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Interactions of 209-GeV muons within a magnetized-steel calorimeter have produced
1000+80 pu*u” pairs from J/9(3100) decay. Redundant systems of proportional and drift
chambers maintained uniform acceptance and 9% mass resolution, Above 30 GeV, the
cross section for ¢ production by virtual photons is found to rise less steeply with energy
than predicted by a quantum chromodynamics calculation. Its dependence on @ ? fits the
vector-dominance form (1 +Q2%/M? ™2 with M =2.7+0.5 GeV.

Traditionally, photon-hadron interactions have
been discussed! within the framework of vector-
meson dominance (VMD) at low @2, and in terms
of the constituent structure of hadrons at higher
Q*. The production of J/(3100) by photons,? if
damped by a VMD propagator (1+Q%/'m,?)™%, re-
quires description over a range in @* spanning
both domains. Elements of quantum chromody-
namics (QCD) have been used in calculations at-
tempting to provide this description.3"®

This Letter is based on 1000+ 80 examples of
LFe—-ppX, p—=p*u”, the first reported observa-
tion of 3 production by spacelike photons, The
events are drawn from a sample of 16 834 fully
reconstructed 3u final states produced by 209-
GeV muons at Fermilab. ¥ production by real
photons has been observed by Knapp et al.,® Nash
et al.,” Camerini et al.,’ and Gittelman et al.®

The spectrométer in Fig. 1, in part described
elsewhere,'® was illuminated by 4% 10! beam
muons., 12% of the data are reported here. The
beam intensity ranged from 0.03 to 0.11 per 19-
nsec rf period. For 3u final states, the trigger
demanded three or more hits in each of three con-
secutive trigger scintillator banks (Fig. 1).
Events were vetoed by additional beam (halo) mu-

ons within 28 (10) nsec. The trigger efficiency
was uniform near the 3 mass, with a threshold
below ~ 1 GeV.

Beam tracks were momentum analyzed by two
separate upstream bends. Accepted outgoing
tracks, registering four or more proportional
chamber hits in two views and three or more hits
in the third, were required to intersect at a com-
mon vertex optimized by iteration. The result of
a combined fit to the track momentum and Cou-
lomb scattering angle in each module was used to
reject background hits. The 3u events were sub-
jected to a one-constraint fit which conserved en-
ergy, including hadron shower energy. A Monte
Carlo program modeled the spectrometer, includ-
ing detector resolutions and efficiencies, and
scattering and energy-loss straggling in the steel
plates. Using randomly sampled beam muons, it
simulated interactions with nucleons in Fermi
motion, or coherently with Fe nuclei. Shadowing
and minimum-momentum-transfer-squared
(121 ,) effects were included.

The mass spectrum of p*u” pairs is exhibited
in Fig. 2(a). If the two like-sign muons differed
by more than a factor of 2 in energy, the unpaired
muon was chosen to be the more energetic; other-
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FIG. 1. Sketch of the multimuon spectrometer. The spectrometer magnet, serving also as a target and hadron
absorber, reaches 19.7 kG within a 1.8 x1x 16-m? fiducial volume. Over the central 1.4X16 m?, the magnetic field
is uniform to 3% and mapped to 0.2%. Eighteen pairs of proportional (PC) and drift chambers (DC), fully sensitive
over 1.8x1 m?, determine muon momenta typically to 8%. The PC’s register coordinates at 30° () and 90° (y) to
the bend direction (¥) by means of 0.5-cm-wide cathode strips. Banks of trigger scintillators (S,—S,,) occupy eight
of the eighteen magnet modules. Interleaved with the 10-em-~thick magnet plates in modules 1~15 are 75 calori-
meter scintillators resolving hadron energy Ep,q with rms uncertainty 1.5E had1/ 2 GeV. Not shown upstream of
module 1 are 1 PC and DC, 63 beam scintillators, 8 beam PC’s, and 94 seintillators sensitive to accidental beam
and halo muons.

wise, it was chosen to make the smaller labora- producing important distortions in distributions
tory angle with the beam track., This pairing al- of other variables,
gorithm retained 92% of the Monte Carlo ¥’s in The mass continuum, containing QED tridents,
the mass peak, dispersing the remainder in a mispaired ’s, and muonic decays of other par-
broad spectrum between 0.7 and 6 GeV, without ticles, is subtracted to produce the peak in Fig.
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FIG. 2. (a) Invariant-mass spectrum of muoproduced p*u~, The curve is a representative fit to the continuum.
Variations in the continuum parametrization contribute to the quoted errors on g yields. (b)  mass peak after con-
tinuum subtraction. The curve is a Gaussian centered at 3.1 GeV with rms width of 9%. (c) Energy dependence of
¥ photoproduction at ¢ =0. The muoproduction points (squares) use an equivalent-photon approximation. Not indi-
cated is their +30% normalization error. (d) @ dependence of ¥ production by the equivalent-photon flux (Ref. 11).
The data are normalized to 1 at the lowest-@? point. Horizontal error flags show typical @2 resolution.
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2(b). The peak centroid is consistent with 3.1
GeV, and the width is consistent with the mean

9% rms resolution predicted by Monte Carlo com-
putation and by direct calculation for each event.
The ¥’ (3685) is unresolved.

Data taken at low beam intensity, with interac-
tions restricted to the upstream eight spectrom-
eter modules, were used for absolute normaliza-
tion.'? The total cross section is

o (1 Fe — X)) =0,76+ 0.22 nb/nucleon,

allowing for the 7% ¥ —u*u” branching fraction.
Corrections (discussed below) for nuclear effects
yield

o(uN—-p$X)=0.67+0.20 nb,

where the error is normalization uncertainty. A
calculation® using the photon-gluon-fusion dia-
gram is consistent with this result.

Figures 2(c) and 2(d) exhibit the dependence of
¥ production on photon energy (E,) and @*. Each
of the muon data points is the result of a mass-
continuum subtraction like that in Figs. 2(a) and
2(b). To suppress contamination from inelastic
processes such as §’—¢ + hadrons, the calorime-
ter energy is required to be consistent with elas-
tic ¥ production.* Muon cross sections are con-
verted to photon cross sections by extracting the
equivalent flux!! of transversely polarized pho-
tons. Neglect of any longitudinally polarized pho-
ton cross section is consistent with the observed
wr " angular distribution in the ¥ c¢.m.

To make contact with other data® at small ¢,
the ¢ dependence of the cross section is assumed
to be

do (y Fe —~yX)/dt = G(t)do (yN—~yN)/dt|, -,
G(t) =A% éxp(at) +Al(1- €8) exp(Bt) + €6 exp(6t)].

The coherent slope «, unresolved in the data, is
set equal to 150 (GeV/c) 2 on the basis of lower-
energy photon-nucleus measurements.!> We take
A,=55.85x0.9 from electron-nucleus scattering'
at @*~ 0.5, The choices =3, 6=1, and € =%, in
agreement with photoproduced-y data,® have been
used in the Monte Carlo simulation to reproduce
the experimental ¢ distribution with a x2 of 5.9 for
six degrees of freedom., With this ¢/ dependence,
the Monte Carlo procedure is used to unfold ac-
ceptance, nuclear coherence, shadowing, and
Il i, effects. The resulting y-N cross section
is divided by the integral (1-€8)/(8+€)=g of the
incoherent term in G(¢), and interpreted as do(yN )/
dtl,., The parameters a, A,, €, B, and & were

TABLE I. Reduction (in percent) in do/dtl; - for ¢
production by virtual photons, induced by variations in
nuclear and nucleon parameters a (GeV/c) 2, A,, €, 8
(GeV/c)"2, and 6 (GeV/c)™2. :

Parameter a A, € B 6
Best value 150 50.27 1/8 3 1
Varied value 135 55.85 1/5 2.5 0.5
(&)

(GeV)

34 3 11 10 12 5

56 5 12 9 10 4

7 5 13 8 9 3

106 5 13 7 8 3

140 5 14 7 8 3

varied over the range allowed by these and other
data, The E, dependence of the result is shown
in Table I to be insensitive to these variations.

Above 30 GeV, the cross section in Fig. 2(c)
varies less steeply with E, than is predicted by
a photon-gluon-fusion calculation® (shaded band).
The broken line is the shape of the kinematic fac-
tor (pem.’/Pem.”)?. Inthe simplest VMD inter-
pretation, the ratio of solid to broken lines in
Fig. 2(c) gives the energy dependence of the
square of the ¥ -nucleon total cross section.

The shallow @? dependence in Fig. 2(d) is fitted
by (1+@%*/M?) 2 with M =2.7+0.5 GeV. This is in-
terpreted within VMD as the mass of the y—the
heaviest hadron propagator yet observed., The
choice M= m, is ruled out, If the charmed-quark
mass is approximately half of the  mass, the
kinematics of photon-gluon fusion® produce a @?
dependence similar to that in VMD. Data like
those in Fig. 2 may provide a critical test of more
exact QCD calculations.
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