron background. Since the interaction lengths of both converter and 
radiator are small, the resulting neutron contamination turns out to be =10e5 per 
photon from Montecarlo simulation. 

From an initial beam of typically 1012 protons per 20 set spill, the electron 
beam line transports about 2x107 electrons giving rise to 107 photons and 
approximately lo4 photons producing hadrons in our 10% interaction length Be 
target. 

2.2 Apparatus 

The apparatus/‘jb/ (fig. 2) is made of a Be target, a high resolution 12 planes 
microstrip silicon detector’s spectrometer, a proper set of trigger and veto counter’s 
hodoscopes, two large aperture magnets, a five multiwire proportional chamber’s 
tracking system, three Cherenkov gas counters, two hadronic and two electromag- 
netic calorimeters, two muon detectors. The electro-magnetic calorimeters and muon 
detectors are split into an inner part (+30 mrad) and an outer part (*30 to f.100 mrad) 
to provide proper angular coverage. The hadron calorimeter has a small central part 
(CHC) to cover the beam hole that exists all along the spectrometer. At the end of the 
detector, in front of the CHC and the inner muon detector, a Beam Gamma Monitor 
(BGM) is located; very little material exists between this location and the target. It 
covers ?4 mrad and it is made of 45 Pb layers, 0.32 cm thick, interleaved with 1 cm 
thick lucite. 

Relevant to this paper are the BGM, used to directly measure the total number 
of photons transported to the target and the muon system, used in the second level 
trigger. 

For the purpose of the present paper only the inner moon detector has been 
used to trigger and to select/detect the muons from the decay of the J/v. The inner 
muon system is made of three planes of scintillators and four planes of proportional 
tubes, organized in both horizontal and vertical setups, covering +30 mrad. 

A Master Gate (MG) rejects the copious electromagnetic gamma conversion 
into electron-positron pairs by detecting at least a large angle particle, some 20 m 
downstream of the target; it also vetoes on the muon halo escaping the charged 
particles beam dump absorbers in the beam line The second level trigger requires at 
least 30 GeV in the hadron calotimeter or at least two muons. 



3. Data analysis and differential doId distribution 

In this section we present the selection of our inelastic and elastic J/v sample 
and the fit of the -t differential distribution to exponential curves, to extract both the 
muclear elastic and the coherent component. 

3.1 Selection of the J/v sample 

Approximately 6x107 events were written on tape during the period December 
1987-March 1988. The events for the present analysis were first selected according to 
the following criteria: 
l- second level trigger equal two muons; 
2- only two tracks of opposite sign verticizing in the target; 
3- at least one track identified as muon; 
4- invariant mass of the dimuon larger than 1.0 GeV. 

These criteria produced 2300 candidates whose invariant mass distribution is 
shown in fig. 3. A clear signal of the J/v can be seen at the right mass location with 
very little background at this stage. Due to the narrow width of the J/v particle, the 
peak is very close to a gaussian; a fit to the invariant mass distribution for m> 2.5 GeV 
gave a mass value M=(3.094*.006) and a width a=(0.06~0.05) in good agreement with 
the values reported in the Particle Data Book/‘/. 

The elastic events have been selected on the basis of a cut AM/o<3 and on the 
basis of energy. Fig. 4a shows the difference between the measured energy of the 
photon and the measured energy of the dimuons from the J/v decay: fig. 4b shows 
the invariant mass of the selected sample of elastic J/v’s, 

Due to the vector nature of the J/v, coherent diffractive photoproduction off 
the Be nucleus is possible which should appear in the four-momentum transfer 
squared, -t distribution as a steep exp(-gt) component at very small t. Values around 
g=40 have been obtained in several photoproduction experiments on heavy 
nuclei/2bv2h,*/. In order to measure the photoproduction cross section per nucleon, 
the coherent 

3.2 

The dN/d(-t) 

part has to be subtracted. 

Four-momentum transfer squared distribution 

distribution of the elastic sample for all energies is shown in fig. 5. The 
background from the Bethe-Heitler process (outside the region of the J&I mass) is 
very well below 0.002 GeV2 and it might contaminate slightly only the first bin. 

The distribution has been fitted sequentially to two exponential forms. 
Coherent production doesn’t survive values of -t>0.15 GeV2; therefore, the 
distribution for -t>.15 GeV2 has been fitted to the form: 

dN’=Ae [..lLl+tl?] 
d(-t) (1) 

The values A=615; a=4; b=lS were obtained with a x2 value over degrees of 
freedom of 0.97. The fitted curve is shown as a full line in fig. 5. 
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Fixing the above values, a fit to the whole distribution was performed with the 
form: 

dN dN’ 
d(-t) d(-t) 

+B P 

The values B=ZlOO and g=30 were obtained with a ~2 value over degrees of 
freedom of 0.56. The fitted curve is shown as dashed line in fig. 5. 

The goodness of the fit indicates that the Bethe-Heitler background is indeed 
very low (excluding the first point would not change the values of the fitted 
parameters). The coherent term in formula (2) accounts for (70f27) events, where 
the error is estimated from the covariant matrix of the fit. The estimate for the 
coherent cross section will be done in the next section. 

4. Elastic cross section measurement 

There are two basic methods to measure the J/v elastic photoproduction cross 
section/9/. One can rely directly on the measurement of the integrated flux of 
incident electrons (measured in a special run with the final Pb radiator out of the 
beam and the sweeping magnets off so that the electrons were transported directly to 
the BGM calorimeter); the BGM counts where the signal is discriminated at the level 
where the energy deposited corresponds to 133 GeV or more, the effective length of 
the target accounting for the actual targeting efficiency (Ed= 54.35%), the estimated 
correction for the availability of the second level trigger after MG and the known 
branching ratio BRJ/,+, + pp. 

In such a case the cross section per nucleus can be written as: 

NJlv 1 -- 
%V - A rk%N~~dEtLBRuv+p,i (3) 

where: 
Nr IV is the number of detected J/v ; 
*WV is the acceptance -including master gate trigger, reconstruction, track 

linking, vertex finding, invariant mass cuts etc.- calculated by proper 
Montecarlo simulations; 

: 
is the target density; 
the target length; 

Et the targeting efficiency determined by the beam profile and the target 
geometry; 

L the corrective factor determined by the fraction of gated MG triggers to the 
ungated MG triggers; 

NA the total number of nuclei per unit area; 

NY the total number of incoming photons obtained by the BGM counts corrected 
for the shape of the photon spectrum. 

BR the branching ratio.for J/w+pw. 
Alternatively one can rely upon the normalization to the Bethe Heitler dimuon 

production, a well known and calculable QED process which appears as background 
of the J/I+I signal. In this way, all target factors as well as the factor L, cancel out 
since both types of events are recorded in the same experimental conditions; many 
other systematic errors also cancel out. 

In such a case the cross section per nucleon is simply: 
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N IN ABH %H 
‘TJN=~ BH Aj& BRJlq+p+t (4) 

where: 
nui is the cross section for the dimuon Bethe-Heitler production per nucleon; 
NBH is the number of Bethe-Heitler dimuons; 
AI/, is the acceptance for the J/v particles: 
*BH the acceptance of the Bethe-HeItler dimuons; 
BR the branching ratio.for J/~+JI~. 

The values of Aan and oan are obtained by a proper Montecarlo simulation of 
the Bethe-Heitler process and the incoming number of photons can be calculated 
from the number of Bethe-Heitler dimuons. 

The available energy range above 100 GeV, has been subdivided into six 
energy intervals for the purpose on measuring the elastic J/v photoproduction cross 
section. 

Fig.6a shows the comparison between the photon spectrum from the BGM 
count rates and the spectrum calculated from Bethe-Heitler dimuons. The agreement 
between the two methods is very good. The region below 100 GeV -not used, see fig. 7 
below- is also shown Fig. 6b shows the complete spectrum obtained by Montecarlo 
simulation from the known electron beam spectrum. 

In this paper we will follow the second method which is more bias free and 
verify the results using the first method on a sample independently selected from 
among “good” beam spills kept well under control. 

Acceptance and reconstruction efficiencies were calculated using a 
spectrometer simulation in the framework of Geant /lo/ which is a general detector 
simulation program. Elastic vector meson were generated/9b/ with an exponential 
do/dt=Acxp[b(t-tmin)] with b=-4.0 (no significant changes in acceptance are detected 
varying b from -1.0 to -40.0) and a (l+costJ2) decay distribution for the J/v. Bethe- 
Heitler dimuons were simulated/oal on the basis of the matrix elements of ref. 5. 
Faked data tapes were processed through the program chain used for real data. For 
J/v analysis the reconstruction and vertexing efficiencies were typically above 98%. 
with most of the corrections coming from acceptance. The acceptances, corrected for 
the efficiency of the detectors and the various algorithms are compared, for the two 
processes in fig. 7. The sharp drop off of the acceptance at low energies is due to the 
outer muon detectors not being used. 

For IS, larger than 100 GeV, both the elastic sample used in the previous section 
and the Bethe-Heitler events, have been split into energy bins of 50 GeV, the energy 
of the two muons being assumed to be the photon energy. Bethe-Heitler events with 
-t>O.O5 GeVa were cut to eliminate inelastic production not simulated by the 
Montecarlo. 

The number of events thus selected are shown in columns 3 and 4 of Table I. In 
column 2 the value of the photon energy, averaged over the photon spectrum is also 
given. 

The calculated cross sections per nucleon are given in col. 5 of Table I where 
both statistical and systematic errors are given (the systematic errors mainly come 
from the subtraction of the coherent contribution). 

The cross section’s values are reported in fig. 8a. 
By integrating over the photon energy range, the cross section for coherent 

photoproduction of J/v off Be nuclei turns out to be ocoher = (28?11) nb. 
The above measurements have been checked by directly measuring o 

using formula (3) on a sample of events selected in a somewhat more stringent way 
as to guarantee the proper calculation of the normalization parameters. 

The new selection criteria were: 
l- second level trigger equal two muons: 
2- events coming from only a part of the Be target/6b,9b/; 
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3- events coming from “good spill” onIy/ob/; 
4- both muons linked in the microstrip spectrometer; 
5- dimuon invariant mass within 3 standard deviation from the .I& mass 
leading to 124 events in the peak having -t>0.02 GeV2 to cut the Bethe-Heitler 
background. 

Application of formula (3) to these events split into the same six photon 
energy bins gave the values of the cross section reported in column 4 of Table II. In 
Table I col. 6, the corresponding cross sections per nucleon, corrected by a factor 
/*/Aft.04 are repeated for a direct comparison. Conversely the cross section per 
nucleus of the Bethe-Heitler method are reported in col. 3 of Table II. The values of 
the cross sections measured by the two method are well within the errors and 
indicate that they cannot be distorted by very large systematic effects. The cross 
sections directly measured are also reported in fig. 8a. 

5. Comparison with previous results and with the PGF Model 

In fig. 8b our measured cross sections per nucleon are compared to similar 
measurements found in the literature /2/. The cross section seems to steadily increase 
and stabilize around 20 nb above 200 GeV. Our data are important to establish that the 
cross section does not increase rapidly with increasing photon energy. The solid line 
drawn in fig. 8b is the prediction of the energy variation of the elastic 
photoproduction cross section of the J/v particle given by the Photon Gluon Fusion 
Model/4a/. The cross section is given by: 

where a is the electromagnetic and as is the strong coupling constant (assumed to be 
as=0.3) at the charm mass scale, M the total energy in the photon-gluon CMS and mc 
the mass of the c quark. The elementary cross section of formula (5) must be 
convoluted with the gluon momentum distribution G(x) which has been assumed to 
be/“b/: 

xG(x)=3(1-~)~. (6) 

The cross section for the charmonium production is simply the integration of 
the convolution of the PGF cross section from the mass of the two c quarks to the 
mass of 2 D meson@b/: i.e. 

07N-,,IVN=f 
4m: 

The factor f in front of the integral is simply the branching fraction for the 
production of J/t+r rather than any other charmonium state, usually taken to be l/7 
under the assumption that the final states are equally divided among the accessible 
charmonium states/“/ [such assumption is contraddicted by the experimental data 
on the photoproduction of I+I’ which accounts only for 20% of the J/v /2a*2h/, but this 
doesn’t affect the energy behaviour of the cross section]. It may be pointed out that 
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G(x) enter into (5) without being multiplied by an extra distribution function as it is 
the case for hadroproduction. 

Formula (5) depends upon the value of the mass assumed for the c quark. The 
PGF Model prediction using (6) and m,=lS GeV is shown in fig. 8b as a solid line. The 
dotted line, also shown in fig. 8b is the prediction based on the gluon distribution 
function parametrized from measurements by a neutrino experiment and evolved to 
the momentum transfer of 10 GeV* using the Altarelli-Parisi equations/12a/[this is 
the so called “EHLQ function]; such gluon distribution function is in reasonable 
agreement with experimental measurements at four momentum transfer 
squared/l2b/ of 10 GeVZ. 

The scale of the cross section calculated with the PGF Model is not stable for 
small changes in the mass of the c quark. In order to check the stability of the 
predictions against variations of the quark mass and of the shape of the gluon 
momentum distribution function, in fig. 8c the same data of fig. 8b are compared to 
curves recalculated assuming different parameter values. The two curves of fig. 8b 
would be barely distinguishable in logarithmic scale: therefore only the full line is 
repeated in fig. 8b. The dashed line is obtained by using a gluon distribution 
function: 

x G(x) = 0.5 (1.~)~ (8) 

instead of function (6) and using m,=1.5 GeV. The dashed dotted line, instead, is the 
prediction using (8) and m,=1.6 GeV. 

Clearly the predictions are very sensitive to the c quark mass. Nonetheless the 
trend of the data on elastic photoproduction cross sections with increasing energy is 
well reproduced also quantitatively when the somewhat arbitrary senilocal duality 
factor l/7 mentioned above/l11 is introduced and m,=1.6 GeV. 

6. Conclusions 

In the present paper we have performed a series of measurements of J/w 
photoproduction on Berillum at the highest photon energies made available by 
existing accelerators. 

In the range 100-400 GeV incident photon energy, we estimated the coherent 
production cross section of J/v off Be nuclei to be o=(28fll)nb and the slope of the 
four momentum transfer squared distribution dN/d(-t) for elastic J/v production to 
be exponential of the type (1) with parameters a=4.0 and b=1.5. 

The elastic cross section has been measured in six photon energy intervals in 
the range 100-450 GeV, normalizing the event rate to the Bethe-Heitler dimuon 
production cross section, thus extending by 200 GeV the energy in which 
photoproduction of the J/v particle has been experimentally investigated. The 
measurements have been also performed by normalizing the event rate to a direct 
beam counting. The measured cross sections display little variation with increasing 
energy and the trend is in agreement with the predictions of the Photon-Gluon 
Fusion Model. 

By the time of the Conference a further refinement of the analysis might be 
available. 
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TABLE I : ELASTIC J/w PHOTOPRODUCTION CROSS SECTIONS (nb/nucleon) 
_----__ __- ___-------- 

EVENTS CROSS SEcIlON 
____-------------------------- 

Bethe Heitler Direct Meas. 
Ao.g4 factor 

AE E av Bethe -Heitler J/v 
o(nb/n)fAa o(nb/n)fAo 

100-150 121 327 43 13.4*(3.3+1.3) 9.4k2.5 

150-200 177 238 65 18.0?(4.1+1.8) 15.7*3.4 

200-250 223 156 55 15.2+(3.7+1.5) 14.5k3.5 

250-300 272 96 65 19.4+(4.6+1.9) 16.4k4.1 

300-350 324 48 52 29.0+(7.9+2.9) 24.3k6.4 

350-450 374 10 11 21.6+(11.8+2.2) 17.9k9.5 

TABLE II : ELASTIC J/v PHOTOPRODUCTION CROSS SECTION (nb/nucleus) 
_____---------------------- 

Bethe-Heitler Direct Meas. on Be 
A”.94 factor 

AE E av o(nb) o(nb) 

100-150 121 105.5+(26.1+10.3) 73.4*2 1 .-I 
150-200 171 142.1+(32.4+14.2) 123.8527.2 
200-250 223 120.0*(29.2+11.8) 114.4+27.8 
250-300 272 153.3*(36.3+15.0) 129.9k32.1 
300-350 324 229.0+(62.3+22.9) 191.9f50.5 
350-450 374 170.6+(93.2+17.4) 141.4*74.s 
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fig. 3 
Fig. 4a 

Fig. 4b 
Fig. 5 
Fig. 6a 

Sketches of VDM (fig. la) and PGF (fig. lb) Model’s diagrams. 
Sketch of the E687 experimental setup and apparatus (for more detailed 
explanations see FNAL Report FN-553) 
Dimuon mass distribution for the selected events having Mwlr> 1.0 GeV. 
Distribution of the difference AE= F+ - Er,, for the candidate events; a cut ?3o 
have been applied to select elastic events. 
Mass dimuon distribution for the selected elastic events. 
dN/d(-t) distribution for all energies. 
Comparison of the photon energy spectrum generated by using Bethe- 
Heitler normalization (dot points) and BGM normalization (full histogram). 
The low energy region -not used- is shown for sake of completeness. 
Montecarlo generated spectrum of the Wide Band Photon Beam. Fig. 6b 
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Fig. I Comparison of the acceptances for Bethe Heitler events [dashed histogram] 
and J&I dimuon events ( full histogram). 

Fig. 8a Comparison of the cross sections measured with the two methods (only for 
sake of presentation, the data points are. shifted in energy by f 5 GeV). 

Fig. 8b Compilation of the world existing data on J/w photoproduction. The curves 
represent the prediction of two PGF models assuming mc=1.5 GeV; the solid 
curve is formulae (5) to (7); the dotted curve is the PGF Model using the 
gluon distribution of ref. 12a. 

Fig. 8c Same as fig. 8b in log scale. The curves are PGF predictions. Solid line: same 
as fig. 8b; dashed line: formula (8) instead of (6) and mc=1.5 GeV; dashed- 
dotted line: formula (8) instead of (6) and mc=1.6 GeV. 
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