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1. IN T R O D U C T IO N

These lectures w ill be devoted to a review of som e open questions in 
the theory o f the weak interactions, in particular such questions which stem 
from  our ignorance about their high energy behaviour. I shall not discuss 
many of the better established facts about weak interactions which can be 
found in various survey articles [1 -8 ] . I shall further confine m yself to a 
few selected  topics in the theory of leptonic phenomena. An attempt will be 
made to concentrate on such problem s which are least obscured by guesses 
about the high energy behaviour of strong interactions and the corresponding 
fo rm  factors . In this spirit we shall discuss some reactions (such as weak 
lepton-lepton scattering) which are rather outlandish from  an immediate 
practica l point of view. However, the theoretical study of such processes 
is  especia lly  suited to bring out some of the most interesting general ques­
tions in weak interaction theory.

Quite recently strong evidence has been found [9] for the fact that the 
neutrino (v  ̂) which accom panies the p* in jr+ -decay is distinct from  the neu­
trino (ve ) which accom panies the positron in ß* -decay. and ve have the 
same helicity (negative; left-handed). The probable upper limit on the mass 
o f the Vp is  about 5 electron m asses [10]. (The limit on the ve -m ass is 104 
tim es sm aller). In what follow s we neglect any consequences of a possibly 
finite v  ̂ -m ass. (It would be surprising if this m ass were non-zero). Thus 
we assum e fo r  both kinds of neutrinos the invariance under the transform a­
tion K+ —- p* + ve . As a result, neutrinos can have no (induced) magnetic 
moment. However, there does exist a non-vanishing electric charge form  
factor fo r  neutrinos [1 1 ].

E arlier it had been noted as a theoretical possibility [12] that in strange 
particle decays the and i/e might change roles (so that Ku2 decay would 
be K+ —■ p + + ^e). There is experimental evidence against this interchange 
[9], In the following we assume throughout that there exist two distinct neu­
trinos and that in sill p rocesses  p* is paired with vu , e+ with ve .

There exists a body o f evidence [7, 8 ] in support of the so-called  p - e  
universality. P r io r  to the two-neutrino discovery this principle could be 
stated as a substitutional invariance p *~ e  in all interactions; u and e are 
identically coupled and d iffer only in their m ass. Now we must add: if we 
interchange p and e, the same need be done for i/M and i/e . If one believes 
that the p - e  d ifference is a secular effect of some interaction, then it would 
be hard to believe that there would not also exist non-secular p - e  d istinc­
tions. About this subject the last word has not been spoken by any means.
It is  going to b;e one of the main experimental problem s for  the future to find
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out how well this universality works in high energy leptonic p rocesses. How­
ever, fo r  the purposes of the present lectures, p - e  universality will be de­
fined in the way just mentioned.

In Sec.H  we consider pure leptonic p rocesses , such as p -decay and 
lepton-lepton scattering. The difficulties of the high frequency behaviour 
of the Ferm i-in teractions treated in lowest order are discussed as well as 
their m odification if there exist intermediate vector bosons. Sec.HI is de­
voted to a discussion  of general aspects of weak radiative effects. Here 
the fam ous question is: If higher order corrections are small why is this 
so? A  b rie f d iscussion  is  given of the high versus low cut off alternatives 
and of the difficulties connected with a power series expansion of these c o r ­
rections. It is  recalled that these problem s present themselves whether or 
not there exist intermediate vector bosons.

In the now past one-neutrino days some prim e examples fo r  the d is ­
cussion o f higher order weak effects were the p rocesses  p— ey  , 3e, etc.
With the advent of the two neutrinos these questions are now happily solved - 
they don’ t exist to any order. But also in the two-neutrino theory there r e ­
main reactions of interest fo r  the study of higher order problem s, in partic­
ular som e of those which cannot occu r in lowest order and yet are not 
strictly forbidden. Such p rocesses  are mentioned in Sec.IV , devoted to 
som e speculations about invariance groups fo r  lepton problem s which may 
be relevant to higher order weak effects.

In Sec. V we review the general structure of the heavy particle currents 
as they enter in the weak interactions with particular reference to C P -in - 
variance and to a | A ?  | = 1 rule for  the strangeness conserving processes. 
Finally we discuss in Sec. VI the principle of loca l action of lepton currents 
which may be of interest fo r  an experimental exploration of weak radiative 
correction s .

The general spirit of what follows is to take the higher order weak 
effects seriously . This is not done because one can guarantee that they will 
produce observable effects in the foreseeable future (although one cannot 
assert the opposite either). Rather, the recent developments have served 
to bring to focus long known theoretical questions which now seem m ore 
immediate than before. Some of these questions may turn out to be ultra­
violet herrings - like som e of the problem s posed in the early days of quan­
tum electrodynam ics. But even a proof of this would mean a distinct ad­
vance.

The topics to be discussed are all in the domain of high energy leptonic 
interactions. It is  essential to  the reasoning that one can isolate one dynam­
ical factor, the lepton current, which can be studied independently of strong 
interaction effects. An approach of this kind cannot be followed for high 
energy non-leptonic interactions and this is the theoretical reason why such 
phenomena have not attracted much attention. The experimental reason is, 
of course, that one deals with tremendous background problem s. In a sense 
the first experiments in this area have already been done [13]. At one time 
it was interesting to go below the associated production thresholds and see if 
single production is at all appreciable. We can now look upon such attempts 
as non-leptonic weak interaction experim ents. However, since that time 
the nature of the problem s has changed. From  the theoretical weak inter­
action point of view, associated production thresholds do no longer form  a
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particular point of interest (but from  the experimental side the question will 
get progressively  harder if one passes these thresholds). It is well to state, 
in the face  of the experimental com plexities, som e qualitative questions one 
would like to ask. What about the AS = 1 and | &T | = j  rules at high ener­
gies? What about the interesting parity properties found in E-decays, are 
they just low energy dynamical accidents or is  something m ore subtle going 
on [14]? The hyperon and -decays, being all of the two-body kind, give 
us a sm all number of "points" about non leptonic weak interactions but not , 
distributions as in the 3-body leptonic decays. T -decays give distributions 
of low Q-value only. It may well becom e necessary fo r  the understanding 
of the non-leptonic weak interactions to face also the intricacies of high 
energy reactions in this domain.

It is appropriate to reca ll that several of the problem s here discussed 
are "o ld " ones in the tim e scale of modern theoretical physics. Thus al- 
reacty in 1936, Heisenberg noted [15] that the n-th order weak interactions 
behave in the high energy region as (momentum )211 . This led him to specu­
late on the existence of a universal length [16]. I am told [17] that these 
considerations created a great stir when they were first presented at a 
Copenhagen Conference of that tim e. The first calculations on "weak" ra ­
diative correction s also w ere made in the m id-th irties. They were attempts 
to describe nuclear fo rces  by lepton pairs [18]. These early explorations 
w ere all in the spirit of high cut offs (in the sense explained in Sec. III). A lso 
the earliest calculation on high energy effects with low cut offs dates from  
this tim e, namely a study of the j3-decay of fast protons with momentum 
transfer to a Coulomb field  [19].

We have learned a lot m o r e  physics since then, but the high energy b e ­
haviour of weak interactions no doubt still has to yield  most of its secrets.

I am indebted to D r. G. Feinberg for stimulating discussions on many 
of the questions discussed here.

2. PURE LEPTONIC PROCESSES

These are the phenomena where to our knowledge strong interactions 
do not enter. An example is p -decay. F or this p rocess the effective inter­
action is

Leff = - J  j(xM)*(x)j(xe)(x) + h .c . ,

j(xH (x) = J. (x)7x(l + 7S b { (x), I  = (2.1)

f  denotes hermitian conjugate. We put ti = c = 1 throughout. stands for
e or  p .  We introduce from  the start the distinction between and ve . (2.1)
gives a good account of the decay p ~ *e + ve + vu with G ~  1 0 '5 m'p̂ tol,.
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This coupling im plies also the existence of the reactions

z7e + e” -*■ vn + p ~  (2 . 2 )

Vß + e" — i/e + P~ (2.3)

and of the adjoint reactions ve + e+ — + p +, vu + e + i/e + p * . These
. reactions are in accord  with two conservation principles.

(1) The conservation of leptons;
(2) The conservation of p -number [20].
These are additive laws fo r  quantum numbers which may be assigned 

as follow s:

Particle Lepton number p -number

e" 1 0

Ve. 1 0

P~ 1 1

vu 1 1

The quantum numbers fo r  the corresponding anti-particles have opposite 
sign. An example of a forbidden reaction is

ve + e ” —*-1/(1 + p~ . (2.4)

Remark. As long as weak interactions are treated only to lowest order, it 
is  not wrong but a bit silly to introduce quantum numbers; what is allowed 
and what not is read off directly from  the (effective) coupling. However, 
there has'developed recently some interest in the possible observable higher 
order effects of weak interactions (see Sec. HI). In this more general situa­
tion quantum numbers are helpful. Reaction (2. 4) cannot go to any order in 
weak interactions.

We consider the cross-section s  da  ̂ and der,, fo r  the reaction (2.2) and 
(2.3) respectively. Let k and k be the initial and final 3-momentum re s ­
pectively in the centre-of-momentum system and 0 the scattering angle. We 
have

du. = (G2 /ir) [kr-2/u>* (k' + uM)] (kcos 9 + ue ) (k’cos 6 + ) d cos 9 , (2. 5)

da„ = (G2 /?r) [(k' + u M)/we ] k ' 2 d cos  9, (2.6)

where u)e = (k2 + m l)1/ 2 , = (k12 + m 2 )1/ 2 . v -  and ^-scattering are there­
fore  different. This is  due to a (V, A) interference effect as we shall see 
later in m ore detail. This interference vanishes in the forward direction, 
doTj (0  = 0 ) = da,, (0  = 0 ).

Eq. (2. 6 ) shows that the scattering (2. 3) goes via J = 0 only. The uni­
tarity lim it fo r  total J = 0 scattering here is 7r /2k2 . The Ferm i coupling
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(1 ) therefore cannot possibly be correct [6 ] when we surpass this limit which 
is reached (neglect m e and m M) for

k = {tt2 / 8G2 )V< ~  300 GeV (2.7)

corresponding to cr ~  G ~  10_ss cm 2 .
What damps the cross-section  at these extremely high energies? E ffec­

tively it must be a mechanism which introduces some non locality. There 
are two suggestions which by no means mutually exclude each other; both 
of them may well be necessary to get a consistent picture.

(1) The Ferm i interactions damp them selves. Because the cro ss - 
sections get so large at ultra high energies there is no reason to confine 
oneself to first order calculations, if one takes (2 . 1 ) seriously as a field 
theory coupling at such energies. The higher order term s will now also 
becom e important and one will guess largely on dimensional grounds at a 
damping factor [11] ~ (1 + G 2 k*)_1.

(2) The damping com es about by a physical mechanism that shows how 
the interaction (2 . 1 ) in itself is only an approximate description of the state 
of affairs which (no doubt) holds well at low frequencies. A natural guess 
here is  [ 2 1 , 2 2 ] that the effective weak interaction (2 . 1 ) is brought about by 
the coupling of the lepton current to an intermediate charged boson field Wx

L = - gW * (j(x ' + j(xM) ) + h .c .  (2 . 8 )

G is then related to  the dim ensionless coupling constant g and to the boson 
m ass m by

G2 //2  = g 2 /m2 . (2.9)

Continuing to neglect lepton m asses, the differential cross-section  (2.6) is 
now damped by a factor [l+2m ”2 k2 (1+cos 0)] 2. We have therefore the high 
energy lim it

av ~ G 2 m2 ~ g 2 /m 2 . (2.10)

(Note that this expression blows up for  m -*• 0 (for fixed g). This is as it 
should be -  it is like the infrared catastrophe in electron-electron  scattering 
treated to lowest order with neglect of the influence of soft radiation em is­
sion).

It should be noted that the expression (2.10) contains contributions from  
all J -values, not just from  J = 0. If one projects out the J * 0 part of the 
amplitude in question to calculate the J = 0 scattering cross-section  or0, the 
result is

a0 ~ (G m 2/k 2)lg2 k /m  . (2.11)

This shows that it is not enough to take the intermediate boson effect to low ­
est approximation in order to avoid the conflict with unitarity at all energies 
[23]. If one now also takes into account self-dam ping one finds [23] a ~ G m 2 
k"2 lg _1 g -2  and that the partial wave amplitudes decrease fast enough.
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The interaction (2 .8 ) obviously satisfies the conservations of leptons 
and p -num ber. (2 .4 ) rem ains forbidden. A new consequence of (2.8) is a 
second ord er (in g) coupling of the (e, ve ) current to itself and likewise for 
(/j, Vj,). It follow s that the reactions (2. 2) and

V& + e~ -*■ ve + e" (2 . 1 2 )

should have the same cross-section s  ~  g4, apart from  lepton m ass effects. 
The F erm i interaction (2.1) allows the reaction (2.12) to happen as a higher 
order effect only, so there this equality does not hold.

The cross -section s  involved here are presumably always 4 . 1 0 '33cm 2 
and much sm aller at low energies. It w ill be hard to observe them. But 
their study has taught us something about the high frequency behaviour of 
the weak interactions under conditions unobscured by strong coupling e f­
fects . By this the following is meant. If we study the scattering v e + p 
p + e", say, using a point interaction of the F erm i type, then we would 
also get a cro ss -se ctio n  ~k2 at high energies. However, the existence of 
strong couplings im plies that the effective interaction for this process is 
certainly not a loca l interaction, as we shall d iscuss in considerable detail 
(Section V). Unlike the pure leptonic p rocesses , we cannot use reactions 
involving strongly interacting particles to infer that unavoidably something 
new has to happen with weak interactions at high frequencies.

3. WEAK RADIATIVE CORRECTIONS

Higher order effects due to weak interactions are of interest because 
two opposing trends are at work. On the one hand we get higher powers of 
G which tend to make these effects insignificant. On the other hand, we saw 
in Sec. II that the loca l F erm i couplings are quite singular at high frequen­
c ie s . (We leave the intermediate boson idea aside for a little while.) In the 
calculation of weak radiative corrections we meet of course integrations 
over all virtual frequencies and the question arises if high momentum con­
tributions could perhaps be significant even though higher powers of G enter.

As an example, consider the corrections to the reaction (2 .2 ). Note 
first of all that the order of the lowest non vanishing correction  depends on 
the presence or  absence of the self couplings of the (e, Ve.) current and of 
the (w, vv ) current which we discussed in relation with E q .(2 .8 ). (The ex is­
tence of such self couplings can of course be considered also in the absence 
of W -fields.) If these couplings are present, the lowest corrections are a 
result of the graphs in F ig. 1. As a result the ratio of the correction  term 
to the leading term  in the cross-section  is proportional to the dimensionless 
quantity GA2 , where A is a cut off momentum. If there is no self-coupling, 
the lowest correction  is due to the graph in F ig. 2. In this case the ratio 
just mentioned is proportional to (GA2)2. Similar consequences of self coup­
ling effects enter in many problem s [24].

In any case, we are faced with the important question, what should be 
our guess fo r  the magnitude of GA2, that is fo r  the cut off. In a future theory 
this cut off must of course be connected with real physics. The interesting
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Fig. 1

Lowest corrections to (2. 2) in the presence o f  iepton current self-coupling.

Fig. 2

Lowest corrections to (2 . 2) in the absence o f lepton current self-coupling.

thing is  that which ever way we shall eventually get out of the dilemma som e­
thing new happens.

(a) The cut off is low - weak radiative corrections are small. In other 
words, weak interactions are indeed weak at all frequencies, much weaker 
than electrom agnetic effects. Thus the guess is now that GA2 «  e2 or

This characteristic energy is much low er than the "breakdown energy" (2. 7) 
which we discussed earlier . Thus if we believe all weak radiative c o r r e c ­
tions to be small, the physical mechanism which causes the cut off must set 
in long before we com e close  to the unitarity conflict discussed in Sec. II.

(b) The cut off is high. Now the interest lies  in the possibility that 
weak radiative corrections might show up directly.

- Whether or  not these corrections will turn out to be observable, it does 
not seem  sensible to treat them by a series expansion in G because higher 
powers in G are connected with increasing degrees of singularity. For ex­
ample, the self-dam ping effect of F erm i interactions mentioned after Eq.
(2. 7) would look silly  if expanded in G2.

Actually, there are som e indications that the cut off is low, namely the 
sm allness of the K° - K° m ass difference and the present lim its on the ex is­
tence of parity non-conserving nuclear interactions [25]. It should be r e ­
m em bered, however, that in such cases the cut off due to strong interaction 
form  factors may play an important role too. The example of lepton-lepton 
scattering is just so interesting because of the absence of strong interaction 
effects, but they are also pretty unrealistic for  practical purposes. In Sec. 
VI we shall com e back to the question how one may attempt to detect phe­
nomena due to weak radiative corrections which cannot be confused with 
strong coupling effects.

Under any circum stances the weak radiative corrections pose interest­
ing theoretical problem s. If they are small, why are they sm all? Are they

A £  30 GeV. (3.1)
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uniform ly sm all in very high energy (real) phenomena? In these notes we 
keep an open mind about these questions. As we go along we will mention 
at tim es some item s which bear on these corrections.

We saw in Sec. II that an intermediate vector boson field (if it exists) 
provides a m echanism  to damp to lowest order the cross-section  for  r e ­
actions like (2 .2 ) and (2 .3 ). However, it does not follow by any means that 
the weak radiative correction s are small as well. The qualitative reason is 
the follow ing. The propagator for  a virtual vector boson is given by

- i (6mw + m ‘ 2 q Mq „)/(q 2 + m2 - i e )  .

Here qu is  the four momentum transferred to the W -particle. When we ca l­
culate the cro ss -se ctio n  for  (2.3) to lowest order this propagator is sand­
wiched between free  lepton spinors and the application of the Dirac equation 
to those spinors shows that the term  m '2 q(Jqu gives a contribution ~ m em um " 2 
(which we actually neglected earlier). Thus in this case the propagator con­
tributes a factor ~ k ~2 to the m atrix element, as we saw earlier.

If the propagator is not taken between free particle states, its order 
may be (momentum )0 rather than (momentum)-2, unless some angular aver­
aging (or a renorm alization argument) reduces the order. Thus the ques­
tion of weak radiative corrections remains critica l even in the presence of 
a vector boson fie ld .

In the language of field  theoiy we can summarize the situation as fo l ­
low s. The four F erm i interaction is unrenorm alizable, but so is the theory 
of a charged m assive spin 1 field . (For a neutral field of this kind it was 
shown that the theory is renorm alizable [26 ].) Whether or not there are W - 
fie lds, the theoretical, study of weak radiative corrections is therefore 
important. In fact, they prom ise to be far m ore interesting than the e le c ­
trom agnetic corrections (for spin 0 and 1 / 2  interactions) just because the 
latter are much less  singular. It has recently been shown by Lee [27] for 
electrom agnetic interactions of charged m assive vector mesons how one 
may attempt to obtain finite results by summing up the most singular parts 
of the higher order effects, assuming that there exists a finite limit as an 
effective cut off tends to oo.

4. LEPTONIC SPIN

If we are only interested in pi-decay, it is possible to write down a more 
general interaction than E q .(2 .8 ), namely we could couple the electron- and 
H -currents with distinct constants ge and ĝ  respectively, for in/u-decay 
only the product enters. The equality ge =g(J = g means that we have 
chosen an interaction which satisfies n -e  universality (see Sec. I).

Actually, the recent d iscovery of the distinction between i/e and in­
vites speculation about the existence of some sort of "spin" for leptons - in 
som e ways sim ilar to the isotopic spin fo r  strongly interacting particles.
In such an approach one may attempt to look upon the p -e  universality oper­
ation (see Sec. I) as a d iscrete element o f some rotation group. Such a group 
can certainly m anifest itse lf only where it makes sense to neglect th e /i-e  
m ass d ifference (or correct fo r  it only in the kinematics). This may not be 
such a bad approximation in certain high energy neutrino experiments.
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It may be somewhat early to pursue this subject at great length. It is 
another of those questions which would becom e of considerable interest if 
higher ord er weak effects were to be relevant in practice. Nevertheless, 
let us briefly  state the general nature of the problem . There are two ways 
of approach which one may contemplate.

1. One groups the particles in term s of two "sp in ors" as follows [28]:

There is a Pauli-type spin operator £ acting on these spinors. The eigen­
values + 1 , - 1  o f £ 3 re fer  to the upper and low er components of the spinors 
respectively. Consider structures of the type ipe% ipt, tp̂. (For a while 
we neglect all ordinary spin factors, etc ..) It is evident that we need the 1- 
and 2 -com ponents of these vectors in J -space to construct the currents j ^  
and j ^  . If we wish to im pose a rotational invariance with respect to this 
space, it follow s that we should also necessarily  have to reckon with the 
occu rren ce of neutral lepton currents. And if we couple the lepton currents 
to the currents of the strongly interacting particles so as to describe ß-decay, 
7T-decay, hyperon and K -deeays etc. , we run therefore into the problem 
that no neutral leptonic decays of strongly interacting particles seem to 
exist. To be m ore precise , there is no evidence for the presence of neutral 
currents in strangeness changing leptonic decays [29] . F or strangeness 
conserving decays it could easily be possible for neutral lepton currents 
to exist and yet to escape detection [30] . (ifi -*■ e+ + e ‘  by this mechanism 
would be masked by electrom agnetic processes, ir° —• v + V is hopeless.)

It does not seem fruitful, therefore, to introduce a £ -space invariance 
in the manner described. Note further that electrom agnetic interactions 
also violate this invariance. A lso one has to neglect the e- and then-m ass 
com pletely to be able to rotate at all.

2. One groups the particles as follows [23] :

'Pi “ (jti), ’Pv ” (4.2)

There is a spin p, the "leptonic" acting on these spinors and p3 = +1, -1 
again refers to the upper and low er components respectively. We observe 
the following:
(a) Rotational sym m etry in p -space  can be upheld if we neglect the ß - e  mass 
difference.
(b) The conservation of leptons is a consequence of the gauge invariance of 
the first kind in leptonic spin space. This gauge group together with the 
leptonic spin group form s the group U(2). The ß -number introduced in Sec. II 
is the relevant eigenvalue of 4 (1 -p3). ß - e  universality follows as the con­
sequence o f the invariance under the unitary operation S = ip 2 (which is
the analogue for  this space of the charge conjugation operation).
(c) To construct the currents jj^  + jjM we need the combination tpi tpv which 
is a sca lar in leptonic spin space. No neutral lepton currents are necessary.
(d) To get the electrom agnetic interactions we need ipt i//{ which is also a 
sca lar in this space. Electrom agnetism  respects leptonic spin.
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(e) If we couple a ^ „-structure to the strongly interacting particle current, 
the latter should be scalar too with respect to leptonic spin. Thus one can 
consider all strongly interacting particles individually asleptonic spin scalars. 
(The situation would be m ore com plex in this respect if i/e and interchanged 
in strangeness violating decays, but as we said in the introduction, we assume 
that this interchange does not take place. Note further that the use of (4. 1) 
would also necessitate to assign to the heavy particles a leptonic kind of 
quantum num ber.)

We give one example o f the consequences of leptonic spin invariance 
in pure leptonic p rocesses . Until further notice (to be given shortly) we 
neglect all electrom agnetic effects. It was noted in Sec. II that in lowest 
ord er the reactions (2. 2 ) and (2. 1 2 ) have equal cross-section s (apart from  
the/u -e m ass difference effects). Call these cross-section s  <ja and ab re ­
spectively. Next note that the reaction

vtj + e" — v,j + e ' (4,3)

is  forbidden to lowest non vanishing order. But it is not forbidden rigorously 
as it satisfies conservation of leptons and of p -number. See Fig. 3a for a 
typical graph. Let crc denote the cross-section  of this last reaction.

Fig. 3a

Reaction (4*3) as a second order weak effect«

If leptonic spin conservation applies, there exists a triangular inequality 
between <ra , ub and crc namely [23]

~\fc  ̂ +Vöc" (4.4)

This is  proved by the same methods as are used in isotopic spin discussions 
o f nucleon-nucleon (and anti-nucleon) scattering.

It is also possible to apply related considerations to reactions involving 
heavy particles, for example to i7̂  + p — I  + J  + I  + n, where L -  e or ß and 
where such I -com binations are chosen that conserve m-number.

It w ill be clear from  these examples that it may well take a long.time 
before we will have proof of the validity of leptonic spin or  related ideas. 
Perhaps m ore important than this invariance itself is the question what breaks 
it. What causes th e ^ -e  m ass difference? Here we cannot hide our ignorance 
behind strong interactions, as is often done with such abandon for the heavy 
particle m ass differences. The/u-e difference is in fact our strongest present 
clue for  the existence o f something new at high frequencies [31 ]. Something 
clearly  eludes us here.
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In the previous discussion one point has emerged that is m ore general 
than leptonic spin itself, namely the possibility that higher order weak inter­
actions might manifest them selves through processes  that are forbidden 
if  weak interactions are taken to lowest order only. A class of such phe­
nomena are those where a neutral lepton pair is produced. It is clear that 
if  we only insist on conservation of leptons and of p -num ber, it is possible 
to have higher ord er p rocesses  of the kind

A - B  + ß* +ß- , (4.5)
A — B + e+ + e‘ , (4.6) ■
A - B  + i/e + i/c , (4.7)
A -* B + Vp + i/j,. (4.8)

(Leptonic spin will relate rather than forbid such reactions.) Thus higher order 
weak interactions generate effective neutral lepton currents even if we assume 
that such currents do not appear in the prim itive interactions.

An example o f a reaction with a charged lepton pair is Kg -*• ß* + ß~. 
This conceivable but not observed decay is just the one used earlier to find 
bounds on the coupling strength of a neutral lepton current. It can now also 
be used to set additional bounds on the cut o ff (see Sec. Ill) fo r  weak radiative 
effects in strangeness changing processes.

Examples of neutrino pair production are K+ ~^7T+ + vE + Pe or  tt+ + vß 
+ vn . (These would be hard to entangle from  K+ -*• it* + 2y without subsequent 
conversion .) In the spirit of Sec. Ill these reactions are mentioned here 
because their slow rate may be a further reflection o f the cut off mechanism 
o f the weak interactions.

We now ask what is the influence of electrom agnetic effects on Eqs.
(4 ,3  - 8 ). The following should be observed:
(1) The reaction (4. 3) can go as a first order weak interaction provided we 
use a virtual photon. The mechanism is shown in Fig, 3b. This is the type 
o f graph associated with the e lectric  neutrino form  factor. A lso the reaction 
(2. 12) gets a sim ilar contribution. As electrom agnetism  respects leptonic 
spin, the relation (4. 4) remains valid.

Reaction (4 .3 ) as a first order weak effect generated by the neutrino form factor.
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(2) A lso the reaction K 2 ß + + ß~ can proceed as a first order weak (non-
leptonic) p rocess , namely [32] — 2y + n " .
This reaction, if ever found, does therefore not necessarily  constitute evi­
dence fo r  (prim itive) neutral lepton currents.
(3) Reactions like K + -*■ tt+ + y e + i7e can also go as a first order weak process 
via the e lectr ic  neutrino form  factor, namely K+ — it* + y, y —■ ve + v e . (The 
first stage is  allowed as a virtual p rocess only.)

Finally we note that there is another way o f introducing a m-quantum 
number [33] , namely a "ß -parity" instead of the p -number introduced in 
Sec. IL The ju-parity rules are incompatible with leptonic spin.

5. THE STRUCTURE OF HEAVY PARTICLE CURRENTS

It is  assumed in all current theories that the effective interaction for 
leptonic p rocesses  involving strongly interacting particles is of the form :

% e ( f  = - I  M  +  J x ’  M  +  ^

Jx(x) is the effective heavy particle current. The ^-notation is as in Eq. (2. 1). 
(5. 1) is in accordance with|j-e universality. J\ contains one part which 
re fers  to strangeness conserving p rocesses  (AS * 0) and a part for which 
AS = 1. We like to think that J\ does not have a AS * 2 part even though the 
direct evidence for  this is m eagre where leptonic p rocesses  are concerned.

Jx contains bilinear baryon term s and bilinear meson term s (also linear 
m eson term s). The general form  of one of the baryon term s is, as it appears

in J x :B 1 OxB2, in : <1x^ 2  ®i j (5.2)

where

0\  = 74°XT4

and where the m ost general form  of the vector operator Ox is [34]

° x " V T tTx(gv + SA75) + ( ' g ' - - ^ K f v + ^

+ ( Ä " x + 9 ^ ) ( h v + h A 7 5 ) 1 '  (5*3)

Therefore

° *  <  ■») + - a irW * - f Ü> ]

- ( ^ + . g ^ ) ( h v - hAT5)] . (5.4)

The choice o f (Bx, B2) pairs is first of all dictated by charge conservation.
F or AS = O we can take (Bx, B2) = (n, p), (£°, £+), (E‘ , E°) etc. , for AS * 1,
(B i, B2) = (A, p), (L~ n), etc. The six quantities gv , . . . . ,  hA are invariant 
operators, that is , they are functions of the Q  operator (space-tim e), or 
equivalently o f the invariant momentum transfer (momentum space). As we
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are discussing an effective interaction, these six functions must therefore 
be considered to describe the results of the iteration of all strong inter­
actions. They are the unknown form  factors or  structure functions. We have 
a set o f six  such functions for each (B j, B2) pair. High energy leptonic 
reactions will largely  be a gathering of information about the behaviour of 
the structure functions for large momentum transfers.

S im ilar considerations apply to those meson term s which are bilinear 
in the K - and jr-fields [35] . Let us further assume that the K -particles are 
pseudoscalar, as is now pretty definite.

Then the m eson term s have definite parity (they are all vector structures) 
and their general form  is, as they appear

Thus, fo r  example, the AS * 1 current contains (K, tt° ) term s (K is the field 
o f the charged K particles ) which involve the two structure functions of Kjj 
decay. At present, the only d irect experimental information on structure 
functions outside the non-relativistic domain stems in fact from  the various 
K £s m odels. It has been found that these functions vary quite slowly over 
the range covered by the spectra [36] .

Form  factors have been studied extensively within the framework of 
dispersion  theory. We shall not review these calculations here, but rather 
concentrate on some general properties of structure functions. As we 
shall see presently, the number o f independent structure functions becom es 
constrained when certain invariance arguments are used. Therefore, high 
energy experim ents may provide tests of the validity in the high energy range 
of the sym m etries in question. Before we discuss these problem s, we first 
make two general rem arks.

(1) The h-functions. These appear in conjunction with the sum of right 
and left derivatives which is the total derivative of the bilinear form  on hand. 
By partial integration we can throw the total derivative over on the lepton 
term s. It follow s from  the application of the lepton Dirac equation that in 
any leptonic p rocess  the h-term s give contributions proportional to the lepton 
m ass. Chances are therefore much better to observe such term s in / j -  than 
in e -p ro ce sse s . Generally, the neglect of the lepton m ass in any given process 
im plies that we ignore the role o f h-functions. This is true for all baryon 
and all m eson term s in (5. 1). From  Eqs. (5. 5 -  7) we see that wherever
it is  appropriate to neglect lepton m asses, the effective meson current in­
volves one single form  factor only. This circum stance is of particular interest 
for  Ke3 -decay , for example [37] .

(2) The f-functions. These appear together with the difference of right 
and left derivative. In the non-relativistic lim it we retain only 9 /8  x4-term s 
which give contributions proportional to the heavy particle mass in question. 
The best known example is ß -decay, AS = 0 where we have:

in Jx : M1 O xM2, in J* : rixM2 OxM1, (5 .5 )

where

(5.7)

(5.6)
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Gv = gv(q2 = 0) - 2mfv(q2 « 0) = 1 0 '5 m ‘ 2 , (5.9)

Ga = - g A(q2 = 0) * 1 , 2  Gv. (5.10)

Gv and GA are the Ferm i and G am ow -Teller constants respectively, q2 is
the invariant momentum transfer. F or | As| * 1 ß -decays, the non-rela­
tiv istic approximation may not be so good. F or the e-m ode in A-decay we 
have momentum transfers up to 175 MeV, for example [38) .

Next we consider som e invariance arguments.
(a) CP-invariance. It is a sufficient condition for CPT-invariance that 

we have a loca l theory invariant under the proper Lorentz group. Of course, 
the loca l property refers to prim itive interactions and not to the effective 
interaction under discussion. The experimental situation with regard to 
CPT invariance has been discussed elsewhere [39] and it has been noted 
that m ore experiments are needed to verify  its validity. We assume that 
C PT-invariance holds so that C P- and T-invariance imply each other [40] . 
We ask for  the im plications of CP-invariance.

Under the CP-transform ation

(CP) : ( x ) ~  j (xf)*(x). (5.11)

F or the heavy particle current we have

( o  •

(P) : — - 1 X . for  both H  and (—).
X X

It follow s that CP-invariance im plies that:

(CP) : all f, g, h-functions are real, (5.14)

This is true for  all baryon and meson term s.
(b) | AT | ■ 1 fo r  AS = 0. Next we consider isotopic spin arguments for 

which we must treat AS = 0 and 1 separately. This subsection is exclusively 
devoted to AS « 0 currents. We inquire about the behaviour of these currents 
under the charge sym m etry operation. This was first done by WEINBERG [411.

To begin with we note that in such AS ^ 0  processes as neutron ß -decay 
and it-decay we have A T 3 = 1 and also | AT | = 1. One can imagine nuclear 
ß -decays in which | AT | could take different values, say 2. A current bi­
linear in nucleons cannot produce such a change, but there are other currents 
which could give such an effect, namely those bilinear in £*s or  in ir’ s. It
is most econom ical to assume that such currents are not there [42] . This
is the origin  of the | AT | = 1 rule which, it should be stressed, is a stronger 
statement than just the exclusion of | AT | f  1 term s in AS = 0 currents.
| AT* | = 1 rule. Not only do J and J* (for  AS = 0) each behave as components 
o f an isovector, but they transform  as components of the same isovector 
with the same phase relations as those which occur in the strong interactions.

(B j, B2) * (n, p) : Ox = Tx (Gv - Ga Y 5 ), (N. R. ) (5.8)

(5.12)

(5.13)
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Thus J and J* are isotopically related to each other (witn suitable con­
ventions) in the same way as ir+ and ir~, not as ir+ and -ir~ o r  as a complex 
mixture of both. It should be noted that distinctions of this kind only make 
physical sense if the phase relations between ir+ and n~ (and likewise between 
other particle pairs related by charge symmetry) have been defined by another 
part o f the interaction. In the present case the phase relations are of course 
defined by the strong interactions them selves. The weak couplings compatible 
with the | AT | = 1 rule are the first class couplings in the sense of WEINBERG
[41] . _

The |^A T | =1 rule has consequences of two kinds. F irst, the fact that 
other | AT| values than 1 are to be excluded affects specifically  those terms 
in the currents which are bilinear in E, o r  in ir, or in K. The pure E-part 
o f Jx is o f the general form

(E,E) : E°OxE+ + e ‘ O'xE0. (5.15)

and our restriction  means that

0 X = - 0 ' X. (5.16)

Eq. (5. 16) s im ilarly applies to irir- and to KK-term s.
Secondly, the specific connection between J and J* implied by the | AT|=1 

rule has two kinds of consequences. F irst, for all baryon and meson terms 
we have

0\ * O x. (5.17)

Hence

| AT | « 1 : gA, g y , f v , hA are real, (5.18)
f A, hy are imaginary.

Next, consider the E A -term s in J x which are of the general form :

£ ' OxA + ÄO'xE+. (5.19)

Each of these term^ separately behaves like an isovector. Because of the
conditions on phase relations we have (com pare with the strong E A ir coup­
lin g !)

(EA) : 0'X = 0 X. (5.20)

E qs-(5. 17) and (5. 20) imply that, apart from  phase space corrections [43J

R(E* —■ A + e" + iO /R(£+ ^ A +  e+ + v) = 1. (5.21)

Other consequences of the | AT | = 1 rule are to be found in inelastic neutrino 
p rocesses . Consider for example [22] :
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V j + p - ' i  + P + 7 T + ( R l  )

v t + n I  + n + jt+ (R j) (5.22)

vt  + P  - ~ j T + p  + ir° ( R 3 )

The sym bols in brackets denote the respective rates. The rule implies trian­
gular inequalities like

+ Y 2R3 > V r ^ ,  etc. (5.25

It should be pointed out that the | AT | = 1 rule may be considered as a 
condition on prim itive leptonic weak interactions because strong interactions 
respect the rule. It is clear that the rule is violated by electrom agnetic 
correction s (and weak radiative corrections). These have therefore tacitly 
been ignored in the foregoing.

(c) Combined CP-invariance and | AT | '  1, AS = 0. If both require­
ments are im posed it follows from  Eqs.(5. 14) and (5. 18) that

fA = hv = 0 (5. 24)

for  all oaryon and meson term s.
A consequence of hv = 0  is the absence of an induced scalar term  in 

^-aboorption  by a nucleon.
^d)_Conserved vector current, [21] AS * 0. In this theory, CP-invariance 

and I AT | = 1 are incorporated. The basic idea is that the V -part of 
j f ,  (AS * 0) are proportional to the T3 = +1, -1  components respectively 
o f the isotop ic spin current. This has two consequences. (1) These V -cu r- 
rents are conserved if we neglect electrom agnetic effects. This explains 
the equality to a good approximation of the Ferm i-constant in ß -decay and 
the p -decay  constant (absence of renormalization effects). It is easily veri­
fied that our V -currents satisfy 3 J X /9 x x = 0 and likewise for J*v as long 
as we neglect m ass differences within any isotopic multiplet, because we 
may use (5. 24). (We may apply the free particle wave equation to all field 
operators occurring in Jx, J?-) Therefore, the fact that the V-current is 
conserved does not im pose restrictions on the form  factors stronger than 
the consequences o f the (weaker) requirements of combined CP-invariance 
and the | AT | = 1 rule. (2) The V -parts in question have V -structure functions 
which are proportional to those structure functions which occu r in the T3 = 0 
part o f the isotopic spin current. That is, they are proportional to the c o r ­
responding electrom agnetic isotopic vector form  factors.

F or  the nucleon, fo r  example, we have two form  factors f v and gv (see 
also Eq, (5. 24)) and the conserved current theory says that these can be 
expressed as follows (m = nucleon mass):

gv = Gv [ f q + (ßp -  Mn )F m 1 ,
(5.25)

fv  = [G v /2 m ] (ßp -  jjn )Fm.

Fq and Fm are the isotopic vector electrom agnetic form  factors for charge
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and magnetic moment, norm alized to unity at q2 = 0. p p and ßa are the proton 
and neutron moments in units e/2m . Thus Eq. (5. 25) allows us to use the 
inform ation on the nucleon electrom agnetic form  factors in high energy lepton 
experim ents [44] , In particular, if we neglect the lepton m ass, we deal 
with only three form  factors in the reaction v + nucleon - » I  + nucleon, namely 
fy j  Sv ar*d Sa« The first two are determined from  high energy electron- 
nucleon scattering via Eq. (5. 25), if the conserved current idea is correct. 
There rem ains gA as the only unknown structure function.

Another example where the proportionality to electrom agnetic form  
factors is useful is the decay 7r‘  _*’ 7r° + e" + ve which goes entirely via the 
V -cu rren t This is practica lly  a zero momentum transfer p rocess  so that 
the proportionality fo r  the corresponding fv , see Eq. (5. 6 ) ,is as G v /s/2 to e. 
S im ilarly fo r  K° - " K ’  + e+ + v£ [45 ].

(e) Isotopic spin properties, | AS j =1. It has been suggested [46] that 
the | AT | = l / 2  rule fo r  non-leptonic p rocesses  should also apply to leptonic 
reactions AS = 1. This rule im plies the validity of the rule [21] AS/AQ = +1 
(but not v ice  versa) and the latter seem s to be violated [47] . There are 
certain theoretical ideas [48]__which involve leptonic AS = 1 couplings which 
are not exclusively of the | AT | = 1 / 2  type, but these fall outside the scope 
of the present survey and we shall not discuss them here.

(f) "O verall current x  current coupling".- It has been suggested [21] that' 
all weak p rocesses , leptonic and non-leptonic, follow from  an effective inter­
action of the structure current tim es current. (In this scheme there appear 
also non-leptonic neutral currents.) The validity of this scheme (som etim es 
called universal Ferm i interaction scheme) is tied to the applicability of
a | AT | = 1 / 2  rule to both non-leptonic and leptonic interactions. In view 
o f the preceding rem arks it is not tim ely to discuss such proposals at the 
present stage o f developments.

(g) Prim itive interactions. We have exclusively dealt with effective 
interactions. One may ask about the structure of the prim itive couplings 
which effectively lead to the currents here discussed. Suppose for example 
that we start from  a theory with trilinear loca l couplings. Then the conserved 
vector current proposition im plies that the prim itive V -current for  AS ■ 0 is

i ^ [ p 7 Xn + S °  S ‘ + ’V§~(E0 y xZ' -  £+ y xZ ° ) + ( ^  - ^ ~ ) 7r°

j f  J T

'9  xx. 9 xx '
So far, the study of such "b asic" interactions has not yielded any useful 
results. Still, Eq. (5. 26) is at least interesting to look at, and to remind 
us that we are in need of arguments about the relative magnitude of the various 
term s in a current.

6. LOCAL ACTION OF LEPTON CURRENTS

+ K ( ~  - - ^ - ) K 0] . (5.26)

A s we discussed in Section V, the most general form  of the term s which 
enter in the heavy particle current is an operator of the type Ox or Öx sand­
wiched between free fields. The finite distance character of these operators 
is the mathematical expression of the smearing out effects typical for strong 
coupling form  factors. On the other hand, the lepton currents which appear
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in (5. 1) are loca l, see their definition Eq. (2. 1), This expresses the absence 
o f strong interactions for  leptons. This point structure of ĵ £) (x) in Eqs. (2. 1) 
and (5. 1) is called the loca l action of lepton currents.

Schem atically, the situation for  a reaction of the type [49]

v + T —F + I  (6.1)

is therefore as indicated in Fig. 4. The box represents the effects of strong 
interactions. T and F are attached at different points but the lepton pair

The loca l action of lepton currents.

em erges at one point. The same picture applies, of course, also to decay 
reactions of the type

T — F + v + I  ■ (6.2)

In Section III we surveyed some of the interesting theoretical questions
connected with weak radiative corrections. In Eqs. (4. 5 - 8 )  examples were
given of reactions which are possible only via such higher order mechanisms 
if  no neutral lepton currents exist. We now observe that if the weak radiative 
corrections play any observable role , deviations from  the local action of 
lepton currents would be one possible way to find this out [50] .

Consider for  example the reactions

+ p ~*n + / + (6.3)

+ n —p + I  . (6.4)

The character of the weak radiative corrections depends on the presence 
o r  absence of neutral lepton currents. If they are present (or absent) the 
low est order corrections are as in Fig. 5 (or Fig. 6 ). (As was mentioned

Fig. 5

Lowest weak radiative correction to (6 .3 ) in the presence o f  a neutral lepton current.
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v n v

Lowest weak radiative corrections to (6. 3) in the absence o f  a neutral lepton current.

in Section III one should not conclude from  this that in the latter case the 
corrections are n ecessarily  sm aller than in the form er. ) In either case 
the leptons em erge from  different points and we have an effective non-local 
action of the lepton current.

In order to judge whether non-local effects of this kind are present it 
is  necessary to find out first what loca l action im plies in practice. Before 
we turn to this question it seem s worthwhile to observe the following.

(1) If deviations from  loca l action are to turn up at all it is to be ex­
pected that the effect will be m ore manifest at high energies. In principle 
one can raise the question already for  neutron ß -decay  but there, of course, 
one can not get much dynamical information anyway because the phase space 
is so small. The situation is m ore favourable for KC3 decays (and hyperon 
ß -decays). The loca l action problem  was first raised in a study of these 
m odes [37] . Still, evenhere the momentum transfers are not very high. (The 
same is true for reactions (4. 5 - 8 ).)  Thus, high energy lepton reactions 
are the best place to look for such effects.

(2) If deviations from  loca l action are ever found it will be of particular 
interest to know if they satisfy n -e  universality.

(3) A lso in the intermediate boson theories do we have the assumption 
of lo ca l action so that the whole question is independent of the existence of 
these bosons. To avoid confusion we note that in pure leptonic p rocesses 
(Section II) an intermediate boson produces to lowest order a non-locality 
between two lepton pairs only [ 51] , but not between the m em bers of each 
pair.

(4) The loca l action problem  can be raised independently of strong inter­
action form  factors.

(5) The problem  is  also independent of the existence of neutral lepton 
currents. If the latter were to exist (which at the moment does not look 
plausible) one would certainly assume that they were loca l to lowest order, 
on the same grounds as for  the charged lepton currents.

(6 ) It is a hard question whether weak radiative corrections are the 
only conceivable source for possible deviations from  locality.

(7) The first high energy neutrino experiment has shown [9] that a sizeable 
fraction of the events is inelastic. It is therefore of interest to look for such 
im plications of loca l action which are valid also if F in Eq. (6. 1) represents 
an assem bly of strongly interacting particles [52] .

To get the results in their sim plest form  the choice of a co-ordinate system 
and of the variables in that system  are important. We shall always work 
in the rest system  of T. The various energy-momentum four vectors will 
be denoted as follows. = (0, in^,) for T, P x = (pJ, i u) f o r £ , Px =(^u, ipu)



612 A. PAIS

for  v and = (p, iE) for  F. Whenever F is an assem bly of particles, P 2 = -m 2 
is to be considered [52] as an independent variable along with p = [P] .
W w ill be either the differential cross -section  for (6. 1) or the decay d istri­
bution for  (6. 2 ), in either case summed over the lepton spin and over all 
intrinsic variables o f F and T. Finally 0 will be the angle between p" and "p. 
Theorem  I [53] . Apart from  a given kinematic factor, the local action of 
the lepton current im plies that W is a quadratic function in each of the three 
variables cos  0 , w and p„:

K W (p, m, cos  0) = a 0 (p, m) + ay (p, m )cos 6 + a 2 (p, m )cos2 0, (6.5)

K W (p, m, u) = ß0 (p, m) + (p, m)u + ß2 (p, m)u2 , (6.6)

K"W "(p, m, ) = Y0 (p, m) + yi (p, m)p„ + 72(p, m)p2 . (6.7)

Here the K*s denote the kinematic factors. The coefficients a , ß, and y
depend on p and m only.

The proof of one of these relations im plies that the other two hold as 
well because of [54] :

p = ± (m2 + m2 -/ j 2 -  2m0 E )/2(m 0 - E + p  cos 0), u = + p̂  + mg - E.(6. 8 )

We derive Eq. (6. 6 ). The transition probability for the reactions (6. 1) 
and (6. 2 ) are found by taking the appropriate matrix element of the space 
integral of (5. 1 ). Average the absolute square of the matrix element over 
the lepton spin. Because the lepton current is local, it follows that this 
average is of the form  A«ß Pa P&. Apart from  a kinematic factor p; 1 ,
Agß depends on the heavy particle variables only and after performing all 
averages described above Aaß depends on P and P° only. The dependence, 
on the ( I a) )  variables is therefore as follows. Either we get term s con­
taining P„ P „  which are independent of u; o r  else we have to multiply each 
o f the two factors:

P§ Pa = ± m0(E + u - m0),

V o <6 - 9 )
P a Pa = ±  1 / 2 [ 2m 0 w + m  -  mg -  ß2 ] 

with either of the factors;

P<2 P a  = -m 0u , Pa P* = m 0 (m0 - u - E) + l /2 (m 2 +  ß 2 -  m|).

Under any circum stance we therefore get a quadratic function in un The 
scalar coefficients still depend on the residual independent heavy particle 
variables p and m, This proves Eq. (6 . 6 ).

The proof of these relations evidently does not depend on the validity 
of CP-invariance nor on any of the | AT | -ru les for  weak interactions. It 
has been shown [52] that if one considers the reactions (6. 1) and (6. 2) with 
specified lepton helicity, one obtains an expression with five structure 
functions [55] .
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It should be noted that there exists one unavoidable deviation from  local 
action, due to the electrom agnetic coupling of I  with either T or F or  both 
[56] . This effect should be small, especially at high energies.

F or the "e lastic" p rocesses  (6. 3) sind (6. 4) it is of course possible to 
express the coefficients in Eqs. (6. 5 - 7) in term s of the nucleon structure 
functions, using Eqs. (5. 1 - 4 )  with (Bj , B2) = (p, n). Eq. (6. 6 ) then takes 
the following explicit form  [53] :

da = [ß2 (p)u2 + ßi(p)w + ß0 (p)] (md3 p )/[ 47r2wEpl)dEtot ] (6.10)

where the three structure functions ß are given by [57]

( l/2 )ß 2 = | g A| 2 + | gv -  2mfv |2 + 2m(E - m)(| fv | 2 + | fA | 2),
(6 . 1 1 )

(1 /2)ßi = (E - m)| gA ±.gv| 2 - (m2 / 2m)(| gA | 2 + | gv| 2)

+ 2m(E - m -  p 2 /2m)[ (E + m)| fv | 2 + (E - m)| fA | 2 -  2Refygv ]

-H 2 R e[h *gv - (E + m )f* hv - (E -  m)f* hA ] (6.12)

ß0 = (E - m)(E -  m -  p 2 / 2m)| gA ± gv | 2 + m(E - m + p 2 /2m)

(| gA I 2 - I gv| 2) - [2m2(E - m) + {n2 /2m ) (3E - m) - p* / 4m]

£(E + m)| fv| + (E - m)( fA | 2 - 2Ref*gvj + (/j2 /2 )(E  - m + p 2 /2m)

[(E + m )(hv| 2 + (E - m) I hA I 2]

- h2(E - m )Re [h^gv + h ^gA -  (E + m )f*h v - (E -  m )fJhAj 

+ (u4/2m )Re [h^gv -  h^gA -  (E + m )f$hv - (E -  m)fXhAj (6.13)

In E qs.(6 . 12 -  13) the upper and low er signs refer to the reactions (6 . 4) and
( 6. 3) respectively. It follow s from  Eq. (6 . 11) that the difference da  ̂ - doj; 
is  (apart from  a kinematic factor) a linear function in 10. This difference 
depends on one combination o f structure functions only, namely the V -A  
interference effect Reg* gy . This is the same type o f effect which we en­
countered in the com parison o f Eqs. (2. 5) and (2. 6 ). It can be shown from  
quite general considerations that in these instances the differences between 
neutrino and anti-neutrino reactions must be due to interference between 
structure functions related to term s in the current of opposite parity [58] . 
The expressions fo r  the ß ’ s sim plify if both CP-invariance and the | AT| = 1 
rule hold, on account of Eq, (5. 24).

Eq. (6. 7) takes the following form  fo r  the reactions (6. 3 -  4). Replace 
in Eq. (6. 10) the square bracket by y 2 (p)p^ + 71 (p)py + 7o(p) with

72 (P) = 02  (P). 71 (P) * 2(m - E )ßi(p) +ß 0 (p)

72 (p) = (m -  E) 2 ß2 (p) + (m - E) ß j (p) + ß0 (p).
(6 .14)
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This form  is well suited to perform  averages over a (known) incident neutrino 
spectrum  for  fixed p. A fter having done this, one can find one relation for 
fixed p between the three 7 *s. The theorem  im plies that there should in 
general exist a linear relation between four such measurements (that is, 
done with four distinct spectra).

Equations sim ilar to (6.10 - 14) can also be written down [59] fo r  the 
reactions v + nucleon -* hyperon + 1 .

Finally we examine the structures which arise when deviations from  
loca l action due to weak radiative effects are taken seriously. We shall main­
tain the view that the prim itive interaction is due to a loca l lepton current 
o f the (V, A) type coupled to something else (be it a boson field or  a heavy 
particle current).

When we take into account only those non-local effects induced by the 
strong interactions in the heavy particle current, then it follows from  Lorentz 
invariance and from  the just mentioned structure of the prim itive interaction 
that the effective interaction is of the form : (V, A) heavy particle source 
x (V, A) lepton source. This is no longer true if the weak radiative corrections 
are included as well. It is instructive to distinguish between two general 
cla sses  of such radiative effects.

(a) Lepton-lepton weak radiative corrections. These are schematically 
indicated in Fig. 7. A lepton pair is produced in point interaction with the

General structure o f  lepton-lepton weak radiative corrections.

heavy particle source. The leptons then interact weakly with each other.
In this special case the general interaction is  still of the general form  (5. 1) 
where Jx is still the general current discussed in Section V. But j ^  (x)
is- now no longer given by Eq. (2.1). Instead, we must also admit the presence
of induced leptonic term s. Thus j ^  is now of the form :

= l 0 xv , (6.15)

where is  given by Eq. (5. 3) with structure functions g, f, h appropriate
to induced weak effects. However, we have assumed throughout that all 
basic neutrino reactions are o f the two-com ponent type. Hence the primitive 
interaction is invariant under the 75 -transform ation:

v ' ~ 75v > T>' ~ -^75 (6.16)

and so, therefore, is the effective interaction. It follows that

(l>v) : gA ~ gv,  f A ~ fv . hA = hv. (6.17)
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Let us next look at the expression  (6. 15) in the zero lepton mass approxi­
mation which at high momentum transfers is certainly good for electrons 
and is not bad for  y-m esons. In this approximation we have the additional 
invariance for

= 7 5  L  l = - I y 5- (6.18)

W henever Eq. (6 . 18) applies we have

hA = hv = f A = fv = 0. (6.19)

The only structure function which then remains is gv which may now depend 
on the invariant momentum transfer. This does not change the situation 
insofar as the dependence on the individual four momenta p“ and p^ is con­
cerned. Thus the arguments used in the proof o f Theorem  I apply here too. 
Theorem  II. In the zero lepton m ass approximation the equations (6. 5 - 7 )  
o f the loca l action theorem  are also valid if lepton-lepton weak radiative 
correction s are included.

(b) Lepton-heavy particle weak radiative corrections. These involve 
combinations o f interactions between either v o r  I  and F or T. One example 
is  drawn in Fig. 8 . The effective interaction now contains in general the 
following kinds of term s:

A lepton-heavy particle weak radiative correction*

ifit) Scalar term s o f the form

S (x ) i ( l  + y 6 ) v +  h .c . ( 6 . 2 0 )

where S is  a sca lar /p seudosca lar function of the heavy particle fields. In 
Eq. (6. 20) the strict 7 5 -invariance (6. 16) has been taken into account. A
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sca lar structure function originating from  the lepton part of (6. 16) ma> he 
thought to be absorbed in S. It follow s from  Eq, (6 . 18) that the induced terms 
(6. 2 0 ) are zero in the zero  lepton m ass approximation.

(ß) V ector term s. Their discussion is  identical with the one given above 
for  lepton-lepton corrections.

(7 ) T ensor term s in the effective interaction o f the form

V  M /lg i-c ,« , + fTT„(9^- - + hTTf ( g ^  ITx^1 (1 + T5>1' (6 ’ 21)

with three lepton structure functions gx , f T, h T. JM„ is a heavy particle 
tensor source. Note that the hT -term s can be brought to the form  (V, A) 
x(V, A) by a partial integration, so for this term  Theorem II applies forth­
with. M oreover, in the zero lepton mass approximation the g-term  goes 
to zero as well, so that in this case only the fx -term s survive. If we now 
decom pose into its irreducible parts, its trace term does not contribute 
for zero lepton mass.

(6) In the same way one can discuss tensors of higher rank. In the zero 
lepton m ass approximation we thus find that the effective interaction can be 
written generally as:

+ 75 )v + Di/(1 + 75 )v + y^D „D p (1 + 75 )v+ . .  . +h.c.
T  T  (6 - 22)where Df, = gjjj- - ^  . We have = 0, Jßvp = Jppv , J^p = 0 etc. Each

successive term  raises by two the maximum power o f cos 0 , or u, o r  pj. 
which appears in the differential cross-section  for any process  of the type 
(6. 1).

R E F E R E N C E S

[1 ]  WTJ, C .S . ,  "History o f  8 -d eca y", in "Beiträge zur Physik und Chemie des 20. Jahrhunderts", Vieweg, 
Braunschweig, 1958.

[2 ]  LEE, T .D .,  and TANG, C .N ,, Elementary Particles and Weak Interactions, Brookhaven National Labo­
ratory BNL 443 (T -9 1 ) (1957).

[31 GELL-1vlANN, M ., and ROSENFELD, A ., Ann. Rev. nucl. Science 7 (1957) (Annual Reviews Inc. Palo 
Alto, California 1957).

[4 ]  WU, C .S .,  "The neutrino", Pauli Memorial Volume, p . 249. Interscience Publishers Inc. ,  New York, 
1960.

[5 ] OKUN, L ., Ann. Rev. nucl. Science, 9 (19 6 0 ).
[6 ]  Particle Physics Seminar, 1961, CERN Report 61-30 (1961).
[7 ]  PAIS, A ., Report on Weak Interactions, 12th Solvay Congress (1961).
[8 ]  FEINBERG, G .,  Lectures on Weak Interactions, 1962, Brookhaven National Laboratories (to be published).
[9 ] DANBY, G ., et a l . , Phys. Rev. letters 9 (1962) 36,

[1 0 ] BAHCALL, J ., and CURTIS, R ., Nuovo Cimento, 21 (1961) 422.
[1 1 ] BERMAN, S ., Proc. International Conference on Very High Energy Phenomena, CERN Report 61-22(1961).
[1 2 ] FEINBERG, G .,  GÜRSEY, F ., and PAIS, A ., Phys. Rev. Letters 7 (1961) 208.
[13 ] GARWIN, R ., Phys. Rev. 90 (1953) 274: BALANDIN. M ., et a l. JETP 29 (1955) 265; Soviet Physics JETP 

2 (1956) 98.
[1 4 ] For a survey see PAIS, A ., Revs. m od. Phys. 33(1961) 493.
[1 5 ] HEISENBERG, W .,  Z. f. Phys. 101 (1936) 5337”
[1 6 ] HEISENBERG, W ., Ann. der Physik 32 (1938) 20.
[1 7 ] UHLENBECK, G .E ., private com munication.



WEAK INTERACTIONS AT HIGH ENERGIES 617

[1 8 ] WEIZSÄCKER, C . ,Z .  f. Phys. 102(1936) 572; FIERZ, M ., Z . f . Phys. 104(1936) 553.
[1 9 ] NORDHEIM. G ., NORDHEIM. L ., OPPENHEIMER, J ., and SERBER, R., Phys. Rev. 51 (1937) 1037.
[2 0 ] See K. NISHIJIMA, Phys. Rev. 108(1957) 907; SCHWINGER, J ., Ann. Phys. 2(1957) 407; BLUDMAN,

5 .,  Nuovo Cimento 9 (1958) 433; PONTECORVO, B ., JETP 37 (1959) 1751; Soviet Physics JETP 10 (1959)
1236; FEINBERG, G ..  and WEINBERG, S ., Phys. Rev. Letteo, 6(1961) 381.

[2 1 ] FEYNMAN, R. and GELL-MANN, M ., Phys. Rev. 109 (1958) 193.
[2 2 ] LEE, T .D .,  and YANG, C .N .,  Phys. Rev. 119(1960) 1410.
[2 3 ] FEINBERG, G ., and GÜRSEY, F ., "Approximate Symmetries in the 2 -neutrino Theory", preprint.
1 24 ] IOFFE, B ., JETP 38 (I9 6 0 ); 1608; Soviet Physics IETP n  (1960) 1158: PONTECORVO, B ., Physics 

Letters 1 (1962) 287.
[2 5 ] Theoretical discussions are given by R. BUN-STOYLE, Phys. Rev. 118 (1960) 1605; 120 (1960) 181.
[2 6 ] MATTHEWS. P. T . , Phys. Rev. 76 (1949) 1254.
[2 7 ] LEE, T .D .,  "Application o f £-lim iting Process to Intermediate Bosons", preprint.
[2 8 ] BLUDMAN, S ., Nuovo Cim ento 9 (1958) 433; LIPMANOV, E ., JETP 37 (1959) 1054; Soviet Physics

IETP 10 (1960) 750; RYAN, C . ,  "A doublet scheme for leptons", Dublin, preprint.
[2 9 ] Reference 22, sec. VIII.
[3 0 ] BLUDMAN, S ., Phys., Rev. 115 (1959) 468.
[3 1 ] Some authors have attempted to relate the M-e difference to an asymmetric coupling o f  leptons to a 

neutral boson. See KOBZAREV, I .,  andOKUN, L., JETP 41_(1961) 1205, Soviet Physics JETP 14 (1962)
859, where references to earlier literature are also found.

[3 2 ] One may attempt to estimate such effects by S. DRELL's method, Nuovo Cimento 11 (1959) 694.
[3 3 ] FEINBERG, G ., and WEINBERG, S ., See reference [2 0 ] .
[  34] The factor i/V § is conventional. In the expression for J ̂  a derivative with an arrow to the right (left) acts o o  B

on B2 (Bj ) only . The B-operators in (5 .2 )  and also the M-operators in (5 .5 ) are to be considered as 
free fields.

[3 5 ] Generally one should not introduce as separate terms in the currents such "mesons" which decay by 
strong interactions. Their presence should be expressed by the structure o f  those terms in the currents 
which correspond to the decay products o f  these resonances. (It may under circumstances be necessary
to consider other than bilinear meson term s.) I am indebted to Dr. M. BEG for a discussion o f  this point.

[ 3 q  ROE, B ., et a l. Phys. Rev. Letters 7 (1961) 346; DOBBS, J., et a l . , Phys. Rev. Letters. 8 (1962) 295;
BROWN, J .. et a l. Phys. Rev. Letters 8 (1962) 450.

[3 7 ] PAIS, A ., and TREIMAN, S ., Phys. Rev. 105 (1957) 1616.
[3 8 ] The general 8-decay matrix element for the ^-process is discussed by ALBRIGHT, C . ,  Phys. Rev. 115 

(1959) ''50.
[  39] See references [  7] and [ 8] .
[4 0 ] The validity o f  CP-invariance in leptonic K-decays has been questioned by SACHS, R ., and TREIMAN,

5 . ,  Phvs. Rev. Utters, 8 (1962) 137.
[4 1 ] WEINBERG, S .. Phys. Rev. 112(1958) 1375.
[4 2 ] TREIMAN, S ., Nuovo Cimento 15 (1960) 916.
[4 3 ] See reference [4 1 ] . R denotes the rate. The phase space correction changes the right hand side o f

Eq. (5.211 to 1 ,57 , see reference [2 2 ] .
[4 4 ] LEE , f .D . ,  andYANG, C .N .,  Phys. Rev. Letters 4 (1960) 307; YAMAGUCHI, Y . ,  Progr. Theor. Phys.,

23(1960) 1117: CABIBBO, N ., and GATTO, R., Nuovo Cimento 15 (1960) 304; LEE, T .D .,  MACKSTEIN,
P ., andYANG, C .N .,  Phys. Rev. Letters 7 (1961) 429.

[4 5 ] Implications o f  the conserved current theory for the ß-decays o f  into A are discussed by CABIBBO, N .,
and GATTO, R. Nuovo Cimento 15 (1960) 159.

[4 6 ] OKUBO, S ., MARSHAK, R ., and SUDARSHAN, E., Phys. Rev. Letters 2 (1959) 12.
[4 7 ] ELY. R .P .. e. a l . . Phys. Rev. Lexers, 8 (1962) 132; ALEXANDER, G ., et a l. Phys. Rev. Letters, 9

(1962) 69; these papers deal with A S /AQ problems in K {3 -decays. BARBARO-GALTIERI, A ., et a l . ,
Phys. Rev. Letters 9 (1962) 26 report an example o f  £ + —t p + e + + v decay which also violates A S /A Q  =
= -1 .

[4 8 ] PAIS, A ., Nuovo Cimento 18 (1960) 1003; BEHRENDS, R .E ., and SIRLIN, A ., Phys. Rev. Letters 5 
■(I960) 476; 8 (1960) 221; Phys. Rev. 121 ( 1961) 324.

[4 9 ] In Eqs.(6.1) and (6 .2 ) v,i denote any lepton pair allowed by all conservation laws.
[5 0 ] I am indebted to Dr. G . FEINBERG for stimulating discussions on this point.
[5 1 ] For a discussion o f  such non -local effects see LEE, T .D .,  andYANG, C .N .,  Phys. Rev. 108̂  (1957) 1611.



618 A. PAIS

[5 2 ] This general approach was first followed by LEE, T .D .,  andYANG, C .N ., Phys, Rtv. 120(1962) 2239.
[5 3 ] PAIS, A .,  Phys. Rev. Letters 9 (1962) August l ;s e e  also, GOURDIN, M ., and MARTInT Ä .  . CERN 

preprint, 3 56 8 /T H .261, 1962.
[5 4 ] In E qs(6 .8  -  9) the upper and lower signs refer to the reactions (6 .2 )  and (6 .1 ) respectively.
[5 5 ] See also ref. [5 2 ] , footnote 13.
[5 6 ] See ref. [3 7 ] , Fig. 1 (b).
[  57] These expressions are in general not all positive, as is the case for the structure functions in ref. [  53] .
[5 8 ] See TOLHOEK, H ., and DEGROOT, S ., Physica, 17(1951) 81 and ref. [41] Theorem 1.
[5 9 ] C f. AZIMOV, Y a . ,  and SHEKHTER, V .,  JETP 41 (1961) 592, Soviet Physics JETP 14 (1962) 424 and

also ref. [ 15] .


