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Experimental investigations of the electromagnetic sizes of pions and kaons in 7e and Ke elastic-
scattering experiments are reviewed. The methods and results of experiments at 50, 100, and 250

GeV are considered in detail.

INTRODUCTION

Study of the structure of matter by means of the well-
understood laws of electrodynamics has played an extremely
important part in elementary-particle physics. The concept
of an extended structure of elementary particles was formu-
lated on the basis of experiments measuring the deviation of
the differential cross section of electron scattering by hydro-
gen nuclei from the cross section for a point object. The first
ep scattering experiments were made by Hofstadter in 1955.*
In these experiments, 500-1000-MeV electrons bombarded
target protons. The angular distribution of the scattered
electrons did not correspond to what was expected for a
point proton. The results of the experiments stimulated
great interest among theoreticians and experimentalists in
this problem in the following years. To explain the electro-
magnetic structure of the nucleon, Nambu® postulated in
1957 the existence of a two-pion state (the p mesons) as a
intermediary in the photon-nucleon coupling. Later Frazer
and Fulco® developed these ideas and predicted the existence
of other mesons in the form of two-and three-pion resonance
states. After the discovery of the p, @, and ¢ mesons, Sa-
kurai* proposed the vector-dominance model, in which it is
assumed that the mechanism of exchange of the vector me-
sons p, w, and @ plays the dominant part in the interaction of
hadrons with the electromagnetic field. Many electromag-
netic processes can be treated in a unified manner in the
model. However, it encounters difficulties in the description
of the proton charge radius and does not predict the ob-

g
i
7
2 okl
a
£ g
e
%,k T

served dependence of the nucleon form factor on the mo-
mentum transfer.

The Feynman diagram for elastic electron—hadron scat-
tering is shown in Fig. 1a. The differential cross section for
scattering of a particle with zero spin and charge Ze by a
spinless nucleus with charge ze is described in the nonrelati-
vistic case by the Rutherford formula®

do 4m? (zZe%)?

Q= 4 *

q

where q = p — p' is the momentum transfer. The scattering
of an electron, which has spin ! and charge z = 1, by a spin-
less target particle was considered by Mott.® For the effec-
tive scattering cross section for the case of single-photon ex-
change he obtained

(S5) =4 Ze o (1—pPsin® )
Here, E is the energy of the electron, and v = SBc is its veloc-
ity. In the nonrelativistic limit S—0, Mott’s expression goes
over into Rutherford’s. Investigating the effects of the
charge distribution on the scattering of fast electrons by nu-
clei, Guth’ and Rose® showed that the scattering cross sec-
tion in the case of a spherically symmeitric charge distribu-
tion p(r) in the nucleus differs from the Mott cross section by
a factor |F{g%)|*
d ;
o= (a5 ), 1P @12,

this factor being related to the charge distribution p(r) by the

FIG. 1. Feynman diagrams for: a) elastic scattering of an electron by a hadron; b) pion electroproduction; c) inverse pion electroproduction; d) annihila-
tion of an e*e™ pair into hadrons; e) kaon electroproduction; f) kaon electroproduction with exchange of a K * pole.

1 Sov. J. Part. Nucl. 15 (1), Jan.—Feb. 1984

0090-4759/84/010001-24504.40

© 1984 American Institute of Physics 1



TABLE 1. Form factors for some one-parameter charge distributions.

Charge distribution Form factor
Point pry=8(r—r" Fgh)=1
: = & ar T S S
Exponential plry=—¢ F )= ( T e )
at? B B 1
Yukawa type P =7 Flg =TT e
a? \3/2  at ) T
Gaussian or) (mﬂt—) I I(g®)=e e
expression pends on the square of the total c.m.s. energy of the particles.

F(g) = [ p ey,
where it is assumed that
5 p(r) d¥r=1.

For gr«<1 and under the assumption that F (q°) is a smoothly
varying function, there exists a connection between the form
factor and the mean-square charge radius {#*) of the nu-
cleus®:

F(@)=1—5 @D+ .. (1)

Here
(ry= q p (r) r2dr.

It can be seen from the expression (1) that the form factor

depends only on the square of the momentum transfer and

not on the energy of the incident particle. Table I gives exam-

ples of the form factors for different charge distributions.'®
From the expression (1), we find

n_ _p dF ()
rH=—6 pra I

Thus, by studying electron-hadron (or hadron-electron)
scattering, we can obtain information about the spatial dis-
tribution of charge in the hadron. Finally, we note that the
analysis of elastic electron scattering in terms of electromag-
netic form factors is based on two assumptions.

1) the validity of quantum electrodynamics for leptons;

2) the validity of the single-photon approximation.

The validity of quantum electrodynamics has been veri-
fied in many experiments. The single-photon exchange ap-
proximation is based on the small value @ =1/137 of the
fine-structure constant. This assumption is also well con-
firmed by experimental data.!!

The interpretation of scattering processes based on
these two assumptions shows that to study the electromag-
netic interaction of elementary particles one can use pertur-
bation theory and make a restriction to the lowest nonvan-
ishing approximation. In the lowest approxiation in e, the
matrix element of the process (Fig. 1a) contains a scalar func-
tion F,(¢ ). The process of electron—positron annihilation into
two pions (Fig. 1d) also contains a function F,(s), which de-
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These functions are related. The intimate connection
between the matrix elements of crossed processes is well
known in quantum electrodynamics. There exists a function
F(w), analytic in the complex  plane with a cut w>4u? (u is
the pion mass), that is equal to F, (¢ ) for @ = £<0 and tends to
F,(s) as @w—s from the upper plane. In other words, each of
thefunctions F,(r )and F,(¢ ) is the analytic continuation of the
other. The function F (@) is called the pion form factor. Form
factors for the other particles are introduced similarly.

The electromagnetic form factors carry information
about the strong-interaction processes in the hadron that
determine the electromagnetic structure of the particles.
Moreover, the quantitative description of strong interaction
is made in the framework of a functional dependence on the
single variable g> This circumstance is responsible for the
fact that modern methods of the theoretical physics of ele-
mentary particles (for example, quantum chromodynamics)
are widely used to describe form factors.

1. BRIEF REVIEW OF INVESTIGATIONS OF THE
ELECTROMAGNETIC FORM FACTORS OF THE PION AND
KAON

The Pion Radius

Since the charged pions and kaons do not have spin,
they can be characterized by a single electromagnetic form
factor. Accurate measurement of their form factors is ex-
tremely important for the study of various theoretical mod-
els.

A large number of experiments have been made to de-
termine the electromagnetic pion radius (Table IT). When
positive and negative pions are scattered by helium nu-
clei,'*'* the difference between the scattering cross sections
is proportional to the product of the form factors of the pion
and the helium nucleus. Knowing the charge radius of the
helium nucleus and its nuclear amplitude, we can obtain the
pion form factor. However, the procedure for determining
the pion form factor is sensitive to the assumptions made
about the nuclear amplitude and the influence of the Cou-
lomb interaction. For example, Christensen,'® who used a
relativistic model, obtained 7, ~1 F from wa scattering
data; Nichitiu and Shcherbakov,'® who used other phase
shifts, obtained r, = (0.80 + 0.40) F; Auerbach ez al."” give
r, < 2.0 Fin the optical-theorem approxiation; and Aleksan-
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TABLE II. Experimental data for the charge radius of the 7~ meson.

Experimental technique (Y4 F Reference
ma scattering
Counters 1.8 +0.8 Ref. 12
Helium bubble chamber <09 Ref 13
Counters 296 + 043 Ref. 14
Pion electroproduction
Counters 0.8040.10 Ref. 19
Counters 0.86 +0.14 Ref. 20
Counters, wire chambers 0.704 + 0.025 Ref. 21
Counters, wire chambers 0.711 + 0.018 Ref. 22
Counters 0.740 + g;; Ref 23
Inverse electroproduction
Counters, spark chambers <19 Ref. 28
Counters, spark chambers 0.60 + 0.11 Ref. 29
Counters, spark chambers 0.62 -+ 0.12 Ref. 30
Colliding electron—positron beams
Counters, proportional chambers 0.678 + 0.011 Ref. 37
Counters 0.605 + 0.039 Ref. 38
Elastic 7e scattering

Propane bubble chamber < 6.6 Ref. 44
Hydrogen bubble chamber <4.5 Ref. 45
Counters, spark chambers <33 Ref. 47
Counters, spark chambers 0.78 + 0.10 Ref. 48
Counters, spark chambers,

and proportional chambers 0.56 + 0.04 Ref. 49
Counters, drift chambers,

and proportional chambers 0.66 + 0.03 Ref. 50

drov et al.'® obtained r,, = (0.83 + 0.17) F. It is evident that
this method cannot pretend to a particularly accurate deter-
mination of the electromagnetic pion radius. In pion electro-
production experiments (Fig. 1b),">~>* the reaction

e+ p—> e+ 1t +n
was studied.

In 1959, Frazer® showed that from experiments of this
kind, using a Chew—Low-type extrapolation of the differen-
tial cross sections to g° = u” (u is the pion mass), one can
obtain a model-free determination of the pion form factor.
Since then, the accuracy of the experiments on this reaction
has improved by between one and two orders, but itis still far
from sufficient for making any definite extrapolation to the
pion pole. Therefore, in pion-electroproduction experiments
information about the pion form factor is usually extracted
on the basis of the Born model and the calculation of correc-
tions to it by means of dispersion relations for fixed ¢” (Ber-
ends’s methods®®). In the theoretical interpretation of the
experimental data, it is assumed that the imaginary part of
the amplitude for production of a single pion is small and
completely determined by the isobar 4 (1236). The isovector
part of the cross section of the investigated process is calcu-
lated and its experimental value found by comparing the
data obtained using hydrogen and deuterium targets, it be-
ing assumed that the nucleons in the deuterium nucleus are
free. In this way, the rms pion radius 0.704 + 0.025 F was
obtained in Ref, 21. The systematic error in the experimental
data on the differential cross sections is estimated at 5-6%.
Although the authors show that the employed model gives a
reasonable description of different aspects of the experimen-
tal data when the produced pions are emitted at small angles
relative to the direction of the virtual photon, the theoretical
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uncertainty in the interpretation of the data remains very
great. The model-dependent nature of these measurements
poses many theoretical questions. For example, in Ref. 26 it
is noted that the subtraction constant used in Berends’s dis-
persion calculations?® contains an unknown function of ¢
and k 2 (k 2 is the square of the “mass™ of the virtual photon),
which intreduces an ambiguity into the definition of the pion
form factor. In Ref. 27, it is pointed out that in theoretical
dispersion calculations it is also necessary to take into ac-
count the contribution of the axial-vector form factor.

Drell and Zachariasen® pointed out the possibility of
determining the pion form factor by means of inverse pion
electroproduction, in which a virtual photon produces an
electron—positron pair (Fig. 1c).

This reaction®*>°

- p—>-e et n
makes it possible to study the form factor in the region
— 4m? < g* <0 (GeV /c)*, which is kinematically inaccessi-
ble for other types of experiments. In the single-photon ap-
proximation, this process can be described in accordance
with the T invariance by the same amplitude as pion electro-
production, only the ranges of variation of k * being different.
However, to determine the form factor, model-dependent
dispersion calculations are needed here too. In Ref. 30, the
experimental data were analyzed in the framework of the
model of Ref. 31, which takes into account only the contri-
bution of the magnetic-dipole transition amplitude M, .
The model parameters used are the Dirac and Pauli isovec-
tor and isoscalar nucleon form factors F}, F;, F3, F}, the
pion form factor F_, and the form factor G ¥, which occurs
in the amplitude M, . In the analysis, the form factors F'}
and F_ were taken to be real and equal:
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Fy (%) = F. (£).

The form factors were determined with an error of about
6%. However, if the form factors F} and F, are assumed to
be independent, the resulting values have an error of about
80%.

In a number of theoretical studies**~3? it has been shown
that the difference 4 (k%) = F{(k?) — F,(k?) can be calcu-
lated with fairly good accuracy. In an analysis of experimen-
tal data in Ref. 29, the form factors '} and F, were calcuat-
ed by means of the dispersion model of Ref. 31 using the
theoretical values of their difference. The electromagnetic
pion radius was found to be

(g M = (0.60 + 0.11) F .

Thus, these indirect methods of determining F,. involve
theoretical uncertainties associated with the models em-
ployed.

The pion form factor can also be measured in the time-
like region of momentum transfers®**~** in colliding-beam ex-
periments:

et teT— ot <@,

In this case, the square of the momentum transfer is
t =5 = (2E )?, and the total cross section of the process (Fig.
1d) can be written in the form®®

e o, 5
0 = 5 P2 | Fal?,

where 3. is the velocity of the pion, and Eis the energy of the
beam. In these experiments, it is usual to detect simulta-
neously e"e™ interaction events with final state ete ™,
ptu~, or ¥ 7. In this case, the square of the modulus of
the pion form factor can be expressed in terms of the experi-
mentally determined event numbers N (7)) and N (ee + )
as follows™®:

Cl0set (20,
C301n

N ()
N (ee4-pp)

|Faf?=

whereo,, , 0, , 7, arethe electromagnetic cross sections of
the processesete”™—e e, ut T, 7T ,and C1,C2, C3
are correction coefficients. It should be noted that in these
experiments the form factor can be measured only in the ¢
region above the threshold for production of a 77~ pair
(t>4m?2).

In the experiments of Refs. 34-36, F_ was measured in
the neighborhood of the p-meson peak. The experimental
data can be well described by the Gounaris—Sakurai expres-
sion*’ obtained in the vector-dominance model. However, to
extract information about r,. it is necessary to know the be-
havior of the form factor in the region of 7 below the p peak
near the pair-production threshold. In Ref, 37, the experi-
mental data obtained with the colliding beams at Orsay were
analyzed in the framework of the vector-dominance model
with allowance for the contribution of the inelastic wr chan-
nel.**? The result was (72 )"/2=0.678 + 0.011 F. This is
the currently most accurate result. In an experiment made at
Novosibirsk using the storage facility VEPP-2M,® the pion
form factor was measured near thee* e~ — 7+ 7~ threshold
using a time-of-flight detector. The values obtained for F._
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agree well with the predictions of the vector-dominance
model. Approximation of the experimental data by the
expression

Fols) = I3 (5) G (),
where F 95(s) is the pion form factor in the Gounaris—Sakurai
model, and G (s5) is a smooth analytic function taking into
account the contribution of distant inelastic channels, gives
(22 =0.605 + 0.039 F. This value differs by two stan-
dard deviations from the results of the Orsay experiment.

Study of elastic e scattering

T e o | e”
is the only model-independent way of measuring the pion
charge radius. The theoretical differential cross section of
the process for a point pion was obtained in Refs. 52 and 53:

do P2 E mek ) 1

Doyt =3 - e
aE e ( N TP | EE

max

where E is the energy of the scattered electron in the labora-
tory system, E ., is the maximal energy transferred to the
electron, P, is the momentum of the initial pion, y is the
Lorentz factor for the beam particles, r, is the classical radi-
us of the electron, and m, is the electron rest mass. Bearing
in mind that at giga-electron-volt energies

Ty = 1) =1, mE/R2Pjc ~ ),
we can write the cross section in the form

da . E g I

ak :K[l_i;‘m, J?‘

where K = 2oR 2m, = 254.9 MeV-mb.

Up to now, nine experiments*~>2 have been made in the
energy range from 1 to 300 GeV. The first experiments,**—**
which were made at energies below 50 GeV, could establish
only an upper limit for the pion radius because of the small-
ness of the form-factor effect and the inadequate instrumen-
tal resolution. For measurement of the electromagnetic pion
radius the reduced de Broglie wavelength of the electron,
7 = fic/E, must be comparable with the Compton wave-
length #/m_ ¢ of the pion. Table III gives estimates of the
sensitivity of the e scattering experiments made in different
laboratories to the pion size.

The first measurement of the pion charge radius was in
a e scattering experiment with the Serpukhov accelerator
at 50 GeV.*# Later experiments using the Fermilab accelera-
tor at Batavia at 100 and 250 GeV made it possible to deter-
mine the pion radius with appreciably high accuracy.->°

In the simplest vector-dominance model, the pion form
factor is determined as

1
Fa(g®) = RET
where m,, is the mass of the p meson. The pion charge radius
in this model is

(r % = 0.63 F .

All the currently known theoretical predictions for the pion
charge radius are given in Table IV. In various papers®>>4-57
bounds have been calculated for the pion radius on the basis
of experimental data in the timelike region using dispersion
relations and an assumption of relatively definite behavior of
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TABLE III. Estimates of the sensitivity of we scattering experiments made in different

laboratories to the size of the 7~ meson.

Laboratory P, GeV/e Gon s MeV/e 1/Gwans F
Berkeley 1.12 3 =
Dubna 4 29.7 2645 g
CERN 16 86.4 2.3
Brookhaven 20 102 50
Serpukhov 50 192 1,03
Fermilab 100 293 0.67

250 487 0.41
CERN 300 536 0.37

the form factor at large ¢°. In Ref. 57, the experimental data
in the timelike region were parametrized with allowance for
the four resonances p(776), p ,(1100), p'(1250), and p"(1540).
Many authors have calculated®®® limiting values of the
pion charge radius by analyzing experimental data in the
complete range of momentum transfers.

Predictions for the radius of the charged pion were also
made in the framework of an extended vector-dominance
model in Ref. 68, on the basis of the Chou—Yang geometrical
model of hadron scattering,® by means of the superpropaga-
tor method in a theory of chiral type,’® and in a relativistic
quark model.”

In Ref. 72, the experimental data on the pion form fac-
tor in the spacelike and timelike regions of momentum trans-
fer [ — 9.77 <¢* <9.61 (GeV/c)’] were approximated simul-
taneously by a method that reduces the dependence on the
choice of the theoretical models. The result was
(r2)!/2 = 0.68 + 0.02 F. When the experimental data on
pion electroproduction of Ref. 23 are eliminated from the
analysis, (#2)'/? = 0.66 +- 0.02 F.

The Radius of the K~ Meson

In the vector-dominance model, the electromagnetic
form factor of the charged kaon is given by ™

Fe@)=5 (1 +57)"

g teag) g ()T

In accordance with this, the kaon charge radius is

{rc W2 = 0,58 F.

In this model, the three vector mesons g, ®, and @ contribute
to the kaon form factor. The extended vector-dominance
model®® requires the existence of at least three isovector and
three  isoscalar mesons. This model predicts
{r2)'2 =0.62F.

In Table V, we give the theoretical predictions for the
kaon charge radius calculated on the basis of different mod-
els. In Ref. 74, the contribution of the isovector part of the
kaon form factor is determined by means of dispersion rela-
tions, and the contribution of the isoscalar part is found us-
ing the vecto-dominance model. In Ref. 69, the K ~ charge
radius is estimated on the basis of the geometrical model of
hadrons scattering. Volkov, Matafonov, and Pervushin’®
made predictions for 7, - in quantum chiral theory. Vol-
konskii’” calculated the kaon radius by means of the parton
model. Gerasimov” and Tarrach,”! who used the relativistic
quark model, obtained a limiting value for the kaon radius.

The kaon, like the pion, is a spinless particle and has a
relatively small mass. Like the pion, it cannot be used as a
target particle in electron elastic-scattering experiments be-
cause of its instability. Therefore, experiments to study kaon
structure depend on the possiblity of obtaining beams of
high-energy kaons to be used for elastic scattering on atomic
electrons. Attempts to use the electroproduction method to
measure the kaon electromagnetic form factor encounter
serious difficulties because of the large kaon mass, and also
because of the impossibility of distinguishing the contribu-
tion to thereactione™ + p—e~ + K * 4+ A ®of the reaction
with exchange of a K-meson pole (Fig. le) from the contribu-

TABLE IV. Theoretical predictions for the charge radius of the 7~ mesocn.

(é)]&' (r:’)l/2’

F Reference F Reference

0.58 — 0.69 Ref. 54 0.63 Ref. 62

+0.01 0.7 Ref. 63

08 _ 002 Rel. 25 0.71 4 0.01 Ref. 64

0.24 —0.78 Ref. 56 0.68 + 0.01 Ref. 65

0.66 — 0.69 Ref. 32 0.695 Ref. 66

0.70 +0.15 Ref. 67

0.69 Ref. 57 0.65 Ref. 68

<2.1 Ref. 58 0.61 +0.03 Ref. 69

<0.67 Ref. 59 0.65 Ref. 70

0.49 —0.74 Ref. 60 0.58 — 0.65 Ref. 71

0.68 + 0.06 Ref. 61 0.68 +0.02 Ref. 72
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TABLE V. Theoretical predictions for the charge radius of the K meson.

(r}()l/‘l’ (',ZK)I/Z,
F Reference F Reference
0.58 Ref. 73 0.52 - 0.77 Ref. 71
0.62 Ref. 68 0.61 Ref. 76
0.620 + 0.037 Ref. 74 0.52 Ref. 77
0.54 4 0.13 Ref. 69 0.56 Ref. 78
0.53 — 0.63 Ref. 75

tion of the diagram with exchange of a K * pole (Fig. 1f).
Although kaon electroproduction experiments have been
made,” results on the kaon form factor have not been pub-
lished.

Some experiments to determine the kaon electromag-
netic form factor in the timelike region of momentum trans-
fers have been made using colliding electron-positron
beams.®™ ' A reaction of the type

et - e—> Kt + K-
was studied.

Figure 2 shows the currently known data on the kaon
form factor in the timelike region of momentum transfers.
The experimental data are compared with the prediction of
the vector-dominance model taking into account the contri-
butions of the p, w, and @ mesons.”® It can be seen that the
data in the region of excitation energies higher than 1.1 GeV
lie above the theoretical curve. This is evidently due to the
contribution of the inelastic channels.”>** There are as yet
insufficient data in the timelike region for a model-free ex-
trapolation of the kaon form factor to ¢* = 0 and calculation

|Feel®

107

132 |

107

10771
1072 ! | ,J
0 1.2 1,4 16 1.8 2.0 2E,GeV

FIG. 2. Experimental data on the kaon form factor in the timelike region
of momentum transfers: black triangles, Orsay {1970); inverted black tri-
angles, Novosibirsk (1971); crosses, Novosibirsk {1972); black diamonds,
Frascati (1973-1975); open circles, Novosibirsk (1976}); black squares,
Frascati (1977-1980); open squares, Orsay {1979-1981); black circles, No-
vosibirsk (1979).
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ofits charge radius with reasonable accuracy. In Ref. 78, the
experimental data on the kaon form factor in the timelike
region were analyzed in the framework of a resonance model
that takes into account the contributions of the p mesons and
the heavier vector mesons. The rms K — radius obtained
there is 0.56 F.

The first (and as yet the only) experiment in which the
electromagnetic radius of the X — meson has been measured
is a Ke elastic-scattering experiment made at Fermilab at
energy 250 GeV.** The rms kaon radius was found to be

rk ) = (0.56 + 0.05) F.

Because of the distinguished status of Ke and e scatter-
ing experiments for the problem of determining the electro-
magnetic form factors of the kaon and pion, which permit an
almost model-free interpretation of their results, we shall
consider these experiments in more detail.

2. ELASTIC Te AND Ke SCATTERING EXPERIMENTS

In the experiments described in detail below, elastic
scattering of 7~ mesons with momentum from 1 to 300
GeV/c and K~ mesons with momentum 250 GeV/c by
atomic electrons was studied.

The kinematics of the e scattering process can be de-
scribed by the 4-vectors P,, P, P_, P! (Fig. 3).The 4-mo-
mentum transfer depends only on the energy of the scattered
electron:

=g = Py — P = (P — P

=2m,(m, — £,) ~ — 2mE,,
where /m, is the electron mass, and £, is the electron energy
in the laboratory system (i.c., in the system in which the

initial electron is at rest). The maximal energy that the recoil

electron can acquire in the laboratory system is
E Py

where P, is the momentum of the initial beam,

e~ _Ee P

Eg,Ps =

ExrsPr Ers P

FIG. 3. Feynman diagram for ¢lastic 7e scattering.
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TABLE VI. Maximal effect of the nonpointlike nature of the pion and kaon for different

energies of the initial beam.

Energy, GeV
Particle
20 50 100 \ 250 300
B! 1.03 1.14 1.31 1.94 2.19
K -— 1.03 1.12 1.40 1.53

The sensitivity of such an experiment to the charge
structure of the particle can be estimated if one knows (or
assumes) the form factors of the particles. Table VI gives the
maximal effect of the difference of the pion and kaon from
points for different energies of the initial beam. These esti-
mates were obtained using the values of the form factors
predicted by the vector-dominance model. It can be seen that
for the pion the effect is comparatively large already at beam
energy 50 GeV, whereas for the kaon the effect becomes ap-
preciable only at 100 GeV and above.

Elastic we Scattering Experiments in the Energy Range 1-20
GeV (Refs. 43-47)

Elastic 7e scattering was studied for the first time using
a 25-cm hydrogen bubble chamber at Berkeley in 1960.%
The chamber was bombarded with a beam of 1.12-GeV/c
pions. From 26 000 photographs, 212 events of e scattering
with electron beam energy from 32 to 62 MeV were selected.
This made it possible to measure the total cross section of the
process in the given range of electron energy:

o = (1.37 & 0.17) mb.

The theoretical total cross section for a point pion in the
same range is g, = 1.17 mb. Thus, in this experiment no
difference of the pion from a point particle was noted.

An experiment in the High Energy Laboratory of the
Joint Institute for Nuclear Research using a 24-liter propane
bubble chamber** studied me scattering with 4-GeV/c pions.
About 50000 frames were obtained, among which 573
events with electron energy > 300 MeV satisfied the selection
criteria. The total cross section was found to be

¢ = (0.166 = 0.010)mb,

which agrees well with the theoretical value o, = 0.169 mb.
On the basis of the maximal value g,,,,, = 29.7 MeV/c of the
momentum transfer, a limit was obtained for the pion radius:

rn<< 6.6 F.

Two we scattering experiments were made at CERN
with 16-GeV /¢ pions. In the experiment of Ref. 43, the pion
beam bombarded a 30-cm hydrogen bubble chamber. From
57 500 frames, 2702 events with electron energy from 30 to
7300 MeV were chosen. Various experimental corrections
were taken into account in the determination of the differen-
tial cross section. The error in the measurement of the elec-
tron momentum varied from 4% at P < 100 MeV/c to 6% at
P>500 MeV/c, and the ionization and radiation losses var-
ied from 3% at 30 MeV/c to 0.5% for P> 60 MeV/c.The
beam contained 109 muons, 1% kaons, and 0.3% antipro-
tons. The correction to the hydrogen density was 2%. The
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total integrated cross section with events with P> 30 MeV /¢
was

o = (8.69 4 0.19)mb.

The theoretical total cross section is ¢, = 8.27 mb. the
square of the pion form factor was approximated by the
method of maximal likelihood. From the distribution of the
likelihood function it is concluded that the pion charge radi-
us satisfies

ry< 4.5 B

In the other experiment, made using the photoemulsion
method*® in 1979, the differential cross section of 7re scatter-
ing at pion momentum 16.2 GeV/c was measured. The sta-
tistics included 189 events with electron energy from 100 to
3000 MeV. It was concluded that in the investigated region
of momentum transfers the experimental cross section does
not differ from the cross section for a point pion.

In an experiment made at Brookhaven*’ use was made
of a magnetic spectrometer consisting of optical spark cham-
bers, a liquid-hydrogen target, scintillation counters, and an
analyzing magnet. The pion beam momentum was 20 GeV/
¢. In this experiment, the largest possible 4-momentum
transfer was 0.01 (GeV/¢)*. An upper limit for the pion radi-
us was obtained:

ry <33 F.

Because of the difficulties encountered in the experiment
and in the analysis of the data, it was not possible to reduce
significantly the upper limit on the pion radius compared
with the previous experiment.

Elastic 7e Scattering at 50 GeV (Ref. 48)

The first elastic e scattering experiment in which it
proved possible to measure the pion rms radius was made
using the largest Soviet accelerator at Serpukhov in 1970-
1971. The arrangement of the experiment with this accelera-
tor was proposed by a group of physicists at the Joint Insti-
tute for Nuclear Research and independently by physicists
from the University of California at Los Angeles. The inves-
tigations were made by the combined efforts of these two
Zroups.

In the preparation of the experiment, 7e scattering at 50
GeV was simulated under the assumption that r, = 0.7 F.
The differential cross section was approximated after the
introduction of the assumed geometrical efficiency by the
method of least squares (Fig. 4). The calculations showed
that at a beam energy of 50 GeV one can attempt to measure
the pion charge radius with an error of not more than 0.05-
0.10F.

A. S. Vodop’yanov and E. N. Tsyganov 7
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FIG. 4. Differential cross section of elastic we scattering obtained by simu-
lation with allowance for an assumed geometrical efficiency.”

A source of the hadron background in the experiment
could be reactions of the type

w4 p> w” +p+ af;
7 4 por w4 @ 4 AT

In Ref. 95, these reactions were analyzed, and it was shown
that in a e scattering experiment at 50 GeV the background
level should not exceed 0.3% in the case of reliable identifi-
cation of the secondary particles. Analysis of the experimen-
tal data subsequently showed that the strong-interaction
background in this experiment was negligibly small.

The me scattering reaction was studied in the region of
momentum transfers 0.013<¢°<0.036 (GeV/c)?, or 13
<E, <36 GeV, i.e., at the maximal attainable values of ¢*
(Emax = 36 GeV). The integrated cross section in this region
is approximately 2 ub, which is appreciably less than the
cross sections of typical hadronic processes. A feature of the
studied reaction is the very small emission angles of the scat-
tered electron and scattered pion (Fig. 5). The emission angle
of the secondary pion does not exceed 3.6 mrad relative to
the initial pion. The maximal angle between the secondary
electron and secondary pion is less than 10 mrad in the entire
range of ¢°. For effective use of kinematic criteria, it was
necessary to measure accurately the angles and momenta of
the scattered particles and, in addition, have a reliable iden-
tification of the electron. We note that correct identification
of the scattered electron was difficult at E, = E_ = 25 GeV
(Fig. 5). In this region of g%, one cannot rely solely on the
kinematics for the correct identification of an event.

Angle, mrad

1 L
J 13 23 Ep,(GeV

FIG. 5. Emission angles of the pion and the electron and the angle between
the pair in elastic e scattering at 50 GeV.
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The experiment used a single-arm magnetic spectrom-
eter, which detected both secondary particles (Fig. 6), and
included magnetostriction spark and proportional cham-
bers, combined into three blocks, a liquid-hydrogen target,
an analyzing magnet, a muon detector, and a system of scin-
tillation and Cherenkov counters used to trigger the facility.
The spectrometer was operated on line to an HP 2116B com-
puter.

Liquid hydrogen was chosen as the target because it has
the highest electron density per unit mass (a minimum back-
ground from strong interactions) and gives the smallest ra-
diative energy losses for the secondary electrons—the cor-
rection for absorption of the pions participating in the
reaction is minimal for such a target. A high-precision 50-cm
liqud-hydrogen target was prepared at the High Energy
Laboratory at Dubna.”® Stabilization of the pressure, flat
windows, and a special screen shielding the working volume
of the hydrogen from the bubbles produced by boiling make
it possible to know the amount of hydrogen in the interaction
region with an accuracy of about 0.05%.

To determine the trajectories of the primary particle
and the secondary particles, 18 spark chambers with magne-
tostrictive readout and two proportional chambers were
used. The information was read out from both the grounded
and the high-voltage electrode of the spark chambers. The
chambers were arranged in three blocks. The first was placed
in front of the target, the second between the target and the
magnet, and the third after the magnet. Two single-coordi-
nate proportional chambers were placed between the spark
chambers of the first block. At intensity 10° sec™! of the
initial beam, more than 50% of the events in the spark cham-
bers were accompanied by background sparks from particles
which passed through during the memory time of the cham-
bers. Since the sensitivity time of proportional chambers is
appreciably shorter (about 100 nsec) than for spark cham-
bers, they were used to determine the coordinates in the first
block of chambers that corresponded to a recorded track.
Because it was necessary to distinguish two closely spaced
tracks in the second block of the spectrometer, the informa-
tion was read out from both ends of the magnetostriction
tape in the spark chambers of the second block. This made it
possible to separate sparks with a projection separation of
1.5 mm. In the chambers of the first and the third block of
the spectrometer, sparks could be separated at a distance of 5
mm. For spatial comparison of the tracks of the particles,
one chamber in the first block and two in each of the second
and the third were rotated through 45°. The third block of
spark chambers was used to measure the trajectory of the
deflected particles. The efficiency of the spark chambers un-
der the working conditions was about 95%. The random

background sparks in the chambers reduced their efficiency,
which imposed a restriction on the maximal intensity of the
initial beam. To reduce multiple Coulomb scattering and
energy loss by the electrons on radiation, polyethylene bags
filled with helium were placed between the chambers and
within the aperture of the magnet. The mean coordinate ac-
curacy of the chamber, determined from the tracks, was
found to be 0.35 mm for the high-voltage plane and 0.25 mm

A. 8. Vodop'yanov and E. N. Tsyganov 8
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FIG. 6. Single-arm magnetic spectrometer used in the e scattering experiment at 50 GeV. S 1-5 4 are beam scintillation counters; P 1 and P 2 are single-
coordinate proportional chambers; W 1-# 18 are two-coordinate spark chambers; R are spark chambers rotated through 43 H; is a liquid-hydrogen
target; 4 1, A 5, AB are anticoincidence counters; M is a magnet; S, and S, are the trigger scintillation counters. C' 1 and C2 are Cherenkov shower
counters; Fe is an iron absorber; 4, are scintillation counters for muon identification.

for the grounded plane. During the spill time of 1.2 sec, the
apparatus could detect up to 120 events. In the experiment,
the mean number of triggerings was 20 per accelerator cycle,
the intensity of the incident beam being 2.5 10° particle/
cycle.

The apparatus was triggered by means of scintillation
counters and lead glass Cherenkov shower counters. The
circuit of the fast electronics logic is shown in Fig. 7. The
scintillation counters .S 1-S 4, connected in coincidence and
the anticoincidence counter 4 1 with opening of diameter 8§
cm, which was placed in front of the target and was used to
cut off the wings of the beam, determined the flux of particles
incident on the target. Behind the third block of spark cham-
bers, scintillation counters S, and S, were placed to detect
the two scatiered particles. The accuracy of the determina-
tion of the differential cross section depended on the effi-
ciency of these counters, and therefore each scintillator was
scanned by two photomultipliers placed on opposite sides.
For each event, the signals from both photomultipliers were
recorded on magnetic tape, which make it possible to ana-
lyze the experimental data later and to show that the effi-
ciency of both counters was very close to 1009%. An anticoin-
cidence counter 4 5 with opening of diameter 10 cm was
placed directly behind the target. In front of the counter
there was a brass converter of two radiation lengths thick-

from the computer

v Trigger

ness, also with an opening. This counter was needed to sup-
press triggerings due to inelastic interactions in the target
with angles between the particles greater than for the e
scattering. The anticoincidence counter AB was placed in
the direction of the particles with momentum 50 GeV/c in
the third block of the spectrometer. It served to suppress the
random triggerings due to interaction of the beam particles
with matter after the magnet.

In the experiment, the electrons were identified by
means of two Cherenkov shower detectors with a lead glass
radiator, which were placed behind the counters .S, and S..
The energy resolution of these counters was o = 7%AE /E
for electrons in the region of energies from 20 to 30 GeV. The
apparatus was triggered in the case of coincidence of signals
from the beam monitor, the counters S, and S, one of the
Cherenkov counters, and the absence of signals from the
counters A 5 and AB.

The momenta of the scattered particles were measured
with accuracy AP /P = + 0.49 from the deflection of their
trajectories in the magnet. Th HP 2116B computer and the
software system make it possible to check the operation of
not only the individual detectors but also the entire spec-
trometer during the collection of statistics.

About 2.5 million events were recorded, of which only
about 40 000 satisfied the geometrical and kinematical crite-

FIG. 7. System triggering circuit for 7e scattering at 50 GeV. T'is the delay block, D js a shaper discriminator, F'is a multiplier, CCis the coincidence cir-
cuit, A isan attenuator, Fisa veto, 4 1,4 5, ABareanticoincidence counters, C 1 and C 2 are Cherenkov shower counters, and § 1-S 4 arebeam scintillation

counters.
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FIG. 8. Distribution of the number of e events with respect to the trans-
verse momentum. The continuous line gives the distribution before imple-
mentation of the selection criteria; the broken line, the distribution after
their implementation except for the P, criterion. The extreme right-hand
column gives the sum of the events outside the histogram.

ria imposed on we scattering events. The main kinematic
criteria were formulated with allowance for the imbalance
between the total and the transverse momentum, noncoplan-
arity, and the difference between the measured and calculat-
ed—on the basis of the particle momenta—emission angles
of the secondary particles. Because of these criteria, the con-
tribution of the background events was negligibly small. Fig-
ure 8 shows the distribution of the events with respect to the
transverse momentum before and after implementation of
all the adopted criteria except that for the transverse mo-
mentum. It can be seen that the contribution from inelastic
events after implementation of the criteria is small. Figure 9
shows the distribution of the number of e events with re-
spect to the total momentum. The shape of this distribution
corresponds to the spectrum of the beam particles with
allowance for radiation loss in the matter of the spectrom-
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FIG. 9. Distribution of the number of 7e events with respect to the total
momentum.
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eter by the secondary electron. The cutoff with respect to the
total momentum was set at + 2 GeV/c.

The secondary electrons were identified using informa-
tion from two Cherenkov shower counters and the kinematic
quantity D ? defined by
B:dn —0 fxp

AB

o ;Qkin_gee
R e e I

D2— (
In the case of electron identification solely by means of D % it
was established that about 19 of the events from the region
of small g* (electron energy less than 25 GeV) were identified
ag events from the region of large ¢° (electron energy greater
than 25 GeV). This effect came about because of the emission
of a photon during the me scattering event. Since the elastic
differential cross section in the region of large ¢* is small, the
incorrect identification of the events distorted the cross sec-
tion by about 10%. The additional information from the
Cherenkov counters eliminated the ambiguity in the elec-
tron identification. On the other hand, if information from
only the Cherenkov counters was used to identify the secon-
dary particles, it was found that they were not identified in
about 2% of the events, since the pulse heights in the
counters were comparable. The use of D? (D? < 10™° rad?)
made it possible to identify such events correctly. Figure 10
shows the distribution of the Cherenkov-counter pulse
height normalized by the electron energy.

An important aspect of the experiment was the experi-
mental corrections to the data. Altogether, it was necessary
tointroduce about 20 corrections. The largest were those for
the efficiency of event reconstruction, the geometrical effi-
ciency, the radiation correction, the energy loss by the elec-
trons on radiation in the material of the target and the spec-
trometer, and the absorption of pions in the material of the
target and the spectrometer. The accuracy in the determina-
tion of the corrections appreciably influenced the accuracy
in the determination of the pion radius.

The geometrical efficiency (Fig. 11) was calculated by
means of the Monte Carlo method. The falloff of the effi-
ciency in the region of small ¢* is due to the geometrical
arrangement of the Cherenkov counters. Some data were
obtained without requiring signals from the Cherenkov

W, 107

B

g !
G 70 4
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FIG. 10. Distribution of pulse heights (normalized by the electron energy)
from the Cherenkov shower counters.

A. 8. Vodop'yanov and E. N. Tsyganov 10



pben 0

8,01 0.02 a0.03
72 (GeV/e)?

FIG. 11. Geometrical efficiency of the system in the e scattering experi-
ment at 50 GeV, calculated by the Monte Carlo method. The broken curve
corresponds to a working session of the system without the requirement of
a signal from the shower counters.

counters. In this case the falloff (broken curve) was deter-
mined by the edge of the scintillation counter S, . The behav-
ior of the curve in the region of g* around 0.025 (GeV/c)* is
determined basically on the angular and momentum disper-
sion of the beam, its geometrical size, the presence of a verti-
cal slit between the trigger counters S, and S, the azi-
muthal dependence of the emission of the secondary
particles, and the finite length of the target.

Two somewhat different approaches to the determina-
tion of the spectrometer efficiency and the reconstruction of
elastic events were used. Both were based on Monte Carlo
simulation of e scattering with allowance for the actual
experimental conditions. In the first approach, the main ac-
cent was on the use of background conditions in the spark
chambers, which were extracted from the recorded e scat-
tering events, in order to avoid mathematical simulation of
the processes of background loading of the chambers. In the
second approach, in contrast, an attempt was made to simu-
late the background conditions under which the spark
chambers operated in the experiment. Both approaches had
their advantages and disadvantages and yielded somewhat
different estimates of the spectrometer inefficiency. As a re-
sult, the data were analyzed using the mean value of the
inefficiency (4%), and it was ascribed a systematic error
equal to the difference between the values obtained by the
two different methods (2% ).

The radiation corrections reflect the effects associated
with emission of a photon during the e scattering event, and
also energy loss by the electron on radiation in the target and
the material of the spectrometer. The calculation of the radi-
ation correction took into account the actual conditions of
the experiment and the working criteria for event selectlon
The radiation correction is shown as a function of ¢* m Fig.
12. The calculations were made to terms of order &’ in a
program developed by Bardin, Micelmacher, and Shu-
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FIG. 12. Radiation correction for 7re scattering at 50 GeV.
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meiko.”” The main corrections are given in Table VIL The
experimental differential cross section was calculated with
allowance for all corrections. The square of the pion form
factor was obtained by dividing the experimental cross sec-
tion by the theoretically expected differential cross section
for a point pion.

To detemine the pion charge radius, the form factors
(Table VIII) were approximated by the so-called single-pole
approximation,

iFnP: 2

TR

(14 5 o)’
where & is a normalization coefficient that takes into ac-
count the systematic uncertainty in the experimental data.
In this experiment it was equal to 2.8%. Since the systematic
errors of the points were correlated, optimal allowance for
the experimental errors was achieved by approximating the
data using the complete error matrix M, whose diagonal
elements are the squares of the total errors. The correlation
coefficients were calculated in accordance with the formula
C L T el fnf—[-J—— .
V MM 55

Completely uncorrelated errors give a unit matrix of correla-
tion coefficients, while completely correlated errors give a
matrix with all elements equal to 1. In the calculation of
these correlation coefficients, the systematic errors had the
maximal positive correlation between all pairs of points,
since they represented the errors in the absolute normaliza-
tion and influence all data points. An exception was made
for the geometrical efficiency, in which only experimental
points with small separation were assumed to be correlated.
The value of y * was calculated as follows:

32 =) (T:— E) M3 (T, — E ),
1-.7

where E; is the experimental value of the square of the form
factor, and T; is the theoretical value, This method of ap-
proximating the data takes into account the statistical errors
and the proper correlation in the systematic errors in the
most effective manner. As a result (Fig. 13), the following
value was obtained for the pion radius:

(%) — (061 = 0.15) or {2 12=(0,78 = 0.10) F.

Comparing this value with the prediction of the vector-
dominance model,

(r&yrypan = (0.61 = 0.15),0.40 = 1,54 + 0.38,

one cannot, however, yet draw a definite conclusion about
the applicability of the model for the description of the pion
form factor. This requires further experiments to determine
the electromagnetic radius of the pion with greater accuracy.

In the e scattering experiment at 50 GeV made with
the Serpukhov accelerator the pion radius was measured for
the first time in a model-independent way. The accuracy
achieved in this experiment was about 30 times higher than
the accuracy obtained in the previous e scattering experi-
ments. This investigation developed in detail all the method-
ological features of such experiments and was the prototype
of all the later investigations made at high energies.

A. 8. Vodop'yanov and E. N. Tsyganov 11



TABLE VII. Experimental corrections to the differential cross section in the e scattering

experiment at 50 GeV,
Effect Correction, % Error, %
Corrections not dependent on g 2
Absorption of beam particles 2.7 0.6
Beam particles outside the kinematic momentum
cuts: 48 < P< 52 GeV/c 4.1 0.2
Random anticoincidences 32 0.7
Random coincidences of the beam monitor 1.0 0.2
Presence of K ~ and p in the beam 1.2 0.1
Presence of ™ in the beam in the interval
48 < P32 GeV/c 0.5 0.1
Inefficiency of the Cherenkov shower counters 0.0 0.2
Inefficiency of scintillation counters 0.0 0.2
Anticoincidences from § electrons from the target 1.6 0.2
Anticoincidences from hard photons emitted in the
e scattering event 0.3 0.2
Length of target 0.0 0.1
Mean values of the ¢ >-dependent corrections
Emission in the target material and the spectrometer 19.0 0.9
Pion decay 1.0 0.1
Events from empty target 39 0.4
Background of inelastic hadron interactions 0.0 0.5
Absorption of pions in the spectrometer 1.8 0.3
Absorption of pions in the target 5.0 0.2
Loss of events due to cuts with respect to the
Z position in the target 0.6 0.1
Admixture of e scattering events 0.7 0.2
Energy calibration of the spectrometer 0.0 0.5

Elastic 7 Scattering at 100 GeV (Ref. 49)

The electromagnetic form factor of the pion was investi-
gated in elastic e scattering at 100 GeV during 1975-1976
using the proton synchrotron at Fermilab (Batavia, USA).
The experiment was made with participation of physicists
from the Joint Institute for Nuclear Research. The core of
this scientific collaboration was provided by the participants
of the first JINR-USA collaboration at Serpukhov. The ex-

periment was planned in the light of the experience of the
earlier investigation.

The process of 7re scattering was studied in the region of
momentom transfers 0.03<¢°<0.07 (GeV/c)®. The maximal
angle between the scattered electrons did not exceed 8 mrad
in the given region of ¢°.

The experimental arrangement (Fig. 14) was based on
spark and proportional chambers, a liquid-hydrogen target,
two analyzing magnets, a muon detector, scintillation
counters, a threshold Cherenkov counter, and lead glass
shower counters. The experiment was run on line to an HP
2100 computer. It used 24 planes of proportional chambers,

TABLE VIII. Square of the pion form factor, measured in the 7e scattering experiment at

50 GeV.
Number of point 4% (Gf:V/C}2 | Fp— )2 Total error
1 0.0138 1,002 0.079
2 0,0149 0,991 0,073
3 0,0159 0.986 0.068
4 0,0169 0,983 0.075
5 0.0179 0.990 0.076
6 0,0190 0,924 0.046
7 0,0200 0,916 0.044
8 0.0210 0.946 0.044
9 0.0220 0,948 (3,047
10 0.0231 0.918 0.047
1 0.,0241 0.896 0.047
12 0.0251 0.905 0,048
13 0.,0261 0.896 0,049
14 0.0272 0.894 0,053
15 0.0282 0.912 0,055
16 0,0292 0,847 0.050
17 0,0302 0.873 0,054
18 0.0312 0.910 0,054
19 0.0323 0.856 0.057
20 0.0333 0.742 0,066
21 0,0343 0.886 0.072
22 0,0353 0.849 0.093
12 Sov. J. Part. Nucl. 15 (1), Jan.-Feb. 1984 A. S. Vodop'yanov and E. N. Tsyganov 12
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FIG. 13. Square of the pion form factor in the experiment at 50 GeV.

which were combined into blocks of four planes each, and six
magnetostriction spark chambers measuring 1.5X0.5 m.
The trajectories of the primary particle and the scattered
particles after the target were measured by means of propor-
tional chambers, and the trajectories after deflection in the
magnets were measured by two-coordinate spark chambers.
Following the earlier experiment at Serpukhov, the liquid-
hydrogen target, which was 50 cm long and had diameter 10
cm, had a 1-m vacuum jacket at each end, which facilitated
the reliable separation of target-event vertices from events
due to the surrounding material. Two BM109 analyzing
magnets were used in the spectrometer. The total integral of
the field was 70 kG-m, which corresponded to deflection of 2
100-GeV/c beam particle through 21 mrad. The ficld of each
of the magnets was carefully measured and checked in the
process of the experiment by the NMR method. The mo-
mentum resolution of the spectrometer for the scattered par-
ticles varied from 0.08% at 30 GeV /¢ 100.3% at 100 GeV/c.

The trigger hodoscope consisted of the four scintillation
counters SE, SP, SU, and SD. The last two covered the gap
between the counters SE and SP, which improved the geo-
metrical efficiency of the spectrometer. The electrons were
identified by means of a system of ten lead glass shower
counters. Eight blocks of glass measured 20X20X 40 cm,
and two measured 12.5%20x40 cm. The length of the
blocks was 14 radiation units. The counters were arranged
horizontally in two rows of five each. The rms error in the
determination of the energy found for the elastic 7e scatter-
ing events was + 6%., Since the shower counters were used
both to determine the electron energy and to form the trigger
pulse, they were combined into groups of four each, and
their signals were added. For each of the counters, a definite
trigger threshold was set, corresponding to the minimal en-
ergy of an electron detected by the given counter. For each

group of counters, a definite trigger threshold was also set.
The resulting Cherenkov shower spectrometer signal was
the logical sum of the signals from four groups of counters.

Muon-—electron events in the experiment were identi-
fied by a muon detector, which consisted of an iron absorber
of length 3.75 m and four scintillation counters.

The typical intensity of the primary beam in this experi-
ment was (2—4) X 10° sec ™", The identification of a ““usable”
beam particle required coincidence of signals from the scin-
tillation counters B,, B,, B,, the threshold Cherenkov
counter Cy, and the absence of a signal from the counter
AH (anticoincidence counter with an opening of diameter 5
cm). In addition, the proportional chambers of the first block
of the spectrometer were included in the logic of the beam
monitor. First, a signal from three of the four planes in each
module was required, and second, a double signal from any
two planes in each of the modules forbade the shaping of a
beam pulse. Besides these requirements, a condition of ““zero
beam intensity” was implemented by means of fast logic to
reduce the number of background tracks in the proportional
and spark chambers. For this, a signal from the counter B,
was used to form a veto if some particle had passed through
the system during the 1 msec before the working particle. To
suppress events with two beam particles in one bunch (0.3
nsec), a signal from the counter B, set a veto if the pulse
height in it exceeded by 1.5 times the pulse height for mini-
mal ionization. Events for which some background particle
passed through the system during the 1 usec after the work-
ing particle were flagged. Only about one third of all the
beam particles satisfied the above requirements.

The system trigger required the presence of signals from
the beam monitor, the Cherenkov spectrometer, the trigger
hodoscope, a two-particle signal from the proportional
chambers of the second block, and the absence of a signal
from the counter 4 5 (anticoincidence counter with opening
of diameter 10 cm). A two-particle signature was provided
by the pulses from the proportional chambers PWC5 and
PWC 6. It was required that at least one horizontal and one
vertical plane in each module record more than one particle.

In this experiment, about 10 000 elastic 7e scattering
events were selected by means of the geometrical and kine-
matical criteria. The kinematical selection of the elastic-
scattering events®® was made with allowance for the restric-
tions imposed by the energy—momentum conservation law.

Block 1 Block2 Block 3
PWC2I-6 $6;-5C5
8 /BT PWeT / \ \\\\\ AN Pe
\ /
_M.Eﬁn—ﬂ——r 'ﬁn.\——{!]) IOOGeV/c
100 GeV/c 8, AH AT (A’) §@ 50 GeV/c
Hp 8M108
m-«;c

FIG. 14. Single-arm magnetic spectrometer for the me scattering experiment at 100 GeV. PWC 1-6 are proportional chambers, SC,-SC; are spark
chambers, (R ) are rc-:)talted. chambers, By, B, B, are monitor scintillation counters, C 1y is a threshold Cherenkov counter, H, is a liquid-hydrogen target,
AH and A5 are anticoincidence scintillation counters, BM 109 are magnets, T is a trigger scintillation hodoscope, LG is the lead glass shower-counter

array, Fe is an iron absorber, and M 1-4 are muon scintillation counters.
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FIG. 15. The y * distribution for e scattering events in the experiment at
100 GeV.

In the analysis, it was assumed that an electron can emit a
photon as it passes through the material of the spectrometer,
it being then assumed that the photon is emitted in the direc-
tion of motion of the electron, and its energy was determined
by an approximation procedure.

The y ? distribution was used to find the set of event
parameters, including the energy of the emitted photon. As
measured parameters, the directions and momenta of the
secondary particles found in the experiment were used. The
momentum of the primary beam was determined for each
working session using the results of analysis of beam runs.
To analyze an event, it was necessary to know the error ma-
trix for the measured parameters. These errors were calcu-
lated using the characteristics of the experimental system.

The y * distribution for the selected e scattering events
is shown in Fig. 15. The long tail of the distribution can be
due to the hadron background as well as elastic scattering
events. The latter can have a large ¥ * in the case of nuclear
scattering of pions in the target or material of the spectrom-
eter, pion decay in the spectrometer, internal emission of
photons in the scattering event, a non-Gaussian shape of the
distribution for multiple scattering of the particles, and pos-
sible errors in the geometrical reconstruction of the events.
These effects lead to non-Gaussian errors in the measure-
ments and are therefore difficult to take into account in the
analysis of the events. Corresponding corrections were in-
troduced for them in the calculation of the differential cross
section. An event was rejected if y *> 12. The energy spec-
trum of the emitted photons obtained from the analysis of
the events is shown in Fig. 16. It can be seen that the maxi-
mum of the distribution is situated around the origin. The
width of the distribution is determined largely by the mo-
mentum spread of the primary beam. Events were rejected if
the photon energy was greater than 4.0 GeV. Figure 17
shows the distribution of the Z coordinate of the recon-
structed interaction vertex. The distribution is situated with-
in the target. It can be seen that events from the target and
events from other sources can be well separated. One further
criterion for the selection of elastic events was the normal-
ized (by the electron energy) Cherenkov-spectrometer pulse

14 Sov. J. Part. Nucl. 15 (1), Jan.-Feb. 1984
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FIG. 16 Energy spectrum of emitted photons, obtained from kinematic
analysis of the events. The arrow indicates the cut. In the top right corner
the distribution near £, = 0 is shown.

height (Fig. 18). An event was rejected if the pulse hei ght was
less than 0.5 of the expected value for an electron.

The selection criteria described above made it possible
to significantly reduce the hadron background in the elastic
events. The main corrections to the experimental data had
the same nature as in the earlier experiment at Serpukhov.
The geometrical efficiency in this experiment was close to
100% in almost the complete range of ¢° (Fig. 19). Since the
search for and reconstruction of elastic events constitute a

N, 102

76 |~

21

l? =

4

g’—LLm—'—H 1 %,

N
40 -
20 —|_|_L ]
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g ,——L | _Lj].. - J_:!i—J.
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FIG. 17. The top part of the figure shows the Z coordinate of the recon-
structed vertex in the target relative to the target center. The arrows indi-
cate the ends of the target flask and the upstream and downstream vertex
cuts. At the bottom there is the same distribution obtained during target-
empty running. The small number of events in the target region is consis-

tent with scattering on the expected amount of hydrogen vapor in the
target volume.
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FIG. 18. Distribution of the pulse heights (normalized by the electron
energy) from the lead glass shower counters in the experiment at 100 GeV.

difficult problem, much attention was paid to the determina-
tion of the efficiency of the event search. To this end, the
experimental data were analyzed by two independent pro-
grams of geometrical reconstruction of the events. The effi-
ciency of event finding was determined by means of Monte
Carlo generated events. As a result, it was found that the
inefficiency of the spectrometer and the event-search pro-
gram was (0.9 + 0.5)%. All the corrections used to analyze
the experimental data are given in Table IX.

The values obtained for the square of the pion form
factor are given in Table X and Fig. 20. The data were ap-
proximated by means of a pole expression. The pion charge
radius was found to be

G2V = (0.56 &= 0.04) F.

Like the result of the previous experiment, this value agrees
with the prediction of the vector-dominance model. To test
the sensitivity of the result to the form of the approximation,
the data were also approximated by dipole and linear depen-
dences. The results are given in Table XI. It can be seen that
the value obtained for the radius is insensitive to the form of
the approximation.

250 1 L I .
0.62 0.0% a.06 0.05

g (Gev/c)?

FIG. 19. Geometrical efficiency for elastic 7e scattering events in the
experiment at 100 GeV.

15 'Sov. .. Part. Nucl. 15 (1), Jan.—Feb. 1984

Elastic 7e and Ke Scattering at 250 GeV (Refs. 50, 94, and 99)

Experiments to study the electromagnetic form factors
of the pion and kaon in 7e and Ke elastic scattering at 250
GeV were proposed in 1975 by the group of physicists doing
the e scattering experiment at 100 GeV. An experimental
system was created on the basis of the spectrometer used in
the previous experiment, together with a system of high-pre-
cision drift chambers prepared at the Joint Institute. The
arrangement of the experiment is shown in Fig. 21, A beam
of pions and kaons with momentum 250 GeV/c and AP/
P= +0.2% was used. For better geometrical efficiency,
the beam was focused on the trigger hodoscope onto a spot
measuring about 1 cm?. This size was determined largely by
multiple scattering in the channel. To separate the kaons in
the pion beam, a gas-differential Cherenkov counter of
length 30 m was used; it was filled with helium at a pressure
of about 88.26 kPa (0.9 kgf/cm?). There were about 2%
kaons in the beam. At an intensity of about 10° particles/
spill, about 20 000 kaons passed through the system. Since it
was necessary to improve the spatial and angular resolution
of the spectrometer appreciably, drift chambers were includ-
ed in it to measure the trajectory of the primary particle and
the secondary particles after the target, and the spark cham-
bers of the third block of the spectrometer were replaced by
proportional chambers.

The spectrometer used four drift-chamber blocks, each
of which contained four X planes and four Y planes in one
gas space. The external appearance of a module, measuring
25% 25 cm, is shown in Fig. 22. The electrical circuit of the
chambers was based on the principle of shaping the electric
field in the drift chamber by means of wire electrodes. The
maximal drift length was 21 mm. To eliminate left-right
ambiguity, the pulse wires of neighboring planes were shift-
ed relative to each other by 21 mm. The working gas was a
mixture of argon (66.3%), isobutane (30.3%), and methylal
vapor (3.4%).

The experiment achieved a record coordinate accuracy
for drift chambers. Figure 23 shows the dependence of the
coordinate accuracy of the drift chambers on the distance
from the pulse wire as determined using data obtained at
beam intensity 5 10* sec~'. The mean coordinate accuracy
is 55 pm. Under the real conditions of the experiment, the
coordinate accuracy of the drift chambers was not worse
than 100 zm. Because of the use of drift chambers, the angu-
lar accuracy of the second block of the spectrometer was 10
purad.

Because the maximal emission angle of the secondary
particles in this experiment was not more than 5 mrad, both
particles could enter the same drift gap in the drift chamber
placed immediately after the target. Therefore, another im-
portant characteristic of the drift chambers was the two-
track resolution, i.e., the possibility of detecting two pulses
from one wire. Figure 24 shows the efficiency of detection of
a second signal as a function of the distance between the first
and second tracks. The two-track resolution is basically de-
termined by the width of the pulse from the wire (20-50
nsec), and in the given case was about 2.2 cm.

The use of the drift chambers made it possible to signifi-
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TABLEIX. Experimental corrections to the differential cross section in the e scattering

experiment at 100 GeV.

Effect Correction, %l

Error, %

Corrections independent of ¢*

Inefficiency of event search 0,91
Inefficiency of spectrometer triggering system 0,12
Density of electrons in the target .00
Presence in the beam of 4t —, e~ , K —, p 0,40
Beam particles outside the total-momentum cuts 2.10
Absorption of secondary pions 4.71
Absorption and decay of beam pions ggg

& electrons in the counter 4 5

Range of variation of the g>-dependent corrections

Emission in the target material and the spectrometer 17,4—26.8
Radiation correction 7.3—8.8
Strong-interaction background .1—0,9
Admixture of ye events & .l)—9,5
Correction for geometrical «fficiency g q 2-* { Z

Decay of secondary pions

0.54
0.45
0,27
0.20
0.12

0,10
0.07
0.04

o e B con- i o
= T Rl T

cantly improve the resolution of the spectrometer with re-
spect to the transverse momentum (Fig. 25). The mean im-
balance of the transverse momentum for elastic 7e scattering
events was 8 MeV/c. This imbalance was basically deter-
mined by the radiation losses of the secondary electron. It
should be noted that these losses hardly cause an imbalance
of the coplanarity, where the effect of introducing the drift
chambers is therefore manifested more strongly. The intro-
duction of the drift chambers reduced the contribution of the
strong-interaction background processes by 5-10 times and
made it possible to significantly improve the accuracy in the
reconstruction of the event vertex. The coordinate informa-
tion from the drift chambers (eight coordinates per track)
made it possible to reduce to a minimum the reconstruction
of spurious tracks. In the investigated we and Ke scattering
reactions at 250 GeV an important condition was the re-
quirement of the detection of closely spaced pairs of secon-

dary particles (about 1 mrad in the X or ¥ projections). The
geometry with displaced wires in the drift chambers made it
possible to separate two tracks if the distance between them
was more than about 0.3-0.5 mm, which is about an order of
magnitude better than in the case of proportional chambers.

Toidentify the electrons, a system of Cherenkov shower
counters was made. It consisted of 12 blocks of lead glass SF
2 and SF 5 measuring 2020 40 cm and three blocks of
glass SF 2 measuring 12.5X20x 40 cm. The blocks were
arranged in threes along the direction of the beam and hori-
zontally took the form of a five-section hodoscope. Each
block was scanned by a photomultiplier from the top. The
total length of the three blocks along the beam direction was
20 radiation units. To improve the discrimination between
hadrons and electrons, an additional lead radiator of thick-
ness 1 radiation unit was placed in front of the first row of
glasses. The counters were calibrated by means of an elec-

TABLE X. Square of the pion form factor measured in the 7e scattering experiment at 100

GeV.

Number of point qz. (GCV/C']Z | Py 2 Total error
{ 0.0317 0,903 0,026
9 4,0337 0.940 0,027
3 0.U358 0.927 0,030
4 0.0378 0.988 0.033
3 0.0349 0,911 0,034
t 0,0419 0,930 0,038
7 0.0439 0.879 0.039
8 00,0460 0,881 {.040
9 ().N480) 0.880 0.043

10 0.051 0,927 0.047
11 0.0521 0.971 0.052
12 0,0542 .915 0,054
13 0.0562 0.735 0.053
14 0.0583 0,779 0.059
15 0,0603 1,853 0,065
16 0.0623 0,870 0,071
17 ).0644 (1,818 0.075
18 0.,0664 0,813 0,081
19 0.0685 0.790 0.087
20 0,0705 0.768 0.095

16 Sov. J. Part. Nucl. 15 (1), Jan.—Feb. 1984
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FIG. 20. Square of the pion form factor in the experiment at 100 GeV.

tron beam with energy 35, 70, and 97 GeV. It was found that,
as a percentage, the energy resolution can be well described
by the expression

o= 15/VE,

where E (GeV) is the electron energy. To form the trigger
pulse, the counters were combined into four groups, each of
two neighboring sections. If the pulse from some group of
counters exceeded the discrimination level, this indicated
the passage of a particle that had lost an appreciable fraction
of its energy on producing a shower.

The logic for selecting beam particles and the system
trigger were basically organized as in the previous 7e scatter-
ing experiment at 100 GeV. An interesting feature of the
experiment was the automatic regime for triggering the sys-
tem from the beam monitor during the collection of statistics
in order to maintain a continuous check on the beam param-
eters. The system was triggered by both Ke and 7e events.
Only every fourth pion passing through the system was ex-
amined as a candidate for me triggering. The triggering sys-
tem contained two electronic logic circuits for each type of
triggering.

The electromagnetic radius of the K — meson was mea-
sured in this experiment for the first time. About 2000 elastic
Ke scattering events were recorded. The procedure already
described above for the identification and kinematic analysis
of events was used in the selection of the events. The quality
of the geometrical reconstruction is illustrated by the distri-
bution of the reconstructed Z coordinate of the interaction
vertex in the target (Fig. 26).The location and length of the
target are well reproduced. The additional peaks correspond
to kaon scattering by the vacuum windows of the target and
the proportional chambers situated near the ends of the tar-
get.

TABLE XI. Value of (r2) obtained using different forms of approximation.

The y ? distribution of the events is shown in Fig. 27.
The tail of the distribution is to a large degree due to elastic
scattering events in which the secondary kaon decayed or
underwent nuclear scattering in the target or spectrometer.
The energy distribution is shown in Fig. 28. The distribution
of the pulse heights (normalized by the electron energy) from
the Cherenkov shower counters is shown in Fig. 29. The tail
of the distribution at large pulse heights is due to kaons that
entered the same lead glass block as the electron. The select-
ed events had to have Z coordinate of the interaction vertex
within 84 cm of the center of the target, ¥ ? less than 30,
photon energy less than 12 GeV, and normalized pulse
height greater than 0.8.

The experimental corrections to the data used to deter-
mine the Ke differential cross section are given in Table XII.

The values of the square of the kaon form factor are
given in Table XIII. The data were approximated by means
of a pole expression (Fig. 30). The charge radius of the K ~
meson was found to be

{ri W = (0.53 &= 0.03) F,

The error in this result is determined largely by the statistics.
The values of the square of the form factor obtained as a
result of the approximation are shown by the continuous
curve in Fig. 30. For approximation of the form factor with-
out normalization (broken curve), the kaon radius is found to
be 0.65 4 0.15 F, and |F,|* = 1.07 + 0.09 at ¢* = 0. This
indicates internal consistency of the result. Use of a dipole
approximation gives a slight difference in the kaon radius.
When the systematic uncertainty in the data is tripled, the
kaon radius is found to be 0.54 + 0.07 F. Thus, the result is
insensitive to systematic error in the data. The kaon radius
0.53 4+ 0.05 F obtained in the experiment agrees well with
the predictions of the Chou—Yang geometrical model of ha-
dron scattering®: 0.54 + 0.14 F, the model of relativistic
quark diagrams (0.53 F),” the parton model (0.52 F),”” and
the vector-dominance model (0.58 F).

Gerasimov'® and Greenberg e al.'®" derived in the
nonrelativistic quark model an inequality relating the ratio
of the masses of the strange (m, ) and ordinary (m,, ) quarks to
the ratio of the electromagnetic radii of the neutral and
charged kaons.

r2 (K0)[r? (K7) = — (m5— ma)/(2m; -+ my).

Form of approximation 1F q2)2 {riy. F?
1 -2
Pole (145 ¢r2yet) 0.314:0.04
Dipole (t4gg¢rare)” 0.31-20.04
Lincar (1—;—,@;)({3 )%2 0.30-£0,04
17 Sov. J. Part. Nucl. 15 (1), Jan.—Feb. 1984 A. S. Vodop’yanov and E. N. Tsyganov 17
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FIG. 21. Arrangement of the ¢ and Ke scattering experiments at 250 GeV. B, , B, , B, are monitor scintillation counters, C p is adifferential Cherenkov
counter, PWC 1-8 are proportional chambers, DC 1-4 are drift chambers, (R ) are rotated chambers, 4, and 4 5 are anticoincidence scintillation counters,
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FIG. 24. Dependence of the efficiency of detection of a second pulse in a
drift chamber on the distance between the tracks.

FIG. 22. External appearance of a module of drift chambers with working ¥, 1%
region measuring 2525 cm.
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FIG. 23. Dependence of the coordinate accuracy of a drift chamber on the

distance from the pulse wire, obtained in the experiment at 250 GeV. The  pIG. 25. Imbalance of the transverse momentum for elastic 7e scattering
mean coordinate accuracy is 55 pm. events in the experiment at 250 GeV.

18 Sov. J. Part. Nucl. 15 (1), Jan.—Feb. 1984 A, S, Vodop'yanov and E. N. Tsyganov 18



T ——

750 -

106 - i

50

e A

29 30 31 72 zZ,m

FIG. 26 Distribution of the Z coordinate of the reconstructed vertex for
Ke scattering events.

The electromagnetic radius of the neutral kaon has been
measured in a kaon regeneration experiment'%%:

(rko) = — (0.054 == 0.026) F~
Taking the ratio of the radii of the neutral and charged
kaons, we obtain for the quark masses

mym, > 1.39 + 0.28.

In the experiment at 250 GeV, about 15 000 elastic we
scattering events were also detected. The results on the pion
form factor are given in Table XIV and in Fig. 31. The data
were approximated by a pole expression (continuous curve).
The value obtained for the pion radius was

(r2? = (0,66 = 0.03) F.
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FIG. 27. The y * distribution for the selected Ke scattering events.
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FIG. 28. Distribution of the photon energy, obtained by kinematic analy-
sis of the Ke scattering events.

When the data were approximated without normalization
(broken curve), the results was (72 )'/2 = 0.62 4+ 0.09 F and
|F,|?=0.974 + 0.039 at 4°> = 0.

The data obtained in the three elastic 7e scattering ex-
periments were approximated simultaneously and in differ-
ent combinations (Table X V). The simultaneous approxima-
tion of the data of all three experiments (Fig. 32) gives the
pion radius.

(rZ)V2 = (0.636 = 0.024) F,

N
2001
i
i
00—
Pl 1 P=  m |
0.6 0.8 7.0 A, rel. units

FIG. 29. Distribution of the pulse heights (normalized by the electron
energy) from the Cherenkov shower counters for elastic Ke scattering
events.
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TABLE XII. Experimental corrections to the differential cross section in the Ke scattering

experiment at 250 GeV.

Effect Correction, %

Error, %

Corrections not dependent on g 2

Beam particles outside the total-momentum cuts 0.5
Presence of e, u, 7, and p in the beam 0.1
Decays of beam kaons 1.5
Absorption of beam kaons 29
Density of electrons in the target 0.0
Absorption of secondary kaons 4.1
Detection of & electrons in the counter A5 0.4
Trigger inefficiency 0.2
Range of variation of the g >-dependent corrections

Geometical inefficiency 0.0—13.1
Radiation correction 4,1—10.5
Decays of secondary kaons 1.4-21
Hadron background 0.0—1.7
Inefficiency of event search 2.7—4.0
Emission in the target material and the spectrometer  13.9 — 25.6

0.1

0.0—-0.4
02-03
0.1-0.1
00-—1.2
0.5-0.6
02-03

with y * equal to 51.0 for 55 degrees of freedom. The value of
the square of the form factor obtained as a result of the ap-
proximation is shown by the continuous curve in Fig. 32. For
approximation of the data without normalization (broken
curve) (7, )"/*=0.67 +0.07 F and |F, |* = 1.021 4 0.027
atg* =0.

Table XV gives the value of y * for approximation of the
data in different combinations and separately. It can be seen
that the data of the three experiments are well approximated
simultaneously. However, the individual resulis of the ex-
periments indicate a possible presence of some systematic
errors in the data. Thus, the square of the pion radius ob-
tained in the E100 experiment is 2.1 standard deviations
smaller than the result obtained in the case of the simulta-
neous approximation, while the square of the pion radius
from the experiments E50 and E250 is, respectively, 1.4 and
1.2 standard deviations larger. These discrepancies suggest
that the errors of the combined result of the three experi-
ments should be calculated using a factor of the form
(To?/(n — 1))"/%, where o, is the normalized deviation of the
result of each experiment from the mean value and n = 3 is
the number of experiments. [This is the method used by the
Particle Data Group.]

Correcting the error in this way, Dally et al.*® obtained
for the pion radius with the simultaneous approximation of
the three experiments the value

TABLE XIII. Square of the kaon form factor measured in the Ke scatter-
ing experiment at 250 GeV.

Number .

of poisit ¢, (GeV/c)? | Fie 12 Total error
1 0.0409 0.93 0,03
2 0,049 (.90 0.04
3 0.0572 0.89 0,05
4 0.0654 0.85 0,06
5 0,0736 0,79 0,07
] 0,0818 0,90 0,09
7 0.0899 0.67 0,10
8 0,091 0.77 0,13
9 0.1063 0.76 0.18

10 0.1145 0,90 0.23
20 Sov. J. Part. Nucl. 15 (1), Jan.—Feb. 1984

(r2OV2 = (0.636 = 0.037) F.

As can be seen from Table IV, this result agrees with
many theoretical predictions for the charge radius of the
pion. In Ref. 72, an attempt was made to approximate the
pion form factor simultaneously in the spacelike and time-
like regions of momentum transfers (—9.77 <q2<9.61
(GeV/c)’} by a method that depends weakly on theoretical
models. The pion radius was found to be 0.69 + 0.02 F. This
result differs somewhat from the combined result of the 7e
scattering experiments. However, if from the set of data the
data from the pion electroproduction experiments are re-
moved, the pion radius is found to be 0.66 + 0.02 F, which
agrees well both with the result of the last e scattering ex-
periment and with the combined result of the three experi-
ments.

The simultaneous measurement of the elastic scattering
of pions and kaons by electrons at 250 GeV makes possible a
direct experimental comparison of their form factors'® in
the region of momentum transfers 0.037<¢*<0.094 (GeV/
¢)>. Such a comparison makes it possible to eliminate possi-
ble ignored systematic errors that could be present in the
individual results. In this experiment, the conditions for de-
tection of the e and Ke scattering events were almost identi-
cal. The same selection criteria were used to analyze the data
on both types of event. The main corrections to the differen-

2,08
g2 (GeV/c)?

072

FIG. 30. Square of the form factor of the X ~ meson.
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TABLE XIV. Square of the pion form factor measured in the 7e scattering experiment at

250 GeV.
Number of point q (GeV/c) [ Fp l2 Total error
1 0.0388 0.857 0.019
2 0.0429 0.865 0.021
3 0, 0470 0.821 0.022
4 0.0511 0.840 0.024
5 0.0522 0,831 0.025
6 0.0593 0.767 0.027
7 0.0634 0.838 0.029
8 0.0675 0.757 0.032
9 0.0715 0.791 0.035
10 0.0756 0.762 0.038
1 0.0797 0.765 0,044
12 0.0838 0.802 0.045
13 0.0879 0.720 0.047
14 0.0920 0.728 0,050

tial cross sections, such as allowance for the absorption of
the primary particles, radiation by the electrons, the effi-
ciency of the event search, the radiation correction, and the
triggering inefficiency, differed little for the two types of
event and largely compensated each other as regards the
form factors. According to the estimates of the authors, the
total systematic uncertainty in the ratio of the cross sections
could not have exceeded 1%.

The ratio of the squares of the kaon and pion form fac-
tors, shown in Fig. 33, was approximated by an expression of
the form

Fpel2 = 2 o a
llFI:EJ!E =1+ (R — ) 1+ g% (rdy—3 (ren/121/3.

The ({R 2) — 3{r% }) term, which gives a small contribution,
was determined with allowance for the data obtained in the
experiment at 250 GeV for the pion radius, (r2) = 0.439 F?,
and the kaon radius, {r%) = 0.28 F*. As a result, it was
found that

(ra) — (rk) =(0.16 4 0.06) F2
with y * = 3.5 for six degrees of freedom.

One can compare the experimentally measured kaon
radius with the value obtained from the difference of the

squares of the pion and kaon radii. If the square of the pion
radius (72 ) = 0.47 4 0.02 F” is taken from Ref. 72, in which

the pion form factor was approximated in the region of q;
from — 9.77 to 9.66 (GeV/c)?, then (rk) = 0.31 + 0.06 F~.

L
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6,08 019

FIG. 31. Square of the pion form factor measured in the experiment at 250
GeV.
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Taking for the square of the pion radius the value
(r2) =0.43 F? obtained by approximation of the experi-
mental data’ without allowance for the electroproduction
experiments, we obtain {r% ) = 0.27 4 0.06 F2. But if we use
the combined result of the three 7e elastic-scattering experi-
ments ((r2 ) = 0.405 F?), then the kaon charge radius will be
0.24 + 0.06 F. It can be seen that in all cases good agreement
with the experimentally measured kaon radius
[{r%) =0.28 + 0.05 F*] is observed.

According to the vector-dominance model, the ratio of
the difference of the squares of the radii of the charged pion
and charged kaon to the square of the radius of the neutral
kaon satisfies

R— M — 1.0,

(r ku)
If we take into account the value for the radius of the neutral
kaon, % then

= —3.0 1.8,

which is in some disagreement with the vector-dominance
model. However, it was shown in Ref 104 that when
allowance is made in this model for the breaking of SU(3)
associated with the mass difference of the quarks
R = — 2.5, which agrees better with the experimental re-
sults.

Elastic 7e and Ke Scattering at 300 GeV (Ref. 51)

An experiment to investigate the electromagnetic form
factors of the pion and kaon in elastic e and Ke scattering
experiments at 300 GeV was proposed in 1977 at CERN
(experiment HA-7). In this experiment, it was proposed to
make measurements in the region of momentum transfers up
t00.29 (GeV/c)* for e scattering and up to 0.17 (GeV /c)? for
Kescattering. To a considerable degree, the experiment took
into account the experience gained from the similar experi-
ments at Serpukhov and Batavia.

The experiment was based on the spectrometer
FRAMM.'% This spectrometer consists of four analyzing
magnets arranged successively along the direction of the
beam. The particle trajectories are detected by means of a
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TABLE XV. Resulis of approximation of the data of three experiments on 7e scattering at

energies 50 (E 50), 100 (E 100), and 250 (E250) GeV.

[ P l2ep=1 | P |35 = free parameter
Number
Experiment of points
{r2) 12 {5 Normalization| %2
E50 + E100 + E250 56 0.405£0.024 ] 51,0 | 0,454+0,067 | 1.021£0.,027 ] 50.3
E50 + E100 42 0,339:20,040 [ 37,2 | 0.420+0.118( 1,0298:-0.040 | 36,6
E50 £ E250 36 | 0.447=0,029 | 2008 | 0/42120.076 | 0.988=x0.032 | 20.6
E100 4 E250 34 0.399+0,024| 39,2 | 0,4530.073( 1,024+0,030| 38.5
EbH0 22 0.610=+0,150 9.6 | 1.024+0.348 | 1,106=+0,080 T.1
EL00 20 0.315+0,041 | 23,5 | 0,418:0.145| 1,039x0,052( 22.9
E250 1a | 0.439x0,030 | 9.8 | 0,384+0.088| 0.974x0,038| 9.3
[l system of drift chambers placed between the magnets. In
front of the magnets there are scintillation counters and elec-
tron detectors to detect the secondary electrons deflected in
.0 each magnet. The momentum resolution of the spectrometer
is + 0.5% and does not depend on the particle momentum.
For the e and Ke scattering experiment proportional
0.8 chambers, a liquid-hydrogen target, and scintillation
counters were placed in front of the spectrometer (Fig. 34).
The trajectories of the primary particle and the secondary
0.6 , ; particles were detected by proportional chambers. Pulses

1
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!
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FIG. 32. Square of the pion form factor obtained in the elastic e scatter-
ing experiments: Serpukhov, 50 GeV (crosses); Batavia, 100 GeV (black
squares); Batavia, 250 GeV (black circles).

Ff?

Fe-*
M-W
=| i
0,8+

o004 6,06
a2 (GeV/cf

1 L
0 0,02 008 000

FIG. 33. Ratio of the squares of the kaon and pion form factors obtained in
the 250-GeV experiment.

Az

from the scintillation counters and the detectors used to
identify the electrons serve to trigger the system.

According to the preliminary data obtained in this ex-
periment,'°® the rms pion radius is

(rx /2 = (0.68 =~ 0,09) F.

CONCLUSIONS

Considerable progress has been achieved in recent years
in investigations of the electromagnetic sizes of the pion and
kaon.

A further improvement in the accuracy of the experi-
mental results requires an increase in the beam energy and
progress in the experimental techniques.

The commissioning in the foreseeable future of accel-
erators with beam energy of secondary particles up to 1 TeV
and more will make it possible not only to significantly im-

/
FD e

FRAMM

FIG. 34. Arrangement of the experiment for investigating elastic 7e and Ke scattering at 300 GeV at CERN: @ is a quadrupole lens, MWPC are

proportional chambers, T'is aliquid-hydrogen target, /f 1 and H 2 arescintillation hodoscopes, 4 1and 4 2 are anticoincidence scintillation counters, PDis
an electron detector, DC are drift chambers, and S'1 is a scintillation counter.
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prove the accuracy in the measurement of the pion and kaon
radii but also to make direct measurements of the shape of
their charge distribution. Secondary beams of hyperons with
energies of a few hundred GeV will make it possible to begin
the investigation of the electromagnetic sizes of the charged
hyperons.

The successes now achieved in quantum chromodyna-
mics open up a prospect of predictions in the near future of
the detailed shape of the charge distribution in hadrons.
Then experiments in which unstable hadrons are scattered
by electrons will be a source of valuable information about
the dynamical structure of bound states of quarks and will
contribute to solving the problem of their confinement.
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