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I. -~ INTRODUCTION. ~

In this note we shall do some considerations on the hypothesis
of a breakdown of quantum electrodynamics (Q. E. D. ), a hypothesisthat
in last the years has taken on some weight in view of the growing possi
bility of testing electrodynamics at ever higer energies.

These remarks will be especially devoted to the study of possi
ble experiments with colliding beams, following two different, but com
plementary, directions :

a) In Section IT we shall examine the possibility that the electron
does not behave like a peint particle, attributing to it a magnetic as
well as an electric form factor. This is analogous to what one doesfor
protons, the structure of which is expressed by the Rosenbluth formula
for ep —» ep scattering.

We consider especially the reactions of the ''one photon chan-
\
nel -
: eTe” —e n hadrons
and their cross sections will be examined on the grounds of the symme
try properties of e. m. interactions.

From the results of this section we can conclude that the elec
tron structure can be tested by measurements of the angular distribu-
tion of the final particles: i1 an Adone experiment at maximum energy
we have, for ete™ —s £t 2z~ an angular distribution like sin26 +o{ cos® @



(instead of sinZG) where of is essentially the produgt of the electron
magnetic form factor and an amplification factor ¥“ = Ez./m2 x 107
that allows a measurement of a magnetic form factor /«,(—‘4}32‘) > 1074,

b) In Section III we shall examine the consequences of modifying
the photon propagator, following the old fashioned idea of a ''regulari-
zed' propagator, proposed in a new interpretation by T.D. Lee and G.
C. Wick(1),

We shall see that, writing L(qz) as the photon propagator:
1 1
L(g?) = =5 - 5
q qg +M

and in the mass range 3.3 GeV £ M £ 10 GeV there will be measura-
ble deviations in the total cross section of e. g e’e” —» ¥ and
in the differential cross section of ete” —= ete”, .

c) In the Appendix will be given the details of the calculations of
Section II.

II. - ONE PHOTON CHANNEL. -

In this section we shall firstily give a simple argument to pro-
ve that we expect some deviation in the angular distribution of emitted
particles from that predicted by applying Q. E.D. to point particles;
then we shall calculate the cross section for a reaction like:

(1) ete” =» a%

on the ground of invariance properties of the theory. This will allows
to put in more precise form our first argument and to make a number
of definite predictions of experimental results.

Suppose one write, for the matrix element of the electron e.
m. current operator(x)

T = (0 ‘%(O)E‘S-*—pzu e“pl):_m =
(2) 9
- Ax(q
= ev(pg)[f‘f)(cﬁ)’?}"’,ﬁ,~ + %ﬂ“)— v qv} u(py)

(It is possible to prove that (2) is the most general expression, if we
require Lorentz, gauge, C and P invariance).

(x) = q = p1 +pgy;: the normalization is uu = -¥v = m/E where m and
E are the electron mass and energy.
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This can also be written: o :

I = %{ﬂ(qz)v(pz)i“(H'@'5)?}.(1-3’5)+(].-3’5)3;“(“3’5)]11@1) +
(3)
/t q V<p2)[(1+2( )/mv(l 3’5)'*"(1 %5) %v(l 75)3‘1(?2)}

since L’Z}“S,@Lv] =0 and {’3’5,?&\} =0.

In the ultrarelatlmstlo limit (1+ '3/5)/2 is the =1 helicity
operator, and (1~ 5)/2 is the +1 one: the first term allows the
coupling of +1 (-1) helicity electrons with -1 (+1) helicity positrons
while the second term couples electrons and positrons with the same
helicity.

In annihilation, the angular momentum created by the first
term is +1 and oriented in the direction of motion of the electron,
while the second term corresponds to an angular momentum perpendi
cular to the direction of motion.

If we consider now an annihilation reaction, e. g. ete= it
we have the following two cases (owing to the angular momentum con~-
servation, the pions are in a state with L =1):

1) If 4= 0 (as it'would be for a point particle) the pions and the elec-

trons go cannot ge in the same direction without violating angular mo-
mentum conservation, since the pions are spinless particles andtheir
total angular momentum mustbe orthogonal to their dlI‘GC"ClO*l of motion.
We expect, then, that the cross-section behaveslike sin 29 (where 81is

the angle of, say, the outgoing 7@ Z" with respect to the incoming e™).

2)If % = 0 the pions cannot be produced at right angles to the momen
tum of the electrons: in this case we expect an angular distribution li-
ke cos28,

It is clear that, if both form factors are different from zero,
the angular distribution will be different from that predicted from pu-
re Q. E.D..

We note again that our argument is completely general: if we
write -
i n = V(pg) L‘?‘ F.(q )i;‘,w u(py)
where the Y},, are combination of Dirac matricesand particle momen-
ta, it is clear that terms such that [PM, Y 5} 0 will give an anoma-~

lous comrlbutlon to the angular distribution and terms such that
%’} =0 w111 give a normal one.



‘Going back to the reaction (1), described by the following
Feynman graph

we car;}wrlte (we use the general formulae and the notation given in
ref. (2

a, a(out) §S§e+p2, e"p1 (in)}= %{OQJM(O)l e+p2, e p; (in)) x

(4)
X (a a(out){J (O) O)g (p1+p2-a a)
(in the following we will omit the (in), (out) suffixes), where Ju(x) is

the e. m. current operator. For the cross section we write, for unpo-
larized ingoing and outgoing particles

4 |
2(27T 33— 3 = o
B = zﬁ;—)—}-/d ad"3 §(B, +Eg-28) 7 (3+2) Tyl

where we have defined the e. m. current matrices
i + - 4 -

(5)
f

FURSERCE RN 0y (a, 3 |3,) 0)

(% - means complex conjugation) and S is the sum over the polariza-

tion and spin states of the particles; of course there will be one (,,,%u
for every polarization measurement.

The I/M, can be specialized by noting that(x)

Tp(x) = E ()T (x)

We have then

T - 5(/‘0)

" EE, Thw = E02)8, (e'e U,c\ loy(olaylete).

(x) - We define xi = &\(/«c..)x/,&, (we use complex meftric)



We have, thus, defined a quantity that describes the e. m.
vertices and that is directly related to the cross section; in terms of
T/(Up we can put the considerations of Q. E.D. breaking in a form that
is directly related to experimental quantities(X),

The most general formula of T’M, on the ground of Lorentz
covariance is

'9,_\) = alP/w B, + 85, A + aSPDq/% + a P,u,
a5 ‘&v tlag (c‘/iwggpg de
2 . .
where Py =py. - pQ/& and a; = a;(q”) /1= 1,...6/ since (p,q) =0

and q2 = - P24 m?
We have the following limi’cations:.o-nT/,M,,b
1) Current conservation implies

q/Q"’TﬁL\J =0, qu/‘up =

' - - = = = e 2
and then ag = a, 0 and ag q~ag.

2) Reality
,(,.p Ef(ﬁ)&(u)T,u.u

and then we can write

e A2 2 2 2
(6) Toow = BAIELR, +B(a7)(q,9,,7 4780 TCLA) &, 00 Pede

where A, B, C are real functions of q‘z'.
Further conditions on T/LL\, are derived from the dlscrete
symmetries CP, C, P. '

From the results of the Appendix we see that CP invariance
is verified by (6), while the C(qz) term violate C and P separately: so
that we can write

T/’*“ - t/Av (p,q) + Qﬂ'v(p,q) ey

<&

where t,,Lm is the term symmetric in M and ¥ and is C, P conser-
ving

(x) - All this holds generally for n particles in the final state, where
as the following considerations hold only for ete” —» aZ.



and 0y is the (C, P violating, CP conserving) antisymmetric term.

We have, then, for the cross section in the center mass sy-
gstem: & = Ea = 1&5

de _ (2727

d(COS @) 4 64]36

. |
T4 6@&‘Vwaw T 0w Sy

/“\»’ (e e’) /&v(ad) -

where /?g is the speed of, say, a.

Remembering the expressions for t/,\v and Oy we have(the
primed quantities refer to T'v(a a))

) —S3E . (2’7?) ° §/) “Al(Acos?@ +B)+BI(3B+A) - 4ﬁ>c0=cose}
, dcos® ]GE

We can now put our previous argument in a quantitative form;
namely, if electrons behave as point particles, we have e. g. for
. e, L eV A = T = (- . A T
ete” w BT~ T}A\;(e*e ):A = -8B, C=0; T}, A f0, B'=C'=0,
and then

e (2 PN
dcos 8 16E2

A'B sen?‘@

otherwise we will observe deviations in the angular distribution.

Before proceeding further, we note that we can get a large
amount of information one the structure of Q. E. D. in reactions like
(1) by studying the angular distribution of final particles: therefore
we remark on the usefulness of 'hunting'’ possible violations by turn-
ing the experimental set-up.

Finally, we go to a definite expression for (0 { JM’(O)\ et
and write

e’)

é

©) OUOe"e) = e¥tog [ (62 G+ 48 6, 0 o))

] The T/u\) ig of the form (6) with

a?) = L [l }%f)ﬁ.&gwl_l d
B(q?) = - %}”ﬁq%—syw&ﬁz
C(qu =0



7.

We note that the result C(qz) = 0 could have been expected,

since the matrix element (2) implies Q. E. D. invariance under both C
and P,

' Going back to a definite physical problem, consider the reac

tion ete™—> Z TZ"~; we have

»+ e 1/2 2

| g, 0)l0) = (“E 3+ Ep- ) F(a") Ku

( ) (27“3 /A

where K, = ljff - lf;:co and F(qz) is the e. m. form factor of the pion;
and for T, - '

~ 2

o, - - | w@d)] R
e 4(27)®

(note that in the c. m. s. Ep+ = EIZ'" = B}

We have then

b : < . 5 3 e e . 3 2 2
A& (27 A o2 1_ T/ 2\
= cos“8+B)| = ~———m—1F(q7) (8)
d»COS’@ ].GEZ L ( 16E2 ‘ %’

" where we have defined the angular distribution function @ (8)

2
(9) (o) ~M(q \uenzg +[;A(q <1+ Fz cos?0)+ 2 Re( 4 ).

m

Let us now comment briefly on this formula and the assumptions made
in 1ts demvatlon, the first thing to note is that, if we take the values

’Y](q =1, A (q ) = 0 (point-like electron) we have &$J ~ sin?0, as ex-
_pected from normal Q. E. D.

V If both form factors are different from zero (the electric one
‘ from 1) there is indeed a Q. E. D. breakdown: if we want to continue in
our analogy with the nucleon case, we must conclude that an expres-
sion like (2) shows the contribution of other interactions than the e. m.
one,

Going back to consider the experimental importance of the for
mula (9) above, suppose for simplicity that

2 22
el == c05%0) >» 2 Re(#) ')
m.

(this is clearly connected with the asymptotic behaviour of M and M
neverthless this assumption seems reasonable) we will write then

2 ' 2 w2
> (8) ﬁ*{{v\(qz)\ sen2@.-+§5m(q2)\ fﬁ“ cos?0,



If we do an experiment at 6 = 0, and with an accuracy €. g
A = 5%, we will have a measurable correction if

%/u( 4F )E \}m = ~ 1074 (for E = 15 GeV)

(note that, owing to its dependence on \;’ A this result is rather inde-
pendent of the '"true'’ value of A ).

It is useful to note again the great '‘amplification' factor ¥2=
= (E/m)2 107 in an ADONE experiment at the maximum energy:
this factor comes from the particular kind of Q. E. D. breaking, but
also from the fact that we consider, experimentally, reactions in the
c. m. s. and so is peculiar to colliding beam experiments.

III. - REGULARIZED PROPAGA TOR. -

We examine now the problem of the Q. E. D. structure from a
different viewpocint. ‘

Recently T.D. Lee and G. C. Wick(l) have shown that the old
idea for removing divergences from Q. E. D. writing for the photon a
regularized propagator

1
o + M2

2 1
L(q ) = ) =
q

(where, from the experimental data we must have M 2 3.3 GeV), can
be formulated in a consistent way.

We are not interested here in the theoretical details and in the
interesting consequences of the L.ee hypothesis: we must only note that,
if we consider the second term in the propagator L(q } as the propaga
tor of a "heavy photon'' ['© the pole of this particle is on the physical
sheet of the complex energy plane, i.e. if we consider L at all orders
we have for the mass M = M+i/2 " where T is the width of " ©,

We go now to the experimental implications of this proposal:
we can show that in experiments with colliding beams we can test both
the presence and the sign of the [*© term.

For sake of simplicity we shall examine two reactions: ete ™
~> Mt pu- and ete” —» eTe” and we suppose that the interaction of the
se particles is point-like.

For ete”-» A+ TA4= we can use the formalism developed in
the preceeding section: it is then evident that the ratio of the Lee cross
gsection to the normal crossg section is simply the ratio of modulus squa
red propagators. We have then three cases: one correspounding to ‘the
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normal cross section, one corresponding to the minus sign in the pro
pagator and the other to the plus sign in the propagator; corresponden
tly we have

S - M4 +€"’ 21\/12 o~
T o eaE?? e P22 °
2 2.2, g2, 2
& =M -8E%) + UM s

+ o

(M2 ~4E%)% + 2

where &, is the normal cross section for ete” = mtm™ ag given,
e. g in wef (3)

EFhese cross sections are given in figures 1, 2, 3, 4 for va-
o riousive es of M : we note the entirely different behav1our of &_ and
. &, through the resonance that allows in principle to distinguish betm
ween the two cases (The form of these curves can be affected by varia

tions due to the '"true'’ value of {* but only near to the resonance).

More interesting is the reaction ete” =% ete”, since we can
explore the structure of the propagator by studying the angular distri-
bution, owing to the interference term between the scattering and the
annihilation channels.

In fact, if we are near enough to the resonance, the annihila-
tion graph is dominated by the ["© term, while the scattering propaga
tor is essentially the normal one: we see, then, that the interference
between these processes gives directly the sign of the [7© term in the
propagator,

éd'graphs are

4
where ¢ = 4Ezsin2@ and qp = -4E2.
For the cross section we have
ds& 2_2 48 ; 2 12 48 _ % ]
s { 4= <] —— » K ot
o = T E {\1 cost )| (q1)§ +2 cost Re[L(ql)L (ag) | +

+ m(l +cos 8) l L(qg)\z}

The results are plotted in figures 5, 6, 7, 8.



TARD ETE= W

SSBW o | oU} JO anTeA 8} IO} ANEQ 1g-01 g11un

‘ARD G =W
ggeld Ofnﬂ o1 Jo snfea ayul J0]% ANSU MMIO% wu‘....r..ﬂs
H»Mv |:S\+u$\ &p.sllwn*-m .WO C.O.mu‘owm S80I .M.NMOH; - % .ww—m Q..mv ..vdv\.*.)\\ A.l.l-lmlmn@ MO MHOMMO@W 8S80a0 .M»mu.murw -1 ewwrm
7 ..N mrw ._n m.u_ o m_N ..N m.w | .._. m. | ol
i
)
i
1
1
H
i
1

01

-0t

-0t

.01

-0t

10.



11,

*A®D 0T = IN ssBW ‘A9D) L = JN SsEW
0. °u} Jo enfes 9y} I0J ANEQ 1¢-01 s3IUn Uur) oJ oui jo enyeA °U} J0] ANEU msoﬂ §3TUN UT)
W €= _9,9 0 uoT109s SS0J0 1BI0L ~ ¥ "DIA oy~ &= 949 30 UOT109s ss0a0 fejoL - § "DIid
- 2 - 1 ¢ 62 R4 gl i g
R . ) \ L . ao_. ) s 2 ' f qlo_.
0L © g0t
L0t L, 0L
|01 L0t
Ly 4




12.

R . . T T

Wy 30 60 90 120 150 180 S

FIG. 5 ~ Differential cross section of ete” =% eTe™ (in units
10-31 ¢m?) for the value of the ["© mass M =3.3 GeV. The
(o) sign is referred to the normal propagator. *
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0 30 60 50 120 ' :
FIG. 6 - Differential cross section of ete™ ~» e'e” (in units

10-31 cm?2) for the value of the ©'0 mass M = 5 GeV. The (@)
sign is referred to the normal propagator.
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%% 30 60 ) 120 150 18 g
FIG. 7 - Differential cross section of ete™ —» ete” ‘(in'units
10~31 cm?2) for the value of the 7' 0 mass'™ =7 GeV. The (0
sign ig referred to the normal propagator.’ '
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0% 30 50 90 120 150 180 g
FIG. 8 - Differential cross section of ete™ =% ete™ (in units
10731 ¢m?2) for the value of the '© mass M = 10 GeV. The (o)
sign is referred to the normal propagator.
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We must make some comments on these resulis.

Firstly we note that in both reactions we have deviations of the order
of 10%, even if M =10 GeV and bigger deviations if M is smaller, and
that we can easily deccide the sign of the propagator.

Secondly, our considerations are a little complicated if the particles
have form factors: but it is easy to convice ourselves that, at least
for the cases examined in the precceeding section, a combined mea-
surement of the total and differential cross section can give enough
information on the propagator.

APPENDIX. -

This appendix is devoted to the discrete symmetries C, P,
CP; our considerations are greatly simplified, owing to the fact that
we speak about unpolarized particles only.

1. - CHARGE CONJUGATION.

The C operation is the interchange of et and e~ and then all
that we must do (for unpolarized particles) are the following substitu-
tions in T/&(e+e"'): P~ -P, q~* Q.

We have then

(C) - =
T = Tuw (pia) = ABCR* Bla,a, - qzcﬁ;;u)- Ctpuge I3 ds

Invariance of e. m. interactions requires

C 3,.(0) ¢t = -7,(0)

and then T(C) = T which implies that C(qz) = 0,

At VA
2. - PARITY.

We must carry out the following substitutions on Ty
P, —» -E& (45 qﬁ\w‘;}e —5(3«)({/&# : moreover the e, m. interaction
invariance requires

PI (0P = - & (x) L

so that we must have

T/Si) - E'(/A)g(p)?uv L"é—(/\)P)\ ' 'i(k)quT/LV

This implies
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£ (M) c“;(n)[A £ () E(v)ERPy +BE(M)E(V N, -’
- C&(}ﬁ)g(\))f}‘w?(}\léy q g~ = T/Ww
(since, from the definitions of E_(/ﬁ«), <°~/Au<3 & we have:
e (8)e (G“)év/&ug@ = - £ (k) E(V)ELues

and then [ £ () E(n) = 1]: C(a?) = 0.

3. - CP.

The CP operation is represented on Ty in the following
way : P/& = g (/m)q&, Ay, = a(A)qﬁ; we must have, moreover

(CP)JM(O)(CP) . é,(/a).]',u(()) .
This implies

T}&C,.,P) = a(/x)&(v)'l;&u\;‘é_(k)a\ , mg_,()\)q;\’} = Ty,

All terms are allowed.
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