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TWO-BODY PHOTOPRODUCTION

B. Richter

Stanford Linear Accelerator Center, Stanford University, Stanford, Calif.

As is usual at these conferences, too much mate-
rial has been submitted to allow a complete summary
of all new photoproduction data in this report. I
have therefore restricted myself to summarizing those
works which bear most immediately on the problems of
strong interaction physics. This means that I will
report almost exclusively on high-energy experiments,
and will regretfully omit much very nice work in the

region of the resonances.

1. CHARGED SINGLE-PION PHOTOPRODUCTION

IR production from the proton

New data are available from my group at stact)
which gives increased accuracy and extends the momen-
tum transfer range of the results which have been
previously reportedz). These new results, together
with the old SLAC data and some of the DESY data®),
are shown in Fig. 1. The main characteristics of
these data are the, by now well-known, spike in the
forward differential cross-section for momentum trans-
fers less than m%, a t-dependence of ne?*3t out to
momentum transfers of 0.6 GeV?, followed by a change
in slope, and a t-dependence of vet out as far as
the measurements extend. Figure 2 shows the data on
an expanded scale where (S - M2)? do/dt is plotted
versus (}t|)% (S is the square of the total centre-
of-mass energy and M is the proton mass). The new
data points are shown in black and the error bars are
omitted from the old forward points to reduce confu-
sion on the graph. (The error bars on the old points
are larger than those on the new.) The previous data
indicated what might have been a systematic trend to-

ward a decrease in the forward differential cross-

section with increasing energy, although the errors
made this conclusion quite uncertain. The new data
show that this trend, if present at all, is very much
smaller than had been allowed by the previous data.
The upper curve shows the yield to be expected from
the electric Born approximation with no absorption.
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It is interesting to note how close the data come to
the Born approximation cross-section at 0°. The lower
curve indicates the momentum transfer dependence to

be expected from models based solely on any combina-
tion of evasive Reggeized particle exchange“). The
peaks in the forward T photoproduction cross-section
and in the np charge exchange cross-section consti-
tute an insurmountable barrier for any such simple

version of the Regge models.

The energy dependence of the differential cross-
section at fixed momentum transfer was obtained by

fitting the data to the form

do _ e 202
St - e, ey

where S is the square of the total energy in the
centre-of-mass system and M is the proton mass. The
quantity o in Eq. (1) should not be confused with the
a in Eq. (1)
represents an effective energy dependence for the en-
The SLAC data at 8 GeV and above

have been used in this fit.

Regge trajectory for any given particle.

tire cross-section.
The lower energy data
have been excluded because of the qualitative dif-
ference between the slope of the differential cross-
section versus momentum transfers for [t| < 0.6 above
and below 8 GeV.
systematically decrease a.

Inclusion of lower energy data would
Figure 3 shows o versus
t. The new points are shown as open circles. o re-

mains at or near zero out to -t A 1 GeV2. o seems to
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Fig. 3 Energy dependence of the T photoproduction data.
a(t) is defined in Eq. (1).

decrease at -t = 1.3 and to return to near zero at
-t = 2,

1.2 m production from the neutron

Since the electromagnetic current possesses both
isotopic spin zero and one components, any photopro-
duction amplitude can be broken up into isotopic vec-
tor and isotopic scalar parts. Study of m photopro-
duction from the neutron and 7 photoproduction from
the proton allows us to learn something about the
interference between the isovector and isoscalar
parts of the amplitude. The cross-sections for T
production from the proton and n production from the
neutron may be written as

2
f—i—: (yp>n'n)= IAV + Asl (2a)

9 {nep) -

2
Ad s (2b)
where the subscripts v and s refer to the isovector
and isoscalar parts of the amplitude, respectively.
Note that this does not refer to the isospin of any
exchange particles. All exchange mesons in charged
At high

energies, an isovector-isoscalar interference term

pion photoproduction have an isospin of 1.

will occur only if there are at least two exchanges
in the t-chamnel having opposite G-parity and both
belonging to either natural parity (P = —1J) or un-
natural [P = —(—lJ)] sequences.

A group from DESY®) and my group at SLAC®) in
contributions to this Conference have described ex-
periments on photoproduction from deuterium in which
only the charged pion was detected. The reactions
studied were

y+D+1T++n+n (3a)

Y+D>7 +p+p. (3b)
The DESY experiment covered photon energies of 3.4 to
5 GeV, and momentum transfers from near 0 to 0.6 GeV?,
whilst the SLAC experiment covered photon energies of
8 and 16 GeV and momentum transfers from 0 to roughly
1.5 GeVZ.
lier work of Bar Yam et al.”) at CEA, give m differ-

These experiments, together with the ear-

ential cross-sections from deuterium which cover the
entire range of energies over which T production
from the proton has been measured for momentum trans-
fers £ 1.5 GeV?.
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We are interested in obtaining from this data the
cross-section for 7 production from the free neutron.
The cross-section for m production from deuterium
differs from that of the free neutron because of
three effects--the Pauli exclusion principle, Glauber
corrections, and other nuclear physics problems. The
effect of the exclusion principle has been calculated

by many authors®) and is given by

[DW ]=|:l—_ F[ }j|gg( _)spinflip +

0= FO] 0, it @

&la

where F(t) is the deuteron form factor. Since the
deuteron form factor falls very rapidly with momentum
transfer, the Pauli principle correction also decrea-
ses rapidly with momentum transfer. The Glauber cor-
rection has been estimated to be of the order of 10%,
and the miscellaneous nuclear physics has been esti-
mated to be of the order of 5 to 103 ®). These ef-
fects are expected to be roughly the same for reac-

tions (3a) and (3b).

Since the photoproduction cross-section is a pure
spin flip transition at zero degrees, if we assume
that the relative amounts of spin flip and non-spin
flip do not change wildly in the small momentum trans-
fer region where the deuteron form factor is signifi-
cant, the cross-section for m production from the
free neutron should be given to a good approximation
by:
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Fig. 4 Ratio of m photoproduction cross-section from deuter-
ium to the m* photoproduction cross-section from hydrogen.
Data are from Refs. 5 to 7.

The assumption made about the behaviour of the rela-
tive amounts of spin flip and non-spin flip versus
momentum transfer can itself be checked experimen-
tally by studying the ratio of T production from deu-
teriun and 7 production from hydrogen. Figure 4 sum-
marizes all the data on this ratio. In general, the
ratio of 1" production from deuterium to the r pro-
duction from hydrogen behaves as we would expect the
Note that this

ratio is not expected to go to one because of the

spin flip cross-section to behave.

Glauber correction and the other nuclear physics cor-

rections.

With these preliminaries out of the way, we can
now go on to the m production cross-section from the
neutron. Figure 5 shows all the data on the ratio of
7 production from deuterium to r production from
deuterium (R). The ratio R is about 1 in the forward
direction, drops rapidly as |t| increases, reaching
1/2 at [t| ~ 0.1 GeV?, and reaching 0.3 at a [t| »

v 0.3 GeV2.

transfer increases.

It then rises slowly as the momentum
There appears to be a small sys-
tematic energy dependence of R--the high-energy data
tending to lie below the low-energy data at small mo-
mentum transfers and above the low-energy data at

large momentum transfers.

Figure 6a shows the proton cross-section measured
from hydrogen and the neutron cross-section as deter-
mined from Eq. (5). The neutron n cross-section
does not show the break slope at |t| = m character-

istic of 1 data, but instead shows a smooth and very
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Fig., 5 Ratio of T photoproduction cross-section from deuter-
ium to the 7t photoproduction cross-section from deuterium.
Data are from Refs. 5 to 7.
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steep fall out to larger |t|. Figure 6b shows the
cross-section for the vector amplitude squared plus
the scalar amplitude squared [(1 + R)(do/dt)(pn+)]
and the cross-section for the isovector-isoscalar
interference [ (1 - R)(do/dt) (pr')]. The square of
the vector amplitude plus the square of the scalar
amplitude shows the sharp forward spike, and the
interference cross-section goes to zero in the for-

ward direction.

The energy dependence of the data on R and 1 + R

are shown in Figs. 7a and 7b. They were fit to

G(R) = £(t)(s~Mz*

Gp = 0"H_OLp (6)

Q. =0 o, *

1+R v2 452 P

The plots show both o and G14R to be near zero,

1.3 0" production by polarized photons

The results of the first high-energy experiment
ont photoproduction with polarized photons have
been contributed to this Conference by a DESY groupgl
These experiments allow us to make further restric-
tions on the quantum numbers of the particles ex-
charged in the reaction. Only mnatural parity
[P = (—1)J] exchange contributes to production when
the y-ray polarization is perpendicular to the pro-
duction plane, and only umnatural parity [P = —(-l)J]
exchange contributes when the polarization is paral-
lel to the production plane.

A polarized photon beam was produced by coherent
bremsstrahlung from a diamond crystal. Figure 8
shows the energy spectrum and polarization of the
beam. The peak in photon yield shown in Fig. 8 is
due to coherent bremsstrahlung from the crystal lat-
tice and the background is due to incoherent brems-
strahlung. Only the coherent bremsstrahlung is
strongly polarized. The high-energy edge of the co-
herent peak can be made extremely sharp by proper
collimation of the incident electron beam. Both the
height of the peak and its polarization increase when
the energy of the peak is lowered with respect to the
bremsstrahlung end-point. The bremsstrahlung polari-
zation vector is changed by rotation of the crystal

about the incident beam direction.
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from Ref. 6.
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Fig. 9 The difference over the sum of cross-sections for
photoproduction with the polarization perpendicular to and pa-
rallel to the production plane from Ref. 9.

The results of the DESY experiment are shown in
Fig. 9. The difference over the sum of production
perpendicular to and parallel to the production plane
is plotted versus momentum transfer for various ener-
gies. The most extensive data have been obtained at
3.4 GeV. Since we have seen that the unpolarized
differential cross-section and the W—/ﬂ+ ratio in
pion photoproduction have the same general character
at 3.4 weV as at 16 GeV, we may reasonably hope that
these polarization results are characteristic of the
high-energy behaviour of the cross-section. The DESY
results show that at -t > m;, m production goes al-
most entirely by natural parity exchange, i.e. mex-
change contributes very little to the cross-section
At |t] = 0.06 o,/c,% 5%, and at |t] = 0.4 o,/0."
= 0.25. This result is surprising to me and wi’
place severe restrictions on models used to ex
pion photoproduction. [Bar-Yam, Dowd, De Pag
A. Kern have just reported a polarized photc
urement from the reaction yn > m p. They 1
= -0.08 + 0.2 at |t| = 0.6(GeV)2, and T =
at |t| = 1.2(GeV)%]

1.4 Comparison of the data with recent th
models

There has been a great deal of work p
the last year interpreting charged pion photu...
tion in terms of various forms of the Regge mode?
want to compare three of the calculations, which
resent what one might call different classes of tl
Regge model, with experiments. To be successful, :
model must account for the 7' differential cross-se
tion, the Tr_/ﬂ+ ratio from deuterium, and the cross-
section for production with polarized photons. The
n_/n+ ratio from deuterium implies that at very small
momentum transfers there can be only one G-parity
present in either the natural or umnatural spin par-
ity sequence. The polarized photon data imply that
at moderate momentum transfers the cross-section is
dominated by natural spin parity exchange, and the
ﬂ_/ﬁ+ ratio in this same region implies that both G-
parities are present.

The first model is that of the recent work by

Brower and Dash!®). This is the most ambitious at-

tempt that I have seen to use only conspiring and
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{SLAC

§Joseph et al.
JElings et atl
§Buschhorn et al.

0.1

-t ( Gevrc)2

Fig. 10

ata.

. . + .
The fit of Amati et al., to the m photoproduction

-onspiring Regge trajectories to fit the data.
- or fixed poles are allowed. The authors use
‘ring 7 trajectory and evasive p, A, and B
‘ies. The model gives reasonable agreement
* differential cross-section for momentum
0 |t| = 0.5 GeV? and, if I put in the mum-
tly, is in qualitative agreement with the
1 data. This model, however, fails the
7 /n" ratio for deuterium, giving a ratio
- greater than that indicated by the data
5. In addition, the energy dependence

T

1

of the differential cross-section will give increas-

ing trouble beyond momentum transfers of 0.5 GeVZ.

The second model is that of Amati et al.ll), The
authors use a phenomenological background containing
both parities plus evasive w, B, and A, trajectories.
‘The parameters of the background and the A, coupling
were fit to the data, and a quite good fit to the T
differential cross-section was obtained as shown in
Fig. 10. Unfortunately, the model predicts a W—/ﬂ+
ratio > 1 and is contradicted by the data. This is
due to the sign chosen for the B coupling. At SLAC
we have attempted to refit the data using the model
of Amati et al., but with the opposite sign of the B
coupling. However, we cannot get a decent fit to
both the ﬂ+ differential cross-section and the ﬂ_/ﬂ+
ratio.

The third model is that of Frgyland and Gordont?),
and this model uses 7 and p trajectories plus two
cuts. The model agrees with the ' differential
cross-section out to momentum transfers of 2 GeV?,
with the ﬂ-/ﬂ+ ratio from deuterium, and with the
polarization measured in the DESY experiment. Figure
11 shows the fit to the 7 differential cross-section,
Fig. 12 shows the m /1" ratio predicted, and Fig. 13

shows the polarization. The agreement is remarkable.
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Fig. 12 The m /7 ratio in the model of Fréyland and Gordon,
1.5 Vector dominance and charged pion photoproduction

In the vector dominance model, the electromagne-
tic current is assumed to be identical to a linear
superposition of vector-meson fields (pw¢). The pho-
ton interacts with hadrons, as shown in the following
sketch.
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Vector meson

hadrons

The photon turns into a vector meson with the appro-
priate coupling constant g v and then the vector me-
son interacts with hadrons. With this model and time
reversal invariance, it is possible to relate the am-
plitude for w-meson photoproduction to the amplitude
for the production of transversely polarized vector

mesons by pions as shown in Eq. (7):

A(YN >N =ZA(WN'» VeeN). (7

pwé
We can square both sides of Eq. (7) and write a rela-

tion between cross-sections as shown in Eq. (8):

d _ d 1 d
a-% [ N +ﬂN’) = ng (oM a% (nN »DON) + ngz on ﬁ [UN'-> wON]

+ (ow interference) + =, (8)
where g? is the appropriate coupling constant which
can be determined from other experiments, p;; is an

element of the appropriate density matrix in the hel-

icity frame, and terms involving ¢ mesons have been

- T T T —t

15 . de, —do, " 4

26 Gev ‘T, +do,
r Regge Model Prediction for
yp - 'n

6 i [GevicP
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5 TGN

Fig. 13  The prediction of Frgyland and Gordon 7 photoproduc-—
tion by polarized photons.

dropped, since these can be shown experimentally to
be small. One must be cautious in dealing with the
pw interference terms--strictly speaking, they can
only be handled if the details of the amplitudes are
known. Relations between cross-sections will be most
reliable if the appropriate linear combination of
cross-sections is chosen in which the interference
terms cancel. Such a combination is
92 (yp>rn) + $2 (yn 17p) = 2t 0 S p > o'n) +
+2gwipu g%[w_p"mon] (9

Recently Dar, Weisskopf, Levinson and Lipkin'®,
Diebold and Poirierl“), and Krammer and Schildknechés)
have published comparisons of the w-meson photopro-
duction cross-section with the predictions of the
vector dominance model.
Eq. (9) from Dar et al., and Fig. 15 from Diebold and
Poirier. Dar et al., and Krammer and Schildknecht

Figure 14 shows a test of

used photon data from below 5 GeV, and determined the
elements of helicity density matrix by rotation of
published data which were given in the Jackson frame.
Diebold and Poirier used 5 and 8 GeV photon data, and
determined the helicity density matrix by refitting
the raw data of Poirier et al.'¢). The vector domi-

nance model passes this test with flying colours.

Krammer and Schildknecht have also used a quark
model relation to determine the difference between
. + .
the cross-sections for m photoproduction from the

proton, and 7 photoproduction from the neutron, in
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Fig. 14  Comparison of Ref. 13, using the vector dominance mo-

del, of p and w production by pions to m* photoproduction.
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Fig. 15 Comparison of Ref, 14, using the vector dominance

model, of p and w production by pioms to m* photoproduction.

terns of the cross-sections for Kp » X*’n and K'n »
K*Op. Figure 16 shows the results. The agreement is

quite bad.

Dar and Weisskopf have predicted the ratio of
r/n photoproduction from deuterium by assuming a
maximum interference between the p and w amplitudes.
Their results are shown in Fig. 17. In this case the

agreement with the data is quite good.

Krammer and Schildknecht have also used the vec-
tor dominance model to predict the cross-section for
7 photoproduction with polarized photons. Figure 18
shows the results, compared to the results of the
DESY experiment. Again, the agreement is quite bad
except at the |t| < 0.1 point in the 3.4 GeV data.

This is not too surprising, since at all |t| > 0.1
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Fig. 16  Comparison of Ref, 15, using the vector dominance

and quark models, of the production of K*'s and K's to the dif-
ference between Tt production from the proton and 7~ production
from the neutron.
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Fig. 17  Comparison of Ref. 13, using the vector dominance mo-

del, of p and w production by pions to the ratio of 7 /n* pho-
toproduction from deuterium.

(GeV)? the p-w interference terms are important, and
the same quark model relation is involved in predict-
ing this cross-section as in determining the differ-
ence between 1~ and 1 photoproduction cross-sections
In view of the good agreement of the vector dominance
model with p and w data, the quark model relation
should perhaps be re-examined.
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Fig. 18 Vector dominance and quark model prediction of the
cross-section for T* photoproduction by polarized photons from
Ref. 15.
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2. " PHOTOPRODUCTION

A considerable amount of data on forward photo-

production of w°

mesons at energies up to 6 GeV has
been obtained in the last three years by groups at
DESY'7) and at CEA'®). An experiment has recently
been completed by the Ritson group at SLAC'®), which

extends the energy range over which the °

CYOSS-sec-
tion has been measured up to 16 GeV. This experiment
covers a range of momentum transfers from 0.2 to
roughly 1.4 GeV*. Only the lower energy experiments

cover the region of very small momentum transfer.

The general characteristics of the data are a
sharp spike in the cross-section in the forward di-
rection from 7° production in the Coulomb field of
the nuclei (Primakoff effect), a moderately rapid
fali with increasing momentum transfer (est) out to
a momentum transfer of about 0.5 GeV2, a dip or
break slope at |t| = 0.5, a relatively flat cross-
section out to a |t| of 1.2, and agaiﬁ a fall-off
Data from CEA, DESY, and SLAC
are shown in Fig. 19a, where (S - M?)2(do/dt) is plot-

with increasing |ti.

ted versus t. Only part of the existing data below

6 GeV are shown. Plotted in this way, the data show
almost no energy dependence except in the region of
|t| = 0.5. There the SLAC data, which have the high-
est statistical accuracy in this region, show a
small dip in the cross-section at a photon energy of

6 GeV and no dip at all at a photon energy of 16 GeV.

The lowest mass particles wiich can be exchanged
in the 7 photoproduction reaction are p and w. If
exchanged as elementary particles, without absorp-
tion, do/dt at fixed momentum transfer should be in-
dependent of photon energy. Since the data are
clearly not independent of photon energy, the w°
photoproduction reaction has been interpreted in
terms of a model involving Reggeized w and B-meson
exchange. The w exchange accounts for most of the
cross-sections, but w exchange alone would give a
zero in the cross-section at |t| = 0.5, where the w
trajectory goes through 0. B-meson exchange fills in
this dip.
Salin? ) which has been used to fit the DESY data

predicts that the dip in the cross-section at |[t| =

The specific model of Ader, Capdeville and

= 0.5 should become deeper as the energy increases,

since the B trajectory lies below the w trajectory.

The data of Fig. 19a near |t| = 0.5 show that the
dip seems to be filling in as the energy increases.
In addition, the energy dependence of the cross-sec-
tion outside the region of the dip seems incompatible
with the simple picture of Reggeized w exchange. Us-
ing a straight-line Regge trajectory, the 16 GeV data
of the SLAC group should be a factor of about 2 above
the 4 GeV data of DESY at -t = 0.2, and should be a

1000 T T T T T T
DESY 4 GeV

DESY 5.8 GeV
SLAC 6 GeV

SLAC [ GeV

SLAC 16 GeV

T T T T 117
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NI R N
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o
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d (/_Lbcrn Gevz)
TTITgs—
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T

2
)
T
e
-

? L J
= %i{ 1, ¢ % ]

+ ﬁh CET
10 = '—!'
E }
C k|

I 1 1 L | I
6] 0.2 0.4 06 08 1.0 1.2 1.4
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Fig. 198 " photoproduction cross-sections from

Refs. 17 to 19.

Polarization R

02—

04—

06—

Fig. 19b 7" photoproduction cross-sections with polarized
photons from Ref, 20,



12 Electromagnetic Interactions—Experimental 1

factor of ~2 below the 4 GeV data at -t = 0.8. Since
this is clearly not the case, we must conclude that
this simple model does not work sufficiently well to

account for the high-energy data.

The Osborne groupzx) at CEA has reported at this
Conference on measurements of the cross-section for
yp » 7'p with polarized photons which also contradict
the model using w and B exchange. The polarized pho-
ton beam was produced by coherent bremsstrahlung from
a crystal, as described previously in the discussion
of the DESY experiment on T production with polar-
ized photons. The results of this experiment are
shown in Fig. 19b, where (0, - ¢,)/(0, + 0,) is plot-
ted versus t. The results show that at the point
where the w trajectory goes through zero, R & 0.5,
which implies that o /o, ¥ 3, i.e. the cross-section

is dominated by natural spin-parity exchange.

Harari?®) has assumed the validity of the vector
dominance model and uses this assumption to test the
hypothesis that n° photoproduction goes through Reg-
geized w and B exchange. In this model, at the point
where the w trajectory passes through 0, the n° pho-
toproduction proceeds via isoscalar photons, and the
m° cross-section is given in the vector dominance mo-

del by

)= g preN . o)

100 T T T T T T T T T T

§ PLag = 4 GeV/e
% Piag = 8 GeV/c

111

Te+ po—w Pl +p {

—_ PLas = 3.25 GeV/c

.
TOrR T Were { . PLag = 2.8 GeV/c

o
pus
T
h
—
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¢
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T

05

L laagal

| ] { 1 | | | I | |
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o

Of=——
S
~
m

Fig. 20a  Transversely polarized vector meson production
(calculated) from Ref. 13,

Harari finds that the m-w cross-section is too
small by a factor of 10 to account for w° photopro-
duction at this momentum transfer. By pushing all
errors to their limits, he can reduce the discrepancy
to a factor of 4. Since the m-w cross-section deter-
mines the sum of all isovector exchanges, the Regge

model is in serious difficulty.

The implications of the 7’ photoproduction ex-
periments for the Regge theory can be summarized as

follows. In the region of the "dip™:

a) 1isoscalar exchange is required (Harari: vector
dominance)

b) natural spin parity exchange is required
(Osborne: polarized photon experiments)

¢) a(t) 20 for |[t| & 1 GeV® (Ritson: 1° cross-sec-
tion measurements)

d) charge conjugation = (-1) (conservation of C).

There is no established or conjectured particle in
the latest edition of the Rosenfeld table that ful-
fils requirements 1, 2, and 4 except the ¢ and the w
(the ¢ is usually ignored in these discussions, but
since we are grasping at straws, we will keep it).
Either the w and or ¢ have very strange trajectories,
or something equivalent to poles or cuts is required,
or the Regge model must be abandoned. I am sure the

theorists will find a way around this problem with

dispatch.
1000 T T T T T T T T T T
sook 23 Gev ]
L x 4 Gev 1
4 5 Gev
o 5.8Gev

=3
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6 8 10 12 14 16 18 2.0
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Fig, 20b  Vector dominance prediction of the 7° photoproduc-
tion cross-section from Ref, 13,
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Dar, Weisskopf, Levinson, and Lipkin!'®) have com-
pared the vector dominance prediction of =n° photopro-
duction with the experimental data. They write the

m° cross-section as

1
do _1 doco o [
5{{ - J ) {gm[g o mtrp)]
. 2
do 2
* Buy [d—t [ﬂop*wtrp]} } » (11)

where the + and - signs on the right-hand side of
Eq. (11) refer to m° photoproduction from the proton

and w,_ indicate the

Pty tr
cross-section for production of p and w mesons trans-

and neutron, respectively,

versely polarized in the helicity frame, and the re-
lative phase of the p and w contributions comes from
SU(6). The cross-sections on the right-hand side of
Eq. (11) are of course unmeasurable, but they can be
obtained by using isospin relations from measurable

quantities as follows:

do -, -1.,d
g%[v‘)p*o"p):%[d—i(ﬂ prop)+ 5 (1P 0"D)

‘%%(“‘p*o"nﬂ (12)

o,

2 (a"p> u'p) =3 G2 (r pun) . (13)

(=9
ct

The results of applying these relations are shown in
Fig. 20a.
the square of the amplitude for all isoscalar exchan-

In the figure, the curve labelled w gives

ges and the curve labelled p gives the square of the
amplitude for all isovector exchanges. The curves
are fitted to the data by eye, and the p curve is
very badly determined in the region 0.2 < -t < 0.6.
Figure 20b shows the comparison to the m° photopro-
duction data. The theoretical curve agrees fairly
well with the data, but in view of the large uncer-
tainty in the wp data near the dip in the n° cross-
section, agreement between the curve and experiment

in this region should be regarded as fortuitous.

A report on a new measurement of the #° lifetime
has been contributed to this Conference by the group
of Braunschweig, Braunschweig, Husmamn, Lilbelsmeyer,
and Schmitz, working at DESY'”), They have measured
the w° photoproduction cross-section in the Coulomb

field of a proton. Their data are shown in Fig. 21.
The sharp rise in the cross-section at 0° is presum-
ably due to the Primakoff effect. The curves show a
fit to the data using the Primakoff effect plus Reg-
geized w exchange, the solid curves being for con-
structive interference and the dashed curves for de-
structive interference. The 7° lifetime obtained is
strongly sensitive only to the assumption that the
background under the Primakoff peak goes to 0 at 0°
and is not too sensitive to the detailed shape of the

background. The value of the n° lifetime obtained is

+0.2

To =[0.6_0'08] x10 °sec , (14)

which gives

+146

r(w® > yy) = 11_ V. (15)

2.8

This new lifetime still does not remove the discre-
pancy between the SU(3) prediction without n - X°
mixing of the ratio of the partial width of «° - 2y
and n » 2Zy. Using the measurements of Bemporad et
al.??) on the Primakoff effect in n production from
complex nuclei, and the measurements of Baltay et

T+ p—p+1T°

are

FO10)

-

01

2w % %
fem (Position angle)

Fig. 21

Forward n° photoproduction cross—section from Ref. 17.
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al.2*) on the branching ratio of n -~ 2y, we find
Tm=>vy) ¥1+0.15 keV . (16)

The SU(3) prediction is

[fﬁi%ﬁ;li)} X T ()exp = 2550 eV.  (17)
I(m> YY) Su(3)

3. PHOTOPRODUCTION OF N*(1238)
My group at SLAC has reported at this Confe-
rence?®) on the results of cross-section measurements

of the reaction
y+p-n o+ NTT(1238) . (18)

The experiment was done by detecting only the m and
fitting the excitation function with the N* and var-
ious combinations of background terms. The results
are shown in Fig. 22, where the errors on the points
include our estimate of the variation of the cross-
section with different background models. The
dashed 1lines on the graph are the differential
cross-sections for the reaction yp - . The re-
sults of this experiment are somewhat surprising. At
momentum transfers > 0.2 GeV?, the N* cross-section
is quite close to the cross-section for single T
production. As the momentum transfer decreases, the
differential cross-section rises sharply (do/dt &
elzt), reaching a maximum of roughly six times the T
cross-section at small momentum transfer. The N*

cross-section then dips down as the momentum transfer

7-»,3——1{‘&&‘* i
$ 5 Gev
¥ 8 Gev
¢ 11 Gev
AN R L

Preliminary R

/

RS \\\\BGeV T
~

. o
=== yp—=*n(Boyarski 8al1968) N 15 ey
0.001 | b ]

—n2t N
~
0.000 1 1 1 1 1] i i 1 H
0 02 04 06 08 10 12 14 16 18 20
-t Gev?
Fig. 22 Cross-section for photoproduction for ﬂ_N*++(1238)
from Ref. 24.

goes toward the minimum momentum transfer. The small
momentum transfer data are shown on an expanded scale
in Fig. 23, where (S - M?? (do/dt) is plotted versus
/=t. Plotted in this way, the data seem to be inde-
pendent of photon energy. The dip in the forward
differential cross-section is clear, but it is not
clear whether the cross-section extrapolates to zero
or a finite value at |t| = 0. We do not think that
these data can be much improved, since uncertainties
in the background subtraction under the N* contribute
an error comparable to the statistical error at the
small momentum transfer points. Figure 24a shows the
parameter o of Eq. (1) for the N* reaction. o re-
mains near 0 for the entire range of momentum trans-
fers covered.

We have seen in the case of vp » w0 and YR > 7 p
that the (S - M3? do/dt is nearly independent of
It should
then be no surprise that the same thing seems to hap-

energy over the range of roughly 2-16 GeV.
pen in yp > 7 N7 lhen scaled in this way, the
DESY bubble chamber?®) data are consistent for
|t] < 0.3 with the SLAC data for all energies above
1.4 GeV. At |t] > 0.3 there is insufficient bubble

chamber data to allow a comparison.

The N* photoproduction data can be compared to
the cross-sections for mp ~ o' N*' " and w’N*"" using
the vector dominance model and S-U crossing. Dar and
Weisskopf, and Iso and Yoshii? 7) have made such com-
parisons using the DESY bubble chamber data for the y
cross-sections, and data from several bubble chamber

experiments for the 7 cross-sections. I have added

T T 1 T T 1 T T 1
1200 | yrp=rrATT
& ¢ 5 GeV
?‘3 1000 Irﬂ f 8Cev ]
o .
2 sl I i i Ge\/F’rellmmary ]
Ol
Ef? 600} ﬁ; } 16Gev ]
3 ¢
&;) 400} ; 1
200} 2 ]
&0
O L l s L hvl_' »?L I ﬁ,x L1 o
01102 03 04 05 06 07 08 09 10
Myr v GeV

Fig. 23  N* photoproduction cross-section at small momentum
transfers on an expanded scale.
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points from the high-energy photoproduction experi-
ment to the Dar and Weisskopf graph, and the results
are shown in Fig. 24b. The shape is approximately

correct, but the normalization is off. The principal

T T T T

y+p—>7att

alt) vst

PRELIMINARY
= 4+0.5
- —H40.4
- —-1+0.3
- -+0.2
= { —+01

i T o «ft)

] l y
B -0.2
= -0.3
| -0.4

] ] L ] L 05

~-10 -08 -06 -0.4 -0.2 0
t (GeV/c)?

Fig. 24a  Energy dependence of the N# photoproduction cross-
section at fixed momentum transfer.

contributors of the bubble chamber data, the ABC Col-
laboration (private commumication from D.R.O. Morri-
son) have urged great caution in using the N*HpO
cross-section, since they consider that there is no
satisfactory method for determining this cross-sec-
tion. With this in mind, we can only conclude that
the agreement may be better or worse than indicated
in Fig. 24b, but that whatever causes the steep rise
for |t| < 0.2 (GeV)* in the photoproduction reaction,

also causes such a rise in the N*p reaction.
4, CHARGED K-MESON PHOTOPRODUCTION

The only new data on charged K-meson photoproduc-
tion come from my group at SLAC?®) where we have ex-

tended our measurement on the reactions

y+p >kt +2° (19a)
y+prxkt+ 2. (19b)

The statistics at small momentum transfers have been
improved, and the measurements extended to cover lar-
ger momentum transfers. The differential cross-sec-
tion for the reaction y + p » K"+ 1° is shown in

i o

4 Average s gtg over the energy intervals
H 14<E<18 GeV

o 1.8<EK25

w 25< <35

- 35<Ex58 .

* SLAC group preliminary results

1000

ub>GeVi ¢?
T
-

00

1 i I [
10 15 20
-t (GeV/c)

Fig. 24b  Vector dominance comparison of yp - TN* and
mtp > o°N*% and w'N* from Refs. 27a and 25,

Fig. 25.

transfer in contrast to the m data which show a

The data show a sharp dip at small momentum

sharp rise. At large momentum transfer, the data

. .+ .
show the same slope as 1is shown in 7 production
and the K-A differential cross-section is about 1/3
of the 7 differential cross-section. The energy de-
pendence of the cross$-section at fixed momentum
transfer was determined by fitting the data to the
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11GeV
16 GeV

SLAC 1967

SLAC 1968 (NEW DATA)
PRELIMINARY
i

01

/77
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o001
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1 1 i 1l 1 |
2 04 06 08 10 _12 1% 16 18 20 22
—t (Gevd)

o

Fig. 25 Differential cross—-section for the photoproduction of
K*A® from Ref. 28.
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form of Eq. (1).
t in Fig. 26.

The parameter o is plotted versus
The figure shows that o is quite small
to momentum transfers of -2 GeV?. Figure 27 shows
the ratio of K+Z°/K+A0 production as a function of
momentum transfer. This ratio is consistent with one
at all photon energies except in the region of very
small momentum transfers. The low-energy data show
the I/A ratio decreasing as -t +~ 0. The higher ener-
gy data do not show this trend, but they do not go

down to as small a momentum transfer.

The 7, KA, and KZ data can be used to test the
SU(3) prediction of the following relations between
the amplitudes for these three processes:

12 Alr*n) = = /3 A(K'A") - A(K'D") . (20)

This relation between amplitudes can be turned into

relation between cross-sections as follows:
2

20(tn)= [30(1(/\]]% + [O[KZ]]% el (21)

where ¢ is the relative phase of the amplitudes. We

have used the new SLAC data to test these relations.

In Fig. 28 cos ¢ is plotted versus momentum transfer

for energies from 5 to 16 GeV. The SU(3) relation is
The data show that

SU(3) is indeed satisfied for all momentum transfers

good if cos ¢ lies between 1.

> 0.1 GeV? but is badly broken for momentum transfers

smaller than this value. This is a consequence of

T I 1 1

7p——KTA°
0 1968
¢ 1967
- 1+04
- 4+0.2

| L I !
-20 -5 -0 -05 0

t

Fig. 26 Energy dependence of the g0 photoproduction cross-
section from Ref, 28,

the sharp rise in the m cross-section and the sharp
fall in the K cross-section at small momentum trans-
fers.

There has not been a great deal of theoretical
activity on K photoproduction in the past year. Two
sets of authors [Ball, Frazer, and Jacob?®), and
Henyey®®)] have tried to analyse both the forward n
photoproduction and K photoproduction data in terms
of a Regge conspiracy model, and both have reached
what I would call qualitatively similar conclusions.
Ball, Frazer and Jacob find that the very forward mo-
momentum transfer K data are consistent with a conspir-
acy model, although with a weaker conspiracy than
occurs in the case of the pion. Henyey finds that
the small momentum transfer K data are consistent
with no conspiracy at all. Both find that, except at
the very most forward points, K exchange must in fact
contribute little to the cross-section, and the
cross-section must be dominated by something like K*
exchange. The reason for this conclusion is that,
using the KA and KZ coupling constants derived re-
cently by Kim®!), one should find very small I pro-
duction relative to A production. Since the data in-
dicate comparable A and I production, K exchange must
be excluded as the dominant mechanism in A and I pho-

toproduction.

Meshkov and Ponzini®?) have used SU(6),, to pre-
dict the ratio of forward KA/KZ photoproduction.

o SLAC 1967
5ok x SLAC 1968 (NEW DATA)-
° \.o~¥§ t s ; % % % 26V 1
é(_ Og 1 i} L 1 1 1 L 1 |
% 20 - 8 GeV _
0 g
g l0gth 2t By £
|
% O 1 1 L 1 L Il 1 ]l 1 l
o
6 20] neev |
< o ©
10Kz ® 1
50wt g %1 1
O I 1 1 1 Il il B I | Il L
20+ 16 GeV i
i1 3
|_o—§§ e ]
; !
O ] 1 1 —L 1 L L 1 1 1
0 04 08 12 16 20
t (GeV?)
Fig. 27 Ratio of K+Z°/K+A0 photoproduction cross-section from

Ref, 28,
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They find that this ratio should be between 0.5 and 1
in a photon energy range of 5 to 16 GeV, which is in
quite good agreement with the data, and represents an

improvement over the prediction of Lipkin and

Schecksa), based on the quark model, that these cross-

sections should be in a ratio of 1/27. However,
SU(6)W is based on SU(3), and we have seen that SU(3)
is violated at small momentum transfer based on the
breakdown of the triangle inequality of Eq. (21).
Meshkov and Ponzini blame the SU(3) violation on the
7, and assume that SU(3) and hence SU(6)W.is goad for
predicting relative KA and KI cross-sections.

5. MISCELLANEOUS

Diebold®*) at SLAC has been making a compilation
of integrated cross-sections as a function of energy
for various photoproduction reactions. At low ener-
gies, complete angular distributions are available
and the integration is easy. At high energies, the
forward cross-section is known and some measurements
have been made in the backward direction. These
backward cross-sections give limits on the interme-
diate |t| region, and Diebold estimates that the in-
tegrated cross-sections should be accurate to 5-10%.
total LIE = (S - M?)?] ver-
sus k for various reactions. All of these reactions

Figures 29 and 30 show Ko

show an astonishing similarity -- kon tends toward a
constant at energies between 1.5 and 4 GeV.
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Fig. 28 Test of the SU(3) triangle inequality using the data
of Ref., 28.
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Fig. 29  Total cross-section for various T photoproduction
reactions versus photon energy from Ref. 34.
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Fig. 30 Total cross-section for various X photoproduction
reactions versus photon energy from Ref. 34.

6. SUMMARY AND CONCLUSIONS

Recent photoproduction experiments at CEA, DESY,
and SLAC have given a wealth of information on the
photoproduction of pseudoscalar mesons. We now have
available differential cross-sections for production
from the proton and the neutron with polarized and
unpolarized photon beams. These experiments impose
several restrictions on theoretical models, and will
hopefully clear up some of the existing theoretical

ambiguities. I would sumarize what we have learned
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from photopreduction studies in the past year as

follows.

1. The vector dominance model works well when
combinations of cross-sections can be used in which
o~w interference terms cancel out. When the p-w in-
terference term is important, reasonable assumptions
on the relative phase of the p and w amplitudes yield
good agreement between reactions involving photons

and reactions involving vector mesons.

2. The photon is not a special object which
gives rise to features in various cross-sections
which are not seen in hadron-induced reactions. This
is, of course, implied by the success of vector do-
minance. However, the photon could be special if the

vector mesons were also.

3. Charged pion photoproduction implies that
theories using only linear Regge trajectories are
untenable, and that theories using linear conspiring

trajectories will probably not work.

4. «° photoproduction leads to stronger conclu-

sions. Linear trajectories will not work.

5. The N* production cross-section measurements
have shown some peculiar features which need to be
explained. Among these are the rough equality with
m cross-sections seen at [t] > 0.2(GeV)?, the et
behaviour seen for m; < |t] < 0.2, and the decrease

in the cross-section for |t| < mz.

6. SU(3) fails to predict properly the relation
between the cross-section for production of members
of the pseudoscalar octet. However, the failure oc-
curs in a region of t where mass~difference effects
may be important.

7. All the well-measured pseudoscalar meson pro-
duction cross-sections exhibit a k° behaviour. The
differential cross-sections also exhibit roughly the
same k ~ dependence out to |t| > 1(GeV)?, with the
exception of a limited t region near |t| = 0.5 in 7°
production. This regularity seems to begin at photon
energies of around 2 GeV.

There are still other features of the data which

might be mentioned, but I think these are sufficient
to generate a great deal of thought. Hopefully, they

will all be explained by the next conference.
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DISCUSSION

SAKURAI: You emphasized essentially two points
i) For a large class of photoproduction reactions,
s? do/dt is constant; ii) vector meson dominance
works. A naive conclusion we can draw from these two
points is that the dominant mechanism for a large
class of purely hadronic reaction amplitudes is due

. . "
to a flat trajectory with Gopp 0.

Now this state-
ment is uncomnected with the electromagnetic inter-
actions. I would therefore like to ask: can we in-
fer the existence of a flat J = 0 trajectory (or
fixed pole) just by studying hadronic processes?

Can Dar or Weisskopf say?

DAR: The answer is ''yes'". The production of trans-
verse vector mesons in w-nucleon collisions exhibits

constant s? do/dt.

RITSON:
based on the old value of Yé/4ﬂ % 0.45 or on the pos-

Is the good agreement with vector dominance

sible new value 1.1?
RICHTER: All the curves I have shown used values a-

round 0.45 to 0.6, depending on the author.

MESHKOV: Two comments. 1) I think that you would
expect SU(3) to hold much better at high E and large
{t| than at high E and zero |t|. At zero [t|, I
think that the effect of the mass differences be-
comes very important. 1i) As far as the SU(6)W cal-
culations go, the breaking of SU(3) certainly pops
out because you get a ' prediction (which is part
of the triangular inequality) that is wrong. We have
said that the K'A and K'z° cross-sections should be

reasonably good because the mass difference between
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A and ¥ is relatively unimportant compared to the
mass difference between, say, the KA and 7'n final

states.

BERTOCCHI: A good fit to the forward spike in T
photoproduction has been obtained by di Vecchia,
Drago, Ferro Fontdn, Paciello, and Odorico, using
and m-conspirator exchange, and finite-energy sum
rules, without any free parameter. They have not
yet analysed the T polarization, but the zero of
the m residue at t % -0.027 (GeV/c)® (which also oc-
curs in the Ball-Frazer-Jacob high-energy fit) shows
that the forward spike is dominated by the natural

parity m-conspirator.

TER MARTIROSYAN: What is the energy dependence of
do/dt for 1 and 7° photoproduction? Do the cross-

. -2
sections always go as k 7

RICHTER: For 7, the cross-section goes as k ° out
to t & 1 GeV?; for n°, the same thing happens with
the exception of the region around t & 0.5 GeV?,
where the cross-section decreases less rapidly than
k'Z

DI LELLA: Could the forward dip in the yp + e
cross-section be due to the A" width, since tmin
depends on the mass?

RICHTER: For the high-energy data, tin

smaller than m;, where the cross-section starts to

is very much

decrease, and the variation of tmin with A mass is
also small compared to m;. So I believe that the dip

is not just an effect due to t_. .
min
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LOW q2 ELECTRODYNAMICS, ELASTIC AND INELASTIC ELECTRON (AND MUON)

SCATTERING

W.K.H. Panofsky

Stanford Linear Accelerator Center, Stanford University, Stanford, Calif.

1. ELECTRODYNAMICS AT LOW MOMENTUM TRANSFER

In discussing electromagnetic processes at high
energies, it is customary to start examining the
validity of electrodynamics at high momentum trans-
fers.

We will depart from tradition by dividing the
subject into a discussion of quantum electrodynamics
at low momentum transfers with high precision, and
I will
deal with the first subject, whilst other speakers

high momentum transfers at low precision.

will deal with the second. The justification for
this otherwise illogical procedure is that high mo-
mentum transfer QED from the experimental point of
view happens to overlap with experiments on the photo-
production of vector mesons and their leptonic decays,
and also that storage-ring work on high momentum
transfer electrodynamics coincides with those experi-
ments which again relate primarily to vector meson
both of these subjects fall
Another rea-
son that permits the splitting of a discussion of the

production processes;

into the province of other rapporteurs.

validity of QED into these two regions is the fact
that the relation between low- and high-energy momen-
tum transfer processes is highly model-dependent,
should a meaningful deviation be found. At this time
there is no reason for confidence in a particular
model of a deviation, nor is there any persuasive
evidence for the existence of any deviation, either

from high ¢* or low g experiments.

Low momentum transfer quantum electrodynamics 1s
in a somewhat confusing state. On the one hand, one
problem which has plagued physicists for the last
years, namely the problem relating to consistency
among different methods of determining the fine struc-
ture constant, has probably gone away. On the other

hand, the discrepancy of the value of the Lamb shift

with theory has persisted, and new discrepancies in
the values of the g-factor of the muon and electron
seem to have appeared. I believe, however, it is
also fair to say that none of these discrepancies
are such that they may not be either experimental in
nature, or may be the result of subtle points having

been missed in analysis.

To discuss these questions let me first make
reference to the spectrum of the hydrogen atom

(Fig. 1). In past years the hydrogen fine structure
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Fig. 1

The hydrogen spectrum (not to scale).

discrepancy has been identified by plotting values of

ol - 137
which appeared to cluster near two values, one being
0.036, and the other 0.039.
periments have been reported to this Conference which

Although only few ex-
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bear on this question, I would like to discuss the

complete picture in order to provide some context.

The hyperfine structure of the ground state of

hydrogen gives the experimental value!)

H _
Yo = 1420405 oo MHz

as measured by the hydrogen maser. The precision is
beyond anything of interest here. The problem is

mainly a theoretical one, namely how to take the nu-
cleon structure into account. 1f one makes a purely
static calculation?) of nucleon structure, the value

of the fine structure constant becomes

a”t = 137.0359
accurate to about one part per million. Although I
am plotting this particular value on the summary sheet

(Fig. 2) of values of the fine structure constant,

(n

—e—i (h/e; JOSEPHSON JUNCTION)
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Fig. 2

Values of the fine structure constant.

there is little question that a static calculation
will probably over-estimate the effect of finite nu-
cleon size. The reason is that as the electron moves
around the nucleon, the polarization of the nucleon
will vary correspondingly, and therefore the effective
This effect has

been estimated by Drell and Sullivan®) and might give

finite size effect might be smaller.

an additional correction in o of the order of five
parts per million. It is this uncertain theoretical
picture which in the past has led people not to take
the HFS value of alpha too seriously, although no
rational reason has been presented why the error should

be larger than that estimated.

A shift has occurred during the last year in the
measurement of the hyperfine structure of muonium.
Amato et al.*) have reported measurements of the
hyperfine structure of muonium at very low magnetic
field (1072 gauss) in which the Zeeman splitting has

not been resolved. In a paper submitted to this

conference they quote:

¥ = 4463.25+ 0.06 MHz
HFS

which is slightly higher than the values quoted ear-
lier®) at higher magnetic fields. To go from these
measurements to a value of the fine structure con-
stant, we need the measurement of the ratio of the
muon moment to the proton moment as measured by the
ratio of precession rates; this ratio is known to
about 12 parts per million, and the correction due
to Ruderman®) which corrects for the fact that the
proton and the muon find themselves in different
chemical fields when undergoing such precession.

Applying these auxiliary considerations one obtains

a”! = 137.0369 + 0.0013.
Although the use of muonium and also positronium is
attractive to avoid the complications of finite
nucleon structure in hyperfine structure, the muon-
ium measurements are marred by such auxiliary consi-
derations, while the positronium measurements and
also the calculation of positronium fine structure
have as yet not reached sufficient accuracy.

Let us now return to the proton. The most direct
measurement of the fine structure constant should
presumably derive from measurement of the fine struc-
ture interval (2p®/2 - 2p!/?) as shown in Fig. 1.
Historically the most accurate measurement was that
of Lamb and collaborators [Dayhoff et al.7)] which
measured the 2p3/2 - 2512 interval and added to

this the value of the Lamb-shift interval

(2st/2 - 2p1/2). This combination gave a value of
o~ - 137 slightly lower than 0.039 which had been
extensively quoted in the literature and which is
plotted in Fig. 2.
have changed the situation:

However, two recent measurements
a direct measurement®
of the fine structure separation has been made by
determining precisely the magnetic field required
to lead to crossing of the 2p*/? and the 2pt/?

levels. This measurement has given a value of

a”! = 137.0353 = 0.0008 .

Although this may appear to be a more straightforward
approach than that of Dayhoff et al.”), one still
should note that the error quoted requires confidence
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in locating the line to one part in 2,000 of its
width;
tical understanding of line shape.

for this one has to rely on complete theore-
Recently another
measurement®) has been made of the 2p®/? - 2s1/2
interval, which when combined with the experimental
Lamb-shift interval gives a value of

a~! = 137.0359 + 0.0007
for the inverse fine structure constant.

Finally, we have the new result obtained with
cryogenic techniques which gives new precision to
the ratio of Planck's constant to the electronic
charge. This work by Parker et al.!®) used the preci-
sion determination of the voltage generated in a
Josephson junction when irradiated at a fixed micro-
wave frequency. This voltage appears to be related
to the frequency in the cavity by the equation

2eV = hv ,
from which the fine structure constant can be deter-

mined by the equation

1
o mc )2 c Hp 1 Ze ||
® “lRy,h| [4Rry, (W ||V || ’

where Ry  is the value of the Rydberg constant at

infinite mass measured in inverse centimetres, and
where Yp is the gyromagnetic ratio of the proton,
while (up/ug) is the value of the proton magnetic
moment measured in Bohr magnetons. These auxiliary
constants are known to such a sufficient precision

that Parker et al. could quote a value of

o' = 137.0359 + 0.0004 .
The question of whether the theory of the Josephson
junction is really sufficiently clean to permit con-
fidence in this measurement has recently been ans-
wered experimentally to almost complete satisfaction
by a series of remarkable measurements by John
Clarke'').

age steps are independent of the nature of the ma-

He demonstrated that the Josephson volt-

terials used to about one part in 10%.

All these experimental values, when plotted on
Fig. 2, suggest strongly that now all measurements
of o~! - 137, other than the early ones of Dayhoff
et al.”), cluster about 0.036, and that the new
muonium measurements reported to this Conference
appear to join the crowd.

Thus all appears to be well, except for the fact
that the measurements of the Lamb shift itself (which
affect the determination of o only in a minor way
through addition to the partial fine structure inter-
val 2p%/2 - 251/?) continue to fail to agree with
theory. The two independent measurements, one the
direct measurement of the separation due to Lamb and
co—workerslz), and the other by the level crossing
method of Robiscoe et al.l3), are now in agreement
with one another to within about two standard devia-
tions but are in disagreement with theory by more
than four standard deviations; most of the estimate
of probable error rests on uncertainty of theory
rather than experiment.

During the
preceding conferences (Stanford and Heidelberg) the

Let me now go on to the g-factors.

CERN group of Bailey et al. announced progress of
their measurements on the g-2 value of the muon using
their 1.5 GeV weak-focusing muon ring. 1 assume that
the disposition of the experiment is well-known and
will not repeat it here. Out of these measurements
a discrepancy between theory and experiment had
apparently emerged. At this Conference, Bailey et

al.’) announce a value of
(g-2)/2 = (116614 * 31) x 107°

for the muon anomaly which compares to a quoted theo-

retical value of
(g-2)/2 = (116560) x 10~8

if QED is assumed to be valid to smallest distances,
and where estimates of strong interaction loops and
the effect of a possible intermediate boson have been
included. The deviation is thus reduced to

(54 + 31) x 107% in (g-2)/2 which may no longer
deserve to be called a discrepancy.

There are both theoretical and experimental
sources of the uncertainty in the gyromagnetic ano-
maly of the muon. Even the contribution from pure
quantum electrodynamics to the anomaly (for which no
uncertainty is discussed by the authors) still has an
outstanding contribution to the a® term which has not
been calculated as yet. The hadronic contribution
to the anomaly has been calculated!®) using the p-
meson width and height from the earlier Novosibirsk

experimentsls) and inferring the w and ¢ contribu-
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tions from SU(3). More recent data on the p vecto
meson are now available from Novosibirsk, and di-
rectly measured widths and amplitudes of the p and
other vector mesons from the Orsay colliding beam
experiments are reported at this Conference. For
this reason the theoretical correction to the ano-
maly due to hadronic contributions might well shift
by a few parts in 10%, but this point can be cleared
up with the new data. The weak interaction correc-
tion is very small and therefore its uncertainty
appears not to be significant. However, it should
be noted that this calculation assumes an interme-
diate boson without an anomalous magnetic moment to
moderate the Fermi interaction. The correction would
increase linearly with a possible anomalous moment
of the W; moreover the calculation requires cut-
off procedures. Considering all the circumstances
one might conclude that a presumed theoretical un-
certainty of *10 x 10”% is not overly generous.

The group of Bailey et al. has carried out dili-
gent searches for sources of error in their experi-
ment which might account for the deviation. The
mean life of muons trapped in the ring appears to
lengthen with trapping time and approaches the theo-
retical value at large times, thus indicating some
continued muon loss; this loss is probably caused
by imperfections in the magnetic field. This, com-
bined with the fact that the measurement of mean
magnetic field as seen by the trapped muons rests
on observation of the cyclotron frequency of the
initially trapped bunches, gives rise to speculations
that possibly the mean field seen during the entire
muon history and that seen by the early bunches may
not be the same. This effect has been studied ex-
perimentally by using different time intervals for
observation of the bunch rotation frequency, and
consistent results were obtained; however, there
is an unexplained loss of particles between the time
intervals chosen. In addition, many checks using
variable aperture stops have given consistent results
with the orbit population calculated by Monte Carlo
methods. The shift in mean orbit radius required
to remove the deviation is in excess of permissible
limits. The reason for the reduction of the devia-
tion relative to the result reported earlier is
attributed to the fact that the data interval used

) [(g-2)/2]

in the fitting of the precession for the preliminary
result started at a time t,, which was unfortunately
atypical. In the measurement reported here, a vari-
ety of starting times were used; a systematic depen-
dence on the starting time t; was discovered and has

been corrected for.

Discussions of a new version of this experiment
are under way at CERN and in the United States, since
a possible deviation in the measurement of this im-

portant quantity clearly needs confirmation.

The situation concerning the electron g-factor
is no better. Rich'7) has recently recalculated the
old measurements of Crane and collaborators, and has
uncovered corrections originally overlooked. The
measurement can be quoted by stating that the o®/m3

term appears to have a coefficient

-(6.5 £ 2.5)
as compared to the theoretical estimate of 0.15.
Note that this discrepancy*), if any, is in the oppo-
site direction to that of the g-factor of the muon.
As an experimentalist one has, of course, not the
greatest confidence in such recently resurrected cor-
rections to an old measurement and one hopes for a
new determination. Experiments using cryogenic and
other techniques are under way towards that end in

several laboratories.

This is the situation on low momentum transfer
electrodynamics. Some clarity has been added in one
corner but possible problems have emerged in others.
I will now proceed in the rest of the talk to sweep
all these problems under the rug and assume that quan-
tum electrodynamics is an exact science.

2. ELASTIC ELECTRON-NUCLEON AND

MUON-NUCLEON SCATTERING

In addition to assuming the validity of quantum-
electrodynamics over the full range of parameters
covered, all analyses of elastic and inelastic scat-
tering experimsnts continue to assume single-photon
absorption only. This assumption can be tested by
comparing electron and positron scattering cross-
sections, by observing the polarization of the recoil

(115955.7 * 3.0) x 107

electron;exp.

- B -8
[(g_z)/z-lth.;137-a_1=0.036 = (115964.1 + 0.3) x 10
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nucleon, and by observing deviations from a linear
"Rosenbluth’ plot. The recent work of Mar et al.l®)
has extended the positron-electron comparison to

q? = 5 (GeV/c)? without any evidence for a deviation
from equality of the cross-sections for elastic and

some inelastic scattering from the proton.

The measurements give limits on the real part of
the two-photon exchange amplitude relative to the
one-photon amplitude of the order of one per cent.
No further new evidence on the two-photon amplitudes
has been developed recently; none of the numerous
""Rosenbluth'' plots involved in the elastic and in-
elastic scattering experiments reported below exhi~
bit deviation from the straight-line relationship
of the cross-section with tan®(8/2), where 6 is the

scattering angle.

Relatively little new experimental information
has been submitted to this Conference on elastic
electron-nucleon scattering. You may recall from an
earlier conference that at SLAClB), spectrometer
experiments have extended measurements on electron-
proton scattering to four-momentum transfers of
q* = 25 (GeV/c)?, and that these data continued to
fit reasonably well the so-called "dipole" formula
for the form factor, although this fit exhibits some
deviations when viewed in detail. Earlier data from
DESY showed agreement with the so-called 'scaling

law"

GMP(QZJ Guala?) 1

G 2| = = ~
5 up w o 1+a/071)

Recent precision measurements?°) using the external
beam of the Bonn 2.5 GeV Electron Synchrotron have
given the first possibly statistically significant
indication that the scaling law may be violated.
The Bonn data cover a range to 2 (GeV/c)? as shown
in Fig. 3, and can be fitted by -an equation of the

form

Gep (%) = Guyp (q?) [1-(0.063  0.018) q2]/up
Considering the difficulties of these measurements,
the authors do not claim that this deviation is

necessarily significant.

The data on the electric form factors of the

neutron remain in an extremely unsatisfactory state

but are compatible with being close to zero every-
where; however, the interaction between electrons
and thermal neutrons leads to a non-vanishing de-
rivative of the electric form factor of the neu-

tron at q* = 0.

P
G 4 This experiment
I * DESY 1966
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Fig. 3 Plot of quEp(q )/GMp(q ) (from Ref. 20).

The slope of the variation of GEn(qz) with g2
is no longer in disagreement with the low [q? <
0.2 (GeV/c)?] measurements?!). This is partially due
to an upward shift of these measurements of GEn(qz)
originating from elastic scattering on the deuteron
at low ¢ and from improved dispersion calculations
presented at this Conference??). The situation is
shown in Fig. 4. There 1s some new experimental
material at higher values of g?. Recent measurements
are reported at this Conference by Galster et al.2%)
on deuteron elastic scattering using an electron-
deuteron coincidence technique. The result places
a new upper limit on the value of G, ; the results
are G = 0.02 * 0.05 at q? = 0.27 (GeV/c)? and
Gy, = 0.06 *+ 0.06 at q® = 0.4 (GeV/c)?. The limit
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Fig. 4 Plot of GEn(qz) for 0 < q% < 0.2 (GeV/c)2

Solid curve: Theory of Hohler et al.2?).
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in the total range 0 < q* < 3 (GeV/c)? remains

65,17 < 0.3 which is not sufficiently stringent for
useful analysis. Extending measurements of the elec-
tric form factor of the proton, let alone the neu-
tron, to high momentum transfers will be attempted
but progress is very difficult since de facto such a
measurement involves subtraction of cross-sections
measured under dissimilar kinematic conditions with

only a small residue remaining.

Theoretical interpretation of the elastic scat-
tering data will be discussed in another session.
Let me only say here that not too satisfactory a
picture has emerged. Attempts have been continued
to fit the measured form factors with poles in the
time-like region of momentum transfer, but such fits
require both large finite widths as well as pole
locations at energies where no physical particles

are observed.

Several attempts have been made to relate elec-
tron-proton scattering to proton-proton scattering
data, as first suggested by Wu and Yangz“). Experi-
mentally we can show the correspondence by plotting
both the ratio (do/clt)/(do/dt)t:0 for proton-proton
scattering as well as G&p(t)/G&p(O) against -t = q%;
this is done by Fig. 5; this plot leads to the strik-

ing inference?) that as s » = the relation

do =| do G (t
[dt] (dtJ ()
PP p-p;t=0

might become exact.

The disadvantage of this simple conjecture is
that there is no experimental proof for its correct-
ness; the advantage is that it leaves no free para-
meters so that predictions result for proton-proton
scattering at energies accessible to the Serpukhov
accelerator. More specific discussions on interpret-
ing the correspondence between e-p and p-p scatter-
ing and other attempts to account for the q~* beha-
viour of the form factor at large q® are contained

in the theoretical sessions.

Muon-proton elastic scattering data on hydrogen
presented at this Conference from Brookhaven?®) have
not demonstrated any difference between electron and

muon scattering; the highest momentum transfer
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reached is g% = 0.9 (GeV/c)2. The inelastic muon
scattering experiment from SLAC?7) reported at this
Conference also shows equality of electron and muon
properties within experimental error.

The experiment of Lederman et al.2®) used a com-
bined spark-chamber and range-chamber technique in
a purified muon beam with pion contamination less
than one part per million; beam momenta ranged from
6 GeV/c to 17 GeV/c with detection efficiency of about
30% at best. The results demonstrate
a) equality of y and 1 scattering;
b) straight-line behaviour on '"Rosenbluth' plots;
¢) equality of electron and muon scattering with

the exception of an unexplained normalization

error of 8%.

Figure 6 shows the resultant fit of the p-p data
expressed as a form factor, assuming validity of the
"scaling law" GE = GM/u.

Another experiment dealing with the question of
equality of muon and electron interactions was re-
ported by Russell et al.?®) on the observation of
muon "tridents", that is to say the process of muon
pair production by incident muons. Since two of the

final muons have identical charges, the cross-section
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Fig. 6 Comparison of muon and electron form factors of the
proton.

is sensitive to the statistics obeyed by the muon.
Although the reaction was clearly observed for the
first time, the experiment was not sufficiently sen-
sitive to differentiate between Fermi and Bose sta-
tistics. To summarize, we find that all evidence
currently available relating to the electromagnetic
interactions of leptons does not reveal any deviation

from muon-electron equality.

3. INELASTIC ELECTRON SCATTERING ON THE NUCLEON

Possibly the most important experiments in the
field of high-energy electrodynamics reported in this
Conference are in the field of inelastic electron
scattering. Part of this field is just beginning to
be exploited and therefore the results reported here
are frequently only indicative and their full power
will have to be demonstrated later.

Inelastic electron scattering gives results in
the following areas:

a) tests of T violation;

b) examination of the pion electromagnetic form
factor;

¢) the form factors of specific resonant states and
extrapolation of inelastic electron scattering

to zero momentum transfer, yielding the total
photon absorption cross-sections;
d) examination of the excitation of the nucleon

into the continuum.

Let me discuss the relevant information on these
four topics in the order given, although information
on each topic frequently results from the same ex-

periments.
3.1 Tests of T violation

After the discovery of CP violation in neutral
kaon decay, speculations by T.D. Lee and collabora-
tors indicated the possibility that electromagnetic
interactions involving hadrons might also exhibit
T viclations. The likelihood of such predictions
corresponding to reality has undergone several fluc-
tuations as further information has become available
on such questions as the n-decay asymmetry, the
electric dipole moment of the neutron, and other

relevant parameters.

It was suggested specifically by Christ and
Lee?®) that a T-violating asymmetry predicted in
interactions of the kind

(PP 0p
might be detectable by inelastic electron scattering
of electrons of initial momentum 5, final momentum
5', scattering on protons of spin orientation gp'
It can be shown that such a term cannot be present
in elastic scattering. However it can also be shown
that should the data exhibit the asymmetry implied
by such an interaction, this can be taken as a proof
of violation of T invariance only if the process can
be described purely by one-photon exchange. There-
fore, should an asymmetry be found, the result should
be checked with inelastic positron scattering. The
choice of the specific excited state offers an addi-
tional complication: the most prominent state avail-
able to be studied by inelastic electron scattering
is the N*(1238). However, since the isotopic spin of
N*(1238) is 3/2, no asymmetry would be expected in
inelastic scattering should the T-violating inter-
action be an isotopic scalar. Therefore the most
conclusive test on this question would be study of
the asymmetry of inelastic scattering from N*(1512)
which has isotopic spin 1/2. Experimental results
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on this question have been reported to this Confer-
ence by Appel et al.?) using the CEA external elec-
tron beam. The polarized target used was a '‘doped"
mixture of ethanol and water in which typical proton
polarizations of about 24% were attained. Radiation
damage to the target by the electron beam required
frequent changes of target. This experiment is a
very difficult one since statistics of observation
of the asymmetry are diluted by scattering from the
carbon component of the target, by the partial pola-
rization of the protons, and by the fact that the
state under study is superimposed on a background
of unknown character. The asymmetry in inelastic
scattering is caused by interference between scatter-
ing of longitudinal and transverse virtual photons.
The ratio between the effective longitudinal and
transverse photon content involved in the scattering
process is given by the well-known polarization fac-
tor ¢ = 1/{1+2[ 1+(E-E")2/q?] tg?(8/2) which is a
purely kinematic quantity; here E and E' are the
primary and secondary electron energies, respectively;
and q® = 4BE' sin® (9/2) is the square of the four-
note that q* = 0 and thus ¢ = 0

for real (transverse) photons.

momentum transfer;

In general the differential cross-section for

inelastic scattering can be written as

d?%¢ 1 Sp-(ﬁxff)
—_— = + + 3 > « y
T Q{OT €0 DED+€H lep1 Ore

where Tt(qz,E'—E) is a purely kinematic factor given
by

a K
S22

I‘:
t27rq

B o1

E1-e

with K = E-E'-q?%/2M = (M*2-M2)/2M. Here K is the
energy of the photon giving the same excitation M*

to the nucleon system as inelastic scattering of the
electron. The quantities O and o, are the cross-
sections per equivalent transverse and longitudinal
photon, respectively. The quantity OTs is the effec-
tive cross-section due to interference between trans-
verse and longitudinal photon amplitudes. The degree
of T violation can then be measured by a phase dif-
ference § between these two amplitudes. The asymme-
try can then be shown to be

[22(1-%&)]%

a=Asind=
orF eog

Opg SIN 6.

The relation of Opg O 0 and Op depends on the multi-
polarity of the transition which is well established
for the 1238 and 1512 MeV resonances.

The authors give the following table for these
results (Table 1).

tion has been demonstrated, and therefore there exists

Clearly no evidence for T viola-

no incentive for the matching positron experiment.
A similar experiment at higher energies and higher

sensitivity is in preparation.

A second experiment examining T violation in
electromagnetic scattering has been reported by Pre-
post et al.?!). The experiment, following the sugges-
tion of Kobsarev et al.?) examines the polarization
of recoil deuterons from elastic electron scattering;
in contrast to the situation in the case of elastic
(but not inelastic) scattering from spin 1/2 particles,
elastic electron scattering from particles of spin 1
or greater can retain T-violating terms which do not
vanish identically due to current conservation. The
term in elastic electron-deuteron scattering corres-
ponding to scattering by the quadrupole moment of the
deuteron can interfere with a T-violating amplitude
to give polarization to the deuteron; at the same
time the square of the T-violating amplitude contri-
butes to the elastic cross-section itself. An upper
limit on the maximum polarization can then be estima-
ted by ascribing the difference between the most re-
cent measurements33) of the elastic e-D scattering
and the Born approximation calculation entirely to
a T-violating term; this limit corresponds to a value

of 0.34 for the polarization.

The experiment was carried out by analysing deu-
terons recoiling from scattering by 1 GeV electrons
using a magnetic spectrometer combined with time-of-
flight identification. The identified deuterons were
analysed for right-left asymmetry by a carbon scat-
terer. The observed polarization was 0.070 # 0.083
which is well below the maximum value quoted above.
Unfortunately it is difficult to relate this null
result to the T-violation experiment using inelastic
electron-proton scattering referred to above, since

the estimate of the maximum possible polarization in
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itself may be too large, quite apart from the ques-

tion whether T-invariance violation may occur.
3.2 The pion form factor

Two methods for direct measurement of the pion
form factor by electromagnetic means have been ap-
plied previously. One of the methods involves in-
elastic electron scattering; somewhat more sensitive
measurements have been reported at this Conference®*)
Inelastic electron scattering is observed under kine-
matic conditions where the pion pole diagram of low-
energy photoproduction plays a dominant role in the
cross~section. This diagram involves the direct ab-
sorption of the virtual photon by the emitted pion,
and therefore the resultant cross-section should be
sensitive to the pion form factor. Since this diagram
cannot be separated from the other production ampli-
tudes in a gauge invariant mamner, isolation of the
pion form factor demands the study of the sensitivity
of a complete production model to the value of this
form factor. Earlier experiments of this type have
been carried out by Akerlof et al.3%). The new data
This

figure shows the measurements compared to a simple p

of Mistretta ct al.®*) are shown in Fig. 7.

dominance calculation as well as to the more complete
dispersion calculations of Zagury®®) in which the
pion form factor is introduced as a free parameter.
Both experiments can be fitted with a pion form fac-

4 THIS EXPERIMENT (ADLER)
¢ THIS EXPERIMENT {ZAGURY)
o AKERLOF etal (ZAGURY) |
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Fig. 7 The data of Mistretta et al.>") and Akerlof et al,3%)
relating to the pion form factor Fﬂ(qz).

tor equal to that of the proton, but the data are also
compatible with a simple p-vector dominance model.
Considering that the r.m.s. proton radius is 0.8 f,
whilst a p-vector dominance propagator as a form fac-
tor would give a radius of /57mp = 0.63 f, these
measurements leave considerable uncertainty in the
pion electromagnetic radius. The second approach

to obtaining the electromagnetic pion form factor by
observation of the interference term between Coulomb
and nuclear scattering in pion-helium scattering has
thus far failed to give results which are quantita-
tively useful. Earlier work on this subject by
M.M. Block and collaborators has yielded 1limits of
error too wide to be significant; current work now

in progress at LRL by Crowe®”) and collaborators ap-

TABLE 1
Limits on the T non-invariance phase § at W = 1238, 1512, 1470, and 1688 MeV.

Resonance q? 0 A |{(A)x(Correc-| a/P |+Ac/P 8 +AS
tion factor)
(MeV) (GeV/c)? [(Degrees)| (%) (%) (3)| (%) |(Degrees) |(Degrees)
1238 0.23 | 7.3 || 3 3.50: 3.9 6.5 | +7.2
1512 0.52 | 7.50 1302 365 |-2.afs 7.7 3.8 | 12,2
1512 0.72 | 9.05 (30| 36.9 |3alt44] 5.3 | 6.9
1470 0.52 | 7.5 789 73 -2.61411.2] 2.0 | +8.8
1470 0.72 | 9.05 7189 74 5.10: 6.5| 4.0 | +5.0
1688 0.49 | 7.59 (50 D] 47 410t 8.5 5.0 +10.4
1688 0.68 | 9.05 [509| 47 -0.5]+ 4.2] -0.6 £ 5.1

a) from experimental data

b) theoretical

¢) theoretical, if resonance exists
d) estimate
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pears to give a pion radius larger than 2 £, but
uncertainties in the theoretical analysis of the nu-
clear scattering makes this result not convincing.

Another experiment bearing on pion form factors
but not using electron scattering, is the study of

Dalitz pairs from the n  capture reactions at rest3®)

n4+p*’n+w°
et ety
m+prnty

> et + e

Previously the study of these processes has been
used as tests of QED.

tests has now reached limits well above those invol-

Since the g? of specific (ED

ved in these reactions, the pion capture processes
can instead be used as pion form factor experiments.
The point is of course that the Dalitz pair repre-
sents a finite mass photon coupled to the pion. The
previous experiments have been bubble chamber experi-
ments; this experiment used sodium iodide for mea-
suring the Dalitz pairs and plastic scintillators
for triggering; a lead-plate spark chamber was used
to detect the y ray in the first reaction. About

2 x 10* events were taken. The result expressed as
a form factor F = 1-+xq2/m; gives x = 0.01 £ 0.11 in
contradiction to the old bubble chamber result

-0.24 £ 0.16.

pion form factor gives a non-zero result if the pion

The theoretical value of the neutral

*
decays into a y ray and a vector meson ) which then
decays into a virtual y ray. The resulting theore-
tical value is small (of the order of x = 0.04).

3.3 Form factors of resonant states

Inelastic scattering leading to resonant states
has been studied since 1958, and an increasing body

of evidence has been accumulating on the subject.

Before introducing the new information available,
let me briefly review the general formalism applying
to the problem. According to a general theorem of
Bjorken, the differential inelastic cross-section
can be written as

*} The decay vertex for a neutral pion going directly into a
vy ray and an electron-positron pair vanishes identically
by C-conservation.

0 0
o E - PKEWWNHﬂQﬁEMWNﬁ'
q-dv q

where v = E - E', and where the W's define the nuc-
leon properties. This form is equivalent to the
equation used previously (with the T-violating term
omitted), which shows more clearly how inelastic
electron and muon scattering (virtual photoproduction)
relates to real photo-processes:

d’o o KB 1 (0,1 €0y =Ft(oT+£os) ;

dodE' 2r® ¢*El-e

all quantities have been defined previously. The
quantity Op is related to the photoproduction cross-
section OY by the relation OT(q2 +~0) = OY’ whilst
o~ 0 as g ~ 0. These relations show how, in ef-
fect, inelastic electron scattering is an "off the
energy shell" extension of photoproduction. Extra-
polation to q* = 0 of electroproduction cross-sections
at small electron scattering angles (after radiative
corrections) is expected to give an independent, and
probably highly accurate, measurement of the total
hadronic photo-absorption cross-section as a function
of photon energy; other experimental methods for
determining this quantity are discussed in another

session.

The most extensive data are, of course, those re-
lating to N*(1238), although much information is also
being gathered on the 1512, 1688, and 1920 MeV reson-
ances. Comparison of the data with specific models
demands separation of the longitudinal and transverse
cross-sections by studying the experimental data as
a function of the polarization parameter e. Although
qualitative data on this separation (generally indi-
cating that the longitudinal element is small) have
been obtained previously for several resonances at
DESY, quantitative data are available for N*(1238)
only.

The separation between longitudinal and trans-
verse elements of N*{1238) has been accomplished up
to g% = 2.34 GeV/c? in a contribution to this con-
ference by Bartel et al.?®). They used the external
beam of the DESY synchrotron together with a high
resolution, magnetic spectrometer described previously.

The angular range covered was 10° to 35°. Numerous
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Fig, 8 The longitudinal cross-section 0g of the N*(1238)
resonance according to the measurements of Bartel et al,?®),
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Fig. 9 The radiative correction triangle.

curves were run as a function of the polarization
parameter e defined previously. Transverse cross-
sections are in agreement with earlier work. The
longitudinal cross-sections are shown in Fig. 8,
combined with the work of Brasse et al. carried out
using the internal beam at DESY, and with the ear-
lier work at Stanford. It is noted that the lower
q? cross-sections are in agreement with the earlier
Stanford work of Lynch et al.”°), whilst the longi-
tudinal cross-sections at values of q? larger than
0.7 GeV/c? are compatible with being zero. It is
interesting to note that oscillatory behaviour of
the longitudinal element has been predicted by the
model of Walecka which is reported at a different

session. However, experimental data bearing on the

longitudinal-transverse separation, resulting from a

combination of work from different laboratories,
should be viewed with caution.

New high-energy data have been presented to this
Conference from SLAC by Bloom et al.*!) and from the
internal DESY beam by Albrecht et al.”z); the new
measurements have not as yet been extended over a
sufficient range of parameters to permit separation
of longitudinal and transverse elements.

In order to obtain meaningful cross-sections,
considerable effort has to be devoted to carrying
out radiative corrections in an exact quantitative
manner. This can only be done consistently by a
numerical method applied to the cross-sections them-
selves, since the measurements at each value of in-
cident electron energy E and scattered energy E'
contain radiative contributions from the entire kine-
matically accessible region which can feed E' from E
at a given scattering angle. Specifically, if we
consider the situation at a given scattering angle
6 as shown in Fig. 9, then the cross-section from
the entire shaded triangular region contained bet-
ween the kinematic point E,E' of interest and the
kinematic line corresponding to elastic scattering
can contribute to the observed cross-section. Com-
plete unfolding of the radiative corrections there-
fore demand, in principle, a complete set of measure-
ments in the shaded triangular region in Fig. 9.

An approximation to such a program has been carried
out by the SLAC group using the methods of Mo and

43) at a production angle of 6° by interpolating

Tsai
among measurements made at four primary energy val-

ues between 7 and 16 GeV, as shown in Fig. 10.

I I T T i I T 7 T T
KINEMATICS OF 8 - 6° DATA

HEAVY LINES INDICATE WHERE
MEASUREMENTS WERE MADE

v = E-E'(GeV)

Fig. 10  Kinematic region covered by the SLAC inelastic
scattering measurements at 6°.
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Figure 11, after radiative correctiom.

Figure 11 shows an inelastic spectrum taken at a

primary energy of 7 GeV obtained before radiative

correction, and Fig. 12 shows the resultant spectrum

after such a radiative correction has been applied.

Figure 13 shows similar data taken at 16 GeV before

correction, and Fig. 14 shows the corrected data.

The following features are evident from these mea-

surements:

a) Three and possibly four resonant states are

clearly distinguishable, and their cross-sections

can be isolated using a fitting programme which

demonstrates that the amplitude of the excited

states is quite insensitive to the polynominal

order of the background assumed; the result is

shown in Fig. 15.

b) The continuum excitation falls off much more
slowly with momentum transfer than does the ex-
citation of specific excited states. At higher
angles, data not presented here show that the
spectra are almost totally dominated by the con-

tinuum.

Analysis of the amplitudes and widths of the states
must be approached with caution, since in particular
the background subtraction program may be sensitive
to the assumption as to spectral shape. With this
caveat, the cross-sections for three of the states
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Fig. 13 Uncorrected inelastic spectrum taken at SLAC at 6°
and primary energy of 16 GeV,

INELASTIC E-P SCATTERING
WITH RADIATIVE CORRECTIONS
Eo = 16.0 GeV

3 8 = 6.0 DEGREE

(21073 em?/sr/Gev)
ro
T
==
i
—_—
=

d?e
dQdE

0
08 12 ) 20 24 28 32 38 40 4.4 48
MISSING MASS IN GeV

Fig. 14 Figure 13, after radiative correction.

0
9 |
Al RESONANCE FIT
-8 M Eo: 70 Gev
S 7 Ry 9 = 6.0 DEGREE
Q
Loe ' ] \‘
= I
S5
%o
)
W
b
olg 3
3
2
| =

10 1.2 1.4 1.8 18 20 22 24
MISSING MASS IN Gav

Fig. 15 The inelastic spectrum at 7 GeV, 6°, resolved into
Breit-Wigner peaks by a fitting procedure.
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are shown in Table 2. Similar data at lower primary
energy but much larger scattering angle (about 48°)

are derived from the recent DESY work“?).
Some simple connections can be drawn:

It appears from the work at DESY*?) that the in-
elastic cross-section near the N*(1238) resonance
falls off more rapidly with q® than near the
higher resonances; considering the uncertainties
in background subtraction, this interesting re-
sult is in need of confirmation when applied to

the form factors themselves.

From the SLAC data“!), it appears that for large
q® the fall-off of the cross-section matches
that observed in elastic scattering; Figs. 16,
17 and 18 show this clearly for N*(1238),
N*(1512), and N*(1688);
those discussed by Walecka at a different ses-

b)

theoretical curves are

At low g2, the "threshold behaviour" de-
pends on the angular momentum of the state;

sion.

e.g. for a magnetic dipole transition we should

have simply
5 _ >42 2/ 2
ay(@’, ) = oy{K]a[ Gy a) /Gy ()]

where GNV(qZ) = GMp(qZ) + GMn(qz) is the isotopic
vector form factor of the nucleon. Figure 19
shows-a plot from the recent DESY work qualita-
tively verifying a relation of this type; agree-
ment is fair. However, comparison of the excita-
tion of the N*(1238) as observed at SLAC with
the complete dispersion calculations of Adler**)
shows that the experimental cross-sections are
well above the theory. Figure 20 shows the data
from the DESY external beam experiment39) for

the cross-section of N*{(1238) as a function of

TABLE 2

Cross—sections for production of three

nucleon isobars by inelastic scattering“).

do/d0 (cm®/s1)
B | 6 N% N N
(GeV) |(Degrees) M = 1.219 + 0.010 GeV|M = 1.503 * 0.010 GeV|M = 1.691 + 0.010 GeV
I = 0.130 GeV I = 0.077 GeV T = 0.102 GeV
7.00| 6.000 |(2.15 # 0.17) x 1073° [(5.21 + 0.37) x 107%!{(5.30 + 0.29) x 1073}
10.00 | 6.000 [(3.95 % 0.25) x 107%! |(1.36 + 0.12) x 107%!| (1.48 + 0.16) x 107%!
13.50( 6.000 |(7.02 * 0.84) x 10732 {(3.62 * 0.40) x 10732| (4.17 * 0.83) x 10732
16.02] 6.000 {(1.24 * 0.19) x 107%2 |(9.81 + 1.41) x 10733 (1.43 + 0.42) x 10732
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Fig. 19 Plot of UT[GMp(O)/GMy(qZ)]Z in |q]?. The exponent
of the observed power law is a measure of the transition
multipolarity.

q%. The authors express the q®-dependence as a
product of |q]? times an "effective" form factor
G*(q?) which is plotted in comparison with the
dipole formula. Some deviation is observed, but
the fit to the dispersion calculations of Gutbrod

and Simon*®) is good.

All old and newly available data from the various
laboratories relating to the four resonances have
been collected and are plotted in Fig. 21. The quan-
tity shown as a fimction of q® is T%l d%6/ddE" which
should approach the photoproduction OY as g> -+ 0;

this limit is also shown.

It has been speculated that the "Roper' reson-
ance N*(1470), whose existence has been inferred
from phase-shift analysis of 7-p scattering, should
be prominently excited by inelastic electron scatter-
ing. Neither the SLAC*!) nor the DESY*?) work has

6*lg’)
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Fig. 20 FPlot of the "effective" form factor G*(q*) for

N#(1238) production.

revealed its existence. A special search on a neu-
tron (i.e. deuteron) target at CEA by Alberi et al.*®)
has likewise given negative results; the photo cross-
section obtained by extrapolating the data to q* = 0

is estimated to be less than 120 ub.
3.4 Continuum excitation

Possibly the most important implication of in-
elastic scattering which, however, rests on very
incomplete data, relates to excitation of the con-
tinum. Here detailed interpretation will have to
await further data, but some general remarks can be
made in terms of the Wy and W, formalism discussed

above.

For small-angle 6, the ratio of the contribution
to the differential scattering cross-section of the
W, term to that of the W, is given by

OT (E_E'}Z
optos 2EE

b

where Oy

and longitudinal photon as defined previously. (For

and o, are the cross-sections per transverse

moderate inelasticity and high primary energies this
term is small for the entire region 0 < OT/GS <w )
From SLAC data, the function W,(q?,v) is plotted
numerically against v for various values of ¢? in
Fig. 22, assuming W, toivanish. Note that the con-
tinuum cross-sections appear to converge to a v7!
behaviour for large inelasticity. This same data can
be plotted in different parametrization: Fig. 23

shows the function

Flw) =[vi(a”,v)]

plotted against the variable v/q*. Since, as men-
tioned above, the experimenters have as yet not been
able to gather the necessary data for separating the
transverse and longitudinal elements, the curve is
plotted under the alternate assumptions of vanishing
of either the transverse or the longitudinal cross-
sections. Two striking facts emerge from this para-

metrization:

1. At least qualitatively, using the variable
v/q? leads to a fairly universal representation of

the "deep" inelastic continuum covered so far.

2. The function plotted appears to approach a
constant for large v/q’.
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Fig‘. 21 Plots of (dzc/deE')/I‘t for the first four resonances,
compiling data reports from various laboratories.

The inelastic muon data reported by Zipf et
al.?”) cover inelasticities up to an equivalent pho-
ton energy of 7 GeV and a range of g < 0.9 (GeV/c)?.
An optical spark chamber technique is used; the
statistical accuracy is, of course, well below that
of the electron data. Within this limited accuracy,
there is fair agreement in the region of overlap be-

tween the electrons and muons.

The qualitatively striking fact is that these
cross-sections for inelastic electron and muon scat-
tering leading to the continuum are very large and
decrease much more slowly with momentum transfer
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Fig. 22 Plot of Wy(q?,v) versus q® for various values of
v=E-=-E'

than the elastic scattering cross-sections and the

cross-sections of the specific resonant states; in

fact, indications are that they probably decrease
even more slowly than would be predicted from a sim-
ple p-vector dominance propagator. Therefore theo-
retical speculations are focused on the possibility
that these data might give evidence on the behaviour
of point-like, charged structures within the nucleon.

Treating the proton by a non-relativistic point
quark model, Godfrey has derived a sum rule for the
integral /W,(q?,v)dv. Evaluation of the integral
over the SLAC data gives about 60% of the required
amount. There is no visible quasi-elastic peak at
a defined inelasticity v = q%/2m, where m is some
characteristic mass, but the apparent success of
the parametrization of the cross-sections in the
variable v/q® in addition to the large cross-section
itself is at least indicative that point-like inter-
actions are becoming involved. Numerical evalua-
tion of the sum rules is difficult since the inte-
grals will converge only if the curves shown in
Fig, 23 eventually decrease more rapidly with (v/q?)

than over the region covered by present data.

I have only attempted to point out the qualita-
tive features of the data; specific comparisons with
models and sum-rules are discussed in the theoreti-
cal sessions. However, a great deal more fundamental
experimental material must be developed in this field

before a clear picture can emerge.
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9



38

10.

11.

12.
13.
14.
15.
16.

18.

19.

20.

21.

22.
23.
24.
25.
26.
27.
28.
29.
30.

Electromagnetic Interactions—Experimental 2

REFERENCES AND FOOTNOTES

S.B. Crampton, D. Kleppner and N.F. Ramsey, Phys. Rev. Letters 11, 338 (1963);

R. Beehler, D. Halford, R. Harrach, D. Allan, D. Glaze, C. Snider, J. Barnes, R. Vessot, H. Peters,
J. Vanier, L. Cutler and L. Bodily, Proc. IEEE 54, 301 (1966).

C.K. Iddings, Phys. Rev. 138 B, 446 (1965).

S.D. Drell and J.D. Sullivan, Phys. Rev. 154, 1477 (1967).

J.J. Amato et al., paper 214.

W.E. Cleland, J.M. Bailey, M. Eckhouse, V.W. Hughes, R.M. Mobley, R. Prepost and J.E. Rothberg, Phys. Rev.
Letters 13, 202 (1964).

M.A. Ruderman, Phys. Rev. Letters 17, 794 (1966).

E.S. Dayhoff, S. Triebwasser and W.E. Lamb, Jr., Phys. Rev. 89, 106 (1957).

H. Metcalf, J.R. Brandenberger and J.C. Baird, Phys. Rev. Letters 21, 169 (1968).
Kaufman, Leventhal and Lea, to be published.

W.H. Parker, B.N. Taylor and D.N. Langenberg, Phys. Rev. Letters 18, 287 (1967).

J.C. Clarke, to be published. The accuracy claimed has been reduced from 100" t0 10" in a private commmi-
cation.

S. Triebwasser, E.S. Dayhoff and W.E. Lamb, Jr., Phys. Rev. 89, 98 (1953).
R.T. Robiscoe, Phys. Rev. 168, 4 (1968), and subsequent commmications.
J. Bailey et al., paper 405.

B.E. Lautrup and E. de Rafael, BNL 12567 (May 1968).

V.L. Auslender, G.I. Budker, Yu.N. Pestov, V.A. Sidorov, A.N. Skrinsky and A.G. Khabakhpashev, Proc. Int.
Symp. on Electron and Photon Interactions at High Energies, SLAC, Stanford (1967), p. 385.

A. Rich, Proc. Conf. on Atomic Masses, University of Manitoba, Winnipeg (1967), p. 383; Phys. Rev. Letters 20,
967 (1968) and Erratum; Phys. Rev. Letters 21, 1221 (1968).

J. Mar, B. Barish, J. Pine, D.H. Coward, H. de Staebler, Jr., J. Litt, A. Minten, R.E. Taylor and M. Breidenbach,
Phys. Rev. Letters 21, 482 (1968).

D.H. Coward, H. de Staebler, Jr., R.A. Early, J. Litt, A. Minten, L.W. Mo, W.K.H. Panofsky, R.E. Taylor,
M. Breidenbach, J.I. Friedman, H.W. Kendall, P.N. Kirk, B.C. Barish, J. Mar and J. Pine, Phys. Rev. Letters
20, 292 (1968).

Chr. Berger et al., paper 516.

For a review of the experimental material, see: G. Weber, '"Nuclear form factors below 6 GeV'', Proc. Int. Symp.
on Electron and Photon Interactions at High Energies, SLAC, Stanford (1967); see pp. 70-71.

G. Hohler et al., paper 233.

S. Galster et al., paper 492.

T.T. Wu and C.N. Yang, Phys. Rev. 137 B, 708 (1965).

H.D.T. Abarbanel, S.D. Drell and F.J. Gilman, Phys. Rev. Letters 20, 280 (1968).
L.M. Ledermann et al., paper 264.

T.F. Zipf et al., paper 370.

J.J. Russell et al., paper 221.

N. Christ and T.D. Lee, Phys. Rev. Letters 139 B, 1650 (1965).

J.A. Appel et al., paper 483; also J. Chen, Thesis, Harvard University (1968).



Electromagnetic Interactions—Experimental 2 39

31. R. Prepost, R.M. Simonds and B.H. Wiik, Report No. HEPL 566, Stanford University, Stanford (June 1968), paper 786.
32. 1. Kobsarev, L.B. Olson and M.V. Terentyev, JEIP Letters 2, 289 (1965).
See also V.M. Dubovik and A.A, Cheshkov, Soviet Phys. JEIP 24, 111 (1967); D. Schildknecht, DESY 66/30 {1966);
V.M. Dubovik, E.P. Likhtman and A.A. Cheshkov, Soviet Phys. JETP 25, 464 (1967).
33. R.E. Rand, R.F. Frosh, C.E. Littig and M.R. Yearian, Phys. Rev. Letters 18, 469 (1967).
34. C. Mistretta et al., paper 489.
35. C.W.(lglé%lof, W.W. Ash, K. Berkelman, A.C. Liechtenstein, A. Romananskas and R.H. Siemon, Phys. Rev. 163, 1482
36. N. Zagury, Phys. Rev. 150, 1406 (1966).
37. K.M. Crowe, Conference on Intermediate Energy Physics, Los Alamos (June 19, 1968).
38. S. Devons et al., paper 338.
39. W. Bartel et al., paper 821.
40. H.L. Lynch, J.V. Allaby and D.M. Ritson, Phys. Rev. 164, 1635 (1967).
41. E. Bloom et al., abstract 563.
42. W. Albrecht et al., abstract 313.
43, L.W. Mo and Y.S. Tsai, Report No. SLAC-PUB-380 (to be published in Rev. Mod. Phys.).
44, S.L. Adler, unpublished calculation.
45, F. Gutbrod and D. Simon, Nuovo Cimento 51 A, 602 (1967).
46. J.L. Alberi et al., paper 484.
DISCUSSION
ZICHICHI: I would like to make two comments: work, we should ask: "Why does it work?" On the con-
1. Two new features come from electron-proton scat- trary, if our model works the answer is very simple:
tering. i) The lack of validity of the so-called di- because it is an intuitive model which incorporates
pole formula in the high g* region (the non-validity all known facts such as pole dominance, SU(3), and
in the low q? region was already known). ii) The the new gauge invariant way of describing the coupl-
lack of validity of the scaling law at the highest ing of the electromagnetic field to the hadrons, due
values of g* which can be reached for GEp; in par- to T.D. Lee, and to Kroll, Lee and Zumino.

ticular, the new Bonn data point to GEp = 0 at
q? = 4 (GeV/c)2.

Both these features are in agreement with the
form factor model proposed by Massam and myself about

two years ago.

2. The variation of the muon g-2 anomaly with the
starting time t, could be attributed to the variation
of the range of initial phases with t. This is why
it would be desirable to perform other measurements
with the same apparatus, but at different incident

Let me point out that if the dipole formula did proton energies.
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ELECTRODYNAMICS AT SMALL DISTANCES, LEPTONIC DECAYS OF VECTOR MESONS

AND PHOTOPRODUCTION OF VECTOR MESONS

S.C.C. Ting

Department of Physics and Laboratory for Nuclear Science, Massachussetts Institute of Technology, Cambridge, Mass.

and Deutsches Elektronen~ Synchrotron, DESY, Hambourg

My report to this conference consists of three
closely related subjects: experiments to test quan-

tum electrodynamics at small distances; leptonic de-

cays of vector mesons,
tor mesons.

and photoproduction of vec-

As most of what I have to say is based on the
validity of quantum electrodynamics at small dis-
tances, I will present my report in the order out-
lined above.

The important works on electron scattering, muon
scattering, high-precision quantum electrodynamics
at small momentum transfers, photoproduction of bo-
sons, etc., will be conveyed in the talks given by
Professor Panofsky and Professor Richter, and will
not be referred to here.

1. QUANTUM ELECTRODYNAMICS AT SMALL DISTANCES

A beautiful experiment from the Stanford-Princeton
colliding beam group was reported to this Conference
In this experiment, two beams of electrons with 70 mA
current each at 550 MeV collided in an interaction
region surrounded by a large solid-angle counter and
spark-chamber system (Fig. 1). Veto counters were
used around the detector such that the cosmic-ray
background was about 3%. Radiative corrections were
kept small (= 10%) by including events with radiated
real photons up to more than 0.1 E for radiation along
the initial direction, and to = 0.6 E for radiation

along the final direction.

The lowest-order diagram for Mgller scattering
contains space-like virtual photons; this experiment
can therefore be regarded as a test of space-like pho-
ton propagators and of the electron vertex function.
The Mgller cross-section modified by the Feynman regu-

lator and by a radiative correction is

1),

do T, {m} 5"+ qo i s
Te0-2 (3| = @
2s" '+ ¢
+ == Gla”)6xlag) +—=—6( [a¢) [(1 +0) »
q Yo Yo (1)
where
o1
Gl ={1-L1 , o = — 4B sin%(8/2),
K K’
s’ =4, qr = — 4B cos’(0/2) .

A value of zero for K ° would be equivalent to
GK(qZ) = 1 consistent with a point-like electron and

no cut-off on the photon propagator.

The result, based on 7000 events, is K °
= =(0.06 + 0.06) (GeV/c)? which is consistent with
K? = 0.
A series of large momentum transfer e'e pair pro-

duction experiments and wide-angle bremsstrahlung ex-

periments were also reported to this Conference.

To first order, three diagrams contribute to pair
production (Fig. 2).
can be calculated by QED.

The first two, the BH diagrams,
The last, the Compton dia-
gram, cannot be calculated exactly, but experimental
conditions can be chosen such that its contribution

is small; in particular, since the e'e pairs in the
BH diagrams behave under charge conjugation as two
photons (C = +1) and the BH cross-section varies rapid-
ly with angle (v 8 to 8 "), whereas the Compton

term behaves under C like one photon (C = -1) and the
Compton cross-section decreases smoothly with 6(v 6'3).
By choosing a symmetrical detector with small opening
angles, one eliminates the interference between the

BH and Compton terms, and at the same time suppresses
the Compton term to a few per cent level.
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PRINCETON - STANFORD EXP.,

1

7 = 0= G’} = 1 = point-like

electron = no cut-off for photon propag.

Results: Based on 7000 events
1
rilie (~0.06 + 0.06)(GeV/c)’
1
)

K

consistent with =0

1  Apparatus and brief review of the Princeton-Stanford

F
e scattering experiment.

ig.
+e

For symmetrical pairs with 6_ =6, < 10° the mo-
mentum transfer to the recoil nucleus q =~ E6* < 100
MeV/c, whilst the mass of the virtual electron propa-
gator t = /2E0 < 1000 MeV/c. Thus under these con-
ditions, a heavy nuclear target may be used with rela-

tively small form factor corrections. The yield goes
up as Z?, and thus enables one to compare the measured
e'e” rate with predictions of quantum electrodynamics
to a momentum transfer of 1 GeV/c.

The DESY-MIT group has reported a new result on
pair production with a precision of +5% and up to a
2). Using the 7.5
GeV synchrotron and restricting the pair production

pair invariant mass of 1 GeV/c?

angle to < 7.7°, with a carbon target and with four
high-precision Cerenkov counters to reject pions
(using fast electronics for handling accidentals) this
experiment yields results, based on 400-1000 events at
each point, which are in good agreement with the pre-
dictions of quantum electrodynamics. The result of
their measurement, together with their first result
on pair production with the same apparatus, is shown
in Fig. 2.

Following the analysis of Kroll, who shows that
correct application of the Ward identities of higher

DESY-MIT WIDE ANGLE PAIR PRODUCTION
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Fig. 2 The Feynman diagrams, the apparatus, and the results
of the DESY-MIT wide-angle electron pair production experiment.
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orders requires that modification of BH cross-section
n

Xp/0BH= 1+ @M, nz4,

where A is a cut-off parameter used as a standard of

must be of the form O

comparison between various experiments on QED, the
DESY-MIT group experiment yields a A > 2 GeV with

68% confidence level (n = 4).

Two beautiful experiments on wide-angle bremsstrah-

lung were also reported. The diagrams of bremsstrah-~
lung and pair production are identical if one inter-
Thus the bremsstrahlung

experiments enable one to probe time-like virtual

changes p_ + -p_ in Fig. 2.

electron propagators, whereas the pair production ex-

periments test QED with space-like virtual leptonms.

The experiment by the Berkelman, Littauer groupa)
used the internal beam of the Cornell 10 GeV electron
synchrotron, a carbon target, and counters to detect
the scattered electron and photon in coincidence.
Their set-up is shown in Fig. 3. The scattered elec-
trons were detected at 6.4° by a single focusing
spectrometer, and the photon aperture was defined by
a collimator at 6.2°. The photons were detected by
lead-glass counters. Time-of-flight and pulse-height
information were used to select the e-y events from
background. One hundred events were collected at each
and their result as a function of final-state
mass M is shown in Fig. 3. The best straight line fit
to these points is R = 0.94+0.14+(0.9+1.9) x 107" M;

the results are consistent with QED which predicts a

point,

straight line at 1.0 with zero slope.

The experiment of C. Bernardini et al.u) at
Frascati used a hydrogen target and counter techniques
to detect the final proton, electron, and y in triple

coincidence up to an (e,y) invariant mass of 100 MeV/c?.

Their results also agree with QED.

The summary of the three latest experiments on
QED is shown in Fig. 4, which clearly gives us con-
fidence that first-order quantum electrodynamics of
electrons and photons is valid, to at least 5% level,
in both the space-like and the time-like region, and
up to a momentum transfer of 1 GeV/c with a corres-
ponding cut-off A > 2 GeV at a 68% confidence level.

2. LEPTONIC DECAYS OF VECTOR MESONS

Having obtained some experimental evidence on the
validity of quantum electrodynamics at momentum trans-

Berkelman et al.

P, P

%= (p, -k’ <0
space - like

= (p, +K)*>0
time - like

Compton-term
small (few *)

G

@éf" mﬂi
—
Torge' \Eﬁ‘ —_— To Quantometer

1.8
161
14
1.2
T ] b
alk —
u’j,‘c:’ Lo { 7
&
— 08+
@
06 -1
R=0.94+0.14 + (0.9 £ 1.9) x 107% M
04 |-
0.2 |-
0 1 1 1 ] 1 i L ] 1 L 1 1
200 400 600 800 1000 1200
Mass Of Final State (MeV/c2)
Fig. 3  The Feynman diagrams, the apparatus, and the results

of the experiment on wide-angle bremsstrahlung by Ash, Berkelman
et al.

fers up to 1 GeV/c, we turn to experiments on the de-

tailed understanding. of the nature of light.

The rest of the talk will be on experiments de-
signed to measure the coupling between photons and
R=(217) F BERNARDINY et.al.
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Fig. 4  Summary of the results of the pair production and wide-
angle bremsstrahlung experiments.
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vector mesons (massive photons, which have the same
quantun mumbers as the photonJ =1, C=-1, P = -1,
but with non-zero rest mass) and the photoproduction

of vector mesons.
2.1 Motivation

The purposes of studying leptonic decays of vector
mesons are fourfold (A, B, C, D) 5):

A. Measuring the branching ratio BR=(V® + & + 27)/
(V0 » all modes) is the only direct way to determine
the coupling constant between the vector mesons p,

w, ¢,and the vy ray.

The coupling constant Yy is related to the partial
decay width T(V°® - A 27) via:

2 2 2
Yy G My o My

T V)

dn 12 BR<Tyy

@

The precise knowledge of Yy Or re - 2+2_) enables

us to determine the w-¢ mixing angles directly via

m, m,
tg@zm—tg@Y='—tg@B
i ¢ 3
o) my My o Y
—_——=—t1tg 0, =— tg 0 = —
Mo ~2') m, &% T, '8 v2

to check Weinberg's first sum rule which is based on
the current mixing model and predicts

1 mp2 m(j‘ mqf
A T
3 Y2 YL, O

and to compare it with quark model calculations of
Dar and Weisskopfe):

T'(p »+ee) = 5.8 kev, T'{¢p ~ee) = 0.95 keV, etc.

In particular, the quantity Yy appears directly in
the vector dominance model approximation, which re-
lates the electromagnetic current Ju (x) of the hadrons
to the phenomenclogical fields pu(x), wu(x), qbu(x) of
the vector mesons via:

mp2 rnw2 m¢2
J,(x)=- P o, ( )+2Z w,(x]) + T 0,0 - 5

Thus in the vector dominance model, the knowledge of
Yy is essential to our understanding of the electro-
magnetic form factors of nucleons and of pseudoscalar
mesons, and to our understanding of the electro-

magnetic decays of mesons.

For example” , the simple vector dominance model
calculates the pion form factor from the graph

Yp  dpnm ‘\\ -

giving the result

2
gp’ITTT mO

F(k*) = = s (6)
2y, m —k

where gpmr can be calculated from the width of p + mm,
and the normalization condition Fﬁ(O) =1 gives

8 = Zyp and the decay of n° - 2y according to
Y

which gives
-1 -1

aZ YZ Y2 fZ m3
M s2y)=—|=| |=| = =.
(v > 21) 192[477 N @

Thus

Mw>n"+v)
F(TTO* 2v)
depends only on yj)/ 4.

B. Comparing the rates of V0 - " + e versus
VOt ey gives us a direct check of u,e univer-
sality in the time-like region and at the high mo-
mentum transfers of g2 = m\zl > 0. This probes any pos-
sible differences in the form factors Fe(qz) and

Fu (q®) between electrons and muons in a domain which
cannot be covered by either elastic scattering experi-
ments (W+ p-=>yu+pversus ¢ + p +e + p with q?2 < 0)
or low momentum transfer experiments like the

(g—Z)e versus (g—Z)u.

.. . + -
C. In principle, studying the e e mass spectrum
from reactions. such as

y +Cc->Cc+V

: Lsz*—HL‘
and e"te >4 o
or e te > K+ K

gives us the best way to determine the mass iy and
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the width FV of the vector mesons. This is because
the background contribution to the mass peak V¢ -

2"+ ¢ can be calculated exactly.

D. It follows from Eq. (5) that the photoproduction
cross-section of vector mesons can be related directly

. . 8
to the vector meson nucleon cross-sections via )

c[y+A+B+C]=Z%o[V+A»B+CJ. ®)
v Vv

This part of the physics I will discuss in detail
later on.

2.2 Experimental considerations

There are two ways in which to study the leptonic
decays of vector mesons: (A) from measuring the
relative rates of production of vector mesons (via
strong interactions) and the rate of vector meson
decay into 2o pairs; and (B) from measuring the
rates of vector meson decays in storage rings.

For both cases the best way to measure the branch-
ing ratio BR = (V - 297y /(V » all) is to detect all
with a 4n
In such a case the branching ratio follows

final-state decay particles Vo > x + y ...
detector.
without any phase-space and acceptance corrections.

In practice, however, since one can only detect the
final-state particles within a rather limited solid
angle, the angular distribution of all final-state
particles must be measured in order that the yields
of Vo + 2727 pairs and Vo + all modes be corrected

for different acceptances.
2.2.1 For production experiments

It follows from a general analysis by Oakesg) ,
based on invariance arguments, that the A pair pro-
duction from any unpolarized initial state of strongly
interacting particles is completely described by five
real form factors, that are simply related to the den-
sity matrix elements for the production of a virtual
photon, which then decays into the pair. By measuring
the angular distribution and polarizations of the pair,
one can determine all five form factors (or their den-
sity matrix equivalents) and thereby also investigate
the structure of the production process.

In the centre of momentum of the 278~ pair (taking

the incident beam direction along the z-axis and the

normal to the production plane along the y-axis)

the angular distribution of the decay of a vector
meson into two spinless particles x+,x_ is:

Wi (6%,6*) = N'(o" sin® 6* + " cos®6*

X
— .2
—o'' x sin® 6% cos 20" —

~V2 Re pxsin 26% cos ¢*) ©)
(where N' is a normalization constant), and the angular
distribution of the Vo» 2 0 is

Wx*x‘(e*’ ¢*) ] 8_”

- - (10)

w(e*, ¢*) = [1 -
The following cases of formulas (9) and (10) are of
special interest:

1. If V° mesons are produced by an incident beam
of high-energy m mesons, in the one-meson exchange
approximation either G-even or G-odd states can be
exchanged. For the G-odd exchange (the case of p°
production via one-pion exchange mechanism) we have
p’? = 1 and pi’j = 0, where i or j # 0.

Thus we have:

(0%,6%) = 2 cos? ot

W[p > tn) A (11)
(independent of ¢*)
3
%) _ i 2 % 2
W[p+£+£_][e ,9%) = sin® 6% x o (12)

For the G-even exchange (the case of w’ pro-

—1-1 -
, 07 £,
all other o1*) = 0. Thus for w - 272" we have:

. . 11
duction via p° exchange) we have p = p

~ 1 sin® 8%(1-20"" cos 2¢")

¥ %) _
(W 2¥e) (6%0%) =

8n/3
(depends on ¢¥),

(13)

and on averaging over the azimuthal angle ¢* one ob-
tains
X o _ 3 2 ¥
W(uﬁ o (6%,¢%) = rﬁ[l + cos® 6%].

(14)
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Thus measuring the decay angular spectrum of p -+ 2t
(the 6,6 dependence) and the value of the density ma-
trix, as a function of momentum transfer, yields us
information on the production mechanism of p°, as well
as determining the w -+ L% contamination in the

o® » 227 spectrum.

2. TFor a beam of high-energy photons incident
on complex nuclei, coherent production of ¢ in the
forward region requires that ¢ and the incident pho-
ton carry the same spin orientation, and thus we have

3
oo (67,67) = = sin’ 0" (5)

and (P-wave decay)

Wy (87,97 =— (1 + cos’ 67 (16)

16m
(S- and D-wave decay).

2.2.2 For colliding beam experiments

The annihilation of e'e” into n spinless bosons
through the one-photon channel 1ead51°) to a final
state with P = -1, C=-1, J =1, T =1 for n even,
T = 0 for n odd.

If 7 is the most general vector (pseudovector for
1 odd) formed out of independent final momenta for
even (odd) mumber of bosons, the final distribution

can be shown to have the general form

i |’;'|2 sin® @ an

where 6 is the angle formed between 7 and the initial

line of collision. Thus for

et +e - p»ﬂn;
> ¢+KJ§K;
. > -> .2 .
the only vector is p1 - p, and we get a sin® 8* dis-
tribution.

For e'e” + w » 3T the only pseudovector is the
normal to the production plane, and we have the nor-
mal with a sin® 6 distribution around the initial

1ine of collision.

Assuming a Breit-Wigner description for the reso-

nance cross-section near its maximum, we have then
2741 LT
2 ’
4 (2B-m) +1%/4

olE") =

where T, I are the rates into initial e'e” and final

state, respectively.

If the energy resolution in c.m. is 2AE, and if
I >> 2AE, we then have
(m+ 4E)

5}=A—1E f o(E) dE

3(m - 4E)
or

o = o(2m) = wx*(2J + 1)B;B; ,

where Bi’ Bf are the branching ratios for decay into
initial and final state, respectively. For our case

J=1, x = 2/m:

L T )

OR(Breit—WignerJ - mpz T .
Thus the cross-section [Eq. (18)] at the peak de-
termines the branching ratio of leptonic decays of

vector mesons.

+ - - . .
For case of p>m 7 and ¢ ~ K+K pairs, the dif-
ferential cross-section in the c.m. system is

2 2
do(g) -2 . L sin® 8, (19)

do ) F(EY)

16  E?

where F(E*) is the e.m. form factor of m or K. Thus
measuring this cross-section also enables one to
determine the e.m. form factors of m and K mesons in
the time-like region.

The cross-section as a function of energy:

m,*
g=C > (20)
4E*-md) +m) 1}

allows us to make a unique determination of the mass
and width of the vector mesons.

2.3 Experimental results

2.3.1 The branching ratio of o + 84~

Many experiments have been done on the branching
ratio of p » SL+2_, such as the experiment done by the
Northeastern-MIT group at CEA“), etc. All these
experiments yield results consistent with each other.
But the resolutions of these experiments are not pre-
cise enough to make a definite statement on the width

of .
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The results of the DESY- MIT grouplz) on the p ~
e'e” is shown in Fig. 5. This experiment is done with
a precision spectrometer with a mass resolution of
£15 MeV/c®. To reduce systematic errors, both the

production of p° and the subsequent p° + e'e” decay

DESY - M,I.T G > Cp°
- TF+TT—
Cross-sect.
1,0x10%
0,5x104
" 50 P m o0 £ o
Mu [MeV/c?)
st Cross—sect. 0 b -
p- *reege
0
® {m:?ESMeV/cZ
T =130 MeV BR = (6.14 + 1.5)
U -
L x 1075
B [ 0 %0 T
Mes e~ (Melic?)
HARVARD (Wilson)
+ —_
Evts/50 MeV 00 > 'y
50
Fp = Q7 + 20 MeV
40 BR = (5.8 +1.,2)
30 X 10_5
20
10 )
;00 ) 5(;‘ " ?;O ' 9(;0 1100
Di-muon mass (MeV)
Fig. 5 Invariant mass spectra in p > 2% from DESY-MIT and

from Harvard. The p + 7*71~ spectra measured by the DESY-MIT
group under the same kinematical conditions are also shown.

were measured with the same apparatus. The experi-

ment was done at a low photon energy of 2.7 GeV on a
+ -

carbon (T = 0) target, such that the w +~ e e conta-

mination is small.

At low energy, the bubble chamber data show that
photoproduction of w on protons is consistent with OPE.
No w contamination was observed and the measured
p e'e” width is 120 + 20 MeV/c?. The branching ratio
is obtained by dividing the area under the two curves,

and it yields
BR = (6.4 + 1.5) x 107 .

The result of the beautiful experiment done by Wilson's
groupla)
This experiment yields a BR = (5.8 + 1.2) x 107° and
a width of 97 + 20 MeV,

at the AGS is also shown in the same figure.

Two beautiful experiments on the branching ratio
and width of the p° were done by the Novosibirsk'")
and the Orsayls) colliding beam groups. Figure 6
shows some of the important characteristics of the
storage rings used by these groups, together with the
ring used to test QED by the Stanford group.

Both groups measured the e'e” annihilation into
7. The two experimental set-ups are very similar.
Figure 7 shows the Orsay one. They used thin-plate
spark chambers to measure the angles of the particles,
range and shower spark chambers to distinguish pions
from electrbns and muons, and coincidence counter
arrangements triggered in phase with the beam bunches
and additional veto counters to reduce cosmic-ray
background.

Stanford Novosibirsk

Orsay

Type of Machine Weak Focusing Weak Focusing Strong Focusing J

Number of

Interacting Regions

0

)

)

Bunch Length
Length of Exp. Section

90 cm at 550 MeV
0 em

90 em at 385 MeV
70 cm

18 em at 385 MceV
180 em

Angle Crossing Head On tiead On
Type of Collision ><
Currents 70 mA X 70 mA 20 mA X 50 mA 5 mA X 5 mA
11 X 12 (at 550 MeV) (at 385 MeV) (al 385 McV)
Beam Lifetime 1/2 hour 1 hour 25 hours
-2, - -2 -1 30 -2 -1
Effective Luminosity 5 1031 cm 2}\ ! 3 10300m h 5107 em Th

Fig. 6

Summary of characteristics of various storage rings.
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TABLE 1
5
m, (MeV) Fp(MeV) BR x 10 Fp+ee (keV)
Novosibirsk | 754 + 9 105 + 20 5.0 £ 1.0
Harvard 37 £ 20 5.8 1.2
Orsay 760 + 4 {112+ 12 16.54 £ 0.7217.13 £ 0.51
(from their fit)
DESY/MIT 6.4 * 1.5
Average 759 + 4.0 {108 + 8,56.04 £ 0.50) 6.52 + 0.75
{from average
BR)

The result of the e + e =+ p + 5o spectrum
from Orsay is also shown in Fig. 7, and the above
table summarizes the results of the two colliding
beam experiments together with earlier results from

DESY - MIT and from Harvard groups.
Thus,
4n

my

= = 0.52% %%
12 Tpoete”

for the coupling constant when the p meson is on the

mass shell. Using
-4
Y23, [ ) 4m$J
—_ = 1 _2 >
4 m, m,

from the 7 form factor we have:

Y p2

4n
for the coupling constant when the photon is on the

= 0.53 + 0.04

mass shell.
2.3.2 The branching ratio of ¢ > v

An experiment was performed at DESY by the DESY-
)

ter techniques.

MIT groupls using a precision spectrometer and coun-
The experiment is very similar to
the experiment this group has done on the p° meson,

and it has the following major experimental facts:

1.
measured both the production of ¢ by photons on car-
bon (with 10" events) and the decay of ¢ - ee (with
40 events) with the same apparatus, thus reducing the
Their
system has a mass resolution of +5 MeV/c? for ¢ » K'K

Normalization and polarization: They have

major systematic errors in the normalization.

events, and of #20 MeV/c? for ¢ » e+e_ events. With
10" events they find that photoproduction of ¢ on com-
plex nuclei is via diffraction mechanism. Thus the
angular distributions for K pairs and for electron

pairs are, respectively:

W

e = I()—T; (l + cos’ 9*) .

3
Wy = — sin’ 8",
8w

ORSAY-p-EXPERIMENT

AC
Absorber Layer

Cu.Pb
3
[% ————%C2
MIRRORS(" . b ct _
o). [DACE /] VACUUM |
f D CHAMBEQ‘e—
~ T ke
o Ve N, o
LAMP1 | |/ N | Lamp 2
Y 2
IF“l RESULT OF EARLER
60 / MEASUREMENT
501 - 2 rg mzp r'?
|"l|= T 7.7 ¢
(GE=mby emd, T
40+ ['F'): 112+ 12 MeV
m p:760’54 MeV
304
20
104 {
0 ' 'l 5
600 700 800 900 E(MeV)
Fig. 7 Experimental set-up and results on ete -+ o+ T from

Orsay.
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2. (QED pair contamination in the yield: To
first order both the Bethe-Heitler and (¢ ~ e+e_) dia-
grams contribute to the reaction

Y+C~>C+e++e_

+
P+ -p- €

However, since the BH cross-section varies
rapidly with angle (v 9_6), whilst the ¢ -+ e'e” CTOSS-
section varies slowly with angle, the signal
(¢ »—e+e-)/background (BH - e'e pairs) ~ 63.

To reduce BH background, the e'e” pair was
The BH back-
ground under the narrow ¢ peak is then < 1/2 of the
total yield.

measured at large angles of 22° to 30°.

3. Since the p° has a large width, the o + e'e
yield contaminates the ¢ + ee spectrum. However,
since the ¢ has a narrow width, a good mass resolution
on e+e_ will enable one to pick out the peak with a
small p background. Using the p - e'e spectrum
measured in the same apparatus and with the measured
diffraction (pure imaginary amplitude) cross-section,
they estimate an over-all 10% contamination of p plus

{p,) interference under the ¢ peak.

Figure 8 shows the Tesulting ¢ + KX and
¢ >ee spectrum. Integrating the area under the

spectra, one obtains directly
P > ee)/r6 > KK) = (5.7 £ 1.7) x 107
Using (0 > KK )/T(¢ + all) = 0.473 one gets
BR = (2.70 + 0.80) x 107,

A beautiful but difficult experiment on the ¢

branching ratio was reported by the Orsay colliding
17)

positrons in one ring, two beams of equal energy of

beam group Since they have both electrons and
510 MeV/c? collided and produced ¢'s at rest; since
each K meson has a mass of = 500 MeV/c?, there is very
little Q-value in the ¢ decay and the charged K-pairs
do not escape the wall of the vacuum chamber to be de-
tected. This experiment is done by detecting the
-
T 7 pairs from the ¢ - KiKg;(K% + 21) decay and by

detecting the 7 1 n°'s from ¢ decay directly.

[Since ¢ 1s a vector meson (in pure C = -1 state) it
does not decay into KX, or K,K, pairs.
the ¢ > K,K, mode. ]

It only has

KiK, decay: The K,K, decays were identified by
the two charged n's of the charged decay mode of the
K;. The angle 6 between the two m mesons is close to
180° and is always larger than a minimum angle given
by kinematics (6 = 150° at 2E = m¢). This was a very
efficient criterion for the identification of the X;
decays. The range of the 7's is rather short and pro-
The result of this part of
the experiment [based on 150 events, and using the
branching ratio B(¢ » KiK,) = 0.389 + 0.031] yields

aBR = (3.10 £ 0.5) x 10™".

vides another criterion.

This is in good agreement with the earlier DESY -
MIT results of (2.7 + 0.8) x 107".

P decay: Again two charged n's were detected.
The corresponding angle § is not peaked close to 180°
and the range of these 7's is usually larger than in

the X! case. Here the kinematics cammot be recon-

S
stituted. The efficiency of the detection system for

Evts/h0 MeV ¥C > Cé ‘-
25 > e'e

BR = (2.7 + 0.8) x 107"
20

te 4o events
5
870 950 1630 1im M(e+e-)
do W barn )
dfdm (sr-nucleon-MeV/i:2
Yo G0 L
5 Xk

104 10 343 events

AHA,SE
1095

M)

S
1050

. . + - -
Fig. 8 Invariant mass spectra of ¢ e e and ¢ » 'K measured
in the same apparatus, by the DESY-MIT group.
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31 decays is weaker and has been computed by Monte
Carlo method to be 4%. This, combined with the smal-
ler branching ratio of the ¢ for 3w decay, leads to
roughly three times less ¢'s being detected through
Using the value B{(¢ » 3m) = 0.138 £ 0.043,
this part of the measurement yields a BR = (5.8 + 1.4)
-4
x 10 .

precise result given above.

this mode.

This is in strong disagreement with the more
The Orsay group has also
measured the various branching ratios for ¢ decay and
they find the values:

B(o » K'K)/B($ > KiK,)/B(¢ » 3m) =
= 0.48 + 0.024/0.312 + 0.016/0.208 + 0.04 .

This is somewhat different from the results ob-
tained from the Rosenfeld table:

BK'K")/B(K1K,) /B (37)=
= 0.473 + 0.032/0.389 + 0.031/0.138 + 0.043 .
From this they obtain, using the K% events:
BR(¢ > e*e™) = (3.9+ 0.62) x 107"
Tyee = (1622 0.26) keV .
It is worth while pointing out that both the
DESY - MIT group experiment and the Orsay storage ring

In the DESY ex-

periment the counting rate is almost one count/day.

experiment are very difficult ones.

Thus it was entirely possible to run three days with-
out any counts. One hundred events represent a major
effort to keep the detection system from changing.

The Orsay experiment has the difficulties already out-
lined. Thus it is very gratifying to see that these

two very different cxperiments yield the same result.

The first successful experiment on ¢ and w decay,
and thus on the direct determination of the (w-¢) mix-
ing angle, was done at CERN by the Zichichi grouple)
(Fig. 9) studying the reaction mp + nV%;(V® + e'e).
In order to study the decay mode ¢ - e+e_, a ™ beam
of momentum 1.93 GeV/c was used. The mass of V° was
determined to +15 MeV by measuring the velocity and
direction of the neutron. In addition, the decay of
4 + e'e” was identified and measured by the opening
angle and the energy of electron pairs as determined
in two large shower detectors, each one having a re-

jection power against pions of the order of 6 x 107",

A total of 9 + 3 events was observed. Normalizing
this yield to the production cross-section from bubble
chamber data, they obtain a branching ratio BR =

(6.1 + 2.6) x 107 and a corresponding T(¢ + e e ) =
2.1 £ 0.9 keV (using oot = 3.4 £ 0.8 keV).

The following table summarizes the results of

+ -
measurements on ¢ + & £ . Together with the new re-

sults from Orsay of Tiot = 4:2 £ 0.9, these results
yield, for the first time, an accurate value of y;/4w.

TABLE 2
Groups T s (MeV) | BR x 10* Tinee (keV)

Bologna- CERN 6.1 * 2.6

DESY/MIT 2.7 +0.8

Orsay 4.2 £0.913.9 +0.62]1.62 +0.26
(from their best
fit)

Average 4.2 + 0.9]3.55 + 0.48

From these we have:
r(o>e"e™) =149+ 0.35 keV

+1.07

Yo /41 = 3.04 .

—0.66
2.3.3 The branching ratio of w + 25

An experiment, where for the first time the y >
272" was resolved from p > 2+2_, has been done at CERN
by the Zichichi grouple) using the same techniques as
they employed for the ¢ (Fig. 9). The primary = mo-
mentum was in this case 1.67 GeV/c and the mass resolu-

tion +10 MeV. Taking the w-p interference to be zero

BOLOGNA-CERN
wep—=n+y’ e
n: time-of -flight and argle
ete™: energy and opening angle
gt e~ wW-eet+ e
NU'WISOMEVUQJ‘OIS
INo.evidOMev l?é =21£09keV 15 £09keV r
6=23+1,
104 — =23+,

E] jevent ok

B0 900
MASS (MeV)

80 90 000 100
MASS (MeV)

Fig. 9 Experimental results on w ~ ete” and o > ete” from the
Bologna-CERN group.
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and using the known production angular distribution,

they obtain a branching ratio, based on 11 events, of
—u

BR = (0.40 + 0.15) x 10 ~ or [ psete- = 0:49:0.19 keV.

The Orsay group of Augustin et al.lg) has just
finished a beautiful experiment on e’ + e » w - 1 7 70
by detecting the mr . The three-body events were iden-
tified, and separated from two-body events and back-
ground by selecting events giving two non-collinear
tracks originating from the beam. The resulting spec-
trum, obtained with the same apparatus as in the p
and ¢ experiments, is shown in Fig. 10. This experi-
(0.85 + 0.16) x 107",
0.19 keV.

ment yields a branching ratio

and a best fit [rere- = 1:04 ¢

From the average of these two branching ratios,
we obtain a (BR)_ = (0.61  0.11) x 107*. This, to-
gether with the world data on the width of w (both

groups prefer this value) of 12.2 * 1.3 MeV, gives:

[Fw*e‘]av = 0.744 + 0.156 keV

(v5/4n)

av

+1.24
—0.81

= 4,69

The Dubna group of Baldin has also observedzo) the
e'e” decay mode of p, w, and ¢. The experiment was

done by measuring the reaction
m+p>V+n-e"+e +n.

The conditions of the experiment allows one to detect,
. . . . -

with high constant efficiency, the e e pairs in the

mass range from 500 to 1200 MeV (Fig. 11).

event, their system makes it possible to measure three

For each

2} OINpb

ORSAY
[ = 16024 Mev

i 1

905 0+ +0 +20
BEAM ENERGY-CENTRAL VALUE (MeV)

. . + -
Fig. 10 Experimental results on mass spectra of e e > .w~
17 1% from Orsay.

parameters, the energies E; and E, of electrons from

The
knowledge of the above three parameters allows one to

V? decay, and the opening angle 6 between them.
calculate the effective mass of the event. Assuming
a mixing angle of 38° (which, as we shall see, is a
valid assumption consistent with existing data), this
experiment yields:

B, = (5.3 ¢ 1.1) x 107°

B, = (6.5 * 1.3) x 10°°
+h.b < 10_1' i

and B, = (6.6, ,)

Binnie et al.ZI) from the Rutherford Laboratory
used the reaction m + p + ¢ + n at 1.58 GeV/c to
study both the production and the leptonic decay rates
of ¢. The K'K” mode was selected by scintillation

counters and threshold water Cerenkov counter and spark

DUBNA

"t p— V+n

L ete”

spark_chambeis S Ca

S5 oS He_ T
A= -
‘\ﬂ'ﬁ.GC){ZC L A

brass comertors S si o LS

z —raw data
= -—
a° weighted data
|
a
a
2
=
L
&
&5
5 -
£ M
3 i
) _- (_L_L%
0 !

:mLJ_wo T g0 %o o ued

] Me‘e-, [MEV]
Based on SU(3):
B, = (5.3 1.1) x 10°°
By = (6.5 +1.3) x 107’
By = (6.6 * 4.4 -
5= (66 7 5rg) ¥ 10
Fig. 11  Experimental set-up and results on leptonic decays of

vector mesons from the Baldin group at Dubna.
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chambers. The ee’ decay of the ¢ was selected via
thin-foil optical spark chambers, lead plates, and

scintillation counters. This experiment yields a re-

sult of
BR = (7.2 + 3.9) x 107
OF Tyotre- = 2:4 2 1.5 keV
_ 1 9+2.9

or (Yé/ 4)

. -0.7 .

Binnie et al. also measured the branching ratio
of w~ e+e_, based on three events. They give a ratio
lying between 5 x 107 and 6 x 10 .

These results are in agreement with other previous

measurements.

In summary

The large amount of accurate data on leptonic de-

cays of vector mesons (p,w,¢) from both production ex-

Electromagnetic Interactions=Experimental 3

periments and colliding beam experiments are in good
agreement with each other. The average results of
the three independent experiments plotted on the

Sakurai circle (based on Weinberg's first sum rule)
are shown in Fig. 12. These results yield the values

of the generalized mixing angle 0 of:

- oz0  +7°
Bologna-CERN 6 = 23 - 5o
Orsay 6 = 35.1°+ 3.3°
Cane F5° (using Fu)+8e =
DESY - MIT 8 =40 _ 7o 1.04 £ 0.19 keV
from Orsay).
_ o + 3.9°
Average 6 = 31.6° _ 1.90

The average value of 6 is obtained from the average
values of BR above.

The comparison of the average values of V0 - I

with various theoretical models is shown in Table 3:

TABLE 3
Average experimental results Theoretical models
Deca .
Y " Tot FV+££ Y@ o2 . sz |sar. | oo Quark | Mass mix.
(V) | (keV) T v roup | SU(S) | Salur. DW. | KL.Z.
6.04 DESY-MIT PV+ee Tvéee
108.0| 6.52 Novosib. (keV) | (keV)
>e'e [+ 0.50 0.527°+"7 9 9 9 9 | 5.7
e T £ 8.5 £ 075 T 70006 Orsay )
x 10
Harv.
3.55 Bo1-CERN
- R . . 0,43
o+ ete e gl B2 00T e pesyan| 2 | 133 | 1.34 0,95 | 1.2
-l +0.9] + 0.35 T0.88 o
10 Orsay
6.1
12.2]1 0.74 +lo24 +0.21 Bol-CERN
+ -+ 1.1 4,69 1.00
w>ee e +1.30 + 0.16 -0.81 -0,21 Orsay 1 0.65 | 1.21 |0.61 0.6

In conclusion:

i) The data agree with the prediction of Weinberg's
first sum rule, based on the current mixing model.
It should be noted, however, that the Orsay result,
without any finite width correction on Fp, is 1.8
standard deviations away from the predictions of

Weinberg's first sum rule.

ii) The average values of the partial widths of
Vo 5 e'e” agree remarkably well with the quark-model

calculations of Dar and Weisskopf.

iii) Both the Orsay data and the DESY/MIT data prefer
the mixing angle ¢ = 39° given by Das, Mathur and
Okubozz), whereas the CERN data prefer the prediction
of Oakes and Sakurai’®), ¢ = 28.2°.
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Comparison of the world average on leptonic decays
of vector mesons with WEINBERG's st sum rule

15Ty Ry e (MeV)

39
fﬁ'uw

e T —

10 VmQr¢ﬂe (MEV]

Fig. 12 Comparison of the world average on leptonic decays of
vector mesons with Weinberg's first sum rule.

iv) Because of the large difference between the CERN
results and the Orsay (and DESY/MIT) results, the
average values of the data are not accurate enough to
exclude Sche mass mixing models given by Kroll, Lee and
b
are surprisingly in agreement with the predictions of
simple SU(3).

Zumino® In fact, the average values of the data

v) The total widths of vector mesons determined
108.0 +
8.5 MeV, Fw = 14.0 = 2.4 MeV, and 1‘¢ = 4.2 + 0.9 MeV.

These values are somewhat different from those ob-

directly from their leptonic decays are Fp

tained from the analysis of strong interaction ex-

periments:
I‘p = 90-150 MeV,
L, =12.2 + 1.3 MeV,
and 1‘db = 3.4 + (.8 MeV.

3. PHOTOPRODUCTION OF VECTOR MESONS
3.1 Motivation

Since photons and vector mesons have the same
quantum numbers, it is very likely that at high energy
and small momentum transfers the reaction YA - V°A
could have similar behaviour to that of mA » mA, i.e.
they should have the following characteristics:

i —2
b ) s eplalan)]
dt t small
where a(A,t) 1s a measure of nuclear density; its

value depends sensitively on the t-range used and on
A.

ii) As in the case of mp scattering, the total cross-
section should be either slowly decreasing with in-

creasing energy or be almost constant.

iii) For diffraction scattering, the produced vector
mesons carry the same polarization as the initial pho-
tons. Thus the angular distribution of the decay K
pairs in photoproduction of ¢ mesons should be

~ sin? 6%, where 9* is the angle, in the ¢ rest sys-
tem, between the decay K meson and the recoil nucleus

direction.

To study the detailed mechanism by which vector
mesons are produced at high energy and low momentum
transfer on complex nuclei, we compare the data with
the predictions of the diffraction modelszs) of Drell
and Trefil, Ross and Stodolsky, Margolis, and Trefil,
in which the forward production amplitude is expres-
sed (in the laboratory system) as

d J 1A 1Ap.
fA=2wafdzjbdbe1 e ™" plz,b) x
—o 0

X exp |:—% fp[z',b) dz] (21)

z
where the factor exp (iA*b)p(z,b) comes from the nu-
clear shape; exp(iAm-z) comes from the difference in
initial and final mass; exp [-0/2 4?p(2',b) dz'1 from
the attenuation of the vector meson by nuclear matter
after its production, and where fH is the production
amplitude on hydrogen. ¢ = YN is the vector-meson-
The model of Drell and
Trefil, and Ross and Stodolsky assumes

nucleon total cross-section.

plr)

=const rgR
plr)
=0 r>R

R r

Thus the nucleus is treated in an average way as an
absorbing medium, rather than as a collection of in-
dividual nucleons. Clearly, the model is best for

nuclei in which A is large.

The Margolis model, based on an approximate sum-
mation of the multiple scattering series of Glauber,
uses for the nuclear density a Woods-Saxon distri-

bution

ofr) = o1 + exp[(r —<)/al} .
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In the Margolis model, terms in 1/A and also the ef-
fect of each individual vector meson nucleon scat-
tering term (do/dt) (yp »~ Vp) = a exp (bt) are drop-
ped. Thus the model is best for production on heavy
nuclei at small momentum transfers, but will not ap-

ply to A £ 12, when 1/A terms are important.

The model of Trefil uses a density distribution

A
Hexp[*[rj/R]ZJ , R = determined
by r.m.s.

j=1 nuclear radius.

olr) =

This model keeps terms VA~ ' and b/R, and thus in
principle should apply to all nuclei for both co-

herent and incoherent production.

For heavy nuclei at small momentum transfers
there is very little difference between the three
above-mentioned models. The difference between the

models occurs at large t or on small A.

In all three models, the following important pro-

perties are to be noted:

A. To determine Gy One compares the relative

L () / L)

yields

dQdm dQdm

for a set of nuclei (Be, C, Al, Cu, Ag, Ta, Pb) for
a narrow mass band near the peak of the resonance, so
that the relative background contribution is small.
Comparison of relative yields is the best way to de-
termine ouN® It corresponds to the classical way of
measuring a total cross-section with different tar-

get thicknesses.

B. In principle, one can alsc determine oVN by match-
ing the relative yields of

do
> A 0 —_
e

on each nucleus with

do

VO
m (yp~pV)

t=0

2
|£4 (Rt OVN)/fHL=0 .

In practice, however, there are some difficulties

associated with this method:

1. The function |fA(R,t,UVN) I'é:o ~ R*, therefore

the |f A/fHI2 and the corresponding value oy, for large

R depends critically on the nuclear radius parameters

used. For example, as shown in the following figure

taken from the calculation of Margolis and Kﬁlbigzs)
on the dependence of Oy On the ratio |f,/fy[?, in
the case of Pb an 8% change in nuclear radius would

correspond to a change of N from 30 mb to 40 mb.

Ldog s o /9800

1 A dt (YA e AJL:O/ dt (Yp* f pjlt:o'
&1

1 Pb
40

1 Cu
20 \

'1'//l T T

T ) T
15, 20. 25, 30 3. 40. dpN (mb)

2. For a wide resonance such as the p meson, the
absolute normalization of the experimental data can-
not be accurate to more than =~ 25%. This is due to
the fact that there is no reliable way of describing
the shape of a wide resonance whose reported width
varies between Tp = 90 and Fp = 150 MeV. The value
Fp and t}:uf the amount of pure p mesons in the ob-
served m 1 pairs depends sensitively upon the assump-
tions of Breit-Wigner form and background function.

The two most commonly used methods are: the S6ding

§)

tically scattered off the nucleus (diagram A). The

mechanisn’ , whereby a photoproduced = pair is elas-
interference between (A) and (B) below introduces a

distortion in the resonance shape:

(A) (B)

The S6ding mechanism not only cannot be calculated ex-
actly, but also it constitutes serious double count-
ing, since the ' in diagram (A) must be in a P-
state in order to interfere with the pure o diagram
(B). The method where one modifies the spectrum by

a (mp/mm)l+ factor [Ross and Stodolsky27)] and uses
an empirical background to fit the data, is also some-
what arbitrary, since the resultant cross-section is

somewhat dependent on the background function used.
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Thus, depending on the method by which the data
were analysed, the ratio of the integrated cross-

section
[(do/dodm)dm  (do/dt){yA > Ap’)
A =
[(do/dodm)dm  (do/dt)(yp ~ po°)
H

can easily vary by 25% or more, as shown by the above
figure. In the case of Cu, a 25% variation in the

from 30 mb to

ratio corresponds to a change of o
40 mb.

C. With the knowledge of TN’ and with the assump-
tion of pure imaginary scattering amplitude, one can
now use the vector dominance model prediction [Eq.
(8)] or its equivalent term:

do 1 o (v -
— | (vA~av)= — | o}(v'A) (22)
dt |-, 16 4n

to extract the value Yé/4ﬂ and compare it with the
values obtained from w-meson form factors, analysis
of W+,ﬂ-,ﬂ0 photoproduction, etc., where the photon
is also on the mass shell.

Since at finite energies the minimum momentum
transfer t = m\‘*[/4k2 is far away from zero [ typically
on lead nucleus do/dt v exp (400 t)], the procedure
of extrapolating do/dt|t=0 from the measured do/dt
has all the difficulties (i.e. R* dependence, un-
certainty in normalization, etc.) outlined above.
These difficulties can be overcomezs), however, if
one notes that in the optical model one has

op(V°A) = 4n I bdb |:1— exp [j oVNI o(b,z") dz']] ~R?,
0 0

(23)

1.
and if one now calculates (do/dt)? from Eq. (21)
with exactly the same set of density parameters R

and p(b,z) one has:

r

[e3]

4ty r
= f b db [1 - exp l:— ayN f o(b,z ]dz
A0 Oyy

0 0 (24)

Note that both o7(V°A) and (do/dt)? have the same
functional dependence on R. Thus it follows from
Eq. (22) that:

sz 1 «a OTZ(VOA)
T 4o 0
4n 16 41 — A~>V'A
| (v )
1 « o\fN
T do 0 (25)
16 4n — »V
K dt t=0 (Yp p]

independent of R,p(b,z).

Therefore, the best way in which to obtain y;/4n
from photoproduction of vector mesons on nuclei is to
determine N from relative yields for a set of nuclei
in a narrow mass band near the peak of the resonance
where the background is small and where no absolute

normalization is necessary.

Using the oyy SO obtained, one then calculates
oT(VOA) from Eq. (23) and extrapolates do/dt[t=0
from the measured total cross-section do/dQ with
£, Rt,a) |2
R and o(z).
sis of BEq. (25) that one has a unique Yé/4ﬂ indepen-
dent of R and p(z).

For example, with do/dttzO(H)

-- with exactly the same values for
In this case it follows from the analy-

= 150 pb/GeV? one has
the following:

30 mb,
then it follows from Eq. (25) Yé/4“ Y 0.5 for all A;

i) if the relative measurements yield a N !

ii) if the relative measurements yield a OpN % 40 mb,

then yé/4n Y 1.0 for all A.

3.2 Experimental results

3.2.1 Photoproduction of p mesons

1. On hydrogen: Large amounts of experimental data
now exist on photoproduction of p on hydrogen, deu-

terium, and on complex nuclei.

The experiment of Ritson's group (SLAC, CIT,
Santa Barbara, Northeastern Collaboration)zg) used a
bremsstrahlung photon beam and a hydrogen target, and
observed the recoiling protons produced in the target
with a 90° bent spectrometer. The data were obtained
by the photon subtraction technique. The results
from 4 to 18 GeV are shown in Fig. 13.
sistent with do/dt = do/dt| =0 © €XP (Bt * Ct?) with

B = 8-10 GeV/c?.

They are con-
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30
The experiment of Mozley's group ) at SLAC used
a 2.2 metre streamer chamber to study the multibody
E - 115 Gev photoproduction. A collimated bremsstrahlung beam of

T T
L * SLAC {Ritson)

% ADESY (ref )
4.5-5.8 Gev

£ =65 Gev

— 100 ¢ : : . j

2

16 GeV peak energy and 3 mm diameter was incident on
a 3 atm hydrogen gas target extending through the

in ub /(GeV/c)

. chamber. The chamber was mounted on a large magnet
with an 8 kG field and triggered with a fourfold co-

t

A =146 * 50 A =94 % 32
B =100 *15 B=86¢t15
C=37*13 ; C=21*13

deo
d

incidence array of scintillation counters.

o¥ L ‘ : : o1 L—
0 02 04 06 08 0 02 C3 06 08 . . 31)
-t in (Gev /el tn (Gev/sa)? The experiment of Silverman's group at Cornell

T L used a bremsstrahlung beam, scintillation counters,
£ 213 6ev E:14.56ev and spark chambers to measure the positive and nega-
1 tive charged particles which traverse the spectro-
meter. The entire magnet system was mounted on a

n pb /(Gev/e)’

platform which rotated vertically about the target,
thus enabling them to vary the production angle.

A=T71£25
B=74+15
C=09%13

da
dt

ol | H L 1 ol i i L i
0 02 04 06 08 0 02 04 06 08 from the above groups together with the results?®?

-t in (Gev/e) -t in (Gev/c)
from the DESY bubble chamber collaboration, the SLAC

Figure 14 summarizes the results of dcj/dt|,c=9

100 T - T — 100 T T T T
HBC group of Ballam, and the DESY counter group of

2

E = 17.8 Gev Heinloth. As seen from the figure, the value do/dt] =0

=}

decreases slowly with increasing energy, thus imply-

ing that Opp also decreases with increasing energy.

in ub /(Gev/c)

Figure 15 shows the sunmary of published values of

Iop from the various groups. These data show two in-

teresting features:

[oXi
0 02 04 06 08 o] 02 04 06 08 . .
1 in (Gevre)? “tin (Gev/e)? i) at lower energies (2-3 GeV) the value opp depends,

‘ ) ) to = 25%, on the assumption of the fits; and
Fig. 13 Experimental results from the Ritson group at SLAC.

do/dt in (GeV/c)? versus t, for the reaction y + p > p + p° at
incident photon energies from 6.5 GeV to 17.8 GeV. The lines
drawn through the data points are the best fits to the expres- . . . .

sion do/dt = A eBttCt2  The values of A, B, and C found at a SlOW1y decreasmg Opp with ncreasing energy.
each energy are shown in the figure. Their units are ub/ (GeV/c)2,

(GeV/c)‘z, and (GeV/c)"’, respectively.

ii) within the errors, the data are consistent with

§ 51 (RITSON) § SLAC (Moztev) d atpin
y+prprtope L0ESY Bubble Chamber OO = (H%) = Y
$ DESY Counter t=0
3 Cornewe { MeClellan et al.) THIS DATA IMPLIES 6‘9
180}
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§ 140 IS I
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S

Fig. 14 Summary of do/dt|e—g (vp - pp’). The decreasing of this value with increasing photon energy
indicates that Opp decreases slowly with energy.
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Fig. 15 Summary of total cross-section Oy, (YP po"). Note that in the low—energy region, Ey < 4 GeV,
the value %ot depends sensitively on the method of analysis used.

The DESY group of Criegee and Timmss) has measured
p production with polarized photons. Measurements
with polarized photons provide a strong check on p
production models. In a diffraction process (cross-
sections o; in Fig. 16) the decay pions tend to emerge
in a plane containing the polarization (electric) vec-
tor of the photon, whilst in 0~ exchange processes
they come out perpendicularly with cross-sections o,.
This group has determined the ratio R = 0,/0; by
measuring the nr pairs on hydrogen with photons of
two different polarizations. For photon energies be-
tween 2.0 and 2.5 GeV, and squared momentum transfers
between -0.07 and -0.40, they find R = 0.17 + 0.07.
This ratio indicates that p° photoproduction on hydro-
gen is dominated by the diffraction process. Since
non-resonant m pairs have not been subtracted from
the data, R represents an upper limit for non-dif-

fractive p° production.

o
A,
+ 05

+ 0.4
+ 03

+ 02

F——t—
—e—ri
>

T T T —

01 02 | 03 0.4
- t] [Gevid®
Fig. 16  Experimental results of the photoproduction of the o

meson on protons with polarized photons, at an energy of 2.2
GeV. See text for further explanation.

2. On deuterium: Figure 17 shows the summary of the
data on deuterium from the DESY bubble chamber collab-

oration®?) and from Corneil®!). The Cornell experi-

doly.d —p°X)
dofy-p—=phX)’

o —QESY  folv-d=od 91cE, <30 GeV
517 40 {yep—=p*ep}

i1 —CORNELL Ey=6GeV

oz
¥ ¥ %

-~ e~

01
It {Gevl)

} 0ESt 20620680\ 3056, »53GeV
% CORNELL A,
h Ey=6GEV
o~ + . N
< 5
2
B Model of Trefil
8 0+ 1 Opy=30mb
U((IIUHII L IHIU‘,‘IIJ
It =]t -tpn| (GeV?)
g—%(o",oz) yed —d'+p
- gd?q?(mlHl) Yep—p+p CORNELL
T e 1 b=
2+
] —
0 1 1 1 1 ) I 1 L 1 1

3 4 5 6 7
Incident Photon Energy (GeV)

Fig. 17  Summary of photoproduction of p mesons on deuterium.
The straight lines on the do/dt plot are the predictions of the
diffraction model of Trefil. See text for details.
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ment only measures the 7n from p decay, the bubble
chamber experiment observes all final states. The
bubble chamber data agree with the coherent diff-
raction model calculation of Trefil with OoN = 30 mb.
The Cornell data exhibit coherence at small t-values.
In the large t-region, the D, data have the same t-
dependence as hydrogen and the ratio of cross-sections
od/op ~ 1.9. The Cornell group also measured deuterium
to hydrogen ratios at 6 = 0°, and as a function of E_.
To an accuracy of about 5%, this ratio is independent
of energy from 4 GeV to 9 GeV and averages to 2.87 =
0.09.

of = 3.5, based on coherent production and Glauber

This ratio is different from the expected value
corrections. The Cornell result indicates that photo-
production of p on hydrogen cammot be completely dif-

fractive.

3. On complex nuclei: As discussed before, measuring

p production on complex nuclei enables one to compare

the relative yields with equation (21) and thereby ob-
With the value ¢
determine the coupling constant y;/4n and compare the

tain o N N One can then proceed to

value with the analysis of other photoproduction data

when the photon is on the mass shell.

The experiment done at DESY by the DESY- MIT
%)

resolution of +10 MeV. The relative yields were meas-

3
group - used a double-arm spectrometer with a mass

ured at three different energies of 2.7, 3.5, and 4.5
GeV.
son with Eq. (21) was made at the central peak mass

To reduce the background contribution, compari-

region between 720 and 820 MeV. The results shown in
Fig. 18 yield an average value of O 31,3+ 2.3 mb

for this energy region.

To obtain yg/4w, they integrated the forward cross-
section do/dQdm over their spectrometer acceptances
(3.0 < p < 6.2 GeV, 8° < 0, < 26°). They have alsc
used an Onp/mﬂﬁ)“ factor in their mass distribution
to fit the spectrum. Their integrated cross-sections
over their acceptances are: do/dR(C) = 5.0 + 0.4 mb/
(srenucleon), do/dR(Cu) = 11.2 + 1.1 mb/(sr-nucleon),
do/d2(Pb) = 10.0 + 1.0 mb/(sr-nucleon).
spectrometer acceptance windows th?y then calculate
an average value of |fA(R = 1,35 A/éf, N = 31 mb,t)|?
where each Monte Carlo event is weighted by the pro-

From their

duction mechanism of p. The values ctot(yA) are again
calculated using Eq. (23) with the same R = 1.35 A'Gf,

OpN = 31 mb. From this information, the values
Yé/4w follow directly via:
o (R = L35 A¥£, 0,y = 31b)

vy o K

a4 167 %[A]/HA[R:LSS A3 £,0, =31 mb,t)f
=~ (0,50 *0.10 for C, Cu, Pb.
These numbers, as discussed before, depend only
on gy and the events/acceptance, and are independent
of any extrapolation procedure used -- the R* factor

cancels out in this case. .

The experiment done at Cornellal) used the spec-
Their measured A-de~
= 6.0 GeV
The curves inYthe figure

trometer discussed previously.
pendence of forward cross-sections for E
is also shown in Fig. 18.
are the optical model calculations for various assump-
tions about 9N They used in their analysis the nu-
clear density distributions p(b,z) as given by
Hofstadter for electron scattering. The value they
obtained this way depends on A, being 30 mb for copper
and 37 mb for lead. The authors attribute this dis-
crepancy to the neutron size being larger than the

proton size.

It is clear from the published data that the values
of OpN determined from DESY and Cornell do not contra-
dict each other.

To deduct yé/4w, the Cornell group proceeded in a
manner quite different from the DESY method. They
extrapolated the value do/dt\tzo with the function
|fA(t,§ = electromagnetic radius, Iy = 40 mb) |2, For
oT(pA) they used the published values of Bellettini
et al. on proton-nucleus total cross-sections, i.e.
they took oT(pA) = o(pA). In this way by extrapolat-
ing the ratio o?(pA)/(do/dt, t = 0) to A » « they ob-
tained a value Y;/4ﬂ = 1.05 £ 0.20.

It is interesting to note that if one uses oT(pA)
= g(nA) in the Cornell analysis [the Eq. (3) of the
Cornell paper], i.e. if one takes the measured values
from Longo et al. or from Pantuer et al.as) on neutron-
nucleus total cross-section and thus avoids the dif-
ficult problem of subtracting the Coulomb interference
term from proton-nucleus total cross-section, then the
value of Yé/4ﬂ (A » «) is much closer to the results
obtained from six or more other ways under similar
kinematic conditions when the photon is on the mass
shell (Fig. 19).
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The experiment of Leith's groupae) is one of the
first successful coincidence experiments done on the
20 GeV SLAC. They used a large acceptance wire spark

chamber spectrometer and a 9 GeV monochromatic photon

DESY-MIT

= 4,500 GeV/c
=1.35 + 0.04
= 30.7 + 5.3 mb
=3.60F=3

= 3.500 GeV/c
=1,20 £ 0.12 f
=35.2+94m
=16 DF =2

= 2,700 GeV/c
=1.23 £0.06 f
=31.0 £ 2.6 mb

1

1)
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Fig. 18  Summary of relative yields of production of p mesons

on complex nuclei from measurements at DESY at photon energies
of 2.7, 3.5, and 4.5 GeV; from Cornell at 6 GeV; and from
SLAC at 9 GeV. See text for explanation of the solid curves.
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Fig. 19 cComparison of the coupling constant y2/4T determined

from the DESY analysis and from the Cornell analysis. The so~
lid line is the result of the Cornell analysis if one replaces
054 with the two results of 0 ,. The region between the dotted
lines is-determined from various other analyses of experiments
where the photon is on the mass shell.

beam to study the photoproduction of o on hydrogen and
complex nuclei (Fig. 20). The resolution of the mono-
chronomatic peak is ~ %1.5%. The spectrometer itself
consists of a wide aperture, uniform field magnet, fol-
lowed by a set of trigger counters and four wire spark
chambers interfaced on-line with an IBM 1800 computer.
Figure 18 shows the result of their preliminary analy-
sis on the relative yields of p on complex nuclei. The
data are consistent with 20 = 0N < 40 mb. Using the
assumption OT(pA) = g(pA), and not extrapolating to

A » », they obtain an average value yé/4w =1.2 + 0.3,

An experiment on electroproduction of p° was done
7
at DESY by the Heinloth group3 ).

primary electron was 4.9 GeV, the energy of the vir-

The energy of the

tual photon varied between 2.7 and 4.0 GeV. The mo-
The result

agrees with a Breit-Wigner x (mp/mﬂﬂ)“ distribution

mentun transfer was |q®| < 0.3 GeV2,

function, and its t-dependence agrees well with the

predictions of vector dominance.
38)

sults of various ways of determining the coupling con-

The following table summarizes some of the re-

stant y;/4n.

It is important to observe that the coupling con-

stant Y;/4W = (.5 determined from direct measurements

of leptonic decays of p when the p meson is on the
mass shell is almost identical to that determined
from various other measurements when the photon is on
the mass shell,
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TABLE 4
Reactions
p meson on mass shell y2/4n
M +0.07
e +te Lp 0'52-0.06
Photon on mass shell v2/4w
d

1. o%(yp)/ 5% yp » 0°p) 0.5 +0.1
2. m meson form factor 0.53 + 0.04
3. Ypo>Tm, ymoTp 0.45 + 0.10

from 3 to 8 GeV
4. 7 /m" ratio from deuterium 0.45 + 0.10

0

5. do/dt YA+ p A)C,Cu,Pb 0.5 + 0.1

DESY
6., T(w=>my)/I'(w~> 3m) 0.65 £ 0.10

do do

7. g (e ')/ g (W= oN) V0.5

do

9. do/dt (YA » p%A)
Cornell

8. af’(Yp > W+n)versus %%(W_p > pon)se)

0.45 (for this comparison
see Fig. 21)

1.05 = (.20

Indirect measurements

1. T(+KK)
2. T(K* > Kn)
etc.

yé/4n equiv. = 0.45 £ 0.10

1
o
o
1+
)
[

YS/4F equiv.

The idea that the coupling constant varies slowly
with q® seems to be quite valid.

3.2.2 Photoproduction of w mesons

For photon energies 2.1 < EY < 5.8 GeV, t?i)re—
sult of the DESY bubble chamber collaboration is
shown in Fig. 22. The cross-section for yp = pw can
be described in the following form as a function of
E :

Y o
o(yp » pw) = (18.4 * 5.8)x By ™ + (19 £ 0.9) B, ™™ yba

This expression was chosen because it is the be-
haviour expected for the sum of two production mecha-

. . -1.6 .. . .
nisms: i) one-meson exchange Vv EY , ii) diffraction

. -0,08
production v EYO Thus below 3 GeV, photoproduc-

tion of w is dominated by one-meson exchange, whereas
at higher energies it is dominated by the diffraction

mechanism.

3.2.3 Photoproduction of ¢ mesons

1. On protons: Figure 23 shows the summary of the
results from Ritson's group at SLACZQ) from the DESY
bubble chamber groupaz) at lower energies (2.5 to 5.8
GeV), and the result {from the DESY -MIT groupgu) at

EY = 5.2 GeV and t = 0.

The Ritson data and the bubble chamber data both

yield a slope do/dt ~ exp (5 t). The DESY~ MIT data
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Fig. 20a Schematic drawing of the SLAC spectrometer.
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Fig. 22 Total cross-section for Y + p + p + w from the DESY

bubble chamber group.
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Fig. 23  Invariant mass spectra of the reaction y + p > p + ¢
from the DESY-MIT group, and summary of the data on do/dt (ub/
Gev?) versus t from SLAC and DESY.

are consistent with this, but are also consistent
with a higher slope, say exp (8 t).
data can be sumarized as do/dt = (1.6 + 0.6) exp

[(3.5 + 0.9)t] ub/GeV? with the integrated cross-sec-

0y (2.5 - 3.5 GeV) = (0.41 * 0.14) ub,
0,(3:5 = 5.8 GeV) = (0.45 £ 0.13) yb.

tions:

The bubble chamber
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In analysing the ¢-production data on hydrogen,
it is important to note that the competing reaction
Yyp+p+ o+ 7 +7 has a total cross-section:

(3.5 - 4.5) = (0.2 £ 0.1) ub,

op(4.5 - 5.8) = (0.6 £ 0.2) ub.
This makes the analysis of counter experiments with
bremsstrahlung beams difficult.

2. On complex nuclei: The DESY -MIT groupsu) has
just completed an experiment studying the reaction

y+A>A+ K + K (26)

at an incident photon energy of 5.2 GeV on targets of

Be, C, Al, Cu, Ag, Ta, and Pb. They detected the K'K~

pairs with four large-aperture Cerenkov counters, and
with hodoscopes in the spectrometer to provide a mass
resolution of +5 MeV. A total of 20,000 KK events
was observed. The K'K~ mass spectra from Be, C, Al,
Cu, Ag, Pb are shown in Fig. 24. The mass resolution
of the hodoscope system has not been unfolded. The
errors in Figs. 24 and 25 are statistical only. An

additional normalization uncertainty of +16% is not

included.
Y+A+A+d DESY-MIT
154 154
Be )
10 99T events 104 10343 events
5 "
oLk i pleg = e
1005 1050 1005 1050 10%
Al Ly
154 978 events 1 1139 events
104 104
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1005 1650 1005 1050 1095
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154 956 events - 847 events
104 104
5-1 H
)+ RN RE, teanas I} B
1605 1050 005 1059 1095
Fig. 24 Kaon pair invariant mass spectra do/dQdm (ub/sre

nucleonMeV/c?) at <p> = 5.2 GeV/c for target nuclei of Be, C,
Al, Cu, Ag, Pb. The dotted lines are the estimates of the non-
resonant background contributions. The solid curves are the

¢ + 2K mass distribution produced via a Monte Carlo program
which generated ¢ mesons (m, = 1019.5 MeV, F¢ = 3.4 MeV) at the
target. ¢
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Fig. 25a Dependence of do/dt upon A, the atomic number of the
target. The results are shown for average ¢ momentum p = 5.2

GeV/c. The crosses are best fit points to the model of Drell-
Trefil.

Fig. 256b The typical behaviour of do/dt is shown as a function
of t, the square of momentum transfer to the nucleus, for a
carbon target. The solid curve is the best fit to e0f,

. , NEH o
Fig. 25¢ The behaviour Of mmm———— —

2 2

p lfAl e
as a function of p. To a §ood approximation, the cross-section
do/dfl is proportional to p®. (See text for details.)

Fig. 25d The angular distributions of the decay kaons in the
¢" rest system. 0% ig the angle between the decay products and
recoil target particle in the ¢ c.m.s. As seen, the data agree
well with the sin? 6% distribution function.
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As seen from Fig. 24, in the K'K invariant mass
region 1000 to 1085 MeV/c?, reaction (26) is dominated
by ¢-meson production. Within the statistical accuracy,

no other enhancements were observed.

To study the mechanism by which ¢ mesons are pro-
duced at high energy and low momentum transfer, they
compare the data with the predictions of the diffrac-
tion models of Drell and Trefil, Ross and Stodolsky,
Margolis, and Trefil, in which the forward production
cross-section is expressed (in the laboratory system)
as do/dQ (total) = do/dQ (coherent) + do/dQ (inco-
herent): do/d2 (coherent) = C(AQpZIfA(R,‘t,o¢N)|2,
where p is the momentum of the ¢ meson, R is a set of
parameters which describe the nuclear density distri-
bution, t is the square of the momentum transfer to
the nucleus, and C(A) is a normalization constant.
The coherent cross-section includes those reactions
in which the nucleus remains in its ground state,
whilst the incoherent cross-section includes reactions
in which the nucleus is excited or fragmented. The
function fA(R,t, O¢N) defined in Eq. (21) is chosen
such that lfA(R,(),c¢N)\2 = 1.

By measuring do/dQ as a function of A, t, and p,
one can compare the experimental data to the differ-
ent theories of production, and determine the value

of G¢N.

The results of these comparisons are as follows
(they restrict the analysis to the mass region 1016 <
m < 1025 MeV/c? as defined in Fig. 24):

a) A-dependence: < 0.5%)
was measured on targets of Be, C, Al, Cu, Ag, Ta, and

Pb, at (p} = 5.2 GeV/c.

The cross-section ds/dQ (6¢

The relative cross-sections

/A - do/do (A)
1/9 + do/dQ (Be)

normalized to Be, are shown in Fig. 25a. The A-depen-
dence of the production cross-section yields infor-
mation on the mean free path in nuclear matter. To

obtain o the data were first corrected for contri-

s
butions %gom non-resonant background and incoherent
production. The background (n5%) was subtracted by
matching a Monte Carlo calculation of the non-reso-
nant mass spectra to the data outside the peak. The
incoherent contribution to do/dR was estimated, using

the model of Trefil, by calculating the difference

between the cross-section summed over all nuclear
states and the cross-section due to the ground state
For the heavier elements, this agrees with the
The de-

termination of N was carried out using three dif-

only.
same calculation from the model of Margolis.
ferent theoretical models. The measured coherent
production cross-section was matched both to the
Drell-Trefil model, using a step function density dis-
tribution to describe the nucleus, and to the Margolis
The

data without incoherent subtraction were also matched

model, using a Woods-Saxon density distribution.

to the model of Trefil.
The best value of U¢N is then
gy = (120 £ 3.9) mb .

There is no significant difference in the value
of TN obtained from different theories of nuclear
is to be compared
N = 11 mb.

photoproduction. The value of 4N

with the quark-model prediction of Joose), o

¢

b) t-dependence: The typical behaviour of do/dt as
a function of four-momentum transfer squared, t =

(p-k)? at a fixed central ¢° laboratory momentum of

5.2 GeV/c, is shown in Fig. 25b for the C target. In

the t-region of this experiment 0.009 < |t| < 0.016

(GeV/c)?, the data are fitted well by a form do/dt ~
at (58 + 12) (GeV/c) 2.

n e’ with a =

c) p-dependence: The behaviour of

(P’MED  do

p’ | £4]° do

as a function of p over a momentum range from 4.7 to
5.6 GeV/c is shown in Fig. 25c. The fit of this quan-
tity to the data yields
PUED 4o
——— — =(129.2+ 2.0) - (15.7 £ 9.2) x (p - 5.2) .
lefAlde
This quantity is relatively independent of p, consis-
tent with do/dQ varying as p? in agreement with the
predictions of the diffraction model. However, due
to the limited p-range available, a small decrease in
the total cross-section with increasing p cannot be

excluded.

d) ¢-polarization:

diffraction production of ¢ mesons, they show in

As a consistency check of the



66 Electromagnetic Interactions—Experimental 3

Fig. 25d the angular distribution of the decay kaons
in the ¢° rest system. As seen, the data agree well

with the distribution function
3
Wi (6*) = — sin®e*
&n
(6% is the angle between decay products and the re-
. . + -
coil target particle measured in the K X c.m.s.).
The data show that the ¢ mesons produced are trans-
versely polarized, which is consistent with the other

evidence that they are produced via diffraction off
the whole nucleus.

To summarize, the dependence upon p, t, and A of
the high-energy, small-angle ¢° photoproduction cross-
section is in agreement with the general features of
the diffraction model, and the cross-section can be

expressed in the simple form

The ¢-nucleon cross-section obtained in this ex-

periment agrees well with the quark-model predictions.

4.4 Total photon hadron cross-sections

In the vector dominance model one can relate
photoproduction cross-sections of vector mesons with
the vector meson nucleon cross-sections [Eq. (8)].

In particular, the total yp cross-section can be ex-

pressed as:
do ;
T (elop)
Otor (YD) = VA = +
Y, /4n
do } do
3| (relow) T (roles)
+ t=0 + t=0
v, /A Y¢2/4W
Since (27)
do do do
—| Golep), —|  (olpw)s = )
re tzo( | T, (vplpw) 1 t=0[Yp|p<1>

are all measured values, and since Yé/4ﬂ, Y$/4W,
y$/4ﬂ are determined from leptonic decays, measure-

ment of otot(yp) thus enables us to compare it di-
rectly with the prediction of the vector dominance

model.
confirmation that the coupling constants Y;/4ﬂ, etc.,

This measurement provides the most direct

have almost the same values independently of whether
the p or the photon is on the mass shell.

Two experimentsaz) were done on atot(yp). The one
from SLAC was done at 7.5 GeV. The method used was
to expose the SLAC 40-inch HBC to high-energy positron-
electron amnihilation radiation (plus a background of
wide-angle bremsstrahlung), and to subtract out the
bremsstrahlung contribution by making an identical ex-
posure using electron-induced radiation instead of
that from positrons. Their result is Otot(yp) =
(151 + 24) ub.

The DESY experiment was done on the 85-cm HRBC.
Using a tagged photon beam, they have measured the
cross-section from 0.5 GeV up to 5.0 GeV. Their re-
sult, together with the SLAC result, is shown in
Fig. 26.

Also shown in Fig. 26 is the region predicted by
the vector dominance model. As seen, the data agree
well with the vector dominance model and provide an
excellent consistency check on the interrelations of

the various experimental numbers obtained so far.
4.5 Upper limits -- rare decays of vector mesons

Finally, the following upper limits on rare de-
cays of vector mesons are obtained:

~4 DESY
ol Lol } stac
m +
- —+ _ %
) A o

\eq. 27
5
0

ET[GeV)
i S (T 5w

Fig. 26  Summary of experimental results on total hadronic
cross—sections from DESY and from SLAC. The shaded region is
the prediction of the vector dominance model (Eq. 27).
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DISCUSSION

SILVERMAN: I would like to thank Professor Ting for
the very comprehensive review, particularly of the
vp? situation, all of which I agree with except for
one small point which I would like to come back to.
It is clear that when in the world roughly 10 or 20
measurements all agree on what Yz is, and one expe-
riment disagrees, he has a little bit of explaining
to do, and so I would like to say one or two words.
Firstly, I would like to point out that, at least in
principle, all of the measurements of Y7 having to
do with leptonic decay are different measurements
than the ones having to do with photoproduction; that
is to say, the leptonic decay measures yZ at the p
mass, and the photoproduction measures y? at the

photon mass, and therefore in principle they could be

different. Now if you say that there is no real rea-
son to say those values of v? are the same, then our
mumber is not in disagreement with the other 20 mea-
surements, but in fact is in disagreement with the
DESY measurement and in rather good agreement with
the SLAC measurement. Well, that is one point as far

as the world compilation of y? 1is concerned.

Now there is only one other point--a brief one~--
I would like to make, which I hope I can make clear,
and that was in the reanalysis of our data which
Professor Ting did which showed that if he used 30 mb
instead of 40 mb on the t-dependence of copper, the

cross-section at t = 0 would come out a factor of two
higher. I would like to comment on that, but I want

to be sure you remember that the curve I am talking
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about is the t-dependence on copper, where there was
one fitted curve that was the solid curve, one that
we had fitted, and another that Professor Ting had

fitted using 30 mb.
Ting so ably pointed out in his talk, that the t-de-

First let me say, as Professor

pendence is very insensitive to o If you will

recall, he said that if you took ?g mb for OpN and
30 mb in the case of carbon, that would have changed
the coefficient in the exponential ebt from, I be-
lieve it was, 44 to 47; and I agree with that, it is
very insensitive. Therefore the factor of 2 that was
obtained by Professor Ting was not really the change
from 30 to 40 mb; it was due to a normalization, to
the shift of the whole curve up and down, that caused
mostly the factor of 2 in my opinion. Now let me say
what the normalization is. Our curve was an attempt
to make an absolute fit to our data, both at the co-
herent and in the incoherent region; in the incohe-
rent region, using the results of Margolis, and in
the coherent region, using a Drell-Trefil modified-
type theory, but similar to what everybody has been
using. Now, that solid curve was the best fit includ-
ing the incoherent region. That is not where our
t = 0 cross-section comes from. Our t = 0 cross-sec-
tion comes from making measurements at the smallest t
that is possible, and then making the extrapolation
from there. Therefore, if you look at that curve
which was intended to include also the incoherent
region as part of the fit, you will mistake what you
think we took for the t = 0 cross-section. That pro-
cess I described last Friday. We measure the cross-
section at 6 milliradians approximately, and then,
extrapolating that, to t = 0 using the optical model.
Now, one final word: the use of the optical
model--the radius. The sensitivity to the radius of
how the extrapolation goes has been talked about

I would like to

tell you what radius we used. We used, in fact, the

quite a lot, and I agree with that.

electron scattering radius parameters given by Hof-

As Professor Ting pointed out, in the low

t-region these lead to a result of the form ebt (eat

stadter.

in his case); b is sensitive to the radius, o I have
compared with values which were used by Leith and

others at Stanford and they are in quite close agree-
ment. I have compared them with the values obtain-

ed by proton scattering on nuclei by Bellettini et

al., and they are in quite close agreement, and un-
less I misunderstand the ¢ paper from DESY where they
also say they use the mean square radius from the
electron scattering, there should be quite close
Therefore

I do not

agreement with those measurements also.
I agree that our value of yp? is different.
agree that one can so easily (we may have made a mis-
take), but not so easily as Professor Ting showed,
change the cross-section on any of our measurements
by a factor of two.

TING:
the important facts and conclusions of the papers
Based on the published

It is the duty of the rapporteur to point out

submitted to this Conference.
papers, there are then the following facts which dif-
fer slightly from the remarks made by Professor

Silverman. These are:

i) As shown in the table at the conclusion of the
section on the photoproduction of the p meson, there
are many other ways to determine the coupling con-
stant Y;/4ﬂ where the photon is on the mass shell.

A few examples are: (1) oi(yp)/[do/dt(yp + o) I;

(@ (y*+p>mm) * (y+n>7 +p); (3) the -
meson form factor; (4) ﬂ+/ﬂ— ratio from deuterium{
(5) (o> 7'/ (n+ N>p, +N; (6) (y +p+rn)
versus (m p + p'n), etc., all of which yield a value
of {Y;/4w| = 0.5 in agreement with the DESY value on
y + A~ A+ p°, These numbers are equal to the value
0.52%3:87 determined when the p meson is on the mass

shell.

ii) Based on the calculations made by K.S. K8lbig and
B, Margolis [[(Nucl. Phys. B6, 93 (1968) and submitted
to this Conference] a figure was plotted in the intro-

duction section on the photoproduction of vector mesons.

As shown, a change of [do/dt(y + Cu~Cu+ p%)]/
[da/dt(y +p->p+ po)] by 25% will change the cor-
responding OoN from 30 to 40 mb. A change of the Cu
normalization by a factor of two alone will change the
OpN from 30 to > 100 mb.

iii) As stated before, for a wide resonance like the
p, due to the difficulties associated with (1) the
exact form of the Breit-Wigner used, (2) the ways the

background is subtracted, and (3) the hydrogen cross-
section which, as measured by different groups in the

same energy region (3 to 6 GeV), varies from 120 to
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170 pb/GeV, it is not easy to obtain the ratio
[do/dt(Cu)]/[do/dt(Ha)] to better than the 25% level.

iv) Since in the energy region EY < 6 GeV the obtain-

able tmin
models based on diffractive scattering off the whole

= m;/4k2 # 0, and since on heavy nuclei the

nucleus are sensitive to the nuclear parameters

used, the matching of the models with the experimen-
tal points to determine OpN thus depend critically on
the radius parameter. For example, a change of the
radius parameter by 8% in Pb will correspond to a
change of GpN from 30 to 40 mb.

v) In the photoproduction of pairs at large angles,
since the background of ete” pairs decreases like
6=%, all the measured pairs are mn pairs. The
cross-section dO/dtdm(ﬂ+ﬂ_) is not difficult to ob-
tain, However, to determine how many of the measured
s pairs are from the p decay is difficult since
there is no unique way to do this. Thus the extra-
polated value of y;/4n is very much method dependent.
One way to minimize the errors in extrapolation is
to use a consistent set of parameters to extrapolate
op(eA) and dO/dt|t=0, for then (Y;/4ﬂ) will be inde-
See [Eq.
(25)] and yg/4w = (1/16)(a/4ﬂ)(oéN)/(do/dt)H;there—
fore with do/dt,, = 150 ub/Gev? if o y = 30 mb one
has Yg/4ﬂ = 0.5. If o = 40 mb one has Y;/4ﬂ'z 1.0.

pendent of any nuclear density functions.

BECKER:
periment done at Cornell, I still have a few ques-
tions left:

Concerning the nice p° photoproduction ex-

i) One of them is about the A-fit on the slide,
On the other

hand; it was said the density distributions as given

which turned out to be a smooth line.

by Hofstadter were used. Thus you get one discrete

value per nucleus A, and not a smooth curve.

ii) Another question is whether the incoherent con-
tribution, that means all contributions besides those
of the coherent production from the nucleus remain-
ing in the ground state, were removed before doing
the A fit, since that might be very sensitive on the
carbon normalization and if this comes lower all
other points come closer to the 20 mb line.

iii) The third question was whether in the determina-

tion of (Yg/4ﬂ) finally now the older Bellettini et

al. measurement on OT(p + A) or the newer oT(n + A)
from neutron nucleus scattering data of Longo et al.
are to be used. What is the answer to that? And a
related point: Concerning the assertion that on

large nuclei the total cross-sections ¢(KA) = o(nA) =
= o(pA) = o(pA) approach the geometrical limit, T
want to point out that these values, calculated by
optical model on Pb using a Woods-Saxon potential and
particle-proton cross-sections, the obtained ratios:
o2(K'Pb) : o?(mPb) : o2(pPb) : o%(pPb) = 1 : 1.7 :
1.7 : 2.05 indicate that in the value YS/4N " 0%
even at Pb one may be still far off the geometrical
limit.

DAR: I would like to make two remarks.

is an additional independent determination of the p°-

First, there

photon coupling at q? = 0. Namely the ratio I'(w ~
m°Y)/T(w »~ 3m) provides an additional determination
of the p%-photon coupling at q> = 0. The measured
ratio yields a value for this coupling constant which
is in agreement with the value obtained at DESY from
p? photoproduction. My second remark is that the
radii used by Prof. Silverman for extrapolating his
photoproduction cross-sections to q? = 0 are the elec-
tromagnetic radii which are 15% smaller for heavy
nuclei than the density radii deduced from p-nucleus
and n-nucleus elastic scattering at high energy.

Since the value of the cross-sections at forward di-
rection behave like R*, a small change in the radius
can produce a large change in the forward cross-sec-
tion, and consequently can yield significantly dif-
ferent values of the p’-photon coupling. The ana-
lysis of DESY experiments used the radii which are
similar to the proton-nucleus radii deduced from the

Bellettini 19.3 GeV data.

ZICHICHI:

ment concerns the w-¢ mixing angle and the first

I would like to make a comment. The com-

Weinberg sum rule. These two things have been pre-
sented on the same footing--in fact, for instance,

the DESY data have been used to produce a value for

9. I think it is correct to say that we are faced
with two really distinct problems: one is the w-¢
mixing; the second one is the first Weinberg sum
rule. If the first Weinberg sum rule would collapse,
we could attribute this collapse to many things: for
instance, to the way in which the integrals of the
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spectral functions are evaluated, i.e. through pole
dominance, and no-one would worry if this would turn
out not to be true. On the contrary, if 6 would have
been found to be off, this result would have genera-
ted the collapse of the great SU(3) castle.

you have insisted on the difference between the w

Now, as

width measured at CERN and the one measured at Orsay,
I would like to make it clear that the w-p interfe-
rence in our experiment has been carefully analysed.
We have made a fit to strong interaction data, and
using a particular model which fits these data we
find that the angle changes by *3° for complete con-
structive interference (+) and complete destructive
interference (-). So my conclusion, which agrees
perfectly with that of the Rapporteur, is that the
results originally obtained by the Bologna-CERN

group on the w-¢ mixing angle are confirmed by the

Orsay data, as can be seen in the following figure.

VAN ROYEN-WEISSKOPF

KROLL- LEE-ZUMING

71

W QUARK - MODEL
v MMM(svzo'f;w-)

® MMM(8,-0,:32")
Bl ® CMM. (6, -37,0,-21%)

G
ENERALZey P
sy DESY -miT
> N
! v [ dé“
Shyl

M, |
7 %, ik £

;‘ h .- ~.._ BOLOGNA - CERN

me, M(w-—=e%e™)
3
e

The lowest data are those of the Bologna-CERN ex-
periment. The next one is that of Orsay. Then we

see the DESY-MIT data.




