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·During the last twq years a.large number of papers 

have been published on the subject of electromagnetic interactions. 

These were mainlydevoted to clarifying and developing .old ideas • 

. This period was.marked by great experimental progress. 
. , 

'· , . . .. 
I shall mention_only the.theoretical reports directly connected 

.with experimental-work, particularly in the fields which have ,been 
' . ;- ' 

most fully represented at this conference. 

Electromagnetic interactions are usually put under a 

separate hea_ding, and) moreover) since the last conference there 

have been the·:Sos.ton and Stanford conferences, which were entirely 

devoted to high energy electromagnetic in·teractions. There are 

important reasons for this separation. On the other hand, the 

relation:between electromagnetic interactions and high energy 

physics as a whole should be borne in mind. The successes and 

errors of electromagnetic theory exactly reflect the developments . ' . . . ' ' . 

taking place in the theory of elementary particles. Let us take 

·.as an example .the· method of complex angular momentum, which 

reached·a climax at the time of the last conference. This was 

fairly clearly reflected in the theory of electromagnetic inter-

actions. 

\ 
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At the last conference, a series of interesting 

f: experimental set-ups was formulated in connection vli th this 

method. One of the r.tost pressing questions posed in this respect 

was that concerning the "Reggization" of the photon. 

The experimental data from electron;...protcm 'scattering 

showed that the slope of the photon 'trajectory is in any case 

much smaller than that of· the vacuum trajecto~f;_ 

The fate of the other experiment~i 'pr6p:6sals :based. on 

the complex angular momentum meth~d- iri ;,the )heory_~f' e1~ctro~ 
' . . ,' 

't magnetism largely coincides. wi th''thdt of sim-ilar proposals in 

the strong interaction theor~. 

One of the most outstanding a.'~_hievenients ot' high energy 

physic's is. tria succ~ssfuf classif~catJ.ori (,:f stroJ?.g interactions' 

on the basis of the su
3 
·gro~p·.. T~e ~xt~!lsion of this symmetry 

to electromagnetic :intera~tions leads to ~serie~ of interesting. 

conclusions, which .open the ~ray. to a reliable checking of its 

validity. ·This is' one of:the qtlestions deserving the most 

attention.· 

Theoretical analysis. of electromagnetic interactions_ 

·continues to. be _based on:· perturbation theory, dispersion 
. .. . 

· relations, . fe~onance and pole approximations. Moreover, it . 



is very characteristic of electromagnetic interactions that the 
~ 

main source of information on isoscalar parts of~e- N and ~- N 

interaction amplitudesis the study of reactions on bound systems 

(mainly ,on· deutons). 

In this'connection, work devoted to the improvement 

of the impulse approximation is very much in evidence. 

Inmost cases, the aim of these investigations is to 

determine the {nteraction constants and other characteristics of 

r particles and resonances. Data about these characteristics may 
. ~ 
,',. 

create a link (if only in the resonance approximation for the 

present)betwee:ri. phenomena which have so ~ar been regarded as 

separate. Classification of these data will help us to understand 

the symmetries existing in nature, and in particular to check su3 
symmetry. 

This aim constitutes a strong link between research 

on electron scattering and meson photoproduction and, to a certain 

extent, electrodynamics in the region of high momentum transfers. 

This report is devoted to these subjects. 

1. Unitary Symmetry 

The extension of unitary symmetry to electromagnetic 

interactions (Coleman-Glashow·and Cabibbo-Gatto) 1/_is based on 



the fact that the electromagnetic current transforms in the same 
I . . 

way as a tensor operator, associated with a regular representa-

tion of su
3 

groups. In other words, the electromagnetic inter­

action removes the degeneracy in su
3 

symmetry, In particular, 

it breaks isotopic symmetry, which is part of su3 symmetry. 

However, the electromagnetic interaction does not 

break a certain su
2 

sub-group of the su
3 

group, which forms 

V-spin symmetry quite similar to isospin symmetry. The V-spin 

and the electric charge form a set which is exactly similar to 

the isospin-hypercharge set. 

The.two sub-groups are mathematically equivalent. 
l 

To the isospin multiplets for a given hypercharge in~ 

the second sub-group correspond V-spin multiplets for a given 

electric charge in the first sub-gr?up. 

4-

Systematic study of this correspondence carried out by 

Levi:r1son, Lipkin and Meshkov/2/ and also Macfarlane and Sudarshan/3/, 

showed a simple way of obtaining relations depending on the symmetry 

of the first sub-group from the relations of the second sub-group. 

The conservation of' V-spin gives relations which are valid to a~"' 
order in e 2/hC. Matrix elements, to first order in e 2/hC (one- ~ 

photon vertices and process.es), are. governed by relations 

which are exactly similar to the Okubo Gell-Mann first order 
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formula •.. Matrix elements of the second order (mass~ splitting, 

2 -photon processes) are governed by the_ second order Okubo 

formula. 

Examples of relations between matrix elements, neglecting 

n:s emi-strong" su
3
-breaking interactions:· 

· a) Photop.roduction /2/ . 
. . ,,.,,..,..._ ........ ., ... _ ..... __ ... ,. ... 

<tPltl*'!n~)> _. <&rPIA'~!-p~'> . /j' 
,. .\. <!~)y*oK-t)- <trp}y*oJ\*+> =-- 2.. 

r ' p)(~ IN*-;;;-~':) -~ '.<~ry /Air+> - .· /.:' 
· <crnJ·Y*-K-6->- <lthJ y*- 1,.')-- v3 

I< liPif.K .. >I+Ii't<ut>/A~·>I ~wl<fN llJi-:> I 
· : . · ·'?-/ i <..rp 1 z:"K"')J-12/~afl '' KY)J 

' .. -· ..... ···- ...... ·~ 

b)· One-photon electi•omaeinetiC decay 

-k< 1{1 ili·~ > . -: !flz a-> "" ~K;( + 1 K+;> ::-t. < K". /Kff~ ~<p+ '" ~ 
. ' . .. '. ' ' ' J (d) 

· · 2-photon electromagnetic decay 

· c)' Relations between form factors ( Coleman-Glashow, 

Cabi~~-:Gatto) · 

(~ ~; ;~~ ~;~ ~~ ~;(; )~~~:~~~1~ ~ !;~(n) (~ ;---
IJA (Z/1\) =.- ffib1) 

" . ~ - - ' 



d) ' gf> 
Relations between electromagnetic spli tt1 ~"-of baryon 

.multiplets 

J N-(2/- s i1tz)~i ~tl?z;-r~t(z+)~<-f t1(PJ -·!~.ttt~J 
. '"~~· ~ ..... ___ ...,. ·---... ~-...,.- ~~· ·--~·-··--··-

The forbiddenness of certain electromagnetic processes 

is of particular interest, for instance 

~r-

Y ->~·+r 
I 

*­'=' ·'-1 -) 

,....._, 
w .+-'( 

or the V ·-'? '<! tl:'ansi tion,. where V is a unitary-singlet vector 
·.: -' . : . -~ ·•. ., 

meson; the latter forbiddenne~s ii pariicularly inter~sting from 
. . . ' ' . 

J.; the point of view of. the study of the tp-W ciixing •. 
.. ,; ' ''· < • ' 

' ~ 

Great .possibilities for studying uni ta.ry symmetry on the 

'· basis of its .. extension to magnetic interactions were pointed out '· ' . ' . . 

'•. ·-~ .. 

HoVTever, the real rel~tions are greatly complicated by 

the"semi-strong". interaction which breaks the v.:.spi~ symmetry 
in ..... · . . . 

and particular~ the· above-mentioned relations. " . ' 

Thus, when calculating the width of ·12.·.· -? !l "/ the. 
. ·,,• '.· .. ' . ·. . ) 

. ..: ·: . . . . o· 
considerable difference between the mass of the n and 1(, -meson 

should be taken {nto account:· \· 

6~ 
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. 3 
1 rtlm 
_ (-'L) \'1 ( 0 .·. 

3 m. . n ->· 
. n 

As a result, the lifetime of th~ t ~~~son is fou~d to b~ 2.4xlo-18
sec, 

i.e. 0 two orders of magnitude less than the lifetime of the n meson. 

Calculations of t, -.. lcson photoproduction in the nucleon 

field·· of nuclei (Belletini et al. )/ 4/ and in the reaction 

e + +· e- -> l + '/ ( Celeghini and Gatto )/5/ show. that :these effects 

are very difficult to measure,. but it is interesting to evaluate 

even a lower limit on the lifetime. Multiplet mass corrections 

will also affect the relation between the form factors. 

In addition to the mass corrections, it should also be 
I 

taken into account that the physical particle states include a 

mixture of pure states (due to the symmetry breaking interaction) 

and that the relations may tak~. a more c:omplex form. 
·,,'.,_.' 

• .;...- ~ •·• <' • ,· 

Okubo has shown that, even if the symmetry breaking 

interac_tion is taken into account, certain relations still 

persist, for example instead of (d) we have: 

·~---[< tp/n~(> ~ <_f 0}~ f)J- =· <'f /1~) ~ f (K*c/Koi)~·f·<y~tiiti~>-"-
, and instead of (m): 

f (r; A) - {i [f.~{z) +3tJ(!t)-2.(<(::").,. 2f(nJ] 
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The successful use of these formulae for electromagnetic 

mass splitting has led many physicists to endeavour toestimate 

the separate mass differences from dynamic approaches. 

2. Interaction of electrons with nucieons 

As is kno\"m, the electron-nucleon interaction is 

satisfactorily described by the diagram given below more 
·J: . . . •. 

accurately thanAis at present possibleto test by experiment. 

. I 

e e. 

f I It 
Fi~;. l 

.. 
The. transition amplitude is then expressed by two 

relativistically invariant parameters, the Dirac form factor 
' 

Fi(q2 ) and th~ Pauli forin factor F
2
(q

2
) (q

2 
is the. square of 

the four-dim~rislonal ~omentum transfer): 

F1 (o) 

F
2

(o) 

= e 

== . eg 

) 
) ·for protons· 

p ) 

Fi(Q) = 

F2 (o) = 

0 ) 
. ) for neutrons 

eg ) 
n 

Lin,~ar combi~~tions F
1 

. and F 
2
. are more 'ccmvenien t for 

the analysis of cross-sedtions: 
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~ ... 

cl!rr~ == ffp') -4 lftr1 
eM (12) = ~ { 1e) "t If (f2) 

M is the nucleon mass 

- .. " ,.~----.·-······<>·"- ···-·······-- ··-~--~~~·~·-·· , . .,....-~'<····---·-·-...-·,...•<· 

ffie . 1Y1.a.9 , . 
In Bre1 t 't~ system these form factors ~':-=--3=il-e+-w:..rn&t~ represent . . I' ) 

the space distributions of the. charge and the magnetic moment.. This 

interpretati6n, however, meets wi~h some. oppositionf61. 

The space-like region of 2 
q 

2 (q > 0) corresponds to the 

scattering of electrons on nucleons, which is described by the well-

known Rosenbluth formula: 

) . 

........ ' "-- - ''""'' ' ~~-... I!} 

. . . t 1 .. at 
do [C.:: -r-~ M. . -- 6' - ;Ji dJ?. - 0 . (Jt t , .. fAM1. 

The region q2 < -4 M2 corresponds to the annihilation 

h 1 ...... + c anne p + p -.> e -+ e ; the cross section is described by the 

formula( 7): 

where G is the angle in the centre of mass system and E the total c 

energy of the proton 
\ 

2 
q ·= 

(1) 

(2) 
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,~r_: . 

. , 
r 

. 2 . 2 
The form factors are real functions for q > - 4 1.1. 

( 11here 1.1. is . . . ) . . 2 2 
the mass of the meson aild are complex for q <- 4 1.1. • 

1: 

t:::' Thus in the region q
2 > 0~ the measurement of the differential 

"'"t· 
'i 

cross section for e - p scattering gives complete information 

concerning Gfu.and G£;,, whereas in the region q
2 <-4M2 , polari­

~ sation e~periments are nece~sary in order to determine completely 

·; ,,. 
~~ 

:.f; 

?'" 

:1 

the complex form factors·GE and GM. 'The polarisation experiments 

were discussed by Zichichi et al./7 I 

At this conference, Bilenkij and Ryndinl91 presented a 

fairly full analysis of possible polarisation experimentsfor 

+ p+p->e +e. 

For the. sake of simplicity, we have only mentioned the 

+ - - + -p + p -> e + e process but the p + p -> 1.1. + 1.1. ·process will also 

take piace and the ratio of the cross section for these processes 

trlill be: 
. _ . + _ _ + . m 4 
6" T ( PP -~ 1.1. 1.1. ) I ff T ( pp -> e e-) ~ 1 + 0 ( -j) · ~ 1 

I 

The measurement of this ratio is a way of checking the electro-

dynamics·of the 1.1.-meson. 

What conclusions can be dra\7n from experimental data on 

the differential cross sections of e - p scatterfng ? 

·The·validity of formula (1) can be checked, namely a 

. 1 d6' . 2 G dependence of the cross sect~on of the form ~ da = A + Btg 2· 



····';., 

Within the limits of existing experi~ental accuracy 

this checking would not yield much information. Firstly, these 

results a~e :only the consequence of the smallness of. elfc. and 

of the corresponding·smallness of radiative corrections. 

Secondly, the dependence having the form A + B 9' i. ~ arises not 
. . 

only as.the result of the diagram shown in Fig. 1. Corrections 

of ~ second order are rather diffi.cul t to evaluate, due to,·.·· 

strong interaction effects. Particular attention should be paid 

to "two-photon terms", namely .those of the type, 

shown in Fig. 2. 

The shaded section may include 

meson-nucleon and meson-meson 

resonances,· increasing the part 
l 

played by two-photon terms. After 
~ 

having taken into account the effects 

Fig. 2 of the 1tN system resonances, it was 

· found/lO/ that the corrections to 

the formula were within~l%, and that the polarisation of the 

recoil protons was < 0. 3%~ 

The effect of meson resonances may be considered in the 

' /11/ light of the paper by Gou~din and Martin • 

2,. 
Let us consider the origin of the\ dependence A+ Btg ~o 

A~cordingly let us n6te the relation.between the angl~s g 
c 
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(reaction angle for the annihilation channel in the c~~t~~ of mass 
,~),~:·:.·.·,:.~, 

system) and G ·(e-p scattering angle in the labor~tory~~~~tem). 

cos g 
c 

1 
( 1 ' +' ~----2-/41_1-

l+q 

t 
2 g)' ctg 2 

,, ,. . ~ 

' 

The angular distribution: in the annihilation channel for one-

photon exchange· is: 

2 ( 2 2 a( q ) + b q ) Cos Gc 

which, by the use- of ( 3), leads . to. the form 

:) ~.f. 

(3) 

(4) 

. 2 G [ 2 _. _- 2 2 gu . _ . . 
ctg .2 ~(q ) + B(q ) tg 2 __ 1for t~e scatter1ng 

· - - . react1on~ 

The- explicit form (4) i~ due only to the fact that 

the reaction in the annihila.tion'channel occurs through the 

__ • - ( _ - 2 G) 
state J = 1, P = -1. Thus the dependence A + B tg 2 is the 

result of more general as~umptions than those. made v1hen deriving 

formula (1). This dependence is not violated by any radiative 

corrections which do not modify the one-photon nature of the 

exchange•- The dependence A -+- B tg2 ~ is also valid for scatter­

ing on a system with any spin and even for inelastic processes, 
·I 

for instance· :the process e + d-:> p + n +-e. • If the two:..photon · 

terms are due to a pion resonance with other values of J _and P, ~e 

Rosenbluth' formula may need correction. 

; 

;; 



Analysis will show that.only resonances with Jp 

equal to 1~ and 2+ (excluding spins above. 2) can give an 

13. 

·appreciable deviation from the Rosenbluth ·formula. The deviation 

will be mainly observed at smal~ ¢ . If the resonance has 

2 ,.-2 a mass of 1 BeV and a coupling constant of A/1, then for q = 30 r 

the deviation will be of the order of 10 5fo (evaluated by Flamm 

d K 
.. 12) 

.an ummer • 

Thus, the verification of formula (1) for small angles 

and high energies may reveal the two-photon contribution, although 

this verification is not effective for certain types 6f two-photon 

contributions. 

The most effective methods of evaluating two-photon 

contributions are: ... 

·. + 
(a) Measurement of the difference between (e- - p) and (e - p) 

~t 
scattering cross sections - the interference of I\ one-p/wton and 

two-photon terms in these cases is of the opposite sign. This 

measurement will give an estimate of the. real part of two-photon 

amplitude. 

(b) The measurement of the polarisation of recoil nucleons 

willmake it possible to evaluate the imaginary part of two-photon 
\ . . 

amplitude. Two-photon aJnplitude has a complex spin structure 

and, of course, is no longer described by two relativistic 

invariant parameters. 
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Fo::-m Factors 

So far there has been no reason to doubt that radiative 

corrections fall outside the limits of accuracy of the experiment 
~t d6 

andAthe measurement of dn gives information concerning GE and GM •. 

What does this information tell us ? 

The values GE(q 2) and GM(q2) found in the experiment on 

e-p scattering are rapidly decreasing functions of q2 : of 

special interest in this connection are the recent experiments 

involving the maximum values of 2 
q so far obtained, which show 

2 -2 that when q rv 100 f' the form factors fall as 1 
2 and that 

. . . q 
the relation lim,_GE/GM = .1 is ~ot contradictdry to experimental 

data. These res:l ~s~;ere predicted by Sachs/l3/ on the basis of 

the conditions 

where 

J . 2 (s) 
im GE(q ) = Z2 Q, 

2 . ~ 
q~ 

Ji:n GM(q
2

) 

2 
q -> ..::;>4> 

2 (s)Q 
2 

z~s) = z~s) are renormalization constants of the wave 

function and the vertex part. Index s refers to strong inter-

actions. Q is the physical charge of the nucleon. 

The relations (5) may be obtained as a result of the 
flo/ 

asymptotic conditions of Killen, who discussed quantum electro~ 

dynamics. The validity of the asymptotic conditions (5) for 

(5) 

..._ ~--~··- ·--·---·---- -~-------· ------- ----

•I 

i 

,, 



Dirac and Pauli form factors means that: 

; z(s) Q 
2 ' 

lim q2F2(q2) 0 

. ' 2 __,., 
q -~"""' 

2 .· 
q -7 o-0 

Logunov et ai/l5/ on the basis of the general 

principles of quantum field theory and also the analyticity of 

the G (q 2) , which has been proved :in perturbation theory, showed 

.. . 2 . 
that the limiting values of the form factors when q -> c.0 and---

15. 

(6) 

q2_;_>- -o<> must coin~ide.Since, YThen q2 >o, G(~2 ) a~e real, then 

2 when q --> - oa the imaginary part of the form factor· must vanish. 

Comparison of form factors obtained in reactions 

p + p~ e+ + e and e + p --> e' + p' for high values of q2 may 

be used to check field theory and, in a similar way, Pomeranchuk's 

theorem on the equality of total cross sections of particle and 

antiparticle interaction. 

Apparently, it will soon/lG/ be possible to compare 

G(q 2) with G(-q 2) at high values of q2 and to know to what 

2 extent the values of q reached can be considered asymptotic. 

Thus the investigation of form factors at high values 

of 2 is of primary importance, going far beyond the aim mentioned q 
\ 

at the beginning of the report. With this in view, many attempts 

have been made to determine the interaction constants gv~ and 
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BVrm oP vector particles on the basis of .form 
¥--------·-·. -.' 

factor data. 

After the pioneering work of Frazer a.l'ld Fulco, who 

proposed an explanation of the iso-vector nucleon form factor 

by the resonant nn-interaction in a P-state, it became a tradition 

to analyse experimental data on form factors on the basis of 
. . 

resonance formulae. A sim~le approximation of form factors based on 

Clementel and Villi does not satisfy the condition that form 

facto!.•s should 

conditions (6) 

fall as ~ at high values of q2
• Moreover, the 

q 
together with the requirement f~r the analyticity 

of form factors leads to the sum rule 
-:~' . 

.::-0 

~ 

J IF Ct.')dt';: 0 m 2p · .. 2 . . 
4!l .. 

(7) 

The assumption that form factors are described by pion resonances 

means that: 

N. 
J. 

I -mF 2i ( t) = 1t ~ 
. '2 ~ 2 
E. . m .. o ( t-m .. ) 
lJ lJ lJ (8) 

j=l 

where i = s>v> represent isoscalar and isovector form factors 

respectively. 

By incorporating (8) in (7), we find that Ni~ 2 , 

i.e. at least 2 resonances are necessary for each form factor 

with onposite signs for E ..• Even before these considerations arose 
~ J.J 



Balachandran et al./l7/ and several other authors considered it 

necessary to introduce an additional pole with the sign E .. , 
l.J 

and E .. , of opposite sign for the .f -meson pole with a mass in 
l.J . 

17. 

the 1200 MeV region. The combination of these two poles imitates 

This· the expression of Clemen tel and Villi with rr:Jef (mJ • 

difference in the masses gives rise to certain difficulties. 

The two-pole model is unsatisfactory for various 

reasons. In particular this model implies an explicit form for 

the spectral function in the dispersion relation: 

oO 

Gi(t)- ~ J ~~~t dt' + G(-~). 
/;0 

However, following the exat.'lple of Levinger and Peierls/lS/ 

it is possible to attempt to construct g(t) from the value of G(t) 
,/ 

found by experiment, or at least to come to certain conclusions 

about g(t) without using definite models. The tdea of this method 

is not new and consists of transforming the t-plane into a circle 

of unit radius. The function of the new variable is expanded in 

a power series and the expansion coefficients are used for extra-

polation into the time-like region. A series of additional 

conditions may be used. The result of this work shows that the 

spectral function for the proton form factor has a maximum when 

t 
2 is near mj and becomes negative for high values of t. This 

work also shows that it is necessary to introduce complementary 

poles. 
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The concrete results on the gV'i and gVNN coupling 

constants .extracted from the data on form factors should be 

considered as preliminary, since all these results are based 

on particular models. Moreover it is not at present knovm how 

many vector m~sons exist and how many of them can take part in 

the process. 

Furthermore, as shown by Ball and wan/19/, the 

approximation (8), which of course does not take.into account 

the width of the resonances, may lead to considerable errors• 

Scattering of electrons on deuterons 

In order to obtain a complete picture of the e-N 

intera<?ti-on, it is necessary to investigate the electromagnetic 

interactions of the simplest two-nucleon and three-nucleon bound 

systems. The study of such interactions encounters difficulties 

18. 

of principle, due to the absence of a solution of the relativistic 

bound state problem. The best that can be done is to examine 

the "few-nucleon'' system in the non-relativistic approximation 

and on the basis of approximations whose consistency and accuracy 

are difficult to establish. Recently, attention has been centred 

.on the elastic scattering of electrons on deuter~ns.g It is 
\ 

fairly simple to establish relativistic parameters describing 

the a,mp~itude for the.elastic scatteri:ng of electrons on d/20/. 

-. i 
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It is expressed in terms of three relativistically invariant 

functions of momentum transfer: 
2 . . . 

F (q ), the charge form factor, c . . . . .· \ 2 . 
FQ(q ), the quadrupole electric factoran.d FM(q 2) ~he magnetic 

dipole factor. The cross se( : ;n for the reaction e + · d ->e 1 + d 1 

has the form/ 20/: 

do (d()) [A(q2) + B(q2) t 2 G J d.Sl = g -
dQ. Matt . 2 

F2( 2) + ~ ~ F2( 2) + ~ t (1+ ~) F~(q2); 1t(l+iz) 
2 2 A = c q 9 Q q B = FM(q ), 

where 2/ 2 rv == q 4Md • 

. has·h~ 
So far the' approach '~(as ~strict as in the case of 

, : . . . I 

e-p scattering. In order to establish the connection between 

J 
deuteron and nucleon form factors, recourse must be taken to the 

impulse approximation characterized by the· following diagram: 

1;--P 

k 
k' 

Fig. 3 

The deuteron form factors·· are expressed by nucleon form 

factors multiplied by functions of the following type: 



,, 
§~ 

of) 

u(q) = j u!('~)je 
0 

' 

( q1:') d 'Z:i' 

2 

\7here U is the deuteron wave function and 
n 

jl the spherical Bessel function. 

When using form factors found in this way, the 

assumptions on which the impulse approximation·is based must be 

borne in mind: 

20. 

(a) the nucleon current in the diagram in Fig. 3 is replaced 

by its value on the mass shell • 

..... 

(b) only the first orderof the expansiol) of the current 

dependence on p momentum is taken into account. 

(c) the' "observer" nucleon'pro:pagator is replaced by its 

value for p = 0. 

(d) the non-relativist"ic wave-function of the deuteron is used. 

Only when q (( M can these approximations be expected 

not to give rise to considerable error. 

In addition, the impulse approximation -does not take 

into account the interaction.of the virtual photon with exchange 

..... 
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meson currents. ' /22/' ' t d' Attempts were made · .to study he e ·t- d -> e' + 

reaction on the. basis of ~~e~~imensional dispersion relations. 
' ' ' 

On account of the existenceof .a very low anomalous threshold, 

only a few diagrams can be.studied. The study includes intermediate 

pion states and shows that the S-niatrix theory makes it possible 

in principle to take into account corrections to the impulse 

approximation; however, for the tim~ being, this theory is not 

ye.t comparable to the more advanced non..:relativistic theory, 
' ' ' 

since it has not yet :x;eached the quantitative stage. 

Adler and Drell/23/ presented at this conference an 

evaluation of the exchange meson currents. Since the isospin of 

the deuteron is equal to 0, the coritribut~~n to the interaction 
' ' ' l 

can(onlyjco~vfrom isoscalar meson currents, due to an odd number 

of pions at the electromagnetic vertex. It is to be expected 

that the most important contribution will be that of the 

diagram: 

d 

Fig. 4 

\. 
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A weil-known calculationi assuming a 7 % contribution 

from the D-state in the deuteron, gives the following value for 

the anomalous magnetic moment of the deuteron: 

lln = .!lp + !ln- ~ Pn(!lp + !ln ;..-~) = o·.840 
.. 

PD = 0.07, 

which differs from the observed value uD = 0.857 beyond the limits 

of error. Taking into account the exchange current of the Fig. 4 

type gives a contribution /J. !ln = (Ift2) •10:- 2 nuclear magnetons and 

explains the difference observed, .if a coupling constant g~n, J 
corresponding to a width ~ ->fiy = 0. 5 MeV is assumed. 

The contribution to the electric and quadrupole form 

factors exceeds the limits of error only at high values of q
2

• 

The correction to the magnetic form factor of the deuteron 

improves the agreement between theory and recent experimental data. 

The study of e d -scattering encounters serious 

difficulties due to the vanishing of the charge form factor of 

the neutron: F ex: q 2 and is very small, so one has the choice 
n 

of using high values of q2 .or developing a more accura~e theory 

2 ·for low values of q • 

o.<,•..:,•~ '"' .: ....... -··"-"-'~ •-" ,,...,.,.....;, ..... :.,.:,,-":, ,.)....:.,.,,.M,.,,.,;,;,~ .. :••-.-....,'L ... ~. ,\<., •..:.o~ ,,.., .... ,,_....,, '..>,.')~,.>..,:...:;.~:f...&..-....... ~- • .;;_,,,~\ •••' ·~·-••-'-'>•.J. ;.,.<......l_~.--...<,,0 _......._. ...... __,__"~•'~""•~-.. --'-..,.__, ~---', •·•- .,0 ,_,_ 0,,~ 0 ~•·'"''~ "'--'•o•o> ... ~ ~. 
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region of small q ··it is diffic~Tt to correlate 
: ' • < '> ~ ' 

e. d. scattering~ G · data obtained on. the basis of 
En 

with data from neutron~ele~tron scattering. 
~~~ 

=- (0.021 11:0.001) 

. .'•~.· 

' 2 
F 

·' 
the consequenqe ·of 'the over-estimation. of the accuracy of the 

23. 

study of ed~~)attering~ ·~~iser/24/ suggests that this difficulty 
;tM' · ·· 
Jf"t'· 

can .be explained by the effects of the polarizability of the 
l 

neutron. 

H3 and He3 Form Factors 

E~periments by the Hofstadter Group/ 25/ on the 

scattering of f;l1l.ectrons by H3 and He3 and the theoretical analysis 

of these ~xperiments by Schiff(~6/ showed that the study of these. 

effects can give valuable information about the electric form 

factor of the neutron and the ground state of the three-nucleon 

system. The formulae for (eH
0J ~nd (eHe

3
) scattering cross-

sections coincide with equation (1). \ 



Each cross-section includes two relativistically 

invariant form factors F h(He 3) and F · .(He 3), and F h(H3) and c mag ·· c 

F (R3). As in the case of ad-scattering, in the impulse mag 

approximation, these form factors are expressed as linear 

combinations of nucleon form factors. Three structure functions 

F1 , F
0 

and F 
X 

serve as coefficients in .these combinations. 

Four form factors are found in.the experiment and the 

three structure functions and the charge form factor are 

determined from four equations, the other nucleon form factors 

24. 

being considered as known from experiments on ep and ad-scattering. 

The comparison.of the values of;F1 ·and F
0 

found, with 

those calculated on the basis of ground state models of the three, 

partial system, makes it possible to reach important conclusions 

concerning the characteristics of this state. The adjustable 

parameter F takes exchange currents into account. 
X 

The considerable part played by the exchange currents 

and the. relativistic .correctio.n.s means that the processes of . . . ~ 

electron-scattering on "few-nucleon" systems should be considered 

of great intrinsic interest, apart from the possibility of 

measuring the neutron form factor. 

.\ 

! 



24. 

ng. 

e. 

d 

.0 
I 

III. 

During the.period under review, a considerable amount 

25. 

of experimental information on meson photoproduction Tias obtained. 

The theoretical approach to these phenomena is based on 

dispers~on relations, resonance and pole approximations. Further-

more,. an approach which is. in many ways similar should be noted. 

This is based on considering the ,pion ~~d pion-nucleon resonances 

as higher spin particles. 'A considerable programme of calculations 

of electromagnetic photon-nucleon interaction based on this approach 

was carried out by Gourdin, Salin et al./27/. 

The results which they obtained give a satisfactory 

quantitative description of photoproductio~ and of the available 

data on meson electroproduction in the energy region below 1 Be.V. 

The relativistic.approach makes it possible to predict 

certain,effedts, for instance the electric quadrupole photo­

production arnpli tude in the region of the first resonance El+,., 4. 5% 
' . . --"' 

!.11 . 
and also the magnetic quadrupole amplitude in,the region of +the. 

second resonance M2- ~ 2. 5 %,. etc. 

E2-

With respect to meson electro~pro~uction; Salin(28/ 

showed, on the basis of thi_s model, that the neutron Dir,ac ,form . 

factor is apparently negative and indicated experimeri'tri.i conditions 
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under which neutron form factors can .be determined solely from 

electro-production data. At the same time, it follows from 

theory that the dete~minat~on of the pion form factor is 

pracitically i~possible with 'the present .expe~imental data. 

The approachunder consideration is no doubt useful 

for evaluating the effect of the main factors in the processes 

and for orienting experiments. Hov;ever, it includes a consider-

able number of parameters which have to be determined from 

experimental data. M6re6ver, t6i~ approach does not pretend to 

represent a detailed theory of the phenomenon - considerable 

26. 

divergences between experimentaldata and theoretical predictions 

are possible, owing to non-resonant contributions. As was 
1 

pointed out by Althoff/29/, new adcuratc data from the Bonn 

group on charged meson photoproduction do not agree with this 

theory.· 

The investigation of the photoproduction of vector 

particles at high energies"deserves particular"attention. 

A de'tailed study of these processes was made by Berman and 

Drell/30/. • 

The introduction of vector resonances in diagrams with 

elementary constants was analysed by Gell-Mann and Zachariazen/3l/ 

on the basis of the dispersion approach, as early: as 196L 
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By :measuring the contribution of "peripheral" diagrams, 

Figs. 5 and 6, it is.possible to determine important pr"operties 

concerning unstable vector particles. 

¥~. · .. ·v v . ·., 
B 8 . 

s.· . v 
J~. 

p 
8' 

Fig. 5 Fig. 6 

Here '} is the photon, V the vector particle (j, K*· etc.), 

P the pseudoscalar particle (n, K) and B and B' the initial and 

final baryons. 

The diagram in Fig. 5 gives a contribution to the 

cross-section which is proportional to the square of the magnetic 

moment and when G = 0° this contribution does not vanish, which · · 

makes it possible to determ;i.ne the magnetic moments of·unstable · 

vector particles by extrapolating the cross section to the 

corresponding pole. For neutral particles (for instance J 0
, ..• 

ljJ, W) the diagram in Fig. 5 naturally disappears, and the 

mechanism can consequently be checked. Numericalevaluation of 

these cross sections is at present difficult because the corres-

pending constants are unknown. 

.,_:'. 
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Attempts are being made on the basis of the diagram 

in Fig. 6 to determine the width of the radiative decay of the 

j> -meson. According to new Harvard data {' (p ->- it y) =- 1. 3 Mev/33/. 

This value is very important for electromagnetic physics and its 

determination is one of the problems of the day. 

In addition to the peri phera1 diagram in Fig.' 6, 

effects described by the following diagrams are often discussed 

with a view to determining (~~ 3n) interaction: 

'¥ If 

---"--PI 

Fig. 7 

,../ rr 

!-~ . . 'I 
I 

'if 
I 

tJ l J 

Fig. 8 

~-r 

Fig. 9 

These determinations are discussed below. 

1) A rather old problem is the determination of 

from data on the photoproduction of single n-mesons, based on 

the study of the contribution of the diagram in Fig. 7. 

If this diagrar.c pre domina ted in .the high energy region, 

the ,photoproduction cross sections of n° and 1c+ m~sons would be 

equal. Recent measurements by .Osborne et al./34/ show that def 

is greater than dO"+ by about an order of magnitude in a fairly 
"'· 
-~ 
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' wide energy range. In the opinion of the authors, this means 

, that the constant is much.smaller than and 

testifies in favour of the selection rule introduced by Bronzan 

and Lov/35~ according to which g~iij should be equal to zero. 

0 ..... 
·However, this relation·between d6 and d6' may also mean that 

A large number of papers were devoted to the determination 

of the cy 'fT y ) coupling constant based on the application of 

dispersion relations to the analysis of photoproduction near 

threshold. 

The usual approach, based on dispersion relations, 

gives the following structure for the photoproduction amplitudes 

in ~he near-threshold region: 

for the isovector ainplitude parts ReF~(s1 t)::: P~(s 1 t) + I~(s 1 t}: 

and ~ isoscalar parts 

(9)· 

Here P. are pole (Born) .terms, I. are dispersion integrals and .. A(t)' 
~ J. 

is the contribution from the diagram.in Fig. 7• 

\ . 

. ',·, 
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Lebedev and Kharlamov/36/ calculated the dispersion 

· integrals from the imaginary parts ot the amplitudes, which were 

; 'taken from experiment, and obtained an upp.er limit for A(t). 

Even if all this contribution is attributed to diagram 5, an 

upper limit ~JTJ 1; O.lMeV is.obtained forthe width, which. 

strongly disagrees with ~¥~J 

'( + p -7 p + j 0. 

found fron the reactions 

The determination of the ¥nJ coupling constant from 

near-threshold photoproduction leads to a wide range of values. 

However, it should be pointed out that all th~se value~ are 

situated within the ftrrJ ~ 0.1 MeV.region. 

The'differences between the data of different authors, 

as shovm by Lebedev and Kharlamov
1
are due to the fact that the 

contribution of A(t) is of the same order as the inaccuracy in 

th~ calculation of the dispersion integrals I(t). Particular 

30. 

concern is caused by the contribution of the second resonance and 

particularly by the question·as· to whether the contribution of the 

~rry interaction will not be counted twice: the first time as 

the A(t) term and the second time as the contribution of the 

second resonance. Considerable light may be thrown on this 

question, since 

reaction 

if the second resonance is found in the 

0 
~+d ->d+it (dn°), · 

L 
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due solely to the isov.ector part of the amplitude, there is no 

direct connection between the contributi,on of the second resonance 

and .A(t). 

It seems advisable on the basis of the reaction (dn°) 

at small angles to make a distinction between isoscalar and iso-

vector as weil as other resonances. 

The main source of uncertainty in finding r'y
77
f are 

errors in the calculation of I; these can be eliminated/37/ by 

measuring the D-v;ave amplitude of the photoproduction. The 

contribution of I. to the.D-wave amplitude is small because of the 
~ . 

centrifugal barrier, and the need for accurately evaluating it no 
I 

longer arises (for instance, there is no need to take into account 

the integration range above the first resonance). 

The determination of A(t) by measuring the D-wave in 

the ~ + p -> p + n° and '/ + p ->- n + n +.reactions in the low 

energy region appears to be the most reliable. However, there~ ar.e 

not yet sufficient experimental data for this method. 

The measurement of the :i,soscala:r amplitudesisof great 

since the I~s) values are small and the main c6ntribution ·. · 
· .. ·, ,·._ 

interest, 

,."; ·'· 

comes from P~s) 
~ 

A(t). Such measurement ha~: so .f:a~.· ~-~inly. bee:ri · ·, 

carried out on the basis of the study of re.actions involving' 

photoproduction of charged mesons on deuterons·. The .th.eor:r ·of 

/38/ these reactions is given in •• 
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Among·the work ori near-threshold photoproduction on 

deuterons should be mentioned that o.f. the Moscow Group/39/ 

devoted to detailed theoretical and experimental investigation 

of the processes 

.'1 + d ~> d + 
0 

. . 0 y + d -/' p + n + 1t 

(dn°) 

(npr.o). 

The authors show that in the relation d (j' ()l d -> d ( pn) 

in the small angle region 
do- ( "( + :P __,;. p 

of the process, the contribution of 

32. 

+ no) 

+ no) 

(npn°) is less th~~ 5 %. dO"' ( 0 
d.Q d7t ) in this region is very critical 

for the isotopic structure of the amplitude, for small a~plitudes, 

and uncritical for the deuteron wave function. 

The drawback of extracting the isoscalar am.pli tude from 

. ' 0 -; + the data on elastic photoproduction of 1t and on ~ v is that 

the contribution of the isoscalar amplitude only slightly exceeds 

the uncertainty arising from the. use of the impll;lse approximation. 

However, the experiment can also be carried out so that the relative 

contribution of the isoscalar part is greatly increased by the 

singlet interaction in the final state of the neutron and the 

proton in the inelastic n° meson production reaction. In that 

case, it is necessary to record ·p and n with a very small 

relative angle of divergence. 
\ 
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The investigationof the threshold region is of interest 

apart from the determination of the ~7tJ interaction constant. 

The relative simplicity of .. this phenomenori gives reason to believe 

that accurate quantitative information in .this region will be 

particul~rly useful for future checking of the theory. 

2) The Dubna G;oup/40/ 
(y-?.rr) .. 

attempted to determine the coupling 

constantjfrom the reaction 1t- + p --> p + 1t- + '( • The authors 

succeeded in showing that the diagram in Fig. 10 makes the main 

contribution· to the ·rigid part of the '} -quanta spectrum. The 

other diagrams give a contribution 

which decreases sharply when the 

n ----.~{ 
I 

energy of the photon increases. By 

selecting the rigid part of the 

p _______ _ 
f photon spectrum from the experimental 

Fig. 10 

data, the authors estimate the g }jnj., .. · .. 

which is about one order of magnitude 

greater than the obtained 

from photoproduction data, but agrees with data on the peripheral 

• production of j-mesons/33/. 

"3) In order to give the full picture, it should be mentioned 

that the ( 3'-3it) interaction can be studied by investigating ·the 

conversion of 7t into J in the Coulomb field of the nucl~ho 

:!: . . -!- ( . ) 
7t + Z ~ j ... + Z see Fig. 9 . This 

discussed /4l/. 

~ :' . 

\-, 
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For high energy1t-mesons, the momentum t;ansfer can be 

very.small: 

I I

),_ I· 2 . 1 . . 1 
t . 

2 
·""' m 0 /2E . < n; m1n J 1t ~ 

where R2 is the radius of the nu.cleus •. Under .these circumstances 

a coherent process ·is possible.' The differential cross-section 

greatly depends on the angle: 

dc­
a.Q.. = z2

<X F(tp) 21t r¥11~ G2 
? 

a[2· 4 AJ-mj .. Q + rr'J / 4E;. 

and assumes avery high value~ At its maximum when G = mj, /2E~ 

(assuming that ~Tlj "' 0. 5 MeV and that the nuc~ear form factor 

F( lp) = 1) the· cross section reaches 0. 4 barn/ ster. 

Coulomb ahd nuclear processes can be separated by 

measuring the angular distribution. 

These considerations / 30/ also apply to the conversion 

of K-mesons into K*~mesons in the Coulomb field. Owing to the 

small difference between the masses, lv!",.r* - M = 390 MeV, the 
l\.. , X . 

minimum momentum transfer is approximately the same as in the 

1t -;- f conversion• 

' 

The comparison of · r;7Tj and r;kk~ is of interest for 

checking unitary symmetry. · 

·~··• -•:._-~•~- ·-•-•U ,•':.'•"-• 
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As has been seen, the width of the decay of the fJ -meson 

into 1t and y is a very impo:rtarit feature. However, data 

concerning this width are contradictory although very'plentiful. 

This is probably due to the_ fact that at the present stage there is . 

no reliabl~ way of isolati~g the contributions of p_eripheral dia-

grama. It is also interesting to note that. the value of 

r ( f ->_ 1t + ~) was found to be the same iri the effects described 

by one-meson exchange diagrams (seefigures 8, 9and 10). 

The_smaller order of magnitude of the upper limit for 

r <y -> 1t + v) obtained from near-threshold phqtoproduction may 

mean that A(t) in formula (9) includes not only the contribution 

from diagram 7, but also a contribution which counterbalances it. 
I 

I . 
For instance, this could be the contrib~tion of the f -meson 

which was introduced in the isovector nlfcleon_form factor models. 

The data mentioned shows that the determination of 

resonance interaction constants both for e - p scattering and 

meson photoproduction i~ still at a preliminary stage. At the 

same time it .is clear that the study of these effects is ve~y ... · 

promising. 

' _,:'.' 
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IV. Electrody'namics 

Electrodynamic calculations relating to experimental 

work mainly concern the discqssion of the possible divergence 

of experimental data froin the prl?dictions o.f eleptrodynamics~ 

For a more accurate definition of ;'divergence" it is necessary 

)6. 

to pay due attention to radiative corrections of a. higher degree . . 

of accuracy than the experiment (this is the most usualkind of 

calculation). 

.. ' 

Another kind of calculation investigates which 

experiments for checking electrodynamics are the most critic~l 

for possibl~ divergen6e~~ 

A third kind of calculation concerns the discussion 

of evident. divergences from electrodynamics connected with 

taking strong interactions into account. 

Drell/42/ presented at this conference a study of 

sharply asymmetric photoproduction of u.-pairs, where nearly all . . 
the energy of the photon is transmitted to one meson, which is 

2 

recorded, .the other meson emitted being almost at rest. The 

Bethe-Heitler c.ross-section is found to be cr ~ 10-34/K (GeV) em • 

The main feature in this case is that the cross se~tion ~s 

sensitive to modification of the muon propagator, shifted a 

long distance - 2 km - 'from. the mass shell. 

, ... , 
'' •. 

',\ 

•,'· 



Experimerital arrangements which do not call -for 

coincidence diagrams are convenient for experiments on linear 
.. ·. ·: . ,· . 

accelerator's. The production' Of pairs o~ protons wili receive 

a considerable contribution from strong interactions due to 

virtual. qompton effect diagrams: 

and to. diagrams of the ty~e 

These processes are also of intrinsic interest. They can be 

isolated by means of the sharp angle dependence of Bethe-Heitler 

cross-section· • 

. A large programme of calculation of electrodynamic 

corrections/43/ and evaluation of the effect of strong interactions 

was carried out by Gatto et 'al. in connection with colliding beam 

projects. Similar calculations were also carried out in part 

by other authors (see for example /44/). 

. ' 

Corrections were obtain~d by combining renor~alizaiion 
\ 

group methods for the totalisation of the final (not·· infra-red) 

part and a well-known formula which tota;I.ises the infra-red parL 
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'•-<. Corrections to the cross sections ofreactions 

/;.l., - +:: 
p+p~e +e and + 

.. 
·.~ 
i 

I 

~. 

p+ p<>f-l-•+f-l .are o~ interest in · 

connection with the problems under disc~ssion~ · 

The relation .obtained for the total cross sections is 

as followa: 

o-T(pp -> .1-l +!-l-) 

aT(pp -> e+e-) -;;;: [ 1 - 6(~) 4] [ 1 + i -fn :•c\' + 41nz +4 1n iJ 
. • 1-l . 

Evaluations of the effects of electromagnetic interactions 

on regularities established f~r strong interactions ~re also of 

considerable intereot. 

/45/ 
The generalization of Low's for~ula for the emission of 

soft photons and also of the dispersion relations for elastic 

processes when electromagnetic interactions are taken into account 

were discussed in the report by L.D. Soloviev/46/ •. This approach, 

in particular, makes it possible to generalize asymptotic relations 

at high energies also when electromagnetic interactions are taken 

in to account. 

The author wishes to take this opportunity of expressing 

his thanks to A. A. Komar and S. Berman. for useful discussions and 

to E. Lebedev for his great help in preparing this report. 
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