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INTRODUCTION 1)

It is now more than twelve years since Lee and Yang, Cabibbo and Gatto,
Yamaguchi and others spelled out the theoretical reasons for studying neutrino
reactions. In their Phys.Rev.Letter, Lee and Yang posed the nine questions
which are listed in the Table. It is interesting to examine them and ask how
many have been answered. It will be seen that only one question has been
completely answered while neutrino experiments have so far yielded essentially

no information about five of them.

Thus we are still ignorant about many fundamental questions concerning
the weak interactions and the Table defines a large experimental programme
even without adding the additional questions which have been raised in the
last twelve years. In any case much recent work - particularly that concerning
the deep inelastic region - presupposes answers to the original questions,
which should really be tested first. I intend to begin by stressing how little
evidence there is for many of the ideas which are commonly taken for granted

and then turn to more interesting recent developments.

Apart from )) reactions, all our knowledge of weak interactions has
been derived from studying the decays of only eight stable particles -

,TT, K, N,N,2,=,L2 - and from ,J capture. (This shows the funda-
mental reason for doing neutrino experiments - to study other processes and
investigate the weak interactions at large energy / momentum transfer.) Most
of these data can be satisfactorily described by a simple phenomenological
theory involving only a few parameters. Thus we can distinguish a first goal

of neutrino experiments :

1) to establish the domain of validity of the phenomenological theory

and test the selection rules embodied in it.

It is well known, however, that the phenomenological theory cannot
give a correct description at very high energies (we review the reasons for

this in Section III). Thus a second goal is :

2) to provide clues for the construction of an alternative theory of

weak interactions.

A third is :

3) given a theory, to use neutrinos to probe the structure of hadrons.
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The rest of this talk is divided into three parts in which these goals

are considered in more detail.

II. THE PHENOMENOLOGICAL THEORY

The phenomenological theory can (in part) be stated thus : apart from
T wviolation, all known reactions involving neutrinos can be described by

the effective interaction :

_ . N AN Lt A ]
Log.= SOt T jjptsne )

G

[-Ox |0

EA

P

;): ¥ XA/I'—()/S)WVV
5= Yo yali—xs) W,

is a current which depends on hadronic variables and behaves
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as if it were constructed from quark fields (p,n,A), thus

+
Th= P r(1- X‘)” Cosbe +DYi(1- ys) Asinde

(where 6, 1is the Cabibbo angle) -

>

and the notion of an effective interaction will be defined in the next

section.

The point I wish to stress is that this is a minimal scheme. Inter-
actions certainly exist with the quantum numbers of all the terms in 1:-eff’
which is probably the simplest form which can describe the existing data.
However, the limits on other possible terms are actually very bad. Thus the
data allow quite different forms of lepton conservation laws from that implied
by Eq. (1), neutral currents (purely leptonic or with D\ s=0) with appre-
ciable strength, etc.; the relevant data are reviewed in Ref. 1). Here we

mention just three examples of badly tested "principles" embodied in 1: off °
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1) Semileptonic processes with [& S > 1 should not occur in lowest

order. However, the best 1limit is :
| A(Z°> e~ )l <0 2F
|A(z-> N e Vo)

The Z& S < 1 hypothesis can, of course, be tested in neutrino reactions

vn—+—> pt0R"
i Up—e})*/\"(/(%g/??’), y=o0
etz .

2) Z&S::O semileptonic processes should obey a AL I=1 rule. Examina-
tion of possible semileptonic decay processes shows that they put no constraints
whatsoever on terms with Z& I>2 (in electromagnetic interactions a Z& I<1
rule is also usually assuned but there are no good limits on currents with
I>2 at present). Again, neutrino reactions can provide tests since this

oc(vp> pmAT) L 3 ok
o (vn->p- AY)

3) J% satisfies the "charge symmetry condition" :

+ -iTIT Ao TTIg
Th=-¢ e

(this is equivalent to assuming that there are no second class currents in

vhe approximation that T 1is conserved). This hypothesis predicts

M7= Ne V) = )44
INAORES A et ve)

with which the experimental ratio of 1.60+0.56 is obviously compatible.

However, if we attribute significance to the data [éompiled by Wilkinson et
al. 2)] suggesting asymmetries in the ft values for ﬁ? decays of mirror
nuclei, then we would conclude that the charge symmetry condition is wrong.
Luckily it can be tested by comparing )Y with ;} interactions on 4, Ne

or any I=0 target.



It is commonly supposed that the weak interactions are mediated by

charged vector bosons (Wi) which interact thus :

i= 9w (T Whehc) (2)

where Jk = J{l+‘jr + jf , Wwhich reduces to

A

+— A
Ie({:v__%j;\j)v—%=%) (3)

at low momentum transfers. In addition to the properties already implied by

Eq. (1), Egs. (2) and (3) imply :

1) Additional "diagonal' leptonic processes i

Ve + 2 — Ve t+2

\)p'+'ﬁ/ - VptpV
ele
with definite cross-sections. Sixteen years have passed since this was first
predicted, but these cross=—sections have not yet been measured. These pro-
cesses are, of course, extremely hard to observe directly [ﬁote that C)‘(\)ee)N
~ G2s= 2G2meE%ab = 5x10_43E%?b(GeV) cm2] but they could perhaps be seen
indirectly by observing : FP+ L)-

Vp _4,,¢—””’ iz Vp
p- + b

2%

If there are neutral leptonic currents (as required by various theories
discussed below) the predictions for these '"diagonal" processes would change.

In any case it is extremely important to try to observe them.

2) Non-leptonic processes. These are really outside the scope of this
talk, but we observe that : a) Z& S=0 processes with the order of magnitude
required by the current-current theory are known to exist; b) the well-known
[§S= 1 processes present some problems. Their gross features can be des-
cribed by I='% amplitudes; small) I==% amplitudes are needed but in no

*
case are then required to be > 5% This is not really understood, in my

*) Since this was written I have discovered that substantially larger I=3%
amplitudes are now needed in K- 3W . See the discussion of the papers

submitted by Pirone et al., and Hitlin et al., at the Batavia conference
in the article by Zakharov in the parallel session led by M.K. Gaillard
(to be published in the Proceedings).



opinion, and is a problem for the current-current model. Furthermore, the
model naIvely predicts amplitudes about a factor of five too small for these

processes.

3) The existence of W's. One of the primary aims of neutrino experiments

is to observe tne process :

Wt v
Yy Vp

p- + wt

In this way, W's of up to 15 GeV could perhaps be seen at NAL and the
CERN-SPS. The clearest way to observe W's 1is in e+e_-*W+W-, but there
W > 4.5 GeV. If theoretical

celculations based on the parton model are not badly wrong, W's of up to

are no machines approved which could reach M

about 40 GeV could perhaps be observed in the process pp—W+... at the new
accelerators and the ISR. The existence of W's of even higher mass might
be inferred from characteristic deviations from scaling in deep inelastic

neutrino reactions.

To summarize this section : there is a phenomenologicel theory which

describes most decay processes satisfectorily in terms of a few parameters.
Nevertheless many fundamental questions first posed many years ago are still

open. In particular, we would like further information concerring :

1) the velidity of selection rules, neutral currents, form of
lepton conservation law, isospin properties, etc. [ﬁote that
ideally we would like tests at high as well as low energy; currents
with (e.g.) DS=4or AI=10 could not show up below the 4K and
the 9T  thresholds, respectively.]

2) "Diagonal" cross-sections.

3) W's.



II1. POSSIBLE THEORIES OF WEAK INTERACTIONS

III.A Problems with the Conventional Theory

If we take the current—current form andéd try to calculate second order

effects, we immediately encounter divergent integrals

Ve Ve Ve
BT XX [t o
A ) o

Divergent integrals also occur in quantum electrodynamics but in that case
they can be absorbed by renormalization. Here, however, we are dealing with
a "non-renormalizable! theory and it turns out that an increasing number of
arbitrary constants must be introduced in each successive order to render all
matrix elements finite. Ar alternative way to look at the problem of the
divergent second order amplitude above is to consider cslculating it by
writing a dispersion integral over the imaginary part, whick i1s proportional
to the lowest order cross—section for \)e+e-* }%+e. It is a safe approxi-
mation to neglect the electron mass at high energy in this case and therefore

(on dimensional grounds)

(T(\)Q+Q-9Ve+e) —~—" GZQ. (4)
( SO me) 5

Consequently the dispersion relation requires two subtractions , the subtract-

ion constants being the first of the arbitrary constants alluded to above.

Faced with this proliferation of arbitrary constants an "effective

Lagrangian philosophy" is usually adopted according to which higher order

terms are simply discarded and the matrix elements of ;(,eff are supposed

to describe the data completely. However, as is well known, this "philosophy"
must fail at high energies. In the current-current model the interaction
»@+e - \%+e occurs at a point (zero impact parameter). It is purely s

wave and is bounded by unitarity to be < const/s. The predicted cross—
section [Eq. (42] overtakes this bound at the so-called "unitarity limit".

The most stringent bound is actually obtained in the inelastic process
\GJ+e—*f/+ Y  where the limit is reached at E: - ~ 320 GeV (corresponding

v
to By . 107 GeV).



In these processes, the situation can be improved by introducing a W

which "spreads out" the cross-section over many partial waves :

Ve e

W
¢ TS

The lepton masses can again be neglected at high energies and, since the

coupling g, [Eq. (2]] is dimensionless,

IA
do ~

de>  (g2+My)?

for s >> Mé. The dispersion relation now converges

the second order amplitude. [@he s wave cross—-section, which behaves as
2
Ostne ~ Gu by (2,
S Wave G (Mw

still violates unitarity at some astronomical energy, but this is only a

4
y 0~ Gw
Mw*

3) and we can calculate

problem if we adopt an "effective philosophy" and reject higher orders; even
renormalizable theories eventually violate exact unitarity if we work in a
fixed orderJ

Although in processes such as \}e+e-+ )g+e the high energy behaviour
is greatly improved by the introduction of a W, we are now faced with

disaster in other diagrams such as

V ~S W

e

The problem occurs when the W 1is longitudinally polarized. In its rest

frame the W's polarization is described by three vectors :

t O 0 O
X I O 0)
Y ol |l |)|o0
pA O 0 |
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Under a Lorentz transformation along the z axis the transverse (T),
x and y, components are unchanged, dimensional analysis still governs at

high energies and
J‘(V{J_—)M—WT)'V_Q_»Z'.
S
(S»Nw)

However, the longitudinal (L) polarization vector becomes

&= g (Rho,0k)= o 1o/

(o> Wik~ 9w S
(sywny) MW

rendering the contribution of the WW state to the fourth order (in gw)
amplitude for V V- VU uncalculable except in terms of arbitrary

constants.

Another way to exhibit this problem is to note that the spin projection
operatbf (obtained by summing over the polarization vectors above and writing

the result covariantly) is
J €€y = -G+ keky

The kr’kV term (due to the longitudinal component) prevents the propagator

ke - M

from falling off as su-* @ thus maeking higher order terms unrenormalizably

infinite.

Before discussing possible ways out of this apparent dilemma we consider

attempts to estimate the cut off energy / momentum )\ beyond which the conven-

tional weak interaction theory is expected to fail (the strong interactions do

not provide a cut=-off according to current algebra = light cone - parton ideas).

Estimates of the most divergent contributions (due to Ioffe et al.) to
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KE__ + P_ yield A < 23 GeV, while (yet more model dependent) calculations
of the K;—Kg mass difference give ~ 4 GeV. This suggests that the
conventional theory may fail at quite modest momentum transfers and is there-
fore very encouraging for experimentalists. However, it has to be said that
the details of the calculation would make no sense in finite theories, al=-
though they are probably valuable as order of magnitude estimates. [@e shall
see below that these results are embarrassing for theories which unify weak

and electromagnetic interactions in which x ~'Mw ~ e//a is expected;I

III.B Some Possible Theories

We have discussed the fact that with the simple current-current form
or the traditional picture with W's [Eqs. (2) and (32] we cannot calculate
to all orders without introducing an infinite number of arbitrary constants.

In the latter case trouble first occurs in diagrams such as

Vo S W

4
v > W

We now consider some possible ways out of this problem.:

1) It can be asserted that "perturbation theory is irrelevant". If this
were so, it is not clear that i of f would be connected in any way with the
"true" Lagrangian. In any case, such an assertion on its own is scarcely

scientific, being without predictive powers.

2) Salam et al., have considered "non-polynomial Lagrangians" which are
closely related to Eg. (2) 4). Techniques have been developed for handling
such Lagrangians (at least in simple cases); the method amounts essentially
to giving a "minimal" prescription for assigning values to the arbitrary
constants encountered in the usual approach. It would be nice if advocates
of this approach could commit themselves to definite predictions for higher

order weak interactions and high energy behaviour.

3) As observed by Gell-Mann, Goldberger, Kroll and Low, the propagator
;3 which connects currents j; and j& can be made to behave as
1/¥° as k—® provided i# j, by introducing additional scalar bosons

with a derivative coupling to jf’ thus :



')
AVV = —3w+_k_fﬁ’%) N ﬂé*fij fep kv

k* - My =M

(This led these authors to stress the importance of measuring the diagonal
- i=j = matrix elements which, they suggested, might be described by
something quite different from the conventional theory.) The non-renormal=-

izable divergences of higher order diagrams could all be removed if the
second term entered with a minus sign. This means abandoning the notion of
positive metric and seems to lead to violations of unitarity, e.g., the

amplitude corresponding to the diagram
Ve \\\ ///// \%
?./ \

has the opposite sign than in usual theories; the imaginary part of this ampli-

2

tude gives the probability for producing the particle S which is now negative!
Lee and Wick observed 5) that this does not matter if all negative metric
particles (such as S) are unstable and therefore cannot really be produced.
With four new bosons in place of each one in the conventional theory, all
amplitudes can be made not only renormalizable but actually finite; similarly
a negative metric "heavy photon" can be introduced to make electromagnetic
amplitudes finite. The most important experimental implications of this model
are the existence of scalar bosons, which should be produced by neufrinos

[éote, however, that if M, > M, we expect
W— S+
Ls hadvons

to be the dominant decay modé], and a "heavy photon" which should be seen
. - + - -
(e.g.) in eTe ™~ VY p and pp P+P+ e

6)

are mediated by scalar bosons (so that the theory is renormalizable) whose

4) "Conspiracy". Models can be devised in which the weak interactions
couplings are arranged so as to simulate the usual V-A interaction at low
energies. For example, in the theory of Kummer and Segré, FJ decay is a

fourth order process, described by the diagram :



—
P — — — — - -

Q p—
*
v e*
®° -
. _——
where B are heavy scalar bosons and ¥(e*) 1is a heavy muon (electron).

A large ménagerie of new particles must be introduced, whose couplings must
conspire to satisfy many relations, in order to reproduce the successful
aspects of the usual theory, such as (e.g.) CVC (which in this model appears
to be an accidental small momentum transfer effect). The existence of these
models is of considerable interest but, in view of their inelegant features,

I personally would only advocate them as a last resort.

5) M"Evasion". It has been suggested that W's may interact strongly
with each other 7) (some models have been proposed in which they also interact
strongly = in pairs - with hadrons). These strong interactions could damp
out the bad high energy behaviour encountered in the usual theory, e.g., by

a final state interaction in the example considered previously :

vV - ~>W

V— b~ - 4

This suggestion is evasive in the sense that it shifts the problem into the
intractable realm of the strong interactions. Presumably strongly inter-
acting W's should exhibit typical strong interaction phenomena = bound
states, resonances, Regge recurrences, etc. Thus there may be large families
of new particles dubbed "sthenons" by Appelquist and Bjorken 8 at the
insistence of the editor of Phys.Rev. (in place of the earlier name "nguvons"
which replaced the original term "Garryons" - in honour of Garry Feinberg

who was one of the first to consider strongly interacting W's).

Experimentally these models imply that for s >> M2 the diagrams

W
‘J
V
W

w

= Sltenons



become important and

O"(\)A—a Pt S%ewm-f—% o
o (VA= p— + hedions)

(the linearly rising total cross—section having flattened out at vaMﬁ, as

in all models with W's). PFurther implications are considered by Appelquist

and Bjorken 8).

6) "Cancellation". The last possibility which we shall consider is to
introduce new contributions which cancel the bad high energy behaviour en-
countered previously. Systematic attempts to do this lead more or less
inexorably to spontaneously broken gauge theories of the Higgs type. In view
of the recent interest in these theories we shall now discuss them at some

length.

9)

III.C Spontaneously Broken Gauge Theories

Motivation 10)

In order to cancel the bad high energy behaviour encountered in
\)5‘*WW with other contributions in the same order, we must introduce new
exchanges in the s channel or the t (or u) channel (whose couplings can

be adjusted to cancel the offending terms) :
v

_ e ’T‘ = CL41J-/0W’ _ E
EL_____V\/\/C>'V¢ _)i___J~’4_~’£> W

v >\r\/
Thus cancellation requires the existence of either neutral currents or heavy
leptons (with Q==%1) or both.

Next consider the reaction e+e_-*W£W£ in which the diagram
et W'
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leads to disaster. In this case there exists another contribution with which

it might be thought that cancellation could be arranged :

42+ /\/ﬂ—f&e> L\/*

v

—

However, beczuse cf the V=A vertex structure, this is impossible since we

can always polarize the electrons so that this contribution vanishes. Once

again cancellation requires the introduction of new exchanges :

4 W < S W
z ond |ov !

(where IQE,|=:O or 2). If, in the interest of economy, we wish to use the
same 2 (and/or related particles E end E') to effect the cancellation

in the case of e+e_-’W+W- and L’17—*W+W— then there must be a relation

between the strengths of the weak and electromagnetic interactions.

If we actually pursue this cancellation idea systematically in pro-
cesses of the type Lf—*WW, then we are led to relations between the couplings

10) (i.e., the "conspiracy

which are characteristic of Yang-Mills theories
relations" needed to give the desired cancellation look rather natural since
they have a Clebsch-Gordan like character). It is well known that the electro-
dynamics of charged vector bosons is best behaved at high energies when the
gyromagnetic ratio has the Yang-Mills value )\ = 2 [;.g., in lowest order

c'(xx—»ww)rvs, for )\ #2, ~ins for )\ =2].

It turns out that renormalizable theories involve one more new type of
particle - scalar mesons (f) coupled to W's and to fermions. The necessity
of the ﬁ can be motivated by considering ile—* ZW; with the couplings
introduced so far, this process makes a divergent contribution to {%e-*ﬁjee.
The introduction of @'s 1is the simplest way to achieve convergence [é more
detailed discussion of this argument, which is due to H. Quinn, is given in

the Appendix to B.W. Lee's article 9)1.
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To sum up : the demand that all Born terms are well behaved at high
energy in a theory with W's requires the existence of neutral currents and/or
henvy leprtons with couplings of the Yarg=Mills type; 1in higher orders new scalar
mesons are nocded. Durth_er: it is most economnical to unite the weax and clectro-—
magrictic interactions. This leads to a relation of the form MWN‘X/A/EN 100 MeV.
Thus in Weinberg's model MW= 37 GeV/sin® > 37 GeV while in the Georgi-Glashow
model MW= 53 Gersim(?; < 5% GeV  when 8 and ﬁ are paraneters in these

theories.j

¢se, then, mpponr to be necessary conditious for the constructicn
07 a renormalizadle theowms of thic type. It is now believed that they are also
sufficient counditions and that spontanecusly broken gauge theories with these

ingredients are rerornalizable [_thesL developaents are assoclated with the aames

ot Higgs, XKibble, 't Hooft, B.W. Lee Welinber Salam and otlers }‘T
b 9 b b b

N L a
2

Techmnical aside : whal Ls o spontaneonsly orcken gauge theory 7 Rescall

. ) ) ) . . - ieX
chot the invariance of Lagranglans under phase transtformutilons \.[) e (V

lrads to cheorge congervation. 16 we allow 9( te become an acbiilrary function

of space TLme {x) and s1ill demand invariance then we must introduce a
new masslees ficld AV witle. toaasiorng as AP—* Ay fD,,’.)C and (as a

ALL

;wquirrs‘m\-n;) nexe the replacemnent BVW - <BP —lehp )q) in the

Lagrangian. This gauge invariance leads to vhe well=known result that in an
amplitude invelving & photon with monentun X we can malte the replacement
ev(f)—’ el"(k>+FkV without cnanging any physical results. Recall that

the origin of the problen with W's was lhat

L
Ep (k) = ke +0/kw).
Mu/
[f there was some sort of gauge invariance for the cherged W's, so that we
could change e’/ by terus proportional to kV with impunity, then the
B4 terin in eﬁ‘ would have to be totally ineffective and our problems
would be solved. Yang and Mills showed that the required gauge invariance
can be obtained by g ener ~f]1z1ng invariance under such transformations as,
€eey lSO p:u)i LP - et AW ) to space time dependent transformations
(W - e <X W ); this requires the introduction of isospin multiplets of
vector mesons (W's). The problem is that the invariance requires that My=0.
This is avoided by producing a "spontaneous breakdown" of the symmetry so that
the solution (in which M #0) does not have the full symmetry of the
Lagrangian (in which MW= O) 11), traces of the symmetry remain in the rela-
tions between the couplings which give rise to systematic cancellations in
divergent amplitudes (in the way discussed above). The spontaneous breakdown
in implemented by introducing scalar mesons 8 coupled to the W's (as
already encountered above); the @'s have a self-interaction such that at
the classical potential minimunm o= }\;é 0. Thus in the ground state the coupling
(4%2‘!\/2) becomes a mass term {(~ )\2W2)
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Problems : the introduction of neutral currents and/or heavy leptons
and f's seems a small price to pay for a renormalizable model which unites
weak and electromagnetic interactions. Why then has no model emerged which
has gained general acceptance ? The problem is that in all models considered
so far the baryon structure is a mess. It turns out that models with three

12).

quarks are essentially impossible Since we do not want a [ﬁ S=1

neutral current, the badly behaved quark amplitude

Y

A L\/

57
A ________arv’¥/<> »\/

cannot be cancelled with an s channel exchange. New t (or u) channel
exchanges require that the number of "quarks" is increased to at least four;
thus schemes with 5, 8, 11, etc., "quarks" have been considered. These
schemes go beyond SU(B); a new quantum number, conserved bty strong inter-—
actions, called "charm" (a sort of new strangeness) is introduced and SU(3)
is supposed to hold as a low energy remnant of some higher symmetry. The non-
appearance of "charmed particles" is explained by attributing large masses to
them. (We consider the phenomenological implications of charm very briefly
below.)

Another problem is that those second order effects which are quadra-
tically divergent in the phenomenological theory are of order G(GM%)AJGCK
in these theories. The fact that Kz—’ rJ+ rJ— does not occur above the GO(2
level can generally be arranged at a price [é.g., in the 0(3) model of
Georgi and Glashow this can be done by increasing the original choice of 5
quarks to 8 13)], However, the fact that
~ 1 2
y?ﬂ o - »44 o N - e 6;
KL /(S 2 KS
is harder to explain; again it is easy to suppress the natural magnitude
(~Ge) but the fact that it is suppressed to exactly the conventional second

order level has to be put in by hand.

Regardless of the validity of the theories considered above, they have
already played an important role in stimulating experimentalists to improve
the limits on neutral currents. It is to be hoped that they will also
stimulate searches for heavy leptons and charmed particles. We now examine

some relevant phenomenology.
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1) Neutral currents. The failure to observe neutral currents in neutrino

reactions has cast considerable doubt on the only known model [}he
SU(2)xU(1) model of Weinberg| which has no heavy leptons 14). However,
there are plenty of models with neutral currents as well as heavy leptons
In some of these the neutral current is not coupled to the neutrino, so its
only observable effects might be in e+e_, eN and r) N collisions. Un=-

fortunately the effects are probably small; the interference term in

P M
. : > ;
Y —+ <

is of order GQ2/4Tﬁx relative to the purely electromagnetic contribution
[@ut the apparent violation of scale 1nvar1ance produced by the Z might
" be detectable at very high energies 5 I e.g., a simple guess for the

parity violating difference of cross-sections for left and right-handed

P's (e's) gives

ldot-de®l _ 1074 [ 4w \ O* Q%

*)

C* CV'L + ‘icr'f( 3 '*'JZS rqi} 2 r1p E}?L.

(where (O = 2V/Q%). More serious estimates are given in Ref. 15).

2) Heavy leptons 16). We only consider here heavy leptons of the type en-

countered in gauge theories, which have the same lepton numbers as muons
or electrons; a review of some ideas and evidence about these and other
species of heavy leptons has recently been given by Perl 17). When we
considered cancelling part of the electron exchange contribution to
\)ﬁ-*WW we were led to contemplate the introduction of a heavy lepton in
either the t or the u channel. In simple models, it turns out that

in this case the sppropriate choice is such that there is an M+ with the
same lepton numbers as V) and M ~. Cancellation in ’/+'rf—»w+w'

is likewise achieved with an MN°.

*) A survey of several models has been given by J.D. Bjorken [}o be
published in Proceedings 1972 International Conference on High Energy
Physics (Batavia)]. See also the Appendices in Ref. 16).
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Thus the fundamental vertices are
M+ Mo
VV VH

W )Wﬁr

W Mo .p..
W~ wt

[@ore technically, when we augment the simplest "iso-doublet" structure
( Vp, y_) we are led, e.g., to consider "iso=triplets" *, Vp, V),
and M°'s mixed with My . The fact that M' and M~ have the

same lepton number will be seen to lead to very good signatures for M

_M°

procduction.

The decays are simple to investigate. The main results are

a. according to currently popular ideas :

P(M*—) Le/,o‘L?u) ~ |
r’( Pjg-aa Lefizn4bbua4¢vvn4 }

thus making it easy to identify M's from their leptonic decays.

EIf Mheavy lepton > MW then the dominant decay mode is M-’W+lepton.]

b. for masses > 866 MeV 18), the lifetime of this particular species of

heavy lepton is such that they would not leave visible tracks.

Several production processes might be contemplated :

Vp PTLP
>{ Lpe Ve
Vp TV
- V/u e+ Ve
>

Uy + hadboes

In this process M's with mass almost up to. the beam energy should be

seen with the design luminosity of machines under construction (giving

limits of ~4.5 GeV in a few years).
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+ -
2. a/ A—M M +... by the mechanism

3

The cross=section can be calculated exactly . It seems unlikely that
mass limits of > % GeV can be set from this process with machines under

construction.

Uy A MT a4

‘ V 2* Ve
Vp

P Vp
U,u-f'}uuéwa—»vs

The resulits of o timoawl dependent) calculation of the cross=section are
shiown in the Figure. From thie fligure we may probably conclude that

My+ > 1 GeV. I the CERN 1967 HLBC experiment over 100 events with

Ky > 4 GeV were observed. Were M+ to exist with mass ~ 1 GeV, there
would huve been > 25 M+ production events as well. Were M+ to have
a2 mass ~ 1.5 GeV this number would drop to ~5, probably consistent with
the data. On the basis of this figure we conclude that neutrino experi-
ments at NAL and the CERN=-SPS could eventually set mass limits in the
5=10 GeV range.

PJ+N-*MO-+... . In models examined by us :

bx 16 ot % 0~ % 2-5x10 %%

for a fully polarized T pear (the best case) of 100 GeV, and
Y ’

MMO < 4 GeV. This experiment looks possible but very difficult.

5. e+e——*Mo-§L. The cross-section is very model dependent, e.g., for
E/beam= 4 GeV end M o < 2 GeV it is nominally ~2x1o'37 cmz, but it
turns out to be actually rv1O—35 cm in one model.

6. pp=M'M +... . The cross-section is given by :

o(pp=>MTH+-) = [)- 4MH>/Z( )+ 247
c(pp—> ptp+ )




Iv.
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The feasibility of finding M's (or heavy electrons) this way depends on
how large (& (pp~ rf-}j-+ ...) turns out to be.

Charm. As discussed above, fashionable theories suggest the existence of
a new '"charm" quantum number. The properties of "charmed" particles are
quite analogous to those of "strange" particles except that the lightest
charmed particle is probably heavier than 1 GeV. A guess would be that
hadronic (C — hadrons) and leptonic (C —’}/V+ hadrons) decays are
roughly equally probable (within a factor of tem ?). In strong inter-

actions there must be "associated production"
-1
— _,
PPp—=>CC+--
They could be copiously produced in the reaction
+ , — -
eTe” > CTC™.
Single C's could be produced by neutrinos :

\)A—->//C+/4Mm»5

which may make neutrino experiments the best place to search for them if

they are heavy.

Conclusions

Many experiments can look for heavy leptons and charmed particles and

it is, of course, important to try to do this independent of present theory.

[ﬁnfortunately, in most gauge models there is no upper limit on the heavy
lepton mass 20)

if they are not found.]

NEUTRINOS AS PROBES OF HADRON STRUCTURE

If the usual description of the L&)- f/ current is correct, then we
can use neutrinos to probe the structure of the hadronic current with which it

interacts (via a W or not). For example, we can measure form factors, test

the Cabibbo theory, test PCAC using Adler's theorem (gy‘“A"l‘*F(g’,v =0) &

Tpp—
on +A F), test current algebra sum rules, etc. We will return to the

so theorists can - and will = retreat by increasing the mass
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question of the fundamental Adler sum rule later; first we consider the
scaling property discovered in the SLAC-MIT inelastic electron scattering
experiments, which suggests that it might be possible to obtain fundamental
information about the structure of hadrons by studying deep inelastic neutrino
reactions. We will consider just one illustrative example of the sort of

results that have been obtained.

All our discussion will be based on the supposition that scaling
continues to hold at much larger Q2 and also that it holds in weak as well
as in electromagnetic interactions. It is, of course, very important to test
scaling; it is broken by factors log(Qz/Mz) in perturbation theory and we
have no soluble models to test the assertion that the same might not be true
in exact solutions of field theories and/or in the real world. [@he absence
of the photon propagator means that relative to electron scattering a much
larger fraction of the neutrino events are at large Q2 so that quite good
tests of scaling may be obtained : note that a W propagator would break
scaling in a trivial way - by a factor 1/(1+Q2/M$V)2 - which may provide a
sensitive test for W's 21):[ If the (expected ?) 1ogQ2 factors do not
show up then we can reject arguments based on perturbation theory and perhaps
even have a little confidence in formal calculations of the light cone commu-
tator of currents or (equivalently for the predictions discussed below) the
parton model, which give a simple picture of the SLAC-MIT results but are

invalid in perturbation theory.

If the current-current picture is correct then we can measure the total
current (W?) - nucleon cross-section in inelastic neutrino scattering.
According to the parton model, the "deep inelastic" cross-section is given by

adding incoherently the contributions from all the constituents :

ay 2 4

- zewA
F > F

$2foud TG

o

F:
Consider models in which the constituents with which the current interacts
have spin % (as suggested by the small value of CT%/G-T observed in the
SLAC-MIT experiments), isospin < %+ and a weak current of the form 117B%x
(1- &)7* . At high energies, the (1—X5) structure implies that the left-
handed (right-handed) current interacts only with particles (antiparticles).
(0N (which is proportional

eft right
to the structure function W whose scaling limit is called F3) is

3

Thus the parity violating quantity CTI
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proportiornal to the difference of the distributions of particles and anti=-
particles in the nucleon. Integration over these distributions leads in these

models to the sum rule :

—-—-J( x frgv"(X)>on
(No. of T=Va Spix g panticles = No.of T~ Speic Yz anti i)
| | !

= 3 (Quark merkl) ”
= | (" Sewsible "~ - wedels),

where x==Q2/2q-p- and we have made the (presumably good) approximation
GCabibbo#(D' This is an example of just one of several relations which can
be derived in such "free field" models (and also of ccourse from the light
commutators abstracted from them) which can test very directly the properties
of any underlying field theory (theoretically it would be very interesting to
have measurements of the other two structure functions which cen only be
separated by measuring the outgoing lepton's polarization to order mE/Ev M

-~ here we need heavy leptons !).

The F3 sum rule is the only sum rule for ) p+VYn (rather than
\)p-—\)n) data and hence can be tested in experiments on heavy nuclei.
However, if the guark value is correct then the sum rule must converge very
slowly (i.e., large Q® Gata are needed at very small x - large (@ ) 22).
There are also reasons to fear that the much more fundamental Adler sum rule
(which is true in any "reputable” model) may converge very slowly dr even be

wrong.

- In view of its fundamental importance, we will review the arguments
advanced by Bjorken, Tuan, Sakurai and Thacker, which cast doubt on the vali-
dlty of the Adler sum rule 23). Sepafate sum rules can be written for the
vector and axial vector contrlbutlons to the structure function F2 Consider

the vector sum rule which may be written

\

J (o)~ BT ) dw = | (RV6),.- Fr 60, ) dx
. . L&) 0 | o

)



in the deep inelastic region. CVC gives the inequality

(sz“_‘_ F;V? "AY] /(Z(FZeP-'- F;Q”) .

vp
-1 2
~0.6 = but the difference weighted by (VD must integrate to unity. There

vn

Hence, according to the SLAC data, the average of F +F2 ‘never exceeds

are two extreme ways to achieve this :

1) The sum rule may converge very slowly. This happens in many simple models
(fitted to the SLAC data) in which the sum rule holds 24) = e.8.y in the
Kuti-Weisskopf model we must integrate up to () = 476.51 to get 0.9 on
the right~hand side. This is certainly rather unexpected and according
to some people's intuition, it is unreasonable [:if we accept Rittenberg
and Rubinstein's claim that Q2-0 data can be translated to all Q2
with a "modified scaling" variable then the convergence of the (Q2: 0)
Adler-Weisberger relation implies that we should get 0.9 by integrating
only up to 4 =~ BQ.

n
2) The so-(emotively)=called "bizzare behaviour" F;) >> ng holds for

(W< 5, which probably implies the (already excluded ?) result
o n 3— 2 S
o™?

The second option has also been considered unreasonable (I personally

would not find an intermediate result - quite slow convergence and "rather
bizzare" behaviour - at all repugnant; first -= I do not know what is a reason=
able rate of convergence and second - the fact that an/F;p seems to be
small for () ~ 1 suggests models in which an > FY¥ for O ~ 1) 25).

. 2
In any case these results invite us to entertain further alternatives 3

3) Perhaps at large missing mass a new threshold is reached (quarks ?) which
gives' rise to a dramatic rise in the scaling functions which is needed to
satisfy the sum rule in the scaling limit (but not to satisfy the Adler-
Weisberger relation at =0 ).

4) Perhaps the sum rule is wrong because either :

a. the attractive (but very badly tested) current algebra hypothesis is
wrong, or perhaps the weak current has pieces with I > 1, etc.,
(in these cases we would wonder why the Adler-Weisberger relation

works), or
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b. something is technicslly wrong with the derivation of the Adler sum
rule; this sounds boring but it would mean that the light cone algebra,

parton model, etc., are all quite irrelevant.
In any case, it is clear that accurate high energy neutrino experiments

on hydrogen and deuterium are of crucial importance to test current algebra

sum rules.

SUMMARY AND CONCLUSIONS

It is very likely that high energy neutrino experiments will reveel
surprises which are quite unanticipated. At the very least, they will be o
ecrucial importance for "traditional™ weak interaction theory. They may also
unveil fundamental information about hadron structure. I wish to end by
stressing that in addition to heavy liquid bubble chamber and counter experi-
ments (which are best suited for some things, such as search experiments
-W's, heavy leptons, etc. = and measuring the "diagonal" cross-sections),
neutrino (and antineutrino) experiments on hydrogen and deuterium with track
sensitive targets (or perhaps mono-energetic beams or other devices) will be
of crucial importance in testing the Adler (and other) sum rules, testing
selection rules and eventually in unravelling detailed information about the

behaviour of weak interactions at high energy.
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