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I shall mainly talk of the following subjects:

1) Electron-nucleon scattering and nucleon-antinucleon annihilation into electron pairs: one-
-photon exchange; analysis and applications of two-photon terms;

2) Speculations about the photon as a Regge pole;

3) Form factors: dispersion theory calculations; consequences of symmetries, digression on
unitary symmetry; '

4) Eleciron scattering on deuterium, H3, and -He3;

5) Photoproduction;

6) Electroproduction.

1 - ELECTRON-NUCLEON SCATTERING AND NUCLEON-ANTINUCLEON ANNJHILATION II_}T_
TO ELECTRON PAIRS -

In this section I shall summarize the theoretical framework for a discussion of elec-
tron scattering on nucleon and nucleon-antinucleon annihilation into an electron pairs,
~We first consider one-photon exchange.
1, 1. - One-photon exchange,
| a) One-photon exchange corresponds to the graph of Fig. 1.

e e! The hucleon current is written as

up(F (K, + 5 FolK2)E | K, Juy (1)

where ufand uj are Dirac spinors, &y = 1/2 L;H’ 'yp_—/, K is thevir
tual photon momentum, M is the nucleon mass, and Fy and Fy are the
so-called Dirac and Pauli form factors of the nucleon,

The normalization is:

i f
Fi(0) =e F1(0) =0
FIG., 1 . for the proton, and for th t ‘

Fo(0) = eg, p . Fy(0) = egy r the neutron
with gp © 1,79 and gj; = -1, 91. The isoscalar and isovector form factors are related to the pro
ton and neutron form factors by

(p) _ .(8) | (v (n) _ (s) _(v)
= -+ = -
FyposFp vl Fy =F -8y

B s T ) )
P s v ‘ n s v
= + SR c= -
Fy =F, +F, F, =F, -F,.

The forin factors F1(K2) and Fz(Kz) desc¢ribe for space-like K2(K2 > 0) electron-nu-
cleonscattering, for K2 timelike and < -4M2 nucleon-antinucleon annihilation into an electron
pairs.

The form factors are real for K2 > —4p2 (where p = pion mass) and complex in general
“for K2 < ,-4}1.2 (the so-called absorptive region), This is illustrated ih the diagram of Fig; 2.

. b) The Rosenbluth formula(l) gives the differential cross-section for electron-nucleon
scattering.
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In the labox‘atory system it can be written as

g—i = 6, {Fi(Kz) + ?LZ(F (K ) +F (Kz))ztg2 g+F (K )/} - (2)
where: '
_ 6> cos?(8/2) 1
6, o =4 , 02
4(4m)°Ef sin%(0/2) 1+(2E;/M)sin®(0/2)
\€=_I§2_> 2_(2Elsin9/2)2n .
5 am2 =0 K= 1+(2E;/M)sin® 6]2 0 (3)

Inthese expressions Ej is the electron laboratory energy and 0 is the laboratory scat~
tering angle,

absorptive region

4
2
K
AL/ LA AA SIS L L L L »
physical re%_lon for physical region for
p+p — e b etp —e+p
. A A
IKZ =-am?| |k2=-ad | k¥ =0 |
time-like K2 y space-like K>

FIG, 2

¢) Annihilation into an electron pair,

- Thefollowing formula(2) gives in the center of mass system the differential cross-sec
tion for nucleon-antinucleon annihilation into an electron pair:

de 1T1 1 23 212 -2
- + +
Teeso] " HaT ST L7, (82) + Fy(8?)] “(1 + cos®e,) +
' o (4)
M 2 E 2v12..2. 5
+ IE Fl(K )+M Fo(K )I sin"9, /
where 0, is the c. m. angle, E is the total proton energy'in c, m. and
K2 = - 482 < 4am2 ' (5)

The colliding beam reaction e+ +e” —p+t p(3) is just the inverse of p + p ~> et +e”

and its cross-section is given by (4) multiplied by /5 , where /3 is the velocity of the proton
inc.m.

d) Charge and magnetization form factors,

In Eq. (4) the form factors appear in two particular linear combinations, Defining:
' 2, 2 2
Gg(K") = F (K") - ¥ F,(K") (6)
2y = 2 2 ‘ ‘
GM(K ) Fl(K )+F2(K ) (6")
with f given by Eq, (3), the annihilation formula becomes

ds _ 2

2
T e 1 2 2 1 2.
dlcos0,) 8 (4m? L plmZ [1Gyl “(1+cos %)% | Gg| “sin

The same linear combinations (6) and (6') bring the Rosenbluth formula in the form:

0./ (4
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2 2
GE+§G
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It is remarkable that only the squares of Gp and Gy appear in (2'),

CL { +2 ¥ Gy te” g} (21)

Sachs(4) shows that G and Gy can be thought of as describing the electric and magne
tic distributions of the nucleon,

More precisely: the Fourier transforms of Gy and Gy (taken in the Breit system, whe
re Ky = 0) can be considered as the spatial distributions of charge and of magnetization (they
describe the interactions with a static electric field and a static magnetic field respectively),

e) The form factors in the time-like region.

Numerical estimates of the cross-section for p+p — et +e- depend very sensitive-
ly on the unknown values. of the form factors at negative K2, Extrapolations from the space-li
ke region could well turn out to be quite unreliable, Note that the value of the total annihila-
tion cross section at energy E, for the incident antiproton in c. m,, depends on the values of
the form factors at the point K2 = -4E2 > -4M2,

An exact calculatlon of the nucleon form factors in the lower energy part of the physi-
calregion forp+p — et + e~ can be performed under the following assumptions, In the dis-
persionrelations for the form factors one adds to the contribution from intermediate multipion
states the contribution from intermediate nucleon-antinucleon states, which is expected to be
important in this region (Fig. 3), . '

FIG, 3

One assumes ‘that the multipion contribution can be approximated by extrapolation of
the empirical form factors of the space-like region, More precisely, one assumes that the sa
me pionic resonances which dominate the behaviour of the form factors in the space- -like regi
on are still the dominant contributors among the mesonic intermediate states in the time-like
region of physical interest, One is then led to a system of inhomogeneous integral equations
for the form factors (see Fig. 3). The solution depends however on the proton-antiproton scat
tering phase-shifts for Sl > 381 3p Dy & 3D1 and 381 <—->3D1 ‘which appear in the expres
sion of the kernel of the integral equation, One hopes that some information on such phase
- shifts could soon be available to make possible some definite pred1ct10ns on this important
problem,

Angular distribution experiments will separately determine | GMI and | GEI for the
proton. The relative phase between Gy and Gg can be determined by performing experiments
with polarized antiproton beams, or experiments of annihilation on polarized proton targets.

Consider an experiment with polarized antiprotons,

The antiprofon polarization vector is called ﬁ the unit vector normal to the plane of
the reaction is called 1 o The angular distribution contdins now a term depending on the cosine
of the angle between P and 1

d& _ de ' M X =g
d(cos8,)  dlcoseg) |t Im(GgGy) [sin2ec| (B H)  (22)
c c unpolarized

The new term is proportional to the sine of the phase difference between Gg and Gyy.
Infact if the form factors Wwere in phase the new term should vanish as directly implied by ti-
me reversal invariance (P changes sign under time reversal, while 1 stays invariant).

If the experiment is carried out with unpolarized antiprotons on a polarized proton tar
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get, with polarization P, the same Eq. (22) applies except for a minus sign in front of the last
term,

Dispersion relations can be used to obtain information on the phases of Gy and GM.

Let us write, for instance, Gy = |GE| e' XE. The dispersion relation:

'4”2 dm2ImG (mz') '
ReG_.(K2) = 1 P/ E (23)
E T m2 - K2

-0
can be written in the form
9
~4p d}m2 |GE(m2)| sin JE(mz)
m2 - K2

| Gg&?)| cos JE(KZ) = %P / (24)

2o

Eq. (24) canbe thought of as an integral equatidn for the phase JE(K2) assuming ' GE(KZ) | to
be known,

Freund and Kummer(,s) have shown that, provided GE(KZ) is analytic in the cut plane,

has no complex zeros, and satisfies GE(ZX) = G}é(z) one obtains '

K2 100 10g|GE(rnz)|dm.2

2 _
g =-5- P ) o (K¢ - m2)m2

(25)

The same of course holds for GM(KZ).

The integral in Eq. (25) can be .split into three integrals: one from - o to -4M? (physi
cal region for p+p — e" +e-oret+e —» p+P), one from -4M2 to 0 (unphysical region),
and one from 0 to + oo (physical region for e + p —» e + p). For the values of I GE(Kz)l and
|GM(K2)| inthe unphysical region one has to make guegses (assuming for instance that resonan
ces dominate that region),

However, out of such guesses, and of the measured values of | GE(K2)| and |GM(K2)| s
one must obtain JE(KZ) and &pp(K2) such that: they are zero everywhere, except in the absor
ptive region (i, e, for K2 from - oo to ~4p2); the phase difference JE(KZ) - CYM(Kz) must fit
the polarization measurements, ‘ ' o

" f) Annihilation into a muon pair as-a test of electrodynamics.,

Egs. (4) and (4') have been derived assuming m¢ = 0. ‘For finite mass one has simply
to make the following substitutions in (4'): multiply the cross-section by an overall factor /2
(velocity of the final lepton), and substitute according to (1 + coszOC) — (2- /52sin? 0p),
sinzoc — (1 - A2co0s20.). : ‘ ’

The ratio of the total cross-section for p+p — p+ to the total cross-section for

p+pP —» e + &, then comes out to be ‘ 7 :
65,(pp —> pip) L, 3 (_mL)z; : i
6, (PP —>e®) 8" E v v

which is almost exactly 1 over the whole energy range.

~The quantum-electrodynamical radiative corrections to (26) have been calculated, but
they seem to lie beyond the expected experimental accuracy.

The measurement of the (211)/(2e) ratio in pp annihilation would provide a very accura
te test of quantum electrodynamics and of muon structure, The momentum transfers are-lar-
ger than 2M and time-like, Tests of this kind have never been carried out so.far, '

g) Annihilation into intermediate bosons..

If intermediate bosons exist "th‘e annihiia_tion rhode

P +5‘-—~»‘B +]_3' ’
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where B is an intermediate vector boson will occur at sufficiently high energy.

The ratio:
S
GT(pp ete-)

depends on a bilinear combination of the electromagnetic form factors of B.

3~
If B has no anomalous moments and constant form factors, b is simply b = ﬁBL3/4+
+ (E/mB)2 / In such a case, annthlatlon into a pair of intermediate bosons is favored with
respect to annihilation into efe~ or ptu~ already for c. m. energy larger than 1, 5 mp,

The meson B is expected to decay fastlyinto 2w, 3w, 4w w+K, ptv, e +V, etc.
The annihilation events into B + B will in some cases be of the kind

p+p > B +B > (utv)+(rtm)
—(ptv)+(e+ V)
KO+ o)+ (- + w0)
—» etc,
and, in generél, they will exhibit definite correlations.
If intermediate bosons exist the reaction
et+e- > B+B
is expected to be a very convenient mode of producing them, We shall not review here the pos

sibilities of electron-positron colliding beams, now under construction, and the related theo-
retical work.

1, 2 - Higher electromagnetic orders, Two photon terms,

a) The radiative corrections to electron-proton scattering were estimated by Tsa1(6)
with some important qualifications that we shall here discuss in more detail;.

The graphs of Fig., 4 must be included in the calculation of the elastic cross-section
(the thin line denotes an electron, the heavy line a nucleon):

lowest order graph: M
II) : M ] ‘
II1)
FIG. 4 FIG. 5

Furthermore one must add incoherently inelastic (bremsstrahlung) contributions from
the graphs of Fig. 5. »

All such graphs must be corrected for virtual meson effects,

Virtual mesonic effects make the evaluation of the graphs (IIT) very difficult: We shall
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refer to these graphs as to the "two-photon terms'’,

InTsai's calculation only the infrared parts of these terms are evaluated. In the absen
ce of mesonic effects the extractionof the infrared, parts would be justified, Non-infrared parts
would in fact be negligible, ;

Virtual meson effects are present also in (II), However they only produce an (expecte-
dly small) modification of the momentum dependence in the form factors (inclusion of (1I) does
not alter the Rosenbluth formula).

. Similarly in the proton bremsstrahlung graphs (V) mesonic effects are not expected to
play a relevant role. Tsai's calculations are reported to be valid up to 5 BeV within 1% if one
assumes that no errors arise from the treatment of the mesonic effects,

This last assumption is highly questionable,

On the other hand no reliable calculations exist at present of the mesonic effects, One
needs a reliable evaluation of the two-photon terms, corresponding to the graphs {(III) with all
mesonic contributions included.

The problem was consideredby Drell and Ruderman(?) and Drell and Fubini(B) who tried
to evaluate the effect of the 3-3 resonance,

b) The 3-3 resonance contd bution to the two-photon term,
By direct application of the reduction formula, to order e4.
Drell and Fubini write the amplitude for electron-proton scattering in the form
— 1
(2m* & (py+ay - pz-ag) W (ag) vuulay) (P2l AulP1> - jd4xd4ye1q2xu(q2)vM5F(y x)*
-i - - 27
M u(qq)e a1y < Py l P/_A“(y) A (x)_/‘ p1> . (27)
where: Py, P2, Q1 and qg are initial and final proton and electron momenta respectively, the
spinors u describe the electron, and A is the electromagnetic field, The amplitude is thus

- split into a one-photon part (the fist term in(27)) and a two-photon part (the second terms is
(27)) (Fig. 6). .

a1 9 q1\ 2
aN. . % ,
= K + KZ
P \ Py ’
Py P2 Py \Pz
FIG. 6

In addition to the lowest order amplitude the one-photon term contains contributions
corresponding to the graph (II) which are still one-photon-exchange terms,

One sees that the two-photon terms are describable in'terms of the Compton scatter‘ing‘
of a virtual photon a physical nucleon,

The two-photon term in (27) can be written in momentum space as:

2(am)4 / 4
ie?(2m)* § (py+qy-qy) 2 /My, By, 4K (28)
pol.
where M ., is proportional to the Compton matrix element for virtual photons, E, , is for-
med out of known quantities, and the integration is on the virtual photon momentum Kj.

Drell and Fubini assume that, for low energies, M can be expressed in terms of the
amphtude for real Compton scattering, simply by multiplying the real amplitude by Fm(Kl)
F (K ) where F,, is the magnetic form factor of the nucleon andKj and Ky are the virtual
photon momenta, This procedure was shown to be -approximately valid in the analysis of pion
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electroproduction by Fubini, Nambu and Wataghin, -
The main point'is then the ‘folllowing,

The low-energy Compton scattering amplitude for a photon of‘cepter‘-of—mass energy
W is dominated by a resonant term proportional to

1
; ‘ (29)
R+1i—' ,

where wpg is the energy of the 3-3 resonance and " its width,

wo- w

The real part of (29) changes sign in passing through the resonance, The immaginary
part of (29) is instead positive in the whole region,

Because of the change in sign of the real part when passing through the resonance we
expect that the contribution of the real part fo the integral in (28) be small, This is indeed ve
rified by the detailed calculation of Drell and Fubini.

In the scattering amplitude the one-photon term is real, To lowest order the two-pho-
ton term cormtributes to the differential cross-section through its interference with the real o
ne-photonterm, Thus we need to know only the real part of the two-photon term, However, as
we have explained, the contribution from the 3-3 resonance to the real part of the two-photon
term is expected to be very small,

Drell and Fubini calculate a 1% increase of the cross-section in the energy range 2 1
BeV from the interference between the two-photon term and the one-photon term,

Although the calculation is strictly non-relativistic, the genéral feature we have found,
that resonances due to nucleon isobars produce contributions to the real part of the two-pho-
ton amplitude that are odd in @, is also valid for other pion-nucleon resonances, On this ba-
sis we do not expect large effects from the nucleon resonances in the differential cross-sec-
tion, '

On the same basis however there is no reason to expect that also the contributions to
the imaginary part of the two-photonterm be small, The imaginary part is essentially propor
tional to the polarization of the recoil nucleon in electron-nucleon scattering, We shall come
back later on this question, '

c) Calculation of nucleon polarizability,

A different calculation of the two-photon terms based on a Weizsacker-Williams ap-

proximation has been performed by Werthamer and Ruderman(g), The electron-nucleon scat

tering amplitude is expanded in partial waves (spin effects are neglected)
7o) = (21)7! T (2141) /7 e® 1117 P (cos 0) (30)
1 - - -

In (30) 0 is the scattering angle, K is the electron momentum, and the phaseshift d, are - in
general complex, Assuming each &1 to be small one can write for the imaginary par% of F(9)

oo
K (R) ~ K (R) .
= — 6 = ——
ImF(O) yy Z; 1 P1 (cos @) in _0/6‘ | (»p ) PKp (cos Q) dp (31)
where G‘(R) is the reaction cross section for the 1-wave, and one has," in the spirit of a WKB

approximation, substituted an integral for the sum over 1 and introduced the impact parame-
ter p =1/K.

The partial cross-section G(R)( p ) is mainly due to meson production by the electro-
magnetic field of the incident electron, Werthamer and Ruderman use a Weizsacker-Williams

approximation to evaluate G(R)(p) as: 74
§ i) = 21 /pN (b ) & (w) dw CG2)

~ where K is the incidente electron momentum in the iaboratory system, N(p, w) is the effecti

ve flux of real photons from an electron with impact parameter p and 6‘\717(“)) is the. total
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photoproduction cross-section from real photons ‘of frequency @ in the laboratory system,
For N(p, @) the authors use an improvement of the Weizsacker-Willlams expression,

The theory gives, in the forward direction, Im F(0) increasing with energy like KlnK,

This forwafd imaginary part geherates a real pert by a dispersion relation, The real
part also comes out to be monotonic and of magnitude comparable to the imaginary part,

One finds that already at 1 BeV the forward contribution from such two-photon effects
is already of the same order of the observed amplitude for large momentum transfer. In fact
at higher energies one would expect such e terms to be large than the e2 amplitude at 90°,
However from (31) and (32), by inserting the appropriate expression for N(p, w), and by deri
ving the real part from a dispersion relation, one finds that this contribution is very rapidly
decreasing with increasing incident momentum for any non-zero scattering angle,

The effective dependence cantiot be stated explicitly as it depends on a form factor for
meson plotoproduction that is introduced inthe calculation to correct the photomeson amplitu
~ de for virtual photons, However it can reasonably be stated that the two-meson effects calcu-
lated through this procedure contribute negligibly in comparison to the Born term,

d) Polarization of the recoil proton and asymmetry from polarized leptons,

For unpolarized incident electrons on unpolarized protons, the recoil proton polariza
tion, in electron-proton scattering, is zero in the one-~photon approximation, The polarization
of the recoil proton is proportional to the product of the imaginary part of the two-photon term
and the one-photon term, :

Guerin and Piketty(12) have performed a calculation of the imavginary part of the two-
photon .amplitude by taking into account the contributions from the first and second pion nu-
cleon resonances, N¥ at 1, 238 MeV and N*¥ at 1, 512 MeV,

The imaginary part of the two-photon amplitude can directly be expressed by the ﬁni-
tarity relation in terms of the amplitudes for inelastic electron scattering (electroproduction
of pions), Such amplitudes are calculated with the aid of the isobars N¥ and N¥¥,

. The transition leading to N¥ ig essentially an isovector magnetlc dlpole transition,
whereas the transition leading to N*¥ ig essentially an electric dipole transition which can
contain a mixture of both isoscalar and isovector.

The hypothesis is made that the electromagnetic N-N¥* form factor is proportional to
-'the vector magnetic nucleon forin factor, and a similar, less justified, hypothesis is made
for the N-N¥¥ glectromagnetic form factor,

- The results obtained by the authors show a very small polarization for the recoil pro-
ton { ~ 0; 3% or less) for incident electron laboratory momenta up to.1 BeV/c .

Closely related to the recoil proton polarization is the fractional asymmetfy in the dif
ferential cross-section from polarized electrons (or muons).

If the incident electrons {or muons) are polarized the scattered distribution will exhi-
bit an azimuthal dependence also arlsing from the interference between two-photon exchange
and the one-photon exchange.

The asymmetry parameter Y is defined from the expression 1 + PY cos{ for the di-
stribution in the azimuthal angle ¥, defined as the angle between the scattering plane and the
plane normal to the electron (or muon) spin, P being the initial polarization,

. The values calculated for Y are also very small, reaching a maximum of 0, 5%, at a
particular angle for incidente laboratory momenta less than 1 BeV/c,

“e) Contribution of meson resonances to the two-photon term,

.Much attéention has been given to the problem of the contributions from possible mesgon
" resonances to the two-photon terms,; as illustrated in'the graph of fig, 7,

The kind of deviation from the Rosenbluth formula that would originate from:the inter '
ference between such a contribution and the lowest order term can be discussed phenomenolo
gically, followmg arguments due to Gourdin and Martin(10),
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In fact if one looks at the process in the annihilation channel, pt+p — et+e-, one sees
that the interaction throughthe resonant states occurs only for definite angular momentum and
parity, ,

The lowest order contribution, due to single photon exchange, also takes place through
definite angular momenturn and parity, namely 1-,

Such.features allow a direct discussion of the general form of the angular distribution
to be expected for given spin and parity of the resonant mesonic state,

As a first case we shall examine the problem of the interference between the lowest
order term represented by the graph of fig, 8 and a contribution of the kind (fig. 9) where a
particle with definite spin J and parity P is directly exchanged between the proton and the e-
‘lectron,

/mesonic resonance (a) | ' : (b)
/\
FIG, 7 FIG, 8 FIG, 9

The coupling of such a particle to the electron can be through photons or it could be a
hypothetical direct coupling. Although there is no evidence so far of any other coupling bet—
ween the proton and the electron except that through one or more photons, the question of kno
wing what kind of deviations from the Rosenbluth formula would occur if such a different cou-
pling, through a particle of given spin and parity, exists, has often been asked.

Let us first discuss the obvious case of J=1, ‘P=-1, in which we consider the interfe-
rence between the one-photon graph (a) and the graph (b) where the exchanged particle has J=
=1, P=-1, Insuch a case in the annihilation channel the interaction goes, for both graphs,
through states with J=1 and P=-1, and one again obtains the Rosenbluth formula,

If we call ¥ the center of mass angle in the annihilation channel and @ the scattering
angle (in the scattering channel) in the laboratory system, it can be easily verified that
: 1

= —1_ 2 —
cos_y = _ 1+ 1+,§ cotg™ 2_7 2 , (33)
‘ where ¥ had been defined in eq, (3), and ¥ = K2/4M2.

The c, m, angular distribution in the annihilation channel, since the reaction goes thro ‘
ugh the single angular momentum and parity J=1, P=-1, is as well known, of the form

a(K2) + b(K2) cos \70 . : (34)

The angular distribution in the scattering channel can, according to the general arguments by
Gourdinand Martin, be read off from the angular distribution (34) and the substitution (33), o
ne finds by direct substitution

0
[ A?) + BK?) tg? 5 ] (35)

L\JJCD

‘ctg

The term in the bracket is the same one 6ccuring in the Rosenbluth expression,

In this way one also learns that the Rosenbluth linear dependence from tg2(9/2) is in
factmore general than it would appear from the usual derivation: it holds for any:spin of the
target (for instance it holds in elastic processes such as e+d ~—» e+d, and in general for e +

"+ (nucleus) — e + (nueleus), with the remark that for a spm zero target B=0 (as follows from
additional considerations), : ‘
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A Rosenbluth linear tg2(0/2) dependence .also holds for inelastic processes (such as e +
+d — n+p+e) provided only the final electron is observed,

- f) Axial vector resonance.

Let us now consider the case J =1, P.=+1, For such a case the angular distribution
in the annihilation channel takes the general form:

alK%) + c(K?) cos ¥ + b(K?) cos?yp | (36)

The distribution (36) differs from the distribution (34) because of the linear term in cos ¥, that
is present here because of the opposite parities of the intermediate states in graphs (a) and
{b). Instead of (35) we now get the dependence

cotgzg {A(Kz) + B(Kzi)tg 2+tgzg Kz)/1+———cotg g—/ 1/2 } (37)

In (37) one can approximate the whole expression in the bracket with a linear functi-
on of tg2(8/2) in the whole range tg2(8/2) > 2.

Thus a deviation from a linear Rosenbluth plot may only be seen at small angles, On
the other hand, on physical grounds, we would expect deviations from the Rosenbluth formula
only at large momentum transfers. To make the small angle deviations apparent one has to
make experiments at very high energy.

In graph (b) the coupling of the hypothetical J = 1, P = +1 particle to the electron line
can occur throeugh two-photon exchange provided the charge conjugation quantum number of the
particle is.C = +1, It must be noted that the coupling will vanish when the two photons bevcoine
real because of the known selection rule that forbids a spin-one particle to go into two photons,
Of the possible decay modes of such a particle the 2y, 70 + v, and 27 decay modes would be for
bidden, ’

g) The other case to be discussed is that in which one adds to the lowest order one-pho
ton graph (a) possible graphs of the kind (b) with exchanged 0% and 0~ particles. »

For such a case one can show that the Rosenbluth linear dependence is again fully re-
produced because of a suppressmn of the interference between 0% and 1~ that comes about from
- helicity consuieratlons :

Furthermore if the coupling of the hypothetical pvart'icles‘ to the electron is mediated by
electromagnetic interactions one can show that in.the limit of zero electron mass the coupling
will vanish because ‘of the property of the .electromagnetic interaction to preserve helicity,

Similar cons1derat10ns show that there cah be no contribution from a 2~ intermediate
partlcle

(11 We will discuss the case 2% in more detail f0110w1ng a treatment by Flamm and Kum-
mer

The general form of the scattering amplitude for electron-proton scattering can be writ -
. ten in terms of six independent invariants: for instance, the five Fermi invariants and one de
rivative coupling, In the limit of zero electron mass, among the Fermi couplings only the vec
tor and the axial contribute, because of the property of electrodynamics to preserve he11c1ty.

The general amplitude for electron-proton scattering can thus be written as:
. _ — o — e .
T = A Evpe)Brup)+ La@y vse)Br,vsp) + L3(ee) (pdp) | (38)

where Ql’ a . 43 are invariant functions of the energy and the momentum transfer and Q,
canbe chosenasQ Q/1Ql, where 4 = P-(PR)R/R2, with P = 1/2(P{+Py) and R = 1/2(g1+q2)
and with py, Py, -qy and q initial and final proton and electron momenta respectively,

The - general descr1pt1on (38) of electron—proton scattering is to be contrasted with the
much simpler descriptioninterms of the charge and magnetic form factors of the proton which
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is valid however only in the one-pholon approximation,

The two formfactors are functions of the momentum transfer alone, whereas the three
invariants d, in(38) are functions of both energy and momentum transfer, .For the functions -
@i one can wrlte a dispersion relation in the momentum transfer and keep in the absorptive
part only one-photon and two- photon‘ states,

- The abserptive two-photon parts are expressed in terms of the Compton scattering am
plitudes., There are sixindependent invariants describing real Compton scattering on a nucleon,
" but only three combinations of the!six Compton invariant functions appear in the absorptive
parts of the 4 ;.

The assumption is made that the Compton amplitudes are those produced by a mesonic
resonant state of given spin and parity.

Of course, the intermediate two-photon state inserted in the unitarity relation is a phy
sical state, therefore the resonance spin cannot be one, according to the selection rule forbid
ding decay of a spin one particle into two photons.

Spin zero and spin two lead to a non-vanishing Compton amplitude; however those par-
ticular conbinations of the Compton invariant functions that occur in the absorptive parts ofthe
a,i turn out to be zero for both cases of zero spin and for spin-parity 2'

That this must happen is also directly clear by helicity arguments applied in the limit
of vamshmg electron mass.

h) Tensor resonance, v
In conclusion only 2+ can contribute as long as J = 2 for the resonant particle,

Flamm and Kummer calculate the differential cross-section by simulating the two-pho
ton term going through a 2% resonance with a direct coupling of a tensor particle to the elec-
tron and to the proton, The following local couplings are assumed for the coupling to the nu-
cleon'and to the electron respectively,

e =gy 5 {02, P ¥+, F 0 ] B,

pw
(39)

teok {L0VF. v 3 T [F % T+,
Ho=elee 5 {1 § v YT - (Fredy /+(HHV)} B, (40)

where %, ¥ and Bdescribe the nucleon, the electron and the tensor particle respectively. The
differential cross-section in the laboratory system takes the form
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where t is the momentum transfer, t = -K¢, and t,. correspond to the resonance mass,

It can be seen from (41) that a deviation from the linear tg2(0/2) dependence occurs
mainly at small angles. Flamm and Kummer remark that to have a 10% deviation at t =-30 -2
from the Rosenbluth formula the coupling constants must be of order unlty if #is of the order
of the known resonance masses,

However such a 10% deviation from the Rosenbluth cross-section would correspond to a
much smaller deviation from the linear Rosenbluth- dependence at finite angles (~3.5% for
tg2(0/2) ~ 1),

Again one would need experiments at small angles, 1mply1ng, for suff1c1ent1y large mo
mentum transfers; very high energy.
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i) Summary.

We summarize the conclusions about the two-photon exchange terms and their pqssible
experimental and theoretical analysis in both electron-proton scattering and proton-antiproton

annihilation into electrons,

The realpart of the two-photon exchange amplitude interferes with the real one-photon
amplitude inthe differential cross-section for electron-proton scattering, giving rise to devia -
tions from the Rosenbluth formula, ’

The contributions to such a real part from resonances in the scattering channel (nu-
cleonisobars) are expected to be small, partly because of a oddness of the real part of the re
sonant amplitude about the resonant energy,

Contributions tothe two-photon amplitude (both real and imaginary part) from mesonic
resonances in the annihilation channel can only originate from a 1* resonance or a 2% resonan
ce, (excluding larger spins), :

The spin-parity assignment 1% to the so-called Buddha particle ( w-w resonance) is not
inconsisten at this moment with the scanty experimental data,

Also a 2t assignment is poséible for the f© meson,

In both cases of an interference of the one-photon term with a two-photon term domi-~
nated by a 1% or 2% resonance, deviations from the Rosenbluth linear tg2(0/2) behaviour are
only expected at small angles, implying the necessity of measurements at high energies.

The deviations from the Rosenbluth formula arising from the interference between one-
-photon exchange and two-photon exchange are apposite in sign for electron and positron. In
factthe two-photon terms have the same sign for both electron and positron, whereas the one-
-photon term changes sign,

A direct way of observing the presence of two-photon exchange is thus the observation
of a difference between electron and positron ¢ross-section (after Subtraction of the standard
radiative corrections),

‘The imaginary part of the two-photon exchange term gives rise to a polarization of the
recoil proton in electron-proton scattering from unpolarized initial particles, Direct calcula:’
tions of the imaginary part by direct use of unitarity and with different models show however
that this polarization should be small, ‘

In proton-antiproton annihilation into electrons already the one-photon exchange term
is expected to be complex, because the form factors are in the absorptive region, - Therefore
the separation of the two-photon terms into real and imaginary part is less relevant to the phy
sical discussion;

In particular the dlfferentlal cross-section depends on the proton (or antiproton) pola-
rization already at the lowest electromagnetic order,

However the presence of two-photon exchange in proton-antiproton annihilation can al-
so be readily detected by observing possible asymmetries with respect to the final et and e”

Aslongas one performs experlmen’cs that are symmetric with respect to the final elec
tronand positron (for instance experiments that do not distinguish the electron from the p051—
tron) there can be no interference from two-photon exchange,

However two- photon exchange will generally give rise to - asymmetries between the fi-
nal electronand the final positron that, if detected by the -apparatus, would suggest the presen
ce of two- photon terms,

2 - SPECULATIONS ABOUT THE PHOTON AS A REGGE POLE -

a) The photon as a Regge pole,

The experimental analyses carried out after the proposal by Blankenbecler, Cook and
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Gc)ldberger(m), that the photon lies on a Regge trajectory, have, af this time, greatly redu-
cedthe original interest in the subject. The subject is however related to relevant theoretical
work and it may be worthwhile to examine it more closely,

Blankebecler, Cook and Goldberger baged their proposal on the argument that, since
the photons interact with stro ng interacting particles, they must be non-elemeniary if strong
interacting particles are non-elementary. Furthermore, if strong interacting particles are
treated as Regge poles, whereas the photon is treated as elementary, then photon interactions
will eventually dominate over strong interactions in a scattering process, when energy is in-
creased and momentum transfer is kept constant, A simple estimate for proton-proton scatte
ring shows that the Regge matrix element due to the vacuum pole is dominated by the lowest
order electromagnetic matrix element at a laboratory energy of ~ 340 BeV for a momentum

‘transfer of ~ 50 p2, The two matrix elements become comparable already at lower energies
and one would expect quite large electromagnetic corrections even at the energies thatcanpre
sently be reached with machines,

Blankénbecler, Cook and Goldbergef make the assumption that a Regge trajectory is
associated with the photon, The photon trajectory o{4(t), must have value 1 at t = 0 and must
have odd signature. Its ‘slope'at the origin in unknown.

If it turns out to be comparable to the slope of the vacuum trajectory one would speak
of a "strong reggeization' of the photon, if it turns out to be much smaller, say, of the order
of 'spme percent of the vacuum slope, one would instead speak of a ""weak reggeization', Such
a '"weak reggeization' may just be due to a proper treatment of the electromagnetic radiative
corrections, or may correspond to a simulation of a more complex behaviour originated by e-
lectromagnetic radiative corrections,

Experimental evidence, so far would at most favor a weak reggeization rather than a
strong reggeization.

The consequences of a Regge behav1our of the photon on the description of electron- -pro
ton scattering would be of various types,

The amplitude would contain six invariant functions instead of the usual two form fac-
tors depending on momentum transfer, Keeping only those amplitudes that reduce, in the limit
of a photon with fixed angular momentum, to the usual form factors, one finds that the domi-
nant modification (for large z) is the overall factor in the amplitude Zo(l( -1 where z is the
cosine of the center-of-mass angle in the crossed reaction {proton-antiproton annihilation 1nto
electrons)

To test the presence of such a factor it is preferable to do experiments at large mo-
mentum transfer, for a maximum available energy, provided z is sufficiently larger than one,

The two-photonterms, we have previously discussed, by interfering with the one-pho-
ton terms, give rise to deviations from the Rosenbluth formula that have different sign for e-
lectron andfor positron scattering, The kind of deviations discussed here would instead be the
‘same for both electron and positron scattering.

Electron-electron scattering (as obtainable with colliding beam techniques) will cer-

tanly offer a very clean test of the hypothesis of Regge-like behaviour of the photon, Here, a-

galn the dominant feature will be, under the usual 11m1tat10ns, the appearance of the factor
o( 1(t)-1 in the amplitude,

b) The electron and the muon as Regge poles,

Electron-positron annihilation into two photons would be a possible test for a Regge be
haviour of the exchanged virtual electron, Here one would have {o look for a factor Zo(e(t)-l/Z
in the amplitude, which, under the usual limitations, is the expected dominant modification a .
rising from a Regge behaviour of the electron associated with a trajectory o (t).

Muon photoproduction in the field of a nucleus can be used to test a Regge like behavi-
~our of the virtual muon that is exchanged,

Unfortunately as pointed and by Salecker(14) the experimental data, at present, do not
allow even to exclude possible slopes of the electron or of the muon trajectories of the order

¥
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of the vacuum trajectory.

¢) Salecker also describes an indirect way of obtaining some information on the photon
trajectory from the very accurate measurements of the muon magnetic moment, One writes
down a dispersion relation for the muon magnetic form factor and makes use of unitarity to
calculate the imaginary part. If one keeps only intermediate states consisting of a muon pair
the imaginary part is proportional to the muon-muon scattering amplitude, For a reggeized
photon such an amplitude will be modified from the perturbation theory expression'and the mo
_ dification will depend on the Regge trajectory of the photon, A rigorous application of this idea
is made difficult from the fact that one has to integrate on the dispersion variable thus requi-
ring a good approximation for the muon-muon amplitude on a wide range of energies, The ro-
ugh evaluation by Salecker only gives an upper limit for the photon slope of the order of 10%
of the slope of the vacuum trajectory,

d) Behaviour of the infrared terms,

Excluding, onexperimental grounds, a strong reggeization' of the photon the question
remains whether quantum electrodynamical radiative corrections glve rise to a photon trajec
tory.

Let us consider electron-electron scattering, It may happen that, by summing up all
the diagrams corresponding to the exchange of an odd number of photons in the limit of ve-
ryhigh energyand for fixed momentum transfer one obtains an expression of the form of that ob
tained by summing the contributions from different Regge trajectories,

" One of these trajectories would be the photon trajectory. It will contain the photon and
maybe also other poles with spin 3,5 etc,

Similarly the exchange of an even number of photons may also lead to a'‘Regge asymp-
totic behaviour or to a superposition of such behaviours, These trajectories will all have char
ge conjugationquantum numner C = +1, whereas those arising from the exchange of an odd num
ber of photons will have C = -1, ’

Levy(ls) points out that the infrared part of the scattermg amplitude, following the ge
neral rules given by Yennie, Frautschi and Suural(16), can be gseparated according to

BBy

M = (42)

where M does not contain any infrared contribution and B and B' are given explicitly as inte-
" grals depending on the four-momenta of the initial and final particles, ‘Levy calculates the sum
B+4B' in the limit of large incident energy (s. — oo ) and for f1n1te momentum transfer (t fix
ed). The calculation shows that in this limit B + B' % -is{In(s/ A2), where A is the vanishing
photon mass, thus excluding in particular the possibility of Regge-like behaviour of these terms,
“when substituted in (42).

- In fact, one should note, it would have been quite surprising and rather different from v
the spirit of a Regge hypothesis, 'if the summed-up infrared contributions would have exhibit-
ed a Regge behaviour in the high energy limit,

Indeed one should remember that in the infrared approximation one is summlng up not
only elastic contributions but also inelastic contributions corresponding to the emission of low
energy photons that cannot be detected by the apparatus,

These inelastic contributions correspond to different physical processes (emission of
one, of two, of three photons etc) and are summed up incoherently and added to the elastic con
tributionto give rise to the approx1mate expression (42), The hypothesis of a Regge behaviour
corresponds 1nstead to a particular forrn of the elastic amphtude alone,

e) Levy proceeds further in the examination of high energy corrections and calculates
the contribution to the elastic amplitude from the exchange of two photons and finds that terms
ofthe form (lns) My and (lns)Ml (where M, is the lowest order matrix element corresponding
to the ‘exchange of one photon), which could, ‘when summmed with higher order term, give rise
to a behaviour like s °((t) cancel in'the high energy limit. Also a discussion (necessarily in-
complete) of higher order contributions seems, acCordihg to Lievy, to show no -evidence for a
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Regge-like behaviour of the photon.

A general investigation on the possibility of deriving Regge trajectories from field the

ory is being carried out by Gell-Mahn, Goldberger, Low, Singh, and Zachariasen(17), The a

uthors have examined in particular ‘the problem of a spinor field (nucleon) coupled to a heavy

photon field, They find that the elementary spinor nucleon changes into a moving pole in the

angular momentum plane after inclusion of the radiative corrections-due to its coupling to the
“heavy photon.

In the same approximation‘however, a scalar nucleon remains a fixed pole in the angu
lar momentum plane, unless, insiead of the usual field theory, one uses a more complicated
(presumably unrenormalizable) field theory. In any case the kind of modification would corre
spond to a non-minimal.coupling,

3 - FORM FACTORS -

3.1 - Dispersion theory calculations, .

As well known, the experimental discovery of a large electromagnetic radius for the

isovector nucleoncharge distribution, led to the proposal, by Frazer and Fulco 18), of a pion-

' -pion p-wave resonance, The squared energy of the resonance, t,., was foundbyFrazer and

Fulco to lie between 10 and 16 (in units of squared pionmass), in order to fit the data with
their dispersion theory calculation. - ‘

A different dispersion theory calculation by Bowcock, Cottingham and«Lurié(,lg) led to
a fit with t,. around 20,

A fit to the experimental data is provided by the following form factors

v, a1ty
GE(t) = e/2(1—a1 + - )
(43)
V. agta '
Gy(t) = (1. 83)e/2M(1-ag+ =7

where the parameters, according to De Vries, Hofstadter, and Herrﬁan(lg), take on the valu-
es: a1 ¥0,92, ay T 1,15, t7 = 18, and ty ¥ 18.

_ The form factors (43) have the form of the sum of a Subtraction constant and a pole
term. The pole term is supposed to arise from the pion-pion p-wave resonance,

Itis alsowell-known that a pion-pion resonance, the p-meson, with a mass of 760 MeV,
correspondingto t,. = 29, and a full width of ~ 130 MeV, has been experimentally discovered,

It hass been natural to consider the b-meson as responsible for the pole in (43),

However, the large difference between the experimental p-meson squared mass 1,=29
and the values of t and ty experimentally determined, t1 = tg = 18, may cast some doubt on
the complete correctness of this attribution.

The experimental p-mesonmass is in fact much higher than the location of the poles in
the empirical fit to the form factors, The calculations by Frazer and Fulco and by Bowcock,
. Cottingham and Lurie, though in disagreement between each other, would in fact suggest a lo
wer value for the resonant mass.  Can a more sophysticated theory, including the present mo-
re complete information on the pion-pion scéttering amplitude near the resonance, explain the
pole term in (43) in terms of a pion-pion scattering dominated by the p resonant state?

This question has recently been answered by Ball and Wong(zo).. They perform a calcu
lation of the isovector charge and anomalous magnetic moment form factors assuming that the
two-pion intermediate state detérmines the low energy part of the spectral function, whereas
a subtraction constant represents the high energy part of the spectral function. The resulting
expressions can be compared with the Clementel-Villi fits (43), The calculations are perfor-
med by using a pion-pion p-wave phase-shift adjusted from the p resonance, and by including

the exchange of a nucleon and a N¥ in the NN —> 2w amplitude, both represented as Regge po-
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les, Twoparameters are introduced at this point and they are determined from flttmg the pole
term in the form factors (43), at zero momentum transfer,

If turns out from Ball and Wong calculation that the effective mass of the resonant pi-
on-pion state is shifted to a much lower energy than the p-meson mass. More precisely, the
pole term in (43) turns out to be singular at t1 =t = 20, in spite of the fact that the pion-pion
crogs-section has its maximum at ty = 29,

The two pion contribution to the isovector nucleon form factor satisfies the represen-
tation

(2.") 1 @ dt'ImGg“lz/[(t')
GE,M(t) _Z. A Tt

(44)

The calculation of the imaginary parts is performed by keeping the 2r intermediate state, From
the graph of fig, 10 we see that the imaginary parts will be of the form of products of the pion
form factor F’;(t) and of the appropriate combinations, FE, Mmt), of
the two nucleon-antinucleon scattering amplitudes with J=1, P=-1, C=

t = -1, More precisely
Fo—-
- 2 1 -
nCET ) = e/ 21285 £ ) (45)
FIG. 10 The amplitudes [ E(t) and  1'34(t) can be written as linear combinati-

ons of helicity" amphtudes f(l)(t) and fS_l (t) for NN —> 2m. These ampli
tudes are taken to satisfy the dispersion relations

(1) (1)
a Imf (t") o Imfy /(@)
(1)(t) I 2 — v (46)

where the right-hand cut extends over the absorptive region for the annihilation process, whe
reas the right-hand cut originates from the cuts and poles in the crossed channel corresponding
to "N — oN (s-channel), Unitarity requires that the [ (t) have the w-w scattering phase for
4 <t < 16, This condition can be assumed to hold also for higher t-values, as long as inela-
stic processes can be neglected. The discontihuities on the left-hand cut are related to analy-
tical continuations of the polynomial expansions of pion-nucleon scattering, At this point; dif-
ferently from Frazer and Fulco, Ball and Wong make the assumption that the dominant terms
are the nucleon pole and the 3-3 resonance, and that both can be treated as Regge poles in s
(Fig. 11)

The nucleon and Nx‘are thus both threa
ted as polerterms multiplied by the factors

(/4 NS T 1/2 (g Pnx(e) - 3/2
where o4 N(s) and °<Nx(s) describe the nudeon
and N¥ trajectories respectively. Only the 1i-
) nearterms are keptinthe expansionof o( and
TS 15 o Nx near m? and m%g, thus introducin P pa

FIG, 11 ' rameters the two derivatives «y(m J zfnd
Nx(mz) of which only the sign isknown. These paraméters are adjusted such as to f1t GMVL (0)
and G 27 (0), as given by (4,3). The pion form factor, F - (t), in (45), is, as usual, directly
related to the pion-pion scattering amplitude in p-wave.

J‘_/
'

The shift in the effective p-mass is due to the combination of two effects, First, the pi
on form factor has its maximum at t = 25 for a pion-pion cross-section with a maximum at t=
=29, Second, the factor ['(t) gives a larger weight to smaller values of t producing a further
shift. The effective p-mass resulting from this calculation is around 600-650 MeV, to be com
pared with the observed mass of 760 MeV (used as an input in the calculatlon)

The main limitation of this theory lies perhaps in the assumption that only the two- p1—
onintermediate state is important in the determination of the spectral function, apart from the
added subtraction constant, The inclusion of four-pion intermediate states would be quite un-
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feagible in. its generality, However if the recently discovered @ -w resonance (the so-called
Buddha) turns out to have the appropriate quantum numbers o couple to a single photon (T

=1, J=1, P= -1, C = -1) an approxirndte treatment of the four-pion intermediate states in
terms of this resonance becomes reasonable. Such calculations are in progress, The contri-
bution from these states may turn out to be important in the time-like region of the pp — €&
experiment, '

'We shall not discuss here the isotopic scalar form factors, Their calculation appears
"to be substantially more difficult than for the isovector form factors, Phenomenological fits
" can be based on the simulation with delta functions of the contribution to the imaginary parts
from the known resonances with T =0, J =1, P = -1, and C = -1, namely the & and the ¥ ,

3. 2.- Consequences of symmetries; unifary symmetry,

We shall first discuss a formal question on which not much work has yet beendone,
but which might eventually lead to some progress,

In "his paper on "Symmeétries of Baryons and Meson' Gell-Mann(21) stressed the pos-
sible relevance of equal time commutation relations between components of the currents in pro
viding non-linear relations for matrix elements,

The simplest case is that of the isotopic spin current, It is of direct interest to us be -
cause the isovector form factors are essentially matrix elements of the isotopic spin current,

|
The isotpic spin components Ij obey, as well-known, the commutation relations:
L1, Ij_/ = leijka | (47)

where e; ik 18 the invariant antisymmetric tensor. The local isotopic spin current has cornpo-
nents j(b](x) which are conserved that is

I R ¢) P : v
2%y M (x)=0 (48)
and such that
I, = - /j(i),(x) d3x | (49)

From (48) and (42) it follows that Ij is conserved

The commutator
GP6 v, 3o @, 07

at equal times must be zero for ¥ # X' because of the requirement of microcausality, Assum-
ing'that is not more sin‘gular than a delta function we have, using (47) and (49),

0 0, y&@, 07 - e, 0@ & -7, s0)

The equal-time commutation relation (50) leads to non-linear snm rules for matrixe-
lements.

) For instance, the pion form factor,F(kz) is related to the matrix element of the isoto-
pic spin current taken between one-pion states. If one takes the matrix element of (50) betwe-
en one-pion states with momenta p and p' one finds the relation:

(p,*+a )P + 4 )F (~(p-0)D)F 1(-(0'-0)2)~(p -, (DG )F o ~(p+a)2)F (- (p+0) 2)=
= 2(p_+p! )a F(~(p-p")?) G1)

where qis a four-vector such that q2 = -m2 and we have not written down explicitly all the i-
nelastic terms in the sum on the left-hand-side,
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From {51) one sees that, neglecting the inelastic terms, F(kz) is unity.

Itis interesting to note that the non-linear nature of the commutation relations, reflec.
ted by the non-linear character of the functional equation (51), makes it possible to fix a scale
for the matrix-element., (For instance (51), with inelastic terms neglected, gives F(kz) =
and not simply F (kz) = constant)

A similar possibility is not offered by the dlspersmn relation for matrix elements of
weak ar electromagnetic currents which are linear andhomogeneous: as such they may be usef-
ul in determining the momentum dependence of the form factors but they will not give their a
bsolute values.

A classical example is that of the axial vector renormalization constant Ga which can
not be determined from the linear homogeneous dispersion relation for the axial form factor,
and must be introduced as a subtraction constant

The advantage of using equal time commutation relations, such as (50), will perhaps be
" most sensible for theories with broken symmetrles, such as the unitary symmetric theory,

Biritz and P1etschman<22) have made use of the com‘mutation relations among the com
ponents of the isovector currents to derive equations relating the isovector form factors and
the electroproduction matrix elements, The equations are studied in the static theory where
they lead to results that can be checked directly. However the application of the procedure to
the relativistic theory seems rather cumbersgme,

Furthermore it should be kept in mind; that in contrast to the usual application of uni-
tarity in dispersion relations, where some intuitive justification can be given for neglecting
higher inelastic terms in the unitarity series, no similar justification can be presented in this
case,

3. 3 - Consequences of unitary symmetry,

It was pointed out{23) gsome time ago that there exists a subgroup of the unitary Symme
try group SUj that leaves the electromagnetic current invariant, This fact wag used to derive
relations amongelectromagnetic.amplitudes, some of them valid at any electromagnetic order,

There has been recently much interest in the subject and systematic treatments have
appeared(24) {(we shall always refer to the octet version of SUg symmetry),

The SU, subgroup of SUg that leaves the electromagnetic current invariant is someti-
mes referredto as the U-spin group.

The SU3 group has eight generators Fl, Fg,.... Fg, which satisfy the commutatlon‘
‘relations [_F nt = i 1 Fy. '

~ One can form three different sets of generators such that in each set one has an angu;—
lar momentum: operator and a corresponding hypercharge operator, -

One set consists of the generators Fq, Fy, Fgand Fg, It is interpreted as the isospin
~hypercharge set,

A second set consists of Fg3, Fg, Fy and Fg. One finds that these four generators.com
mute with the electromagnetic current, They form the set of U-spin and the assoclated hyper
charge which coincides with electric charge apart from a sign, :

There is a third set with the property of containing an angular momentum and a hyper
charge operator but it is not yet clear whether it has a physical interpretation,

The use one can make of such results is pretty obvious,

Consider the usual problem of breaking SUs invariance by i.ntroducing interactions that
are not fully invariant but only leave isospin and hypercharge conserved,

Onthis problem one knows a great deal: one knows all the consequences of charge inde
pendence which are results valid at all orders in the symmetry breaking interaction; and .one
also knows results valid at the first order in the symmetry breaking 1nteract10n, at the se
cond order in the symmetry breaking 1nteract10n etc v
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A result valid at first order in the symmetry breaking interaction is Okubo's first or-
~ der mass-formula, that gives the mass of the members of a multiplet as M = a+bY +cZ, whe-
re a, b and c are constants in the multiplet, Y is the hypercharge and Z = (1/4)Y2 - I(I'+ 1),
At the second order the mass formula is M = a+bY+cZ+dY2+eYZ+{Z2, '

Now consider the problem of breaking SUg invariance by turning on electromagnetic in
teractions (as arising from the minimality rule). Other symmetry breaking effects are neglec
ted, In the isotopic-spin problem one was left with a theory invariant only under isospin and
hypercharge transformations, in this problem one is similarly left with a theory invariant on
ly under U-spin and electric charge transformations, The two problems are mathematically
equivalent, pY ' o

One can use this equivalence to‘.transpose direc
tly the knownresults for the first problem to the second
‘problem.,

It has been pointed out by Levinson, Lipkin and

Meshkov that the classification of the particles in a mul

tiplet by means of U-spin and the associated hyperchar

ge (which coincides with the electric charge apart from

' the sign) can'be read off from- the weight diagram for the

representation by a rotation of coordinates, This is il-

N lustrated in the following graph for the baryon octet (fig,
u3 12).

FI1G, 12

' Thecoordinates Y, I3 give the hypercharge and third components. of isospin for the par
ticle, The coordinates Yy = -Q and Ug similarly give the charge (with reversed sign) and the
third component of U-spin, :

Inaproper treatment one has to take into account the proper sign for each particle sta
te-and substitute for = @ and A © appropriate linear combinations of them,

Conse'quvences of charge independence that are valid'to all orders can now readily tran
slated in relations valid at any electromagnetic order for an SUg invariant theory broken by e
lectromagnetism,

For instance, one finds, by directly looking at the diagram <Z+,j. i Z+> =
= <pl Jous j|p>. where j-j is anhy product of electromagnetic current operators.

Simiiarlythe Okubo mass formulae can be simply transposed to describe first order e
lectromagnetic effects and_§econd order electromagneétic effects respectively, by simply chan
ging Y with -A and T with U.

The main results found by these methods had alréady been obtained(23)(25). We mention
for instance the relation between the 70 —» 2y amplitude and the %0 — 27‘amp1it1ide, that,
after phase-space correction, predicts a width for 0 of 140 eV assuming a w0 lifetime of
1.5 x 10-18 gec, Also interesting is the prediction of a A magnetic moment of one-half of the
neutron magnetic moment, p, = -0, 95 nucleon magnetons, in disagreement with one of the
two -existing experiments. A relation among the electromagnetic mass splittings of baryons,
IM(Z) -IM(=0) = SM(Z ) - IM(=H) + dM(p) - § M(n) is satisfied within experimental er-
rors (it gives 6.7 + 0,5 MeV = 7,4 + 9, 2 MeV), :

4 - ELECTRON SCATTERING ON-DEUTERIUM H3 AND He3 -

4,1 - Elastic electron-deuterium scattering,
| a) Determination of the deuteron form factors.
The study of the reaction ,
| ’ e+d —>e+d . (52)

- gives directinformationon the deuterium elécitromag‘netic fofrm‘factors. By additional theore-
tical considerations, and under some definite!approximations, one may succed in.expressing
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the deuteron form factors through the form factors of the nucleons, The limits of validity of
the approximations used are not however theoretlcally clear and much caution must be used
before der1v1ng definite conclusmns

The laboratory differential cross-gection of (52) can be written in the form

de _ d& 12 o, 20— :
o (dﬂ)M A" +B2)tg” 3/ ; (53)

where 0 is the laboretorg scattering angle Kz is the square of the virtual photon four-momen
tum, and A(K2) and B(K?) are quadratic functions of the deuteron form factors,

The cross-section formula (53) is identical in its functional form to the Rosenbluth for
mula. In fact we have seen in section 1 that the linear tg2(0/2) behaviour, implied by (53), is
a direct consequence of the vector nature of the exchanged photon, and is, in particular, inde
pendent of the spin of the target, ' '

The same linear dependence on tg2(9/2) holds also for inelastic electron-deuteron scat
tering; however, in that case A and B are functions of K2 and of W, the total energy of the out
going nucleons in their center-of-mass system, '

In the cross-section formula (53) for the elastic process (52), the coefflcients A(K2)
and. B(Kz) can be expressed in terms of the deuteron form factors.

The deuteron, as any spin one particle, is described by three independent form-fact~
tors, Derivations of the relativistic elastic cross-section formula have been given by Glaser
and Jaksic(zs) and by Gourdin(27),

It-is convement to introduce, in analogy to what has been done for the nucleon, a char
ge form factor Fc (K ), anelectric quadrupole form factor FQ(K?’) and a magnetlc dipole form
factor FM(K ).

As for the nucleon case, these form factors are such that, in the Breit system, they
are the Fourier trasforms of distributions that describe the charge, electric quadrupole, and
magnetic d1p01e interactions with static electric and. magnetlc fields,

In terms of these form factors one has:

2 . 2 2
cp2 4 LB 2 L LK K2
AR ) T e 2 M T e T
- D
2 2 (54)
NS AP
M2 am3,

where Mp is the mass of D.
The derlvatlon of these results is fully relat1v1st1c

Experiments of elastic electron scattering on deuteron only measure the two coeff1c1-
ents, ‘A and B; a determination of the three deuteron form factors will thus require additional
experiments, for instance polarization experiments Lonly for small momentum transfers can -
one neglect the quadrupole form factor in A and solve the equations in terms of FC and F%/[

Gourding and Picketty(27) point out that the difference of the cross-sections for trans-
verse and longitudinal polarized recoil deuteron, & - 67, gives an additional relation, al
lowing the determination of the three form factors,

The difference is given by

o o 1 16 K2 K y
T - L_SLC-?E C Q (—2—) / unpolarized

Note that the ratio between € - & and Gunpolamzed is independent of the magnetlc form
factor Fy; and, as consequence of this, it is also .independent of the scattering angle
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It is also ihteresting to remark that, if one knows all the three deuteron form factors,
one has in principle the possibility of testing directly the validity of any theory (based on im-
pulse ‘approximation) that gives the deuteron form factors in terms of the two isoscalar nucle
onform factors, Deviations would indicate a breakdown of the non-relativistic impulse appro-
ximation,

The impulse approximation allows one to relate the deuteron form factors to the nucle
on form factors. o

b) Impulse approximation for thve deuteron form-factors,

The deuteroncurrent, inthe impulse approximation, is written as a sum of the neutron
and of the proton currents :

(D)._ .(p), .(n) :
O I (
One sees from (55) that only the isoscalar nucleon form factors G;ES) and G(s) will appear in
the final result, ' ' ‘ : :
In the impulse approximation one finds(27)
) (s) () (s)
Fo =Gy 'Ch FoGr'Cqr Fy= 37 LG G ¢/ (56)

where CE, CQ, CS and Ci, are functions of K2 and depend on the deuteron wavefunction,

The deuteron wave-function has the form u(r) '+'Slz w(r) where Sq1g is the tensor opera
tor, The structure functions CE, CQ, Cg and C1, can be expressed as linear comblnations of
the following mtegrals

(% 2. Kr 2 2, . Kr ;
u, = /(; u®(r) j_ (5~ )dr, | W -‘é w® (r) j_(—~)dr,
. o K ' (57)
u =f u(r) w(r)j (&)dr w_ = wz(r)j (—r)dr
w o 2V g R 2 A 2'9
One hés:
“20i2 -1
C=u. + w,, C.=6V2 K2M%(u,, - —=— w,),
E o ‘vo Q » DVwW z,r‘_z 2\

o1 .3
Cs"lo'g wo-\fz—uw - Wg, Cy = "2-( +W2)

In (57) jo and jg are the spherical Bessel functions of order 0 and 2.

After substitution of (56) into (54) A and B become quftc&ratlc functions of G(S) and G(S)
One caninvert the resulting expressmns obtaining G s and G in terms of the measured coef
ficients A and B,

As one has to invert quadratic equations, there are sign ambiguities in the equations gi
ving the G's in terms of A and B,

¢) The calculation of the structure functions depends on the choice of the deuteron wa-
ve-function, B1a1kowsk1(28) makes use of rather refined expressions for the deuteron wave- -fun
ction,” He obtains G%:S) and Gﬁ) for the nucleon after substituting (56) into (54), inverting the
resulting equations, and inserting for A and B the experimental values found at Orsay 29), Ma
king use of the DkaNX and Hand data for the proton form factor{30) he obtalns the neutron form
factors G(N) and G

The sign amb1gu1t1es, after inverting (54), can be solved by physical con51derat1ons a
negative signin front of the expression for. G&S) would lead to a negative value for such a form
factor (which should have instead for the considered momenta the same sign of the proton char
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ge form factor); similarlya sign amb1§u1ty in G( 8) can be solved by excluding one choice -which
would lead to too high values for G

d) Relativistic effects.

The derivation of Eqs. (56) and (57) is completely non-relativistic, Relativistic effects .
have been studied by Tran Thanh Van(31) in the impulse approximations, In practical applicati-
on the results do not significantly differ from those of Bialkowski,

Inthe absence of a rigorous relativistic theory for a bound:system like the deuteron the
calculation of relativistic effects rhust be done under approximations whose range of validity
18 rather hard to establish, The typical impulse approximation graph of Fig, 13 is calculated
-.under various approximations: (1) the form factors at the pho-

ton vertex are taken for nucleons on the mass-shell; (2) the free
nucleonpropagators are inserted for the internal nucleon lines;
(3) the vertex D —> n + p. is derived by using a Bethe-Salpeter
equation with separable potential,

e) Possible -breakdowh of the impulse approximation,

Apart from the possible errors in the evaluation of re-
lativistic effects, a source of errors may be the use of the im

FIG. 13 b e
pulse approximation,

‘The simplest exchange current contribution (Fig. 14) can however be shown not to con
tribute: the photon must be isoscalar (v + D = D is a zero-zero transition), therefore cannot
couple to two pions,

A'similar graph with three pions (two
coupled to one nucleon, one the other nucle
on)is however allowed-although perhaps do
minated by the "impulse approximation"
graph where the three pion couple to the sa
me nucleon,

However a graph 11ke, for instance,
: is not contamed in the impulse approximati
on, and its contribution is not easy to evaluate(Flg 15).

FIG, 14 F1G. 15

As we have already ment1oned polarization measurements can be used to test empiri
cally the validity of the impulse approximation in the description of the deuteron form-factors,

4.2 - Inelas’dc electron deuterium scattering

- There has not been much progress. lastly in the theory of inelastic electron-deuteron
scattering, For completeness: we shall here review the main points also for this problem, the
experimental interest of which is connected to the possib111ty of determining the neutron form
factors.

The experlments on slow neutron scattering by atoms, first started by Fermi and Mar
ghall, 'are indeed only able to give the mean square radius of the neutron charge d1str1but1on _

The simplest measurement in the inelastic process
' etd-—>e+n+p (58)

is the observation of the final scattered electron at an angle 0 and with final energy E'. For fi
xed @ the cross-section shows a peak around a definite value of E', The main contribution to
the peak comes from events where the electron has been scattered from a single nucleon in the
deuteron (proton or neutron), behaving approximately as free, Usmg such a description, the
peak cross-section is proportional to the sum of the proton and of the neutron cross-section,
Thus, a measurement of the cross- gection at the peak, after subtracting the proton contribu-
tion, will give the electron cross-section on a neutron, However the neutron contribution is
much smaller thanthe proton contribution, making the analysis difficult, Furthermore there a
re theoretlcal uncertainties, commg from: (i) the final state interaction of n and p; (ii) the deu'
- teronwave-function, Durand(32 )‘, extending the calculatlons by Jankus( 3), has given‘an-appro
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ximate evaluation of the effect of final state interaction, With the Signell-Marshak phase shifts
he finds a lowering of the peak height of about 5% and a corresponding largening of the peak,
The uncertamtles from the deuteron wave-function on the peak cross- sectlon are estimated to
be less than ~ 5%, Durand has glven the formula:

2e
d D

aM? B dep ,dsn
dQ.dE!

W E.( M (59)

= 4,57 x 10 3 MeV"l(l +0,05) ——

where E and E' are the initial and fiﬁal electron energy, K is the transferred four-momentum,
and W the total energy of the neutron-proton system in its center of mass.

A much better determination of the neutron form factors from inelastic electron scat-
tering ondeuterium can be made in experiments where one of the recoil nucleons 1s observed,
One selects the events with the recoil neutron momentum in a narrow cone around K (momen-
tum transferred to the nucleons in the labora’cory system) and the events with the recoil pro-
tonin the same cone. The ratio between the number of events with the neutron in the cone and
the number of events with the proton in the cone is essentially the ratio of the neutron to the
proton differential cross-section. Experimentally it is more convenient to select the events
with the recoil proton in a backward cone (with repsect to K) instead of the events with the re
coil neutronin the forward cone, The equality of the above ratio to the ratio of the differential
cross-sections is disturbed by interference terms arising from contributions to the scattered
amplitude by the spectator particle, Also final state interaction effects must be evaluated(32)
By measuring the ratio between the number of events with the neutron in the cone around K and
the number of events with the proton in the cone, one is approximately determining the ratio
between the contributions of the two poles in the amplitude represented by the graphs of Fig,
16,

. FIG, 16

The pole in diagram (a) corresponds to a recoil proton kinetic energy in the laboratory

systemof -1, 1 MeV. If « is defined as the angle between the transferred momentum K and the
‘neutron momentum, the neutron pole,(diagram a) lies at cos X > 1, while the proton pole lies
~at cos ol < =1, The selection of neutrons inforward cone around K selects a region dominated
from the neutron pole; the selection of neutrons in the backward cone selects a region domina
ted by the proton pole. The contributions from the neutron pole and from the proton pole are
proportional to the cross-sections onneutronand proton respectively, The common moltiplica
tive constant (dependent on the deuteron structure) cancels in the ratio, N

4.3 - Electron scattering in H3 and He3,

Elastic electrqn scattering in H3 and He3 has recently been shown by Schiff, Collard
Hofstadter, Johanssonand Yearian to be very valuable in providing information on the neutron
charge form-factor(34), Each of the two nuclei is described by an electric charge and amagne
tic moment form factor. These form factors are related to the charge and magnetic moment
form fact'ors of the proton and of the neutron, and to three structure functions. of the nuclei,

Schiff gives the following expressions for the He 3 and the He® form factors

(p) (n)

2Fch(He3) 2FL R +F P

(60)

(n) -

W(He3)F 4 o(He®) = pin)F F P u(p)(F -F )F‘P’
nag mag 3 L

mag + LF(He%-p(n)_j/Fx
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3 (n) (p)
(H )=2F F  +F F L

Fch
(60)

(p) (n)

3 3,
p(H)F (H v)—u(p)ToFmag

mag 3pn(n)(F -FOF

+LpH ) - wlp) /F

The constants p(He3) and p.(H ), and similarly p(p) and u(n) are the static values of the magne
tic moments in nuclear magnetons.

The structure function ¥; can be thought of as the form factor describing the distribu
tion of the centers of the like pair of nucleons, namely, the two proton in He?3 and the two neu
trons in HO,

The function FO describes instead the ‘odd nucleon,

The form factor F, is an exchange form factor,

The ground state wave-function is usually taken as a superposition of a space symme-
tri¢ 237/9, a mixed symmetry 251 /9, and three "Dy /o states. However the dominant state is
the completely symmetric 51/2 he analysis is thus 11m1ted to this state and to the interfe-
rences with the Sl/2 state -of mixed symmetry and with the D1/2 states.

The S-D interference contributes only to the moment form factors and, for the purpo-
se of the analysis, is included into the exchange term,

This hypothesis may be slightly in contrast with the assumption that the exchange term
“is the same for H3 and He3,

3

Also the Coulomb repulsion in He® is neglected,

Schiff has performed a calculation of FL and F, under three different assumptions for
the wavefunction,

In each case there are two parameters in the problem, one measuring a size, and the
other . giving the amount of superposition of the S-state of mixed symmetry to the fully symme
tric S-state, Information on the sign of the second parameter can be obtained from the spin-
-dependent part of the nucleon-nucleon force,

The analysis of the datais done using Eqgs, ?‘03 cons1dered as four equations in the four
unknowns FL, Fo, Fyand' F U The form factors F 5 and Fgllf):lg are sufficiently known
for the momentum transfers relevant to the experlment g ‘

There are two sets of solutions for the four unknowns but only one of the two sets is ac
ceptable on physical grounds. '

Comparisonwiththe data has shown good agreement with the calculated Fy, and F, with
a preference for a dependence of the S-wavefunction on the internucleon distances given by an
exponential of the square root of the sum-of the squares of the distances, The sign of the mi-
xed-symmetry S-wave also comes out in agreement with the prediction. The size parameters
are compatible with the values derived from the He3 Coulomb energy. Schiff also determines
the probability of the S-state of mixed symmetry which comes out to be of the order of 4%.

Concluding this section we would like to recall of a proposal by Drell and Zacharia-
sen(35) for measuring the neutronform factors from inelastic electron scattering in deuterlum
accordmg to the reactions : ,

e+H? —we+n+D o (61
e+Helse+p+d | : o (62)
The method is a convenient variant of the extrapolation method we. have des.cribed for the deu

terium, Inreaction(61) one extrapolates to the pole corresponding to the graph of Fig, 17 whe
reas in reaction (62) one extrapolates to the pole of the graph of Fig, 18,

For both extrapolations one will detect low energy deuterons with the same experimen
tal set-up, by only changing the target. Furthermore the poles correspondmg to the 1nter1ned1,
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" riant and gauge invariant amplitudes(38);

ate D for both (61) and (62) should give negligible contributions making the extrapolation pro-
cedure perhaps safer than in the case of the deuteron,

5 - PHOTOPRONDUCTION -

a) Phenomenological analysis,

We shall first summarize a few general notions on single pion photoproduction before
desgcribing the recent work on the subject.

FIG, 17 _ _ ' FIG. 18

Wecallsy = -(k+p1)2, 89 = -(k-pz)z, tE -(pl—p2)2 the kinematic invariants for the sin
gle pion photoproduction process (Fig, 19),

The initial and flnal nucleon momenta arepj and pa, the
photon momentum is k, e is 1ts polarization, and q is the pion
momentum,

K(e)

There are three independent isospincombinations: T,
{30( , and 1/2 ( Ty, Tq) where K is the isospin index of the
pion. The amplitude is then written as:

¥ =3 Say +l( Ty Ts)g('u (A0 (63)

where > (+) and 3( -) are isovector amphtudes (AI =" 1), whereas ? 1s the isoscalar am-
plitude (4T = o).

~The F's can be further decomposed as linear combmatlons of. the four Lorentz -inva-
MA = iy5(ve)(vK)

= 2iyg /(Pe)(qK) < (PK)(ye) /

= vg [(ve)(aK)-(¥K)(qe) ] -

Mp = 2vg /('ye)(PK) (VK)(Pe) iM(ye)(yK) ]
where P = 1/2(pg + py) and M is the nucleon mass,

2
os)

(64)

=
Q

. The amphtudefor'y+p —>p+n°15(7++\70) thatfor'y+p—-—>n+1r is 1/V2( F ™ +
+ F%©); that for vy +n —s p + " is 1//—(?' Z°); and'that for y +n -~ n+ n%4s (2 7+ - ),

In the following table we list the multipole transitions leading to a final pion-nucleon
state with relative 1 up to 4, The notation usually employed to denote the multipoles is the fol
lowing: E? denotes an electric multipole transition leadingto a final state where J =1 + 1/2

similarly, M+ denotes a magnetic multipole transition leading to a final siate with J = 1 i 1/2,

We write in the table the same transitions also in the more conventional notation: fl (J) for
an electric l-pole leading to a state of total angular.mormentum-J, and, similarly, ‘Mq(J) for
magnetic 1-pole leading to a state with total angular momentum J, We also indicate the known
pion-nucleonresonances with the quantum numbers of the final state. They are ‘called N for i
sospin 1/2 and 4 for isospin 3/2; there masses. in MeV are written beside their symbols al-

‘so indicated is the laboratory energy of the 7 at resonance,: The resonance at E =.1300 could

possibly be f7/2 or g7/2:
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The excitation of N¥ is known to be due mainly due to M{; also various analyses indica
te that the.transition to N¥¥ ig mainly due to Eo. :

TABLE I - Multipole transitions and pibn-nucleon resonances

final 1 final state multipnies . | “radiation multipoles - resonances
: - K
1=0 51/2 E, €,(1/2)
+ . - . |
L=1 Py/2 My £1/2) N(938), nucleon; E4 <0
' p;/Z EJI' IM; | £,(3/2) ]1_’”1(3/2)[ | sa238), N*; Ey = 340 MeV
- - - : : x%, -z
ey 4G/a |E2| M, 2,(3/2) 7/22(3/2) ) N(1510), N**; E5 =750 MeV
- + + ‘
‘?5/2 E, M, &,(5/2) ’mz(s/z) 7
3 - - \ . MOEX -
s fs/a CE; M, €,(5/2) 7713(5/2) N(1688), N*%; E = 1020 MeV
£ Ef ML €. (7/2) M1/ 2) ’ -
7_/2 f ? 4, _ 3 ? E, = 1300 MeV
L Gy E, M, - Er/2) My/2)

‘ ‘ ‘ .\ e . ‘ B
We have stressed this privileged role of My and E, by putting them into squares.
No similar conclusion has been reached on the excitation of N*¥¥¥, k

In a simple-minded Iow—eﬁergy approach to photoproduction (like that by Gourdin and
Salin) one would consider the Bornterms (direct, crossed, and photoelectric) (Fig. 20),

,/, : .
7 ’ -
7 e
v .

7
7

/\ ‘ (photoelectric)
FIG. 20 ' ! o

The contributions from the pion-nucleon resonances (Fig, 21) and _th‘e contributions from
plonic resonances (Fig. 22). ' :

(direct) (crossed)

FIG. 21 FIG. 22

We shall also refer to the direct and crossed Born terms as to the nucleon pole contri
butions, and to the photoelectric term as to pion pole contribution. These terms are indeed the
pole terms of dispersion theory; they are c‘avlculateyd using the renormalized coupling constant
“and including the electromagnetic interaction of the anomalous moments of the nucleons,

A simple examination of the isotopic spin properties of each contribution shows that:
the nucleon contribution and the contributions from nucleon isobars with I = 1/2 (all indicated
with' N) appear in all three amplitudes FH, (-) and '77(0); the contributions from nucleon
isobars with I = 3/2 (all indicated with ‘4 ) appear only in the isovector amplitudes () and
3 (-) (the photon has to transmit A1 =1 to produce the N — A transition); the w only contri
butes to ?(ﬂ, the = only to ?('f), and the p only to # (o) (to sée this simply: in (63) ?.("f) on
1y contributes to w© production (the index &K =3)," & (-) cannot contribute to 70 production, be
cause of the vanishing of the commutator; F(+) and 7 =) are isovector while # (o) is isoscg
lar; the y coupled to' m + @ or 2w must be isovector, coupled to p + ™ must-be isoscalar; & can
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obviously only' contribute to > production, whereas & cannot contribute to &£°® production).
In summary we have: :

We see from the table that the 3-3 resonance does

amplitude ] contributions from not ¢ontribute to 9?(0). This amplitude may thus be sensi
. . - tive to the p. An experimental quantity particularly sensi-
FH1 N4, w tive to Z(o) is the ratio n~/nt (ratio of the eross-sections
(-) .- | of yn —> pw — nn+) called R, and given by
g() N4, ‘|,7() ;7(0|2/|5z()+ (o)) 2,
3o |
N, » p b) The isobaric model,

Gourdin and Sa11n(37) use higher spin fields to des
cribe the pion nucleon resonances and the pionic resonances, The results have a form similar
to those of dlsper‘smn theory calculations apart from subtractlon constants.

The crossed terms in the nucleon isobar graphs are not 1ncluded On the basis of an a
nalysm by Dennery(38) they are assumed to be negligible,

The contributionfrom the 3-3 resonance, N¥, is calculated by descrlbmg N¥ with a spin
3/2 field '\/’ (p. is a tensor index, ¥ has also splnor 1ndices) The »NN* vertex is described
by

M o= : e
H_\nx =T i vpapy +h,e. (65)
Three gauge invariant couplings can be written down for the yNN¥ vertex '
1) Tp¥5 % CRIMEREN AT 7
a4 < —eEiL: J +9, %, v:¥/F, . - (67)
'|.12 ¥ Y5d K oK, Y5 Ly .
5
1% - —e—~— [B,% vs¥% + % v5 9, ¥ /T (68)

[TRY)
One can readily show that H(4) and H(5) ‘are proportmnal in pho‘toproductlon (real photon). In

fact the difference CyH - CgHy is proportional to( d /2 XP)F - One choses Cy = Cjy and has
only two independent hamiltonians. The fit io the data gives Cq = 0,37 and C4 =Cj5 o 0, 004,

One. can conclude that the effect of the 3-3 resonance can be described only by H(3)
which corresponds essentially to a magnetic dlpole transition- IVI

The covariant:form of H(S) 1nduces however some relativistic effects which give rise
to a small electric quadrupole transition F1 :

~

Phenomenologlcal analysis gives EI/M"I' ¥_-4.5% in good agreement with such a sche-

me,

v The contribution from the second resonance, Nxx) can be derived by considering cou-
plings analogous to (65), (66), (67) and (68), except that a y5 must be inserted between ¥ and
’l,l« (N’m has parity opposite. to that of N¥),

The fit to the data shows that the effect of the second resonance N¥% can be described
by the hamiltonian anologous to u4) which gives essentially an electric transition.

Phenomenological analysis give Mé/Eé %2, 5%.

Contr1but1ons from N* are also added, .in the Gourdin-Salin analysis, by assuming
.Breit- ngner expressions for the relevant multipoles hg and M3

The p meson contribution is calculated assurning a.ymp vertex of the form

A ‘f‘ |J.\)p‘>‘ epKv qp ”7},- L o ‘ | (69)

. where A is aconstant ol, /4 are isospin 1nd1ces, # 'is the photon polar1zat10n vector, K is the
photon momentum, q-is the. plon momentum and ”Z is the p polarlzatlon vector, ‘A pNN vertex
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ig introduced of fh‘e form, in momentum space.,
[Cire +5C L‘Y Yot (PyPiha_/ T oo
where Cy and Cz are constants Jand P1. py are the initial and final nucleon momenta,

To the pole contr1but10n a subtractmn term is added,: as suggested by the dlspersmn re .
lation approach : '

: Couplings 51m11ar to {69) and (70); with obvious modifications, are also assumed for
the « . The constants Cy and Cq appearing in(70) are evidently related to the residui of the
pole of p in the Dirac and Pauli nucleon form factors, as calculated by the graph of(F g. 23,

" Precisely one has: Iml"‘(v) (t) = -(e/2) watr I (t-t,) and ImF

% ' . -(eg/2M)mwb S (t-t,), and a and b are related to Cy and Cy. One canthus
@ ' obtain the ratio C1/Cg from the nucleon form: factors.
1o . :
E .. 'One could use a s1rn11ar procedure for w , ‘excepts that the un~
/J\ ' certalnties are much larger v
FIG. 23 ' ’ ' . Onesees from the above summary that a large number of para-

meters are introduced in the Gourdin-Salin model to get a fit to the da-
ta. A fit at high energies also shows the necessity of 1ntr0duc1ng non-resonant P waves, -thus
1ncreas1ng the number of parameters : B

An interesting conclusion concerns the p and w. retardatlon contributions: no evidence:
isfound for such contributions, Morav1c31k(39) had obtained a 31m11ar conclusmn by extrapola
ting the data for neutral photoproductlon :

“The photoelectrlc term is found to be respon51b1e for the small angle behaviour of the
nt d1str1but10n, and for the rapid decrease of the total cross- section after the 3-3 resonance.

o Onthe other hand the crossed Born term only seems to a’ppear in the 7° data after 900"
MeV, L :

Non resonatlng 5-waves are 1mportant 1n the ‘region of the 3-3 resonance

A satisfactory fit is obtamed up to 900 MeV Interferences between resonatmg multlpo
les and the other terms are essent1al for the fit,

e) Apphcatlon of dispersmn theory

,( " This approach to photoproductlon, consistmg ina simple model with parameters fixed
to fitthe data, is very different in spirit to that by Hohler and Schmldt(‘w) who try to get from -
theorythe maximum of informatlon and look for dev1at10ns when comparmg with experiments.

Hohler takes into account only the’ well known pole terms and the contrlbutlon from the v
- resonant magnetic dipole, The contr1but10ns of the Im M33 to the dlspersmn integrals are cal
culated using for Mgy the formula g1ven by CGLN(36) -
B . iekng R o
| .M33 = T q_2 s1n‘o(33 e 33 . ‘ (71)
where, as before, K is’ the photon momentum and q is the pion momentum The p1on—nucleonv |
phase {33 is taken from the phase shift analysis d1rect1y

This work is closely related to a prev1ous work by Ba11(40)

1In spite of the absence of adjustable parameters no remarkable dlfferences are found
when comparing with the data up to about 500 MeV, :

.~ Differences, if they will become ev1dent may be due to various poss1b1e sources of er .
rors inthe calculation, The Mgg formula (71) may not hold at higher energies; final state in-:
teraction in other states may be important; the p and w contrlbutlons may become noticeable;

’ the contr1but1ons from N*%¥ may become. large ‘ '

It may be mentloned at this pomt that a due to understandlng the 1ack of contrlbutlonsr
from p: exchange in photoproductlon may be the hypothesis recently put forward by Low(41) of
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an approximate conservation law that forbids p — @ + .

- As for as N¥X is concerned, Hohler and Dietz, show, by an interference argument that
1tis mainly due to E, (as was suggested by Peierls, and in agreement with Gourdin and Salin(gn).

" d) The comparison of the Hohler and Dietz work to a recent work by McKinley(42) is ve
ry interesting, McKinley has found that the addition of other contributions to the amplitude as
givenby the sum of the Born terms ‘;‘and the contributions from the resonant multipole, appre-
ciably modifies the result, if such ferms are added following the prescriptions of CGLN,

To reduce such modlflcatlone] one has to add explicitly the p meson term and a term cor
responding to exchange of 3 w characterized by a v - 3w coupling constant.:

However the y-3n coupling | is expected, as shown by Ball(40) to influence mostly the
multipoles EtandaM; ; but final state interactions, different from the 3-3 resonant interaction,
may produce’ effects of the same order in exactly the samie multipoles, :

The isoscalar subtraction constant, which was found to be large by Ba11(40), is neglec
ted by McKinley, One may also suspectthatthe calculations of the additional terms performed
by McKinley may be unreliable partly because of failures of the CGLN approximation and par-
tlybecause of uncertainties in the T = 1/2 #-N phase shifts, A definite judgement on these que
stions is very hard, :

One can learn from the preceding discussion that the recognition of effects such us the
pand @ terms and final state interactioninnon-33 states, and other similar contrlbutlons, from
the analysis of photoproduction data below 500-700 MeV is not at all an easy task, It may hap_'
pen that the amphtude is really due, almost entirely, to the Born terms and the coniributions
from the resonant multipole to the dispersion integrals, Or it may happen that other contribu
tions are singly important, but when are all added up in the squared -amplitude, averaged over
polarizations, their effects become masked.

We hope that the experiments with polarized photons that have recently been started at
different laboratories will bring us a better understanding of suich problems,

6 - ELECTROPRODUCTION -
a) The pion‘el‘ectroproduction reactions

etp —e+p+n® ' (72)
e+p —e+n+gt S (73)

offer, inprinciple, a possibility for determining the pion form factor and the neutron form fac
tors, Atpresent, a determination of the pion form factor from electroproduction does not seem
tobe experimentally easy; on the other hand a determination of the neutron form factors from
electroproduction is possible,

The electroproduction matrix element is related to the matrix element for photoproduc
tion from a virtual photon, as shows the graph of Fig, 24,

One is particularly interested in the pole contributions to the re
actions, which for =t electroproduction (reaction 73) correspond to the
graphs of Fig, .25, while for n9 photoproduction (reaction (72)) corres-
pond to the graphs of Fig, 26,

A study of the feasibility of the extrapolation to the pole corres-
ponding to the graph of Fig. 25c) was made by Frazer(43) who found that
an improvement of the expemmental accuracy was necessary to make
the extrapolation possible,

FIG, 24

The 9 electroproduction process has poles. cofresponding to an intermediate proton,
as represented by the graphs of Fig, 26 a, b, whose residui depend on the proton form factor
at K2 (K is the momentum of the virtual photon), -

The possibility of a measurement of the neutron form factor from =+ electroproduction



417.

can be seen from the occurrence of the graph of Fig, 25 b, with a resuduurn at the pole depen "
ding on the neutron form factor

1Y n
(b) ()

Furthermore in « electr'oproduction the graph of Fig, 25b, interferes coherently with
other graphs, such as those of Fig, 25a and 25¢, thus allowing a determination of the sign of
the neutron form factor,

FlG. 25

{a) (b)
FIG. 28

In the low energy region, for fixed Kz, the cross-section will show a peak when the fi
nal pion-nucleon energy, in their center of mass, comes close to the 3-3 resonance, The do--
minant amplitude is the isovector magnetic dipole M{, from analogy from photoproduction by
a real photon, and will be proportlonal to the magnetic isovector nucleon form factor, -that is

to Z__F(p)(KZ) (n)(KZ) /

b) A recent theoretical contribution to electroproduction is due to Salln(44) who has e
xtendedto virtual photons the model previously employed for the gtudy of photoproduction(37)_
The model consists of the Born terms plus the 3-3 resonance contribution described by the di
rect graph with an intermeédiate N¥ with the coupling terms (66), (67) and (68), The K depen—
dence of the yNNx vertex is' deduced from the dispersion theory considerations by Dennery(38)
showing a proportionality to the magnetic isoveector form factor. The electroproduction diffe-
rential cross-section, for non-observed final pion is compared with the data of Ohlsen(45) and
Hand(46) showing that the Dirac neutron form factor has perhaps a negative sign and at same
time thatitis practlcally imposgsible, at this moment, to extract the pion form factor from the
. data, The conclusions depend oh the values assumed for the other form’ factors, to be taken
from electron-nucleon data,

Sahn also examines possible ways of determining the neutron form factors only from
electroproductionand suggests a measurement of the transverge part of the cross-section, and
observation of the recoil proton in 70 electroproduction.

The measurement of the longitudinal and transverse parts of the electroproduction cross-
section would also be important for the evaluation of the neutron-proton.mass difference in
“the d1spers1ve formulation of this problem(47). The relevant expressions have been recently
produced by Cottingham(48), ‘ '

It would also be of interest to measure pion production from muons, p+p — p+p+m,
which could give information on the muon electromagnetic interactions, This process was stu
died some time ago by Von Gehlen(49), who discussed in detail its phenomenological relation
to electroproduction, : ‘ :
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