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INTRODUCTION, -

Nature has provided us with good probes of the electromagnetic structure (E, M. S.)
of stable particles: as we know, these probes are the charged leptons {w, e

.By means of a high energy lepton 1 the structure of a target particle T, conside-
red as a whole, can be studied by performing elastic scattering experiments of 1 on T, This
line of investigation has been persued during last 15 years, and has: provided a large guantity
of information about the E, M. S. of the proton, the neutron and the pion,

o Qomplementary information can be obtained through the production of a TT pair by
lepton-antilepton annihilation. Experiments in this category have become possible only in the
last few years through the operation of ete- storage rings at Orsay, Novosibirsk and Fragecati,

As a consequence of some rather general hypotheses, the amplitudes for both the
elastic scattering, and the pair production processes can be written in terms of a small num-
ber of form factors, which summarize the information on the E. M, S. of the target hadron T.

The form factors are analytic functions of one single variable q2, the square of
the four-momentum transferred by the projectile lepton to the target hadron, The form fac-
tors are explored for essentially negative values of their argument in the scattering reactions,
and for positive values in the pair production experiments(x :

If T were really elementary, the above categories of experiments would provide
all the possible information on the E. M.S. of T. This is however not true, and we know that
the impact can excite T, or produce particles on it,or breack it into its constituents, Additio
nal infermation onthe E, M, S. of T can be obtained by studying these processes. - the inela-
stic scattering processes, While in the elastic scattering the kinematics is completely known
once the momentum of the final lepton (or of the recoil target particle) is measured, in inela
stic processes.the complete knowledge of the final state configuration cannot be achieved by
detecting a single particle. The study of inelastic processes based on a detailed study of the
final:state becomes therefore very difficult both experimentally and theoretically,

However, some relevant insi,g"ht into the E. M. S. of T can be achieved also through
the partial knowledge of the final state which is obtained by measuring only the momentum of
the.final state lepton. These experiments - the so called inclusive experiments - have been
an important field of investigation during last few years. The corresponding of inelastic pro-
cesses in the time-like region are of course the production of many-hadron systems from
ete~ interactions.

(%) - Throughout this paper, the following convention is used:
2 1 2
Q" = apat =E" -|p|

2

so that positive q“ are t"iﬁie—like; and negative q2 are space-like.



2,

The following four categories of experiments are the object of this purely experi-
mental review article:

a) elastic scattering experiments of leptons on nucleons and on virtual pions;
b) inelastic scattering experiments of leptons on nuclear targets (inclusive);
¢) hadron-antihadron pair production from ete- interactions;

d) production of multihadron systems in ete- collisions.

In addition, we will review the experimental evidence for the validity of the hypo-
theses which allow us to express the results of the experiments in terms of structure func-
tions of the hadrons involved in the reactions,

PART I. - SPACE-LIKE REGION. -

L. 1. - VALIDITY OF THE UNDERLYING HYPOTHESES IN THE SPACE-LIKE REGION., -

The hypotheses which allow one to express the elastic and inelastic. scaitering
ampl(itudes in terms of structure functions of the target hadrons are essentially the follo-
ing{l+ 3
wingtl +

a) The scattering amplitude is well described by the first order, one photon exchange (1 - PE)
Feynman diagrams.

b) Charged leptons behave as pointlike Dirac particles.

c¢) The photon propagator is given by (1/q2), the inverse of its four-momentum squared.

. The validity of more general hypotheses - Lorentz invariance, parity and time re
versal symmetry, invariance under rotations in the isospin space, and gauge invariance -
.will be assumed to hold in Electromagnetic Interaction without discussing their experimental
foundation.

Let us instead review the experimental support to the above hypotheses a), b) and
¢} in:the space-like region.

1.1, 1. - One-photon exchange hypothesis, -

Due to the smallness of the electromagnetic coupling constant a= (ezl,hc) ~(1/137)
the first order one-photon exchange contribution Aqy (proportional to @ ) to the scattering
amplitude in lepton scattering is expected to dominate over the second order (proportional to
a2) and higher order contributions,

Despite the technical difficulties(4), the contribution of higher order diagrams can
be calculated in detail in the case of lepton-lepton scattering described by pure QED, This
contribution; . which depends in part on the features of the experimental apparatus, does not
exceed in general a few per cent; it can therefore be treated as a correction (radiative cor-
rections), and the 1-PE contribution to the scattering amplitude can be accurately extracted
from the experimental data. In the case of lepton—hadron scattering, the problem is trea-
ted in a similar way: at each order, the knowledge of the hadron structure which is needed for
the calculation is derived from the results of the lower order approximation,

Some doubts, however, have been . raised about the correctness of thig procedure,
In particular, it has been pointed out that the interference term 2A1y Re AZY %) between the
1-PE term and the contribution Agy from the graph '

1'

e ;

(%) - Due to gauge invariance and current hermiticity A1y is real
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when evaluated with the above5procedure could result in large uncertainty, since possible re
sonances could enhance Aq (5, 6); Since the magnitude of Agy has been determined by se-
veral experimental investigations, we can consider these as tests of the correct evaluation
of Apy with the standard radiative correction techniques. These experiments are based on
cross-section measurements, on the comparison of 1--p with 1*-p elastic scattering cross
sections, and on polarization measurements,

2. - Cross-section measurements. Rosenbluth plots, -

Lorentz invariance, gauge invariance and the 1-PE hypothesis lead to the form of
the electron nucleon elastic scattering cross-section known as the Rosenbluth formula(3);

: " F 2
(1) g% - A [9‘%;+im cotg?0/2 + 2rGfV[]
where
(2) » A- ez)2 ; RETI
. (ZEO 2 0/, (1 2By 6/, dfl g g 9/,
2

(3) B T = i%/_[—z ‘;"

0 is the electron scattering angle, E, the energy of the incident electron and M the nucleon
mass, The form factors Gg and Gm are real functions of q2 only, related to the Dirac and
Pauli form factors F1 and Fo (see Section I, 2, ). '

Plots of R+ ((1/A){(d o /df)) versus cot‘cg2 8/ at fixed q2 are known as Rosenbluth
plots-and are straight lines of slope (GZ + 17G12V[)/(-1+ 7)and intercept 2% Gl%/[' Deviations of
the experimental points from the Roserﬁaluth plot would imply the breakdown of one of the hy-
potheses, the weakest of which is the 1-PE approximation,

Experimental tests of the Rosenbluth formula have been extensively made(ﬂ. We
report an example in Fig, 1.

X The Rosenbluth behaviour has also'been tested in u-p scattering(g), as shown in
Fig. 2.

Agreement has always been found within the errors. It is worth recalling, however,
that only the real part of a p\ossible 2-PE amplitude Agy gives an ad contribution to the
cross-section, and in addition even a non vanishing ReAgy does not necessarily destroy the
Rosenbluth behaviour(6),

b. - Comparison of 1+—p and 1 -p cross-sections, -

While the modulus squared of both the Aqy and the Agy amplitudes are obviously
even in the charge of the incident lepton 1, the interference term is odd:

2

+2A_, ReA

. ’ +
(4) ‘ —= = A" ¢+ 17 oy

6% and o- are the cross sections for e'( #) and e7( p-).scattering.in the same kinematical

situation,

The comparison of the et( ut) and e( @) scattering cross-sections has been per-
formed by many authors(? + 1
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The summary of all the experimental results available is given in Fig. 3 and 4, in
which R = (ReAgy [Ayy ) = ((1/2) (6™F - 07 (0T +.07)) is plotted versus -q2. [Eor elec-
trons, R appears to be smaller than ~1% for 0. 01 < -q% <1 (GeV/c)?, and smaller than ~2%
up to -g2 = 5(GeV/c)2. In the case of muons{8), only -q2 & 1(GeV/c)? have been explored
with a lower accuracy.

¢. - Polarization measurements, ~

In the 1-PE approximation, gauge invariance and the hermiticity of the E. M. cur-
rent restrict the elastic 1-p scattering cross-section to have no spin dependence, In other
words, both the polarization P of the recoil proton and the asymmetry A in the scattering
of leptons from a polarized target must vanish,

Due to the presence of an iraaginary part of a two photon amplitude, however, A
and P could be different {rom zero. If T-invariance holds, then A =P are linear homoge-
nous functions of the imaginary part of the two-~-photon exchange spin amplitudl'es(ls).

(17 + 21)

Both A and P have been experimentally investigated in e-p scattering
The results are summarized in Fig. 5,

No evidence for A or P different from zero appears in the explored q2 range
0.2 < ~q2 <1 (GeV/c)Z. The experimental accuracy is typically 1 + 3%.

1.1.2. - Tests of the photon propagator and of the point-like leptons. -

We now consider the experimental tests of the two hypotheses b) of the point-like
leptonsand c) of the 1/q2 photon propagator. These experiments go usually under the name
of tests of the validity of QED (quantum electrodynamics).

Here, we review only ...those¢ which are relevant in the spirit of testing the lep-
tons as good probes of the E. M, structure of hadrons; i.e., we are interested in the experi
mental proof of the hypothesis that the vertex function and photon propagator in the graph

- v

1
J '
(5) \57/
$

(1 and 1', the initial and final lepton, being both on their mass-shell) can be written accor-
ding to-the rules of pure QED, i, e. Tu and l/q2 22 respectively.

The most general modifications of QED allowed in this case by gauge and Lorentz
invariance are

2 2
(6) tp — W F @) +koyy o Folq)
2
1, M)
(7) 5 5
q q

The restrictions on Fl’ ¥, and M required by general principles(ZP’) are not rele-
vant in this context.

The g-2 experiments(24) ()

allow us to .conclude that sz(qz) =0
point of view, absolute precision.

with, from our

(%) - The measurement of a static quantity like g-2 gives information also on the values of
the form factors at q27‘0. For details see, for instance, K. Okamoto, Nuclear Phys. B4,
226 (1967),
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FIG. 4 - Comparison of the u™-proton and ,u+_—pr0ton cross-sections, The
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sus —q2. Data at two different primary muon energies are shown: open cir
cles 8 GeV, black circles 11 GeV.,
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Thus, the most general form of (6) becomes
8) F (g2
( Yu —* l(q ) u

For space-like values of q2, F§( 2) and M(qz) have been measured, in the case of electrons,
by means of the e"-e” (Mgller)(25) ang ete- (Bhabha)(26) e1astic scattering. The Feynman
graphs which describe these processes to first order are
-
\ e~

e” e, e~ e~
e’ e”
t
NNANNANAA —
et et
et o™ p

Bhabha

Mgller

‘The amplitude corresponding to each graph is obviously proportional to M(qZ)F%(qZ).
Since g2 is not the same for the two graphs 'contributing to each process, the ratio R =( Uexp)/‘
/( G, in terms of which the experimental data are conveniently expressed, is not proportio
nal to Mz(qz)Fl(qz). However, in the kinematical regions explored by the experiments, one
graph (the one corresponding to the lower value of the momentum transfer squared, qz, which
is space-like also in the Bhabha scattering), usually dominates the other so that R is approxi
mately proportional to Mz(q%)F 1{dg). InFig.6, R (for both Mgller and Bhabha scattering) is
shown as a function of -Qg. In the Stanford I 27) and 11(2 experiments the absolute value of
the cross-section is not measured: therefore the average value of R has been normalized to 1.
In the Frascati data(29 + 31) and in the Orsay point(32 , in addition to the statistical errors
{bars), the systematic uncertainty is also displayed (boxes), including the overall normaliza-
tioniuncertainty in each experiment,

The above data form e -e"and eT-e" storage ring experiments allow us to conclude
that the possible form factor of the electron is tested to be equal to 1 to within ~1 + 2% (F‘%
within 4 + 8%) up to -¢% ¢ 1.5 (GeV/c)2; and within ~5% (FLll within 22+ 20%) up to about
2.5 (GeV/c)2, M(g2), appearing in R only squared, is measured with about twice as large a
relative érror.

In the case of muons, no scattering measurement on lepton targets has been perfor
med. However, the muon structure in the space-like region has been investigated by compa-
ring the muon-proton elastic cross-section doy, /dS) with the electron-proton elastic scatte-
ring- dog/df) in the same kinematical situation,

In the ratio Xy, e = (do‘u /d6g) the proton structure contribution cancels out (and
the same is true for a possible modification of the photon propagator M(q?)), so that “, e
turns out to be proportional to Fl% (qz)/Fi(qz).. The results of this comparison!33, ?4 in the
case. of lepton-proton elastic scattering is shown in Fig. 7. The ratio Fu,e= \Fy,(qz)/Fe(qz) is
displayed as a function of -q2 (0, 1 £-92 £1 (GeV/c)2), F ¢ does not appear to have any
appreciable c_[2 dependence within the errors; its absolute vélue, however, appears to be
=2 0. 96. This 4% discrepancy, six standard deviations outside the statistical e€rrors, corre-
sponds to ~8Y% difference in the cross-sections, The authors(33, 34 do not exclude a possi-
ble systematic normalization error: of this size in either the muon or the electron experi-
ments,

Similar tests have also been performed by comparing p-p with e-p inelastic scat-
tering experiments, These inelastic processes allow us to compare the muon with the elec-
tron structure even better than elastic scatiering experiments, In facta larger category of
kinematical situations can be explored in this case. In particular the large values of the ine-
lagtic cross-sections allow us to have a statistically significant measurement of F e up to
¢ 223(GeV/c)2, The result is(35,36) that e can be fitted with a straight line N(1-q2 K2),
with N = 0.946 + 0. 042 and K2 = (0. 021 + 0, 021) (GeV /c)-2.
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Again the slope of F”U e -Is compatible with zero, the absolute value (although smal
ler than one) being consistent with 1 within the errors,

1.2. - NUCLEON FORM FACTORS, -

The most general form of the matrix element of the E. M current of a nucleon be-
tween two states of four-momentum p and p' (p2=p' 22 M2) 1s(1

(9) <p'}d [p>~<plF(q)m +k0qu(q)p>

where au= P;';, - P is the difference between the final and initial nucleon four-momenta; k is
the anomalous magnetic moment pu-1. F_  and F_ (the so-called Dirac and Pauli form fac-
tors) are restricted by the requirement of the hermiticity of the E, M, current to be real for
q2 < 0 (space-like region),

As a consequence of the hypotheses discussed in the previous section, the cross-

-section for lepton-nucleon scattering turns out to be a rather simple expression of E (ener
gy of the incident lepton), 8 (scattering angle), F1 and F% By performing at least two cross—
-section measurements at the same value of ¢“, but at different angles and energies, Fl and
F5 can in principle be evaluated, although it is quite a complicated numerical procezdure b
This procedure becomes quite snnple if weusolve in terms of two other functions, Gy and Gy
Gg and Gy, the so called "Electric" and "Magnetic' form factors, are related to ¥ and F
as follows: (37)

“Gum + CE
Gp = F, - okF, Fl= 777 ,
=4
(10) ( ;)
Gy . O 4M
= + R e ——
Gy =F ) *kF, F Qi sox

As usual, from here on we will attach when needed a second index P or N to the
form factors according to whether they refer to the proton or to the neutron, The isovector
and isoscalar form factors are also conveniently introduced

Gmv = Gmp - Gun
Gms = Gmp * Gun
Gev * GeEp - Gen
Ggs = Gep * Gen
In terms of GE and Gy the elastic scattering cross-section assumes the simple
form (1), and G% and G §y are simply related to the slope and intercept of the Rosenbluth
plots. It is worth notlcmg, however, thatas 7 = (- q /4M ) grows larger than 1, the cross-

-gection becomes less and less dependent on Gf;. As a consequence, at large values of -q2
G is difficult to measure.

Elastic scattering experiments of eléctrons on nucleons have been performed for
more than 15 years.

A summary of the proton results is presented in Figs, 8,9,10, 11, 12 and 13052, 53).

In Fig. 8 GEP(q2) is shown. In Fig, 9, GMp(qZ) for - 2 € 150 £-2 is presented.
When -q° is larger than ~50 £~%, the errors on Ggp become very large, and no measure-

ment is available for -g% > 100 f-2, At higher values of -q%, the Ggp contribution to the
cross-section becomes in fact so small that only Gpip can be determined. This is usually
done by assuming in this high —q2 region the same relation between Gyp and Ggp which ex
perimentally approximately holds at lower momentum transfers, namely Ggp c!(GMp/yp)
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(see the following), Actually, the cross-sections in the -q2 region above ~150 £-2 depend
so little on Ggp, that the data points on Gyqp presented in Fig. 10 would remain the game
within the errors unless Gpp exceeds Gyp by more than one order of magnitude. The fact
that Gpp(g?) = GMP(qZ)/ #p = 1for -q¢ =20 is required by the interpretation of the form
factors as Fourier transforms of the charge and magnetic moment distributions of the pro-
ton(6): this picture is rigorous in the static limit —q2 =3 0, On the contrary, at large mo-
mentum transfers the Fourier transform interpretation is far from being rigorous 31 , and
an attempt to explain the rapid fall-off of the form factors for increasing -q2 with a hard-
-core of the nucleon is therefore arbitrary.

It is easily seen from Figs. 8, 9 that Gpp ~(Gyp/ #p). To what extent this famous
relation ("'scaling law') really holds is better seen in Fig, 11, where the quantity (#pGgp/
/GMP)2 is shown. We see that for -q2 ) 30 £™2 deviations »20:30% are experimentally
found.

The scaling law for the proton form factors is to be considered an approximate
mnemonic rule. Its theoretical foundation (quark model, SUg 54 ) is rather weak., In addi-
tion, in the time-like region, its validity near threshold would cause serious problems (see
section IL. 2. ).

Another useful mnemonic rule (with no theoretical foundation) is the so-called
dipole fit, i. e, GMP/‘“P 2Gp= (1 - (q2/0.171 (GeV/c)Z))'z. The comparison between
GyMP/ pp and Gp is shown in Fig. 12, 13 where the quantity GMP/#PGD is presented, The
dipole fit appears to hold within 2Z30%,

The situation on the neutron form factors is much less clean. This is due to the
fact that free neutron targets are not available, so that the information on e-n scattering is
extracted using a quite complicated and model dependent procedure from e-deuteron, (e-d),
elastic and inelastic scattering, Some information at very low momentum transfers is also
obtained by scattering low energy (thermal) neutrons on high-Z atoms., An excellent review
of the methods used to extract GEN and GpN from the experimental data can be found in
ref. (6).

The difficulty in the experiments of scattering of neutrons on atoms (first perfor-
med by Fermi and Marshall(55)) is to separate the coherent scattering amplitude on the nu-
cleus from the scattering amplitude of the neutrons on the atomic electrons.

Different atomic targets and analysis methods have been used in different experi-
ments. The results expressed in terms of (dGEN/dqz) ’q2=0 are in fair agreement:

TABLE 1
Author N. Ref, dGEN/dg? GeV/c) 2
Krohn I 56 0,459 + 0,02
Krohn I1 56 0,50 =+ 0,01
Melkonian 57 0,575 + 0,019
Hughes 58 0.512 + 0,019

dGEN/dq2 is related to the root-mean-square charge radius of the neutron( 6 )

. dG
(12) &2 L] E
¢ 6 dg q2=0

which can thus be considered known - including uncertainties from the models - to within
~5 + 10%.
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At higher values of -g2 (0,3 < -q2 £ 20 £-2) Gy can be extracted from elastic
e-d scattering measurements, once the electric proton form factor Ggpp and the deuteron
structure are known. In fact the e-d elastic scattering cross-section can be written as(6);

do . dg 2 2 26
(13) (d~ﬂ—) = (a[—o-_l)l\/[ott [A(q )+ B(g") tg ZJ

A(g?) and B(q2) contain the charge, magnetic and quadrupole form factors of the deuteron, in
addition to the isoscalar (the deuteron has T = 0} nucleon form factors. For electron scatte-
ring angles 8 smaller than 15° the term B(qg2)tg2 8/2 contributes less than 0. 1% to the cross
section and can be neglected. Equation (13) takes then the simple form.

(14) _C_l_g ~ (SLQ_) A(qz)

s0 that cross section measurements allow one to determine A(qz). Notice however that for
—q2 o2 15 £-2, A(qz) is as small as ~10-%, so that experiments become very difficult.

in turn
2 2 2 2 2
Gig (g 2 Gy lg) o 2G
(15) A - 2Ed9) 8 7 Sqa L2 " Ymd
147 9 1+ 3 1+t
where
2 2. 2
Grq (47) = 2 Ggg (47 ) Fy (99

Gpq (a?) = 2 (Md/M) Gyg (0%) Fppg (q2)

Fr4, FQq and Fypq, which describe the deuteron structure, can be calculated from the non-
-relativistic deuteron wave functions for the S and D states. Several models are available
for this purpose (Hamada-Johnston(Sg), Me Gee(60), Feshbach—Lomon(Gl), etc. ). Relativistic
corrections have been evaluated by F. Gross(62>.

The experimental values of A(q2) are compared with the different models. It turns
out that no model fits the data if GEN is put equal to zero, This leads to GEN # 0, the actual
value of Gmy depending however on the wave function of the deuteron used in the analysis,

A review of the results for Gpn obtained with this method can be found in ref. (63).
In Fig. 14 the results obtained with the Feshbach-Lomon model are shown'63 . Relativistic
corrections are included(sz); the four-pole fi‘t(64) for the electric proton form factor is used
(to extract Ggy from Grg, Grp must be known, see (11)). The data points are from ref,
63, 65, 66, 67, 68, 69. The dashed curve is GEN = My L'GEP('H)), which corresponds to
the assumption FlN = 0; the dashdot curve is GEN = (,uN'c Jl+47T) GEP(71>; while the solid
curve is the best fit to the data points with a curve Gy = (BT /l4bT) Gy p, where the pa-
rameter b turnsout to be b = 5, 6.

At higher values of g2 (—q2 » 15 f"z) the neutron form factors can be determined
by means of inelastic electron-deuteron scattering experiments.

At sufficiently large momentum transfers the nucleons can be treated as approxi-
mately free (impulse approximation), but with a momentum distribution given by the deuteron
ground state wave functions (Again the knowledge of the deuteron wave function is needed)(G)

Inelastic e-d scattering experiments have been performed, detecting either only
the scattered electron (non-coincidence experiments), or the scattered electron in coinciden-
ce with the proton or the neutron (coincidence experiments). Small corrections are needed in
this case due to the tail of the deuteron wave function and the final state interaction.
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. , 71 Ref.66 A Ref.69
o Gpya) X Ref. 63 O Ref.67
7 O Rel.65 o Ref.68

018

FIG. 14 - The neutron electric form factor GEN(qZ) derived from elastic electron-deuteron
scattering measurements, The Feshbach-Lomon deuteron wave function was used. The da-
shed line is GgN=upT GEP’ which corresponds to the assumption Iy, = 0; the dashdot curve
is GEN = (unt/1+4'c)GEP; the solid curve is the best fit to the data points with a curve
Ggy = (upt /1+b7) Ggp (b, free parameter, turns out to be b= 5. 6).
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FIG. 15 - G%‘N as determined from ine
lastic electron-deuteron scattering is
plotted against -q2,
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In Fig. 15, 16 Ggn and Gypn as determined in inelastic e-d scattering measure-
ments are shown. In Fig. 15 Ggy is shown, and compared with the same models as in Fig, 14,
In Fig. 16 G is shown. The data of some old experiments, not shown directly in the figu-
re, have been used in more recent papers to improve the quality of their data, and are the-
refore quoted under the reference of the most recent analysis. The points at -g2 > 50 t-2are
upper limits,

In Fig. 17 the ratio upGyN/# NGyp is shown, We see that also the "scaling
law"(54), GMN/#N = Gpmp/#p approximately holds,

1.3. - PION FORM FACTOR. -

The most general form of the matrix element of the E. M. currentof a spin-0 par-
ticle B is

() <elale> = P @i py)

As a consequence of (17) and of the usual hypotheses, the cross-section for elastic scattering
of electrons on B can be written as(6)

do deo
(18) == () «F {q)
do d Qg

where F(qz), the form factor of the target particle, is a function of q2 only and is real in
the space-like region.

Elastic scattering experiments of electrons on free pions are however not possible,
and elastic scattering experiments of pions on electrons have not yet been performed. The in
formation available on Fy (g2) in the space-like region has been obtained by scattering elec~
trons on virtual pions, namely through eleciroproduction experiments of pions on nucleons
near threshold. In this case, however, the connection between experimental data and F, is
much more complicated than (18), and is in addition model dependent.

This is due to two facts:

a) In electroproduction processes (e. g. e +tp—p e” + n++n) the contribution from

the graph e o
-~ //
~
"pion-pole" N
/ m™
(19) e
/ \

P n

(which is relevant for the determination of Fg) is due to an off-mass-shell pion interacting
with the nucleon,

b) The contribution from the graph (19) must be separated from the contribution

of othe hs, e, g.
) rgraéo 8, e.g ! e e \eL'le/'
/ . -~
-7
/ P
(20) A -7
(1238) — \ P
“p n B
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whose contributions are expected to be important in the electroproduction process near thre
shold,

The electroproduction cross section - under the 1~ PE assumption - can be writ-
ten as(80)

3
d o _ d
21) dE'dn dnX I;)h dn*
e 7T b1
‘E' = energy of the scattered electron in the lab, system

dfL = sinBy dbe d e element of solid angle of the scattered electron in the lab, system
dNX = gin 8¥ d6X% dq)ft element of solid angle of the produced pion in the c.m. system of the
hadrons in the final state.

n

The factor I n contains the electrodynamics of the process (electron-photon ver-
tex and photon propagator) and do /dﬂ_;i, is the cross-section for pion photoproduction by vir
tual (polarized) photons :

™

4% - A+ gB+ €C sin’ 6k cos’ go;+\/ze (1+&) D sin 0] cos @y,

d.an

(22) p
17

where € , the polarization of the virtual photon, is given by

2 1312
2|

with P three momentum of the photon in the lab. system, The functions A, B, C and D con-
tain the information on the structure of the hadrons involved in the process, i.e. they depend
on the form factors at the vertexes [y .n:n], EyNN], [y NA] (4= 1238 3/2 3/2 reso-
nance). The first term A is the differential cross-section for unpolarized transverse virtual
photons; the second term is the contribution from virtual longitudinal photons; the third term
from linearly polarized transverse photons; and the last term represents the interference bet
ween the transverse and the longitudinal amplitudes.

~1
€= (1 + ftanz %Q) ,

In order to extract from the experimental data the pion form factor F” (q2), i. e,
the [y :rm:] vertex function, the contribution from the 1-pion-exchange pole diagram (19) must
be isolated. For this purpose a detailed phenomenological theory of electroproduction is nee-
ded. Many different approaches have been tried by several authors. Dispersion relationss81+86)_
isobaric models(87), current algebra techniques and the PCAC assumption(ag) are the main
ingredients in the calculations. A rather complete list of references can be found in ref, (80).
The experimental information comes mainly from reactions

(23) e+tp——et+n+tal

(24) e+tp—>etpta’

in which one of the hadrons in the final state is detected in coincidence with the scattered
electron. Reaction (24} is particularly relevant to a detailed phenomenological understanding
of the electroproduction process since in this case the pole-diagram (19) does not contribute;
in particular the so called "transition" form factor Gpnra (qz) to the first A4(1238) resonance
(namely the'fy NA]vertex function) ean be evaluated. This makes easier the interpretation
of the more complicated data from reaction (23) in terms of Fry (qz).

In Fig. 18, .a summary of the experimental information available on F (qz) is
shown. In several cases the experimental data have been analyzed using different theoretical
models: this gives an idea of the dependence of F (62) on the method of analysis.

An additional uncertainty connected with the models, which does not show up as a
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FIG, 18 - The pion form factor Fn-(qz) as determined from electroproduction experiments, In
correspondence with each point we quote both the reference of the experiment (e, g. Mistretta
ref, {91)) and of the model used for the analysis (e.. g, Dombey, ref. (89). The slopes expected

at q2 =0 for three different values of the pion radius ¥ <r2» are also shown.
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difference in data points coming from different types of analysis, is the uncertainty in the
foundation of hypotheses which are common to different models,

An important example of this kind has been pointed out by Dombey & Read(89, 96'),
and is related to our ignorance of the lower vertex of diagram (19). In current algebra tech-
niques (PCAC), the pion field is related to the divergence of the axial weak current associa-
ted with the nucleon. This brings about the axial form factor of the nucleon Gp. Usually
GA = GEP is assumed. If one however does not make this more or less arbitrary assump-
tion (which is actually justified by chiral symmetry), at each value of g2 a large band of pos
sible values of ¥ (q2) can fit the experimental data very well by properly choosing an asso-
ciated value for GA.

In Fig. 18 three slopes expected at q2 = 0 for different pion radii \/5_3) are also
shown. It appears that at this stage V<r2> is still poorly determined by electroproduction
measurements.

1.4, - THE A(1238) TRANSITION FORM FACTOR GMA. -

When the invariant mass of the m-nucleon system in the pion electroproduction

process is near the 4 (1238) mass, the reaction is dominated by the production of the 4
resonance,

This is expecially true for reaction {24) to which diagram (19) does not contribute.

If we treat the 4-resonance as a particle, then the cross section can be written

as(97)
(25) ﬂ.:g ._Lg?_l._i. G 2+G 2+2.h2L8 G 2
dQe NS 4m2 &€ I MA! l EA' B2 l CAI
where
2 %
i o cos 5
INs

- 5 [
4% sin® = [1 + 2(E/M) sin® 3‘3]

E energy of the incident electron; —15 three-momentum of the virtual photon in the 4 rest
frame. GMA(qz), GrAla?) and GcA(qz) correspond to the M, Ey and Cg (Coulomb octu-
pole) which can excite the J=1/2% to J=3/2" transition, Both on theoretical(98) and expe-
rimental grounds(gg) Gr4 and Gg 4 are expected to be much smaller than Gy 4, and are
usually neglected in the analysis of experimental data. In this case equation (25) assumes a
very simple form allowing one in prj.nciple to measure quite easily l GMA‘ 2, Notice in parti
cular that according to (25), ] GMAI 2. can be measured in experiments in which only the scat
tered electron is detected.

In practice, however, there are problems connected-with the:contribution of non-
-resonant background and with the large width of the A-resonance. A detailed phenomenolo-
gical-theory of electroproduction is again needed, ‘although the situation'is’much simpler than
for the determination of the pion form factor F. '

The information from coincidence experiments is in practice needed for the multi-
pole analysis of the electroproduction data, in which case Gyy 4 is simply connected to the
g2 behaviour of the My multipole contribution{97),

The experimental situation for Gyr4 is summarized in Fig. 19. The value at q2 =0
determined, from photoproduction data is 3. 00 + 0. 01097, with increasing -q2 Gppga drops
more rapidly than the proton form factors, as shown in Fig, 20 where the ratio of Gyj4 to
three times the dipole fit is presented.
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3 1*5 0 PHOPRODUCTION
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FIG. 19 - The transition form factor Gpma to the first nucleon isobar A(1238) as determined

from electroproducti_on experiments,
ments; see ref. (97).

The point at q2‘

=0 comes from photoproduction experi-
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I.5. - DEEP INELASTIC ELECTRON NUCLEON SCATTERING. -

An extensive systematic investigation of electron nucleon inelastic scattering has
been carried out during last few years at SLAC by a SLAC-MIT collaboration(102), These da
ta include measurements at large values. of !q2| and correspondingly large energy transfers
to the nucleon (deep inelastic region) and are of the inclusive type, i. e. only the scattered
electron was detected. Some coinciderice measurements - with the detection of part of final
state hadronic products - have also been performed(103): however, these investigations are
only now beginning and the results cannot yet properly be included in a review paper.

Also, since the inclusive - type data come essentially from one single experi -
ment(104), we report here only a short summary of the results.

The cross-section for inclusive electron-nucleon inelastic scattering can be writ-
ten as

2
0 d%e a W2-M%E' 2 [
= — + 8
( dQdE' 472 ZM!qzl E j_¢ at US .

The symbols have the same meaning as in (21), (22); W, the missing mass of the unobserved
hadronic final state, is given by W2 = 2M(E-E') + M2 - q2. The cross-sections for transverse

and longitudinal polarized virtual photons, ot and og, are functions of the invariants q:2 and
W (or of g2 and 7= E-EY).

As q2 ~+ 0, 05— 0 and oy (qz, Y ) ay('u), where 6y(7) is the photo-absorb-
tion cross section for real photons of energy v .

Alternatively, d?¢ /dQdE' can be written in terms of the "structure functions'
Wy and Wy

2 4 2
(27) d9 . e cosb/2 [w +2W_ tan® 8/2
dQdE' 4E2 sin%g/2 | 2 1

W; and Wy are related to 6yand oy by

w ZKUt

1
rd
(28) W2 = K |q2[+_ﬁ (at + as)
2
K = W_;_lﬂ_z_
84‘62Ma

and to the experimental cross section by

[ a2 ] do .t T |2 s 1
W, = — ) (1+R) — +2tan” 0/2
| dQAE" | exp AR Mot | ||+ o
(29) R=3
r—dza ] do -1 B 1 I 2‘+v2 2 -1 K
W, = =) 142 (——) L2 a0 g/
2 dQdE' | exp a2 Mott L 1+R q2

For small values of tan26/2, W, depends much less critically than W, onR,

The experimental findings, which are of extreme interest and have stimulated a
quantity of theoretical speculation, can be summarized in the following points:



a) R, although rather poorly measured (see Fig,21), appears to-be quite small and
is compatible with being constant over the full q2 and ¥ range explored. The average value
is R=0. 18 + 0.-10, This fact is often interpreted as an indication that the contribution to the
total cross section from the scattering on virtual scalar (or pseudoscalar) mesons is small.
Actually in the infinite momentum limit when all the particles involved in the reaction travel
along the beam direction (a situation which is not necessarily satisfied in the experiment)
helicity cannot be conserved if a longitudinal photon is absorbed by a boson.

b) When W is well above the resonance region, d2 o /dQdE"' has, at fixed W, a ra
ther weak dpendence on g2, This is shown in Fig. 22, where I's [(dzo/deE' [(do/d @) viott
is plotted as a function of -qz for different values of W. With increasing W, I' becomes
flatter. This is one of the facts which has suggested the idea of the proton built up of point-
-like constituents(105) (partons) which, due to the above observation a), should be mostly fer
mions,

c) wWy, determined in the hypothesis that R is constant and equal to 0.18 = 0, 10
(W9 however depends rather weakly on R, so that this hypothesis is not very drastic), appears
to depend on the ratio ®= 2M# /g2 rather than on g2 and v separately. The experimental si-
tuation is presented in Fig, 23, where ¥Wy is shown as a function of —q7 for various values
ofw. At w=4, »W, is clearly independent of g2 within the errors (see also Fig. 24), At
different values of @, the data suggest that a plateau 1is bemg reached at higher values of
tqzl . This behaviour was first suggested by BJorken(los) ("scaling law'') to occur in the so-
-called Bjorken limit ‘qzl_.—., @, v-—> @ ( ® constant) and the fact that this limit appears to
be reached at relatively small values of Iq | and v was considered surprising. Other varia
bles (e.g. @'= w+ (M2/q2) = 1+ W2/q in terms of which the scaling behaviour is reached
even earlier have also been nroposed

, From an intuitive point of view, the scaling law of the structure functions can be
understood as follows. Consider a function of the type (one dimensional light cone singularity}.

{30} f{x) § (x - t)

where x is the direction of the mcommg virtual photon of momentum qw 2+ (M/@), 0,0, 7).
The Fourier transform of (30) i

ivt-.i(v+%)x —i%x
j\f(x) d (x-te dxdt = Sf‘(x) e dx = F(w)

Therefore a function of the type (30) has a scaling Fourier transform. Bjorken
first pointed out that the e, m, current commutators, whose Fourier transforms are closely
connecied with the siructure functions, must be dominated, in the infinite momentum (Bjor-
xen) limit by singularities on the light cone (x, x* = 0). The experimental result on the sca-
ling law was therefore surprising mainly because scaling is reached at relatively low energy.

The main trend of the present theoretical work on scaling(log) is essentially along
two lines. o) techniques to evaluate the light-cone singularities of the e. m. ‘current comrau
tators and b) parton models, in which the proton structure assumes quite naturally theform
of objects moving in the infinite momentum limit with the velocity of light (the simplest form
of the charge distribution of the proton being I Qi é {xi -t), with Q; the parton charges).

Both these approaches have a non negligible predictive power: in the first case the
transformation properties of the currents under different groups (Poincare group, SUy, SUs,
etc) can be used to relate cross-seciions and to predict sum rules; in the second case many
predictions can be made once the partons are identified, e. g., with the quarks,

Experimentally, some data on the comparison‘loz) of deep inelastic scattering on
protonis and neutrons are also available,

Finally, the results of ref. (36) (see section I, 1, ) allow one to conclude that deep
inelastic scattering data of muons on proton are consistent with the electron data.
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PART II. - TIME-LIKE REGION, -

The investigation of e. m. structure of hadrons in the time-like region has only
recently begun with the operation of ete- storage rings and has been pursued up to now only
infew and rather small laboratories, essentially at Orsay, Novosibirsk and Frascati.

The experimental information is very important to an understanding of the physics
of elementary particles, but is still quite meagre, This is ... not only due to the fact that
this kind of physics has a short history and a rather limited geography, but also to the fact
that hadrons are produced in ete- interactions with very small cross-sections (in the range
of nanobarns - 10-33 ¢m? - when the total energy is above 1 GeV). In addition, in storage
rings,beams of ~1011 particles are sent one against another, to be compared with the use
of beams against targets in the conventional machines. The fact that the beam-beam impact
occurs ~107 times per second does not compensate the difference in intensity. For this rea
son, very small beam dimensions are generally used in storage rings to obtain a high target
density, which, while making the machine operation quite delicate and difficult, brings the
counting rate just to the limit of experimental feasibility. Counting rates of a few events per
day, or even per week, are not unusual in typical experiments.

II. 1. - VALIDITY OF THE ONE-PHOTON EXCHANGE,, POINT-LIKE LEPTONS AN 1/qjvZ
PHOTON PROPAGATOR HYPOTHESES IN THE TIME-LIKE REGION. -

II.1. 1. - 1-Photon exchange, -

In the time like region the smallness of the usual two-photon exchange contribu-
tion from the graph

hag not been experimentally tested, and we have therefore to trust the calculations based on
the absence of strong enhancement mechanisms, It is worth noticing that in the time-like re
gion the number of exchanged virtual photons is directly related to the charge conjugation
eigenvalue € of the final state, If the charge of the produced particles is not recognized (as
it was the case for all the experiments performed up to now with ete- storage rings) then the
interference between even and odd states of C cancels, so that the two photon exchange pro-
cess can contribute only to an a? order.

There is however an additional two photon contribution, which is expected to be
quite important in ete- interactions(109), namely

e~ e- e €
e @t
t
(32) F — -
¢

. "
. + .
e+ e"‘ _a) e //\e b)

) The additional a2 factor appearing, ‘e. g., in diagrams (32b) is in fact expected to
be at least partially compensated by the fact that this process can involve much lower momen
tum transfers than the usual one-photon annihilation graph.

The contribution from the above diagrams:might give rise to an important background



35.

in the ete~ experiments. However, they deserve also some interest by themselves since they
can provide useful information on the coupling of hadrons with a two photon system when F of
diagram (32a) is of hadronic nature (F could be, for instance, an % or an 7' particle). This
will be particularly true with higher energy storage rings, since the cross-section is expec-
ted to logarithmically increase with increasing energy, while the usual annihilation cross-sec
tionfare expected to decrease with increasing energy E (as l/E2 for production of point-like
particle pairs, see Fig. 25).

Fortunately, processes (32a) can be separated since in the final state the incident
electron and positron survive, This separation is often possible also without detecting the
scattered electrons, since the angular and energy distribution for these two photon reactions
is quite peculiar. For instance in reaction e*e —— e*e-ete- two leptons are expected to be
emitted in a narrow cone along the beam directions, while the other two, when emitted at lar
ge angle, should have a Af distribution strongly peaked around Ag¢ = 0(109) 49 is the an
gle between the planes defined by the beam axis and the two emitted particles).

Experimentally, the A distribution for reaction ete- —s ete~ete”™ has been inve
stigated at Novosibirsk 110). The results are shown in Fig, 26, and are compared with the
theoretical calculation of Baier and Fadin{109), A measurement(111) of this reaction has al-
s0 been performed in Frascati with Adone, where also a few candidates from reaction
ete—» ete~ 1t u- have been observed., In this experiment counters have been placed near
the machine vacuum chamber in order to detect the electrons (and/or positron) emitted near
the beam directions, using as spectrometers the magnets of the machine itself., Some addi-
tional information on the kinematics of the reaction can thus be obtained. In Fig. 27 the distri
bution of the 29 observed events as a function of §, the center of mass velocity of the lep-
tons emitted at large angle, is shown. The sign of B is defined as negative when B has the,
same orientation of the single detected electron along the beam direction (no event in which
both the small angle leptons were detected was observed). A comparison with theory is also
given in Fig. 27. Although the yield of events with B €0 depends critically on the lower expe-
rimental cut in the energy of the detected particles, it appears that there is a large contribu-
tion of events with a kinematical feature not foreseen by the standard theoretical calcula-
tions(log), whose approximations are based on the hypothesis of the dominance of the kinema
tical configuration

e e
forward
et
wide angle
(33) e~ .
St wide angle
et et

forward

G. Parisi(112) has evaluated the contribution from the kinematical configuration

e

° forward
+

c forward
(34) -

e
wide angle

e et

wide angle

which appears to account for most of the observed events, Preliminary data from a second
experiment(113), in which a lower energy cut is set on the observed wide angle electrons,
show a contribution of events from the configuration (33) but also a non negligible contribution
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FIG. 27 - The results of the Frascati "py-group" on reaction ete-—s ete-ete (ref. 111).

a) Distribution of the events as a function of B , the c, m.

emitted at large angle. The convention used for the sign of ﬂ

velocity of the pair of leptons
is specifiedinthe upper part

of the drawing. The results are compared with theoretical calculations, b) Distribution of
the events as a function of A¢ compared with the calculation of Baier and Fadin,
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from configuration (34). Better theoretical calculations would therefore be welcome. Also
the possibility of some higher energy storage rings to be.operated both with ete~ and with
e~e~ appears as a convenient facility to study, in the e"e” mode of operation, the two-photon
interactions without contamination from the annihilation channels,

In any case, there is good experimental evidence that the data reported in the next
sections as hadronic events from ete- interactions receive, if atall, only a small coritami-
nation from the two photon interaction graph (32a), (see section II, 5).

1I. 1. 2, - Point-like leptons and 1‘/q2 phoion propagator, -

Experimental tests of these hypotheses can be obtained by measuring putu- or
ete~ pairs production cross-section in ete- interactions. However, as we already mentioned
in section I. 1., the cross section for the reaction ete-—» ete- is dominated by the scatte-
ring rather than by the annihilation graph. Tests of the point-like electron. in the time-like
region will be possible only by measuring the cross-section for process ete- —» ete~ with
recognition of the charge of the produced electron pair, in which case the separation of the
annihilation contribution will be possible. The possibility that the electron has a complex
form factor Fg, even if lFe] 2 - 1, can also be tested in this reaction(114 ) .

At present, only the annihilation process ete~ —» u+ 4~ has been experimentally
investigated. A comparison of the electron and muon form factors in the time-like region is
then available only at q2 =¢ 0.5 (GeV/c)2 through the measurement of the ¢ — u* u- and
o—= ete” decay rates: the result is

-
T(e—o e¥e”) _ 0.97 +0. 17 =
re—s utu-)
The experimental situation on reaction ete-—» u% u~ is presented in Fig. 28. The
results(116 + 118) are expressed in terms of the ratio

Gexp 9 9 .
R = er;E(D = lFe(s)‘ IF” (S)l ‘M(s)l .

The agreement is good within the large experimental errors (typically 15:20%) up to momen-
tum transfers as high as s=(Ey + E_)2= q2 = 4,4 (GeV/c)2.

This kind of data is often parametrized in terms of a cut-off parameter 42
(R = (1 - q2/A2)2) by assigning the form 1-(q2/42) to either F¢ or F,, or to the photon pro
pagator modification M, This parametrization is arbitrary, and sometimes gives rise to se
rious theoretical difficulties (when assigned, for instance, to M or to a lepton propagator mo
dification(23)), However it is usually justified with the need of comparing different experi-
ments, This attitude is misleading in our opinion, since it invites one to considera rough
experimerlt at high energy equivalent to a good precision low energy experiment: in fact in the
cut-off philosophy deviations from QED are expected to increase with increasing energy.
This might very well be wrong. Actually, a breakdown of QED is expected due to vacuum po
larization effects originated by hadrons coupled to the virtual photon: this kind of breakdown
is not expected to be more important at higher energy. This is demonstrated experimentally
in Fig. 29 where we show the results of another experiment on reaction ete-—s pt y-(119)
performed at Orsay at a lower energy than the experiments quoted in Fig, 28, The energy
region explored is around the § mass, and a vacuum polarization effect shows up, although
at the limit of the experimental errors,

The relevant point is the comparison between experiment and theory; and the perti
nent parameter, at whatever energy, is the precision of the experiment rather than the cut-
-off parameter 4.
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11,2, - PROTON FORM FACTORS. -
A first measurement of the cross-section for reaction
(35) ete”—» pp

has been recently performed at Frascati by the Naples group(lzo). 21 £ 5 events -from reac-
tion (35) have-been observed at q2 =4, 4 (GeV/c)z. The separation of background from reac-
tion (35)'is achieved using energy, E, and dE/dx measurements in thick scintillation coun-
ters, time-of-flight determination, and collinearity of the observed tracks as measured in
optical spark chambers. The sample of évents is then quite clean in spite.of the very low
counting rate (ar 1 event/ (2 + 4 days), 14 of the eventis show the antiproton annihilation
star, as expected on the basis of the known detection efficiency of the apparatus.

To determine from the obseérved number of events the total cross-section, extra-
polation over the full solid angle of the counting rate is needed (the experimental apparatus
covers 0.6 of the total 4@ solid angle, although the detection efficiency is equal to 1 only
around 90°), For this purpose, the angular distribution of the events must be know,

The equivalent of the Rosenbluth formula in the time-like region is(121)

(36) 3‘}’; -2 o? 72 5‘[]'GM|2(1 +cos28) - %lGEl?smze]
c;d10“32(|GM|2-2—1;|GE‘2)cm2 -
ve 2 /aE

B 9: velocity and angle of emission of the proton,.

The angular distribution depends on |G ]2/| Gy [2 and some hypothesis is need-
ed, unless the experiment covers a wide enough 6 region so that |Gg |2 and ’GM' 2 can be
separately determined, which is not the case for the Naples experiment,

However this experiment has been performed near threshold where one would ex-
pect the angular distribution to be isotropic, i. e, 'GE‘2 = I GM‘I 2,

In fact,unless Gy = Gy at threshold ( 7 = —q2/41\/[2 ==1), Fip and Fop (see section
I 2. ) become infinite producing an. unwanted divergence in the e, m. current of the proton,
With the hypothesis of an isotropic production distribution the authors obtain a value of
ete- s pp - (4.6 £1)10°3% em? (ggte-_, 5 = (6.2 £ 1. 8)10-3%cm?2 using only the events with
the detecte(Yannihilation star). In Fig. 30 these valueSare compared with previously available
upper limits from reaction p+p-— ete-(122, 123) and with calculations for a few particular
choices for Gg and Gy

In the above hypothesis lGrE! = IGMI , the measured value of the cross-section
corresponds to ]GEl = l GMI = 0,19 + 0, 03,

This experiment is obviously only a first approach to a new field of investigation.
New storage rings experiments permitting the determination of | Gg| and | Gy | separately
(and also the form factors of unstable barions) are planned both in Frascati and Stanford,

Il.3. - THE PION FORM FACTOR. -

The pion form factor is simply related in the time-like region to the cross section
for reaction

(37) efe —sp gt

w o,
by the relations(121)
2 3 2 3
do  + - LN ‘8 2 2 9 Ta B N 9
£5 - u i : oz (e y BT
(38) Jeose - ‘Elg Fﬁ (q )‘ sin 0 ; L ( 5 ) -2 IFJZ (q )I
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A measurement of ¢ (ete- —» mt 7-) therefore permits- one to measure lF,, (qz)l 2
Notice that a g% 5~ system with 1=1 (as it must be in the one-photon-exchange hypothesis)
must have T =1 so that Fy (g2) is related to the coupling of isovector photons with hadrons,
Actually, Fy coincides exactly with Fy below threshold for 4% production and in practice be
low q2 = 1{GeV /c)2. Phase-space factors are expected to strongly depress the ete-—s 47
channels below ¢2 = 1(GeV/c)2, as confirmed by the first experimental measurements: see
section II, 5,

Measurements of 0(ete”-—» wtn-) at g2 £ 1(GeV/c)? have been quite extensively
performed during last ~5 years at No‘vos,ibirsk(lzg) and Orsay(125). The phenomenology is
dominated by the production of the vector meson g, the foreseen interference term with the
@ contribution (via the electromagnetic decay mode w —» #* #~) having also been observed.
The results are summarized in Fig, 31, showing an' 2 as a function of q2.

The full line is the Breit-Wigner best fit to the Novosibirsk pointst' the dashed line
is the best fit to the Orsay points including the @ — wt ®~ contribution. Onhc%pof the o -
-peak the cross-sectionis ~1,5 pbarn. In terms of g parameters, the results can be sum
marized as follows:

TABLE II

Orsay Novosibirsk
mg (MeV) 775.4 +£17.3 754 + 9
I, (MeV) 149 + 23 105 + 20
I on
2==efel (4 040, 51070 (5 + 1)10-5

thotal

Ip__,ete-(KeV) 6.1%0.7 5.2+ 0.5

The difference in the parameters obtained at Novosibirsk appears to be essentially
due to the fact that the @ contribution is not taken into account. Actually, the best fit to the
Orsay points (which provides the additional information (I'gp—e zn/Fw——stotal)l 2=(0.2 + 0.05),
the phase angle between the w and ¢ amplitudes being ¢w9= 8795 + 1594) appears to also fit
perfectly the Novosibirsk points,

The fact that the cross-section for @t &~ production can be accounted for by the g
and @ contributions alone {actually the ¢, @ and @ account for all the hadronic production be
low 1 GeV) was a strong support in favour of the "vector dominance' hypothesis(126) The da
ta above 1 GeV, however, give evidence in favour of a non negligible contribution from other
mechanisms(¥),

Above 1 GeV, the results-are presented in Fig, 32, We see that for 1 < q2 <4
(GeV/c)2 anlz is larger than the expected contribution of the g-tail. In this energy region,
the corresponding cross-sections are of a few nanobarn ( |Fnl 2=1 would correspond to a
cross-section o(ete” —s @t a7) = (20.10-33 cm?2/q2 (GeV/c)2).

A separation of m's from k's has not been achieved in the Frascati points, so that
the interpretation of the data of Fig, 32 as IF‘”| 2 requires the hypothesis that the contribution
to the counting rate from the channel ete-—= k*k~ is negligible,

(x) - (See next page).
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FIG, 32 - [Fmb—(qz)lz as determined by measurements of the reaction ete” —u» .7v+.‘l'6_ at qzz\, 1
(GeV/c)z. The expected contribution from the: @ -tail is shown. Corrections for a possible
contamination of kaons in the sample of pions are not applied.
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11,4, - THE KAON FORM FACTOR., -
The kaon form factor is related to the cross-section for the process:
(39) ete —» ktk™

by a relation of exactly the same t;ﬁrm as equation (38). However, also isoscalar photons can
couple to a k*¥k~ pair (rather thafl iovector photons as in &t @~ production).

Around the @ - mass, I-Fk|2 is dominated by the process ete” —» § —es k¥k™, The
production of $-mesons in ete- interactionShas been investigated at Orsay(127) and Novosi-

birsk . The results can be summarized in the following table:
TABLE III
Orsay Novosibirsk

Ot (a2 = M%) (2.41 +£0.13 )10-30cm?2 | (2.13.£0.17 )10-30cm?
. 9oRo (g2 = M) (1.47 +0.21 )10-30cm?2 | (1.01 +0.15,)10-30cm?2
{
; T - 0 (q2=Ma) (1.01 +0.21 )10-30cm?2 | (0.81 +0.21 )10-30cm?
| Tallmodes (@=MJ) | (499 £0.40 )10-30cm? | (3.96 +0.35,)10-30cm? |
- Ty (4.09 +0.29 ) MeV (4.67 +0.42,) MeV

Ty e¥e-/ Tgant (3.52 £0.28 )10-4 (2.81 +0.25 )1074

Tjsiti-/ Tgayy | (0.483£0,043) (0.540+0,034)
I'¢____+ koi'{'o/ F¢a11 . (0.295 +0.040) (0.257 +0,030)
I I o gtg-mol Tgann | (0.202:£0.035) (0.203 +0.042)
| T s ete (1.44 +0.12 ) KeV | (131 £0.12,) KeV K

(x) - However, the simple g, @ and § vector dominance model was already in some trouble
due to the behaviour of the isovector form factors Fy, of the nucleons as a function of the

four-momentum squared t = -q2
1
Fy 00‘?2—'
In fact, using the relation
ImPy(s)
F_(t) 0‘-5 Tils ds
- 1.1 s
= — 4+ — - .
andsmcet_s TP T s we have

1

1 ‘g sImFV.(s) ds
t-s

Fv(t)°° {1_ ijva(s) ds +=

Fv(t) ~ l/t2 requires SImFV(s) ds =0, This however cannot be satisfied if Fy(s) is due
to the g contribution only, since the ¢ has a large imaginary part with definite sign.
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Above the § mass, only four events have been observed at Novosibirsk at three
different values of q<4,

These results(129)‘, in terms of,| Fk' 2, are presented in Fig, 33, The curve B, W,
represents the tail of the § Breit Wigner; the other two curves are IFkl as expected in the
vector dominance model calculated as follows(129),

2 2 )

2, Boxk m Bokk M gpkk ™
(40) F (q°) = S + 2“’2+~-L‘ .
k g mg - qf 8y M3 - a g¢ m% - q

2

If we put mg = m

" (qz) . mf) [ngk N gwkk} . Egkk m%
k m? - q | g 2, gy mf - @
and use F|(0) = 1, A = ((ngk/gQ )‘Hgmkk/gw)) can be evaluated. Then the curves + and - in

Fig. 33 represent respectively what expected if A has the same phase as g¢kk/g¢, or a 1800
difference in phase.

9 We see that the extremely poor statistics is still unsufficient to decide wether
IFkI X is accounted for, in this energy region, by the simple ¢, w® and § vector dominance
model.

II.5. - MULTIHADRON PRODUCTION IN ete- INTERACTIONS, -

Up to values of g2 ~1,1 ((}eV/c)2 multihadron production is essentially limited
to the production of #* m- @© via the isoscalar vector mesons o and #, The contribution
from the channel ete-—s § — #t - 210 is already summarized in Table III. The © produc-
tion was also investigated at Orsay(130). The results can be summarized as follows:

o (ete” —» m+7-70) (@ - mass) = (1.76 + 0, 13) ub

Fw = 12.2 MeV (from the world average)

Iy —> ete™ = (1,00 + 0, 18) KeV,

Above qz ~ 1.1 (GeV/c)z, multihadron production has been investigated at Orsay,
Novosibirsk and especially at Frascati.

The first experimental values for multiparticle production cross-sections were pre
sented at the Kiev Conference by the Frascati "Bogon'(131) ang ' usn'(132) groups; the values
of the cross-sections (¥ 30 10-33 cm?) were at least one order of magnitude larger than ex-
pected on the basis of an extrapolation from the lower energy range data,

On the basis of pulse height analysis, shower recognition, and investigation of the
interaction properties in the spark chamber plates, it was soon possible to conclude that the

produced particles are hadrons (# or k) with a contamination from € and @ which is at most
5+ 10%(133 + 136)

In addition, it was possible to conclude that the production occurs essentially via
the annihilation channel, with at most a small contribution (few percent) from graphs of-the
type (32). In fact,none of ‘the observed multihadron events was detected in coincidence with a
small angle electron,

In addition, the distribution of the events as a function of the non-coplanarity angle
A ¢ appears t6 be f1at{137) (Fig, 34) with no appreciable contribution from the peaked distri-
bution characteristic of the events of the type ete-—s ete-ete~, ete-—s ete- put p-,
ete-—» ete- gt -

Assuming that the charged detected hadrons from reaction
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(41) e*e” — more than two hadrons

are pions, and:that angular distributions are determined by pure phase space, cross-sec-
tions have been evaluated for different produetion channels, The main conclusions would re-
main unaltered within the errors. if the angular and energy distribution are determined by

; ; ; —_ o tou-mtg-)(134, 136, 137)
quasi-two-body intermediate states {e.g. eTe-—s A2 B —> AT ) .

The results are shown in Figs. 35,36, 37, 38,39,40, The total cross-section ap-
pears to be very large, larger than the cross-section for production of a pair of point-like
fermions, After a steep increase between ~ 1.2 and 1. 4 GeV, it shows a slow fall-off consi
stent with a ]./q2 dependence. Different channels show different energy behaviour: for instan
ce, while the channel ete ~—» ata-gtn- shows a broad bump at a mass of ~1. 6 GeV (a new

vector boson ?), the ete- —e ¥ - gt g~ &" m shows a slow increase between 1, 5 and 2. 4 GeV,

Some attempts have been made to interpret the above data in terms of conventional
vector dominance(14° , orin terms of an extended vector dominance including the contribu-
tion of a higher mass vector meson @'(141). The most general attitude is however to consi-
der these large cross-sections as a different manifestation of the same phenomenon which is
observed in deep inelastic electron proton-gcattering,

II.6. - COMMENTS.AND CONCLUSIONS, -

The scattering of charged leptons on hadron targets, as well as the production of
hadronic systems in ete- interaction, has been an active field of investigation,

Due to the validity of three experimentally confirmed hypotheses - one photon ex-
change approximation, point-like fermions, and 1/q2 photon propagator - the experimental
resuits have a straightforward phenomenological interpretation, in terms of a small number
of form factors or structure functions closely connected with the electromagnetic structure
of the concerned hadrons, and of the e, m, current generated by hadrons., The experimental
information is quite abundant for nucleons in the space-like region. On the contrary, the ex
perimental knowledge of the e. m. structure of unstable particles, as well as the data in the
time-like region above q2 = 1(GeV/c)2, is still scarce or lacking,

In spite of the experimental difficulties - connected with the extremely small cross-
-sections and, in the time-like region, with the need of using the technique of beam-beam in
teraction - a general effort to Overcome our present lack of experimental knowledge is to be
expected - and stimulated - in the near future. Actually, it appears unprobable to us that a
real understanding of the interactions of the elementary particles will be achieved until their
€. m. structure will be known,

From the point of view of theory, we are still far from being able to predict the
behaviour of form factors and structure functions, of connecting them with one another, of
understanding the time-like region in terms of the data in the space like-region; that is to
say, as yet, we do not have any theory. The experimental information on any particle, inany
q2 region, is therefore extremely useful and will complement the already available phenome-
nological knowledge,

. One of the most exciting and elegant ideas in elementary particle physics was first
suggested by the behaviour of em, Jormfactors: the idea that a gauge-field is generated by
each conserved quantum number, The experimental data on hadron production from ete- colli
sions below 1 GeV have nicely confirmed this idea, suggesting that nature was applying it in
its simplest form - the vector dominance model, New data at higher energy, as well as re-~
sults in the space-like region, show that this simple model is not adequate; but do not destroy
the validity of the idea. As a compensation for this complication, the new data have sugge-
sted another simple idea - the parton-models. Also this idea is certainly too simplified, and
we already know that their simplest versions are in trouble: in the parton-quark identifica-
tion for example, we know that the simple 3-quark structure of the nucleons is not adequate;
a sea of virtual quarks is added to the valence quarks, etc.

But we already knew that it is unlikely that the extremely complicated phenomeno-
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logy of elementary particle interactions can be completely understood in the frame of a sim-
ple model, ' ’

However, the close connection between the experimental numbers and fundamental
quantities - current commutators, spectral functions Wigner terms, etc - tells us that these
difficult experiments will certainly give important results since they will provide the founda-
tion on which to build all future theories. ’

o
¥
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