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ELECTRCN~POSITRON COLLIDING BEAM EXPERIMENTS

R. Gatto,

Laboratori Nazionali del CNEN, Frascati, Rome.

Electron~-=! :ctron colliding beams were proposc¢: by Barker,
Gittelmann, O'Neili, Panofsky and Richter at Stanfordi). Electron-positron
colliding beams are under development at Stanford’) and at Frascatiz’s).

The Frascati project, called Adone, is intended to produce high-energy (2-3

GeV com, energy).colliding beams of electrons and positrons.

I shall report _on work done in Frascati in collaboration with
Br. Cabibbo in continuation of some previously published work4). We shall

be conec: ied withs

I. The "one-photon" channel: general considerations, radiative corrections,
I1. 'e+1+e- - plons; e+-+e~ - 27, 37w; K mesons.

III. e +e = 7°+y: the 27 state; the 3u state.

Iv, Resonances: general discussion,

V. Baryon pairs: general considerations; cross-sections and polariza-

tion; hopes ; IA.

VI, Vector mesons. Pair production. Cross-section, angular correlations,

violation of unitarity.

VIi. VUnitarity in the "one-photon" channel,
VIii. Electrodynamic vacuum polarization and cross-sections.
IX. Weak interactions: neutral B°; pair production of B; local weak

interaction.

As a matter of introduction let me recall a few relevant points

concerning the electron-positron colliding beam experiments.

1) Tests of validity of quantum electrodynamics.
2) Most of the annihilation processes go through the "one~photon" channel.

The reactions proceed through a state of well-defined quantum numbers.

3) Systematic exploration of form factors of strong interacting particles

for time~like values of their argument.,
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4) Panofsky programme: systematic exploration of the spectrum of elemen-

tary particles through their interaction with photons.

5) Some unstable particles would be directly observed through resonances

in the cross-sections.

6) At a given energy the angular distributions of the simplest reactions

are unigusly predicted by theory or they depend on a few parameters.
7)  Other ty. .al features will appear from the following.

High-energy electron-positron colliding beam experiments may be-

come a field of spectacular development in high-energy physics.

1. THE "ONE-PHOTON" CHANNEL

1. .ne annihilation

+ -
€ +e€ > a+b+...cC

is assumed to go through the "one-photon" channel, as described by graph A
(Fig. 1). q, and q_ are the momenta of e’ and e , K is the virtual photon
momentum,

The matrix element is

< a,b,...c|slee” > = %(7]—% (;Yv u)<a,b,...cljy(0)]0> 8(Kma=-b=-c). (1)

u and v are Dirac spinors, jy(x) is the e.m. current operator.

We define a0
Jy = (2m) % < a,b,...cljy(0)]|0 > (2)

where n is the number of final particles. From gauge invariance
Kny =0 ® (3)
In the c.m. system
K® = (aq, +q_)% = - 4E° (4)
where E is the energy of e (or € ). Note that K is time-like. In the
c.m. system K = (0, i2E). From Eq. (3)

K4J4 =0 !
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or J, = C. Thus J = (3,0). The cross-section is (we always neglect the

electron mass)

2 5=-3n .
o= -(—?6)—-}—31——9‘ / d*a a°b...d%¢ B(E, +E ++..E_= 2E)8(2 +B + ...C) Ty z Rmn

a,b,..c
(5)
-
where: a = %575 a,” are the momentum and energy of a;
-> -
q q
.. > -
Tmn :%(lmln "Smn) 1:"%:—"‘:— (6)
R
£
Ran = = Jndn : (7)
and j{: refers to the final polarizations. For annihilation into two
a,t ..C
particles / EE
o1 1 "a'b
0 =35 () g5 22 (1o }; Ran ) d(eos ©) (8)
a,

- where p is the final momentum of a or b in c.m. and © the c.m. angle.

2. Remark about radiative corrections

)

with two photons exchanged. Their interference with (A) vanishes, however,

Inclusion of radiative corr‘ections5 brings about graph B (Fig. 2)

in experiments which treat the charges symmetrically (such as total cross-

. + + - - . . . .
section or, say, e +e - 7 +7 at definite angles but without distinguish-

ing the charges, etc.). In fact the interference is essentially
Re < 1’SAPf SBll > (9)

where SA and SB are the contributions to the S matrix from the one-photon

channels and two-photon channels and Pf projects into the final states selec-
teqlln the experiment. But SBll> = SB 1+> ’ SAlx> = SAIL_> , Yhere 11+>»and
li_>~are even and odd under charge conjugation, and CS,P.S.C = S,P.S, for

AT B AfB
the symmetrical experiments considered. Thus

(9)=Re <i__c-1ls Ci+>="(9) =0.

APfSB
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Therefore the "one-channel® picture is valid including terms 0(e®). of
course radiative corrections in SA must be considered. The electron-photon

part of them is a known universal energy dependent term.

II. e 4+e - n pIoNs®’®*7)

The {inal n-pion state, for the "one-photon" channel, has:

P ==}

C=-1

J= 1 - (10)
T = 1 for n even

0 for n odd.

(1]

P,C,J,T are parity, charge conjugation, angular momentum, and isotopic spin.
From Eqs. (6) and (7)

2
%ljl sin®@ (11)

RmnTmn

where © is the angle between j and ?. j is a vector (pseudovector) formed

-> ~> ->
out of the independent final momenta for n even (odd). For n=2 Je (p,-pz);

- > -
for n = 3 J« (pyx p2), normal to the production plane.

+ - +
e €6 v > 7 +7

The two final pions must be produced in a p-state. The cross-

section is

d 1 2
d(coz‘Gi = {% o EZ B>|F(k?)| sin®@ (12)

The total cross-section
3

| ) A .
o= =7 (0.53x 1077 cn?) & <1 - ;%) |F(-4£%) | (13)

where m is the boson mass in GeV, x = E/m, and F(KZ) is a form factor. On

the X% axis
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K? <0, time-like K K?> 0, space~like K
absorptive region
physical region for l physical region for
L4
- + -
et ve > 4n K‘°‘=-—(2m1r)2 K2=0 e+m > e+

e + - 5
An interpretation of e+-+e *> 7 +7 near threshold should be possible in
terms of two-pion i:n.:rmediate states only. Frazer and Fulco8 proposed

2
|[F(K2?)|" approximately of the form

a8 (kE)
[F(x2)| =) (14)

with g = 2.65 m;‘ and K& = 10.4 m; . According to Bowcock, Cottingham and
)

.19
Lurie

t o+
() A (15)

2_ . [_K° _ 3/2
tr+K -1'{( Z |>

-t
with t = 22.4 mw2 and v = 0.4 m_ . With Eq. (14) at E = 230 MeV,
o =8.35° 10" cm® (17 times bigger than with F = 1); with Eq. (15) at
E = 330 MeV, o = 6.6 10 ' cm® (33 times bigger than with F = 1),

+ - 0 o .
¢ +¢ > 7T +7 requires the exchange of two photons,

+ - + o
2. e +e > T +7T +7T

Call g the relative w+—-w- angular momentum and L the 7° angular

momentum relative to w+-»n-. Then from Eq. (10) 8 =L =1,2,3,5, etc.

d?g N o4 i
dw+dw_d(cos ©) T (27)? 64E

2 1% C0N30)" (e

. + = >(+) =(=) ,
where w ,w_ are the energies of # ,7 in c.m. and p ) their momenta;

H is a form factor depending on E,w+ and w_; and © is the angle between 1
and the normal to the production plane. If there is a T = 0, J = 1 bound

state near the threshold

1
K% + M2

~

4 = (constant) x



- 80 -

should be a good approximation (M mass of the bound state). e +e - 37°
and, in general, - nm’ is simply forbidden by C. Production of many pions
would perhaps exhibit patterns reflecting the T = 1, J = 1 27 resonance .

[also a 37 resonance or bound state can be thought of as occurring through

the action of the T = 1, J = 1 force‘°)].

5. K mesons
Eq. (12) applies to
e++-e— > KTk
- K° +K°

with F interpreted as the relevant form.factor. The final K°K° pair must

have C =~1 and therefore the final amplitude is
K°K® - K°k°. | ‘ (17)

In terms of K?,Kg

(M) = K9K2 - K3K? . (18)

Therefore only K{KS pairs are produced. Furthermore if K1°,K§ propagate

through vacuum

-(Ay +1my)t
(@ o o (orim)

(A2 + imy)t

o ]
Ka"Kae

and thus Eq. (18), or equivalently Eq. (17), conserves its form at any time

before an interaction occurs.

III. e 4e > 7° +y

This reaction measures the vertex of Fig. 3 where p is the 7°
momentum, K the virtual photon momentum, and q the momentum of the final

photon. On the real K? axis



K2=__4m;2

~N T

absorptive region

| T
TTV
physical region for physical region physical region for
Ld o .
e++ﬁ —>7T°+Y for 1)'0-;Y+e+e Y>> T in a Coulomb
field
, & 2
N =~ m

The decay 7° - 2y occurs at K? = 0, The absorptive cut starts
at K = - 4mﬂ? with two pion states. The T = 1, J = 1 resonance will con-
tribute. Next, at K° = - 9m;, starts the 37 cut. If there isa T = O,
J = 1 37 bound state there would be a pole at K® = - M2 where M is the mass
(M < 3mﬁ). Decay of the bound state (into 7°++y, 27 ++y) is slow (r~'10'2°-
10-21 sco) and the associated width correspondingly very small (I ~ 0.06 -
0.6 MeV;. Therefore it is safe to approximate its contribution with a pole

at a real K3, except near the pole itself. The cross-section would have a

sharp narrow peak at E = %hﬁ. The measured cross-section is approximately
M AE
2E=M + AE E = > >
- 1 1
=g [ =g [ow (19)
2E=M~ AE E= % AE

where AE is the experimental energy resolution. Let us use a Breit-Wigner

formula

2 ri Pf
T A T (20)
(2E-M)? + "

Q
i
o5

with: X = 1/E; I'.»Tp partial rates for decay into the initial (e¥+e”) chan-

nel, final (W°-+Y) channel; T total disintegration rate. Since I << AE
g P L '
o=5 7 A BB (7= (21)

L _ - / y i "; -3
with B, = ri/r, By = Io/T.  For M 5m_, B, = 10
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- -28 [/ T 2 .
o= 1.3x 10 <—-—-—2AE> cm?, (22)
For T ~ 102° sec ', o= 0.8x 10 "7 (28E in MeV) ' cm?.

We shall discuss e +e - 7° +y on the hypothesis of the dominance
of the 27 resonance and of the 3w bound state. Experiments on internal con-
version of gammes in 7° decay indicate a negative value for the derivative of

1)

coefficient by the coherent contribution of the 27 resonant state and of

the 7° form faciur at the origin. Berman and Geffen'i explain the negative

nucleon-antinucleon states. Our point of view is closer to that proposed
1
by Wong 2). The 7r°~{~( vertex can in general be written as
1

4 G(_Kz’_qa’_pZ) €

uyrp Fpy (OF (KD (23)

wher. s is a form factor, € the isotropic antisymmetric tensor, and F y (q),

Fxp(K) are Fourier transform of the e.m. tensor. We write G(-=K2?) =

= G(-Kz,O,mﬂz ). The 7° lifetime is given by
3
m

1w 2

. + - o . .
The cross-section for e +e - 7 ++y is given by

2 2
do = 221 B?(1 + cos?@) S(-KH) d(cos ®) . (25)
m; T G(0)
The total cross-section is
_81a 1 |G-k
o= 3 m; 7 P c(0) ° (26)

-16
For 7 = 2,2x 10 sec

o = 2.75x% 10-35 cm?

—‘—5—”’0{0“2 ‘r (1-x7%)° (27)

with x = 2E/m_n . We assume a dispersion relation (mﬂ = 1)
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G(-K?) = “In G(e)dt (28)
t+K2-16
The contribution from the 27 state can be shown to be given by
3
(t-4)72]|F At [Fa °°(t-4)/‘°'lF7,(t)lzdt
Go(- %) w L // -1 (29)
2(t+a)(t +K%=ie) t+K%- je
4
where we have neglected the t dependence of slowly varying factors. The
Bowcock form factor
. 2ty
F#t)" e A (30)
to= bt~ iy(==1
4
satisfies Eq. (28) with
Im F_(t) = —-1—5 (t-2)72[5 (£)]‘o(t-4) (31)
7 T 4t +y T *
Therefore
e
Coa =R a .
2 -K?). 2
F(t) « n/ ERCaRy o« Go(-K?) (32)
4
Thus we write
Co Cs

G(=K?) = G2(=K?) +G3(-K?) =

cyalit ¥ (33)
t, +K%- w<—545- 1>/-°- ts +K%= il

where we have used Eq. (32) and added a pole term at K=~ t5+il' for the

3w bound states. The constants c, and c; are determined from Eq. (24) and

+ . .
the value « measured from 7° - Y+e +e . o is given by

1 G- K3\ _ 2
"G(o)< oK 2 >o”‘”“n'

The experimental value for a is = 0.24 * 0.16 '3). One finds

IC(-KZ)lz . 4 1 t2(1- at;) _ti (- aty)

= T
m; (tz=t5)2 ta +K2-1y<-%:—1>/ ts +K%-ir

(34)

5. (35)



We take t, = 22.4 m_ and t; = 5 m_. The last assumption comes from identi-
fying the bound state with the resonance observed by Abashian, Booth and
Crowe’d). Furthermore v = 0.4 m;‘ and T = 10%° - 102! sec-1. According
to Eq. (35) there is a peak near K? =- tz, with an enhancement factor (for

a ==0.24)

ic t,

2
0o [ = 250 . (36)

33

The cross—section near t, is ~ 6° 10 cm? in the above enhancement factor,

There is a peak also at K® =- ts and the average (19) around the peak is

- R ~29 fts-at, ta 2 1 2
o= 3.5°10 ( e ) A °m (37)
with AE in MeV. With the above values for the parameters, 3;@0-28(2AE)_1cm2,
not vey far from the previous irizpendent estimate (22). The energy reso-

lution AE covld reasonably be assumed ~ 5 MeV.

. + - 0 . :
One of the concurrent reactions to e +e - 7 ++y against which

one has to discriminate is e+ﬂ+e >N Y Y. We also should mention that
- - 5 ~35
e+4-e - e+-+e +m° 15,16) has a large cross-section ~ 2.2+ 10 cmz(E/mn)

-16
for 7 = 2.2 10 sec.

IV. GENERAL DISCUSSION OF THE POSSIBLE RESONANCES

Suppose the annihilation goes through a resonant channel

etre > By ~ (final state) .

BJ is a boson state with spin J and mass M. Assume a Breit-Wigner descrip-

tion for the resonance cross-section near the maximum

o (E) =qxz 23x1 _ Tilr = . (38)
4 (2E-M)% 45

An experiment with energy resolution (in c.m.) 2AE measures



+(M + AE) _
G, = Z% / o(E)dE . : (39)

1 (M - AE)

AE is not expected to be-smaller than ~ 1 MeV.

We distinguish among three cases:
i)  total width T << 2AE;
ii) T >> 2AE;

- > T opx2l L
In case i) op = 27R 4(2J + 1)BiBf 32E ° (40)
In case ii) ER = o(2M) =7 7\2(23”)3181. . (41)

In case ..i), one can use either Eq. (40) or Eq. (41) since they differ by a
factor 7/2 for I = 2AE.

Here Bi = Ti/P, Bf = Pf/P are the branching ratios for B_ - e+-+e—, BJ* (final

J
state). We can limit the discussion to final states such that Bf = {. Then
the relevant quantities are
in case i) Ty
'K"E' H
T,
in case~ii} i% s

and any of these two quantities in case iii).

Now there are some factors in Pi determined from charge conjuga-

tion, gauge invariance and angular momentum. If BJ has

= 0,
= 0,

1 then Ti « a*m

e
{LA I [
N N et e
% v e
QO QO 0 0 606
il
i
e,
L e e e B
8
R
N
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Therefore in case i) only (J=1, C==1) will produce large effects. The

same applies to ii) since I >> AE, and also to iii). Case i), I'<< 2AE T
= (a few MeV), implies I' << ~ 102° sec ', or7=T" > 102 sec, and
it occurs if decay through strong interaction is inhibited in some way. If

l‘i/AE >> a® the resonance effect is indeed very big (compare with

+ - o~
eTre - U +u , for instance, whose 0'--13! a®%® for E > mu). The same ap~

plies to case iii). Case ii) occurs whenever BJ decays by strong interac-
~ - .
tions, I' = 10%%~ 1022 gsec . For instance, the 27 T = I, J = 1 resonance

belongs to case ii); the 37 bound state, decaying into 7° +y, to i) or

iii).
V. BARYON PAIRS
1. In e +e - p+p,n+n
+ A+ A
+ Z+3
-> E-+§

the final pair is produced in
’S, and °D,

(always limiting to one-photon channel). V Therefore near threshold the cross-

section is isotropic and «f8. The differential cross-section is in general

2 2
sin é]

(42)
where F;(K?),F,(K?) are the analytic continuations of the electric and mag-

do T 2 ' m E
d(cos®) -8 “zxzﬁDh(Kz) +uF2(K?)| (1 +cos®0) + = Fi(k?) 2 uF(K?)

netic form factors of the fermion for large negative K2 < - 4m?, where m is
the mass of the fermion. ¢ is the static anomalous magnetic moment of the
fermion (the normalization is F,(0) = 1, F2(0) = 1 for a charged fermion;

F1(0) = 0, Fo(0) = 1 for a neutral fermion).

2. The form factors are in general complex along the absorptive cut,
in particular for K®< = 4m?®. Thus in e +e - (fermion) + (antifermion),

there can be a polarization of the fermion normal to the production plane,
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already at the lowest electromagnetic order. This is opposite to scat-
tering, e + (fermion) » e + (fermion), where there is no polarization at

lowest order. The polarization P(®) of the fermion is given by
do P(O) =-Z a2x233;1§ Im| Fo(K?)F.(K?) | sin (20) (43)
d(cos ) 8 m
and it is along Ex Qs where p is the momentum of the final fermion and q
that of the p051tron. For the antifermion the polarization is - P(@), by
use of TCP.

30 Wlth F1 = 1, F‘z =0

m (2,110 7 cmz)u(l-u)té(lﬁﬂgu) (44)

qQ
u

w:.th m i GeV and u = (m/E)2.  The actual cross-section, for instance, for
e’ re - p+p, or n+n, may be well above or below Eq. (44). To show a

7
typical argument: Suppose that the core ﬂ;er‘ms1 in the form factors given

17
by Hofstadter and Herman ) comes from an absorptive contribution around,

say, K = = (3m)%. For K* T - (3m)? the nucleon form factors could then
be approxmated using Hofstadter's result, as F 1p = 1. 2/D Fz =z -3, 4/1),
F,. =3.2/p, and F =0, with D = 20 2E-1(T/2) (all in units of m ).

Inserting into Eq. (42) we find for e e - n+n, for instance, a value
50 times bigger than Eq. (44), near K* = - (3m)2, by taking I', say, = m_ .
All this is meant only to illustrate that the cross-sections can be bigger
than Eq. (44).

bo The reactions
e++e- > 3° +K°, A° +3°

proceed to “sq, °Dy for relative Z-A parity, PAZ = +1; to 'py, °P, for
PAE = -1, Therefore, near threshold o increases « p (the final c.m.
momentum) and is isotropic for PA}_‘. = +1, is « p"‘, and contains also a

c0s®® term for PAE = = 1. The v I A vertex is

I r 2 2 2
3, = 510, £a)g K+ (K X, e v, (45)
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where I' = 1 (ys) for Py = +1 (-1).

a—(-c—gl-‘sf—gj = g az’/\.zﬁ{:ﬁz cosz®Df1(K2)!2 + lefz(xz)]j +Df,(‘l(2)]2 -

> EE *mm mE_ +mE
ATTTAE AT LA
- K2[£.(x?)| ]"""E;—'-—* + -4 = Rel:ﬁ(KZ)ff(Kz):B
(46)
where 8 = p/E; EA’ mA, EZ’ mz are the energies and masses of A and I. Rela-

tive AL parity could be measured in this way.

VI. VECTOR MESONS

i. In the reaction

+ -
e +e - B+B

where B is a spin one meson, the possible final states are ‘P,, °P, and °F,
from angular momentum, parity, and charge conjugation, The reaction mea-
sures the vertex shown in Fig. 4. Pis €15 D2y €z are the four-momenta and
polarization vectors of B,§. They satisfy, for physical particles,

pi = pf = -mé, (p1€1) = (p2€2). To form Ju take as independent vectors:

K =pi+p2s P =p1-p2, €15 €2 The independent scalars are K2, (¢,K),
(€2K) and (€q€2). JN must be linear in each ¢ and transform like a vector.

We write thus in general

J = Ku[§e1ea)a + (61K)(€2K)é] + py[ﬁe,ea)c + (<1KXk2K)d:]+

U

+ €1u(e:ZK)e + €2‘u(€1K)f (47)

where a,b...f are functions of KZ2. From KJ = 0
a=0 and -K?°b=e+f. (48)

Because of the odd behaviour of the e.m. current under charge conjugation

Ju‘» - Ju when K » K, p+» -p, €3¢ €3: it follows e = - Tf. By convenient

redefinition of the form factors we then write



- 89 -

{1
i}

4Wywy

) . {G,(e, f‘z)pu +':G, +uG, +€G3:H:(€‘K)€2u- (ezk)‘ew] +

+ € G;m};-z{:(l(ﬁ)(l(ea) -3 K2(€1€z)] pu} (49)

where w; and w, are the c.m. energies of B;E; eGq, G2, €Gs describe (for
small space-like Kz} the charge distribution, the magnetic moment distribu-
tion, and the electrical dipﬂol)e moment distribution of B. G;, G, Gz are
functions of K2. V; |

2. The cross—-section is

do T 2,2,3 / E\? 2 2 2y 2 2
= — a°%°B {2 --) [G4(K?) + uGa(K?) +eG5(K ) (1 + cos? @) +
d(cos ©) 16 : (\mB S

+ sin2®ElG,(X2)+2 I-n@-\>2 ;Lcs(xz)lz + |64(K?) +2<f;>2_icz(xz)lz:l} . (50)

B y e

The ,83 dependence (,8 = final velocity) near threshold is typical of P-state

production.

With Gy = 1, G2 = Gx = 0 the total cross—section is

o= mi';a(z.l £ 1077 cm?)2 (‘I-u)%(—:-+u) (51)

where m; is expressed in GeV and u = (m/E)2.  Therefore e =e collisions
may turn out to be very efficient for detecting possible unstable vector

mesons.

3. Specific angular correlations will be evident after B decays. For
instance, if B is produce:i near threshold in e*+e— -> B +§, and then decays

according to B - 7 +7 the angular correlation is
2~ cos®0=cos?p + 2 cos@cos g cosy

where © is the production angle, ¢ the angle between the incoming momentum
at production and the final relative momentum at the decay, and x the angle

between the outgoing production momentum and the decay relative momentum.
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If it decays according to B » u+v or B » e+ v the correlation is
3+cos®p - 2 cos@cosg cosy . (53)

We have assumed u= €=0 and neglected the lepton masses.

4o The cross-section (51) violates unitarity at high energies., In
fact it goes to a constant at high energy, whereas it can be shown, on the
basis of unitarity arguments, that the total reaction cross-section must de-

crease proportional to A%, The unitaerity upper limit to the reaction

cross—section is derived in the next section.

VII. LIMITATIONS FROM UNITARITY
FOR THE "ONE-PHOTON"™ CHANNEL

Consider
a+b » (final state).
We use Jacob-Wick notation. The initial state is defined for a given c.m.

momentum of a,b by the helicities Xa, Xb

. {j>> = l?\a,)\.b 2. (54)

The total cross-section from Eq. (54) into a set of final states F is

o0 A 5F) = (2m)23% <A & [T(E) TR (B)T(E) [ 0, > (55)

Assume F rotational-invariant. Then we can define

t.02)0 o,
o (hoh 3F) = 7223+ 1) < TN [T P T[T > (56)
For reactions (as opposed to scattering) we substitute T - S, with SST =1
Then, from Eq. (56)

O‘J(X&?\b;F) < wAR(2T+ 1), \ (57)

Now consider

et ie o (v) » final state .
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In the limit m, = 0 only the superposition

—»/!“2—<“’_1>+|-1’ +1>> (58)

in the notation (54) takes part to the reaction. In fact
Vy u =v(ay a + avy aju
T, v( Y, Y, ) (59)

where a = %(l-+Y5), a = %(l—‘Y5). Thus averaging Eq. (57), for J = 1}
o< FwA, (60)

Using Eq. (60) we see that Eq. (51) violates unitarity at high energies

~

= 103 mB). At these energies, however, other neglected effects are impor-

tant.

VIII. RELATION BETWEEN THE ANNIHILATION CROSS-
SECTION INTO STRONG INTERACTING PARTICLES
AND MODIFICATIONS OF THE PHOTON PROPAGATOR

The quantity

n(x®) = - %’%3 Z <03 (0)]z> < 2[5 (0)]o > (61)
p(z)=K

is Kknown to be of fundamental importance in quantum electrodynamics’e). For

instance the Fourier transform of the photon propagator can be written as

. ] B
oF ) o K8 5K H(0) - fi®) - iw () (62)
Ky K*-ie K2 K2w i€

ﬁ(Kz) =P M da . (63)

K®+a
0

We call O%(E) the cross-section (5) summed over a set F of final states

o (E) =-£—%’—)—];% Ton Z< 0lin(0)]z>< z|jn(0)]0 > . (64)

p, =K



- 92 -

In general, from gauge invariance

(27)3 Z < ()lju(O)!z > < zljy(o)lo > = nF(KZ)(KuKY -Kzsuy). (65)

F
p, =K

Substituting Eq. (65) into Eq. (64) and using Eq. (6)

Wza

op(E) = TF (- 4E%) (66)
")

which is the desired relation' ’. Note that in order 1(x2) - T(0) to be

convergent (it must be convergent from Eq. 62)
<O

f o (E)
= dE (67)

must converge (which we know to happen from unitarity). However, 11(0),

connected to charge renormalization, is convergent only if

[

/E o (E)dE (68)

is finite. This does not happen if o decreases « A?°. Note that OF(F)

is the cross~section in the approximation where only one photon is ex-

changed.

IX. REMARKS ABOUT WEAK INTERACTIONS

Intermediate charged vector mesons, as suggested in theories of

weak interactionszo), can be produced according to
e++e_->B+§
and the formulae and the considerations of Section VII apply to this pro-

CESs.

A neutral B° cannot be coupled to the leptons if it is also
coupled to the weak neutral strangeness non-conserving current. If B°

exists and is coupled to the leptons in

+ - + -
e +e > B% > u +yu
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it would lead to a resonant contribution. Assuming a width T = 5% 1017 sec—1,

. . + -
a branching ratio for B° - ¢ +e of the order of )g, a mass my of the order

of the X mass, we find for the resonant contribution to the above reaction a
value 5& about three times bigger than the value for the electromagnetic
cross-section., Local weak interaction, with the known strength, would be
- felt only at higher energies. For instance at E = 30 GeV the muons from
e+-+e_ -+ u+:+u— would have a strong longitudinal polarization if there is a

. : o + - -
parity non-conserving coupling (u u )(ee ) of typical weak interaction
strength.

REFERENCES

1) Barker, Gittelmann, 0'Neill, Panofsky, Richter, HELP-170-Stanford;
G.K. O'Neill, Proc. Int. Conf. on High-Energy Accelerators and In-
strumentation, CERN (1959), p. 125;
W.K.H. Panofsky, Proc. of the 1960 Int. Conf. on High-Energy Physics,
Rochester, p. 769.
0'Neill and Woods, Phys.Rev. 115, 659 (1959).

2) F. Amman, C. Berrnardini, R. Gatto, G, Ghigo, B. Touschek, Nota interna
69, January 1961 (unpublished). A smaller storage ring is at an
advanced stage of construction: Bernardini, Corazzo, Ghigo, Touschek,
Nuovo Cimenfo 18, 1293 (1960).

3) Electron-positron colliding beams are also being considered at Caltech,
Cornell, Paris.

4) N. Cabibbo and R. Gatto, Phys.Rev.Letters 4, 313 (1960); Nuovo Cimento
20, 184 (1961). ‘

5) G. Putzolu, Nuovo Cimento 20 542 (1961).

6) The same results of reference 4) have also been given by Yung Su Tsai,
Phys.Rev. 120, 269 (1960); Proc. of the 1960 Ann.Int.Conf. on
High-Energy Physics (Rochester) p. 771.

7) G.F. Chew, Proc. of the 1960 Ann.Int.Conf. on High~Energy Physics,
(Rochester) p. 775.



8)

9)

10)
11)
12)
13)
14)
15)
16)
17)

- 9% -

W.R. Frazer and J.R. Fulco, Phys.Rev. 117, 1609 (1960).
Bowcock, Cottingham and Lurié, Phys.Rev.Letters 5, 386 (1960).
G.F. Chew, Phys.Rev.Letters 4, 142 (1960).

S.M. Berman and D.A. Geffen, Nuovo Cimento 18, 1192 (1960).

How Sen Wong, Phys.Rev. 121, 289:(1961).

N.P. Samios, Phys.Rev. 121 265 (1961).

Abashian, Booth and Crowe, Phys.Rev.Letters 5, 258 (1960).

F.E. Low, Phys.Rev. 120, 582 (1960). .

F. Chilton (to be published).

Olson et al., Phys.Rev.Letters 6, 286 (1961);
Hofstadter and Herman, Phys.Rev.Letters 6, 293 (1961).

G. K&lleén, Helv.Phys.Actz 25, 217 (1952).

For a particular case see: L.M. Brown and F. Cologero, Phys.Rev. 120,

653 (1960).

R.P. Feynman and M. Gell-Mann, Phys.Rev. 109, 193 (1958);
T.D. Lee and C.N. Yang, Phys.Rev. 119, 1410 (1960).

w” * .



Fig.1.The one photon channel,

Fig.2.Radiative correction.

Fig.3. ¥—T%+vV.
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