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ON ELECTRON-POSITRON COLLIDING BEAM EXPERIMENTS

Summary

Possible experiments with high energy colli-
ding beams of electirons and positrons are discussed.

The role of the proposed two pion resonance and of the
three pion resonance or bound siates is investigated

" in connection with electron positron annihilation into
pions. The existence of a thkree pion bound state wuold
give rise to a very large cross section for annihilation
into 7°» Y . A discussion of the possible-~resonances
is given based on consideration of the relevant widths
as compared to the experimental energy resoclution. An-
nihilation into baryon antibaryon pairs is investigated
and polarization effects arising from the non real cha-
racter of the form factors on the absortivs cut are exa~
mined. The demsity matrix for annihilation into pairs
of vector mesons is calculated. A discussion of the li-
mits from unitarity to the annikilation cross sections
isgiven for processes going through the one photon chan-
nel. The cross section for annihilation into pairs of
spin one mesons is rather large. The typical angular
correlations at the vector meson decay are discussed.

A neutral weak interacting vector meson would
gives rise to a strong resonant peak if it is coupled with
lepton pairs., Bffects of +the local wesk intersctions
are glso examined, The explicit xrelation bsiween the ez
corrections to the photon propagator due vo strong inte-
ractions and the ¢ross section for annihilation into strong

interacting particles is given



Introduction

A proposal for elecitron-electron colliding
beams was made some time ago at Stanford by Barber,
Gittelman, 0! Neill, Panofsky and Bichter, and an expe
riment on electron-—electron scattering based on such

(1) ]

~positron colliding beams ars also under development at

(1) (2)

Stanford , and at Frascati
ti is intended to obtain high snergy { > 1 BeV) electron-

(3)

~positron colliding beams « We have already discussed
Yy

proposal is being carried out . Projects for electron-

The project at Frasca-

possible experimentswith e = ¢~ colliding beams(4}, In
this note we shall present a more detailed discussion of
possible electron~positron experiments and of the theore—
tical questions counscted with them.

Like electron~electron experiments, electron~—
positron experimenis can test the validity of guantum
electrodynamics at smell distances. They present however
some very typical features that sufficiently justify the
effort to produce electron-positron colliding beams. Most
of the annihilation processss of et - o7 take place
through the conversicn of the pair into a virtual photon
of mass equal to the total center of mass energy. The pho
ton %then couverts into the fimal products. Those reactions
proceed through a state of well-defined quantum numbers,
and as conssquence the possible initial and final states
are essentially limited. The interaction of the final pax
ticles with the virtual photon is directly measured in
the experiment . The virtual photon four momentum is ti-
melike is these experiments, in contrast, for instamee, to
electron scabtering on nucleon where the four mementum of
the transferred vitual photon is spaecelike. Form~factors
of strong interacting particles can thus be measured

for timelike values of the momentum, is a region where
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they have in general an imaginary part., ¥lectron-posi-
tron anmihilations in Flight offer the possibility of
canying out a Pancfsky program, of a systematic explo-
ration of the spectrum of elems entary particles by ob-

serving their production bv the intermediate virtual

e

ammnas. Unstalble rticles with the same cuantum num-
s

bers of the iﬁter'@diate Photon can be produced sin-

[=}

gly as resonant staites thab secon after decay . At the
appropriate energy there would appent rosonance poaks
in the production cross-section for the final decay

products,

1.~ General cons iderations,

1.1. We consider a reaction of the kingdg

€T reT s b . aa (1)
where a, b, ,.. ¢ are strong interact: ng particles, At
the lowest electromagnetic order we acsume that the
reaction goes through the cne-photon chanvel represen—

ted by the graph

N ///
-

: (2)
;K= G ™ 7-
2 o
/é\\

-~ .

where q, and g. are the positron and electron four
momenta rispectiveliy, k = g, + q. is the timelike

four-momentum of the viritual photon and &, b,... ¢

are the foumoasnia of the 7 joi ced particles. The
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° : 1 ° ) a
Prix elsment of / 47 between the va@uum and the final
1Y)
G

I
state of the produced pariticles, It will be convenient
to defins the four-vector
3
oo ) e b A
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where we have introduced for romalization purpose a

h
factor 27 % where m is the number of the produced par—~

ticles, From

£, T, =0 (5}

1.2, It will be convenisnt to vefer all the quantities
to the center of moss syetem for the reaction . In a
colliding beam exzperiment the center of mass system is
actually the laboratory system itself.

We shall in the following neglect the elec~
tron mass. We eall E the enesrgy of each incident parti-
o

¢Le in the center of mass system. It follows:

,{/2.:: /97 PR 3C . o /‘C‘Z (63

L -aad

ey

Moreover Eq (5) in the center of mass system becomes

2fféxZTw O {7}

Therefore 3 ¢ has no time-like component in this system.

We shall call 3 ite enave~like component.



The total cross-section for uapolarized ini-

tial and final particles is giveu by

1'7‘!} V‘V} // I 5 =
= 76{2:9 A\/v’! »%.i"’f«_ e r'j‘{~’)t’/1 I"' ﬂ‘*{.,é L AN Cf::_.. {8)
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where : (= & /77 *gff%u/ ; a  and Ea are the momentum
and energy of particle a, etec: the tensor ﬁﬂn is gi=-
i

ven by

(9)

e
where ¢ is the uvnit vector pointing along the di-
rection of, say, the incoming positron; the tensor R

is defined as

—— X
N ""4w‘£ / (10)
and the summation j?A . 48 over the final spin sta~-
oy

tes. Differential cross-—sections and cross-—section for
polarized final particles can be obtained from (8} by

omitting the relevani integrations and spin summations.

1.8. For the production of two particles a, b of

equal mass M Eq (8) gives

& /5 g o 3 1
cié‘s‘zg s {Z;nai iﬁwngiiCJﬁé) (12)
< a,b
where
5 .
ﬁ4 < 2

is the velccity of the final particles. If the masses

of a and b are different {11} has %ol suboiituited by

ol JP) 7 :Euf —
A6 = iz {5“/253_ e {,}”ﬁ ‘._., A,'vf,)jﬂagﬁ) {13)

where p iz the final center of mass momentum aud E a?
Eh the energies of a, b, We have called # the ceut@r

off mass angle.



1.4. The inclusion of radiative corrections to the
next electromagnetic order hrings about the two-pho

ton channel for which most of the general considerations
valid for the one-photon channel (such as for instance
ngular momentum, parity and charge conjugation rules)

do not apply, at least in thesure form. However for ex—
periments which do not distinguish between a final sta-

te and its charge conjugate (such as a total eross section
measurement, or any measurcment that treats symmetrically
the produced charged pariicles) the contribution frem the
two photon channel vanishes., Radiative corrections for such
experiments are obtained by multipiyving the expression

for the cross sections by an energy dependent factor ¢ (8},
and of course, by interpreting the matriw olement J . as
including the second order radiative co*rections.{s) The
factor € (B) is given by 7+ Is.a, v’ﬁﬂ OF where é%;e,is
the percentual corrsciion dus to the photon self-energy
graphy, d; is the ecorrection due to the wertex graph for
the incoming electron and posiiron and 4; is the brems-
strahlung correction. The exnressions for ﬁrs.e. ' Jﬂ—

and d; can be found, for imstance, in reference (5).

2.~ Annihilation into pions and XK-mesons

o + bl ° .
2.1. Pion production in e - e collisions has already

(4) (6)

been discussed . ghall here reproduce the main

results and add some remarks, We consider the reaction
g"“,,, &7 > h /;/22/75 (14)

occuring through a graph

Sy et {15)
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The relevant vertex is a X;m pions vertex
2

W & PR o . o
for a virtual X of mass K” = - 4E”, Such vertices ave
. s 8
important for the thecry of the nucleon structure,{ )
For n even they contribute 1o the isctopic vector part

o
A

O 0 O

;.1.

0of the nucleon structure d Yo the isotopic

scalar part,.

We consider reaction i947in its center of masas
frame. The final n-pion state produced by the virtual X
according to the graph (15) munt have parity -1, charge
conjugabion guantum number -l, total angular momentum 1,
and total isotopic spin 1 for o even, 0 xgr n odd., In par~
ticular is fellows that reaction {14) camnot occur at the
lowest electromagnetic order if all final pion are neu-
tral, The spacelike part of ;ﬁ, in the center of mass

—
system, J ,must be formed out of the final pion momen-

ta and must have the chawscter of a polar vector for n
even and of an axial vector for n odd., For two final pions
52 will thus be proporiional to the fnal relative momen-—

tum; for three final pion jf wiil be proportional to the
only available axzial vactor; namely the normal to the pro-
duction plane. Inserting (10} and (9) into {8) one finds
uniguely the form of the dwpendence of the cross-seetion
on the angle between 7 and the initial electron-positron

relative momentum.

. T~ y 7 “:’:—-> Z; ¢
Ton e By =5 [T it (16)

> o

where & is the angle between  and ¢ , the unit vector
along the initial positron momentum., Therefors for two pions
the angular distribution is mfsim“5L ; for three pions the
angle between the normal to the production plane and the

o

e e . . . . . . 2
initial line of collision is also distributed ~ sin &

2.2. The siwplest pion production process is

e e T e (17)
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The matrix element of the carrent 3; is written as

Jy = e/éa}*,{a‘) "”/%%)(@, - f':‘ } (18)
. . . +
where %, and 4. are the pion energies, and p{ ) and
p(") the pion momenta. The form factor F{kz} is taken
at kz = e éEze The cross section is given b
g Yy
/6\ 7 AL By /2 7
cz.’/ﬁr*&) 74 "4 £z /g/’ & / f?"'frﬁi (19)
The dependence fw 4 iz a dirvect consefuence of an-

gular momentum conservation that requires that the two

final pions be produced in a p-state and of our appro =i

mation of meglesting the electron mass. The ‘total cross-—

~section is given by

- / - . "F;— .f A ’3'
Obntns =5 (2532015 5u2) 10D/ F (- 4E%)/ (20)

where m (expressed in BeV) is the pion mass {(or in ge-
neral the mass of the produced boson) and

Lix) - L. I E

GlX:i = ST TE, (21)
with x = E/m

To predict the absolute values of the cross
section at the different ensrgies one should know the
values o2 /~(x¥%/ for w2 < g m%r . These values
of kg lie 1in the absorption cut on the Kg plane, In
the following graph. {Fig.l) we report +the real axis
of k? with a specification of the different regions.,

p2p é.?ﬁeé"f?‘a

spdce lke
@bsorplive >0 Spdee bR
r2g/lon
?w’%maf i{j;/ﬂ:’ ;1‘{7?' t é,‘}”,(, / " o fv“f
4 . | PN
¢tee > F e 7 CrT s e B

K= -(tm,)"
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The form factor at kz = 0 takes +the value 1.
The physical region for space~like kz can in principle
be explored by picn-electron scattering. In such experi-
ments X has the character of a momentum transfer. The
physical region for negative kz can be explored with pair
production is eleetron-positron collisions. The absorpti-

2

ve region starts at ¥ . - €2mﬁnﬂ « The lowest mass in-
termediate state contributing in the y=2/ vertex is
the 2/ state itself. The next state consists of four
Pions and its comtribution to the absorptive part starts
at ¥¥ = - (4m5)29 An interpretation of e’ 4 67wz T4 F T
in the vicinity of its threshold can reasonably be giwen
in terms of the twgzggtermedlate states only, and there-
fore directly in terms of pion-pion scattering. This si-
Ttuation is indeed a very fortunate one and does not occur
in other cases of pair production in ¥ " collisions.
A pion~pion resomance with T = 1, J = 1 has been proposed
by Frazer and Fulco (o) a8 a simple way of explaining
the isotopic vector part of the nucleon structure, The
form faector proposed by Frazer and Fuico can be approxi-

mated near the resonance by a resonant shape of the form

//"‘ U{" - /‘5‘: * i/{/fﬁ) z
’,QZJ;’ o (‘J{,'.; 4!»,:)“ / Z.
7 z
where, Ax 2.4c my  and 452 H.y e . At an energy

E = 230 MeV, (total cemter of mass onexgy 2E = 460 MeV),
near the meximum of the form factor, onec finds a total
cross—section of 8.35 x 1@—31 cm2 for o + e T4 ﬁr‘h.

10)

Bowcock, Cottingham and Lurié{‘ suggest a rosonance with
the same quantum numbers but with rather different parame-
ters. They propose a resonant shape.

e \.{""LA/

7-(E) = , 37

7(¢) dpmd - Cf (g -1)72

. 2 _ ; -1
with t. = 22.4 my and }’m 0.4 m -
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At an emnergy E 2 330 MoV {total center of mass
energy 660 MeV near the maximum cf the form factor the
total cross-scction for o  + o e T reaches
a value of 6.6, x l@“gl cmza

These cross~sections are much higher than the
cross section caleulated for |F{= 1 {(a factor ~v17 in
the Frazer-Fulco case and ~ 33 according to Bowckock~

~Cottinghan and Lurié).

Interpretations of the proposed T =1, J =1
resonance in terms of & unstable meson with J = 1, T =1
and negative parity which decays rapidly into 7T

{11)

have beon proposed . The neutral meson of such a tri-~
plet has charge conjugation number, C= =1, Electron -po-

sitron collisions offer a good way for detecting sistema-
tically neutral mesonic resonant states with J = 1, C =

= =1, and mnegative parity . The T = 1 resonant state di-

scussed here belongs to such a class of states.

The neutral preduction process
7w " —> A G0

does mnot occur at the lowest clectromagnetic order{it re-

quires the exchange of at least two photons.)

2.3. The three ~ pion produection process
LFr g e ,7]‘++?7'm+ V7 (20)

can ocecur by the lowest order graph {15}, If we call 1
the relative 57if~angular momentum and L the angular mo-~
mentum of 7° relative to the 7 7 center of mass
we find that only the states L = L =1, 1 =L =3, 1=
= L = 5, etc, can be produced at the lowest eiectromagne-
tic order. This follows directly from parity, charge
conjugation, and angular momentum conservation.

The matrix element T, of the current operator

(8)

for three pions can be written .

I
S e R ) &, e o " g}fpz' &} e} P
\7‘; =% {"y}f{;v‘ &Y. 60‘3,) ?5;1 (/C;’ ﬂ‘,{;’x{y.t!)_e /{g;”f:;\ /9?0) (21)
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The form factor H depends on three indepen~-
dent scalars that we have choses as B, @y = energy of
77, and . = enorgy of 7 all in +the center of mass
frame The final momenta of 7, 7 T, and 77 are /ﬁ’{*‘}’
fJJand /ﬁﬂ“, The differential cross section can then
be written

22 x

s e 7, 2 (22)
a,’“f’,l. 45’%’./‘ Kt'{{i,;iﬁg gij /-//3 é‘.},/,(, /}}/ ;nd ))

Here 4 » a8 already explained, is the angle betwcen
the initial Iine of collisiocn and the normal to the
production plane. The absolute valus of the CEVSsS~80C
?2e Know—

ledge of this form factor is very important for the

tion depends entirely on the form factor |H

theory of the isotopic scalar part of the nucleon struc
ture.(g)

At present there is not much information
available on ;H; « There have been proposals for the
oxistence of a three pion resonance or bound state with
T=0,7 = liigp. If one assumes the T = 1, J = 1 two
pion resonance, a three pion state with T =0, J = 1
may be formed in which all pairs of pions interact in
the resonant state. The possibility of such a satura-
ted structure may well lead to the existence of a bound
three pion state with T = 0, J = 1, It has in fact been
proposed to idehtify such a bound state with a possible
rescnant behaviour observed by Abashian, Booth and Cro~
we.{la}

In this caso its mass would be as low as 2,2
pion masses. A preliminary fit to the scalar part of the
nucleon structure, according to the latest data(14}, has
been attempted by Bergia et al, ?n ?ssuming the existence

15

of such a three pion bound state . The existence of

such a bound state may strongly influence the behaviour
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of;H? near the production threshold., Or if a three pion
resonance exists in the physical region it would be di-
(2@), A three
pion bound state with T = 0, ¥ = 1 would decay mostly

rectly exhibited in the cross section for

into 7%+ } and 27 4} . It would lead to spectaculax
peaks In ¢"e ¢ > 7% p | and e¢*« e — 25 + ¥ . This
will be esamined in more detail in the next sections.
It is difficult to caleulate its rate of decay.Its domi-
nant modes of decay would involve the emission of a pho-
ton and the resulting lifetime may be relatively long as
compared t?”typical nuclear times, A lifetime of the or-
der od IG”ZL sec would correspond to width of the order
of a fraction of a MeV, The form factor H in {21} could

then be approximated near threshold as

7
A = o stamd ) x

where M is the mass oF the bound state, whose contribu~

tion is assumed to dominate the behaviour of H near the
threshold.

Gauge theories of elementary particle$11} also
lead to the prediction of a J = 1, T = 0 meson with ne-
gative parity and negative charge canjugation number.We
have already mentioned that o' - o~ collisions provide
a systematical way of searching for resonant states with

J =1, C =1 and negative parity,

2.4. Production of four pions, five pioms etc will be-
come important at high kz, as strongly suggested by the
high pion multipiicity in nucleon-antinucleon amnihila-
tion, The direction of the current matrix element 3?
cannot be specified in terms of the final pion momenta
from parity considerations alone, as it happened for pro~
duction of two or three pions. Gauge invariance alone
does therefore not lead to any simple geometrical conse-

Lhree .
quence. The presence of two pion and*pion resonances will
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strongly effect the final mtate and could suggest models
for a simplified treatment. tethods used in the analysis

of the nucleon -antinucleon annihilation into pionslﬁ)

cam be applied to the present problem, with the substan-
tial semplification of the complete knowledge of the
initial quantum numbers. In partvicular, assuming the do-
minance of the T = 1, J = 1 pion - pion resonance, there
is the possibility of a "saturated” T = 0, J = 1 three pion
state negative parity and change conjugation number. with
all pairs coupled by the rescnant interaction (12). No such
"saturated" states can be formed with more than three pions,
In fact, already with four Pions, two pions must have the
same charge and therefore their relative angular momentum

must bz even

2.5. Production of KX pairs can occur according to

3 A - ,é/“r“

I V4 — e ’gl<'
ot -~ ——
& 2 s 2
L - & —r ,{;G 3 Ay
o 7
e — S Y . 3 . & A e
r AR R S R A y 4.

Expression {19) applies for production of a K -
K pair with F(EZB interpreted as the relevant Kf or Ko,
form factor, The charged X Form factor is the sum of an
isotopic vector form factor and an isotopic scalar form
factor, the neutral K form factor is the difference of
the isotopic vector and isotopic scalar form factors.
Two pion intermediate, states and K-K siates of isotopic
spin one are among the contributers to the vector part,
while three pion states and zero isotopic spin X-K sta=
tes are among the contributers to the scalar part. Pre-
sumably K-K scattering will play a relevant role for
production mnear threshold and the experiment will inform
an 1its properties. Similary e s e —» K+ K *» /7 could

give information on X - 7 and X - 7 interactions.
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In the ¥O® -~ K° processes there is a very sim
ple consefuence of charge conjugation invariance that
should be pointed out, The final X0 ¥°¢ pair must be produ-~
ced in a state of C = ~ 1. Thercfese the final amplitude
is of the form

Ke Ko - K% Ko
In terms of the physical particles

7 » —
K o= (K5 R

K= RO R)
the final amplitude can be written as
It is now evident that only Kg + Kg pairs can -
be produced (but mnot Kﬁ - K% or Kg - K% pairs). This
means that one particle must decay as a Kg and the other
as a Kg. It also follows that for a given configuration
at production K%.~ K2 pairs are produced with the same

2
probability as Kg - K? pairs. Note that the final ampli-
tude maintains its form at any time in absence of inte-
raetions. The time development in fact is just given by

F 3 . B
r-) ) _,_,“('/%/ "'5”";}{&
A, e KL

ks h) e (et dmi )t

if Ki and K% propagate through vacuum. Analogous conclu-

sions apply if additional ﬁdé are produced together with
— d -

the KO KO pair. If however 7 7 pairs are also produced the

Ko Ko pair can be produced in a C = + 1 combination and

the correlation wouid’he different.

s 0F .
3.~ Annihilation inte 4 * & .

3.1. The process

£ * . & - 7% ¥ (23)
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is very interesting from theoretical point of view as

it is directly related to the properties of %he vertex

#
"o
P
P
A .
’ g
o~ .--s..r\hw.»a'xn/v‘.«( J
e
L‘L“
\#\.‘
(? !
2 Y

where = and ¢ are the photon momenta and p is the 7°
momentum, In the electron-positron annihilation process
(23) the photon momentum X is off the mass shall, cor-
responding to a virtual photon mass of - /:;: = 2 E .
For kg = 0 the vertex describes 7 decay into two pho~-
tons and can be computed in terms of the 7 lifetime. The-
re exist various experimental possibilities for explo~
ring the above vertex for the different ranges of values
of 32, as illustrated in fig. 2. In the figure we have
reported the real kz axis and indicated the various phy-
sical regions. We have also indicatedthe absorptive region,

whose threshold starts at two pion masses.

!{j‘ o ‘!5’

[
T re Fve
resion
o 51 3 r~§

i
3

r”??z;-

C

lf%ymkg/ ropuim f@r

. . # I . '
/p/é_.y;/%;‘-i/ Hgron for ,PA,’/J’*" 4 "?57""":’” %’ v

L A e jt"!f" wr s Chutsméds
e T Foprere i Lt
f‘)’v’ .36
\1, , ¥
2__ 7 L
fé & - Mff‘ £ = 0.

The decay of a free 7~ into two photons accurs

at k?

principle be explored through the so called Primakoff of-

= 0. The zregion at the zright of 12 = 0 can in
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feet an incident real photom produces a y/ through the
intoraction with the Coulomb field of a nuecleus. The
vertex (24) can be held responsible for such a process
with q taken as the incident photon momentum and I as
the virtual photon momentum. The Dalitz process 7 %s j4
#4+¢ may be used to investigate the (7 /¢ ) vertex

for small negative wvalues of k2 {18}.

The physical region for {23) starts at x?
- mz. The absorptive region starts only at kzm - 4 mz,
with the possibility of two pion intermediate states,
The T = 1, J = 1 two-pion resonance would produce a
strong resonant-liks behaviocur of the vertex in the phy~-
sical region for (23). The next absorptive threshold due

to three-pion continuum starts at k? = - 9m%— « If the~

re is a bound T = 0, J = 1,37 state at some k25 - 9m%r .
which decays only through electromagnetic interaction,its
Presence would lead to a pole contribution to the vertex
at the relevant value of kz = M2 where M is the mass

of the bound state. 0f course the pole wuold occeur stric-
tly at a complex value of &2, due to the finite lifetime
of the bound state, The associated width is however pre-
sumably only a fraction of a MeV and +the description by
a pole may be safely applied except for the immediate
vicinaty of the resonance peak. The contribution from the
peak to the cross section may turn out to be effectively

2%~ 107%% om?, This

veri big, possibly of the order of 10
can be seen from simple considerations based on a Breit-
Wigner description of the resonance, The T = 0, J = 1

three pion bound state will presumably decay into 77+ ) ,
or ZF+ ) ,with a lifetime ~ 1072% sec. The corresponding
width /7 is then between 0,06 MeV and 0.6 MeV. The experi-
mental energy resolution is given by 2 4 E where 4E is
the energy resolution for each colliding beam {positrons

or electrons). If the energy spread of the incident beams
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is larger than a few MeV, as it will presumably be, the
measured quantity will be the integral of the cross—
section in a region comprising the peak. We therefore

estimate the average cross—section as

2E =M+ AE ©EFtE
A
&= a7 [ 6tlz) = —— / £ (25)
A Pl
EE = M-AE s

We use a Breit-Wigner formula for the cross section near
the resonance. For producticn through a J = 1 resonant
state of mass M, total disentegration rate /° and par-
tial rates / and /Z for decay respectively into the
initial ¢ + o~ channel and final 7%+ ¥ {or szv'- & )
channel, we have

(i (26)

f2&-m)*r L

é\ = Z“g' /‘?'/\{ :

The sontribution to & from the peak is then

given by
, ;s
Foe 2 AR B [ 5oF ) (27)

where B, and B, are the branching ratios /’Z’//"’ and
’f;/f’ respectively. In performing the integration we ha
ve assumed /<<Z4f Lyt the result can be applied for an
estimate if /£ 24€¢ . Let as assume M <3 my
and a branching ratio into <7+ & g/ , of the order
of 1@w3. One obtains &~ = 1.3, x 10—'28 { Sz AE )

Zo - — -2 .
cmz, or, with /“~ o 3<‘éc ’/ 7 = 0.8 x 10 29 {(24E in

-1 2
)

MeV cm,

3.2. - In the following we shall discuss in detail the
process €% x¢ ~» 7Y+t assuming the dominance of the
resonant 27 state and of the 37  bound state. From

what we kave seen in the previous parapgraphs if the 387
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T =0, J =1 bound state existe its contribution is 1li-
kely to be very important.

Presumably also a T = 0, J = 1 three pion resg
nance {as opposite to a bound state) would have a very
important effect in e*e e s 7724 , A limitation of the

(19)

ther artificial also in view of the remark by Chew

would be ra-
(12)

theory to the T = 1, J = 1,27% resonance

that a T=1, J =1 27 resonance could generate a T =
=0, J =1, 37 resonance or bound state. The experimen-

.
tal result by %amioé“"y

on internal conversion of gamma
rays in 7° decay indicates a negative value for the deri
vative of the 7#° form factor at the origin. This result
would be difficult to understand if only the 27 resonant
state is kept in the caleulations. A possible explanation
could be to include contributions from the intermediate
nucleon-antinucleon pairs. A theory of #°decay based on
keeping only contributions from nucleon-antinucleon pairs
has been published by Goldberger and Treiman(21}. The
negative coefficient of the Samios experiment could be
possibly understood through the coeherent contribution
of the 2 7/ resonat state and of the nucleon -antinucleon
states. Such a point of view has been proposed by Berman
and Geffen in their discussion of internally converted

(18)

cluding two and three pion states is closer to that of

pairs. The point of view +that we follow here by in-
Wong (18) in his discussion of 7 ° decay.
The general form for the 7ff vertex as deter-

mined from invariance requirements is

7 e . T sa) Fa (K

Z’[;/“"(/ ’f/i -—/az) éuw\f {;’,uy[j) fAf (k) {28)
where k, g are the four-momenta assoclated to the photon
lines, fiy(?) and.figff/ are Fourier components the

electromagnetic temsor, p is the 7° four-momentum aﬂdAégvAf

is the isotropic antisymmetric tensor, and G is a form
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factor. In our case one photon and the /7 7 are the mass
9 "

shell. We shall dencte by G{-1"} the value of the form=—

~factor for vﬂzm ﬂ?; and qﬁ = 0, The 7° lifetime, T

depends on &£7) according tc the relation
' g‘;‘";:/zf/ﬂ)/ (29)

From (8) (9) and {(10) we can derive an expression for
the cross—section for 6%%£M~9‘$7¢¢~*2 The matrix element
of the current is given in the center of mass system for

the reaction by

e
where «w is the 7° energy, /b' its momentum, and <&
the polarization victor of the emitted 3’ray. The ten-

sor Rmn is then given by

€ Y ¢ z .
W//?’/ //(?;/‘/Qg)// //’bﬂ/{:j,,} “/9 oy )

and the differential cross-section is given by

6{’5\ = T """(/ {(}/ /f/"/',/f.d u//g/&f){})

It will be convemient to express the cross section in

terms of the/’lifetime through (29)

C{é\*vgi___ﬂ/y?gf g,/‘)/ G-k )/(::/Mii‘g‘) {30)

The total cross-section is given by

¢ oK c?//<é//

'\ "
6= =

3 ”//4/} 73
“w ¥ -5 <
& Z7s5x /o ”mz ,/J) /// - X
2
where AX*~%% and the numerical factor, inversely propor-
tional to the 7° lifetime, has been calculated for a 1li-
fetime of 2,2 x 19”16 8&C.,

The form factor @{k?) is assumed to satisfy a
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dispersion relation of the form

-

: 7 /-f ElE) At
) e /e ret
GOKT VAR EVENY:

&

(32)

{we are using My~= 1), The immaginary part has con~-
tributions from the absorptive region as indicated in

fig.{2). If a three-pion bound-state is present an ad-
ditional pole contribution should be added to (32). We

first evaluate the contribution +to the dispersion in-
tegral from the T = 1, J = 1 two pion intermediate sta-—
te, assuming a resonant pion~pion amplitude as proposed

(9)

o The contribution from the resonant T = 1

by Frazer and Fulco

(10)

and by Bowcock, Cottingham and
Lurié
J = 1 two-pion intermediate state can be expressed, fol

Q
lowing Wong(iuﬂz as

D ) é—-
e [/ (497
b 1% ER (b rat-lE

; ADYROPY. (83)

where f}{}) is the pion electromagnetic form-~factor
and ﬁ%/ﬁ)is the amplitude for pion photoproduction on
pion ( ¢+ 7 > /7 » #~ ) in p-wave. This amplitude has

55‘36\
v ywho has shown that under the

been studied by Wong
assumption of a resonant T = 1, J = 1 /7-% interaction
Al1=2) D, (1]

bra) Dy LE)

)=

where D (t) is the denominator function, as defined
by Chew (23 s & is a positive constant, and A is an

unknown parameter, In this scheme also’g?ﬂé)in related

8 = 2, 0e)

* 5
One sees that é;(%}ﬁi(f/ is essentially pro-
Portional +to the square of the absolute value of the
pion form factor. The two-pion contribution égék{/ is

therefore proportional to the integral
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K e 4}‘ E ) )l
’/ {hltra) (raiis)

(34)

We shall evaluate the above integral by assuming for

/%i,{g)/fz the form proposed by Bowoock, Cottingham

end Luris (+0)
’Z(;, "“'k
;r - - 2
zf/“j PRV (£ )% (35)

where tz and 5%* are the parameters that characterize
the resonance. The form factor f§{¥/satisfies the non-

-substracted dispersion relation

'3\»
!Y *ﬂ? s;/)(,?lé
TR 3,,/ TR (36)

Noxrmally a substracted dispersion relation is used; howe-
ver with the form (35) for 74 (#) also a non-substracted
relation like (36)is convergent. The absorptive term in

(36) as derived from {35) can be written in the form

- rf 2' f 3 iz‘

The comparison with {36) and (3837) will permit a direct
evaluation of the integral (34). The factor //ﬁkfé)/wi

in the integral (34) repwseunisa very fast resonance. It
will therefore be possible to neglect the energy variation

of slow wvsrying terms in the denominator of (84) and ob-

tain
G /wd) //”’"‘4):/’?/‘5;/
?::/d(//{:(’ /// FLRE-LE

By comparing with (36) and {(37) we then find directly

Py S
Z)
ﬁé(ﬁﬁ')“ Dy f’/;éﬁ 7 )7 (38)

"

J*

where <z 1is a constant.
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We shall now approximate G{%&zb for not very

large values of /Aﬁ/as

/‘ / . (:a y é."i (39}
- — v =
EARY S /«?m;{)?x Fyw ke /)

The first term in the right-hand-side of (39) represents
the contribution from the 2 7 resonant state. The se-
cond term represents the "pole" contribution from the
proposed 37 boun@ state., The mass M of the bound sta
te is given by f;% and /7 is 4r total decay rate,
corresponding to a lifetime presumably of the order of
10720 sec. The imaginary part -</ is very small producing
a very narrow peak in C(%kzﬁ in the neighborend of kz =
ty. The constant Cé is the residue of the pole corre-
sponding to the 3Fbound state . We shall not try any
theoretical determination afﬂ% and Cé but rather try

to evaluate +them on the basis of experimental informa-
tion. G{0) is related to the 7° lifetime through {29).

This gives approximatively

&, é, 74 £4 7
/__”54,»3/ s = T (40)

A second piece of information is given by the
Samios experiment on internally converted electron pairs
from ZTowdecay(ZQ}Q The experiment gives some informa-
tion on the derivative of G{mkzﬁ at kg = 0., With the de-
finition

R fc/*“/J<:’27 = o 41
#lo) [ T ) < 4

Samios finds X = 0,24 + 0.16.From {39) and (41) one finds
directly {mﬂ.z 1)

o . p—

< &

CE / "’(sz
- [2) L e (42)
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We now use for t2 the value suggested by Bowcock, Cot-
tingham and Lurié, t2 = 22,4, and for t3 the value sug-
gested from the identification of the bound state with
the resonance observed by Abashian, Booth and Crowe‘lsp,
namely t3 = 5, From {42) and from the experimental va-
lue of o it follows a value for GS/CZ between ~0,22
and -0.13. Expressed in terms of 7 and « the 7° form

factor becomes
2

44/ / / f{.‘j/"“(”{a) /o(ef) ,
it L T e e ()
M 3) ?i{fié“,g;/";'f/) zg "/e 4

The form factor (43} is composed by two resonant terms.
The first term due to the resomant T = 1, J =1 -/

. . . -2
interactions reaches its maximum around kf o o ¢

and has a width given by't{/f a{/ . With thi
Bowcock, Cottingham and Lurié values for the pion-pion
form factor,j’%f0,4 m;f . and the resonance width is
then about 0.8 m = s The second term, due to the pro-
posed 3 % bound state, reaches its maximum at kz = -
t3 = = (mass of the bound st te)z Its width, presuma-
bly determined by the decay rate of the bound state into
7oY., is expected to be only a fraction of a MeV., Ac-
cording to (48} -/it> the values ty = 22.4 and ty = 5
the contribution from the 8/ resonant term is negligi-
ble for values of kz about « 22,4, in comparison with
the 2/ resonat term that reaches its maximum in that

region. The enhancement factor we find at K2 = - tz

2/07 )/ 25 (44)

The reason for the enormous enhancement can be traced
back in the required compensation of the two resonant
contribution near kg = 0 to produce a small negative de-—

rivative. The enhancement factor (44) multiplies the per
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turbation theory {i.e. constant form factor) cross sec
35 35 2

tion 2.75 x 107°° en? (1 - tz‘)zzg, 2,4 % 107°° em”, The
resulting cross section man& thus become observable in
the region of the 2 7 resonance maximum,

The resonance peak due to the 37 resonance
is very narrow and only an average cross-section in-
tegrating the contributions from the peak will be measu-
rable., On the basis of the expression {(43) for the form
factor we can again estimate the value of the average
cross section o , as defined by (25). Near the 3/ re-

sonance the cross section can be approximated as

d
o= f.;g‘x /o_‘ggém /f'f' ZA”./)/ 0&! f //f /
/ + £

The resulting average

vl M‘ gg / -,
R 35x Ja % > ) Coan
6\ i, o] L; - ‘f{. /_/ tg,d 5) Ry 7]

with AE expressed in MeV., With the proposed values for
the parameters, O can become = 10728 1/{2 4 E) cmz, a
value about a factor ¢f 10 higher than what we obtained
before on the Dbasis of assumptions on the decay rates.
The considerations that wo have developed strictly apply
to the explicite case of a 37 bound state. In the case
of a 37resonance there might occur an important change
in the conclusion if the decay rate of the resomant sta
te into three pions is strong enough. As no selection ru
les would be expected +to prevent such a decay mode its
rate is expected to be rather big and might become much
bigger than the rate for decay into 7%+ 4 as soon as the
energy release is large enough to overcome the effects
of the smaller statistical weight and of the centri-
fugal barrier. In this case the resonance width would

be much larger and a better dispersion theoretical ap-
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proach would be required to obtain reliable estimates.
Apart from the difficulties met in obtaining a precise
estimate one can see that & very big cross section for
o + 67 —» 7°+{ could be obtained if there is an inter
mediate bound state with spin one and charge conjuga-
tion number -~ 1, which mainly decays into 7%} . We
obtained +the first indication for such a big cross—
section on the basis of a Breit-Wigner formula for the
resonance with suitable choices of the relevant par-
tial widths, The second indication is based on a theo
ry for the Zraform factor on the assumption that only
the 27 resonant amplitude and the three pion bound
state contribute, with a relative weight determined in
such a way as to give the value for the derivative at
K% 0 required by the distribution of internal conver

. o o]
ted electrons, in 72

decay. Of course both approaches
are rather tentative and subject to criticisms. For
an energy resolution 4 E v 5 MeV one expects a cross-

. . -30
-section, on the resonance peak, of the order of 10 " +

+107%° cmz, tremendously big if compared to the per-
turbation theory (i.0 constant form faetor) wvalues, al

35 2 .
ways smaller than 2.75 x 10 85 em- for a /° lifetime

P X+ . ox . .
of 2.2, x 10 " 4oe, Verification of the existence or
non-existence of such big cross secvion should be a fea~

sible though probably very delicate task.

3.3, In general the reaction (28) would be observed as
an annihilation into three gammas of the initial electron-
~positron pair. A close examination of the competing

electromagnetic process
et re” —> 3 éf {45)

will therefore be necessary . The process (45) occurs

at the same ovrder in the fine structure as the3raé’pro~
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cess,
O . 3
A relevant contribution +to 7 production in
+ - P . .
€ + e collisions will also came from a process first

discussed by Low

-

e e” > ptw e 40 (46)

Low calculates the leading term of the cross section

using a Weizsacker-Williame method{24)

« Such a leading
term corresponds to a forwar scattering pole in (46)
and its value depends only on the value of the / °form
factor at k¥ = 0, For E = 150 MeV Low finds a total
oross section for (46) of about 107°° cm® with a 7°life-
time 1@—18 sec, With the value for the lifetime that we
have used above, 2.f£. x 1@m16 sec, the cross section
would be of the order 107%% ¢, 4 rocent re-ovaluation
by Chilton (25) has lead to essentially similar results
The cross soction, as caleulated from the pole term, in-
creases linearly with energy already at E>mg, and for
T = 10“16, can be approssimated as €= 2.2 x 107°° om?
(E/m~ }. At the same electromagnetic order of {46) a
double bremsstrahlung process can occur, and the two emit
ted photons may simulate the photons from Wm’decay; Low
suggests to discriminate between the two processes by
the different spread of the photon angular distribtionéw4).
However a detailed caleulation of the double bremmstra-
hlung process should be carried out for an accurate discri

mination.

4.~ General discussion of the 7possible resonances.

4.1. 1In the previous sections we have discussed the pos-
sibility of resonances due to the contribution of pion=pion
real or virtual bound states. In particular we have exami-

ned the role of the proposed T = 1, J = 1 pion-pion reso-
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nence and of the proposed T = 0, J = 1 37 bound state
in reactions such as ¢ + e -» 27, or 875 , or JPi4.
Both the /-7 resonant state and the 3 7 bound state or
rescnant state that we have considered have angular mo
mentum J = 1, and charge conjugation number , C = = 1,
Electron-positron collisions offer indeed a very suitable
mean for exploring +the propsriies of intermediate neu~
tral states with J =1, C = ~ 1, P = - 1, zero nucleonic
number and zero strangeness. Such states can transform
into a single virtual gamma and this is in fact what
selects them among all the other states accessible only
through the exchange of more virtual gammas. However
other guantities , such as the experimental energy reso=
lution 4E, and the partial decay rates from the inter-
mediate state, are relevant to the discussion, and a
more detailed examination is necessary. In the follo-
wing we shall illustrate our statement by employing
a simplified description of the resonant reaction based
on a Breit-Wigner formula, We consider a resomant chan-
nel of the type

€7+ €7 ~» . _» (final state) (47)
where Bj represents an intermediate state of zero stran
geness and nucleonic number, spin J, and mass M, In the
vieinity of the resonance we assume that a Breit-Wigner
description holds., The resomnance cross section for (47)
at a total energy 2E around M will them be approxima-
ted by

! e i
2z 27+ A

7 - o m_wwﬂw 4._.8
;€)= T X % GempiL (48)

. , - - ;
where f; is the rate for BJ-79 + e and QZ the rate

for Bj-éw{final state). The total rate is given by 7/,
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In any actual measurement the measured guantity is the
integrated product of O (E) with the experimental re-
solution ecurve., For our purposes it will be enough to
approximate the resolution ecurve with a rectangle of
width 2 AE. Itwill be necessary io distinguish among three
cases:
case a): the resonance is very narrow, with a width much
smaller than the experimental energy resolution, /<<Z4&)
case b): the resonance is wide, with a width much larger
than the experimental energy resolution, "> 24E€ ;
and case c¢): +the resonance hagﬁﬁiath comparable to the
experimental energy resolution , /'~ Z2A4& . The contri
bution to e + 0 ~— (final state), from the resonance,
in an experiment carried at an energy 2E = M with an
energy spread given by 2 4 E will be given by
Fmrde)
6 = /o6 )

{7~ 4£)

MRS

This quantity is given in case a) by

— A /7
g, = 2T AT (2T B B g (49)

. iy 'y e e
with Bi = "¢ /77 and Bf = f/?” o In case b) it is sim-
ply given by

S~(2m) = FR[2T+1) B 8y (50)

For the intermediate case ¢) both {(49) or (50) can be

applied for order of magnitude estimates, since they
/ T oar s

only differ by a factor T it x o zaE

4.2. For purposes of comparison one can consider a ty-
o ° . + .y —
pical cross-section, such as that for e + @ —» 47+ 4
. . . . . 2 2 .
which for E >> mg is given ﬂy‘/%')ﬁfajy « It will
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also be sufficient to limit the discussion to the most
important channels for which Bf is of the order unity.
The important quantity is then /:)/éﬂé' in case
a); /iycﬁ in case b} and any of these itwo quantities
in case ¢}, We can then examine what important factors
will appear in /Z' » the rate for the transition
,ﬁ%*%6+¥éfl We make use of gauge invariance and of the
charge conjugation selection rules, For J =0, C = 1
[? is proportional to C(?ﬂﬂj and for J = 0, C = 1
it will be proportional to<ﬁ/éﬂ4:,. The rates vanish
for m, = 0 Dbecause the final electron and positron
should be emitted in configurations with parallel spi=-
ralities thus violating angular momentum conservation.,
For J =1, C =1 / is proportional to oL # , but for
J =1, C=-11it 1is proportional to ﬂz&o For J = 2,
C=1 f?is proportional to &f@ , forJ =2, 0= ~1
it is proportional to,{fandﬁsimilarly, higher powers
of o{ appear when J is increased.
It is now important to state that the energy
resolution A4E will not presumably be smaller than
~1 MeV, An energy spread of +this order corresponds to
rates /’ of the order of 1@21 secul. Therefore, in case
a) only intermediate states with J = 1, C = - 1 will pro
duce comparatively large effects. In fact rather large
offects will be expected if /) /4¢& >> % | Wext in im-
portance are states with J =1, C =+ 1, and J = 2, C =
= 1 with an additicnal factor X . In case b) the rele-
vant gquantity is (?g@” , and /° is supposed +to be much
bigger than 2 AE., Therefore the same conclusions apply
as for case a) and, of course, they hold also in case c¢).
If BI can decay through str;gg intz;actifisfm is expec~
ted to be of the order of 10 - 10 sec

bigger than 2 £ZE, The T = 1, J = 1 pion-pion resonance

and thus much

belongs to this ciass of resonances case b}, For the 87
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bound state, which decays slowly into 7*{ or 27 + & ,

[ is prerhaps of the order }@2® secml, rather smaller
than 2 4E, case a) or case ¢). For a narrow energy re-
solution the factor C?@E is expected to be big enough to
give Jlarge resonance peaks. In general the occurrence

of case a) or ¢) requires, same in-hibition of a fast de-
cay via strong interactions and would in fact correspond
to a rather exceptional situation {(such as a bound state

of very low mass),

Se~ Annihilation into barvon nairs,

5.1. We shall discuss in this section electron ~positron
annihilation in £iight into a fermion antifermion pair

according to
. _ 4 ra
et e &7 —x / f-zf {51}

Pairs of strong interacting fermions can be produced ac-

cording to

o T : . P
& o+ & ———3 //J -1‘-/;’) y £ 27
« - — o
ETre” —> =+
¢ - P oy
&7 —— T o

all of +the type {(51). The final pair is produced in the
states 381 and 3D1 as follows directly from angular mo-
mentum and parity (charge coniungation does not add any-
thing new to this case) considerations. The cross section
near the threshold is thus expected 1o grow proportional
to the velocity of the final particles in the centers of
mass system and the threshold angular dependence is expec
ted to be isotropic. The matrix element (4) of the elec~

tromagnetic current operator between the vacuum and the
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state containing the fermion-antifermion pair can be writ

ten in the form

o

Jo = @) [0y - L B s, % [ (R (59)

o

where P, and }5; are the four-momenta of the produced
fermion and antifermion respectively, é@@}and V65) are
their Dirac spinors and #??iﬂ,fﬂkyare the analytic con-~
tinuations of the electric and magnetic form factors of
the fermion for the values of k? relevant in (51}, name-
ly Kz < - 4 mz, where m is the mass of the produced fer
mion. In (53} 4 is the static anomalous magnetic mo-
ment of the produced fermion, The form (51} for [, fol-
lows from Lorentz and gauge invariance. The form factors
are normalized in such a way that FIQO} = 1 and FZ(OB =
1 if the fermion is charged; and that Fl(O) = 0 and
FZ(GB = 1 1if it is neutral. The current matrix element
/), can be decomposed, as usual, as the sum of an igoto=
pic vector part and of an isotopie scalar part { for A
and Z° there is only the scalar part). This decomposi-
tion brings about a considerable semplification for the
three processes leagind to Z 'if production which are
described in terms of four independent form-factors.On
the basis of the presently assumed mass spectrum we ex
pect for the isotopié vector form factors the absorpti

ve cut in the kzmplane to start at k% = - 4 m%—and for

2

the isotopie¢  scalar form—-factors to start atk? = - 9 my,

except for the possible presence of a 87 bound state,
producing a pole contribution at a lower §k2§. The above
consideration does not hold for the = which can trans-
form into an 1ntermediate A by pion emission, giving ri-
se to a lowering for the albsorbiive cut (26) {for in-

/7
stance, for the charged = s the 1sotraplc vegtor amp11»
tude has a threshold at  _ /m"z/f-/ g ("”f “”,L)) /)

< m
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5+.2. The form factors are in general complex along
the absorptive cut. In particular they are complex for

2 in reaction (51}, k2-< - 4m2.

the physical values of k
Thus in e” + o~ ~> f + £ there can be a polarization
of f normal to the production plane, already at the lo-
 west eiectromagnetic order. The polarization will be pro
portional to the sine of the phase difference between the
electric and the magnetic form factors. The situation
here is different from that of the scattering process e+
+f —> e + £, occuring at positive kz, where the form
factors are real. In the scattering process there can be
no polarization of f normal to the scattering plane,except
for higher order electromagnetic corrections. This fol-
lows from usual time reversal arguments.,

In caleculating <= Ry, according to (8) and
{10} we sum over the polarization states of £ but we in-
troduce a spin projection operator before summing on the
polarization states of £, The spin projection operator
is ¥ /74 ik Y An)  where A is the covariant polari-
zation vector for f, We know that the polarization of
f will be trasverse and normal to the production plane;
therefore A will be of the form {ﬁéé’) where ¥ is a unit
vector normal to the production plane.

The cross section can be expressed in the form:

L6 2oyt /;’ 2 T .7 2/ 2
——— e ¥r . /A - JH¢ 7+4n +
¥ 54)
A &F e f * ) ‘.7 (
) ZEW) s b EUY it
o
Where A = & .
The form factors are taken at k2 = - 4 E2¢Near

the threshold E = m the cross section (54) is proportio-
nal to ,45 + the veloecity of the final fermiomn, and is

. . . 2
isotropic, in accordance with production in the Jey, state.
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As we have already remarked the fact that the
form factors have an imaginary part for kz in the phy-
sical region for reaction (51) implies the possibility
of a polarization of f normal to the plane of production
and proportional to the sine of the phase difference bet-—
ween the electric and the magnetic form factors. The po-
larization of £, along the normal +to the production pla

ne is given by ~/#),

T ) - - 520 [ru) 5N i fos) 159)

The normal +to the plane here has been defined
as the unit vector pointing in the direction of ;:X j*
where /ﬁ is the momentum of the final fermion and 4, -
that of the incoming positron, We note that, by direct
application of the TCP theorem, +the polarization of the
produced antifermion, E§, is equal but oppesite in sign
tc that of the produced f.

With F, = 1, and F = 0 the total cross-section,

1 2
as obtained from (54), is

5 e , £,
&= (2770 ) 1w )E (14 F ) (5¢)

. . . / z .
with m in BeV and 4 ={m/s} . Of course, there is no rea-

son whatsoever why the position Fl =1, F, = 0 should ha-
ve any reliability in the physical region for the produc
tion process, which is far away from the limit k2 = 0.

5,3, It is at present difficult to decide whether the

form factor in (59) should strongly decrease or increast
the value of the cross-sections over the perturbation theo
ry value given by (56). At present there are no informations
available on the form factors of the hyperons. Electron
scattering on nucleons has previded reliable information on

the nucleon form factors for positive values of kz.It will
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not be easy however to extract information from the form
factor at positive kzg a8 determined from electron scat-
tering exporiments, about the values for large negative
kg relevant to the production experiments. The recent
indication of a core term im the nucleon structure{14}
could eventually be related +to the presence of singula-
rities for large mnegative values of k‘zQ but the location
and the nature of such singularities cannot be determi
ned at present. To show a kind of science—fiction argument
that one can use to relate the information from the scat-
tering experiments to possible guesses on the pair produc-—
tion rea ctlomsiwe shall make some (completely arbitrary)
hypothesis on the origin of the core term in the nucleon
structure and see what conseguences does it lead to for pair
production, Suppose, for instance, that the core terms in
the ferm factors given by Hofstadter and Hermanu4D comes
from a blg absorptive term concentrated around, say, kz 1
Qam} « This choice is quite arbitrary and, as far as

the experiments tell, us, there is no reason why the core
term should not originate from singularities at much lo-
wer values of kz, 88y, K% - mz, and, furthemore it is
very likely that it merely results from contributions of
singularities extending all over the absorptive region.

Let us also, for definitensss, assign some small width /7

to the states originating the singularities. For k2 = -
~-(3 m)z the nucleon form factors should then be approxi-
mated, using the Hofstadterqlé} results, as fzg =1.2/D,

sz = - 3.4/D, Fig = 3.2./D and Foo = 0, where the common
denominator is given by D = 20 ~ 2E + i { /7/2), and we

have expressed all energies in units of the pion mass,
Inseiting into (54) we find for the cross-section near
the singularity 6‘;'ﬁy£)¢'3/§*«w>*4ﬂf/fﬁz for p - 5 pPro=-
duction and 6-% /74 ‘AVs x 55« (/)¢ for n « n produc-

tion, If, for instance / 2 # . these values are about
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3.6 and 50 times begger than the perturbation theory va-
lue for ¢ + e £ 4+ £7 (The p - P cross-section is smal
ler because of an accidental cancellation). The above con-
siderationshave admittedly little value, except that they
may serve to illustrate the hope that the cross=section,
at least in same energy intervals, might come out rather
bigger than what expected an the basis of (56).

Besides the reactions (52) one should also list
et e ERA A e Z0 (57)

which involve a fermion - antifermion pair, but not char-
ge conjugat® of each other. The expression for the crosse—
section of (57) depends on the relative $-4 parity and,
actually, if an experiment like ({51) could be carried
out it would provide a good mean for measuring the relati-
-4 parity. That the cross-section for {57) has a
strong dependence on the relative -4 parity can also be
seen directly by examining the threshold behaviour. If
the relative £-4 parity is positive the final A (orZA )
will be produced in 23, sand BDI, as follows from parity
and angular momdntum comservation. If the relative £ -4
parity is negativa\th@ accesible final states are instead
1Pl. Therefore the cross section near the threshold in-
crease lineary with the final momentum A in the center
of mass for even parity, and it is also isotropic, For odd
parity it increase as,@gand will contain in general a cos%ﬁ
term.

The general form of the matrixz element J derived
from the requirements of Lorentz and gauge invariance is
different from the case considered in the preceding section
of a self-conjugate fermion antifermion pair, For even ro-

lative parity we can write

T < 7, [0 - L)l A [ (s
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. - 2 11 .
subject to the condition fggﬁ: = 0 whish gives
é‘ 7
4 7
2 ’ 4 §9
Z -
f!.;w/i = ¢ /5',: [ =) (89)

For odd relative parity

\:/: = X ;: 2/4/ + ;'1;‘75'\ /‘/’&—; ,zjl/(/ﬂ,i/k {60}
and K}; Iv = 0 gives
L% =

The form factors .zﬂ/'{’*}/ -/j (i{”;’/ s Z) are the anal
/ v LS . I

tic continuations of the form factors desecribing for posi

/4“)
- /?’7 /} {61}

tive k2 a Z> A+ virtual transition. The correspondence
is correct provided ﬁ@m is defined in the == /+/ transi-
tion as 4ﬂ = e, where Zu and Ao ave the = and A
four-momenta. On notices that féﬂ%f>w1ll not enter in the
description of the production process (57), as can be seen
by specializing (58} or (60) in the center of mass system
where -&b has only the time~like compoment, but J; is zero
because of k434 = 0,

The crass ssetion is given by

A 7

i) = THH L *"//f B ki) _7 -
g - ks Mg
7’:,_{/?1/ /,(}/ /(//s» /x4 -;/7 Aé MA ! -

~4 ’"f"“ "z /Q:/;//é")f #Y jj

where the + sign refers to even relativeZFA;parity and the

(62)

sign - to odd relative parity and /@: /“/E@ For production

near the threshold the cross section DbeComes

dﬁ” /7;- 7 ﬂ"Aiﬁg ;

122 P&
Wz = VAR e/ (6e)
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for even relative parity, and

C//mg) . -—o//’f/«//w mzéf (64)

for odd relative parity, with

A4 )2 3 - )28 2 e Gyl
B/1) Ik

The decay process
. o4 §
e ° s ,./1 e (%’/

is expected to be essentially determined by fz (0) (propor-
tional to the so~called transition magnetic moment between
Z and A ), for each case of relative parity. In fact for
a real { terms proportional to 4 both in (58) and (60) do
not contribute because of the transversality condition
kbfb_ 0. Slmliarly,/}/ﬁhould presumably vanish at k2 = 0

as suggested from (59) or (61). The same should apply to
the quasi - real gamma in = = 4°#€™+ €7, The physical
values of k2 in the production process ¢ e ->I%A" lie ve-
ry far from kz 2 0 so that a direct connection Withé?deoay

seems unjustified .

6.~ Annihilation into possible vector mesons

(11)

se of their formal connection with local conservation
(27}

6.1. Vector mesons have been discussed recently becau~

laws « We have already discussed in some detail the posm
sibility of detecting neutral unstable vector mesons with
charge conjugation number -1 through their resonant effect

in reactions,

et oo B > (fual tals) (65)

where &° is the unstable meson , In this section we shall



discuss reactions of the type
€7r e - B+ R (66)

where B is a {charged or neutral) spin-one meson. Reactions
of the Xind (65) will be very suitable to deteect vector me-
sons B® with € = - 1 and mero strangeness, However a vector
meson K' with non-zero strangeness would not appeer as inter
mediate state in (65), but it could be produced according

to (66) or to reactions of the Kind
£ 7 s KK

conserving the total strangeness. The suggested strong in-
teracting vector mesons are all expected to be eminently
unstable., Reactions like (36) would therefore be observed
as many-body reactions, and the possibility of separating
the over-all process into two stages, of wich the first is
the production process of the vector mesoms, relies essen-
tially on the hypothesis of a sufficiently long lifetime
for the intermediate vector mesoms. When this hypothesis
is not satisfied +the separation of the process into two
stages is less juséified and canonly lead to approximate

results,

6.2. We shall here examine in detail reaction (66), inclu
ding also a discussion of the angular correlation at the
decay of B, also in view of applications that we will con
sider in the next section to the verification of the inter
mediate meson theory of weak interactions. We shall first
give the general form for the electromagnetic vertex of a
vector boson on the basis of Lorsmtz-~invariance, gauge ine
variance, and charge conjugation invariance. The vertex
is described by three form factors. In the static limit
they correspond to the charge, the magnetic moment and the

electric guadrupole moment.
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In the electromagnetic vertex

~

~,

e ,i;gaéa

(68)

we call /J}a, £, and /&f(; é-;,‘# the four-momento and polari-
zation four-vectors of the {physical} particles B and B .
They satisfy /;,fﬁ/‘? =/;9f": “”&2/ “z £ 2/ , and &5/%/:///;;25&) o,
The matrix element of the electromagnetic current must
be constructed out of /9,,/44 A s and 5’“ « We take as
independent vectors' »-/ «‘/; . /o »,m /éz , 541 and f“ .
We note that 795 ”772./ (%:)=0, (a,//\;) ~(E,4) ,
/c'i,/o) (‘”—' k) « The only 1ndepemdemt scalars are therefore:
2lek), (5,4) and (£ &,). The matrix element Ju mmst tran
sform like a vector and must depend linearly on each £ .
We thus write

T 44 )alad < (54) (2. 5) 606

e f e £ Ve w) wls) ) 160)) + (69)

'%éﬁxf;,{’)é?//f‘y NGV,

From the comdition (é’??} = 0 we obtain a(k2} = 0 and kzb(k2ﬁ
= e&kz} + f(kzb » We then make use of invariance under char
ge conjugation, The electromagnetic current operator /"‘k
transforms into —‘/& under charge conjugation. Such a condi
tion requires that the matrix element T*transforms into

- A A ‘ 4 Ax ~
Jhwmen £ k%, % - s" g £ e S0 b fol-
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lows that e{kzﬁ = e f{kzﬁ. The general form of \jTAis thus

J /3/ :‘5}5"44)»,*&4'}(2’#}:’ {]/%

# /2 1K) -2 (e x) e (42

It will be convenient to introduce form‘factors G (%)
Gy (K?)  ana Vz(’) such that 65 //f’/) (f( ’)  and
Ely (K7 ¢) gdeseribe (for small spacelike k ﬁ the charge di

stribution, the magnetic moment distribution, and the e~

(70)

lectric quadrupole moment distribution, The new form fac-
tors are linearly related to c"{n?‘?) ' a{(/‘?‘y and é/,(/é) .
We will thus write

e A e 3 N 7 P AL, -
jﬁgf&ﬁ‘fﬁé/ %ﬁ‘ﬁ? ﬁd/ﬂ) B

(71)

S cxfff;fez;//“%fww W10
g (o526 s pes) -2 4]

where &, , and &; are the center of mass energies of B

6.3, In a Lagrangian theory of vector mesons one would

assume a Lagrangian

‘..,&") _;/ ;,.‘}j{l B £ 72
T2 Ay T " NG {72)
- 1
where [, is the vector field, duy duty -d,4y with

C?ﬁ = (07/(77,?/:% - g,a "Qiﬁ . and P the mass of the meson.

The supplementary condition

’

Ol)zz + A«.L.‘E,Z" P4
AT T Ry Say)

follows from the field equatioms {(if o % 0). The minimal

173)

electromagnetic current is thus
g ‘L -
f ¢ # 7
V2 ’Lff/lfu E/f‘(p ‘lffufgmux/ (74)

To such a current omne can odd non-minimal terms
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- A A A,

g T ‘e Tx /4/& 4= &, Z‘é&:) (75)
o, e 71 P

ST T Tx (B By B0 Bea) (76)

corresponding to a point static magnetic moment /é and

electric quadrupole moment £ . The total current is then

2 €)= KL &) - .
of the form (71) with %,//f‘"‘i/:"’*‘%/’fj = s/ = 7

6.4. The cross section formula {8) reduces to

o /7

={,2!/ e "],?f/ﬁ *f;/Jd d /f@f;[# 475)I/ *{5 / ﬁﬁ?z 4':457;) {77)

where 2;” is given by {9) and By by (10) and {71) . Diffe~
rential cross-sections and cross—sections for polarized
final particles can be obtained from (77) by omitting the
relevant integrations and spin summations. We note that
Tmn ¢§;Rmn is a Lorentz invariant quantity. We want a com-
plete description of onme the produced besons, say of B,
after averaging over the polarizastioms of the other. We

first sum over the polarization of B using

= £58, = duy

G\i (LY

and we write

g (78)

\
pA

#0145 BRls

Equation {78) defines the tensor ﬁ?am. The density matrix

will be desecribed in terms of the tensor

(A%

A L
Ron = Nor Xou Mo | (79
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where
B P
‘ AL CEy)
A, o=d, =+ : (80)
. . . , >0, )
1s a projection operator such that é%i :/?]28 always
9592 “

satisfies fo g = 0,

The differential cross—section is given from(77),
(78) ana (79), by

N ol -
s A I/pv
dlwp) ~ 3z £2/7 {p LN (81)

where

!"‘i )
A <
S (e ZE)

EL

is the velocity of the produced besons, The differential
4rom
cross~section can be evaluated directly'(81), (80), (79)
and (78) , or using the expression for R that we give in
the next section. Its expressian is given by
A& AP 3f 2% -~
dfewot) = % % /"5,7 [7/14 *’f’/"/’:"”6)*"”“/*”///’*"‘3‘5“)*

,z

2
*ﬂfé&/‘Jf/%/% £ jgf % /‘/fx 7 “/%f{.f;/"m /ﬁif{(////[

1ﬁ5f

(82)

The /gjdependence in (8%2) for production near threshold

is typical of P state production. In our approximation

of neglecting higher order electromagnetic terms the fi-
nal mesons must be produced in a state of total angular
momentum J = 1, parity P = - 1, and charge conjugation num

ber C = - 1. From angular momentum and parity conservation

it follows that the final mesons can only be in lPl, 3P1,

SP1 and 5F1. However +triplet states of odd orbital pa-
rity cannot be produced because they have € = 4+ 1, sc we

are left WithlP

states.

1 5]?1 and 5F1 as the only permitted final

With G1 = 1, GZ = Gg = 0 the total cross sec-
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tion is

) .3
~ -2 / -320 213/ Vi ke
PN, i) = (1-4 )4 E
=y (200 1o i) 5 (14 ) (5 ) (83)

where ng is expressed in BeV and u = (m/E)Z, Therefore
et- o™ collisions may turn out to be very efficient for

detecting possible unstable vector mesons,

6.5« The above cross—section obtained with Gl =1, 02 =
= G3 = 0 formally violates wunitarity at high energies.
For high energies (83) goes to a constant whereas it
can be shown, on the basis of unitaxity arguments,that
the total rea?tion cross~gsection must decrease propor-
tionally to /})L o

Unitarity arguments are not very informatics
usually at relativistic energies. Electron-~positron col~
lisionspresent however an exceptional circunstance, that
they go through one specified channel, the one photon
channel, as long as one neglects higher order electro-
magnetic terms. We shall present here a derivation of
the upper limit to the reaction cross—-section required
from unitarity for elesctron-positron collisions at the
lowest electromagnetic order. For the derivation we shall

employ the Jacob - Wick notation., Let us comsider a process
a +b > ({(final state) (84)

We shall denote by F a set of final states speci
fied by the nature of the final products. The initial sta-
te is defined, for a given center of mass momentum of the
colliding particles a and b by their helicities /), and
~%g. We shall write

/0> = [y, Ag> (85)

The total cross section from such a state sum-

ming over the set F is then given, in the notations of
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Jacob and Wick by
. ey fomry o o~ :
6740, 7)) = (2T A <A As/ T 2 TN A 4> (86)

where T(E) is the T matrix al energy E of each of the col-
liding particles and P (E) is the projection operator in-
to the states of total energy 2E of the set F. Both T(E}
and P(E) are rotation invariant and therefore they commu-—
te with the total angular momentum J. The cross-section

6" can thus be written as a sum of 6}-helonging‘to the

different Jik
) 3 s e ey o ot ‘
S (o A 71 = TH T+ 1)< T Ag Dy ) FE) 206 ) T208) ) 5 Ay A >
; (87)

where <1ZJﬁ,)§/ is the J component of <:¢/ . Now for a
reaction (as opposed to scattering) we can substitute S
to T and using dgf?fj~$f-657 = 7 we obtain an upper li~-
mit for (81)

o~ /J - P 57){53/27?»7") (88)

)
i
br(rﬂ}/iéf?' ——

We can apply this result to our reactions
/‘; 1 oA, 4
‘6+*' €7 s [g}// - {’7/;/44./ S'a’jc’?lf ) (89)

The initial e - e :states must have J = 1, C = -1,
and P = - 1, Two linear combinations of states (85) exist

that have such quantum numbers, namely

(/17> )y > )

TS )0 >)
both for J = 1. Helicity + 1 for a particle means that the
spin is pointing in the direction 0f the momentum. However
only the second of such states partecipates to (89) in the
limit when the electron mass can be neglected. In fact
the initial electron and positron appear in the combination

- — - | 1] -
y(/};ﬁ “ , which can be written V(@;ﬂ “ A b )«
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/’ ! L bt 1‘; .; ) ’ o o
where @;zngﬁ/}),ﬁ =g/z~f}) are the projection operators
for negative, positive helicity. By averaging (88) over

the initial polarizations we then find the upper limit

-
-

> A
for the cross-section of a reaction (89), neglecting the
electron mass. The cross-section (83), derived from (82)
with the position G1 = 1, G2 = G3.= 0, is the same as
would be given by thelowest order perturbation econtri-
bution to e'+ e~ — 3" 4+ B ignoring any structure of B,
The expression {83) violates unitarity at high energies,
The violation however occurs at very high energies of
the order of 1@2 Dy o At these high energies it is cer—
tainly unaccurate to neglect higher order electromagnetic

terms and also structure effects due tc other interactions

of B, if they exist, would anyway be important.
6,6. The matrix

= AT

N L RS (90)

gives complete information on the produced B, and has the
transformation properties of a temsor. Its caleulation is
long bat straight forward using (10), (71),(78), (79) and
(80). We give hero the result

2. A A v

4V et [ - Y gy , 2AY Kt
' I e p L E. P ko, B AR
S & 75 /ﬁﬁy'+8é my 4 mi g ms S mag

',tl f’ D /» Af{ ,}’ JR.

o KPP TP rep -+
(ol /4 z * By Z
g ~ g (91)
ﬁ ,ﬁ@‘k’_jﬁifbf& 7 /ff:é,-quja
" s e

* z\y/m@ o % /3 T

IR RV
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where ¢ = . - 9. % z‘E/hB and the B's are given by

\%

/ Z
&/ o - (o
”'{/Jﬁﬁf/’f" Xé'@)/%é’}i/%/é/ ‘fx/z'f.&/«; &ﬁ‘;{;l/

§N

..‘,y/‘gﬁ/—z ’(J!}, / f-,;; %/2”4

ﬁﬁ%/{454?%”é/ +#Q/ fé%#+XzJ>&a;;4?7¥

e
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‘é%ﬁ,.‘r;;j{i’%éjé//@ vt*-"}" "’V?//* fﬁ/l{ %/?"}/// f‘“) éf)

a4 Rl b)Y

z f , Yoz o )E
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The form factors are all taken at k2 = o 4E2.
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6.7. The density matrix _f contains a complete descrip~
tion of the produced B. If one knows the amplitude for a
mode of decay of B, the angular correlations of the de-
cay products with respeet to the incident and final mo-
menta in the production process can be caleulated. Consi
der for instance a two-body decay of B. The decay ampli
tude will be of the form

gf'{/g’“ (98]

where 6EA(is a vector {(or pseudovector, or a sum of both) .
The angular distribution of the secondaries in the rest

system of the decaying B is then given by

/ > [q %4z L/L,/Jz (94)

where Zs is the solid angle in the B rest frame and
fzﬁ‘f/,g :~ QDX)

The summation is extended over the final spin states.The
quantity 21 ,1”%'4”46 is a scalar invariant and can be eva-
luated in the production center of mass system {system of
the laboratory in a colliding beam experiment) using the
expressions {91) and (98) that are valid in that system .
The distribution in the laboratory system of the colli~

ding beam experiment is thus given directly by

> (//« («z( },:Z%f.ﬁ; ! (15)

@{yh A
'wherea{JZ/is the decay solid angle in the laboratory sy-
stem and i/42’ only depends on the decay angle with
respect to the line of flight of B and on the velocity
of. B.

As an application we consider the decays B -

p v——_ /5'"{1
F ol andB > 4+ , B -> o+ . The amplitude Z*
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for
E —= 7+ "
A 2}, A , LA
has the general form & = 4[3299 *<5533k5 where
Lo

Ss“ 1is the difference of the two final four-momenta,
I%@ﬁ » the momentum of B, is their sum, and a{szﬁ and
b (szb are form-factors, However +the first term in
the above expression for 4§A does not contribute in the
decay of a physical B, because of f%%4251< = O .80 we

take the amplitude in the form
A /
g = b5 s (96)

The decay correlation is thus given by

-

)’9/%’))5"{‘ . (97)

We have calculated the angular correlation for B meson
produced close to threshold and assuming ,/Qc 0, €= 0,
that is neglecting any anomalus magnetic dipole or elec—

tric quadrupole moment. The angular correlation is given

P

2-(T7) (0 2 (2F) AT (o8)
where Ei ?i and grare unit vectors in the direction re—
spectivaly of the incoming momentum in the collision pro
cess, of the outgoingromentum in the collision process
and of the relative final momentum in the decay.
The amplitude 6Z&'for
8 - A+ )V
B -2 @ + 1)

assuming that the leptons are produced locally in the 1+

4"8% projection is given by in general by

7y freil))e /s
{ {f{;&,f"/ J/a) 1",.1 ¢ {99}
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where 1 denotes either £ or & and U denotes the neu-
trino, and c{szﬁ is a form factor depending on the relative
final four momentum in the decay. The angular correlation

can be obtained from (94) and is given by

Py MY
A //?%ﬁ - %SﬁfﬂJOA(;Wp g ) #

{100}
i 2;':5"{’))5;&(/5@'/2 S/bf) /

Again we specialize to B production near the threshold and
neglect 4 and £ , The angular correlation is then given by
mqy
3+(f[{/ Z/&f"/;//«ﬂ{/{’fé (101)
in terms of the same vectors defined before. We have neglec
ted the mass of the final lepton m, in comparison to the

Herived,
mass of B, General formulas can be easily ™ from (97), (99)
f\l'a ")
and their analogues, and the gemeral expression of X

reported in {91) and QQZD;to cover all interesting cases.

7.~ Experiments on weak interactions. .

7.1. Semiweak interacting bosons have been suggested as

(28)

scheme of weak interactions is based on charged weak cur-

intermediary agents of weak interactions. A simplest
rents only and can be reproduced by postulating only char-
ged vector mesons. It is known that the absence of//£a>e +
#¢ leads to a difficulty in a theory with intermediate
vector bosons and the wusual suggestion to overcome such
a difficulty is that there are two different neutrinos

)@ and \%k. Charged currents alone do not allow a sim-
ple incorporation of the AT = 1/2 rule in the theory of
weak interactions. However a coupling of neutral interme-
diate vector mesons to both the neutral strangeness non~
conserving current and the neutral lepton current leads to

contradictions with experimental data. Therefore it is pro-
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bable that even if intermediate neutral vector mesons

exist they do not couple to the meutral lepton currents,
and in particular to the initial electron~positron state
of the reactions that we are discussing. A check of this
supposition could be carried out experimentally on the

basis of the following remarks. If a B® exist which cou
ples to e - o —{/éﬁyafg etc it would give rise to reso-

nances in reactions of the kind

ere o > 8%y @ ke (103)

ol * e — 50%/&4%/14’ (104)

etc. It is remarkable that such résonance could lead to
large observable effects in spite of the fact that two
semiweak couplings are involved in reactions like {103)
and (104). The mass of BO® must be > I, is order to

avoid a semiweak decay of K., We assume a width f’appro-
priate to the semiweak decay couplings of BO of the order
of 5 x 10°7 sec™ . We also assume for BO a mass of the
order of the X mass and we suppose that the branching ra-
tio for its decay into e + e  (and similary into/a57A‘}
is about one fifth. The width /"% 5 x 10/ sec corresponds
to a very sharp resonance extending over a few hundreds
of eV and what will be actually measured is éﬁ defined

as in (25). For ég we find a value of 2.6, x 107 (27X%)

which is about three times Dbigger +than the cross section

for e* + e~~§%&‘iﬁf‘at any energy & x> P s

7.2, Intermediate charged vector mesons can be produced agc

cording to the reaction

that we have discussed in the previous section. Of course
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it seems perfectly comnsistent in this case of semiweak

interacting mesons to deal separately with their produc~
tion processes and with their decay. Experimentally reac
tion(66) would still appear as a many body reaction, li-

ke for instance

L7re” —> 6&%#&)%/%?*33) (105)

An. electromagnetic process like o + em—ﬂyaf%,xk“ + el +
+ e , which could also originate a final/ﬂk¢and e 1is of
higher wsrder and would have a much smaller probability
than {(105) followed by the successive decay of B+ and B~
into the final particles. The decay products of B+ and
B” would exhibit specific angular correlations as we have
already discussed in the previous sections.

In the absence of structure effects for B the
expression for the cruss section obtained from (82) would
violate unitarity at high emergy. Inclusion of a point
magnetic moment or of a point electris quadrupole moment
does not change this situation. For instance if a point
magnetic moment‘fagis introduced the cross section deri-
ved from (82) increases quadratically with E meking the
unitarity violation worse,

0f course, the considerations that make possible
the existence of the intermediate boson B, having no strong
interactions, would also apply to a possible fermion with
mass bigger than the K mass, which had no strong interac-—
tions. Such a fermion would hardly have beon detected, if
it existed, and e+ + o collisions may allow to definitely
exclude its existence., The cross section for production
of a fermion antifermion pair is given by (56) in the ab-
sence of structure effects,

One can also ask about the contribution of the
known local weak interactions to electron-positron pro-

cesses, If for instance a weak lepton interaction of the
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type {‘ﬂif)k* ) (oF e ) exists, there could be a weak amplie-
tude of the form

T il M ek /W i/ )/ o

adding coherently to the electromagnetic amplitude for

o + e —» 474", The contribution form (106) is however ve—
ry small though increasing very rapidly with energy. The
cross-section for e’ o+ eﬁw%&f@ﬂ“uhtained by adding the con
tribution from (106} to the lowest order electromagnetic am
plitude is

vq{ 7
a{/ﬂi) B, ——p()(///w ) /rsest) ez fceg)int) (107)

where £ = 6,2 x 1@“4 (E/MNDg, with MN = nucleon mass. The
numerical coefficient in the expression for & has been cal-
culated by taking #£or G the value of the /8 , decay coupling
constant. The appearance of the cos % term is entirely due
in (107} to the weak interaction (106). However a cos A term
in the differential cross~section for e’ + e+~ﬁy%*f/ﬁ” wounld
also occur from the high order elsctromagnetic graphs (for in
stance from a diagram with two gammas exchanged). The parity
non conserving effects of (106) would constitute a more uni-
que test of its presence, For instance, to the differential
cross~section (107)would be associated a longitudinal palari-
zation

25 255 (748 )?

) A A f ;, ,L/ z/)(/%mwz,‘.‘)

(108)

of the final /&;f . For energies & v 30 GeV & becomes of the
order unity and the polarization should be gquite large. For
colliding beam energies of the order of 1 - 2 B&V effects of
local weak interactions should be negligible. On the other
hand if intermediate mesons exist they would show off in va=-

rious ways and electron~positron collisions would in faet



53.

constitute a good experimental mean for their detection.,

8.~ Expression for the vacuum polarization due to strong

interacting particies

The quantity

) ;3_w . . ; - r l
7~ 55 2 0 Lpb)/e> 3 0)/o> (109)
B

Fa
is known to be of fundamental importance in quantum electro-

. (29) N e
dynamics . In (1@9)Jpls the current operator and the sum

is extended over all the physical states with total four-mo-

(z)

mentum p = X, The Fourier transform of the photon propaga-

tor
/

‘JF

/
ALY

le-X) = ¢ '</¢;/,D/ji'wﬂvjﬁ) .442} (}\’)/0 :},

where P is th chronological product and A4 is the electro-

magnetic field can be expressed in terms of Zr(kzﬁ as (29)

- i ; g 7 /e ¥ é
;J @gv 4 é@&ﬂ“&QH%j z?q)'zxe/- %4'(4 )

W)z " {110}
ékﬂfw) £ lE K< Ki-l€
In (110) 7 (k%) is defined as
[=ad
—_ ST 5)
T = P ) i A= (111)

9

We show in this section that the experimentally measured
cross section for processes et 4 e“ﬂwa-é’-® F where I deno~
tes a group of final stedws is diroctly related to the con-
stribution to (109) from the group of states F in the summa-
tion over the intermediate states z. This result will permit,
for instancegto calculate the modifications of the photon pro
pagator due to virtual strong interacting particles, directly
from the measured cross-section.

A probiem of this sort has been considered by Brown

(30)

and Galogero who caleculated the modifications to the pho-
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ton propagator expected from intermediate two-pion states
with resonant interaction. Here we shall determine the ge-
neral relation between the modification to the photon pro-
pagator and the measured total cross sections for the anni
hilation process.

We note that the matrix elements <§?/9;/Qj/2;> 0g
curing in (109) are proportional to the corresponding ‘7;
defined in (4). Therefore the total cross—section for anni-
hilation leading to the final states F in the center of mass

system can be written, according to (8), as

O (E)= - o1 Z (%W D12 nlo) ]2 (112)

F % &9 ff)f

Now we use gauge invariance to relate the sum im (112) to

the analogous sum in (109)., We have

3o 0/t A AN P o) P\ o Tl
(25) 2 0L ) o)) = Tk Ihds Khw)  (119)
jﬁ‘::':,k
In (118) we have indicated by ,z;(kzb the contri-
s [}
bution to (k) from the group of intermediate states F.

Substituting into (112) we obtain

| T
’f/,\_ (€)= ? /7”,‘ {"*41.‘.““/ (114)

vhich gives the desidered counnection. Note that integrals

of the type

’“/ 2y

(29)

must be onvergent, as noted by Kallen , otherwise obser=

vable oxpressions would not be finite. It follows that for

“‘J

any group of gstates 7 é}(kj must be such that

S

LL:.
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converges, Such a condition is weaker thasn the one we deri-
ved in section (6) above from the unitarity requirement for
the cgops section f;;/éj

The integral

is connected to charge renormalization. If one wonts it fi-
nite e

must be finite for any group of states F, If the cross sec-

tions decrease as ?SZ (115) is logarithmically divergent.

9.~ Conclusions,

In high energy electron-positron colliding beam
experiments we see a possibile field of spectacular develop-
ments for high energy physics. Electron~positron experiments
offer a unique possibility for a consistent and direct explo
ration of the electromagnetic properties of elementary parti
cles., At the lowest electromagnetic order the annihilation
proceeds through a virtual intermediate photon of timelike
four momentum which than disintegrates into the fimal products.
The form factors of strong interacting particles produced in
the reaction are thus explored for mnegative values of the in
variant four-momentum sguared, kg, inside the absorption cut
in kz plane. The coupling to the one~photon intermediate sta-
te selects out of the incoming states a particular state with
total angular momentum one, negative parity and apposite heli
city for the colliding relativistic particles. Pairs of spin
zero bosons, of positive relative parity, are produced in P
state., Fermion—antifermion pairs are produced in 381 and 3Dl,
{or in 1Pl and 3P1 if the relative parity in negative). Pairs

of spin one bosons, of positive relative parity, are produced
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in lPl, sPl and 5F1, In section 1lwe have reported some go—
neral considerations rolative to the most probable anniki~
lations, occuring through one single photon., Radiative cox
rections do not substantially alter the single~photon pictu~—
re as long as the experimental arrangements are symmetrical
with respect to the produced charges. Annihilation into pioms,
7°+¢ and K-mesons should be the most important annihila-
tion processes producing strong interacting particles for not
very high energies. Pion fprm factors can be dircetly explored
along the absorptive ﬁu%$%he k2 ~ plane and as already many

times discussed @4,6,7)

their values are directly related to
the nature of forces among pions, A T = 1, J = 1 pion~pion
Tesonance would be directly exhibited in the two pion anniki-
lation mode, and a T = 0, J = 1 three - pion bound state (or
resonance) could dominate the amplitude for amnihilation into
three pions., Depending on the magnitude of the KO electroma—
gnetic fom factors for values of kz inside the physical region

pairs of neutral K-mezons in the conbination KO, - Koz,could

be produced. The electromagnetic form factor of the neutwal
pion can be explored, through the mode of annihilation into
T°+§ , for values of K2 larger than one pion mass;two-pion
and three pion resomances (or bound states) may produce very
large effects on the annohilation amplitude, A three~pion
bound state would mostly decay into iﬂﬁﬁ's or fﬁxkkf, and gi~
ve rise to a very sharp resonance, with a width presumably

of a fraction of a MeV, in the 7 +) annihilation reaction.The
annihilation cross-section, averaged around the resonance,may
possibly reach values of the ordor od 10739 cm?. In a theory
of the /7 electromagnetic form factor one can tentatively
assume the dominance of a two-pion resonmance and a three~pion
bound state, and introduce the suggested values for the /™
lifetime and for the derivative of the form-factor at the ori
gin, Also these estimates lead to a very big annihilation cross

section at the energy of the assumed bound state. From the as-
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sumed values of the derivative of the form factor near the
origin one would also estimate a very big enhancement of

the cross section at an energy corresponding to that of

the assumed two-pion rosonance. A discussion of the possi-
ble resonances in given in section 4, based on genoral con
siderations of the wrelevant partial and +total widths as
compared to the experimental emergy resolution. It is con-—
cluded that electro-positron collisions offer a very sui-
table mean for detecting intermedistc neutral resonant sta—
tes of total angular momentum one, negative charge conjuga-
tion quantum number and parity, and zero nucleonic number

and strangeness., Other intermediate states are not expected
to lead to observable effects, Annihilation into baryon~an~
tibaryon pairs would allow to explore the baryon form factors
for the relevant negative values of k2, Near the threshold
the cross-section is isotropic and rises proportionally to
the final velocity. The form factors are complex in the phy-
sical region for the process and, as a consequence, the pro
duced fermions are expected to have a polarization normal to
the plane of production and proportional to the sine of the
phase difference betwecen the electric and the magnetic form
factor (in contrast for instance to electron -nucleon scatte
ring in which the final nucleon is unpolarized, excluding
radiative correction terms). There is at present no informa-
tion available on the form factors for the large negative va
lues of k2 of the experiment. If one assumes, quite arbitra-
rily, that the recently found core terms in the nucleon strue
ture originate from contributions in the absorptive region ‘
above the nucleon-antinucleon threshold, one can then roughly
expect cross~sections for annihilation into nucleon antinu-
cleon well above the perturbation theory estimates. The S -4
electromagnetic vertex is measured in annihilation into 5 #/
and the processe shows a strong dependence on the relative
z-A parity. Vector mesons have been suggesSted recently and

shown formally to be connected to local conservation l&ws(27).



Pair production of spin-one mesons is discussed in section 6,
on the assumption that fheir lifetime in sufficiently long to
allow a separation of the overall process into a first stage

of production of the vector mesons and a second stage in which
they decay. Three form factors are needed to specify the elec—
tromagnetic interaction of a vector boson corresponding to its
charge, magnetic moment and electric quadrupole moment. The
perturbation theory cross—section for annihilation into a pair
: B in
em”) at energies much larger than the bo

of spin~one bnsons increases to a value of the order (m
BeV)~2 {2.1. x 10"32
son mass "g, The perturbation theory increase is certainly
not valid at very high energies because it would lead to a
direct violation of unitarity. For electron-~positron annihi-
lation through the one-photon channel one can strictly state
the unitarity limitation in the form of an upper limit to the
reaction cross section, that must decrease not slower than Ai
In section 6 we alsoc discuss the angular correlations thatwsuld
be observed at the decay of vector bosons from electron-posi-
tron annihilations into their final products.

Vector boscns have also been suggested as interme~

(28)

pairs in electron-positron amnihilation would be a convenient

diary agents of weak interactions o Their production in
test for their existence. Neutral intermediaty vector bosons
can only be coupled to neutral lepton pairs provided they do
not couple to the weak strangeness non-conserving currents.If
they existed and were coupled to leptons they would produce
an evident resonance like behaviour in amnihilation reactions.
Particular effects, such as those arising from parity non-con
servation, would most directly inform on the presence of weak
interactions in a high energy annihilation process. However,
for a local weak interactions, such effects become large only
at colliding beam energies greater than 10 GeV,

Quantum electrodynamics vacuum polarization is known

to be effected from srong interactions, The effect is insigni-
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ficant at the lower energies but its analysis is important
for an examination of an eventual high~energy breakdown

of the theory. In the last section of this paper we give an
explicit relation between the strong interaction correc-
tion to vacuum polarization (or, equivalently, modifica-
tion of the photon propagator) and the cross section for
electron-positron annihilation into strong interacting
particles. It also follows that the contribution from
such processes to charge renormalization is infinite un-

2.
less the cross~section decreases faster than K .
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