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Introduction.

Nature has provided us with good probes of the electromagnetic structure
(BE.M.8.) of stable particles: as we know, these probes are the charged
leptons (u, e). ‘

By means of a high-energy lepton { the structure of a target particle T,
considered as a whole, can be studied by performing elastic-scattering exper-
iments of { on T. This line of investigation has been pursued during the last
15 years, and has provided a large quantity of information about the E.M.S.
of the proton, the neutron and the pion.
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Complementary 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 Frascati.

As a congsequence 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 number of form factors, which summarize the information
on the B.M.S. of the target hadron T.

The form factors are analytic functions of one single variable ¢2, the square
of the four-momentum transferred from the projectile lepton to the target
hadron. The form factors are explored for essentially negative values of their
argument in the scattering reactions, and for positive values in the pair
production experiments (7).

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 break it into its constituents. Additional information on the E.M.S. of T
can be obtained by studying these processes—the inelastic-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 inelastic processes the complete knowledge of the final-state configuration
cannot be achieved by deteeting a single particle. The study of inelastic pro-
cesses based on a detailed study of the final state becomes therefore very diffi-
cult both experimentally and theoretically.

However, some relevant insight into the E.M.S. of T can be achieved also
through that 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 the last few years. The corresponding process in the timelike re-
gion is of course the production of many-hadron systems from ete~ inter-
actions.

The following four categories of experiments are the object of this purely
experimental review article:

a) elagtic-scattering experiments of leptons on nucleons and on virtual
pions,

b) inelastic-scattering experiments of leptons on nuclear targets (in-
clusive),

¢) hadron-antihadron pair production from ete— interactions,

d) production of multihadron systems in ete— collisions.

(*) Throughout this paper, the following convention is used: ¢* = g,q* = B*—|p?,
so that positive ¢ are timelike, and negative ¢* are spacelike.
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In addition, we will review the experimental evidence for the validity of
the hypotheses which allow us to express the results of the experiments in
terms of structure functions of the hadrons involved in the reactions.

I. Spacelike region.

1. — Validity of the underlying hypotheses in the spacelike region.

The hypotheses which allow one to express the elastic- and inelastic-scat-
tering amplitudes in terms of structure functions of the target hadrons are
essentially the following [1-3]:

i) the scattering amplitude is well described by the first-order, one-
photon—exchange (1-PE) Feynman diagrams;

ii) charged leptons behave as pointlike Dirac particles;

iii) the photon propagator is given by 1/¢?, the inverse of its four-
momentum squared.

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

Let us instead review the experimental support to the above hypotheses
i), ii) and iii) in the spacelike region.

I'l. One-photon—exchange hypothesis. — Due to the smallness of the electro-
magnetic coupling constant «=e?/fic ~1/137 the first-order one-photon—exchange
contribution A, (proportional to «) to the scattering amplitude in lepton
scattering is expected to dominate over the second-order (proportional to o?)
and higher-order contributions.

Despite the technical difficulties [4], the contribution of higher-order dia-
grams can be calculated in detailin the case of lepton-lepton scattering deseribed
by pure QED. This contribution, which depends in part on the features of
the experimental apparatus, does not exceed in general a few percent; it can
therefore be treated as a correction (radiative corrections), 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
treated in a similar way: at each order, the knowledge of the hadron structure
which is needed for the caleulation is derived from the results of the lower-
order approximation.
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Some doubts, however, have been raised about the correctness of this
procedure. In particular, it has been pointed out that the interference term
24, , Red,, (*) between the 1-PE term and the contribution 4,, from the graph

2

“\
/

when evaluated with the above procedure could result in large uncertainty,
since possible resonances could enhance 4, [5,6]. Since the magnitude of
A, has been determined by several experimental investigations, we can consider
these as tests of the correct evaluation of 4,, with the standard radiative cor-
rection techniques. These experiments are based on cross-section measurements,

on the comparison of {~-proton ({"-p) with {+-proton ({*-p) elastic-scattering
cross-sections and on polarization measurements.

T

1'L.1. 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]:

do . G5 + 6% 5 2
(1.1.1) a0~ [ 11 ctg? (0/2) + ZTGM] ,

where

2 \ 2 1 do 26
(112) A= (m) sin®(0/2) (1 + (2H,/ M) sin® (0/2)) — (@)Ns g

_ 2
(11.3) 7 =-—1L;

6 is the electron scattering angle, H, the energy of the incident electron and
M the nucleon mags. The form factors ¢, and &, are real functions of ¢* only,
related to the Dirac and Pauli form factors F, and F, (see Sect. 2).

Plots of R=(1/4)dc/d2 vs. ctg?(6/2) at fixed ¢* are known as Rosenbluth
plots and are straight lines of slope (G:+7tG%)/(1-+7) and intercept 27G%.
Deviations of the experimental points from the Rosenbluth plot would imply
the break-down of one of the hypotheses, the weakest of which is the 1-PE
approximation.

Experimental tests of the Rosenbluth formula have been extensively
made [7]. We report an example in Fig. 1.

(*) Because of gauge invariance and current Hermiticity 4,, is real.
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Fig. 1. — Typical Rosenbluth straight-line plot for electron-proton elastic scattering at
—¢*=0.39 (GeV/e)2 The quantity R = [(do/dQ)/(deo/dQ)ys] ctg? (0/2) is plotted againgt
otg? (0/2): o JANSSENS el al. [7], » BEHREND éi gl. [7], o BARTEL et al. [7], ¢ ALBRECHT
et al. [T].
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Fig. 2. — Typical Rosenbluth straight-line plot for muon-proton elastic scattering at
—¢? ~0.39 (GeV/c)?. The quantity B = [(do/dQ)/(de/dQ)xe] ctg? (0/2) is plotted against
otg® (0/2): o p=+p—>p+p [8], e pr+p->ptp 8]
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The Rosenbluth behaviour has also been tested in u-p scattering [8], 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 possible 2-PE amplitude 4,, gives an o?
contribution to the cross-section, and in addition even a nonvanishing Re 4,
does not necessarily destroy the Rosenbluth behaviour [6].

1'1.2. Comparison of {*-p and {™-p cross-sections. While the
squared moduli of both the A,, and the A, amplitudes are obviously even
in the charge of the incident lepton {, the interference term is odd:

dot

(1.1.4) 0 = Al + [4ay]? £ 245, Re A,y

ot and o~ are the cross-sections for et(ut) and e—(u~) scattering in the same
kinematical situation.

The comparison of the et(ut) and e—{(u~) scattering cross-sections has been
performed by many authors [9-15].

8_
i
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Fig. 3. — Comparison of the e--proton and e*-proton cross-sections. The ratio of the
real part of the 2-photon-exchange amplitude to the 1-photon—exchange amplitude
Re 4,y /A;, = % ((0F— o) [(0F + 07)) is plotted vs. — ¢2: o ref. [9], o ref. [10], w ref. [11],
o ref, [12], x ref. [13], a ref. [14], a ref. [15].

The summary of all the experimental results available is given in Fig. 3
and 4, in which

_Red,, 1lot—o

B Ay 20t +o

is plotted vs. —¢q?®. For electrons, R appears to be smaller than ~ 19, for
0.01 < —¢*< 1 (GeV/c)?, and smaller than ~2% up to —¢*~5 (GeV/c)?. In
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Fig. 4. — Comparison of the p--proton and p+-proton cross-sections. The ratio of the
real part of the 2-photon-exchange amplitude to the 1-photon—exchange amplitude
Re 4,,/4,y =4 ((o*—07)[(0+ + 07)) is plotted vs. — ¢2. Data at two different primary-
muon energies are shown: open circles 6 GeV, black circles 11 GeV (ref. [8]).

the case of muons [8], only —¢2< 1 (GeV/e)? has been explored with 2 lower
AcCUTacy.

1'1.3. Polarization measurements. In the 1-PE approximation,
gauge invariance and the Hermiticity of the e.m. current restrict the elastic
{-p scattering cross-section to have no spin dependence. In other words, both
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Fig. 5. —~ Values of the recoil-proton polarization or of the agymmetry in the scattéring
from polarized protons for elastic electron-proton scattering: o ref. [17], a ref. [18],
x ref. [19], o ref. [20], o vef.[21].
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the polarization P of the recoil proton and the asymmetry 4 in the scattering
of leptons from a polarized target must vanish.

Due to the presence of an imaginary part of a two-photon amplitude,
however, A and P could be different from zero. If time-invariance holds,
then A =P are linear homogeneous functions of the imaginary part of the
two-photon—exchange spin amplitudes [16].

Both A and P have been experimentally investigated in e-p seattering [17-21].
The results are summarized in Fig. 5.

No evidence for A or P different from zero appears in the explored ¢* range
(0.2 < —¢*< 1(GeV/e)?). The experimental accuracy is typically (1--3)%.

1'2. Tests of the photon propagator and of the pointlike leptons. — We now
consider the experimental tests of the two hypotheses, ii) of the pointlike
leptons and iii) of the 1/¢* 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 festing
the leptons as good probes of the e.m. structure of hadrons, ¢.e. we are interested
in the experimental proof of the hypothesis that the vertex function and photon
propagator in the graph

\\/
(1.2.1)
S

(f and {’, the initial and final leptons, being both on their mass shell) ean be
written according to the rules of pure QED, i.e. y, and 1/¢* [22] respectively.

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

(1.2.2) Vu—>Vuli(@?) + ko @ Falq?) ,
1 M(¢®
(1.2.3) pingart

The restrictions on #,, ¥, and M required by general principles [23] are
not relevant in this eontext.

The g—2 experiments [24] allow us to conclude that kF,(q%) =0 (") with,
from our point of view, absolute precision. Thus, the most general form of

(") The measurement of a static quantity like g— 2 gives information also on the
values of the form factors at ¢2+£0. Tor details see, for instance, K. OxAMOTO:
Nucl. Phys., 4B, 226 (1967).
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(1.2.2) becomes

(1.2.4) V> Fl(q’z)yﬂ .

For spacelike values of ¢%, F,(¢?) and M(q?) have been measured, in the case
of electrons, by means of the e-e~ (MOLLER)[25] and ete~ (BHABHA) [26]

elastic scattering. The Feynman graphs which describe these processes to
first order are

_ - e e” e e e
e e N\
>\/v\/< _t_.- .
+ +
e e
et e" e e &
BrABHA MoirLER

The amplitude corresponding to each graph is obviously proportional to
M(q*)F3(g?). Since ¢2 is not the same for the two graphs contributing to each
process, the ratio B =0, /o, in terms of which the experimental data are
conveniently expressed, is not proportional to M2*(¢2)F%(¢?). However, in the
kinematical regions explored by the experiments, one graph (the one corre-
sponding to the lower value of the momentum transfer squared ¢ which is
spacelike also in the Bhabha scattering) usually dominates the other so that B
is approximately proportional to M*(g3)F%(q;). In Fig. 6, R (for both Moller

15
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Fig. 6. — Comparison of experimental data on e-e~ and e+e- elastic scattering with QED
predictions as a function of the spacelike momentum transfer — ¢2. The results are
expressed in terms of the ratio o, /o,,. Statistical errors are shown as bars, while boxes
represent the systematic uncertainty: o Boreia ef al. [30], v Barroul et al. [31],
o BARBER et al. [27], x AUGUSTIN ¢f al. [32], » BARBER et al. [28], m ALLES-BORELLI
et al. [29].
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and Bhabha scattering) is shown as a function of — ¢}. In the Stanford I [27]
and II [28] experiments the absolute value of the cross-section was not meas-
ured; therefore the average value of B has been normalized to 1. In the
Frascati data [29-31] and in the Orsay point [32], in addition to the statistical
error (bars), the systematic uncertainty is also displayed (boxes) including the
overall normalization uncertainty in each experiment.

The above data from e—e~ and et-e~ storage ring experiments allow us
to conclude that the 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/e)?; and within
~bY% (F* within ~+209%) up to about 2.5 (GeV/e):. M(g*), appearing in
R only squared, is measured with about twice as large a relative error.

In the case of muons, no scattering measurement on lepton targets has
been performed. However, the muon structure in the spacelike region has been
investigated by comparing the muon-proton elastic cross-section de,/df2 with
the electron-proton elastic scattering de,/d2 in the same kinematical situation.

In the ratio X, , = do,/do, the proton structure contribution cancels out
(and the same is true for a possible modification of the photon propagator
M(g?)), so that X, , turns out to be proportional to Fy(q®)/F3(¢*). The result
of this comparison [33, 34] in the case of lepton-proton elastic scattering is
shown in Fig. 7. The ratio F, = F (¢*)[F (¢*) is displayed as a function of

R ACR)

10 ; +

r—o\*—O
.—&\\Q—(

05 i 1 i t it ;i 1 ! i L L
0 0.2 04 06 08 10 1.2

—*[iGevic]

Fig. 7. — Comparison of muon-proton and electron-proton elastic scattering. The ratio
F, .= F,(»/F,(¢?) is displayed as a function of —¢2 F,(¢?) and F (¢*) are the
vertex modification functions: o CAMILLERI ef al. [34], ¢ ELLSWORTH ef al. [33].

—¢* (0.1 <—¢*<1(GeV/e)?). F,, does not appear to have any appreciable
¢* dependence within the errors; its absolute value, however, appears to be
~0.96. This 49, discrepancy, six standard deviations outside the statistical
errors, corresponds to an ~ 89, difference in the cross-sections. The au-
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thors [33, 34] do not exclude a possible systematic normalization error of this
size in either the muon or the electron experiments.

Similar tests have also been performed by comparing p-p with e-p inelastic-
scattering experiments. These inelastic processes allow us to compare the
muon with the electron structure even better than elastic-scattering exper-
iments. In fact a larger category of kinematical situations can be explored
in this case. In particular the large values of the inelastic cross-sections allow
us to have a statistically significant measurement of F, upto—g¢2~3 (GeV/c)2.
The result is [35, 36] that F,, can be fitted with a straight line N(1—qg%-K?)
with N = 0.946 4-0.042 and K* = (0.021 4 0.021) (GeV/e)=.

Again the slope of ¥, , is compatible with zero, the absolute value (although
smaller than one) being eonsistent with 1 within the errors.

2. — Nucleon form factors,

The most general form of the matrix element of the e.m. current of a
nucleon between two states of four-momentum p and p’ (p* = pr= M?)is[1,2]

2.1) DV, Ip> = PPy, + kond Ta(a)|p)

where q,= p; — P, 18 the difference between the final and initial nucleon four-
momenta; k is the anomalous magnetic moment u—1. P, and F, (the so-
called Dirac and Pauli form factors) are restricted by the requirement of ‘the
Hermiticity of the e.m. current to be real for 9*<< 0 (spacelike 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 ¥ (energy of the incident lepton), 6 (scattering angle), F% and F2.
By performing at least two cross-section measurements at the same value of Q2
but at different angles and energies, ¥; and F2 can in principle be evaluated,
although it is quite & complicated numerical procedure [1]. This procedure
becomes quite simple if we solve in terms of two other functions, 62 and 2.
G, and G, the so-called «electric » and « magnetic » form factors, are related
to F, and F, as follows [37]:

. _TGM+GE
02 Gy = F, — 1L F,, Fl_—l—i——'c’ (T—_qz)
: Gy —6 =)
GM:F1+I§an Fzz(flTT);‘i

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.
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The isovector and isoscalar form factors are also conveniently introduced:

Gnn: GMp — @

Mn ?

2.3) GMS = G:MD + GMn ’
GEV = Gm - GEn ’

Gy =G, -Gy .

In terms of G, and @, the elastic-scattering cross-section assumes the
simple form (1.1.1), and G% and G, are simply related to the slope and intercept
of the Rosenbluth plots. It is worth noticing, however, that as v =—g¢*/4M?

167"
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Tig. 8. — Electric form factor of the proton G,(¢®) plotted against — ¢*: e ref. [38],
\ ref. [39], o ref.[40], = ref.[41], o ref.[42], & ref.[43], v ref.[46], v ref. [45],
a ref. [44], x ref. [47], e ref. [48]. The Figure on the top (right) is an expanded
— ¢? scale at low ¢ (errors in the data points 4-19).
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grows larger than 1, the cross-section becomes less and less dependent on G3.
As a consequence, at large values of —¢? G5 is difficult to measure.
Elastic-scattering experiments of electrons on nucleons have been per-
formed for more than 15 years.
A summary of the proton results is presented in Figs. 8-13 [52, 53].
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Fig. 9. - Magnetic form factor of the proton G, (q?) plotted against — ¢ up to
—@?<150 fm~2. Values of Gy,(¢?) for —¢® =100 fm-2 are obtained with the usual
assumption p Gz (9% = Gp(q?): e rvef. [38], . ref. [39], o ref.[42], = ref. [41],
v ref. [49], v ref. [45], a vef.[44], ~ ref. [47], a ref.[43], o ref. [50].

In Fig. 8 G, (¢*?) is shown. In Fig. 9, G, (¢*) for —¢*>< 150 fm—* is pre-
sented. When —g¢* is larger than ~ 50 fm—?, the errors in G, become very
large, and no measurement is available for —¢* » 100 fm—2. At higher values
of —¢? the G, contribution to the cross-section becomes in fact so small
that only G, can be determined. This is usually done by assuming in this
high-(—g¢?) region the same relation between &, and G, which experimentally
approximately holds at lower momentum transfers, namely G, ~@, [u (see
the following). Actually, the cross-sections in the —¢2? region above ~150 fm—
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depend so little on G, that the data points on G, presented in Fig. 10 would
remain the same within the errors unless G, exceeds @, by more than one
order of magnitude. The fact that @, (¢*) = G, (¢*)/u,=1 for —¢* — 0 is
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Fig. 10. — Magnetic form factor of the proton Gy, (q?) plotted against — ¢2 for all the
measured —g? range. Values of Gy, (q?) for —q2 100 fm-2 are obtained with the usual
assumption p, Ggy(q?) = Gyy(g?): v ref. [45], o vef. [42], ¢ ref. [50].

required by the interpretation of the form factors as Fourier transforms of the
charge and magnetic moment distributions of the proton [6]: this picture is
rigorous in the static limit —g¢2-> 0. On the contrary, at large momentum
transfers the Fourier-transform interpretation is far from being rigorous [37],
and an attempt to explain the rapid fall-off of the form factors for increasing
—¢* wth a hard core of the nucleon is therefore arbitrary.
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Fig. 11. — Comparison between the electric and magnetie proton form factors. The
ratio [1t,Gay(e?)/Gas(@)]? is shown against the momentum transfer —¢?: o ref. [52],
x ref. [47], v ref.[45], a ref.[49], ref. [61], ¢ ref. [48].

Tt is easily seen from Fig. 8 and 9 that G =Gy, [y, To what extent this
famous relation (¢ scaling law ») really holds is better seen in Fig. 11, where
the quantity (u,G4,[Gy,)" 18 shown. We see that for —¢q? > 30 fm—2 deviations
>(20--30)% are experimentally found.
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Fig. 12. — « Dipole fit » for the magnetic proton form factor. The ratio G4 10, G (g2)
is plotted against — g2 for values of —¢*<180 fm-2: aref. [43], e ref.[38], \ ref. [39],
n vef. [41], o ref. [42], ¥ rof. (491, © ref. [50], & vef, [44], x ref. [47], v ref. [45).

The scaling law for the proton form factors is to be considered an approx-
imate mnemonic rule. Its theoretical foundation (quark model, ST, [54]) is
rather weak. In addition, in the timelike region, its validity near threshold
would cause serious problems (see Sect. 2, Part II).

Another useful mnemonic rule (with no theoretical foundation) is the so-
called dipole fit, i.e. Gy fu ~6G, = (1 —(g2/0.71 (GeV/c)2))—2. The compari-
son between ¢, [u, and G, is shown in Fig. 12, 13 where the quantity Gyl Gy
is presented. The dipole fit appears to hold within ~ 309.

The situation on the neutron form factors is miuch less clear. This is due
to the fact that free-neutron targets are not available, so that the information
on e-n scattering is extracted by means of a quite complicated and model-
dependent procedure from e-deuteron (e-d) elastic and inelastic scatbering.
Some information at very low momentum transfers is also obtained by scat-
tering low-energy (thermal) neutrons on high-Z atoms. An excellent review
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Fig. 18. — « Dipole fit » for the magnetic proton form factor. The ratio Gy, (42)/u, Gp(q?)
is plotted against — ¢* for all the measured —¢% range: o ref. [42], v ref. [45],
< ref. [50].

of the methods used to extract G, and M, from the experimental data
can be found in ref. [6].

The difficulty in the experiments of scattering of neutrons on atoms (first
performed by FERMI and MARSHALL [55]) is to separate the coherent scattering
amplitude on the nucleus from the seattering amplitude of the neutrons on
the atomic elecirons.

Different atomic targets and analysis methods have been used in different
experiments. The results, expressed in terms of dGg/dg?|., are in fair
agreerment with each other:

Tasre 1.

Author A6y, /dg? (GeV/e)-2
Kroun 1 [56] 0.459 4 0.02
Krorn II [56] 0.50 4 0.01
MELKONIAN [57] 0.575 4- 0.019

HueaES [58] 0.512 4- 0.019
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d@,, [dg? is related to the root-mean-square charge radius of the neutron [6]

1]d6,|
5 g lomo’

(2.4) Ty =

which can thus be considered known—including uncertainties from the mod-
els—to within ~ (5-=-10)%.

At higher values of —¢* (0.3<—¢?><20fm=) @, can be extracted
from elastic e-d scattering measurements, once the electric proton form factor
Gy, and the deuteron stucture are known. In fact the e-d elastic-scattering
cross-section can be written as [6]

do do . o 26
2.5) L (@)M [A(q )+ Blg®) tg 5] \.

A(g*) and B(¢?) 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 scattering angles 6 smaller than 15° the term
B(g*) tg?*(6/2) contributes less than 0.1 9, to the cross-section and can be neglec-
ted. Equation (2.5) takes then the simple form

do do )
(2.6) = (52). 4w,

a0~
so that cross-section measurements allow one to determine A(g?). Notice however
that for —g%> ~15 fm~2, A(g%) is as small as ~ 107%, so that the experiments
become very difficult.

In turn
G;‘d(qz) 8 7? GZd(qz) p G
2) — — g2

(2.7) A =777 910, 3%
where

Gzalq?) = 2G5s(q*) Fmal9?)
(2.8) Goalq?) = 2Gz5(9*) Foalq?) ,

M,
Gualg®) =2 “Md' Quslg?) Fuslq?) -

F,., F, and F,, which describe the deuteron structure, can be calculated
from the nonrelativistic deuteron wave functions for the 8 and D states.
Several models are available for this purpose (HAMADA and JOHNSTON [59],
Mo GeE [60], FEsaBACE and LoMoN [61], ete.). Relativistic corrections have
been evaluated by GRross [62].
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0.10

10 1|5
—q’m )
Fig. 14. — The neutron electric form factor Gy (¢?) derived from elastic electron-
deuteron scattering measurements. The Feshbach-Lomon deuteron wave funetion was
used. The dashed line is Gg, = u,vGy,, which corresponds to the assumption F, = 0;
the dash-dotted curve is Gy = (p,v/(1+ 47)) G'yy; the solid curve is the best fit to the

data points with a curve Gy, = (u,7/(1 + b7)) Gy, (b, the free parameter, turns out
to be 5.6): m= ref. [66], x ref.[63], n ref. [65], a ref. [69], o ref. [67], e ref.[68].

The experimental values of A(g*) are compared with the different models.
It turns out that no model fits the data if G, is put equal to zero. This leads
to Gy, 50, the actual value of G, depending however on the wave function
of the deuteron used in the analysis.

A review of the results for ¢,, 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 [62]; the four-pole fit [64]
for the electric proton form factor is used (to extract G,, from G, G, must
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Fig. 15. — G5, as determined from inelastic electron-deuteron secattering is plotted
againgt —q¢®: o vef.[72], o vref [73], — -ch’?,,n, —_—— (r2/(1—|—4r)2)G§m,

2
R G2,.
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be known, see (2.3)). The data points are from ref.[63, 65-69]. The dashed
curve is Gy, = p, 1@y, [70], which corresponds to the assumption F, =0;
the dash-dotted curve is G, = (u,7/(14 47)) @, [71], while the solid curve is
the best fit to the data points with a curve G, = (u,7/(1 b7)) Gy, Where
the parameter b turns out to be b=>5.6. At higher values of ¢ (—¢? = 15 fm~2)
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 asg
approximately free (impulse approximation), but with a momentum distribution
given by the deuteron ground-state wave function. (Again the knowledge
of the deuteron wave function is needed [6].)

Inelastic e-d seattering experiments have been performed, detecting either
only the scattered electron (noncoincidence experiments), or the scattered
electron in coincidence with the proton or the neutron (coincidence experi-
ments). Small corrections are needed in this cage due to the tail of the deuteron
wave function and the final-state interaction.

144 1 wglt

—ot

o Byn (qz)//‘n GMp(qz)

061

1 1 1 1 1 1 1 1 1 1 1

0 40 — 80 120
fm

[ 1 1 1 L L 1 L
0 17 2 3 4

~o*[Gevic]

Fig. 17. — Test of the «scaling law »: u, Gy, /p, Gy is plotted as a function of —g2.
The symbols wzz represent upper limits: o vef. [74], o ref. [67], o ref. [76],
v ref. [78], x ref.[79], o ref.[75], w ref.[77], ¥ vef.[73].
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In Fig. 15, 16, G5, and &, as determined in inelastic e-d scattering meas-
urements are shown. In Fig. 15 G4 is shown, and compared with the same
models as in Fig. 14. In Fig. 16 G, is shown. The data of some old experi-
ments, not shown directly in the Figure, have been used in more recent work
to improve the quality of the analysis, and are therefore quoted under the
reference of the most recent analysis. The points at —¢2 > 50 fm~* are upper
limits.

In Fig. 17 the ratio u, @, [u G, is shown. We see that also the « scaling
law » [64] @, [u, = G, /u, approximately holds.

3. ~ Pion form factor.

The most general form of the matrix element of the e.m. current of a spin-0
particle B is

(3.1) <P'|TEP> = Fle)p, +p,) -

As a consequence of (3.1) and of the usual hypotheses, the cross-section for
the elastic scattering of electrons on B can be written as [6]

(3.2) do (dw

= _ {2 Ny 2T
a0 d.Q)MottF (),

where F(q*), the form factor of the target particle, is a function of q* only
and is real in the spacelike region.

Elastic-scattering experiments of electrons on free pions are however not
possible, and elastic-seattering experiments of pions on electrons have not
yet been performed. The information available on F,(g?) in the spacelike
region has been obtained by scattering electrons on virtual pions, namely
through electroproduction experiments of pions on nucleons near threshold.
In this case, however, the connection between experimental data and ¥, is
much more complicated than (3.2), and is in addition model dependent.

This is due to two facts:

a) in electroproduction processes (e.g. e~-+p—>e~4m++n) the contri-

bution from the graph
e el
N

(3.3) « pion pole » 7f

AL

N
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(which is relevant for the determination of F ) is due to an off-mass-shell pioun
interacting with the nucleon;

b) the contribution from the graph (3.3) must be separated from the
contribution of other graphs, e.g.

(3.4)

whose contributions are expected to be important in the electroproduction
process near threshold.

The electroproduction cross-section—under the 1-PE assumption—can be
written as [80]

d3c do
'5 —————————— — —_—
8:5) dE' 40,405 o a0y’
E' ==energy of the scattered electron in the laboratory system,

dQ, ==inh,d0,de,, element of solid angle of the scattered electron in the
laboratory system,

Q% =sin65d0%der, element of solid angle of the produced pion in the c.m.
system of the hadrons in the final state.

The factor I', contains the electrodynamics of the process (electron-photon
vertex and photon propagator) and da/d!): is the cross-section for pion photo-
produetion by virtual (polarized) photons [80]:

do

36 Ig=

A + eB - e0sin? 0} cos? g + V2¢e(1 + &) D sinby cos gr ,

where &, the polarization of the virtual photon, is given by e= (1+ 2lpl*e?) -
-tg2(0,/2 ))_1 with p the three-momentum of the photon in the laboratory system.
The functions A, B, € and D contain the information on the structure of the
hadrons involved in the process, ¢.e. they depend on the form factors at the
vertices [yrnm], [YNN], [YNA] (A =1238 § § resonance). 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 between the transverse and the longitudinal amplitudes.
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In order to extract from the experimental data the pion form factor F_(¢2),
i.¢. the [ynn] vertex funection, the contribution from the 1-pion—exchange pole
diagram (3.3) must be isolated. For this purpose a detailed phenomenological
theory of electroproduction is needed. Many different approaches have been
tried by several authors. Dispersion relations [81-86], isobaric models [87],
current algebra techniques and the PCAC assumption [88] are the main ingre-
dients in the calculations. A rather complete list of references can be found
in ref.[80]. The experimental information comes mainly from the reactions

(3.7) e+p—e+n4mnt,
(3.8) e+p—e+p+m’,

04t | { { i

02 1 1 1 ] ' 1 1 1 L L 1
0 0.2 0.4 06 08 1.0 1.2

—-q z [(G eV/c)ZJ

Fig. 18. ~ The pion form factor F,(g?) as determined from electroproduction experi-
ments. In correspondence with each point we quote both the reference of the experiment
(e.g., MisTrETTA [91]) and of the model used for the analysis (e.g., DoMBEY [89]). The
slopes expected at ¢2=0 for three different values of the pion radius 4/{r2y are also
shown: MisTrETTA [91]: o ADLER [81], & ZAGURY [82], = DomBEY [89]; AKER-
LOF [93]: e ADLER [81]; SoraIr [94]: m DEvVENISH [85]; BROWN [95]: x BERENDS [84];

Driver [90]: — BERENDS [84]; Awmarpi [92]: v Gun=0, ¥ Gg=— G/l + 47),
De Torwrrs [83]; —— — 0.63+/<r8> fm, —.—- — 0.814/<r2> fm, 1.00 /<25 fm.
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in which one of the hadrons in the final state is detected in coincidence with
the scattered electron. Reaction (3.8) is particularly relevant to a detailed
phenomenological understanding of the electroproduction process since in this
case the pole diagram (3.3) does not contribute; in particular the so-called
« transition » form factor G, (g% to the first A(1238) resonance (namely the
yN’A vertex function) can be evaluated. This makes easier the interpretation
of the more complicated data from reaction (3.7) in terms of F_(¢?).

In Fig. 18, a summary of the experimental information available on F,_(¢?)
is shown. In several cases the experimental data have been analysed using
different theoretical models: this gives an idea of the dependence of F_(¢?)
on the method of analysis. An additional uncertainty connected with the
models, which does not show up as a 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 and
READ [88, 96], and is related to our ignorance of the lower vertex of dia-
gram (3.3). In current algebra techniques (PCAC), the pion field is related to
the divergence of the axial weak current associated with the nucleon. This
brings about the axial form factor of the nucleon G,. Usually G, =G, is
assumed. If one however does not make this more or less arbitrary assumption
(which is actually justified by chiral symmetry), at each value of 4% a large
band of possible values of F_(¢%) can fit the experimental data very well by
properly choosing an associated value for @,.

In Fig. 18 three slopes expected at ¢*= 0 for different pion radii 4/(r?>
are also shown. It appears that at this stage 4/(r*) is still poorly determined
by electroproduction measurements.

4. — The A(1238) transition form factor G .

When the invariant mass of the w-nucleon system in the pion electro-
production processes is near the A(1238) mass, the reaction is dominated by
the production of the A-resonance.

This is especially true for reaction (3.8) to which diagram (3.3) does not
contribute.

If we treat the A-resonance as a particle, then the cross-section can be
written as [97]

do lg?| 1

do 1 l*]
4.0, NS 4M2 e

X [IGMA12 + |Gaalz+2 ngGoA\z] )

(4.1)

where

o cos? (0./2)
4B sin (0,/2)[1 -+ 2(B/ M) sin® (0,/2)]’

Ong =
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B =energy of the incident electron and p = three-momentum of the virtual
photon in the A rest frame.

Ga(0?), Goa(g?) and G p(g?) correspond to the M,, B, and C, (Coulomb
octupole) which can excite the J = %;+ to J = %"' transition. Both on theo-
retical [98] and experimental [99] grounds G,, and G, are expected to be
much smaller than @,a, and are usually neglected in the analysis of experi-
mental data. In this case eq. (4.1) assumes a very simple form allowing one
in principle to measure quite easily |G,,|*. Notice in particular that, according
to (4.1), |Gyal? can be measured in experiments in which only the scattered
electron is detected.

In practice, however, there are problems connected with the contribution
of nonresonant background and with the large width of the A-resonance.
A detailed phenomenological 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 multipole analysis of the electroproduction data, in which case @, is
simply connected to the ¢* behaviour of the M, multipole contribution [97].
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Fig. 19. — The transition form factor Gy to the first nucleon isobar A(1238) as deter-
mined from electroproduction experiments. The point at ¢?=0 comes from photo-
production experiments, see ref. [97]: o photoproduction, e BARTEL et al. [100],
n IMRIE et al. [101], a AsH et al. [97).
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Fig. 20. — The ratio G,,A/3G, of the transition form factor Gya for the first nucleon
isobar to three times the dipole fit is plotted as a function of —¢*: o ref. [101],
v ref. [97], e ref. [100], o photoproduction, ref. [97].

The experimental situation for @, is summarized in Fig. 19. The value
at ¢ =0 determined from photoproduction data is 3.004-0.01[97]. With
increasing — ¢2, 6,4 drops more rapidly than the proton form factors, as shown
in Fig. 20, where the ratio of &,, to three times the dipole fit is presented.

5. — Deep inelastic electron-nucleon scattering.

An extensive systematicinvestigation of electron-nucleon inelastic scattering
has been carried out during the last few years at SLAC by a SLAC-MIT col-
laboration [102]. These data include measurements at large values of |¢* 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 coincidence measurements—with the detection of part of final-state
hadronic products—have also been performed [103], however these investiga-
tions are only now beginning and the results cannot yet properly be included
in a review paper.
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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
written as

d2g o« W2—M2*E 2

(5-1) I04F ~ im oMl B 1—slot T

The symbols have the same meaning as in (3.3), (3.6); W, the missing mass
of the unobserved hadronic final state, is given by W? =2M(E— E')+ M>—¢=.
The cross-sections for transverse and longitudinal polarized virtual photons,
o; and o,, are functions of the invariants ¢* and W (or of ¢* and v = E —F').
As ¢*—~>0, 0,0 and oy(q* v) —o0,(v), Where o,(v) is the photoabsorbtion
cross-section for real photons of energy ».

Alternatively, d2¢/dQdE’ can be written in terms of the « structure func-
tions » W, and W,:

d2¢ _ 6_4 cos? (0/_2_) [W, +2 W, tg? (()/2)] .

(5-2) dQA4E ~— 4E*sin* (0/2)

W, and W, are related to ¢, and ¢, by

W, = Ko, ,
w.— g ]
(5.3) 2 = Eq_!_vz(o't‘{—a's)’
We— M2
T 87 Mo

and to the experimental ecross-section by

[ @0 1 (do}* (ol -1
Wi = [dﬂdE’] (EE)M (“ TR T2 “’/2)) ’

B==.
[ ¢ do\1 1 \]|g? +® —t o
W2 N [deE’]exp (a—‘Q)Mott (1 + 2 (1 + R) lqzi tgz (0/2)) ’

(5.4)

For small values of tg?(6/2), W, depends much less critically than W, on R.

The experimental findings, which are of extreme interest and have stimulated
& quantity of theoretical speculations, 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 ¢*> and » range
explored. The average value is R =0.18 4-0.10. This fact is often inter-
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Fig. 21. — The ratio o,/o; (0, and o, are defined as in (5.1)) plotted as a function of
—q?, for different values of W. W is the invariant mass of the unobserved hadronic
final state in GeV: o W=1.9=3.1, ref. [104]; o 2.0, vef. [102]; & 2.5, ref.[102]; x 3.0,
ref. [102]; o 3.3<+3.5, ref. [102].

preted as an indication that the contribution to the total cross-section from
the scattering on virtual scalar (or pseudosecalar) 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, d?c/d.QdE" has, at fixed W,
a rather weak dependence on ¢*. This is shown in Fig. 22, where

e d*o / E)
T AQAF] \dQ2 /s

is plotted as a funetion of — ¢ 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 pointlike constituents [105] (partons) which, due to
the above observation @), should be mostly fermions.
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Fig. 22. — The ratio of the experimental cross-section to Oyors in deep inelastie
electron-proton scattering is plotted as a function of — ¢* for different values of W.
For comparison, the same ratio is also shown for elastic electron-proton scattering:
. W=2GeV; x ——— W=3GeV, a ——— W=23.5GeV, — —.— elastic
scattering.

¢) vW,, determined in the hypothesis that R is constant and equal to
0.18 4-0.10 (W, however depends rather weakly on R, so that this hypothesis
is not very drastic), appears to depend on the ratio w =2 Mv/q® rather than
on ¢* and v separately. The experimental situation is presented in Fig. 23,
where »W, is shown as a function of — g2 for various values of w. At w= 4,
vW, is clearly independent of ¢* within the errors (see also Fig. 24). At different
values of w, the data suggest that a plateau is being reached at higher values
of |g*[. This behaviour was first suggested by BIORKEN [106] (« scaling law »)
to occur in the so-called Bjorken limit |¢?| oo, ¥—oco (w constant), and the
fact that this limit appears to be reached at relatively small values of |¢?| and v
was considered surprising. Other variables (e.g9. o'= o + M2/g* = 1 4+ W?/g?)
in terms of which the scaling behaviour is reached even earlier have also been
proposed [107].

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)

(5.5) fl)d(x—1)

where » is the direction of the ineoming virtual photon of momentum q,=
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Tig. 23. — The structure function »W, is plotted as a function of —¢* for different
values of w= 2Mw/¢®. RB=0.18 was assumed, see ref.[102]: x =10°, o =6
a) 4<w<6, b) 8<w<12, ¢ 12<0<18, d) 16<0<24, ) 24<w<36.

~(+ M|w,0,0,7). The Fourier transform of (5.5) is
ff(m)é(m —1) exp [ivt —1 (v + %) x] dadt :ff(w) exp [— g % w] do = F(w) .

Therefore a function of the type (5.5) has a scaling Fourier transform.
BJORKEN first pointed out that the e.m. current commutators, whose Fourier
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Fig. 24. — The structure funetion »W, is plotted as a function of —¢? for w=4, see
ref. [102]. R= o,/o,==0.18 was assumed: + 6°, x 10°, o 18°, o 26°.
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transforms are closely connected with the structure functions, must be domi-
nated, in the infinite-momentum (Bjorken) limit by singularities on the
light-cone (z,#* =0). The experimental result on the scaling law was therefore
surprising mainly because scaling is reached at relatively low energy.

The main trend of the present theoretical work on scaling [108] is essentially
along two lines: @) techniques to evaluate the light-cone singularities of the
e.m. current commutators and b) parton models, in which the proton structure
assumes quite naturally the form of objects moving in the infinite-momentum
limit with the velocity of light (the simplest form of the charge distribution
of the proton being > @,0(w,—1) with @, the parton charges).

Both these approaches have a nonnegligible predictive power: in the first
case the transformation properties of the currents under different groups
(Poincaré group, 8U,, SU; etc.) can be used to correlate cross-sections 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 [102] of deep inelastic scatter-
ing on protons and neutrons are also available.

Finally, the results of ref.[36] (see Sect. 1) allow one to conclude that
deep-inelastic-scattering data of muons on proton are consistent with the
electron data.

II. Timelike region.

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

The experimental information is very important for an understanding of
the physics of elementary particles, but is still quite meagre. This is due not
only 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- inter-
actions with very small cross-sections (in the range of nanobarns—10-32 ¢m?—
when the total energy is above 1 GeV). In addition, in storage rings beams
of ~101* 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 inintensity. For thisreason, 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.
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1. - Validity of the one-photon—exchange, pointlike leptons and 1/ photon
propagator hypotheses in the timelike region.

I'l. One-photon exchange. — In the timelike region the smallness of the
usual two-photon exchange contribution from the graph

S,

(1.1.1) _t, >§ F

has not been experimentally tested, and we have therefore to trust the cal-
culations based on the abgence of strong enhancement mechanisms. It is worth
noticing that in the timelike region the number of exchanged virtual photons
is directly related to the charge conjugation eigenvalue C of the final state.
If the charge of the produced particles is not recognized (as was the case
for all the experiments performed up to now with ete~ storage rings), then the
interference between even and odd states of € eancels, so that the two-photon—
exchange process can contribute only to an o* order.

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

(1.1.2)

(1.1.3)
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The additional «? factor appearing, e.g., in diagram (1.1.3) is in fact expected
to be at least partially compensated by the fact that this process can involve
much lower momentum transfers than the usual one-photon—annihilation graph.

The contribution from the above diagrams might give rise to an important
background 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 (1.1.2) is of hadronic
nature (F could be, for instance, an v or an v’ particle), This will be particularly
true with higher-energy storage rings, since the cross-section is expected to
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Fig. 25. — The cross-sections for different ete- induced processes via two-photon

interactions as calculated by BropskY et al., ref. [109]. We see that as the energy F
of the electron and positron beams is above ~ 1.5 GeV, the total cross-sections for
two-photon interaction processes are expected to overtake the cross-sections for the
usual ete~->ptyu~ and ete-— wrm- annihilation processes: a) ete—— putu-, b) ee—
—eeptp~ (equivalent photon), ¢) ete~— wtn~ (pointlike), d) ee - een+n— (equivalent
photon), ¢) ee—een® (exact), f) ee— een (exact).

increase logarithmically with increasing energy, while the usual annihilation
cross-sections are expected to decrease with increasing energy E (as 1/E2 for pro-
duction of pointlike particle pairs, see Fig. 25). Fortunately, the processes (1.1.2)
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 the reaction ete——>ete—ete— two
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leptons are expected to be emitted in a narrow cone along the beam directions,
while the other two, when emitted at large angles, should have a A¢ distribution
strongly peaked around A¢ =0 [109] (A¢ is the angle between the planes
defined by the beam axis and the two emitted particles).

Experimentally, the A¢ distribution for the reaction ete—— ete—ete~ has
been investigated at Novosibirsk [110]. The results are shown in Fig. 26, and

301

no of events
3

- SIO —40 AZlO 0 20 40 60
Apldegrees)

Fig. 26. — Distribution of events from reaction ete~-»ete~ete— as a function of the
angle A¢ defined as the angle between the two planes which contain each of the two
large-angle emitted electrons and the beams axis. The data were collected at three
different values of the total energy (2E = 1020, 1180, 1340 MeV). The full line is the
theoretical calculation of Bater and Fapin [109]. The dashed line corresponds to a
uniform A¢ distribution weighted with the detection efficiency of the apparatus.

are compared with the theoretical calculation of BAIER and FADpin [109].
A measurement of this reaction has also been performed in Frascati with
Adone, where also a few candidates from the reaction ete——ete—ptu— have
been observed. In this experiment counters have been placed near the machine
vacuum- chamber in order to detect the electrons (and/or positrons) emitted
near the beam directions, using as spectrometers the magnets of the machine
itself. Some additional information on the kinematics of the reaction can thus
be obtained. In Fig. 27 the distribution of the 29 observed events as a fune-
tion of B, the centre-of-mass velocity of the leptons emitted at large angles,
is shown. The sign of §is defined as negative when S has the same orientation
as 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 <0
depends critically on the lower experimental cut in the energy of the detected
particles, it appears that there is a large contribution of events with a kine-
matical feature not foreseen by the standard theoretical calculations [109],
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Fig. 27. — The results of the Frascati «yy-group» on the reaction e+e-—» ete-ete—
(ref. [111]): a) Distribution of the events as a function of B, the c.m. velocity of the
pair of leptons emitted at a large angle. The convention used for the sign of B is
specified in the upper part of the drawing. The results are compared with the theo-

retical calculations:

Pagist [112], ——— BRODSKY ef al. [109]. b) Distribu-

tion of the events as a function of A¢, compared with the caloulation of BAInk and

FADpIN [109].
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whose approximations are based on the hypothesis of the dominance of the
kinematical configuration

3 e

I

(1.1.4) - .
wide angle
i—g forward

PARISI [112] has evaluated the contribution from the kinematical configuration

forward

wide angle

£ € forward
§ ot
forward
€ wide angle
i—g wide angle
which appears to account for most of the observed events.

Preliminary data from a second experiment [113], in which & lower-energy
cub is set on the observed wide-angle electrons, show a contribution of events
from the configuration (1.1.4) but also a nonnegligible contribution from con-
figuration (1.1.3). 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 inferactions 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 at

all, only a small contamination from the two-photon interaction graph (1.1.2)
(see Sect. 3).

(1.1.5)

1'2. Pointlike leptons and 1]/q* photon propagator. — Experimental tests of
these hypotheses can be obtained by measuring the utu~ or e*e~ pair produc-
tion cross-section in ete~ interactions. However, as we already mentioned in
in Sect. 1 (Part T), the cross-section for the reaction ete~— ete~ is dominated
by the scattering rather than by the annihilation graph. Tests of the pointlike
electrons in the timelike region will be possible only by measuring the cross-
section for the process ete~—ete~ with recognition of the charge of the pro-
duced electron pair, in which case the separation of the annihilation contribution
will be possible. The possibility that the electron has a complex form factor F.,
even if |[F | =1, can also be tested in this reaction [114].

At present, only the annihilation process ete~—>utu~ has been experi-
mentally investigated. A comparison of the electron and muon form factors
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in the timelike region is then available only at ¢°~0.5 (GeV/c)? through the
measurement of the p—ptp~ and g —>ete~ decay rates: the result is [115]

I'(p —ete)
I'(p — php)

_E
Ml

=0.97 4-0.17

The experimental situation on the reaction ete——>utu~ is presented in
Fig. 28. The results [116-118] are expressed in terms of the ratio

B =2 B (5)]2- | Fyfs)|?] M (5) .

OgED

A A

2
q° [(Gev/cﬂ

Fig. 28. — Results on the reaction e*e—-»ptp~, expressed in terms of the ratio
B = 06,,/0qep- The machine luminosity is monitored in this case with the wide-
angle e*e~ elastic scattering: o Novosibirsk ref. [116], o Frascati (uw) ref. [117],
o Frascati (BCF) ref. [118].

The agreement is good within the large experimental errors (typically
(15+-20)%) up to momentum transfers as high as

s=FE_ 4 E_= ¢ =4.4(GeV/c).

This kind of data is often parametrized in terms of a cut-off parameter A2
(B = (1—¢?/4%)?) by assigning the form 1—g2/42 to either F, or F, or to
the photon propagator modification M. This parametrization is arbitrary, and
sometimes gives rise to serious theoretical difficulties (when assigned, for
instance, to M or to a lepton propagator modification [23]). However it is
usually justified with the need of comparing different experiments. This attitude
is misleading in our opinion, since it invites one to consider a rough experiment
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
inereasing energy. This might very well be wrong. Actually, a break-down
of QED 4s expected due to vacuum polarization effects originated by hadrons
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coupled to the virtual photon: this kind of break-down 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 the reaction
ete~—> ptu~ [119] performed at Orsay at a lower energy than the experiments
quoted in Fig. 28. The energy region explored is around the ¢ mass, and 2
vacuum. polarization effect shows up, although at the limit of the experimental
errors.

ol e >t W )arbitrary units)

C2E-M,MeV)

Fig. 29. — Results of the Orsay group showing the vacuum polarization effect in the
reaction e*te+— p+u-. Open circles refer to events collected at five fixed energies E.
Black circles refer to events collected with a continuous cycling of the beam’s energy
in a range of total c.m. energy 2F of -+ 6 MeV around the ¢-meson mass. The full
line corresponds to no polarization effect; the dashed line represents a best fit to the
data with vacuum polarization effect included: B = I'y ,ot~l¢spyry-lp: ——— B=
=2.6-10"4, y?=171; —— B=10, y2=15.

The relevant point is the comparison between experiment and theory;
and the pertinent parameter, at whatever energy, is the precision of the
experiment rather than the cut-off parameter A.

2. — Proton formm factors.
A first measurement of the cross-section for the reaction
(2.1) ete~—>pp

has been recently performed at Frascati by the Naples group [120]. 21 +5 events
from the reaction (2.1) have been observed at ¢*=4.4 (GeV/c)?. The separation
of background from reaction (2.1) is achieved by means of energy F and dE/dw»
measurements in thick scintillation counters, time-of-flight determination and
collinearity of the observed tracks as measured in optical spark chambers.
The sample of events is then quite clean in spite of the very low counting rate
(~1event/(2+-4) days). 14 of the events show the antiproton annihilation
star, as expected on the basis of the known detection efficiency of the apparatus.

To determine from the observed number of events the total cross-section,
extrapolation over the full solid angle of the counting rate is needed. (The



280 B. BARTOLI, F. FELICETTI and V. SILVESTRINI

experimental apparatus covers ~0.6 of the total 4z solid angle, although
the detection efficiency is equal to 1 only around 90°.) For this purpose, the
angular distribution of the events must be known.

The equivalent of the Rosenbluth formula in the timelike region is [121]

deo = N 1 o
. 0= 3 2B ([GM[--(]L + cos?0) — |G5)? s1n20) _g
T ==
’ 1 4 M=’
(a ~ 1032 (]CT'M[2 —5 ]GEIZ) cmz) )
B, 0 = velocity and angle of emission of the proton.
10—31 L
107 /—_§ I ——
- \\
G
Ng ]
=
T 10°% - fi20]
v K T [122}
. | N
© [123]
i,
04
I \\
=35 L ! L L ! 1
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Fig. 30. — The result of the Naples group (ref. [120]) on the reaction ete~—pp. The
black circle e represent the cross-section as determined by using all the detected events;
the cross + represents the cross-section as determined by using only the events in which
the antiproton annihilation star is detected. Previously available upper limits zzz
from the reaction pp—ete~ are also shown (ref. [122, 123]). The full lines represent
theoretical predictions for some particular values of the form factors: a) F,=1,
F=1.79; b) Gy=Gy=1; ¢) Gy=Gy=1/(1+ ¢2/0.71)2
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The angular distribution depends on |G,|?/|G4]* and some hypothesis is
needed, unless the experiment covers a wide enough 0 region so that |G|
and |G,]* can be separately determined; this is not the case for the Naples
experiment. However this experiment has been performed near threshold where
one would expect the angular distribution to be isotropic, i.e. @42 = |G,

In fact, unless G, = @, at threshold (r=—¢?*/4M?*= —1), F_ and F, (see
Subsect. 22, Part I) 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 0.5 = (4.6 1) 10734 em? (0,4o-_yp5 = (6.2 4-1.8)-10-3¢ cm?
using only the events with the detected annihilation star). In Fig. 30 these
values are compared with previously available upper limits from the reaction
P-+p—>et+fe[122,123] and with caleulations for a few particular choices for
G, and G,.

In the above hypothesis |G,|=|G,|, the measured value of the cross-
section corresponds to |G, = |G| =0.19 4-0.03.

This experiment is obviously only a first approach to a new field of inves-
tigation. New storage ring experiments permitting the determination of |Gy
and |@,,| separately (and also the form factors of unstable baryons) are planned
both at Frascati and Stanford.

3. — The pion form factor.

The pion form factor is simply related in the timelike region to the cross-
section for the reaction
(3.1) ete—— i

by the relations [121]

2 08
dopin- _ mo® éfl_pn(qz)[z sin26 ,

decosf 4 ¢°
(3.2) i
Oxtn~ — (”37) _q'é an(q2)]2

A measurement of o(ete~—>mrn—) therefore permits one to measure |F (¢?)[%
Notice that a wtn— system with I =1 (as it must be in the one-photon~
exchange hypothesis) must have T =1 so that F_(¢?)is related to the coupling
of isovector photons with hadrons. Actually, F, coincides exactly with #,
below threshold for 4w production and in practice below ¢2=1 (GeV/c)2. Phase-
space factors are expected to depress strongly the ete~— 4w channels below
g2 =1 (GeV/c)?, as confirmed by the first experimental measurements (see
Sect. 3).
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Measurements of o({ete~—mrr—) at ¢ <1 (GeV/e)? have been quite exten-
sively performed during the last ~ 5 years at Novosibirsk [124] and Orsay [125].
The phenomenology is dominated by the production of the vector meson p,
the foreseen interference term with the  contribution (via the electromagnetic
decay mode o —wtn~) having also been observed. The results are summarized
in Fig. 31, showing |F,_|* as a function of ¢2.
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Fig. 31. ~ |F.(¢*)]* as determined by the Novosibirsk and Orsay groups through
measurements of the reaction ete~— wtn— at 21 (GeV/c)2. The full line is the Breit-
Wigner best fit to the Novosibirsk points. The dash-dotted line is the best fit to the
Orsay points using a Gounaris-Sakurai formula and taking into account the o
contribution via the decay channel «-—>mntn-. - n Novosibirsk 1, ref. [124];
----- o Orsay 1, ref. [125]; a Novosibirsk 2, ref. [124]; o Orsay 2, ref. [125].

The full line is the Breit-Wigner best fit to the Novosibirsk points; the
dashed line is the best fit to the Orsay points including the « — wrr— contri-
bution. On the top of the p peak the cross-section is ~ 1.5 pb. In terms of
¢ parameters, the results can be summarized as follows.

Orsay Novosibirsk
m, (MeV) 77544+ 7.3 754 + 9
T, (MeV) 149 123 105 420
Tysite ! Tototar (4.0 + 0.5)-10-5 (5 4+ 1)-10-5

Tosere- (KOV) 6.1+ 0.7 524+ 0.5
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The difference in the parameters obtained at Novosibirsk appears to be
essentially due to the fact that the « contribution is not taken into aceount.
Actually, the best fit to the Orsay points (which provides the additional infor-
mation (I pn/lesiom)® = 0.2 == 0.05, the phase angle between the « and p
amplitudes being ¢, = (87.05 - 15.04) °) appears to fit perfectly also the Novo-
sibirsk points.

The fact that the cross-section for wtrn— production can be accounted for
by the p and « contributions alone (actually the p,  and ¢ account for all
the hadronic production below 1 GeV) was a strong support in favour of the
« vector dominance » hypothesis [126]. The data above 1 GeV, however, give
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Fig. 32. — |[Fr(¢®)|? as determined by meagurements of the reaction ete~— mim— at

¢*>1 (GeV/c)2. The expected contribution from the p tail is shown. Corrections for
a possible contamination of kaons in the sample of pions are not applied: x Orsay
ref. [144]; e Novosibirsk, ref. [129]; o Frascati (BCF), ref. [142]; o TFrascati (uw),
ref. [143].
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evidence in favour of a nonnegligible contribution from other mechanisms M.

Above 1 GeV, the results are presented in Fig. 32. We see that for

1< ¢*< 4 (GeV/e)?, |F,|? is larger than the expected contribution of the p tail.

In this energy region, the corresponding eross-sections are of a few nanobarn
20-1073% cm?

|F|2 =1 would correspond to a eross-section o(ete~—mrm) :——2————) .
g% (GeV/c)?

A separation of the w’s from the K’s has not been achieved in the Fra-

seati points, so that the interpretation of the data of Fig. 32 as |F.|? requires

the hypothesis that the contribution to the counting rate from the channel

ete™ > KK~ is negligible.

4, — The kaon form factor.

The kaon form factor is related to the cross-section for the process
(4.1) ete” - KTK~™

by a relation of exactly the same form as eq. (3.2). However, also isoscalar
photons can couple to a K*K™ pair (rather than only isovector photons as in
ntn~ production).

Around the ¢ mass, |Fi|* is dominated by the process ete~—¢—>K+VK™.
The production of ¢-mesons in ete~ interactions has been investigated at
Orsay [127] and Novosibirsk [128]. The results can be summarized in the fol-
lowing Table.

(") However, the simple p, @ and ¢ vector dominance model was already in some
trouble due to the behaviour of the isovector form factors Fy of the nucleons as a fune-
tion of the four-momentum squared f=— ¢?:

1
Fyoc =
t2

In fact, using the relation
Im F
Bty f L2 B(6) 46
t—s
and sinee 1/(t—s)= 1/t 4 (1/5)(s/(t—s)), we have
s Im Fp(s)ds
t—s ’

Fp(t) c %J‘Im Fy(s)ds + tlf

Fy(t) ~1/i* requires f Im Fy(s)ds = 0. This however cannot be satisfied if only the
e contributes to Fy(s) since the p contribution has a large imaginary part with
definite sign.
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TasLe II.

Orsay Novosibirsk
N Mﬁ,) (2.41 40.13)-10-3 cm? (2.13 4-0.17)-10-% cm?
o (2= M}) (1.47 4 0.21)-10-30 em? (1.01 =+ 0.15)-10-% ¢m?
Ot (g2 = M3) (1.01 =4 0.21)-10-% em? (0.81 - 0.21)-10-3¢ ¢m?
Oattmoden (2= I3) (4.99 -+ 0.40)-10-30 om? (3.96 -+ 0.35)-10-% cm?
Ty (4.09 -+ 0.29) MeV (4.67 +0.42) MeV
Tysore-/ Tpmran (3.52 4 0.28)-10- (2.81 --0.25)-10~
Ty oz~ Tpsan 0.483 + 0.043 0.540 4 0.034
Tyzozo/ Dpsan 0.295 - 0.040 0.257 4 0.030
Y ) A 0.202 4 0.035 0.203 -+ 0.042
Tpsete- (1.44 4 0.12) keV (1.31 +0.12) keV

Above the ¢ mass, only four events have been observed at Novosibirsk
at three different values of ¢2.
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Fig. 33. — |Fx(¢®)|® as determined by the Novosibirsk group (4 events in total). The
meaning of the curves is explained in the text.

These results [129], in terms of |F|?, are presented in Fig. 33. The curve
B-W represents the tail of the ¢ Breit-Wigner; the other two curves are [Fg|®
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a8 expected in the vector dominance model calculated as follows [129]:

(4.2) F(g?) = Io= e foxe Mo | Gowe My

Go Mo— @ o Mo—q® ' gy mh—qt

2 27
If we put m; =~ mj,

my (4 g g Mg
P(qr) — M (_PE§_|_ wKK) Gz Mo
=(Z) my—q2 \ go Jo 9o My —@q*

and use F(0) =1, 4 =g, /9, + Joxx/d Can be evaluated in terms of Joxxcl e+
Then the curves + and — in Fig. 33 represent respectively what is expected
if A has the same phase as gy/g,, or a 180° difference in phase.

We see that the extremely poor statistics are still insufficient to decide
whether |F|? is accounted for, in this energy region, by the simple p, & and ¢
vector dominance model.

5. — Multihadron production in ete— imteractions.

Up to values of ¢>~1.1(GeV/c)? multihadron production is essentially
limited to the production of w+n—x® via the isoscalar vector mesons « and ¢.
The contribution from the channel ete~— ¢ —ntr—n°® is already summarized
in Table IT. The « production was alsoinvestigated at Orsay [130]. The results
can be summarized as follows:

g(ete—mtn-n®) (at the w mass) = (1.76 £-0.13) pb,
r, =12.2 MeV (from the world average),
Ly - =(1.00 4-0.18) keV .

Above ¢*~1.1 (GeV/e)?, multihadron production has been investigated at
Orsay, Novosibirsk and especially at Frascati.

The first experimental values for multiparticle production cross-sections
were presented at the Kiev Conference by the Fragcati «boson » [131] and
¢ um» [132] groups; the values of the cross-section (= 30-10-3 ¢m?) were ab
least one order of magnitude larger than expected on the basis of an extra-
polation 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 (w or K) with a contam-
ination from e and p which is at most (5-10)9, [133-136].

In addition, it was possible to conclude that the production occurs essentially
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via the annihilation channel, with at most a small contribution (a few percent)
from graphs of the type (1.1.2). In fact none of the observed multihadron
events were detected in coincidence with a small-angle electron.

In addition, the disttibution of the events as a function of the noncoplanarity
angle A¢ appears to be flat [137] (Fig. 34) with no appreciable contribution

dofd(Ag)arbitrary units)
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Fig. 34. — a) Distribution of noncoplanar (multihadron production) events as a fune-
tion of A¢, the noncoplanarity angle between pairs of observed charged tracks. The
distribution is corrected for the detection efficiency. b) A¢ distribution for the reaction
ete— > e+e—ete~ as expected according to BAIER and Fapiv, see ref, [109].
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Fig. 35. — The total cross-section o, (ete~— more than two hadrons) as a function
of the total c.m. energy 2E=E'+ F = 4/@&. Tor reference, the dashed line shows
the calculated total cross-section for production of p+u— pairs: a Orsay, ref. [144];
x Novosibirsk, ref. [145]; o Frascati (boson), ref. [187]; = Frascati (uw), ref. [143];
o Frascati (yy), ref. [134].
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Fig. 36. — The cross-section to produce four charged pions o(ete——> TrrRtnt) as a
function of the c.m. energy 2F. In this and in the following Figures the symbols used
to indicate the experimental points from different experiments are the same as in
Fig. 35: . Orsay, ref. [144]; o Frascati (boson), ref. [137]; = Frascati (urw), ref. [138].
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from the peaked distribution characteristic of the events of the type
ete——ete—ete, ete——eteutu, ete——ete ntn,

Under the assumption that the charged detected hadrons from the reaction
(6.1) ete~—more than two hadrons
are pions, and that angular distributions are determined by pure phase space,
cross-sections have been evaluated for different production channels. The main
conclusions would remain unaltered within the errors if the angular and energy
distributions are determined by quasi-two-body intermediate states (¢.g. ete™—

— Ajn” —mtrominT) [134, 136, 137].
The results are shown in Fig. 35-40. The total cross-section appears to be

60

501

~40F i

cm

R

20t } } *

1.0 15 2.0 25
2E6(GeV)

Fig. 39. — The cross-section o(ete——> at least four charged pions) as a function of 2K.
The points indicated by the symbol P are taken from ref. [139].

very large, larger than the cross-section for production of a pair of pointlike
fermions. After a steep increase between ~1.2 and 1.4 GeV, it shows a
slow fall-off consistent with a 1/¢% dependence. Different channels show  dif-
ferent energy behaviours: for ingtance, while the channel ete=—mrn—rmtr-
shows a broad bump at a mass of ~1.6 GeV (a new vector boson?), the
ete”—mwtn—ntrwtn— 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 [140], or in terms of an extended vector
dominance including the contribution of a higher-mass vector meson o’ [141].
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Fig. 40. — The cross-section c(ete~— wrrn—wtr-nwtn—) as a function of 2F.

The most general attitude is however to consider these large cross-sections
a8 a different manifestation of the same phenomenon which is observed in
deep inelastic electron-proton scattering.

6. — Comments and conclusions.

The scattering of charged leptons on hadron targets, as well as the pro-
duction of hadronic systems in ete— interactions, has been an active field of
investigation.

Due to the validity of three experimentally confirmed hypotheses—one-
photon—exchange approximation, pointlike leptons and 1/¢? photon propa-
gator—the experimental results have a straightforward phenomenlogical inter-
pretation, 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 nuclecns in the spacelike region. On the contrary, the
experimental knowledge of the e.m. structure of unstable particles, as well
a8 the data in the timelike region above ¢2~1 (GeV/e)?, is still scarce or lacking.

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

From the theoretical point of view, 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 timelike region in terms of the data in the
spacelike region; that is to say, as yet we do not have any theory. The experi-
mental information on any particle, in any ¢* region, is therefore extremely
useful and will complement the already available phenomenological knowledge
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One of the most exciting and elegant ideas in elementary-particle physies
was first suggested by the behaviour of e.m. form factors: the idea that a
gauge field is generated by each conserved quantum number. The experimental
data on hadron production from ete~ collisions below 1 GeV have nicely con-
firmed this idea, suggesting that Nature was applying it in its simplest form—
the vector dominance model. New data at higher energy, as well as results
in the spacelike 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 suggested another simple idea—the parton models. Also
this idea is certainly too simplified, and we already know that the simplest
versions are in trouble: in the parton-quark identification, for example, we
known that the simple 3-quark structure of the nucleons is not adequate; a sea
of virtual quarks is added to the valence quarks, etec.

But we already knew that it is unlikely that the extremely complicated
phenomenology of elementary-particle interactions can be completely under-
stood in the frame of a simple 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 im-
portant results since they will provide the foundation on which to build all
future theories.

Note added in proofs.

After this paper was submitted to Rivista del Nuovo Oimento for publication, new
data on e*e- interactions have been presented at the XVI International Conference on

20
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10 20 30 40 50 60

S [(G eV/c)z]

Fig. 41. — Experimental results on ete-—e*e~ elastic scattering obtained at Frascati
by the BCF group. The results are expressed in term of a yield per unit luminosity as
a function of §=4E2 The full line is a best fit to the experimental data of the form
yield = A4/8",
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Fig. 42. — The pion form factor Fr(¢®) as determined by the measurement of the reac-
tion ete-->mtm— at 21 (GeV/c)2 Corrections for a possible contamination of kaons
are not applied. The full line represents the expected contribution of the p tail (Gounaris-

Sakurai). x Novosibirsk, ref.[129]; o Frascati (uw), ref. [146]; o Frascati (BCF),
ref. [146].

High-Energy Physics held at Batavia. We think it convenient to add in proofs these
new data.

In Fig. 41 are shown the new results on efe~—ete~ elastic scattering obtained
at Frascati by the BCF group. The authors prefer to present their data in terms of
yield per unit luminosity ¥ as a function of §=4F* The full line represents a fit

10 ‘—
10 °F )
- AN
o L +
=
= i
07" B-W
2 | 1/ ] i
0o 12 13 14 15
ZE(GQV)
l 1 i 1 L | 1
10 12 14 16 18 20 22

—q2 [(GeV/c 2

Fig. 43. — The kaon form factor [Fg(¢®)|* as determined at e Novosibirsk, ref. [129]
and w Frascati (um), ref. [146]. The meaning of the curves is explained in the text,
Part 11, Sect. 4.
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of the form ¥ =A4/8%, where n turns out to be n = 0.985 -+ 0.040. Both the absolute
value 4 and the slope n are in agreement with QED predictions within (4=5)%,.

In Fig. 42, 43 the present situation on the pion and kaon form factors Fy and Fy
is shown. These Figures update Fig. 32, 33.

Figure 44 shows a summary of the results for the total cross-section Oy, fOr multi-
hadron production in ete- interactions, presented in terms of the ratio Ciot/ Oy

6

4t T 5_ /#/‘;/%’{/%/i -
| NS

Fig. 44. Fig. 45.

Fig. 44. — Summary of the results on multihadron production in e*e~ interactions.
The results are expressed in terms of the wratio B — Gio(6te—more than two
hadrons)/o(ete~— ptu-) as a funection of the total c.m. energy 2B8=FE"+ B = V.
a Orsay, ref. [144]; e average of the results of the Frascati (bosomn), (ur), (yy) groups,
ref. [137, 143, 134]; o Frascati (BCF'), ref, [146]; n CEA, ref. [14:6].

Fig. 45. — Average values of the multiplicities in multihadron production from ete-
interactions as a function of the total c.m. energy 2F. Black symbols represent total
multiplieity, while open symbols represent charged multiplicity. © Orsay, ref. [144];
e Frascati (um), ref.[146]; o, m Frascati (vr), ref.[146]; a CEA, ref.[146];
=== Mpopars ——— < ehargea -

The open circles (BCT group results) have bheen analysed under the assumption that
the multiplicity distribution in multihadron production is the same as in proton-
antiproton annihilation at rest, with phase-space corrections as the energy increases.
The black circles are averages of the Frascati groups [137, 143, 134]. The point at
2E = 4 (GeV) comes from the ORA by-pass experiment.

Finally, in Fig. 45 the average multiplicities in multihadron production are presented.
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