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-

— We discussed recently the possible determination of the pion form factors
from the reactions e+-e——nm (}). There is at present a definite interest, particularly
in Fraseati, in the realization of electron-positron colliding beams. In this note
we shall briefly present some further theore‘mcal considerations on hlgh energy
electron-positron experlments

9. — High energy et-e~ experiments can test the validity of quantum electro-
dynamios at small distances. There are two other aspects of such experiments
that we want to stress: '

i) The possibility of exploring form factors of strong interacting particles.
These form factors are explored for timelike momentum transfers. Electron scat-
tering experiments — whenever possible — can only explore spacelike momentum
tranfers. '

ii) The possibility of carrying out consistently a « Panofsky program », i.e. the
exploration of the spectrum of masses of elementary particles through their inter-
action with photons. This program can be extended to include the exploratlon
of particular classes of unstable states.

() N. CamiBBo and R. GATrOo: Phys. Rev. Lell., 4, 313 (1960). The same results have also
been derived by YUNG Su TsAl: Phys. Rev., 120, 269 (1960).
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186 N. CABIBBO and R. GATTO

3. — Perturbation theory results.

We first list some relevant perturbation theory results. We consider the lowest

order graph - -

Fig. 1.

where P is a charged spin 4 fermion (f) different from the electron, or a charged
spin zero boson (b), or a charged spin 1 boson (B). We call 6 the c¢.m. production
angle, o the fine structure constant, 7 the wavelength and E the energy of each in-
cident particle in the c.m. system, m,; and B; the mass and velocity of particle 4

in the c.m. system. The cross sections are -
‘@) for et-e——f+f-u

2

do
d(cos 0)

4
Ototar = — (2.1-10-32 cm?) f(x) ,
my
with

“and

b) for et4-e~—b+-b-

00 7 e sin g
d(cos 6) 16 T

1
Ototar = — (0.5:107%2 om?) b(x) ,
me i

" 02226, | = (14 cos? ) 4 T4 (1 — cos? 0)
‘2 2K |

(m; in GeV),

(m, in GeV),
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THEORETICAL DISCUSSION OF POSSIBLE EXPERIMENTS ETC. 187

with .
b 1 1\%
and
- H
L= —3
my,

¢} for et4e-—>Bt4B-

do 7 o268 |2 ( 2N (14 cost ) + 3 sin? 6
= — -—_ N
d(cos6) 16 B g

1 .
Orota] = — (2.1-10732 cm?) B(%) , (mg in GeV),
B

with
B 3 ] 1\2 4+ 1
(”)_Z hwz 3 x2)’
and
B
L= —".
mg

The functions f(x), b(x) and B(x) are repofted in Fig. 2. These perturbation
theory results are valid only as long as P does not have strong interactions and

mneglecting radiative corrections.

10 : -
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" 10 — 5t
8(
08 ’ o ) 4 ‘03'
/ St
08| | '
. 102:
5 L
04 v
fx) _ 10"t 1
2| blx)’ gt
_ ‘ ' a E in GeV
0 N N " . E ‘ v L . L f
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L ' " Fig. 8.

: fig; 2.
The total cross-section for e*+e-—vy++y is given by

O‘tota.lz (3.2' 10—32/Om2)F(E) N

where F(FE), with E in GeV, is reported in Fig. 3.
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188 N. CABIBBO and R. GATTO

4. — Production of strong-interacting particles.

We consider the lowest order graph in the electromagnetic interaction but
including all strong interaction effects.

Fig, 4.

The form of the PPy vertex is only limited by Lorentz and gauge-invariance.

a) for et4e-—1f-1f where f is a charged or neutral fermion of spin 3

do o 2 124,F 0
él(cos())_goC A (cos 6) ,

where

F(cos ) = | FP(—4B2) + uFP(— 4B2) |2(1 + cos?6) +

E 2
+ sin? 0 | o FO— 4B?) |24 — | Y — 4B |
Mg )

Here y; is the static anomalous magnetic moment of f, and FP(k2), FP(k2) are the
analytical continuation of the electric and magnetic form factors of f for negative
values of k2. The situation is illustrated in the following graph for the special
case of the isotopic vector part of the nucleon electromagnetic vertex.

k<0 . timelike
absorptive region

K'>0 , spacelike
770 7

ph ysical region for physical region for
ehe > N+N v , etN—eN
K=-(2my)f Kk=-(2mgfK =0
Fig. 5.

In the graph we have reported the physical regions and the absorptive region
on the k? real axis.

1500



THEORETICAL DISCUSSION OF POSSIBLE EXPERIMENTS ETC. 189

The form;factors F, and F, have an imaginary part along the abﬁorptive cut.
Therefore one can have a polarization of the fermion in et4-e-—f--f, normal to
the production plane (there can be no polarization of the fermion, neglecting radi-
ative corrections, in the scattering e+f —e-+£, as follows from time reversal argu-
ments). The polarization P(6) is along p;/A\ pe+ and is given by

3

F(6) P(6) = —sin (20) 53_% Im {FO(— 4H2)u, PP (— 4F2)} .
f . :

The polarization of f is —P(0) as follows directly from TCP.

b) In et+e-—>Db+b where b is a charged or neutral boson of spin zero

_di_ — _n« oc2i2ﬂf’!F(~ 4E2) |z §in2 @,
d(cos6) 16

where F(k?) is the form factor of b. In general the »PP vertex is described in terms
of an isotopic vector amplitude and an isotopic scalar amplitude (for pion there
is only the vector amplitude, for A only the scalar amplitude). The absorptive cut
starts at k2 = —(2m)? for the isotopic scalar amplitude, and at k2= — (3my)?
for the isotopic vector amplitude, except for the y XX vertex, for which the X —A+4m
transformation produces a lowering of the threshold (%).

¢) For et+e~—B+4B where B is a neutral or charged spin one meson .

do A I \2 . i
leos0) 16 — — 407 —4F- ' (— 4F2) |2 )
d(cos 0). 16 “2'%%3 12 <m3> | Fi(— 452) + uTy(—4B?) + eFy(—4E7)[*(1 + cos 0) +

i

where Fl,le and F, are form factors, u is the anomalous magnetic moment and
¢ is the quadrupole moment of B. ' ’

2 B\ '
| Fy(— 4BP) + 2 (—) uFy(—4E?)
mg

- sin2 [2 Fy(—4E?) + 2 (E )25F3(— 4F?)|

me,

5. — Effeets of the proposed T = 1, J= 1 pion-pion resonance.

~ Except for et+e-—mt 47w~ and e+ -+ e~ — mt+rw~4-n? the threshold for production
is at higher %2 than the threshold of the absorptive region. This cirecumstance will
make theoretical predictions very difficult. The reactions e++e-—mt4m~ and
etle-—mnt4n-4-n® have already been discussed (*). The pion-pion resonance, in
the form proposed by Frazer and Furco (%), would produce a cross-section
~ 8.3-10-%! em2, 17 times bigger than the perturbation theory value at the resonance.

(*) R. KarpLug, C. SUMMERFIELD and. E, WICHEMAN; Phys. Rev., 111, 1187. (19538).
(*y W. A. Franzer and. L R. FuLco: Phys. Rev., 117, 1609 (1960).
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190 N. CABIBBO and R. GATTO

A favorable process, from the point of view of theoretical analysis, is et j-e~—
—n’+y, as shown in the following graph where the different regions along the
k* axis, for the vertex m°—y--», when one y has mass — k? are indicated.

kz:-l. m2Tt
A

etre — oy

physical region for

physical region for k
Y+(virtualy) — T

point for { Primakoff effect)

—y+y
Fig. 6.
The cross section is
do -1 G(—4B?) |2
= mwx— B3(1 20y ——2 |,
d(cos ) e me Pr(l + cos )/ G(0)

(%) A. WaNe; Phys. Rev. Létt., 5,

where @(k2?) is the form factor for sy ty. T »

is the inverse of the #n°—>y4y lifetime and it is

proportional to |G(0)|2. We have used dispersion

relations to caloulate G(— 4E?), assuming that

only the resonant T'=1, J=1, 2z state contrib-

utes to the absorptive part and using the v+ —

—m 47 amplitude given by Woxg (4). The result
is shown in Fig. 7. The total cross-section for
et+e-—>nlty is given by 2.75-10-35 cm? u,()

with the resonance model. In perturbation theory -
(G =G(0)) it is given by 2.75-10-% cm?-u(z). We
have assumed 2.2-10-¢s for the =n° lifetime.

For the charged pion form factor we have used

the form proposed by Frazer and Furco. With
the form proposed by Bowcock, COTTINGHEAM and
Lavrté the maximum of u,(x) would be at higher
% (x~ 4.8) and 2.1 times bigger.

Fig. 7. — The cross section for et 4 e~—>n’ 4y is 2.75-10~% °

up(x) cm? with Frazer-Fulco resonance; it is 2.75+10 %u(z)

if the energy dependence of the form factor is neglected.
The assumed =° lifetime i.s 2.2-107%g.

70 (1960).
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THEORETICAL DISCUSSION OF POSSIBLE EXPERIMENTS ETC. 19L

‘6. — General discussion of the possible resonances. Detection of Nambu’s neutral
vector meson.

In the last section we discussed two possibilities of direct detection of the sug-
gested T'=1, J=1, n-w resonance from e*-e- collisions. In this section we shall
show that e*-e~ collisions are very suitable for detecting possible neutral resonant
states with J=1 and charge conjugation number ¢ = — 1 (and of course, with
zero ntucleonic number and zero strangeness). We consider the effect of the reso-

nance in the reaction e*-e-— (final state) to originate from a graph of the type

Fig. 8.

where the resonant state of mass M and spin J (0 or 1) decays into the final state f
with a branching ratio B; of its total rate I'. The cross-section curve has to be folded
with the experimental resolution curve that we approximate with a rectangle of
width 2AE. We consider three cases: a) narrow resonance, 2AFE > I'; b) wide
resonance 2AH < I'; ¢) intermediate case, 2AE~I. The contribution to et+e -
— (final state), from the resonance, for an experiment at the resonance with spread.
AE is then approximately given: for a) by o,,~ 2r1%(n/4)(2J+1)B, B(I'|2AE);
for b) bY Opax = wA2(2J +1)B,B;; for ¢) both formulae can safely be applied since
they coincide in this case apart from a factor =/2. A typical comparison can be
made for instance with e*+4e-—p*-+pu-, the ecross-section of which is (7/3)a?42
for H>> m,. Practically, for intensities of the order (10'°=-10') electrons or posi-
trons, the discussion can be limited to those decay modes for which..B;~1. There-
fore the rélevant quantities .are: I';/AE in case a); I';/I" in case b) and, of course,
any of these two quantities in case ¢). From charge conjugation and gauge invar-
iance one sees that I'; (rate into e+4-e-) is proportional to: o*m? for J=0, O=1;
o*m? for J=0, 0 =—1; ot for J=1, 0=1; o? for J=1, 0 =—1.

It seems reasonable to assume AF ~1MeV. Then in case a) only resonances.
J=1, 0=—1 would produce relatively large effects. The same conclusion applies
also to cases b) and ¢) since I' > AE implies a fast decay by strong interaction or
at most by single v emission (I"oc «). A J=1, ¢ = —1 meson with T =1
can decay rapidly into pions. The resonant- effects discussed in the last chapter
belong to this type. A J=1, C=-—1 meson with 7'=0, called ¢° has been pro-
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192 N. CABIBBO and R. GATTO

posed in particular by NAaMBU (5), and calculations have been made by Hurr (5).
We don’t assume any direct coupling of p® with electrons. Following Hurr we
examine in detail three special cases: '

1) my=mr: only °—>et4-e- is possible, with I"~1016 g1, giving for e++te-—
—p’'—>et4e a 0,,~7.8:10-30 cm?. The cross-section for et+e-—+vy+~vy at this
energy is ~7.5-10-29 cm?. ‘

2) my=2my: p%->n'+tvy, >ette-, —wt-u= are possible with Bnoyf_l, Bt o— =~
=B, +,~~10% and I'~1.5-10-195. Then for e*+ e-— pl— 0+ vy, Oay =1.3+10 =29 om?,
and for e++fe-— o0 et+te-, or —pruT, 0.,y 21073 cm?; to be compared with the
cross-section for e++4e-—p+d-u-, at that energy ~0.86-10-%°, The perturbation
theory estimate for e+4-e-—n04y gives 2.3-10-35 cm2,

3) my=3m,: we assume rates ~ 102 g1 for PP>n® + vy, —2rx 4 y and
B~10-3 for p0-s et} e-3, —ur+u-. The main effect ig in ett+e-—nl+ty or 2wy
giving o¢,,~10-2% ¢m?, to be compared: with the perturbation theory estimate
~3.8:107% cm? for et4-e~—nd4-y at this energy.

7. — Problems concerning weak interactions. Detection of the intermediate vector
meson.

We pointed out the relevance of e+l-e- experiments for a Panofsky program. -
A charged fermion f weakly interacting and with mass > mg would hardly have
been detected if there is a selection rule forbidding the mixed couplings (fey) or (fuvy).
A very interesting possibility is the detection of semiweak-interacting boson B with
mass >my, as suggested, for instance, for mediating weak interactions. The
relevant cross-sections are given in Section 3. If B has an anomalous magnetic
moment up the differential eross section becomes

do 7 j B\ : E 4 . 1
»‘z—azizﬂ3IQ(I+uB)2 — | (L+008%0) + |2 + | — | (1 — B2 42up)? szej-

d(cos ) 16 my My

Note that this formula gives a cross-section that goes to a constant for F > my if
=0, or increases oc E?if up£0. In both cases unitarity is violated at high energy.
From angular momentum and charge conjugation considerations the cross-section
should not exceed 2742 if unitarity is respected, neglecting radiative corrections.
In fact in this case only the 38, and 3D, waves can interact, giving a maximum
interaction of 2z42 after summing. over polarizations. It follows that, even for
se=0, unitarity is violated at high energy (precisely for B> 340mg). Another in-
teresting possibility is to look for a semiweakly coupled B, which would give rise to
resonances in e+--e-—et4e-, —uttu-, —>gtta, ete. The formulae of the pre-
ceding section, case a) can then be applied. On the basis of the semiweak coupling we
assume ['~5-1017 g-1 with bmnching ratios ~ § for B’ e+t e, or B0—put4 v+, For
er+e~— X9 ut4u- one has then 6,, ~ 2742(2.6-10-5) which is about 3 times bigger
than et +e-—u++ p- with o~ 272(0.88-10-5) for B> m,.

5

(*) Y. NaMBU; Phys. Rew., 106, 1366, (1957).
(®) R. W. Hurr: Phys. Rev., 112, 1021. (1958).
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THEORETICAL DISCUSSION OF POSSIBLE EXPERIMENTS ETC. 193

The contribution from the local weak interactions to, for instance, et 4e™—ut+4p~

is very small at low energy but increases fast with energy. The addition to the
lowest order electromagnetic matrix element of a term

(270)7 (/B [w(u )y, 3 (1 + vs)o(n)]loe )y, 3 (1 + ys)ulen)]
modifies the cross-section formula to

do 7

AT, 2 1 2 2 | :2'
d(cos 6) 806%[( + cos? 0)(1 + & + &2) 4 2(s + 2) cos 0],

where &~ 6.2-10-*(H/m),)?, with my>= nucleon mass, and we have taken for @
the value of the Fermi constant. A cos § term in the differential cross-section also
arises from graphs with two photons exchanged. More uniquely a longitudinal
polarization of the pu* given by '

(14 cos 6)?,
(1+ cos?0) + (& + &) (1 + cos 0)2

P+ = & (¢ + &)

would indicate the presence of weak interactions. Howeyer ¢ becomes ~1 only for
colliding beams each of ~ 30 GeV.

k ok %k

-

It is our pleasure to acknowledge the stimulating discussions on the subject at'_
Frascati with C. BERNARDINI, G. GHIGo, and in particular with B. TOUSCHEK.
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