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This publication is of a preliminary character.
To facilitate the rapid appearance of Reports, they

are printed in the form as presented by Rapporteurs.



Tﬁis report was to have been given by‘Profeséor A. Pais,
who hoﬁever found himself at the last momeﬁf unadble to attend
thé confercnoe. He 1nforméd me of this circumstance essentially
as ; was boarding the airplane in New York 10 days‘égo; and he told
me to do ny dutj, aé he saw it, He providéd me with a timely'
review manuscript which he haé prepared, based on a comprchensive
survey o:> the literature, 1n§1ud1ng the latest preprints and even
. rumors, The still newer developments reported at this conferénce
I shall transmit to hinm, fory}ncorporation into his final report
for the‘Confereice Prooeedings. Since I did not myself have the
ohénce to do tﬁe neoessary preparatory homework, my role will
have to be that of rappdrteur to the rapporteur; and here I shall
touch only on a limited range of toplcs. k ’
Insofar as the weak 1nteract10ns are oonoermed, 1t 1s clearly -
so that the most striking new development we've heard about was
containedliﬁ the réport by the frinceton group, Christenson,
Cronin, Fitch, and Turley. They announced the discovery of a two=
pion mode of'deoay of.;he K°2 meson, & reaotion which on the
faoe of it implies the breakdqwn of CP invarliance. Some further
experimental oonfirmation was reported by Wattenberg, on behalf
of the Il1linois group of Abashian, Abrams, Carpenter, Fisher,
Nepkens, and Smith. ' :
One has alreédy heard, espeoially over fhe ciinking sound 6f
Vodka glasses, a great deal of agitated disoussion about the

experiments and their implications. Luokily for me, however, no



‘theoretical paper on the’mafter was formally presented to the
cdnfe:enée; and I am ﬁherefore not obligated to provide you with

a full theoretioal framework for fhe understanding of this ekcit—
ing new development. It 1s safe to predict, however, that a grow—
\iné volumelof thebretiﬁal papers on CP will shortly bggin to
appear. We can only hope that the experimentalists, wWho carry

the real burden, will oontinue to lead the way.

‘The implication of the experiments is thaf the long-lived
neutral K meson can deday, in cdmpleteviéolaéion, into two pi~-
mescns, In the aotual sét—up of the Princefon group; the gveﬁts

‘ in fact took place in helium gas; and some peoplé have worried sbout
this, Cronin, however, presented convincing evidence to the
ef:ect that our conventional understanding of regeneration is
sufficiently correct to rule out the possibility thatvthe events
seen came from regenerated Kol mesons. Moreover, in the set-up

. of the Iliinois group, the decay efents took place in vaouum. No
doubt, however, it still remains an important task for the future
to check these claims in a variety of ways, and to go on to a
search for further evidence of CP violation in other weak inter~
actions. Aiso, through the CPT theorem, whieh_itsélf may not be
imoune,. the overthrow of CP invarianoe of course implies a corres—
ponding fate for the principle of time reversal invariance, and
tests for this too are very much in order. _

A number of schemes fqr preserving CP invariance in the
face of the raw experimental results have been put forth

. - . s :
informally at this oonferenoce, especislly at the Vodka sessionge



~“Some peoplé’have raised the‘quqation whether the neutral
K° beam still contains Some KQI oomponent at the apparatus, even
though 1tﬁis many nominal-K~°1 lifetimes from its source. In effect
the question is whether unstable particles, in particular the Kol‘
vreqlly decay exponentially_in the way we learned as childfen;'eyen
oyéf very long lntervals of time. Perhaps what is 'initially a
fast; essentlally exponential decay-ourve, turns after a time
into a slowly varying curve, The exact way in which an ungtable-
éystem deoay with time has been a fitfulsubjeot of theoretloal
discussion for many Years. Although there is little expefimental
doubt about ‘the exponential nature of decay for early times,.
there is surprisingly 1little experimental confirmatiom, as
Fitoh has pointed out to me, for times much longer than a few
mean lives = oépecially where sub nuclear deoéy is concerned.

After all of this hag been sa1§, however, 1t seems besat to
interpret the K°2 décay results at face value as evidence for the-
violation of CP invariance. And via the deeply rooted CPT
theorem we maylalso regard time reversal invariance as being
itself suspected. According to the Princeton group, the amplitude
for K°2¢ 2~ decay is approximately 2 x 10—3't1mes smaller in
magnitude than that for Kolﬂ 27decay. Thls appears to represent
a very small degree of CP violations - annoyingly small. 1t
contrasts with our earlier experience of the overthrow of-paritj
and charge conjugation invarlance in the weak interactions. Wwhat
is n@w exerclsing these people who accept_the experiment at o

thelr face value 13 this: is there' some -theoretical sense in which

we can regard this degfee of CP violation as being in fact large?



The nofion is not a very precise one as stated. Butyfhe question
is, are we alldwed to imagine that CP violations might be large
elsewhere in some weak reactions, in such a way however thét*
fhis would be consistent w}th the small effect seen for K°2

deoay irto two pions?

Aocording to our customary views, we ordinarily see weak
interactions effects only to 1owesf order, So, for exgmple, cp
violation for, say, nuoleonlﬁ—decay would not necessarily imply
CP violation for sayd 3decay, even apart from the possibility of
aocidental dynamic ca;cellations. The one prooess is determined
by a strangeness conserving current, the other by a strangeness
changing one; and they do not communicate with each othar insofar
as first order effects are conoerned. Similarly thevparity 
violafing non leptonic weak coupling which determine, say, xt decéy
into 2 pions do not communicate with the parity conserving
counplinés'that determine K* - decay into 3 pions. But the
neutral complex of K°1 and Koz mesons is unique in this regarde.
The very linear combinations oi’,Ko and K° which oonstitute the
K°1 and K°2_mesons states are determined:by second order effedts
involving virtual two-step transitions between k% and E°.

If we were to consider such transitions only on the mass
shell, then, insofar as the 2 pion mode of K° and E° decay
dominates all other modes of decay, the linear coﬁbination of

KO

and E°:which constitutes the long-~lived K°2 could not have
a very large amplitude for decay into tio pions, no matter how R

badly CP invariance were violated. This was noted some time ago



by Weinberg. ~'But whemn = off-mass virtual transitions are taken’
into aocount, the“conclusion ho”ldgger follows if the parity
‘violating non-leptonic Hamiltonian also violates CP invariance,

T It bééqﬂgéAthéh a hard and quantitative question whether K°2‘
decay would still be Suppressed appreciably. On the other hand,

. 1f this part of the Hamiltonién- 'the pert which converts K
and K into 2 pions — is CP oonserving, then CP violation elsewhere
would more surély have only a small effect in dausing a deﬁartﬁré
of the K°2 state from one whioh is purely odd under CP.

'Along these lines, in a recent preprint Sachs has proposed
the follo&ing possibility. Subpoae,'contrary”tbvm"st pufrenttﬂ
bélief, that the stréngeness_éhanging hid:oh‘cufrents invblve
a 45=4Q part as well ;s a 4S 2Q part. Then the transition from
Ko to K% could be effeoted, among pther ways, 5y a.two_steﬁ" )
combination of 2S5 =2Q and «S = -aQ transitions. If the CP“viola—
tion oocufs as betweén these two pieoes, even though the non-
leptonic interaotions were perfectly CP conserving, this would
alter the combinations of K® and K° that constitute the‘Kol

and Kozistates and séme K°2 deoays into 2" pions could take place,
With roughly equal amounts of 48=cQ and aSQZQ,'and with maximal

CP violating phase between themgd, Sachs finds that he can account
roughly for the magnitude of.the‘KoévZﬁeffeot which is seen.

Of.coumse, experimental evidence for appréciable‘,s'= ~aQ
. currents is not very compelling these days. Fry has pointed out

however, that if the »S iﬁo current is mainly fector, one 6ouid
understand thehexpérimehtal absence of KtJZZt e~ + ¥ 'decay‘ ‘
(the axial current dominates kinematioally here over the vector),

+
and also perhaps the absence onffdecay (the axial current



.

~contributlon roughly three times as much as a veotor curfent
of equal intrinsic strength). Of course K°eB‘and K° 4 decays
are pur?ly vectorial, so here anya 8 =-aQ contridbutions have
a good chance . to show up. But as Sachs and Fry have argued, in
analyziné the experimental data, one should re-—examine matters
in the light of possible large violations of CP univariance.
Hitherto, the analyses have been based on the assumption that
-CP 1nVariance holds true. .
I have singled out 1n the above only omne of the possible
waysifo account for the small amplitude for K°2-r27rdecay on
a scheme involving somewhere a large violation of CP invarlanoe.
One oan of course put the blame directly on the non~leptonic
Hamiltonian itself, and perhaps elsewhere too. The game then
is to do this in somé elegant way and to avold the creation of.
a too large amplitude for K°2 ~ 2x decay. On the current-~ current
model of the weak interactions, Cabbibo, for example, has suggested
that perhaps the so-oalled second class currents, hitherto
generally thought to be absent, are in faot present and CP
violating. There is no obvious reason why the division should
occur 1nvthis'way, although 1t has a certain aesthetic appeal.
But one must make sure that not toe much K° 5 is thereby 1ntroduced.
The second class currents, to be sure, would in any case be
suppressed 1in }ﬂecayz but for purely kinematic reasons not
applicable to the problem under discussion. We can expeot in the
near future to hear many other proposals, but 1mproved under-

standing will probably have to await further experimental leads.
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Let me now turn to some other topiés in’ the weak interactions,

1. “As a.result of new, precisionrcalculations for the wave
functions of wmesic hydrogen molecules, a highly quantitative
. ‘basis hgs now. become -available for the analysis of the fundamental -

ogpturg reéotionfxtvnwvnqi. The present situation was reviewed
fqr us by Ericson, As we already knew before, from captpre
experiments in’ hydrogen and in complex nuc;ei, the dominant form
faotors, veotor and'axigl veotor, are very nearly ldentical to
thogse whioh appear in ﬁdeoay. This accords with the principle of
eleotron,/ﬁmeson universality. In capture, which involves the
larger momentum transfer, velocity dependent terms also have a chance
of showing up, so that other forﬁ factors of the nuclecon-lepton
interaction can also be studied -~ in particular, the weak magnetism
and induced pseudosoalar terms. Sincd there is independent evidence
in -gupport ‘'of the conserved vector ourrent theory, the tendency
is to accept from the theory the implication for the weak magnetism
term and also to aocept electronlfemeson universallity. This leaves
then the induoced pseudoscalar term as an object of inquiri, together
with the possibility of detecting the presence of the second class
current terms., If one for the time belng omits the latter, then,
according to Erloson, the moleoular theory and corresponding
hydrogen capture experiments are now sufficiently good so that,
golely from hydrogen capture, one oan determine the lnduced
pseudoscalar ooupling constant gp to a pretty fair aocuraoy. He
reports that the ratio gp/gA can be said to be in the range + 4 to +12
the best value being about 6.5. This agrees well enough with a
theo;etical estimate obtained‘some time agol gp/gA=r7.‘ On the
other hand, for capture by complex nuclei, there is some evidenoe

which shggests considerably larger #alues of gp. For complex



nuclei, there are of course the usual complications involved in
getting nuclear matrix elements. But as Erioson has emphasized,
:there arises the deeper qhestion'fof veloolty dependent tefms
"suoh as the péepdoécalar one: how reliable 1s our conventional
treatment of the nucleus as being & beg of nucleons insofar as the
analysis of velooity dependent effects in*téapture'ié'cénoerned7
Should the effective value of gi'for example, be the: same in a
complex nucloeus as it 1s 1n/Acapture by hydrogen? There 1s a
Ph.D, degrée” in this question. ’
2. One 6f the dominant themes in present-day discussions of
weak interactions has to do with the introduction of SU(3) notion
“ into the theories of these prbcesses. Cabblbo has introduced a
model in whioch the strangeness conserving (4S=¢) and strangeness
changing (a5</) charged currents are taken to be members of a
common unitary octet. The vector and axial currents are written
V)\ = e,V (38=¢) + 5in 0y Vi (05=1)
A= Eon @, : A, (as=0) - Scin e Ay (as5=7)

Cabbibo acoepts the CVC hypothesis for V’ Gﬁ~éand he supposes,
further, that 0 Q

Negleoting violations of ‘SU(3) symmetry in the strong in~
teractions, one can compute /E’ / from a comparison df‘Kﬁe and /UL
decays->/0 /from a comparison of K_. e3 andh decays. “According to
Brene, Hellesen and Roos, one fj.ndslsqfn 0.264-0.004, [9,/~0.218i0;015,
the near equality‘being rather impressive. From an analysis of
hyperon decays, Brene et al., find & consistent fit, on the
assumption é: 9 =0, with. =0,240%0.014 and with d to £ ratio of
axial veotor matrix elements’ similar to that of pqeudoscalar meson
coupling to baryons in’ the strong interactions. The overall -

consistenoy 1s-quite remarkable.
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3. Concerning thegﬁﬁé rule for‘npnlgptonic deoays, the experimental
confirmation 1is presqntly in a véry;good condition. On the éurrent-
current hypothgsié, itvcan be undérstood rigorously only if one

adds tq the usual oharged lepton curfents some additionsl onsse

E An elééant sohema along this line was reported by D'Espagnat. In
terms of intermediate bosons it involves a unitary triplet of bosons
énd a corresponding antitriplet. On the other hand, Dashen,"
Frautsohi, Gell-Mann and Hara have considered the possibility that
only the ordinary oharged currents are involved but that there is
operative a general enhaqoement of the resulting octet non-leptonic
ooupling by virtue of strong interaotion effects. How this dynamical
effect 1s to oome about is not yet fully explained, but these authors
go on. to disouss ways,in which the two possibllities can be dis-
tinguished. The current—current model in general implies that

weak, hence_parity~violat1ng, contributions must occui for non-
leptonic, strangeness oonserving reactions, i.e., for reaotions
dominated by strong couplings. On the ootet enhancement model, as
they show, theseé oontributions must transform ma;nly like an isotopic
soalar; wheréas with extra currents,a laD'Espagnat, there should v
appear also 1mpo£tant terms which transform like an isotopic vecto;.
‘ 4. Marshak, Okubo, and Ryan have raised an interesting possibility
with respeot to upitary triﬁiet intermediate bosons, namely, that
they could interact strongly with ordinary particles without.
jeopérdizing the weakness of normal weak interactions. The bosons
would possess uﬁit triality, henoebwould be stable against strong
decay into ordiqary particles if interaotions stronger than the

weak . ones posseés triality invariance. Of course this means the

II



‘bosons would have to -couple Strongly to other particles only in
pgirs; ‘This opens up the possibility of strong contributions to
boson pair prodpction. Qo earlier views pair produotion wouldvbe
only electromagnetia in strength.
5 1 -oonolude, finally, with a remark oo inelastlio high energy
neutrino-induced reactions. It is due to S.Adler and opens . up
some 1ntorest1ng experimental possibilities, _Consider.a strange—.
ness congserving reaotion

VEN— £ F?g,qlsL<¢‘ .
where N is a nucleon (or nucleus), 1 is a lepton, and/%_/% ocee
- are various other partioles. Adler noticed the following thing.:
Consider the configuration in whioh rhe lepton emerges in the
forward direction, so -that its momentum is parallel with thatr
of the incoming neutrino, Then insofar as the mass of the iepton
can be neglected, the differential .cross seotion for this

.oonfiguration 1s proportional to
>7.1 ,
>
/</'/"—/ X 21).

The proportionality factors are definite but I do not bother

to write them down. The remarkable fact is that for this
‘oonfiguration the differential cross—section is determined aolely
ﬂby the divergence of the hadron current.

In particular, if the conserved veotor ourrent theory is
correot, then the vector contribution disappears and it then
follows that all par;ty violating effeots must voniah for
the forward lepton configuration. Two ekamples:

(1) Consider » +# — Few «ic

In general one can expeot to find that the outgoing nucleon
is poiarized,- e.g.{_t;". {WédHowever, for forward ieptons such an

effect must disappear,



© (41) More usefully, from a practical viewpoint, consider
- P aNloN+ny +f

Again, in general one oan expeot to find in the speotrum
a parity violating tern(("?-qx %).%)The coefficient must however
vanlsh for forward lepton oonfigurationse
) In aotual experiments one of course oannot restricf himsgelf
to precisely :orward lepton events. Presumably one would attempt
to deteot.the parity violating terms for genefal configurations
and then test whether the coeffiolents tend toward zero és the
lebton approabhes the forward direotion, ’ - .

A model caloulation on the reaotioanK*ﬁNhindioates that
<5§€:>‘drops_off fast for lepton angles below 15° for neutrino
" energy E;:/ BeV. Adler has also attempted estimates of the
effect of finite lepton mass, for the important oase where it is
a muon. The dominant effects came from periﬁherioal diagrams and
do not vitiate the conclusion that parity violating terms essenw
tielly vanish in the oonserved vector current theory for forward
lepton oconfigurations, ‘ ‘

The famillsr test of the CVC hypothesis in "elastlo" neutrino
induced reaotionSJrﬁl'va'is of oourse well known, and involves
a cbmparison of the veotor and weak magnetism form factors with
the corresponding electromagnetic form factors for the nucleon,
Adler's remark opens the possibility of cheoking up on the CVC
hypothesis for.general 1nela§tio reactions. '

Moreover, if the CVC hypotheslis 1s correct, then for forward
lepton oonfigurations the sole contributibn to inelastic neutrino
induoed reacfions oomes from the ‘divergence of the axial vector

dprrent. This objeot, as i1s known, has been the subject of a lot.

I3



of theoretical disoussion, There exists an experimentally
succosaful theoretioal formula ihich relates the plon deoay
amplitude to the axial veotor ooupling constant of deoay and the
strong -ooupling constant for plon-nuoleon interactions, It was
Voriginally gotten from some daring manipulations of a disporaion'
theoretic nature. But later it was seen to emerge from another
poin{-of view 'hioh'ﬁ:;ef 1tself to'generalioation./_Acoording to
this, the divergenceiri: is supposed to be suoh a gentle oPerator
that for small momentum transfer the matrix element<3 /‘~‘k.>rece1vea
its main oontribution from the one pion intermediate atate. On this
baéis, Adler has shown that for forward lepton oonfigurations,
the differential cross section for»hnﬂafagyg_must be proportional
to the- oorresponding cross section for 7+,4/-.:/g¢ +.-« In partioular,
the angular distributions of the partioles /3., MUt be the same
in the oorresponding strong and weak_iotefactions 1f these
"partially conserved axial current (PCAC)" ldeas are correot. It
will certainly be of the highest importanoe to oheok these ‘relations
experimentally.

-'St111 more remarkable, however, 1s this. In applying the
" above 1deas to the reactlony+#-fs4sr.7y Adler has notioed that ons
1s led to a certaln relation which coﬁneots the strong pion—nuoleon
coupling'constant G and the plon-nuoleon amplitude & * evaluated
at a certaln polnt in the unphysical region. .

A1l weak ooupling effeots have cancelled out in this relations
whioh therefore amounts to a oonslstency requirement on the strong:
interactions for the validity of the PCAC hypothesls. I will not
write down the relation in question, but I do assert that it is a
oompletely non-obvious equation. Adler has evaluated the amplitude

I4



st afkthe unphysical point 1hvolv¢d by the use of aispersion
relations; and he finds'that-thg'PCAc’relation is remarkabiy well
confirmed;l‘The whole complicated bﬁSinesa will be published in
due time. ) i

Despite, therefore, the disappointment cne may feel at the
failure of W meson searohes in present high energy neutrino runs
it is clear that these experiments have much 1nformation to yleld.
And we now. have also to think about CPJ
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