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We have measured the photoproduction of po mesons from hydrogen and deuterium as
a function of the photon energy, k&, and the square of the momentum transfer, t. The
assumption that the p is produced by a purely diffractive mechanism is midly contradict-
ed by the data.

The photoproduction of p' mesons on hydrogen
and deuterium has been measured at the Cornell
University 10-GeV electron synchrotron at aver-
age photon energies of 4 to 9 GeV. The appara-
tus is shown in Fig. 1. The bremsstrahlung
beam, which is monitored by a thin ion chamber
upstream, passes through a 5-in. liquid target
and into a uranium beam stop. Photoproduced p's
decay into n+m pairs; the m+ and n go through
separate "arms" of the magnet system. A six-
fold coincidence in the scintillation counters trig-
gers the optical spark chambers. The entire
magnet system is mounted on a platform which
rotates vertically (to -7') about the target, thus
varying the production angle. The spark-cham-
ber pictures are used for high-resolution analy-
sis of the data taken on heavy nuclei, ' and serve
only for qualitative checks on the hydrogen-deu-
terium data.

%'e study the dependence on incident photon en-
ergy k&, and on m„~, the rest mass of the mm
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FIG. 1. Top view of apparatus.

system. Mass spectra are obtained by varying
the magnetic fields with their ratio fixed. These
spectra are dominated by the p resonance. Some
details of the shape of this resonance are dis-
cussed in the following Letter' which describes
results from various nuclei. Similar spectra are
observed from all nuclei. k& is varied by moving
the target along the beam and changing the mag-
netic field.

The data presented in Figs. 2 and 3 all repre-
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FIG. 2. t dependence of the hydrogen and deuterium
cross sections. For large t values, hydrogen and deu-
terium have the same t dependence. The deuterium
shows coherent production as t- 0. The slopes of the
curves for k„=7.6 GeV are 8.5+0.5 (GeV/c) 2 and at
k& =6.0 GeV are 8.9+0.7 (GeV//c)

sent measurements at m» = 770 MeV, the peak
of the p' mass spectrum. Cross sections are de-
duced from these measurements assuming a rel-
ativistic Breit-Wigner shape with a Jackson-
type width and I p = 120 MeV. At large angles,
mass spectra were analyzed to ascertain whether
"background" subtractions were needed. In each
case the mass spectrum for constant t was simi-
lar to the spectra at 0 and no subtraction was
necessary.

Since we detect only those p decays which are
approximately transverse to the p direction, we
must make an assumption about the decay distri-
bution in order to extract p cross sections. We
assume the p-decay angular distribution to be
given by sin'6 where 8 is the c.m. polar angle
relative to the p direction of flight. This is con-
sistent with the diffraction model used in this and
the following Letter.
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FIG. 8. (a) do/dt)t-p as a function of +. 'Zhe cross
section is approximately constant and equal to 130 pb/
GeV2 between 4 and 9 GeV. (b) The ratio of the deuter-
ium to hydrogen cross sections at t =0. The line dravrn
at R =3.64 is the prediction for pure diffraction produc-
tion. The average value of the measured ratios is
326 + 0.10.

We correct the data for various small effects.
Typical values are as follows: beam conversion
in the target, +5 + 1 /&; beam monitoring, 0 + 3 /o;

interaction in target and counters, +5 + 1%; de-
cay in flight, +4+2 /o; empty-target background,
-30~ 5 ~& at hydrogen but much smaller for other
nuclei and with a t distribution approximately
that of carbon; scanning efficiency, 0+0% (since
no important conclusion is based on spark-cham-
ber information); aperture calculation, 0+3%;
nonresonant background, 0+o»% (discussed furth-
er in the next paper); and inelastic events, 0+o%.
(For the absence of low-mass recoiling nucleon
isobars we must rely on Blechschmidt et al.s)

Figure 2 shows the t dependence of the data, at
7.6 and 6.0 GeV. The deuterium data. in each
case show a coherent forward peak. At large t
(incoherent region) the deuterium t dependence
is the same as that of hydrogen. If one charac-
terizes the differential cross section by

-bt
do/dt =Ae

375
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« /«=4{la l'2l. l+F(t)]+ ia i'2I:I-F(t))
0 1

+i D(t)i'+ la l'G(t)j.
0

(3)

Here F(t) is the deuteron's elastic form factor. '

then, for hydrogen at k&= 6.0 and 7.6 GeV, re-
spectively, b = 8.9 + 0.7 (GeV/c) ' and b = 8.5 +0.5
(GeV/c) '. These values are somewhat larger
than results obtained at lower energies. ' Elastic
pion-proton and proton-proton scattering show
similar behavior at small t values. 4

Figure 3(a) shows the energy dependence of the
hydrogen cross sections at t=0, and Fig. 3(b),
the deuterium-hydrogen ratio at t = 0. Previous
measurements from hydrogen at lower energies'
are shown for comparison. The hydrogen cross
section appears to be quite constant over the
range k&=3 to 9 GeV, perhaps decreasing slowly
with energy.

The measurements on hydrogen and deuterium
enable us to determine something about the spin
and isospin structure of the production amplitude
on nucleons, which we designate by T. The gen-
eral expression for T is rather complex. How-
ever, the most important part of our analysis
concerns itself with small angles where the com-
plexity of T is greatly reduced. The 6-0 limit
of T has the form

T=ae * e +bo'e *xe +co' (uE *xe u), (2)
y p 7 p p

where && and &p are the polarization vectors for
the photon and p, o is the nucleon spin, and u a
unit vector along the incident direction. The t-
dependent quantities a, b, and & all have the form
a =a, + Tp„etc., where &, is the nucleon isospin,
ap and a, describe t-channel exchanges with I= 0
and I= 1, respectively.

The vector-dominance assumption relates T to
a sum of amplitudes for the reactions ~N- ppN,

where V is one of po, (u, or p; SU(3) implies that,
among these, elastic p + scatterings dominate.
If the latter is diffractive, corresponding to an
I= 0 exchange, we are led to the popular hypothe-
sis that T=a0&&* &p-=T0. Ne shall show that
our data do not agree with this hypothesis. This
conclusion does not speak against the vector-do-
minance model, but only against the assumption
that at our energies the only production mecha-
nism exchanges no t-channel quantum numbers.

The differential cross section for production
from deuterium, summed over all possible final
states of the two-nucleon system, in the closure
approximation, is given by

D(t) is the single-scattering term arising from
the spin-dependent portion of T and laol'G(t) is
the Glauber correction. e D(t) is a known function
of b, c, and F(t).

In evaluating G(t) we approximate 7'by To. This
introduces an insignificant error. Our calcula-
tion of G(t) assumes that

2 -zbt
a =t(emp /f )(k o /4v)e

0 p @pe

&p~ is the total p-nucleon cross section which we

take to be 38 mb. ' We then find = -0.089 at t =0
and G = -0.082 averaged over 0.2 to 0.5 (GeV/c)'.
Our values of G(t) do not depend on fp or on the
photon energy k&. They vary approximately lin-
early with op~.

I.et R be the deuterium-to-hydrogen cross sec-
tion ratio at t =0. If ap were the only nonzero am-
plitude, we would expect R = 4(1-0.089) = 3.64.
Figure 3(b) shows a comparison between this val-
ue of R and the measured values. The t = 0 cross
sections are obtained using F(t) of Ref. 5 in Eq.
(3). t is given by t= (m '/2k )'+k&'82 where &

= 7.5&& 10 ' rad. The average value of the mea-
sured ratios, R(t=0) =3.26+0.10, differs signifi-
cantly from the value of 3.64 computed above. '
This discrepancy could be caused by the nonreso-
nant background, though we doubt it. This differ-
ence must be accounted for by one or more am-
plitudes in which spin or isospin is exchanged in
the t channel.

There is no obvious energy dependence for the
difference between the calculated and measured
ratios. The data exclude neither an energy inde-
pendent discrepancy nor one that varies as ~
For example, the dashed curve of Fig. 3(b) shows
a discrepancy that varies as ~ '. It would be
somewhat surprising if the discrepancy were en-
ergy independent since it is generally assumed
that processes in which quantum numbers are ex-
changed in the t channel decrease with energy.

We may ask which terms in (2) are responsible
for the departure of T from Tp. The available
data do not suffice to answer this question. Aside
from the hydrogen and deuterium cross sections,
there is only one relevant piece of information,
the value of the ppp element of the density matrix
of the p. At energies of about 4 GeV, ppp has
been measured to be less than 0.05 at ~=0'. The
theoretical expression for this quantity is poo(«/
d&) =lb, +b, l' To proceed. further, we must
make some assumptions. In order to obtain an
indication of the magnitude of the correction
terms we shall make the simplifying, though un-
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incoherent

(4)

From the measured values of R, we find

0 1 p 02+0 p2

= 0.14 + 0.06.
0~+ ao

(5)

Thus, we require a substantial I= 1 exchange to
account for the discrepancy.

The results of (5) are obtained by averaging all
the measurements. We do not mean to imply that
these results are independent of energy.

We repeat that, in view of our assumptions,
(5) should only be taken as indicative of the non-
diffractive amplitudes. It is quite clear that the
questions investigated here can only be settled by
more data. In particular, information on C of
Eq. (2) is required. Such information can be ob-
tained by measuring the density matrix using po-
larized photons. Thus, a more comprehensive
analysis awaits experiments of this kind.

We are indebted to Professor D. R. Yennie for
a number of illuminating conversations.

warranted, assumption that all the spin-depen-
dent amplitudes are negligible. Thus, we ascribe
the entire H-D discrepancy to a.n isospin depen-
dence of &. With this assumption, it follows
from (3) that

coherent
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"The relative phase of ao and a& is determined by
the data in the incoherent region where (2) may be in-
adequate —another reason for viewing the results of (5)
with caution.
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We have measured the photoproduction of p mesons from several complex nuclei.
Good agreement with a diffraction model is obtained, and comparison is made with the
vector-dominance model. If we write the p-photon coupling constant as emp /2&p we
finds 2/4 =1.].0+0.15.

P

We report here the results obtained for the pro-
duction of p mesons by 6.2-GeV photons on com-
plex nuclei. The apparatus used is described in
the preceding paper, ' which contains results from

protons and deuterons.
Our apparatus determines the directions and

momenta of both pions into which the p's decay.
Assuming the decay angular distribution appro-


