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Experimental Study of the A Dependence of J/yr Photoproduction
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We have studied the photoproduction of J/y mesons on H, Be, Fe, and Pb targets using real photons

at a mean energy of 120 GeU. The pg spectra were used to separate the coherent diffractive signals

from the incoherent signals. Parametrizing the per-nuckus cross sections in terms of power-law depen-

dences, A', we find that N~ 1.40+'0.06+0.04 for the coherent diffractive signals and e.
0.94+ 0.02+'0.03 for the incoherent signals.

PACS numbers: 13.60.Le, 25.20.Lj

In the past ten years various groups have measured
J/itr production by real and virtual photons incident on

hydrogen and nuclear targets. ' 9 Comparing the results
of these experiments, a simple and consistent picture has
failed to emerge. ' In particular, there is some indica-
tion that the per-nucleon cross section for incoherent J/y
production is greater for Fe targets than for lighter tar-
gets (H, D, and Li). We report here measurements of
the relative cross sections for J/qr production by real
photons in the energy range 80-190 GeV incident on H,
Be, Fe, and Pb targets. The resolution in pP allows good
separation of coherent and incoherent signals so that we
have been able to extract the A dependences of both
coherent and incoherent production.

Experimental details. —Our experiment (E691) was
run in the Tagged Photon Laboratory at Fermilab. A
210-GeV e beam passed through 0.53 radiation lengths
of material where bremsstrahlung photons were generat-
ed. A 1-m liquid-hydrogen (LH2) target was followed
by one of three long ( = 2.7 radiation length) heavy tar-
gets (see Fig. 1) which were alternated regularly. The
ratios of photon fluxes incident on the LH2 target for
running with Be, Fe, and Pb targets downstream were
1.00:2.57:2.46 with 1% statistical and 2' systematic er-
rors. A 30-radiation-length lead absorber shielded the
detector from electromagnetic showers initiated in the
targets. Dimuons from leptonic itr decays were detected
in the Tagged Photon Spectrometer, an earher version of
which has been described elsewhere. "
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FIG. 1. Target region schematic drawing.

Data and analysis The .d—imuon mass spectra for the
four targets are shown in Fig. 2. For this analysis each
muon must have momentum greater than 9 GeV/c and
the pair must have momentum greater than 80 GeV/c.
The p$ distributions for dimuon pairs in the ilr mass re-
gion are shown in Fig. 3. For heavy targets the peaks at
small pP arising from coherent scattering off nuclei'2'3
are smeared substantially by multiple scattering in the
lead absorber. Monte Carlo studies which describe the
observed itr mass resolution well predict that a spike pro-
duced at p$ 0 will be observed as an exponential distri-
bution, dN/dpi'~ pex( bp$), -with b 33 (GeV/c)

As essentially all ilr's with pp & 0.15 (GeV/c)2 are
produced incoherently, we use this sample for a first,
simple measurement of the relative incoherent signals
produced in each of the targets (elastic and inelastic sig-
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FIG. 2. The histograms are the dimuon mass spectra for the

four target samples. The curves are the projections of the mul-
tidimensional maximum-likelihood fit described in the text.

nals combined). The results of fits to the dimuon mass
distributions with the sum of Gaussian signals and ex-
ponentially falling backgrounds are summarized in Ta-
ble I.

We separate the contributions of the coherent and in-

coherent signals at low piI with a simultaneous fit of the
(mass, p$) spectra for pz &1 (GeV/c) to the sums of
coherent plus incoherent signals and coherent plus in-
coherent backgrounds. The backgrounds are products of
exponentials in mass and p$. The signals are Gaussian
in mass and exponential in pP. The incoherent piI ex-
ponentials are constrained to be the same for all four tar-
get samples except at the lowest pz~ [(0.15 (GeV/c)2],
where the Pauli exclusion principle suppresses incoherent
production. ' ' The coherent shapes were determined
from Monte Carlo studies which convoluted the nuclear
elastic-scattering form factors and the multiple scatter-
ing in the lead absorber. For pT & 1 (GeV/c) the signal
is incoherent and a simple maximum-likelihood fit to the
mass spectra is used. The total coherent and incoherent
signals determined by this procedure are collected in

Table I. The projections of these fits are shown as solid
curves in Figs. 2 and 3.

Using the ratios of luminosities (nucleons per unit
area) for the four target samples (1.00:1.62:0.92:0.42 for
H:Be:Fe:Pb) and the ratios of the geometric acceptances
(0.91:0.99:1.00:1.00), we calculate the relative cross sec-
tions and statistical errors which are listed in Table II.
Systematic errors in the extraction of the A dependences
come from instrumental uncertainties, from uncertainties
in the assumptions used in the fits, and from uncertain-
ties in the procedure described belo~ to recover the

FIG. 3. The histograms are the pT spectra for the dimuons
in the J/y mass region, 2.9-3.3 GeV/c2, for the four target
samples. The solid curves are the projections of the complete
multidimensional maximum-likelihood fit described in the text.
The dotted curves are the sums of the background and in-
coherent signal contributions. The differences between the
solid and dotted curves are the coherent signals' contributions.

TABLE I. These are the signals found by the fits described
in the text. The errors reported here are statistical only.

Target

H
Be
Fe
Pb

pT2 & 0.15
[(GeV/c)'l

312 ~ 19
514~ 25
240+ 17
94+ 11

Incoherent,
all pg2

437+ 23
673+ 36
313+22
141 ~ 15

Coherent

221 + 29
236+ 22
120+ 15

asymptotic coherent A dependence. These errors, '4 with
their correlations, have been used in the estimation of the
systematic errors of the A dependences.

Coherent A dependence. —A simple vector-meson-
dominance model for coherent production of vector
mesons by photons'3 predicts that the per nucleus cr-oss

section grows as A 13 at asymptotically high energies [for
o(ylV) small]. The forward amplitude squared provides
a factor of A and the integral of the elastic-scattering
form factor, = fexp( —pR)t)dr, contributes a factor
A 2i3 (on the assumption that RO=A'1 and p, which
depends on nuclear density, is the same for all targets).
Using more realistic nuclear wave functions one predicts
A' . ' Averaging over the energies of this experiment
((E„)= 120 GeV), the fact that i r;„i & 0 reduces the
cross sections for coherent y production on Be, Fe, and
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TABLE II. These are the relative cross section per nucleon for the signals of Table I. The errors are statistical only. All the

cross sections have been normalized to the cross section for incoherent y production from beryllium, corrected for the suppression at
low pT2 due to Pauli exclusion.

H
Be
Fe
Pb

0.72+ 0.04
0.6& + 0.03
0.57 +' 0.04
0.50+ 0.06

o; gA, aB pz~

1.02+ 0.05
0.&9+ 0.05
0.74+ 0.05
0.74+ 0.0&

Relative cross sections
o" b/A, a11 pr2,

corrected for Pauli exclusion

1.02+ 0.05
1.00+ 0.05
0.76 +' 0.05
0.76+' 0.0&

0.29+ 0.04
0.5'6+ 0.05
0.64+ 0.07

cr gA, corrected
for lt

0.32+ 0.04
0.73 + 0.07
1.11 +' 0.12

Pb targets to 0.92, 0.76, and 0.57 times their asymptotic
high-energy values. '5 Dividing the coherent cross sec-
tions of Table II by these factors, we fit the asymptotic
A dependence of the coherent cross section (per nucleus)
to a power law:

&coh coh~0 Ncolt

This yields

a~h 1.40+ 0.06+ 0.04.

The variations in relative cross sections due to systematic
uncertainties which produce the most extreme changes in

a define a range of anticipated variation in a. The sys-
tematic error has been estimated as the rms deviation of
this range about its central value.

Incoherent 3 dependence —We fi.t the A dependence
of the incoherent cross section (per nucleus) to the
power-law form

&iacoh &incoh~

From the cross sections of the simple fit to the p$ & 0.15
(GeV/c ) data we find

+incoh

From the cross sections of the multidimensional fit to the
whole data sample, corrected for suppression due to the
Pauli exclusion principle, we find

a;n~h -0.94+ 0.02+ 0.0

The systematic error is larger here as a result of the un-
certainties of our extending the fit to lo~er pT ~here in-
coherent and coherent signals are mixed.

In hadronic interactions the values of a which describe
the A dependence of inclusive distributions vary ~ith
Feynman x and pr2. '6 We do not measure Feynman x
directly, but a previous experiment has established that
low-pT2 y production is predominantly elastic (yN

yN), while for pP& 1 (GeV/c) it is predominantly
inelastic (yN pe). If incoherent elastic and in-
coherent inelastic cross sections have different variations
with A, a;„~q will vary with pP. Fitting the mass distri-

butions for the indicated pz~ ranges we find

a;„~h 0.91 + 0.03,

0.15 (GeV/c)2 & pP & 0.55 (GeV/c)2;

+incoh 0 92 —0 04~

0.55 (GeV/c ) & pP & 1 (GeV/c );
ajneab 0.99 ~ 0.04r& p$ & 1 (GeV/c )

where the errors are statistical. Most systematic errors
drop out in comparison with these values. The confi-
dence level for the hypothesis that these three values of
a;, q are equal is approximately 25/0.

Comparison with previous experiments Rece.n—tly,
the European Muon Collaboration (EMC) has reported
the cross section per nucleon for incoherent J/y produc-
tion in interactions of 280-GeV it+ on H and D and also
in interactions of 250-GeV it+ on Fe.'7 They find

kr(Fe)/cr(H, D)1~-1.45+'0.12+ 0.22

after extrapolating to Q2 0 and correcting for the
slightly different beam energies. An early SLAC experi-
ment measured J/11r production from Be and Ta targets
by observation of the yield of single muons at a trans-
verse momentum of 1.65 GeV/c with use of a brems-
strahlung beam produced by 20-GeV electrons. 's The
beam energy is low enough that

~ t;„~ '/ is hundreds of
MeV/c and the coherent cross section very small. After
corrections, they find [cr(Ta)/o(Be)]v 0.83~0.06 for
the ratio of per-nucleon incoherent cross sections.

If we express these results in terms of power-law vari-
ations with A, aEMC 1.10+'0.03+ 0.04 (by use of
AHD 1.6 from the relative flux incident on the H and
D targets) and aaLAc 0.94+'0.03. These compare to
our result u;„~h 0.94+ 0.02+ 0.03. Although the en-
ergy scales of the two experiments are different, the A
dependence measured in the SLAC experiment is the
same as the A dependence measured in this experiment
while the A dependence reported by the EMC is qualita-
tively different. With the assumption of a traditional
vector-meson-dominance model, '2' the incoherent A
dependence observed in this experiment is consistent
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with shadowing and absorption in the target nucleus with

cr„,(yX) in the range 1-2 mb.
%e have measured the A dependence of lb|/ production

by real photons in the energy range 80-190 GeV. The
cross section for coherent production from nuclei in-
creases with 8 asymptotically as A ~ with o;~h 1.40
+' 0.06 ~ 0.04. The cross section for incoherent produc-
tion increases as A with a;„0.94+ 0.02+ 0.03.
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