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Cross sections for diffractive p muoproduction in hydrogen are presented for 90 GeV
<p<135 GeV (where v is the energy lost by the scattered muon) and Q%<5 (GeV/c)%. The
results are compared with lower-energy data and the predictions of simple vector-domi-

nance models.

We have extended the study of p-meson lepto-
production to higher energies. The experiment
was performed at the Fermi National Accelera-
tor Laboratory as part of a comprehensive pro-
gram of muon scattering using the spectrometer
constructed by this group.

Details of the apparatus have been described in
previous Letters.! Positive muons of 147 GeV
were incident upon a 1.19-m liquid-hydrogen tar-
get. The experiment trigger required that a mu-
on leave the beam by scattering through a large
angle (= 14 mrad) or by suffering a large energy
loss (= 85 GeV), or both. In this paper, data are
reported for which 90 GeV <v <135 GeV and @ ;,°
<@?<5.0 (GeV/c)?, where v is the energy lost by
the scattered muon, @2 is the square of the muon
four-momentum transfer, and @ ;. is the mini-
mum kinematically allowed value of @2 at a given
V.

The 2.17x 10%° incident muons yielded 150K
triggers. Events in which a scattered muon was
reconstructed were examined for evidence of the
production of hadronic pairs. The selection cri-
teria required that one positive and one negative
particle be observed in addition to the scattered

TABLE 1. Bin kinematics.

Q* @%» )
(GeV?¥/cY (GeV?/cY (GeV) € Events
0.01-0.10 0.04 102 0,56 41
0.02-0,10 0.06 118 0.40 33
0.1-0.,3 0.16 104 0.55 27
0,1-0.3 0.18 124 0.33 43
0.3-1.0 0,62 115 0.41 29
1.0-5.0 2,2 106 0.51 11

muon, that the production vertex occur within the
target volume, and that the measured secondary
energies reconstruct the energy of the incident
muon within 3.0 GeV (ogys=1.1 GeV).

"The invariant mass of these neutral pairs was
calculated by assuming that both particles were
pions. This sample contained a large number
(~70%) of low-mass (<0.5 GeV), electron-posi-
tron pairs from purely electromagnetic proc-

.esses. These were identified by observing their
cascade showers behind a 3-radiation-length
steel radiator. Since pions could also generate

90< | <135
0<Q2<Oll 0.1<Q%<0.3
301 30+ .
20+ 20+ =
S 10+ 10 - B
(]
o
~N
Kol
3 O T T T T T T T T T T AI |°°|¢ T
€
N 0.3<Q%<1.0 1.0 <Q%<5.0
b
o 6+ 6‘_‘ B
4+ 41 -
2+ 2F -
O T T T Ilf I#L T T T

16 04 08 12 16
m(GeV)
FIG. 1. Dipion mass spectra for various Q° ranges.
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FIG. 2. Diffractive p photoproduction cross sections,

such showers, a clean separation of events was
achieved by demanding a pair opening angle great-
er than 5.0 mrad (ogys=0.6 mrad).

Polynomial fits to the background outside the
energy-balance cut indicated a 16% contamination
due to hadronic pairs with one or more undetect-
ed, slow pions. This background was reduced to
(3+2)%, approximately independent of @ and v,
by requiring that ¢, the square of the four-mo-
mentum transfer to the proton, satisfy ¢ <0.8
(GeV/c)® (opus~3sVE GeV/e).

The resulting sample of hadron pairs contained
184 events. These data were grouped into bins
of @* and v (Table I), and corrected for beam-
reconstruction losses (24%), pion absorption
(6.5% per pion), chamber inefficiencies (7.0% per
particle), reconstruction inefficiencies for tracks
close to the beam (between 0 and 46%; 5% on the
average), trigger inefficiencies (between 2 and
12%; average, 7%), multiple scattering and reso-
lution smearing (between 1 and 8%; average, 3%),
and geometric acceptance. The liquid hydrogen

do _ C,mm,T [ (mgz—mz> <
dm (Wlp “mo)+ pzrz 1+C, " 2 +Cy

where

r:r @(mz_w 2 >3/2
Pm\my-dm;/)
and the C’s are the free parameters of the fit,
The p mass and width were fixed throughout at
0.77 and 0.15 GeV, respectively. The results of
the fits were used to obtain cross sections 0,(Q?),
for the process y y iya1 ¥P = p +p. Figure 1 pre-
sents the unsmeared mass spectra and fits.
Photoproduction cross sections were extrap-
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FIG. 3. @ dependence of diffractive p muoproduc-
tion.

constituted 95% of the target mass. Since insuffi-
cient empty-target dipion data were available for
a simple subtraction, a 5% correction factor was
employed to remove the contribution from the tar-
get vessel. The total systematic uncertainty is
estimated at 7%.

Dividing by the usual virtual-photon flux fac-
tor,? we derive cross sections do(@?,v,€,m,t)/
dm dt for the reaction y a1 +p =7 +7~ +p. Here
m is the dipion mass; €, the virtual-photon po-
larization parameter. Radiative corrections
were applied following the general formalism of
Bartl and Urban.® These increased the observed
cross section by an average of 3% at @*=0.05;
8%, at @*=2.,5 (GeV/c)®. In each @*-v bin the
cross section was integrated over f. Following
the prescription of Spital and Yennie,* the spec-
tra were fitted in the mass interval 0.4 to 1.1
GeV to the following form, smeared by the calcu-
lated resolution so that

2 2\2
m) ]
3

mz

olated from the measurements below @*=0.3
(GeV/c)? assuming ¢,(Q) =0, (0)(1+Q%/m ,*)"2.
Figure 2 compares these results with representa-
tive lower-energy data.*® The curve is the quark-
model prediction relating this process to elastic
pion scattering via the vector-dominance model
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FIG. 4. t dependence of dipions with 0.6<m,, <1.0,

(VDM)” calculated using the colliding-beam val-
ue for the p-photon coupling constant. Although
the data exhibit no significant energy dependence
within our kinematic range, the real photopro-
duction cross section falls from about 20 pb at s
=5 GeV? to 7.9+ 0.8 ub near s =200 GeV2. The ob-
served decrease agrees well in both shape and
magnitude with this model.

Figure 3 displays the @ dependence of the ob-
served production cross section, averaged over
v, along with low-energy data from Ahrens et al.®
Once the s dependence of the real photon cross
section is removed, the data are remarkably en-
ergy-independent and fit quite well the same p-
propagator-squared form factor used in the pho-
toproduction extrapolation. Considering the dif-
ference between virtual-photon beam polariza-
tions in the two experiments, agreement at this
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FIG. 5. Decay angular distributions.

level is not predicted by the simple VDM.®

Pairs with mass between 0.6 and 1.0 GeV were
analyzed in further detail. The ¢ distributions
were fitted to a simple exponential, A exp(-bt).
Figure 4 displays these data and fits for various
Q? bins. The data suggest a broadening with in-
creasing @2 but are also consistent with a single
slope parameter b=6.4+0.8 (GeV/c) 2.

The angular distribution of the decay pions has
been studied, yielding information on the spin
structure of the production process. The assump-
tion of s-channel helicity conservation (SCHC)
and dominance of natural-parity exchange' pre-
dicts the decay distribution

{sin® (1 +€ cos2p) +2€R 0 cos?0

-[2€(1+€)R ,]¥? cosb sin20 cosy +[2€(1 - €)R , 1P sind sin26 siny},

where R, is the ratio of the longitudinal to the
transverse p production cross section, 6 is the
phase difference between the longitudinal and the
transverse amplitudes, and P is the average mu-
on-beam polarization (~0.8). Here 6 is the polar
angle of the 7* in the p rest frame with z axis op-
posite to the direction of the recoil proton, and
¥ is the azimuthal angle of the 7+ referenced to
the muon scattering plane. The values of R and
0 were varied to give the best fit to the data.
Figure 5 displays the data and fits for several
Q2% bins. The results of the fits are presented in

TABLE II. SCHC fit results.

@ 6
(GeV?/c? e R, (deg)
0.05 0.49 0.00%9-04 Indeterminate
0.17 0.41 0.05%%-08 - 6+37
0.62 0.41 0.350-4 5+ 38
2.2 0.51 0.5t:% - 6033
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Table II. The parameters of high-energy produc-
tion are a smooth continuation of the trends of
the low-energy data'' with R, now remaining
small as Q% increases to 2.2 (GeV/c)?. The phase
difference is consistent with zero except, per-
haps, in the highest @° bin.
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The meson spectrum is studied with use of an equal-time relativistic two-body equation
with electrostatic confinement potentials. A normalizability condition excludes all but a
bag solution which gives a spectral pattern in between the SU(6) and the chiral SU(3)
®5U(3) limits. Orbital mixing creates a pair of S, +°D, states sandwiching the P, level.
p-p’ and $/J-)’ pairs fit this picture very well,

Fully relativistic studies of quark-antiquark
systems have been done in the past using the
Bethe-Salpeter equation, as in the extensive
works by Bohm, Krammer, and Joos,! which
were based on the concept of the effective quark
confinement due to large quark masses. The con-
cept may still prove to be a viable one, but in the
alternative color confinement scheme the conven-
tional definition of the Bethe-Salpeter amplitude
would fail. This is because infinitely high fre-
quencies of the colored intermediate states force
such an amplitude to vanish. Therefore, I pro-
pose to investigate instead a relativistic two-body
wave equation of the form

(=iae¥ + Bm Yx@) = x(E) (= i@~V + B,
M-V x®. ()
636

Here the wave function x is given a 4X4 matrix
representation X, with indices @ and B8 refer-
ring to quark and antiquark spinor components,
respectively. I have taken the center-of-mass
system and T is a relative coordinate. 2, and

m, are the quark masses and M is the eigenvalue
of the system. The potential V (), which I as-
sume to be electric in origin as indicated by some
confinement models,?*® appears in the combina-
tion M -V, rather than in the combination of m,,,
—V for Lorentz-scalar potentials. The equation
differs from the Breit equation,* based on the one-
quantum-exchange approximation, in lacking the
current-current interaction term. However, rel-
ativistic covariance does not necessarily require
the presence of such a term, as can be seen from
the following example of a covariant generaliza-



