FORM FACTORS OF
ELEMENTARY PARTICLES

Scattering of electrons on nucleons and electron—positron
scattering in colliding-beam experiments give a measure of the size
and charge distribution of the proton, neutron and pion.
Theoretical understanding is fairly advanced for the pion but still
uncertain for the nucleons.

RICHARD WILSON

How BIG ARE the elementary particles?
How is their charge distributed?
These questions are tackled with form
factors, which are measures of the
charge and magnetic-moment distribu-
tions in the particles. Scattering of
electrons on nucleons, and recent mea-
surements made with electron-positron
colliding beams, give form factors for
the proton, neutron and pion. The
behavior of the pion form factor can be
fairly well understood by the “rho-
dominance model,” but the nucleon
form factors are not so easy to under-
stand. Different models are currently
being examined in an attempt to solve
this basic problem in strong-interaction
physics.

Measuring the size of an object im-
plies that we use some sort of probe.
When the object is a small elementary
particle the size of the probe must also
be small. It is inherently impossible,
according to the uncertainty principle,
to position the probe precisely unless
it simultaneously has a large momen-
tum.

If the process of measurement is
considered further, it is easily seen that
we cannot measure the sizes (in coor-
dinate space) of the elementary par-
ticles directly; what we measure is the
distribution of the changes of momen-

tum as a beam of probe particles is
directed at the object. This distribu-
tion is called the form factor. It is
then related to the size of the object by
a Fourier transform.

X-ray and electron scattering

The concept of a form factor was intro-
duced in x-ray scattering. It has long
been known that the scattering through
an angle # of x rays of wavelength )\
from a distribution of charge is propor-
tional to the square of the Fourier
transform of the charge distribution
p(r). This Fourier transform is the
form factor f(g); it obeys the relation

flg) = Se9Y%(r) d°c
where g = 2\ sin (4/2) is the momen-
tum transfer in wavelength units.
This relation may be inverted to
yield the charge distribution from a set
of form-factor measurements. Thus

olr) = ft'rq'rfir},'l ﬂ"‘"q
The scattering of electrons from a
charge distribution, in the first Born
approximation, is also proportional to
the square of the form factor. Elec-
tron scattering is the principal tech-
nique, first applied by Robert W. Mc-
Allister and Robert Hofstadter in 1950,
for measuring the charge distribution

of the proton. Since then other probes
and targets have been used.

When theorists consider why a par-
ticle has a certain charge distribution,
they always return to a description of
the form factor itself. The reason is
simple; in all field-theory calculations,
propagators are expressed in momen-
tum space and not in coordinate space.
Thus particle physicists have learned
to respect the form factors for their
own sake and do not usually compute
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MAGNETIC SPECTROMETER of the type used by Robert McAllister and Robert

Hofstadter.

Scattering chamber for electron elastic-scattering experiment may be

seen in the center; 180-deg bend in magnetic field separates out the background flux

of inelastically scattered electrons and other particles.
versions of this 250-MeV spectrometer to 500 MeV and 1 GeV.

the Fourier transform to find the
charge distribution.

Recoil and spin
Study of the form factors of the ele-
mentary particles is complicated by
two factors. First, the particles recoil,
and the charge distributions are there-
fore not static. In place of the mo-
mentum-transfer vector q we consider
the form factor as a function of the
relativistic four momentum; g% = g * g
\\I]”"ll !}l‘.' rr'|"'i] ‘f'l I.FH'
proton is small, g,* is also small. The
of the four-momentum transfer

= q° — ("

square

is then ecual to the 1 i the three

Hofstadter built two scaled-up
—FIG. 1

where E; and E; are the incident and
final electron energies.
tion, units are chosen such that = ¢
= I

The second complicating factor
Some of the parti-
cles, in particular those most accessible

In this equa-

arises from spin.

to experiment (the proton and neutron)
have spin and therefore magnetic mo-
ments, with a distribution ;. (r) of mag-
Thus we can define
two independent form factors, Gp(g*?)
and G, (g?), for the proton and the
neutron; they correspond to the elec-

netic moment.

tric and magnetic distributions respec-

vely. The decomposition into electrie

il magnetic distributions is a little ar-
mnd depends upon the frame of

In a particularly simple

frame (the Breit frame) the electro-
magnetic interaction separates into the
two form factors noted above.

This arbitrariness need not trouble
us. The concept of a “charge distribu-
tion” of an elementary particle has
problems from a relativistic standpoint:
if spherically symmetric in one frame,
it becomes elongated in another. The
form factors give us no such problems,
Their definition in terms of scattering
amplitudes can be rigorous, and the
theoretical understanding in terms of
other processes is, in any case, an un-
derstanding of the form factors them-
selves. Thus we may well say: Love
the form factors for their own sake and
not for the sake of their three-dimen-
sional Fourier transforms in a particu-
lar reference frame.

Electron-scattering experiments

The number of people who have con-
tributed experimentally since Hofstad-
ter’s first experiments is so great that to
list them all is excessive; table 1 shows
the laboratories involved and the mea-
surements performed in them. So far
only the proton, neutron and pion
have been studied, and only the proton
has been studied in detail—for the ob-
vious reason that only the proton can
be made into a stable target. My pur-
pose here is to discuss the conclusions
of all this extensive work.

The experiments are, in principle,
very simple. A beam of electrons of
known intensity impinges on a hydro-
gen target of known length and den-
sity; electrons scattered into a known
solid angle are counted. These mea-
surements determine a scattering cross
There is an important, com-
plex, but straightforward correction for
those events in which appreciable ra-
diation is emitted by the accelerated
charges. This radiative correction
raises questions of pedagogical interest
in electrodynainiecs but, fortunately, no
practical problems in electrodynamics
or strong interactions.

Electrons that are elastically scat-
tered must be separated from the large
background flux of inelastically scat-
tered electrons and other particles.
This separation has conventionally
been done by measuring momentum in
a magnetic spectrometer. In figure 1
we show a photograph of the first of
these spectrometers with which Hof-
stadter set the convention; it bends
250-MeV electrons through 180 deg.
Scaled-up versions of this spectrometer
have been built. When the cross sec-
tion for elastic electron-proton scatter-

section.




ing has been measured, it is compared
with the theoretical calculation for a
proton with no structure—the “point”
proton. The ratio gives a form factor.
At backward angles the scattering de-
pends primarily on the magnetic struc-
ture; at forward angles the scattering
depends upon the sum of the squares
of both form factors.

The electric form factor of the neu-
tron may also be determined by scat-
tering neutrons from stationary elec-
trons; the first such measurement was
by Enrico Fermi and Leona Marshall.
It turns out that this experiment mea-
sures d/dq2[Gg,(g?)].

Colliding-beam measurements

In scattering experiments the square
of the four-momentum transfer can
only be positive. The region for which
q* is greater than zero is called “space-
like.” However, the form factor may
be defined for negative values of g2
where the four-vector g+ is time-like.
Experimentally the form factors in the
time-like region may be measured by
measurements in which electrons and
positrons collide head-on and produce
particle-antiparticle pairs; we have to
replace the electron momentum by the
negative of the positron momentum.
In the colliding-beam experiments
there is no three-dimensional momen-
tum transfer in the laboratory frame,
as it is the center-of-mass frame.
There is only energy transfer. Then

—¢¢ = (B, + E)* = 4E* S 4M
where E, = E_ = E is the total en-

STORAGE RING for colliding beams of electrons and positrons at Orsay.
stores beams of over 500-MeV energy each.
with pion production measures the pion form factor.

ergy of the electron and positron (or
outgoing particles). This energy must
be greater than 2M, the mass of the
outgoing particles. Thus there is a
nonphysical region where form fac-
tors cannot be measured, defined by
—4M= < g* <0.

Experiments on the annihilation of
antiprotons to lepton pairs also give
time-like four momenta. Also, related
and time-like, are experiments on lep-

Table 1. Form factor experiments

Last
Laboratory Parameter Range of ¢%(GeV /c)? Comment reference

Stanford (HEPL ) GepGamn 0-1 9
CEDC,\[,, 0-1 10
Stanford (SLAC) G,\;p 1-25 1
Cornell GE[-G.\II, 0-2 12
GG 02 13
Tos 0-0.5 Electropion production 14
Harvard (CEA) GenGap 1-7 15
GEnGan 1-5 16
{7l 0:=0.5 Electropion production 17
Northeastern (CEA) B —0.55 Rho branching 18
Orsay GGy 0-0.5 19
Fy — (.55 Storage ring 20
Novosibirsk fi —0.4to —0.7 Storage ring 27
DESY GepGap 1-9 22
= —0.55 Rho branching 23
Harvard (AGS) F. —0.55 Rho branching 24
Northwestern (Chicago) F, 0-0.1 Pion-alpha scattering 25
Ca.[ TGCI'I (J\GSJ GIEI'G“ " —4 to —7 26
CERN o —0.55 Rho branching 27
GepGap —7 28
Argonne dGg,/dg* 0 Neutron—electron 29
Columbia dGga/dg* 0 Neutron—eclectron 30
Dubna Fo —0.55 Rho branching 31
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Annihilation of electrons and positrons
—FIG. 2

tonic branching ratios of vector mesons.
Experiments with colliding beams
are completely independent of scatter-
ing experiments because the invariant
square of the four-momentum transfer,
g-, has the opposite sign. However,
we compare the cross section to the
calculation for “point” protons in the
same way, to yield a form factor. In
all presently existing theories these
form factors are continuous, as g2
changes from positive to negative, with
certain well defined singularities.
Form-factor measurements with col-
liding beams are very new, exciting
developments. The experiments are
done in circular accelerators, m which
the beams lose energy by synchrotron
radiation, and energy is replaced by
radiofrequency cavities. Great care is
taken to ensure stability of the beams.
In figure 2 we show a photograph of
the storage ring for colliding-beam ex-
periments at Orsay, where the group
under Pierre Marin announced their
first experimental result in September
1967. Comparison of this photograph
with figure 1 illustrates the change
from “old” to “new” in form-factor
measurement (a change in bending
from a single bend through 180 deg to
many rotations through 360 deg). We
shall see that there is more exciting
structure in the time-like (colliding-
beam) experiments, compared with a
smooth structure in the space-like re-
PHYSICS TODAY s
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gion. We hope for, and expect, much
new data in the time-like region from
the new storage rings at Orsay, Novosi-
birsk, Frascati and the Cambridge
Electron Accelerator.

In these colliding-beam experiments
at Orsay and Novosibirsk pairs of pions
have been observed, particularly near
the rho-meson mass (E, = E_ = E
= 380 MeV); it is the pion form factor,
Fx(g?), that is measured. The pion
has no spin and therefore only one
form factor. Unfortunately, direct ex-
periments on the pion form factor in
the space-like region are not available;
we must use some inaccurate indirect
measures from inelastic electron scat-
tering. However, the theory of the
nucleon form factors, which are well
measured in the space-like region, is
closely coupled to the theory of the
pions.

Observed features

The features of these experimental re-
sults that we must explain are:

® Those form factors that have been
measured in the space-like region vary
smoothly with momentum transfer.
There are no diffraction maxima and
minima or resonances. In the time-
like region only the pion form factor in
the vicinity of the rho resonance and
the upper limits to the proton form
factors at large momentum have been
measured.

® The proton and neutron form fac-
tors follow approximately the relation

an(qe) _ G)!nfqa)
MHp Hn
= Grylp) = ( = —)2
1+ ¢2/0.71
= (maybe) (i"
Hn

(g2/4M)
1 + 4(g2/4M?)

a

with g2 measured in units of (GeV/c)
The relation for the magnetic form
factor of the proton has been checked
to 25 (GeV/c)2; the relation for the
electric form factor has been checked
up to 3 (GeV/c)? for the proton and
to 3 (GeV/c)*® for the neutron mag-
netic form factor. Data for the form
factors are shown in figures 3 and 4.
®The pion form factor has been
measured in the time-like region by
colliding-beam experiments on the re-
action et + e — »+ + 7 So far
these measurements have been only
near 380-MeV energy in each beam—
conditions that produce the pion pair
50
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at the p° resonance with total energy
760 MeV. A resonance has been
found of about the right mass and
width to enable us to identify it with
the p” meson found in 7p collisions.
Of course, if the mass and width had
come out appreciably different, col-
liding-beam experiments, with no other
strong interactions in the final state,
would be taken as correct, and we
would assume that measurements of
resonance parameters in strong-inter-
action experiments are subject to error
—with dire consequences for the whole
field of elementary-particle physics.
In addition the pion form factor has
been found indirectly in this region by
measuring the branching ratio for
leptonic decay of rho mesons, pro-
duced by pion collisions with nuclei or
photo-produced. This branching ratio
is the quotient of the partial width for
decay into electron pairs T,..- to that
for pion pairs T,. - and it is con-
nected with the cross section for elec-
tron-positron colliding beams at the
peak of the resonance (¢ = M _7) by
the simple relation

1 211'.?2.2 ]—': o=
M %2 Tyt -

Olete —w*r ")

All measurements are in reasonable
agreement with a value of (T .-/
I,+.-) approximately equal to 6 X
10-5,

Dispersion relations

The most powerful technique for un-
derstanding nucleon form factors is
that of dispersion relations. We can-
not measure the form factors for —4M?=
< q* < 0 where M is the mass of the
particle under study. Can a graph
of the form factors be analytically con-
tinued across this gap? For pions this
interpolation has been rigorously
proved. For nucleons we assume it is
possible, subject to various resonances
(poles and cuts) in the region —4M? <

b

¢ < —4M_2. Then we can write the
dispersion relation
1 += Im F(g")? , ,

f 2 (q "e d(q )

F 2) = —
Re F(g°) e
provided that F (g?) — 0asg*— o
(to make the integral converge). The
analyticity can be proved for the pion
form factor, and Im F(g?) equals zerg
for = > q* > — 4M_*2. Thus we find

1-=  Im F(g')
Re F(@) = = ek L0
e I{g*) * gt — (")

(g
These, and similar, relations tell us that
if F(g*) is measured in the time-like
region (g2 < 0), the value in the space-
like region (g2 > 0) can be derived and
vice versa. As the nucleon form fac-
tors are well measured in the space-
like region, attempts have been made
to derive the form factor in the time-
like region. In the latest attempt J. §.
Levinger® proved that the data must
be 1000 times more accurate than it
is at present if we are to derive cor-
rectly the position and width of the
dominant rho resonance. Extrapola-
tion in the other direction—deriving a
form factor for g2 > 0 from the knowl-
edge of those for g < —4M?*—would
be easier if we had data, as the strue-
ture exists in the time-like region and
not in the space-like region. To obtain
an understanding we must, therefore,
make approximations and assumptions,

Let us consider, for a start, the pion
form factor. The function F(q2) is
the vertex function for the transition

yrm.  We can use the unitarity rela-
tion
Im F,(¢) = Y, (v|T*IN)N|T|rr)

N

where the summation is over all inter-
mediate states, N. We now approx-
mate by saying that the sum is domi-
nated by the lowest energy states.
The states of two pions are clearly of
lower energy than those of the four,

Form factors and charge distributions

Charge distribution p(r)

Point dlr —r')
2
- m*
Yukawa —g=mr
4ar
. m’
Exponential — g nir
8
= ; m*
Gaussian — ¢~ (m¥rt2)
(2 )32

Form factor F(q*)
Constant 1

Single pole 1/(1 + ¢%/m*)

“Dipole™ 1/(1 4+ ¢*/m*)?

Gaussian o~ (a%am?)

The pion appears to be given by a single pole (Yukawa ).

The proton is approximated by a “dipole” (exponential).




six, eight or more pions, and we there-
fore assume that only two pion states
contribute. Then we find

Im F_(¢*) = F,-*(Qr)e (ﬂ".‘r}T|1r1r)

where the second term is the ampli-
tude for pion—pion scattering. We see
in this equation another reason why
the pion form factor is particularly
simple; it is related to pion-pion scat-
tering (in this approximation), The
pion—pion scattering amplitude is par-
ticularly simple because all four par-
ticles, two incoming and two out-
going, are identical. Both dispersion
relations and current algebra find this
simplicity particularly attractive.

We now ask how to extend this
result to the nucleon form factors. We
form isotopic scalar and vector com-
binations

?-Gr.v(?"') == GEp — GEa
2055(?2) = GEp + GEn

The isovector intermediate state has
the same quantum numbers as a two-
pion state. Thus, by a similar approxi-
mation, we find that the isovector
nucleon form factors are given by

Im Gyv(¢®) = Guv*(¢*) (zx|T NN)

The second term is the amplitude for
two pions to annihilate and produce
a nucleon and antinucleon. There are
two amplitudes T: For the form fac-
tor Gyv the nucleon’s spin (helicity)
is flipped in the transition and for
Ggy the nucleon spin remains the
same, These amplitudes have been
calculated and may include, in addi-
tion to any resonant terms in the pion—
pion interaction, nonresonant terms re-
lated to the pion—nucleon scattering by
a dispersion relation. If the ampli-
tudes (wx[T|wr) and (xx|T|NN)
are dominated by one or more narrow
resonances, we can approximate Im F
by a delta function and find

G}z\'(?z) = sz(q”)
Guv (0) Ggv(0)
Bgim?
mF + q2
where the summation is over all reso-
nances.

F.(¢Y) =

Rho-dominance model

Any resonance, to contribute, must
have the quantum numbers of the
electromagnetic field, ] = 1-. We are
also considering isovector resonances.
The only one known is the rho reso-
nance at 765 MeV, with T' approxi-
mately equal to 100 MeV. Thus we

are led to a unique model for the pion
form factor; the one constant, 8, is de-
termined to be unity by fitting the
pion charge (F_ at g2 = 0). This
model we call the “rho-dominance”
model. That the rho meson dominates
the form factor near its resonance is
obvious. The model assumes that it
dominates everywhere and predicts
the root-mean-square radius of the

infinity goes as 1/g=. Subtractions are
assumed to be absent (in the disagree-
ment we note below, they make mat-
ters worse). Also the process et + e-
— 7t + & is given completely by the
square of the pion form factor and a
resonance shape is expected near g* =
—M 2 (and has been found at Novosi-
birsk and Orsay). The cross section
at the peak of the rho resonance is

.n.h‘.‘a2 ‘.‘fﬂ‘: a2
T = ——
30,2 \M,? + 4M,?

and the branching ratio of the reso-
nance states for leptons is

o . B

er':r_ 117 L

. ol ‘,U‘p: a2 J“fp 2
36 \ M2+ 4M? P

We note that the theoretical values

all depend on the width T for the
rho meson, which is almost equal to
the partial width for decay into two
pions, T . . This partial width is
presently uncertain. We find agree-
ment with the measurements in table
1 to within the accuracy of 10% and
therefore have a test of this model of
the pion form factor.

The pion root-mean-square radius is
predicted, by the rho-dominance
model, to be 0.64 x 101% cm; ex-
periments do not yet give this value
definitively, but suggest the value 0.8
* 101% e¢m. No measurements are
made at large momentum transfers.

In figure 3 we show the experi-
mental data, in both the time-like and
space-like region, fitted to this model
(or at least a slightly improved version
of it that gives a Breit-Wigner shape
to the rho resonance). We see that
the data fit fairly well, although there
is a tendency for the sparse and inac-
curate measurements in the space-like
region to give too steep a slope to the
form factor (implying too large a
radius). These data in the space-like
region are from inelastic electron—pro-
ton scattering and involve a lot of
interpretation.

We see from this graph that, if we
prefer the Orsay data to that from

10 -

SQUARE OF PION FORM FACTOR F,* (g%

® Novosibirsk
& Orsay

o Harvard

4 Cornell

Unphysical region

LN

0 0.5 1

SQUARE OF MOMENTUM TRANSFER q* (GeV/c)®

PION FORM FACTOR (squared) in both time-like and space-like regions.

Data

from four laboratories is compared to the vector-dominance model (black lines; solid
line is F? dashed lines are Re F and Im F). Colored line is proportional to the nucleon

form factors.
ments to satisfy analyticity requirements.

Vector-dominance model has a single resonance and has small adjust-

—FIG. 3
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Novosibirsk, we can fit the data on
the colliding-beam work and the pion
charge simultaneously without a kink
in the curve. Such a kink would
imply that Tm F(g?) is approximately
zero near the kink, which would be
inconsistent with vector dominance.

Discrepancy in nucleon form factors

However, the isovector nucleon form
factors do not agree with this simple
approach. The root-mean-square
radius is 0.8 % 10" em. If we re-
write the dispersion relation for the
factor, we obtain

1 f Im F(g")* .
- —’ > . r’fr}' =
T 1= (g")=/g7
1 e !
| Im F(g")* d(g’)?
wg-
] "o
b tll R0
q

X Im F(g')* d(g’)* +

Re Fttj’“]

1l

The fall-off at infinity is measured to
be about 1/g*, so we find
S Im F(g")2 d(g")? = 0

This result is clearly not satisfied by
a single resonance. To explain the

discrepancy we can first follow the ex-
trapolation technique of reference 6.
Im Gyylg') for g* < 0 is derived
from a knowledge of Gyv(g2)> 0 and
an assumption of a rho-meson contri-
bution, A[g%/(m? + ¢*)] plus other
Good fits to the data are ob-

terms.

tained for various values of the contri-
bution of the rho meson A (figure 4).
A equal to unity, and no other terms,
corresponds to the rho-dominance
model. Two other contributions ap-
pear to be necessary; first, a positive
contribution to Im Gyy (¢2) below the
rho mass, —g* < M7, and a large
negative contribution above the rho
mass. This large negative contribu-
tion has an area under the curve equal
to the area under the positive con-
tribution, as required to satisfy fIm
Gy (g2) dg? = 0 and gives a fall-off
as 1/q*.

A second resonance has often been
conjectured but not found (although
the nonrelativistic quark model sug-
gests one somewhere in the right
region). There have been three pa-
pers discussing how to explain these
added contributions to Im Gyy(g®).
Susuimi Furuichi and K. Watanabe®
claim that a complete treatment of the
amplitude (= T|NN), with a reso-
nance of finite width gives about this
form. N. G. Antoniou and J. E. Bow-
cock,' on the other hand, find that
the finite width, while giving effects
in the right direction, is not adequate
by itself; they have to add the two
extra contributions ad hoc. Peter Sig-
nell's and J. W. Durso’s® results lie in
between. Many other theorists are
now working on this approach. G.
Hohler, Strauss and Wunder have a
paper in press discussing the differ-
ences between pion and nucleon form

—
w

ISOVECTOR NUCLEON FORM FACTOR Im Gy

E
factors along the lines of Furuichi® and
Signell® but with improvements; and
M. A. B. Beg, Bernstein and Tausner
relate the approach to field-current
identities.

Particularly appealing in the work
of Signell and Furuichi is an attempt
to relate the (wn|NN) amplitude to
the two-pion exchange part of nu-
cleon-nucleon scattering as well as to
pion-nucleon scattering. Thus, al-
though extra terms are added, they are
explained by extra experiments.

Alternative explanations

The resonance theory of form factors
can thus be reconciled with the data
in several alternative ways and no
one is yet sure which is right. The
different possible explanations are:

e The pion form factor follows the
simple rho-dominance model, and the
nucleon form factor differs from it be-
cause of differences in the (z=|NN)
amplitude (alternatively assigning a
momentum dependence to the NN
coupling).

® The pion and isovector-nucleon
form factors vary roughly together and
the rho does not dominate everywhere.
Alternatively we say the py or prr
couplings vary with momentum trans-
fer.

The pion and isovector-nucleon
form factors vary together and elec-
trodynamics (the eey vertex or y
propagator) breaks down.

A different approach to nucleon
form factors goes back to the naive
concept of a nucleon size. It has long
been noted that proton—proton scat-
tering angular distributions and the
nucleon form factors are related by

(da/dt)pp = [Gup(g®)]*

A tempting argument is that both
experiments measure the size of the
proton; proton—-proton scattering mea-
sures it with strong interactions and
the form-factor measurements with

o 100 Re Gmy
Y- electromagnetic interactions.  Allow-
2 s ing for the two colliding protons in
o the proton—proton case we find equal
5 — ——~J] sizes. This result is now often re-
/7'\ garded as evidence for a nonrela-
o7 tivistic quark model.
/// If the constituents of the proton
e S —— oW e e themselves have a size, we find for the
proton form factor a fold of two form
: l . ; : : f;:tctors, one for th.e constituents and
RE OF MOMENTUM TRANSFER q* (GeV/c)* :I;it?ﬁl:itgﬁ :fotu}:‘;e;{);r:tril:jg;ﬁ of B8
RHO-MESON CONTEI to the isovector nucle , i i
e ton T G with hich TS, devine B e Cusle") = Peonnl@) Frpuiai(@)
odel ven by A = 1. —FICG. 4 In a bootstrap theory we find that
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a fit given by Gerhard Mack; (4) the Wu—Yang fit. Note that some curves, although

similar in the space-like region, differ widely in the time-like region.

the form factor for the constituents,
in turn, has a similar multiplicative
property. We soon find an infinite
product and a prediction that, at high
momentum transfers, the form factors
must fall exponentially. Data at the
highest momentum transfers so far
available neither prove nor disprove
this prediction.

There appears to be an attractive
simplicity and smoothness to the data.
Sidney Drell, particularly, feels that
the complexity of the cancellations re-
quired by the vector-dominance model
is unappealing and that we must
search for a 1/g* law independent of
vector dominance. Tai Wu and C. N.
Yang® argue that the basic assumption
of the dispersion theory, that we are
dominated by the nearest singularities,
is completely wrong and that we must
search elsewhere. They predict a
fall-off as exp (—1.72¢%). Figure 5
shows how some curves that are simi-
lar in the space-like region can give

—FIG. 5

wildly different behavior in the time-
like region. Only the vector-domi-
nance curve has any justification from
dispersion theory.

The Wu-Yang formula does not
have the correct analytic structure at
g* = 0; a slight modification (curve
4), Gy, = 4.5 exp (—1.725¢> +
4m 2) gives the right behavior near
g®> = 0. Another formula, curve 3,
has been proposed by Gerhard Mack
and has some success in the space-like
region

Gup = 2.79
Xexp] —0.216 [log? (15.7V/¢)

— log? 157V ¢ + 4m*] }

However, curves 3 and 4 do not satisfy
the dispersion-theory postulate that
Glg®) = 0 as g° 2 —w. As we
have so much flexibility it appears
preferable to retain forms that follow
the dispersion-theory requirements.
The behavior of these formulas is

very different in the time-like region,
illustrating how little is really known.
It is interesting to note that this prob-
lem is probably one of the simplest
in strong-interaction physics, and
therefore must be solved.
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