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1, Introductory Remarks

In this paper the following three subjects will be covered:

(i) Status of quantum electrodynamics and electron-muon universality,

(ii) photoproduction, and (iii) elastic and inelastic electron-nucleon
scattering. The last two subjects are very relevant to the question of
strong interactions since the amplitudes for photo- and electroproduction
processes are directly related to the matrix element of the electromagnetic
current between hadron states. They provide supplementary information
to most aspects of strong interaction physics, and share with them the

unsatisfactory state of their theoretical understanding.

In the selection of material I have been led by simplicity as a guiding line,
and I apologize to the many authors of important contributions, which
could not be included., A number of excellent and much more detailled

review papers are available in the literature (1 - 3).

2. Test of Quantum Electrodynamics and Electron-Muon Universality

2.1 Fine Structure Constart

Conflicting measurements of the fine structure constant a have provided
somewhat of a stumbling block in recent years, However, a number of
recent accurate experiments seem to converge to a value around

1/a = 137.0360 which will be used throughout this paper in the numerical
predictions of the theory. Table 1 gives a survey of the results of the

most accurate experiments.



GComments: The classical, very accurate value of Lamb and
collaborators (4 ) is now the only one which disagrees with the
bulk of the other accurate data. It was obtained by combining
the fine structure interval 2 SI/Z -2 P3/2 in deuterium with the
Lamb shift, {(deuterium is favoured because of its smaller line .
width compared to hydrogen) to get the 2 SI/Z -2 Pl/z interval.
If the result of a recent measurement of the Lamb shift in
deuterium is used (Cosens (5 ) ), instead of Lamb’s old value,
one gets 1/a =137.0373 (6), which is much closer to the other
measurements of @ ., However, considering the difficulty and '
past history of these measurements, it seems wise to wait for

a remeasurement of the fine structure interval in deuterium.,

Two new measurements of the fine structure interval in hydrogen
( é,?) give values compatible with the very accurate measurements

of @ from the Josephson effect (3 ).

The Josephson effect is based on observing voltage steps (height V)
generated in a Josephson junction, when it is irradiated by a
microwave frequency ¥ . The basic relation 2eV = hy can be used
to calculate a from a measurement of V and V . This relation
seems to be completely insensitive to the nature of the materials
involved (9 }, and therefore the value of 0 given by the Josephson

experiment may be considered reliable until further notice,

The very accurate value for the hydrogen hyperfine structure interval
(1€) does unfortunately not lead to a clear cut value for © because
one has to consider corrections coming from the structure and finite
size of the proton. Both the size and the error of these corrections
cannot be evaluated with sufficient precision because they involve
strong interactions (71 }. The error given on 1/a comes entirely from

these theoretical uncertainties and is a guess only.



Measurements on muonium instead of hydrogen avoid these difficulties
of the strongl interaction physics of the proton. A recent measurement
on muonium ({L) falls in with the present best value of 1/a = 137.0360,
however, it is less accurate than the other me-asurements. The authors
claim, that the main uncertainty comes from the experimental error

on the muon magnetic moment,

2.2 Lamb Shift

Measurement of the 2 81/2 -2 Pl/?. interval in hydrogen affords an
accurate test of higher order corrections in the theory of the hydrogen

atom. The two lowest order corrections which enter into the calculations

are shown below.

O

They concern radiative corrections at the electron vertex and corrections
due to vacuum polarization. The most accurate theoretical prediction (/3)

includes of course also higher order corrections,

Table 2 shows experimental and theoretical results. The two experiments
disagree by 0,09 MHz, which is somewhat more than the quoted errors.
Therefore the quoted experimental average and its error is a guess only.
It is O.24 MHz away from the theoretical value. The combined error
(experiment plus theory) for this difference could be O.10 MHz or even
bigger. Before the errors are better understood, it is probably premature

to worry too much about the discrepancy.

2.3 Anomalous Magnetic Moment of Electron and Muon:

The g - factor of the electron or muon is modified by higher order

- 2 . . \ .
corrections in Q. E.D. Measurement of g"zw ; which gives the deviation
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from the Dirac value, is a test for these corrections. It is
more sensitive for the muon than for the electron, since larger
invariant momentum transfers contribute to the corrections in
the case of the muon,

There is a recent very beautiful result obtained with the CERN
muon storage ring (16 ). (See Table 3).

The results for “\A+ and (u\.- agree within the errors:

g";—'z— (f'"- -/~+) = (50 - 15) x 10"8, This is required under

CPT invariance. Table 3 shows also the result of a somewhat

older experiment for the electron. The results for g—;—z for both
the muon and t.he electron disagree with the best theoretical
calculations by about twice the quoted errors, Similar as for the
Lamb shift, it seems premature to attach too great a significance
to the discrepancy, in view of the difficulty of these highly precise

experiments,

This completes the survey of high precision experiments on Q.E.D.

On all three subjects - fine structure constant, Lamb shift and
anomalous magnetic moments - there remain small discrepancies

of at most two to three times the quoted errors. This is not

evidence enough to cast doubt at the validity of Q.E.D. at the present
time. However, one feels somewhat ill at ease and new experimental and

theoretical resuits will be of great interest,

2.4 High Energy Experiments

The idea here is to test Q.E.D. in a situation where the magnitude of a
four-vector characteristic of the experiment is as large as possible. As
a rule this four-vector will be associated with a virtual electron or

photon,

2
Calling q  the square of this four momentum transfer, a possible deviation
of a measured cross section from the predictions of Q.E.D. might be

parametrized as follows:



G’exp = @QED (1+q2/_Az) (2.1) or (See Ref. 1§ )

4, 14
or! @axp = GQED (1+q//\)

Both Az and A can be positive or negative. In our metric
qz = Ez- p2 = m2 > o, and q2 is called time-like if qz 2 o and
space-like if q2< o. There is no intuitively simple interpretation
of equations (2.1) and (2.2) in terms of modifications of Q. E.D.,

therefore they can serve at best as a help to compare the sensitivity

of different experiments ( 43).

2.5 Large Angle Electron-Positron Pair-Production:

The two Bethe-Heither graphs and the Compton graph for this

process are shown below:
g S ,\/V}/‘CK\"\
7N

. + -
In an experiment symmetric with respect to e and e the influence

of the Compton term can be kept small. At large angles and
energies the electron propagator assumes 1arge space- 1ike values.

In a symmetrical arrangement ( 8{_ = Q) , | b Py | = I P

one has

4‘|{;ri1'(1 - el 95 )

2 -
For small angles g can be expressed in terms of the invariant mass
e

+ -
of the e - e -system:

2
M (e+e“)£\\',- 2 q



Figure 1 shows the results of an experiment carried out at
DESY (19). There is no deviation from theory. Parametrizing

the result according to
4 1 (3)
: = A - '
0. / (’Ttheory (1+ M e+e /"/\ )

7 exp

/
the authors obtain a cut-off parameter '/\ I> 1.6 GeV with 95 %
confidence. Experiments carried out at Cornell (2C¢) and CEA (2] )

also gave agreement with theory.

+ -
2.6 Large Angle A MW Pair Production:
1 1

Experiments for large momentum transfers were carried out at CEA and

Cornell (22), Both experiments are consistent with
the result according to rf"-‘exp/ Tth = (1 + M%‘

obtain |/\[> 0.95 GeV (95 % confidence, CEA)and
(INL >

recent Cornell results.

/__/\ 2') the authors

2.7 Bremsstrahlung of Electrons and Muons at large Angles:

The lowest order diagrams describing the process are shown below.

/ ' o | /
: . -
/ : N /\ compton >’R

Both time-like (qtz) and space-like (qS2 ) values of the electron (muon)
propagator contribute. This experiment gives therefore evidence

supplementary to the wide angle pair experiments. Figure 3 gives a
summary of results obtained for large angle electron (< 3) and muon

(<+ ) Bremsstrahlung.

QED,. Parametrizing

A-2=.0,10 0,05 Gev?
2.2 GeV, 95 % confidence) from Cornell, Fig. 2 shows the most



There is no deviation from theory. Parametrizing the electron-

bremsstrahlung result according to

2
! Tan =0 M/ AZ)

exp

a cut-off parameter of!/\’) 1.6 GeV with 95 % confidence is obtained.

2.8 Electron-Electron Scattering:

The two lowest order diagrams are shown below.

The four-momentum of the exchanged photon is space-like. The most
accurate experimental information for this process comes from a
storage ring experiment at Stanford at 2 E = 2 x 550 MeV. No deviation
from Q.E. D. was observed. In order to quote an accuracy for the

experiment, each of the two amplitudes was multiplied by a form factor

G (q%) 1-61//\

-2 -2
The data, when fitted to this form, gave _A = - (O. 0b J—r O, 06) GeV

consistent with Q. E.D. (25)

2.9 Unusual Couplings:

If the electron, muon or photon would have additional unusual
interactions not foreseen in the frame-work of Q.E.D., this could lead
to apparent discrepancies between experiment and Q. E.D. Low (2:(,) has

discussed possibilities for such couplings and suggested an experimental

-9 .



search. Suppose e.g. there were a heavy electron e’ which could

decay electromagnetically via ej -~ e + 6}’

Unsuccessful searches for this particle in the reaction

e tp > ei-i-p'? e+3/+ P

have been carried out (47,44 25). The mass range in which the
1 i ‘ g

search was sensitive extended from 100 MeV to 1300 MeV,

In this connection il is interesting to remember the extremely low

upper limit for the decay branching ratio (3¢, 37)
- -8
T (e-)eg‘ y/ T (/hayevv )¢ 0.6 x10

showing that electron (muon) number is conserved to very high
accuracy. If this conservation law would be multiplicative, the
reaction

e e = {b\_ /\'\_
would be possible,
Absence of this reaction was demonstrated in an experiment at the
Stanford storage ring (34). At 2 x 525 MeV an upper limit for the

cross section is

£,7< 0.67x 10—3207'\*\2 (95 % confidence)

5
This limit is not sensitive enough(by roughly a factor of 107} to come

into the region of weak interaction cross-sections.

210 Electron-Muon Universality:

Wide angle pair experiments and bremsstrahlung experiments with both
electrons and muons have yielded consistent results in agreement with
Q.E.D. This means, that muon and electron behave alike, even if they

have large space-like or time-like four-momenta. There are slight

- 10 -
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discrepancies for the anomalous magnetic moments of both muons

and electrons, but they should at present not be taken seriously.

Flastic ep - and Mp scattering tests the e~ M equality for coupling
to large space-like photon four-momenta. Fig. 4 shows the
comparison of ep and //\p scattering {33). Again electrons and muons

seem to give consistent results.

Electron- muon universality for coupling to time-like photons can be

checked by comparing the branching ratio of vector meson decay into

+ + - :
e e versus/l/\ /lA . For the ? meson the branching ratios are

T ((2pp )/ T (e 38l ) xiET
(6,,2,:0;6)""“*5_

-+
]
St
S
W
-
—
i

Again these two values agree with each other.
(A correction of the ratio due to the e —/_f\ mass difference is

negligible compared to the experimental errors).

3. Photoproduction

3.1 Vector Meson Dominance

The hadronic electromagnetic current can be connected with the fields
of the vector mesons, which have the same quantum number as the
photon: ]
. 2, 1. 'a .

' | ¢ © [x)r&t,u (x) t+ My g (31)

J , generally , are the vector meson-photon couplin
f1dw, P g Y dv pling

constants,

-1 -
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The history of this equation can be traced back to papers by Sakurai,
Gell-Mann, Zachariasen, Nambu, Sharp and Wagner {34). Work by
Kroll, l.ee and Zumino (35), by Zimmermann (36), by H., Joos (37)

and Haag and Nishijima (38) has put this relation on a firmer theoretical

basis,

Equ. (3.1) refers to vector meson fields with mass M,, = O,

Practical application demands an extrapolation of the amplitude to the

real vector meson mass. Assuming that the amplitude changes very little
for this extrapolation and disregarding other questions as to the uniqueness

of the extrapolation, one obtains from Equ. (3.1):

TA |
. jo -3 +
)T'R ( V i >K)

O_(()’P“7x)=2 v

v :f’wch' v

+ interference terms (3.2)

5—}& refers to the cross section for a transversely polarized vector

meson,

Equ. (3.2) connects photoproduction processes with reactions produced

by vector mesons,

In order to use it for real physical applications, i,e. to obtain a
connection between photoproduction and reactions of real vector mesons,
one must assume, that the amplitudes change only little if one extrapolates
from ‘M, = O to the real mass of the vector mesons. It is this

assumption which is actually tested if one checks equ. (3.2) experimentally,

2 2 2
The extrapolation from k =0Otok = m - may not be unigue. For
example, there is an infinity of equivalent polarization vectors for the
photon due to gauge invariance:

o i
2‘}‘ = Q//u ‘L_/g /L-.

( ﬂ = arbitrary number)

- 12 -
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They are equivalent in the sense that they give the same photoproduction
cross section, The photon state is therefore not unique. It can be

reached by the extrapolation from a real vector meson state to mass

zero by a continuum of non-equivalent vector meson states (39).

3,2 Measurement of the Coupling Constants

. + -
(i) Leptonic decays of vector mesons: Example: g - e e .,
The branching ratio is: .
g ¢ U e #
B ANy
T

-

tot

L —_ P . {-}:l =
F - T _ A ﬂ . vl L R > 2,.

Second method : (ii) Storage ring experiments of the type
+ - + -
e e -—7%’ = mom
: , + - o0
W oo

- + -
J:,q5~—> kkOI"iTTT'n’O

Example:
+ + - ﬁaz 3 d 2
Glee > ma) = 12 /511' -3 'F'ﬂ(ZE)I (3.4)

/317 = pion velocity
E

H

storage ring energy

Fﬂ(K) = pion form factor

- 13 -
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Near the ¢ resonance ¥ has a Breit-Wigner shape:
\ i g P

<
Pap ( g\"(rﬁ' /'2’(}?’ ) e (3¢5)
7;

Fﬂ(z E) =
2 R
/UA(_. ~YE ~v ’M(J

31" is the \ - 2w coupling constant, related to the f width

as follows:

2, sz_

. f]-L- e (i Fwar
T s = oo e ot 66
+TC PV 1S -

in order to interpret the experiments one starts from the directly

measured cross section at resonance:

N g Tl )

T S T M [ (3.7)

we have at resonance

e ( ”:)‘F_-__, rl
e ) R R (3. &)
T E) = '}uliTT(w N Pty ™ -
¢ P
Both methods, leptonic decay of vector mesons and storage ring

experiments, can therefore be said to give the branching ratio B

as the directly measured quantity. The coupling constant /)/S can

then be obtained with the help of Equ. (3.3), which requires the knowledge

- 14 -
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of T‘(f). This introduces an additional uncertainty, since one oHains
different values of T(§)depending on the type of experiment and on
the shape of the resonance assumed for fitting the data. For example,
Gounaris and Sakurai { #0 ) give, instead of Equ. (3.5), the following
expression for the form factor near resonances which should account

for the finite §; width:
- _
: I
g (14 o q/"""? )

Fge e A I (sz))s-wf/JE

(3.9)

Fle) =
T wf

d = O.48 for ’ng = 775 MeV, it is a moderately complicated

function of ')ng».
The storage ring experiment at Orsay gave (41)
+ -1 +
M =760 - 5.5 MeV IS-J:uz- 11.5 MeV
from a fit to the form factor Equ. (3.5), and

fmf=77of 4 MeV 7}':111J5 6 MeV

from a fit to Equ, (3.9)
regent
A summary of experimental results on the branching ratios for leptonic

decays of vector mesons and on the coupling constants Jv is given
in Table 4¥There are still difficulties with the values of ,.'j",)" for

all three vector mesons:

gt" meson: The measurements of the leptonic decays have a possible
contribution from (d-?e+e- , in addition there is some
doubt on the width of the S . Moreover the measurement of
Ref (464 ) is not in good agreement with the rest of the

measurements.

&> meson: The measurements from CERN and Orsay disagree by not

quite two standard deviations.

¢ meson: The calculation of the leptonic branching ratio from the

- 15 -

Y For a complete listing of all references see Ref, 52,



- 16 -

storage ring experiments requires knowledge of the decay
branching ratios of the -1) into KOL KOS, K+ K and 'rr+Tr n°
about which there is still some controversy, sin.ce the storage
ring values for the branching ratios are not in good accord with

the 'world data’ {§2.).

In this situation the calculation of a 'best’ value for the branching
ratios and of their errors from .these measurements requires some

optimism and guesswork - the result of this is also shown in Table 4,

Values for the coupling constants following from these values and from
Equ. (3.3) are given in Table 5. They are compared with various

theoretical predictions.

The simplest prediction from SU3 plus a mixing angle of cos é) = 2/3
f SU, gi D VA S =3:1: - 2,
rom SU  gives I/X\ /J i/ﬁ// 3 Y

w

Various models of mass breaking in SU3 lead to modifications from
these numbers. They are listed in Table 5. Because of the statistical
and systematic errors of the data, none of these schemes can be firmly
excluded at present, although Sakurai’ s predictions seem to disagree
most with the data. A quark model calculation (§57) reproduces the data
fairly well, the slight discrepancies are presumably not to be taken

seriously due to the limited accuracy of the measurements and of the

model,

One can derive a relation between the coupling constants from Weinberg's

first sum rule (.5¢),

g [i{§=c¢%e) /3= rwwﬂi_’(w el ) + Aay ['(pre%)

Fig. 5 shows a test of this relation in graphical form.

It is satisfied within the errors.

-17 -
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3.3 Photoproduction of Vector Mesons on Hydrogen

Reactions: J/{D i P SJ

P (2,
i

A summary of total cross sections as a function of photon

energy for the three vector mesons is given in Fig. 6. The S‘—

and q‘/ cross sections are fairly independent of photon energy
above about 2 GeV. This is taken as evidence for the diffractive
nature of these reactions. For the (J cross section there seems
to be a substantial non-diffractive part at lower energy. Therefore
the magnitude of the diffractive part of the (L cross section can

only be roughly guessed at present. One obtains ( 571 )
- r‘) - _i"
D (p=pw) x (] £01) pb
In the spirit of a diffraction model one fits the differential cross

sections for g and (P productior?to the relation

d o /dt = d T /dt (0)‘exp[ -B '/t/]

Figures 7 and 8 show a summary of results of measurements made at

various energies.

Independent evidence for the diffractive nature of Q production on
hydrogen comes from a measurement with linearly polarized photons
(é?}»:for diffractive production the polarization vectors of photon
and { meson are parallel. In the S) meson CMS system, its decay

Y/
angular distribution into # 7 is proportional to { 2 ° Pr } . If one

measures the yield of decay pions in a direction parallel (9}, ) and
perpendicular ( ©, ) to the polarization of the photon, the diffraction

4

model predicts C'T'LY, & and

-18 -
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Jl; *—(;)-.L
Figure 9 shows the result for a photon energy of 2.0 - 2.8 GeV. It

is consistent with pure diffraction production.

Another check can be made by comparing < photo production on

the proton and the deuteron. Measurements made at Cornell {3 )
indicate that the § production has a small but noticeable non -
diffractive part. However, the effect is not very big and the uncertainties
in treating the nuclear physics of the deuteron are such that it appears
difficult to make a quantitative estimate of the effect. Measurements
made with the deuterium bubble chamber at DESY ( -~} indicate,

that N production on the proton and the neutron is equal and
consistent with pure diff raction production, with an accuracy of about
20 % (from measurements of the reactions ¥ d - dx,‘o and yd - p h\'o ).
Additional evidence for the diffractive nature of S production comes
from the fact, that the deuterium bubble chamber results show a

very sirall cross section for Y d = ppsw, which cannot proceed by

diffraction, as opposed to yd = ,

3.4 ¢ Photo-Production onHeavy Nuclei
B

The complications introduced by nuclear physics are very evident for

the interpretation of ( -photoproduction on heavy nuclei. The cross
section as a function of the mass number A of the nucleus can be
fitted to a diffractive optical model of \ production inside a heavy
nucleus. The A dependence of the forward cross section depends -
among other things - on the absorption coefficient of \ mesons
inside nuclear matter. In principle these experiments allow one to
get the total 5} -nucleon cross section 7 W\) In practice it turns out

that the result depends appreciably on the details of the nuclear model

used.

-19 -
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Table 6 summarizes the results of three experiments (made at

Cornell (71), DESY (73) and SLAC (74). It is very difficult to

compare directly the experimental data of the groups, since they were

obtained at different energies. Therefore, it is not clear, how much

of the discrepancies between the values of §( ? N) should be attributed

to differences in the treatment of the data and how much to discrepancies

between the data. For examble, Bulos et al. (74) mention, that they get

a value 6 ( ¢ N) = 30 mb if they treat the data of Mc. Clellan et al. (71)

by their method of analysis, whereas Mc. Clellan et al, themselves quote
G { g’ N) = 38 T 3 mb as their best value.

From the evidence of table 6 we may therefore only conclude, that the

total gJ- N cross secti.on is somewhere between 30 mb and 38 mb. It is

interesting to note, that the quark model predicts:

6(fN):1/2(O‘(n+N)+0“(w"N) ) &2 28 mb at 4 GeV .

3,5 Comparison of Vector Meson Production with the Vector Meson

Dominance Model:

Application of Equ. (3.2) to ¢ production gives:

AT (yp>pp) = 25| (sp>fp)
de é:Xo (}FL “t g

Assuming that the forward g-p scattering is purely diffractive, we get by

( 3.10)

applying the optical theorem:
kg
ef

(ap 1) = g e (P (3.1

£-o

2
Equ. {3.11) depends on O ( § p), which is not yet accurately enough

known. Similar considerations can be made for the « and Sﬁ mesons.

Table 7 lists experimental values for g—f’ for all three vector mesons

€=2

- 20 -
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and gives values for the coupling constants %2/41\' for various

assumptions about the vector -meson-nucleon cross sections,

using Equ. (3.11).

Furthermore these values of a’vz/ﬁl‘n are compared with the values

for the coupling constants given in the summary. Table 5, to see

whether they are equal.

Comments: The test is inconclusive for the (/ meson, due to the large
uncertainties for the §’ N-cross section. Inserting the quark model

value of 28 mb would give good agreement. For the (b meson, the

good agreement with the vector donjinanée model cannot be taken

to be significant, since both d G/dt (diffractive) and & (&' N), which

enter, are mere guesses,It is very interesting that we get approximate
agreement for the Cf) meson, using a rather small value for the ¢ -nucleon
cross section, which comes out from the quark model and from measurements
on q) production on heavy nuclei by the DESY-MIT group (75).

Equation (3.11) can also be applied to f production on heavy nuclei.

The difficulty here is again the sensitivity on ay( ¢ -Nucleus), which must
be calculated from an optical model of the nucleus. The results of the
analysis from three experiments are given in Table 6. One result agrees
with 9’%1‘/417 ~ 0.5 obtained from the leptonic \; decay and the storage
ring experiments, The other two results give {)/%‘Z/thr . 1.0 and disagree by
about a factor two. At least a part of the discrepancy is most likely due to
the uncertainties in the treatment of the nuclear physics of the experiments.
This treatment was different in all three experiments. There might also be
discrepancies in the absolute normalization of the three experiments, also
this is difficult to ascertain, because they were done at different energies.
In view of these difficulties, it is not yet pos siblerto draw firm conclusions

on the validity of the vector dominance model from the results of Table 6.

-2 -
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3,6 Total Hadronic Cross Section for Photoproduction.

The total cross section for the protoproduction of hadrons on protons
has been measured at DESY and SLAC at various energies in a series
of experimentzl.lvaLAC hydrogen bubble chamber made a measurement
at 7.5 GeV in an almost monochromatic photon beam derived from the
annihilation of positrons (76). The other experiments used tagged
photon beams together with bubble chambers (77) or counter arrangements
(78) to detect photoproduction events, The total cross section on the
deuteron has also been determined (78). Fig. 10 shows a summary of
these data. The cross sections fall slightly with increasing energy.

The energy behavior is consistent with the one of ff(v+p) + (T p)s
which is connected with 6(*;}) via the vector dominance and the quark

model. Below 2 GeV there appear inconsistencies in the data, which indicate
the presence of systematic errors. This requires further experimental study.
The vector dominance model allows one to derive the following relation

by applying the optical theorem for forward compton scattering on the

2 .

VR N 4
— 5 [@(W‘/’”L;{ﬁ)]z”"“

proton (79):

r'/{ & Yic !

This is an exact relation without further assumptions, if the amplitudes for
photoproduction of vector mesons in the forward direction were purely
diffractive. Fortunately, the main contribution in the sum comes from the
g“' meson, where this assumption seems well justified. Equ. (3.12) has
been evaluated with vector meson cross sections dd/&(ffrom Figs. 7 and

. 2
8 for § and (F , and making the guess gf‘g{diffractive)/ef}l’/o ZO/NK/GeV for

the (J . Values for ZV were taken from Table 5 and the contributions

from all three vector mesons added with the same sign.
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The resulting prediction for ) ((rp) is included in Fig. 10. There is
2
agreement with the experimentally measured cross section, with JP/?’/T

= 0.5,

3.7 Photoproduction of Pseudoscalar Mesons at High Energies-Survey.

Reactions: 3/[3 > nrc* 3/{3 = K 1-/\
pr® Kt 2°
Ai—‘fﬁ—— -
b T
".‘) X v

Figure 11 shows a survey of total cross sections, The data at high
energies from SLAC (86, 87, 102) are actually measurements in the

forward direction only. The total cross section was inferred from these

measurements by a reasonable extrapolation of the differential cross
section., This should not introduce a large error, since the contribution
at large angles is small. Above a few GeV the cross sections depend

on photon energy roughly like 7 (k) ~ ccmst./k2 (80}). It reminds one
of the o~ const/le' 6-dependence found by Morrison {82) for quasi

two-body hadron collisons proceeding by non-strange meson exchange.

+ -
3.8 The Reactions Yp whn and JHh - pr :
A" 1

t

The differential cross sections for both reactions at high energies are

presented in Figs. 12 and 13.

The sharp peak of the differential cross section in the forward
direction has drawn wide attention in connection with the Regge pole

model. The sharpness of the peak indicates that it has something to do
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with pion exchange. Since pion exchange alone would give a dip

in the forward direction, the peak was taken as evidence for Regge
conspiracy. A number of fits to the data were made, which included
a reggeized pion and a pion conspirator (89). The difficulty of these
models is, that via factorization they predict (90) a forward dip of
the differential cross section in the reaction -rr+p - A++ ?0, which
was experimentally not found (91). This difficulty is avoided by
introducing more Regg%i)oles or by introducing cuts. For example,
Froyland and Gordon (83) made a fit to the data, which used evading

w and trajectories, an evadin ©P cut and a conspiring mP cut.
J 23 p E

The results of this model are included in Figs. 12 and 13. It gives also

a good fit to the asymmetry parameter for 'IT+, obtained with polarized
photons, which are shown in Fig. 14, The model has a 1a1‘ge‘ number

of parameters, however, it describes quite well all differential cross
sections, both Ti‘+ and m_, at all energies and also the polarization

data 'rr+. it will be interesting to see the result for the 7 polarization,
which might require a further refinement of the model. Another approach,
using also Regge cuts, was made by Blackmon et al. (92). They have a
smaller number of parameters, since they introduce the cuts via
"absorptive corrections to w and AZ exchange. They get also reasonable

fits to the data, Their result for the polarization is included in Fig. 14,

3.9 Comparison of charged Pion Production with the Vector Dominance Model -

Single pion photoproduction and "’ and (' production in pion-nucleon
collisions are connected by the following relation, which uses besides
vector dominance only detailed balance and isdbin invariance in strong

interactions (95, 96): aa 0 ¢ , Ju
C)""(J/P?‘ h"Tf): J’O%E ' 31 [Gu(ﬁ-(a "\”F”’)'S:vu .FLT‘G(HIH%?MPM” J
ym>pr ¢ %

T interference terms (3.13)
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L
In Equ. (3.13) the SU relation between J’ and {, is assumed,

and the ¢7 contrxbution is neglected. The quant1t1es ?” and ?“ are

the elements of the ¥ and Wdecay matrix in the reactions w > 'Vl
y P

.l.
and m ’?\~—>ch.

For a practical application of Equ. (3.13) it is advantageous to consider

the sum tﬁ(gﬂﬂ >apt) +S(ynv pr7) 1 because then the poorly
known f’wd interference term cancels,

Using polarized photon beams allows one to check also a relation

for the asymmetry Az

o (nt) +T, (7)) - (cr,,(r*)+6,,(r ))
(Gi(n*)m:un')) F(S,(nt) +0 (0" ))

§ t
- %)'?:-: + /_9 6 (w) ?rb—op (3.14)
TR gt Tw)

il

ﬁ..t. and G, refer to pion production with the production plane

perpendicular and parallel to the photon polarization vector,

respectively.

In Equ. (3.13) and (3.14) the left hand sides are completely known from

photoproduction experiments, and the right hand sides from bubble

chamber experiments. For the evaluation of the decay matrix elements
P'h one has to consider the ambiguity in the choice of the quantization

axis discussed in Sec. (3.1). The intuitive choice of the f direction of

flight in the overall CMS for this axis leads to complete disagreement with

Equ, (3.14). Bialas and Zalewski (97) pointed out the ambiguity in the

choice of the quantization axis and suggested the used of the Donohue-

Hoégaasen system (98).
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This is a system, in which Re 210 = 0 and S‘J(,_, /9” =
maximum, i,e. A = maximum, This is the best one can do in trying to
overcome the disagreement mentioned above.

Figures 15 and 16 show a test of Equ, 3.13 and 3.14 with a compilation
of data made by Krammer and Schildknecht (96, 99). Considering the
difficulties of extracting the required data from bubble chamber
measurements, the prediction of Equ, 3.14 for the asymmetry appears
well fulfilled - see Fig. 16, The cross section & (1r+) + (’)l(w_) is
plotted in Fig. 15. By this choice one eliminates thi— ambiguity due to the
choice of the quantization axis, since this cross section depends on the
combination §)H 5 Ql_l . From Fig. 15 it is evident, that there is a
disagreement for the choice ,2/411 = 0,5, In order to bring the two

a4

.2
sets of data into approximate agreement one must choose Js /4w ~ 0.3,

In the meantime new accurate bubble chamber data 7 p at 4 GeV have
become available (100). An evaluation of these same data by different
authors (100) gave conflicting results for the value of t}‘{z/é'rr. This
situation requires further study, however, it is safe to say, that also

2 2
these new data require a 4‘31 /4w { 0.5, maybe ‘Y{ /4w v 0.3,

3,10 The Reaction yp > T p

Figure 17 shows the differential cross section for x° photoproduction
for a number of photon energies (101, 102). In contrast to 'rr+ and
photoproduction the cross section drops in the forward direction,

(A sharp peak at zero degrees is due to the Primakoff effect and can be

quantitatively related to the 7° life time (103).

Invariance under charge conjugation C excludes a number of particle

exchanges in the ¢ ~channel. Among the well established meson only

the following can contribute: ‘;3‘ SV Cf*} A .
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If one estimates coupling constants from Slé one finds, that the @
should make the biggest contribution, with a small contribution

from ¢ and B, and a negligible contribution from the § .

Regge pole fits with a Regge (W + some bz;.ckground from a (f) or

B Regge trajectory gave acceptable fits to the data of Ref. (101),

and accounted very nice% for the dip in the data at el ~

0.5 (GeV/c)z in terms of a zero of the trajectory{(t) of the Wmeson,
However, high energy data (102) showed, that the dip becomes less
pronounced at high energy. This is hard to understand in a simple
pole model, because the W trajectory, being the highest, should
become more and more important at high energies and make the

dip more and more pronounced. An even more serious difficulty for
this model is seen in Fig, 18 which shows w° production with
polarized photons (104). Even at the position of the dip the exchange
of natural spi\i{;arity dominates (R = 1), According the simple pole
model the cc;htribution should vanish at the dip, and leave one with
exchange of natural spin-parity, According to an argument by Stichel
(105) this should lead to a value for the polarization R = -1, in obvious

disagreement with the data,

In consequence, Regge pole models using cuts have been made for this
process., The results of two such calculations are included in Figs.

17 and 18 as examples, Blackmon et al. (106) use a Regge model with &
and B-meson exchange with absorptive corrections, Frfyland (107) uses
anw trajectory and an CJ? cut, The authors succeed in reproducing the

trend of the data reasonably well.

d.f— _
3,11 The Reaction XP = AT

Fig. 19 shows the differential cross section for this reaction for various
energies. At high energies the data are quite consistent with a universal

dependence of the cross section on photon energy k and momenfum
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2
transfer t of the form: d/dt=f (t})/k” . For small momentum
2
transfers /t/ £ O.04 GeV there is reasonable agreement with an

OPE model with minimal gauge invariant extensions (110).

+ +
3,12 The Reactions Yy fo > K Aawa K727

Fig. 20 shows the differential cross section at high energies (111).
The reactions allow interesting applications from SU3 and the quark

model: assuming SU, invariance and U-spin zero for the photon, one

3
obtains relations between photoproduction amplitudes. One of them is

shown in the form of a triangle inequality between cross sections in Fig. 21,

It is satisfied, if —1&:00;(1)5.&4 . Fig, 21 shows cos47 as a function of
momentum transfer. At large values offt|the data are consistent with

SU_, but at small values there is a violation. A possible reason might

37
be the SU3 breaking due to themass differences of mesons exchanged in
the t-channel. Fig. 21 shows also the ratio of the cross sections
GF(AK"U /G_‘(‘SOKP) = R, The quari& model predicts R = 27 in the forward
direction, and R>3 at non-forward angles, assumning additivity (112).
This prediction is apparently not fulfilled. Maybe this can be attributed

to strong final state interactions,

3.13 Low Energy Data.

It is unfortunate, that most of the very interesting low energy data

cannot be covered here. This shortcoming should be partly

compensated by a number of excellent review papers on low energy

pion production (113).' I shall mention only Walker’s recent compilation

of data on single 1T+,‘rr— and W photoproduction up to photon energies of
1.3 GeV (114). He fitted all differential cross sections and the polarization
in terms of a simple model, in which the amplitude consists of three
contributions: 1) Born terms with electric coupling only

2) Breit-Wigner resonances 3) additional background contributions in

the low partial waves J = 1/2, 3/2, 5/2. Table 8 shows the strengths of
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the contributions of the various resonances according to these

fits, It Ais not clear, how unique these fits are. Further polarization
measurements should be very useful to settle this question. One
important question, which is still not settled, concerns the photo-
excitation of the P11 (1470). Up to now, no indication of this resonance
in the reaction yn -)pw_ was found, which indicates that the Pll is

not the member of an (exotic) /o decuplet-.

The importance of this work is, among others, demonstrated by its
use in a number of applications for sum rules. As an important
example we quote the application to finite energy sume rules, which

connect low-energy with high energy data,

In a number of applications to 'rr+ photoproduction the low energy data
were connected with Regge model parametrizations of high energy
data, It was shown (116), that Regge fits with a pion conspirator are
consistent with low energy data. However, Jackson and- Quigg {117)
have pointed out, that consistency within the FESR can be obtained for
a wide class of models parametrizing the high energy data. Therefore
the use of FESR cannot discriminate between different high—energy
models, As a matter of fact, Jackson and Quigg used a very simple
phenomenological parametrization of the high energy data and showed,
that then the low energy data predict the high energy data very well
via FESR. This is exemplified by a prediction of the polarization,
which is shown in Fig. 14 and is seen to deviate very little from Fyyland’ s

and Gordon's fit.

3.14 Survey of Tests of the Vector Dominance Model.

A simple but of course not sufficient way to state these tests consists

in listing the value of the photon-Vector meson coupling constant r;/'I/ )
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which is required to fit various processes and to see, whether the
coupling constant comes out the same in all cases, Table 9
gives a survey of those tests which use reasonably few additional
as‘sumptions. ‘
Comments: Process No. 1 { g‘ﬁ leptonic-decay) may be considered to
define d/fl /4w = O,5, Test No. 2 depends strongly on the value of
the ? -nucleon cross section used, which is not known with
sufficient precision, Until the nuclear physics entering in this
determination is better understood, process No. 2 may not provide
an unambiguous test. The same is true for process No. 6. Process
No. 3 is free from this uncertainty and is unambiguous. Its accuracy
is limited by the & and (P contributions, whic\h amount to about
20 % and which are poorly known, Process No. 4 is unambiguous.
It requires a coupling constant which is smaller than the one
following from process No. 1 by about a factor 1.6. This might give
one an indication of the accuracy with which the VDM is expected to
hold in practical applications. Process No. 5 requires the assumption
of g dominance of the pion form factor:

A N ]

AJ&—:GL
/ ‘-??_ 3%{7 ~ g

This form factor, evaluated according to standard Feynman rules, is

d e
2 kil {
P, (@)= S
25 Mot ¢
F_(0) = 1 by definition, therefore

S » A
?S’N’/q’ﬁrl = |

The coupling constant 3(’;7&‘ can be evaluated from the P width and
2
Equ. (3.6). With Té = 110 MeV one gets &,ﬁr [4n = 2.1 toa

- 30 -



- 30 -

1
With the value ) /47 from Table 5 one gets for the ratio

2
AT 1,03t 0.16

This agrees well with the predicted ratio of one,

Process No. 7: This requires the assumption of ‘0 dominance in the @
T

decay: ¢ / . 9 atl

) R w

- o _ s

\“\n' )-. . T~ ‘\T( g
B (e )
T(w=>ay )= O‘ "‘“ ( : ot ”

A% ¢ o

, L .
f!’ﬁ'n , 1‘{1«‘1 :('}Hw “3‘“17‘)? A 4‘47‘ W(’u"w)

f6m * )
er (p - ) V27
W (w) = correctionfactor for relativistic kinematics = 3.56

The branching ratio T {w 2ry) / (v i), i s independent of the
coupling constant E’“’-”T From the experimentally known value of the

branching ratio ( 5.2 ) the value of 3? /41T can be calculated.
It does not agree well with Reaction No. 1, 3 and 4. However, the test

is at most as reliable as the doubtful assumptions needed for the (J-decay

mechanism.

If one is willing to admit even further leading assumptions, one can make a
number of further tests. However, if the tests fail, it is not clear if the

VDM is to blame. Examples:

One can compare the following reactions:
Jp > prlwith TP TSP, WIPTp NP> rrrf-;(ﬁr (118)
- . +
7p > AT W1th1rp-'—>A++ 30 (108}

+
gp <> many pions with 7~ p -» many pions (57)
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it is well known, that the simplest application of the VDM to the

nucleon form factors leads to trouble (see sect., 4,2). Maybe this is
because the proton is more complicated than the pion and the assumption
of a simple pole model for the form factors are just not valid. All these
applications give results which range from agreement with the VDM to
obvious, but never order of magnitude disagreement. This does not
mean too much, The only reasonably reliable tests should be No. 3 and

No. 4,

4. Elastic and Inelastic Electron-Nucleon Scattering

4.1 Survey of Elastic Scattering

Elastic electron-nucleon scattering is des cribed, in lowest order of the

electromagnetic interaction, by the Rosenbluth formula:

z tnt ' 2
.5{9:_-”6 [QE (?)+Z—Gﬂ($) + QTGHL(il)'éa’W @/2_] («.1)
A, VS I+T

6\1\/5?‘(&1)1. I /
2 Eo funY &/ [+ @F;::P 2
T = 9" /4Nt
. Y EL™ g 6/

ﬁ - [ + &r_g_o Gty
ED,'Q = energy, scattering angle of the electron in the laboratory system.
The validity of the Rosenbluth formula has been tested by: 1) checking
the dependence of the square bracket in Equ. (4.1) on to” €17
(Rosenbluth plot), 2) by comparing e p scattering with e+p scattering
(sensitive to the real part of a two photon contribution), 3) by looking

for a polarization of the recoil proton (sensitive to the imaginary part
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of a two photon contribution). These tests have up to now not shown

any significant inconsistency with the Rosenbluth formula (120){419 ).

P G I { G L'
The quantities GEi ¢ and GH? #t  are the electric and magnetic
formfactors of the proton and neutron, respectively. They can also be
decomposed in terms of an isovector and an isoscalar formfactor:
P
G, =1/2 (G - a™)

Gg = 1/2 Gt ra™)

2 2
Forq = -4M , which is of course not accessible by elastic scattering,

one has the constraint

A 2
po (FAM) (4.2)

P

2
S (-4aM) =G

G

The electric or magnetic charge radius is obtained from the mean square

radivs: o, ;{’GE.M(_?E) (4.3)
(’(i?—' ,jéf'z—:c‘

As a first orientation the behavior of the form factors is given by the

’scaling law’: »
, Lo (1t) AT
G() (9°) ~ G n't ~ Gy 137
& My Jagn (4.4)

( |

2 .
The universal function of q , which these three form factors obey, is

roughly given by
P f
G_(4%) = 3
& (1+ §4/cf Gev'™) (4.5)

(’dipole formula’).
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The data can be conveniently discussed in terms of deviations from

Equ. (4.4) and (4.5).

One also notices, that a strict validity of Equ. (4.4) would contradict

Equ. (4.2), which is believed to be exact.

2 2
One gets the q dependence of G; near q = O from scattering of

thermal neutrons on atoms. The value of the slope is given by ('2)' )

dGe (4Y) = (o.so“-L 0.01) Gev ™2
dﬁ’" 2
ﬂ/zo

This value is very close to the one expected from the Foldy-termg:

" “
d Ge = ._-_—-Q“(O)rorsgol

L5 R M "
=0

Figures 22 - 26 show the electric and magnetic form factors of proton
and neutron {122). Figures (22 - 25) show the data for that range of qz,
for which a separation of GE and G, was possible. Figure 26 shows
GPM out to very large values of q . It was obtained (123) with the
assumption, that GE contributes negligibly to the cross section in
the experirnen\t. This assumption is very probably well satisfied. The
data for G:;Iw and for GE are plotted normalized to the dipole fit.
In this way deviations from the dipole fit become obvious. A fit of the

form

G (qz) (1+qz/0.71(3e\f2')2 =(1+aq2+ /4q4+ u.)‘G'(")

. 2
was made (122) to the data at small q . (Dashed line in Figs. 22 - 25),

from this fit and from Equ. (4.3) the magnetic and electric radii can be

obtained.

- 34 -



- 34 -

2
0,672 + 0,025

1

< T;(pr oton} >

1]

Cfroron)y = D FILE 0.0 £

PR
p.61o £ 0.0 F

4 Vr‘:'(neutron‘) V

There are small apparent differences between these three radii which
may, however, not yet bekiignificanf,. If true they would mean a déviation
from the scaling law at srnall qz. it should be noted, that for G:

the analysis of the measurements requires large and somewhat uncertain
corrections due to the nuclear physics of the deuteron. Therefore there
may be additional systematic errors in the data, and the question of a

2
significant deviation from the scaling law at small q appears not yet settled.

2
At larger values of q definite deviations from the scaling law for G%
are indicated. Very little is known at present about the electric form
2
factor Gl:_? of the neutron, apart from the slope at q = O,

2
For larger values of q its value is consistent with being close to zero

everywhere,

4.2 Interpretation of the Nucleon Formfactors:

Any interpretation should at least reproduce the most important gross

properties of the form factors given in Equ. (4.2) - (4.5) and the smallness

of Gg The most obvious starting points are dispersion relations of
the type
Px)
G (q") =1/n ok X
4+ x

Approximating the spectral functions in the dispersion integrals by &'
functions at the positon of the vector mesons leads to the following
ansatz for the isoscalar and isovector form factors, which satisfies

automatically the constraint Equ. (4.2):
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(] w
S _ 4, r&4. A a,¢+ng‘b
E,M [i—?z'/‘m‘;’ [4_?2-/4“1_
o 0 ¢ (4.6)
A+ & a,
oM -
3 T
E,M I +¢ /4(4{,
sV
-T FOR (":'IE
g = ~ Y%
( FoR Gy

This simple ansatz has the most obvious fault, that it fails to
reproduce the dipole fit behavior G (qz) ~ l/q4 at large qz.

If one modifies Equ, (4.6) and goes to more complicated schemes,

this difficulty can be avoided, Examples: 1) Introducing additional

form factors for the three vector mesons (129, 35). A fit to the data

is possible with thz;ee more form factors chosen to fit the data

(130, 12%). 2) Introducing a finite width for the vector mesons - leads

to a moderately successful fit (126) - see Fig. 260 3) Hohler et al. (131)
have improved upon the pole approximation by considering a more
realistic spectral function for the isovector form factor. They show,
that the pole approximation is not adequate and they connect the pion
form factor and w-N scattering with the nucleon form factor. They were
able to fit the isovector form factor up to quv 1 Ge\.?’2 and reproduce the
slope  dG /dqz at q2 = O, Similarly, Di Vecchia and Drago (132}, by
considering higher mass states, as suggested by a Regge model, get

2
reasonable fits for the function G (q° ) defined in Equ. (4.4).

A second line of approach connects ep-scattering with p-p-scattering,

as first suggested by Wu and Yang (133).
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The simplest conjecture is

Ps e ¢
dg/ie| o ASHe . (M_ﬁ))
PF {J[-*,é-'»o Gﬁ (o)

which might become exact for very large energies. For finite energies
there are deviations. For more detailed considerations see e.g.

Cho and Yang (128) and Drell et al. (134),

Models of this sort do not a priori satisfy Equ. (4.2}.

There appear to be at least two riddles in the interpretation of the

form factors:

1) How to understand intuitively th.e very steep qz dependence, as given
approximately by the dipole fit, which is in contrast to the most naive
expectation of Equ. (4.6). Drell has pointed out, that in the nonrelativistic
limit, where one can work with the Schroédinger equation, the steep q
dependence follows rather naturally (135), Several authors have considered

models for the proton, assuming a composite structure, which can also

2
lead to a steep q dependence (136).

2} Difficulty with the quark model:
In the non relativistic Fermi quark model of the proton the nucleon
wave function is the product of a symmetric spin- U-spin wave function
for the three quarks and of an antisymmetric wave function for the space
. . (v, v < C e
part with S = O, In this model H’ R YR )l at the origin is zero because of

the antisymmetric space part of the wave function. It then follows that &

’ : L
[ Gyt gty <o
which means that the form factor has a zero somewhere, which, however,

has not been seen experimentally so far, Three ways out of this difficulty

have been suggested so far.

X It should be remembered, that this
follows in a non relativistic - 37 -
quark theory.
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(i) Quarks obey parastatistics. This eliminates the need for an
antisymmetric space wave function (137). (ii) The zero is at very
large values of qz, which have not yet been reached (138). (iii)

R.F. Meyer has shown {139), that one can find an antisymmetric wave
function, which can be chosen singular enough in the origin in order
not to lead to a zero in the form factor, and which on the other hand

does not lead to physically wmacceptable consequences.

4.3 Inelastic Electron-Scattering - Kinematics and Definitions

One of the difficulties encountered for inelastic electron-nucleon
scattering are the many types of notation. We therefore start with a
collection of useful formulae and consider the case that the

inelastically scattered electron only is detected.

Let E and EI be initial and final electron energies, and 9 its scattering
angle {all in the lab. system). The differential cross section can be

expressed in terms of two structure functions Wl and Wz

g1 / % ) i Sz
do _E_..EW_"E_,(W‘%_ W, (25v) 4 2 4% W, f"fl,t’))
dg*ayv £ Q%

d "o to ! L (CmLe/;_ W',_(?jv)+ 1 i L84 W (??V))
{ ! &
AEdSL ¥ . (%7)

YV =E - 5!
q2 = 4 EE, sin2 9/2

nucleon mass

2
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(Some people do not absorb a factor M into the definition of the Wl’ WZ)'
A few more important quantities are?

Total CMS energy of the final state hadrons W:
w = (M2 + 2 MK)L/2
Equivalent photon energy K:

K=V-q2/2M

Momentum transfer:

{Virtual) photon polarization:
-1
. - r o
& = L R ]

(Virtual) photon flux:

[_' X K £ {
£ dmtogr £ g

The differential cross section can also be expressed by what is equivalent

to the total cross sections for transversely and for longitudinally polarized

——

photons (71: and OS respectively:

__.Ef_lﬁ_zf(ﬁ;Jré’@'}) (4.8)
A2 AE’ €
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2
In the limiting case q = O 6-;- goes towards the photoproduction

cross section and 6;-90.
This is the notation of Hand (140), One has also the notation (141)

The structure functions are related to the cross sections by

K — g2

-")‘ITLO\
P
2 - 4 K o5 o4+ )
(¢v) = % | I+ T s
Wi (4 | > &nw o !

X

4.4 Inelastic Scattering in the Region of the Nucleon Resonances:

Many experiments were made to study the inelastic electron spectrum
at high energies (142, 143), Fig. 27 shows an example (143}, The
excitation of nucleon resonances near 1238 MeV, 1525 MeV, 1700 MeV

and possibly 1920 MeV is evident,

2
‘ AT + £ o
Fig. 38 shows the quantity | , = 9 gt
g A R = r
as a function of q for various values of the total CMS energy W. To the
extent to which £0¢ can be neglected compared with S_T , it measures

2
the q dependence of the photoproduction cross section.

Among the nucleon isobars, only the A (1236) has up to now been
closely examined, Bartel et al, (143) have parametrized the cross section

around the ﬂ (1236) in a resonant (@;{) and a non resonant ( 6—]::5) part:

- 40 -



- 40 -

{ L
97 26, (42v) + 95 (47)

— - R

T *SD e’

t

. Rk T (w) L
o, (32v) = X , 2 G 9
i WW2H) WMy e Ty 4 f

The quantity @ @A (qz) can be regarded as the magnetic dipole
transition form factor for the excitation of theA(1236). It is shown

in Fig. 29, together with the dipole fit and a prediction from

Gutbrod and Simon (148) who have used a dispersion theoretic approach.
Although the theory seems to account very well for the measured form
factor, it is not clear to me, why it is so good, in view of the
approximations made. Similar measurements, which also agree well

with this theory have been made by Albrecht et al. (149).

A more detailed investigation of the /A (1236) will require coincidence

measurements to investigate the A decay.

Such measurements have been started and will allow in future

a much more detailed analysis (150, 147).

Ak # 2
For the ,’V/ (1520) and the s (1688) cross sections as a function of q

were measured at SLAC (151).
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4.5 Inelastic Scattering in the Deep Inelastic Region:

By deep inelastic region we will understand inelastic scattering for large
values of q2 and large values of the excitation energy W (above the
resonance region). The main difficulty for evaluating the data in this
region are the radiative corrections, which require the knowledge of

the differential cross sections in a certain region of the (qz, V) plane for
their application. The incomplete knowledge of these cross sections and
the doubtful validity of the approximations in the formulae make final
experimental data slow in coming. and may eventually limit in principle

the accuracy one can get.

In spite of these cautious remarks I shall present first results in this

field, because they appear to be of the highest importance.

Presentation of the data has been affected by a paper by Bjorken (152),.
2
who conjectured that for large values of q and Y the structure

functions may essentially depend only on one variable 4 - V/gz 2/:
MW, ({5 v) > Fo(w) v,y ($9y) » P lw) Ny

- : - - Y 1 & :
Wa = VO‘HM « AT usduE N IS EVA R )_]-(‘f;?zr:)‘ﬁm 2] with
R = D 5 /TT
— 2 A
:)r‘for.t— N <. cos 672

4B sin *672

For R = o and R =00 one has upper and lower limits of WZ:

- , '
& d “5 SYVAR: [ N
PR —_— [RENS— s e e
o (e’ =~ " 0 A E !
Hegp- VP 1 ¢t psbdt
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In many practical cases £ 1 and measurements at a single (small)

angle give a good estimate for WZ' Fig. 30 shows a summary of preliminary
measurements made at SLAC at high energies (151). They have plotted
the quantity V: W2 for two extreme assumptions about R, showing

that the uncertainty of its value makes a small effect.

Data at lower energies have been contributed by Albrecht et al. (154).

They have succeeded in separating W1 and ‘Wz (see Fig. 31). Unfortunately,
the data do not go far into the region of interest, but they seem qualitatively
consistent with the SLAC data (solid and dashed line in Fig. 32a). The

data show the following features:
2

1) They seem to indicate that \F:WZ % const and %"'Wl X const,
which behavior was suggested by Abarbanel et al. (155).

2) The data are in agreement (see ¥ig. 32b) with the prediction

2
W,/ vW, = V/qg

coming from a very interesting field theoretic model of Drell et al. (156).

It is very remarkable, that V‘Wz seems indeed a function of & only for
v = V/qg' > 2 GeV-l, and moreover, seems to tend to a constant.
This has a simple interpretation in terms of cross sections, if we assume
for simplicity V 2 7 qz, leading to K X V= l‘?ﬁ We have then from
Fqu. {4. 9)
2 2
V'Wz (q’ Y )QJ/"“L"“‘ '(q_;_-f‘:j; ) 7~ const,

2
41 a

It means, that at high energies the cross sections are fairly independent of

energy, which seems reasonable, and that they have a dependence like 1/q
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2
for large values of q , which seems very remarkable. This dependence
5 .
on q is much weaker than the l/q8 dependence of the nucleon form
2 4
factors, and also weaker than a ( !‘\M?L/(WFL 4—?.L ) ) ~ 1/q  dependence

from a naive vector dominance model.

Unfortunately, from the many comments made on this remarkable situation,
we can mention here only two: 1). it has been pointed out, that in a

. 2 .' T T b2 2 [/*2‘ p
vector dominance model O & depends on q like ( Wy /(Wf ) ay g( (’(5-7—)
1f CT‘S makes a big contribution to the measured cross sections, this could

2 , N
explain their relativelyslow dependence on q ., Sakurai s prediction:

oy )
R: (TS = kj}P(k). . 42 '[/ _— F“‘I“'—_‘J

~d . L _
" 4
The ratio 0}’, /0—[’{7 is expected to be > l , so Sakurai predicts a large

longitudinal cross section Q_:.; for large values of c_l2 and ¢&J . The data
(154} ~ are at present compatible with this relation but it seems too early

to say whether the measurements really support the model.

2) Drell et al.’ s. field theoretic model {156) can be adjusted, with a very
platisible assumption on the maximum transverse momentum p ; transmitted
in a reaction to give the relation VWZ ~, const., from which follows Wl 2,

2
v/q ; which seems consistent with the present data.,

2 ’
Sum rules for WZ ( vV, q ): Bjorken’s derived from Adler’ s sum rule for

inelastic neutrino scattering, says (158):
o0

Ty tow e fivin Y
S WS e WO [ 2
(¢]

If vW_ would really 22 const, the intregral would diverge logarithmically

2 L4
and the sum rule would be trivially satisfied. Nevertheless, it is
'}u‘qkﬂvv
interesting to see, at which maximal energy it is saturated . If W2

t . . ;
< Wz PTOLON " this seems to be the case if one integrates in

energy up to a few GeV (154).
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Gottfried’s sum rule is derived from an uncorrelated quark model of

the nucleon (159), It reads:

Jf W}_(‘!rl,)’) AV = |

c

A recipe has it (160), that one should take only the non diffractive

part of Wz. This makes the test of the sum rule somewhat ambiguous.
Inserting best guesses for ‘W2 gives values for the integral significantly
smaller than one. A specialization of the equation for photoproduction

seems ceonsistent with the data.
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Comments

Deuterium fine
Structure

If the recent measurement

of the Lamb shift in D by
Cosens®is taken, together with
ref. ¥ , one gets 1/oL

= 137.0373 (6)

137.0388 ( 6)

Istructure 2 S
2 P interval
anc_i amb Shift.

7

Kaufman et al.

Muonium hfs 42, Main uncertainty from 137.0368 (12) .
| megnetic moment %

Uosephson effect | & | 137.0359 (4)

Hydrogen Maserx 40 Uncertain nuclear 137.0359

nis splitting o | .cerxrections

Hydrogen fine [ Metcalf et al. 137.0353 ( 8)

137.0350 { 4)

dto.

2

Shyn et al.

o.-1 calculated from their
value A EH - Sy
= 9911,213 T ,053 MHZ

137.0361 (6)

- .0380

-~  .0360

—-137.0340




Table 2
Lamb shift

S = (2 Sl/Z -2P 1/2) interval

ref, S (MHz) Remnarks
Experiment:
I.amnb and 1057.77 f 0.05 ; )
collaborators 14 ' average =
. 1057.81 T 0. 05
Robiscoe 15 ). 105786 -0.05 L
‘ +
Theory 13 1057.57 - 0.08 using a value
o _ o7 =137.0359
Table 3
Anomalous Magnetic Moment
[Author gf% o exﬁerimental-.ﬂi-_'z‘- ... theeretical - | theoretical expression
o of 3
CERN muon N d ' _%.;_"'0' ?"5‘9”‘73_ ""2“‘“] ‘7]'-‘5
storage ring (116616 - 31) x D 116560 * 10
+ strong interaction
muon (16) ;
. .corrections- . .-
. + -4 - & 9 A=, o5 X2
Rich (17) (115956 = 3)x [0 115964 * IO = 328 4w OM5 =5
electron e e .




Table 4

Leptonic Decays of Vector Mesons.

Particle Ref. BT (gf-fﬁ) o average B
ey x 105
................................................. tot - .- . - oo
vy . + +
Y‘) 42 Novosibirsk storage ring 5.0 - 1.0 6.2 - 0.5
41 Orsay storage ring 6.63 © 0.85
+ -
43 leptsdecay e e 2 +
DESY -MIT 6.5 - 1.4
lept.decay ;
44 Wehmann et al, at AGS 5.6 -~ 1.1
45 de Pagter et al. at CEA 4.4 T (2) 19
46 Liitjens et al. at CERN 9.7 f 2(;
», 47 Orsay storage ring 7.6 -1.4 6.9 1.4
48 leptedecay e+e_ 4.0 t 1.5
..... CERN
. +
49 Orsay storage ring 39.6 - 6.2
¢ + +
50 | leptsdecay DESY-MIT 29 I 8 37 1 6
5] leptedecay CERN 61 - 26




Table 5

Summary of Results on Coupling Constants

- R - o Vv
T(ee) / 7'Z-of;‘ Tt:ot J/VL/II-JF i Predictions for 7\/‘2’ T(>eme ) [4eV]
Particle norrpqalized Ref. 55
from Table 4 used | (Equ. 3.3) toy =9 SUa ISakurai | DMO
X 103 (MeV) ¢ 3 a(S%xsax (54) experimental Quark Model
© c2T 0.5 1 uo | o.508 0.07 9 9 9 9 6.8t 1.0 5.7
o 6,97 1.4 |12.6% 2.0 1 0.9 11t o] 0.65 1.21 0.877 0.19 0.6l
gb 377 ¢ 3.8 3.1 T o7 |15t o.all2 1. 33 1.34 1. 44t 0,32 0.95
® Ref. 52

¥ Average of Ref. 49
and Ref. 52




Table 6

Rho Production on Heavy Nuclei

2
Reference Photon Energy| Range of Nuclei 6;1:( @ -Nucleon) Comments 2?3 /‘7‘-7(-
GeV investigated m
+
Cornell (71) | 6.2 D - Pb 37.5 - 1.4 Nuclear radius deduced from
analysis of ~Nucleus cross
sections (72) .
35,0 - 1.5 Nuclear radius deduced from
+ e-Nucleus cross sections. +
39.0 - 2.0 assuming vector dominance model 1.1 - O.15
" T
DESY -MIT 2.7 -4.5 ‘Be -Pb 31.3 - 2.3 Nuclear radius deduced from +
(73) analysis of the data themselves. 0.5 - 0.1
- . +
SLAC (74) 8 g Be - Pb 30 + 6 using hard sphere_ nuclea‘r model to 11t o2
-4 get t=0 cross sections, using Woods-
Saxon form of nuclear density.
Table 7

Test of Vector Dominance Model according to Equ.. 3,11

V(G/ﬂ’{:( [/L\g GEV;!’ 6—\;,\/ Source of 3’\,2’/47.;- from Equ. (3.11) X\/L/élﬁ‘ from Table 5
/
Reaction t=0 assumed O\T/N (Vector Dominance) (leptonic Decay)
30 mb Table 6 0.59 o. 50
YP 5P 140 '38.mb | Table 6 - 094 PEa G
§p> WP ~ 20 ¥ 30 mb Quark Model 4.1 4.0
4 3 12 mb Quark Model 4.4 3.1
1P 1t CandRef£ T | E
*

estimate of diffractive part




Table 8

Isobars in Single Pion Photoproduction (7/#)

ke

Resonant  Isobar Isospin Mass Amplitude (
Helicity I'jl GoV for -
Element / ¢ yP
tth  nn TP
+
AL P, 3/2,3/2 1.236 1.000 1.414 1.000
.]_
‘ . -2.43 -3.4 -2.43
" P., 3/2,3/2 1.236 3
A, D, i/2,3/2°  1.519 -0.20 0.14 o
B, . D, 1/2 ,3/2 1.519 -1.32 0.94 -1.15
B, F . 1/2,5/27 1.672 | -0.60 0.43  -0.50
A : -0, 0.46 -0.80
ot S, 1/2, /2 1. 561 0. 65
A P, 1/2 ,1/2 1.47 -0.25 0.18 O.
) : -0, -0.10 -0.14
B, D . 1/2 ,5/2 1.652 0.14




Test of Vector Meson Dominance Model

Table 9

%
Process 3’?/4_73 obtained ’m? No. Remarks, Section
B s ]F(gé)/ ¢ from storage See Table 5,
ring and g) leptonic decay 0.5 on mass shell | 1 (3.2)
d(r/df (Ye = S)P) 0.5-1.0 O 2 depends on value used
op) for OL( % P) - still in
vse S (YP7 |dowst, (3.5) "
6;01'. (J)f)) Vs, 7 0.5 -0.1 O 3 Accuracy limited b?é
4 uncertainty of &J,
ey Sty | contributions, (3. 6)
oL (yp> ) G (> TP)
. . ~ 0.3 O 4 .
Pion formfactor F (O) ~ 0.5 o) 5 Assumes rho dominance
of pion form factor
(3.14)
dofat (fA>fA ) 0.5-1.0 o 6 |Sensitive to value of
ﬁ;(‘ng) used and to
details of nuclear physics,
(3.5)
: . ' different Assumption of §
w /—1 - :
‘F( z ﬁ—J/) I (&) '\7'33—‘-) = 0.85 in the two 7 dominance of w decay,
decay modes § -width
?’S = 110 MeV, (3.14)
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Figure Captions

Fig, 1 Electron-Positron large angle pair experiment by
DESY - MIT group (19).

Fig. 2 Large angle /M+ " experiment from Cornell (22)
(a) Ratio of experimental yield to that expected from elastic
BH production as a function of momentum transfer q2 to the
carbon nucleus,

(b) Ratio of experimental yield to yield expected from sum of BH elastic
+ inelastic /A;c,“ pair production + Q and (P leptonic decay +
contribution from v % /u ¥ decays,

(c) Total yield minus yield expected from elastic BH pair production,
showing the rho peak.

M/.,/, = ’}At/n'— invariant mass,

Fig. 3 Large angle bremsstrahlung, Abszissa = ¢} 07 s
invariant mass. Data on electron BS from Ref. 23, muon BS from

Ref, 24,

Fig, 4 Comparison of Muon and electron form factors of the proton
(from Ref. 33).

Fig. 5 Comparison of leptonic decay rates of vector mesons with
Weinberg's first sum rule (56).

Fig. 6 Total cross section for vector meson production on hydrogen
a) for ¢ b) for (W c) for 4) .
References: ABBHHM (57), Eisenberg (58), Ballam (59},
Davier (60), Blechschmidt (64), CEA (6l1),
Jackson (65), Ross-Stodolsky (67)

Fig, 7 Fit of rho production J[> > SP tor ATt = ::(6/6‘(‘{(_?(1’["8’{:9
. to

a) doldt lk =0 b) B, both as a function of the

primary photon energy.
Ref, as in Fig, 6

Fig. 8 Yp = (Pp . Summary of data, taken from review paper of
$.C.C. Ting in Ref, 3.
DESY -MIT: Ref, 66
DESY -Bubble Chamber: Ref, 57
SLAC: Ref, 62

Fig. 9 Asymmetry of rho production 2 = (Oy =~ S )(6y +9L)
as a function of momentum transfer in the reaction ¢p » p¢
S = +17 is value expected from diffraction model. Data from

Ref. 69. Photonenergy 2.0 - 2.8 GeV,



Fig., 10 Total photoproduction Cross Section as a function of photon

energy E y ., Data below 2 GeV may be affected by systematic
errors, References: ABBHHM: Ref, 77, DESY counter: Ref., 78,
SLAC annihilation beam: Ref. 76, SLAC Laser beam: Preliminary
results from a bubble chamber experiment with a reflected laser

Fig, 11
Fig, 12
Fig. 13
Fig, 14
Fig, 15
Fig, 16
¥Fig, 17

beam at SLAC by a SLAC-TUFTS-UC Berkeley-UCRL collaboration,

The Vector dominance prediction is from Equ. 3.12.

Compilation of Cross sectionsfor photoproduction of Pseudo scalar
mesons, {Lab,) photon energy = K , Taken from compilations by
R. Diebold (80) and P. Joos (81).

Differential cross section for the reaction J p » . )
shown for energies of 2,0, 2,6, 5,0, 8, 11, 16 GeV. Data from
Ref, 84, 86, Figure taken from Ref, 83, The curves are from

model Ref, 83,

Ratio of single ﬂ-/'rr+ photoproduction on deuterium as a function
of momentum transfer, for photon energies of 3.4 GeV and 16 GeV.
Data from CEA: Ref, 88, DESY: Ref, 85, SLAC: Ref. 87, Figure
taken from Ref, 87, The curves are from Regge model Ref, 83,

Asymmetry Parameter
the reactions yp » 7 v ( >:< } and for the average of

S(yp-> w+m)+

g,

9,4,

£

oy

= (60-073)/(06, + a) for

S (4n>np) ().

l)= cross section for pion production with photons linearly
polarized perpendicular (parallel) to the production plane, Data

are at a photon energy of 3.4 GeV from Ref, 93, 94, Theoretical
curves: Froyland Ref. 83, Blackmon Ref, 92, Jackson Ref, 117,

1
Comparison of at and n- photoproduction ( 95, ¢ ) with rho and
> production in 7 =’ N collisions ( ) via the vector
The evaluation was made for ygz_ J4m = 0,5

dominance model,

(Ref. 961 99).

Check of Equ., 3.14 . A = asymmetry in pion photoproduction with
polarized photons. Photoproduction data: ¢ , Ref. 93,94 ; of

compilation of bubble chamber data by Ref. 96,99, evaluated in the
Donohue-Hoégaasen system,

Differential cross section for the reaction Fp — wop at photon

energies of 4,5,8,6,11,16

102, S = (CMS energy)

Ref, 106,

eV. Data: DESY Ref, 101, SLAC Ref,
. The curvesare a Regge Model of



Fig.

Fig.

Fig,

Fig,

Fig,

Fig,

18 Asymmetry parameter 3 for w9 production with polarized
photons, The data are from CEA (Ref. 104), Curves are from
Regge models with cuts: Ref, 107, ~— — —Ref, 106

19 Differential cross section for the reaction J’p > w4 T
(from P. Joos, Ref. 81). 4 = photon energy. Bojarski
(k = 5 - 16 GeV) Ref. 108JABBHHM (k= 1,1 - 5,8 GeV and
0.6 - 1.1 GeV) Ref. 57 CEA (k = 0.7 - 1.1 GeV) Ref. 109

20 Ref, 111:

a) Differential cross section for the reaction Yp -» KTA

b) Behavior of effective Regge trajectory o (t)

c) Behavior of the differential cross section for small momentum
transfers (S = (total CMS energy)? ).

¢y / e .~
21 Ref. I1l: a) The ratio do/de (K*2°) /[ dolt (K A) vs
b) cos 615 Vi, - & , where cos tP is defined in the triangle.
The amplitudes mean: A(r*w ) = A {()’P > Tm ), ete.

22 Magnetic form factor of the proton, normalized to the dipole fit.
Compilation by Ref, 122, using list of papers given in Ref. 124
(proton) and Ref. 125 (neutron), Dashed line: see text,

23 Electric form factor of the proton (Ref, 122, 124) (See also Fig. 22).

24 Magnetic form factor of the neutron (see also Fig. 22)
Ref, 122, 125,

. 25 Electric form factor of the neutron (Ref, 122, 125) VDM = Vector

dominance model of Ref, 122 a) small qz, Ref, 122, 125 b) large qz (note
different ordinate!) from R.J. Budnitz et al., Ref. 125

. 26 Magnetic form factor of the proton for large momentum transfers

Ref, 122, 123, 124, Curves are theoretical models of Refs. 126, 127,
128, 122,

. 27 An example of an electron spectrum for inelastic e - p scattering

(Ref, 143),

pA
. 28 Dependence of O+ +€Q; onq .

W = total energy in the final state hadrons CMS, Figure taken over
from Ref, 144, data from Refs, 142, 145, 146, 154.



' LA ' (g
Fig. 29 a) The transition form factor Gl“ (QI)’- Gb(ﬂ’ )
as a function of the momentum transfer q . Figure taken from
Ref, 143, additional data: Ref, 153.

2 -2
b) Comparison of (T, (¢%) with dipole fit, G (q%) = 3 (1 + q°/O. 71 GeV*®)

_ | L
Fig, 30 Plot of F(W) = ¥ W, (q%, v ) as a function of W = Y/ from
Ref. 151.

: | ,
Fig, 31 The structure functions W) and W, at qz = 0,773 and qz = 1,935 GeV
(Ref. 154},

Fig. 32 a) VW, for qz = O.773 and 1,935 GeVZ ( © =47.8%)asa
function of W = V/q® with the assumption O/ =R=0,
Solid line corresponds to the SLAC data (Ref. 151)
with R = o, dashed line derived from solid line with the assumption
R =1, q“ = 0.773.

2
¢) q/y ’ W; , for same q2 and % as a), as a function of V/ﬁf z .
under the assumption R = o
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