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SUMMARY. -

Recent attempts to measure the § meson nuclear :coupling con-
stant and the  nucleon total cross section by photoproduction in complex
nuclei led to different results. Several possible causes of the discrepancy
are discussed.

Recent experiments using the electron-positron storage rings
at Qrsay(l) and Novosibirsk(2) have measured the coupling of:the ¥ me-
son-to the virtual photon field at the £ mass, They find (- »92,2/4717)21 0.5.
If we assume that the coupling, and the decay of the p meson, are inde-
pendent of the virtual photon mass, and also make appropriate correc-
tions for the finite width of the ¢ meson!3> 4), the contributionto the pion
form factor at q2=0 is found to be unity within 10%, showing that the ¢
meson dominates the pion form factor at qz =0 also.

The isovector nucleon form factor presents a puzzle of long
standing; the radius of the nucleon is'larger than the value given by §
meson dominance, Although this problem is not definitively solved, se-
veral theorists(® + 8) have given good reasons why the effective § NN
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coupling should vary with q2 to make the nucleon radius greater than the
pion radius.

A comparison of G 1ot(9P) and (dé‘/dt =g (P —> VP) for the
vector mesons @&, ¥ and @ also yields ?’y /47?: = 1/2.

It becomes appropriate, therefore, to consider all process near
q2 = 0 with the same value of ¢ coupling 2/47‘ = 1/2. In particular,
the photoproduction of § mesons is believed to proceed by a diffraction
model and a value of 92/47‘ can be derived therefrom. A group at DE
SY(10) fit their data at a photon energy of 4.5 GeV with ’()} /47 =0.5 %

+ 0, 1; whereas groups at Cornell11) and sLAc(12) find 72/4”‘ = 1.0 to
1.2 at 6 and 9 GeV respectively.

I will take the point of view that & 2/47 = 0.5 and try to under
stand what changes must be made in the photoproduction process in order
to understand all the data. I believe that the optical model is, in fact, being
applied without taking account of its approximate nature. The apparent con
flict between the DESY group on one hand, and the Cornell and SLAC groups
on the other, is rendered complex by three factors. The minimum momen-
tum transfer to the nucleus in photoproduction is given by tmin = —m4/4k2.
Yet in lead the variation with momentum transfer is e t. so to find the
value at t = 0 an extrapolation is required. At the DESY energies this is ‘a
factor of 6.

Secondly, the DESY group find it convenient to compare their da
ta directly with theory, using a Monte Carlo calculation of efficiency, just
like bubble chamber analyses. A comparison is then hard to make.

Thirdly, the photoproduction from most nuclei is only measured
at the peak of the ¢ meson spectrum. The cross section then depends upon
the width assumed; DESY and SLAC, with good resolution, measured
widths of 145 MeV; Cornell find for carbon a smaller width of 120 MeV,
the value found in colliding beam and leptonic decay measurements and
use this for subsequent analysis, The fact that the § width measured in
7zt =~ decay from photoproduction is larger than the ''real'’ width from
colliding beams is interesting in itself, but is not presently relevant. But
to compare results from the 3 groups, we should probably raise the Cor
nell data by 20%.

At'5 BeV, the data on photoproduction from carbon appears to
agree between SLAC and DESY, showing that normalization of ¥ ray flu
xes is probably not a problem(l?’). It is not easy to compare the data from
copper and lead, but the published SLLAC data show extrapolated forward
cross sections for lead 0. 75 times the uncorrected Cornell cross sections
and 0. 6 times the Cornell cross sections corrected as above. The energy
variation should be much smaller than this.

Thus the SLAC and Cornell data are not consistent and this may
account for some of the problem. Because the SLAC data are the hardest
to fit with 3’5_,2‘/4 /= 0.5, these data will be emphasized below.
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The basic formula for the analysis is the optical theorem, com
bined with @ meson dominance, and the assumption that the real part of
the amplitude is small. Then

a& Oy . X 47T 2
(1) Cat ol T2 > 3°8) = Gz (53 67, (54)

In turn ©%44(PA) is expressed in terms of nuclear radii and & ot(ON).
This may be written down at once using the optical model of Fernbach
Serber and Taylor(14); it may also be derived, after approximation, using
the multiple scattering formulation of Glauber(15),

(0.0 oo
- I 1 o
(2) 5, (SA) = 4T [ b db L1 -exp(- 5 €, N) / 5 dz]

-00

The angular distribution may also be written down at once,
The approximation turns out to be quite good for two reasons,

1) Although it is a small angle approkimation,’ it-is unitary and
gives correctly the total cross section by use of the optical theorem. Thus
even the large angle scattering cannot be far wrong.

2) For transparent nuclei, when the particle nucleon cross sec
tions are small, it reduces, correctly, to the Born approximation inde-
pendent of A, Thus the condition X<< R may not be important.

I emphasize that the measurement is most simply understood
as a measurement of Gtot(S’A) with an uncertain systematic normaliza
tion ( 75,2/472). I am therefore inverting the procedure of the SLAC group.
When we so view the data, we can draw upon the wealth of data and expe-
rience of neutron and proton nucleus scattering,

Thus for nucleon scattering we have available, at several ener
gies between 150-400 MeV, angular distributions for scat.téring of both
isobaric states; polarization measurements, a total cross section for neu
trons, and coulomb interference for protons. For $ nucleus scattering
we have the scattering by one isobar only and then we must extrapolate
to the forward direction, and normalize to find ( %2/4/2').

The table and figure show plots of Gtot(sa A) vs A derivedfrom
the SLAC data using a small extrapolation, for the two values of 7_92/4755
and for comparison % (NA) for 200-400 MeV neutrons(16), 27 BeV neu
trons(17) and 20 BeV,pr,,otons(lS)'. Included are values of gtot( $ P) deri-
ved from the hydrogen data of ref.(10).

Other dgta exist for neutron cross sections at 27 BeV(lg) and
10 BeV‘zo); These are not consistent with the data of ref, (17) making a
very confusing situation., The proton neutron total cross sections of ref.(18)
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can be circuitized(zn because in extrapolating to 0° it was assumed that
there was no interference between the real coulomb and the, predominan
tly imaginary, nuclear amplitudes. The real part of the nuclear amplitu
de is now known to be repulsive, leading to an overestimate of the total
cross section by perhaps20%. Nonetheless I plot these data as they
stand.

Some theorists have refused to consider the & (§ N) together
with &($ A). This refusal is not consistent with the analyses of the neu-
tron nucleus data and I object to it. If a discontinuity of & (S A)vs A is
expected from hydrogen to beryllium, there are no tests of the optical
model to help us and I have no trust in the model.

The question arises, are these data consistent with reasona-
ble parameters? The problem can be seen most easily with the lead cross
section. Using the electromagnetic radius; ’0’ /47 = 1/2; and 6% ;(§P)=
= 25 mb, formula (2) predicts G 45¢(§ Pb) = 2. 6 barns - 30% higher than
experiment, If ’3’92/47&‘ =1, G‘tot(SP) = 35 mb and the theory is more sa
tisfactory. The problem does not appear in the DESY analysis. In order to
find (d 6/dt)=q they extrapolate using a large nuclear radius to find a lar-
ge "experimental' € {,1(Q Pb).

The plot of 6tot( $ A) versus A is similar in shape to that for
21 GeV protons without" correctlon(18). The data for 21 GeV data have been
analysed(lg), and agree with the electromagnetic radii(23). They fall al-
most on top of each other if 12/41’? = 1, 2. It is therefore tempting to
choose this value and a correspondmgly large 6%ot($N). The shape for
'150-400 MeV neutrons(16) ig different; there is a smaller change A=1 to
A =9; attributed to the attractive real part of the scattering amplitude.
Although an attempt to make a fit to this shape would also need ’I§2/4I‘N
~ 1.0, it shows the need for caution, The large drop in the § meson case
may be due to other causes; a smaller neutron cross section(18) or a spin
flip terms in the forward hydrogen cross section which should not be in-
cluded in the optical theorem.

Many of the errors introduced by the approximations in the op-
tical model can be corrected by chosing a nuclear radius, or nuclear cross
section to use in equation (2) which is not the correct o,ne(23) But we must
beware of glib statements that we must use the "strong radius'. The ra-
dius must only be measured as a result of undestanding the effects.

The following effects have both been considered theoretically
;and found experimentally in nucleon scattering; particularly between 150
MeV and 400 MeV where already A<< R and much data exists. In consi-
dering these, Glauber's formulation, or that of Kerman McManus and
Thaler, is superior to the simple optical model. However, precise cor-
rections have only been calculated for the deuteron(zz)

1) In the Glauber formulation(22,24), the full amplitude for
small angle scattering becomes;



1 -igb 2
2w > - ——— [f(qg)e ¢ (q)d (q)
K /el(k—k )b [e 2Tk / 1l a2

# (q) is the nuclear form factor = \/elq r ¢ (r) d3r

f(q) 1is the particle nucleus scattering amplitude.

Equation 2 is derived by approximating f(q) = constant, putting
k-k'=0 and using the optical theorem.

For light transparent nuclei, and scattering angles within the
first diffraction minimum, this becomes a fold of scattering amplitudes(25),

2, _ 2 2

(4) Fop (@)= Fpla) Foota)

where FA(qZ) is derived in turn from eleciron scattering
2, _ 2 2

(5) Fopl@d)=F, (q)Fep(q)

I 2 2 . 2 2
[ o = - +
(8) yeilding (r >3~A Lr ‘>eA Lr >ep r >3°N

For nucleons of 150-400 MeV, < r2 > NN has different values for real,
imaginary and spin orbit amplitudes and is large, This shows the com-
plexity of the problem. For P mesons we find (d &/dt)_pN = &8 5t, giving
Lr2 SeN=2.0 2 which is smaller than the nucleon case. For the § me-
son the effect is even smaller (db‘/dt)Q)N = e4t, < r2> gN = 1.0 £2,

Now if we examine the carbon data, the SLAC group derive a
radius from the shape of the forward peak (It must be an rms radius,
and their discussion of equivalent square well radii and Woods Saxon sha
pes is unnecessary and confusing). They find \] <r2> = (2. 47) f. If we cor
rect, as we must, for the p N radius we find ) <r2> = (2, 0) f which is a
little less than the value 2027 f derived from electron scattering., Forbe
ryllium the difference is greater. Thus the problem may be present in
light nuclei also and we may have a case where radii are smaller than
theory.

2) For heavy nuclei the first effect is small (about 2%). But, if
the nucleus is not very transparent, V(r) is no longer proportional to €(r)
but saturates for large 3 (r). This leads to a large effective radius. This
effect should be more important for nucleons where E(NN) 2 35 mb than
for T mesons € (¢ ® 25 mb or § mesons 6\(¢N) % 12 mb.

3) Due to the exclusion principle, or other correlations, $7,(&N)
in equation (2) may be either more or less thanthe free value. Moreover
real amplitudes may also vary(26). This effect is notincluded in equation (2),

Two candidates arise to explain the low ®tot(g Pb). Firstly
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the effective radius may be wrong. Yet the effects noted above all lead to
larger radii. Secondly we can reduce S‘tot(gN) from 25 mb to 15 mb in

nuclei. Such a large reduction is unusual, but a reduction for NN scatte-
ring at 150 MeV of 25% has been found, in a detailed analysis(27).

The literature of nucleon scattering from nuclei has been fitted,
usually incorrectly, with a variety of parameters R, €, etc. The proton
scattering at 150 MeV was first fitted with parameters which predicted
forward NC scattering one half of its measured value due to improper
computations of plural scattering and coulomb interference. At 350 MeV,
neglect of the radius corrections also allowed a good fit to proton e€xperi-
ments but at the expense of ignoring themore precise neutron total cross
sections. The problems of £ nucleus scattering may be less because the
¢ nucleon cross section is less, but may be worse, because the § has
spin 1,

To summarize I believe some or all of the following effects can
bring the data into agreement with ?’32/47[ =1/2.

1) The Cornell data may be increased by 20% by correction for
a different ré ;

2) only the radii of the light nuclei must be appreciably increa-
sed due to the range of forces. The lead radius, for example, shoud not
be increased more than 2 to 5%. But it is incorrect to take R = const A 1/3;,

3) the SLAC lead cross sections may have to be increased to
match those of Cornell;

(16)
4) the 67,,; from Bellettini etal.. mustbereduced, when pro-
per allowance is made for the real part of the amplitude. The direct com
parison with the § cross sections is then less obvious;

5) the &7, inside the nucleus may be lower than the free value
by 20%. This last would be an interesting nuclear physics result.

Since these are so many possible causes of the problem, inclu-
ding discrepancies in the data, it is hard to make a definitive analysis.
The data should not give cause for alarm, but be treated as the first of
many data in the nuclear physics of § mesons. Nothing less sophisticated
than equation (3) should be used, with the correct radii.

Meanwhile, simultaneous extraction of coupling constants and
cross sections from photoproduction data on nuclei will have large er-
rors, and agreement such as that of reference (10) is accidental.
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