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Introduction.

In these lectures we shall treat the production of i.e. the spin isospin
(in short 33) pion-nucleon resonance, by neutrinos and antineutrinos (Fig. 1).
In doing so we shall encounter many of the principles that
are nowadays supposed to be valid in weak interactions.
We shall enumerate them while going on.

In the first Section we shall review the spin- particle
formalism. In the second Section we give the form of the Fig. i.
hadron current in the process which can
be obtained under several general assumptions, as well as branching ratios,
obtained from the isospin behaviour of this expression.

In the third Section we investigate the influence of time-reversal invariance
on the process

In Sect. 4 we discuss which is related to
if we believe that hadron currents are of the first kind [15].

It is interesting to note that in the framework of there is a very tight
connection between the coupling of the recently discovered to leptons and
the production by v and GLASHOW and SOCOLOW [1] have calculated
the lifetime against leptonic decays using the scheme of CABIBBO [2].

This in principle is directly connected with the rates for production [3],
and is discussed in the last Section.

1. - Spin particle formalism.

We first review very briefly the formalism for a spin particle. It is repre-
sented by a set of four Dirac spinors These spinors obey the Dirac
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equation:

(1)

This equation has for any four solutions as is well known from the Dirae
theory. Two of these describe antiparticles. Restricting ourselves to positive
energy solutions we find that the most general solution has the form

This leaves us with 8 independent coefficients A spin- particle, however,
has only four states so the spinor
as defined by (2) does not describe a pure spin state. A
possible way of eliminating spin- components is to require

Fig. 2. that all matrix elements between spin- and spin- particle
states (with the same mass) vanish (see Pig. 2).

The only Lorentz-invariant matrix elements which can be constructed
from the spinor and a spin- spinor are

Thus we have the subsidiary conditions

These equations reduce the number of independent coefficients to four. In
particular the relation (3b) takes a simple form in the rest system of the spin-
particle :

Let us now calculate the projection operator defined by

where i denotes the four different spin states. The ( k ) have to be constructed
from -matrices, the momentum vector k and the and symbols = 1
if is the completely antisymmetric tensor. We
leave it as an exercise to show that the only combination that fulfils the requi-

and



where one must use the complex mass

if the particle is unstable, is then the width of the resonance, which equals
the inverse lifetime of the particle (for Note that this width is
in general a function of and equals the experimental width only if
is a constant. For the (33) resonance one has the exper-
imental width of the resonance is 96 MeV.

Let us now examine the isospin properties of the resonance. In isospin
space is described by a set of three isospinors (in the following, as more
particles come in we shall often use the particle name instead of the symbol
for instance instead of the for nucleon spinors etc.). Again one has
a subsidiary condition, this time such that the transition to isospin must

(*) Note that takes a particular simple form in the rest frame
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rements

(5)

as derived from (3) and

(the last condition is nothing but normalization) is (*)

where

The propagator for a spin particle may be written as

(7)

189
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be impossible in an isospin-invariant theory. We nave

where are the conventional isospin matrices.
We conclude that

(8)

In the Appendix A a list of the relevant isospin and assignments will
be found.

2. - The hadron current in the reaction

In order to construct the interaction Lagrangian for this process, we make
the following assumptions:

i) The interaction is of the form

where is the lepton current:

and is the current containing heavy-particle fields

ii) In isospin space the current transform like the positive component
of an isovector:

iii) The vector part of may be taken over from the photoproduction
of (see Fig. 3), making the changes
as prescribed in the scheme of the CVC hypothesis [4].

iv) The axial-vector part of may be computed from
the one-pion exchange contribution by the use of the Gold-
berger-Treiman method [5].

In addition to the assumptions listed above, we shall rely on the static-
model theory [6] to get rid of any possible ambiguities.
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We start by writing down (*) the most general form for the matrix element
of the current which is in general a function of and The number
of independent vectors can be evaluated by noting that according to our first
assumption, and appear only in the combination and that

Thus the independent vectors can be chosen to be k and Q. Prom these
2 vectors one can construct only 3 Lorentz-invariant scalars, viz.:

The most general form of or rather its matrix element between and
states Is then given by

(10)

where

and

The appearance of in is due to the positive parity of Note that the
terms and appear in the same way in the elastic process

Any other term constructed from the symbols and the momenta
Q and k may be reduced to one or more of the terms appearing in (10) by using
the Dirac equation for and as well as the identity

and the conditions (3). The quantities and are Lorentz-
invariant functions that depend on the three independent scalars and

(*) The notation vised here is as follows:
The 4-momenta of and are respectively and k; whereas

and are the masses of the nucleon, muon and pion. The metric used is such
that

Furthermore we put

(11)
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Considering for the moment the production case only (and not
decay for instance) we forget about the and dependence, as they are
fixed in this case. (In principle, for an unstable we may also have
We shall neglect this effect as it is presumably very small.)

In order to determine the we use assumption iii). Thus we consider
the case of photoproduction. To be more precise, the photon is assumed
to couple to an isoscalar or to the third component of an isovector, but not
to isotensors. Now it is clear that no isoscalar current can be formed from

and since they have different isospins (this is expressed formally by
the condition (8)). Thus we can only construct an isovector and the e.m.
current is

(12)

where we have suppressed all but the isospin indices.
GOURDIN and SALIN [7] have written down the most general vector current

(as in (10)) satisfying gauge invariance and have evaluated
the coefficients to by comparison with experiments on the photoproduc-
tion of (Fig. 3).

Evidently (but not Q) is always zero in such cases. They find

(13)

e = electric charge Thus the photon-nucleon interaction is
given by

For weak interactions we therefore take for the vector part:

where

and the meaning of is obvious. The axial vector part is also assumed to
transform like the above combination of components of an isovector and so
we have here already the result that the cross-section for the production of

(14)
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on protons is 3 times higher than the corresponding cross-section on
neutrons.

Since decays into proton and and decays for into neutron
and we can see that in the neutrino experiment (v on complex nuclei, roughly
as many protons as neutrons) neglecting charge-exchange effects
in the nucleus, the ratio of to production must be 5 to
1 if all pions are produced via As far as the kinemati-
cally reasonable events are concerned, this is in rough agree-
ment with, the experiments.

To find now the axial part we apply the idea of the almost
conserved axial vector current [5]. The idea is the following.

Consider production via pion exchange (Fig. 4). This gives rise to a
baryon current of the form

Fig. 4.

(15)

where

coupling constant

coupling constant

(for and proton) and is a form factor with
This is a contribution to the term in (10). In accordance with the ideas

encountered in dispersion relation theory we assume that the one-pion exchange
diagram is the most important one that contributes to Let us now form
the divergence of the axial current:

We now make the assumption (*) that this quantity — as a function of —
is dominated by the pion pole alone in the region of interest to us. We write

(*) See also the lectures of Prof. PRIMAKOFF and Prof. DALITZ.

13 - Rendiconti S.I.F. - XXXII.
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If we furthermore neglect the and terms, we find

for production.
Of course we have no basis for neglecting and Some justification

may be found in the static model approach of 33 production [6]. We shall
also need the static model to give the relative sign between axial vector and
vector current.

The static theory gives as result that the heavy-particle current in
production on nucleons may be obtained from the normal elastic process

nucleon nucleon) by projecting out the parts of the interaction that
permit transitions from spin- to spin- states and multiplying the result
by an enhancement factor. This enhancement factor may be obtained by
comparing coupling to coupling and is found to be approxima-
tively 2 for relative to np. Let us first write down the total result
found up to now, restricting ourselves to the transition

where

(16)

The term can be neglected in actual calculations, since is
given by (9)).

In the total cross-section we shall encounter the expression (mul-
tiplied by where one everages over all nucleon states and sums over the
polarization states.

This may be easily evaluated in the center-of-mass system of As a
result one will find terms proportional to and Neglecting terms
of relative order (for instance where and • are
and energies respectively) and setting one finds

where all indices rum from 1 to 3 if or is completely
antisymmetric with
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Let us now turn to the static theory. The nucleon-nucleon current is

(18)

where

For non-zero we hare the usual form factors.
Furthermore is the difference between neutron and proton anomalous

magnetic moments, As is clear from the treatment above we do
not need the fourth component of this current. Moreover we neglect
with respecto to and set Using the -representation

where are the Pauli spin matrices obeying we find,
neglecting also the small spinor components (which are the components 3 and 4
in this representation),

Here all indices run from 1 to 3. The are two-component spinors. The
result of the static theory is now that this expression is to a good approximation
also valid for general excited nucleon final states. Let us now form the expresssion

and sum over all final states and the two incoming nucleon states. One
obtains simply

where is the energy transferred from the leptons. The function M
describes the resonant behaviour due to the 33 resonance and may, for instance,
be taken from the static theory describing

With the help of this formula we find for in the static theory

if

(19)
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Thus we find the same expression as before if we take the — sign in (16) and (17)
Moreover, the static theory gives

This is reasonably close to the value 0.21 obtained before and is in fact our
only justification for neglecting the and terms in the current.

As a further result we observe that the form factors used in production
are essentially those of the ordinary nucleon-nucleon cur-
rent. This has been demonstrated in the case of electro-
production (Fig. 5) by DENNERY [9] by methods closely
following the above. For production this has been
shown by DOMBEY and DENNERY [10].

Finally we observe that, according to (17), the axial
vector part dominates for small momentum transfer,

and -like terms in the axial current vanish also for zero-momentum transfer.

3. - Time reversal [11].

We now wish to discuss the limitations imposed by time reversal. To that
purpose we use an argument essentially due to BELL [12] and used in the ordinary
lepton nucleon interaction [13] and in vector-boson production [8]. Consider
the transition of a state A into a state B. The transition probability is pro-
portional to

Let denote the time-reverse states. Time reversibility implies

Now where 1 represents a collection of Feynman diagrams. Suppose
now that Ave calculate I up to some order in the coupling constants involved
and that for the diagrams involved T differs from its Hermitian conjugate

by a phase factor only. Then

(20)

The states A' and B' differ from A and B by reversal of spin and momentum
directions. Thus I must in this case be invariant for reversal of signs of spins
and momenta.

We now ask: under what conditions will a diagram (or collection, of diagrams)
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differ from its Hermitian conjugate by a phase factor? Certainly this will be
the case if the diagrams considered are purely « real » or purely « imaginary ».
We put quotation marks to avoid misunderstanding. For instance the lowest-
order T belonging to the interaction

consist of the two diagrams of Fig. 6 if we consider only cases with ingoing
neutrino and ingoing nucleon. If one considers

one finds that it gives rise to the same dia-
grams, due to the fact that our interaction is
Hermitian. (So T is considered real.) Now uni-
tarity tells us that thus

Fig. 6.

Thus T is real if In diagram language one may say therefore [14]
that a set of diagrams is real if no diagram can be split in two nonzero dia-
grams (see Fig. 7).

No imaginary part. Exchange of photon.

Diagram can be split into two
possible diagrams (also with
respect to energy-momentum
conservation).

No imaginary part.

All « cut » diagrams
are forbidden by con-
servation of energy-
momentum.

Fig. 7. - W production in lowest order.

Thus formula (20) holds for the elastic process, for production (*) for
vector boson production (Fig. 8) if these are considered in lowest order.

It applies also to production taking into account the finite width
of the since it can be shown that the relevant diagram is purely imaginary
(Fig. 9) if the intermediate is on the mass shell.

(*) Provided that has zero width, i.e. that its mass is below the nucleon-pion
threshold.
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For production the consequence of (20) is that reversing the signs of
momenta and spins should give no change in the transition probability.

Now, let s denote the spin of
In the laboratory system

(initial nucleon at rest) the most
general expression will contain
the scalars

and
Fig. 8.

The latter one will change sign under the transformation
and is therefore forbidden. Therefore we have no spin component

along and the spin of the is always in the plane (remember
that can be rewritten in
terms of and
The consequence of this is that the pion

(of decay) distribution is invariant
against reflection with respect to the

plane. Applying the time-reversal
invariance requirement directly to the
interaction with the current (10) one
finds in the conventional way that the

and must be real, apart from a Fig 9 represents a resonant state
common phase factor. of thus a possible cut.

4. - production by antineutrinos.

The production by an is a priori unrelated to the production
by a v. The interaction discussed so far describes the transitions

and Of course the
static model predicts that production by antineutrinos is proportional to

which means that we can directly take the baryon current (16)
to get the current for the reaction But we do not wish to
rely too heavily on the static model. We could also use Lee's (*) procedure
which gives eq. (16) directly. We use here another principle which connects
the baryon currents of the v and reactions, namely, that baryon currents

(*) See the lectures of Prof. T. D. LEE. The assumption is that and (see below)
should be members of the same isospin triplet.
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should transform under G-parity in a definite way, i.e. that they behave as
currents of the first class as defined by WEINBERG [15]. Let us now write
down the complete interaction between neutrinos and nucleons producing

where describe is of the form (10)
with coefficients

The G transformation is the combination of charge conjugation and rotation
over 180° around the second axis in isospin space. The latter means that

goes over into and vice versa, where we
have suppressed all indices except the relevant isospin indices. Charge conju-
gation is described through a matrix 6' with the following properties (as far
as spinors go, i numerates particle and j antiparticle spin states):

C clearly transforms particle solutions of the Dirac equation into antiparticle
solutions and vice versa. Thus, for instance, under charge conjugation,

goes over into

(we here write down the spinor indices explicitly)

(minus sign because fermion fields anticommute)

Analogously
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Clearly, the effect of transposing F and operating with C and is nothing
but the reversal of the order of all gammas and multiplication by — 1 for
any y not equal to Rotation in isospin space means

and (the first two
form

the last four form
for i = 1 or 2 .

Thus starting with and we obtain and
with an over-all minus sign. Therefore we get a current as in

Weinberg's assumption is that the vector part of the heavy current should
go over into itself, the axial vector part should change sign. Therefore,

(21)

Thus equals if Weinberg's principle holds. This means that we can test
this principle by studying v and production of However, violations
shall not be very big as the result for is the same as one gets in static theory
which is certainly a reasonable theory in the low momentum transfer region.

5. - Strange-particle production.

Finally we shall consider the production of strangeness-carrying resonances.
None will be produced by v in present experiments, if for with
neutrinos we have so that we have and if we look up a
table of elementary particles we see that hadrons with positive strangeness
have negative baryon number. This means that in order to conserve baryon
number some additional baryons must be created, with all consequences arising

Consider now eq. (10). Let us denote the part between the spinors as
and let be the result of complex conjugation of and commutation with

The current transforms as follows (remember describes
and we start from the part):

for i = 1 or 2 ,
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from that. Of course and may be produced fox instance in the reactions:

and

In any case we expect them to be down with respect to ordinary pion pro-
duction by at least a factor being the ratio between K and
to leptons coupling constants for, remarkably enough, both axial and vector
currents [2].

Here we wish to concentrate on the production of According to
CABIBBO [2] we formally take the meson octet and set everything equal to
zero except and replacing the latter respectively by and

where is the lepton current.
The resulting « octet » may be called (see Appendix) and the

invariant coupling of this octet to the baryon octet and the resonance decuplet
giving rise to production by v on nucleons, is given by

(22)

The production of by antineutrinos may be described similarly by

(23)

•where is the Hermitian conjugate of C containing the lepton current
and

Again one may relate F and F' by a G-parity argument or by stating directly
that the octets multiplying G, respectively, must be the same. The latter
is the generalization of Lee's rule that the hadron currents for nonstrangeness-
changing currents for v and couplings respectively are in the same isotriplet.

Using the above formula we get the correct Clebsch-Gordan coefficients [3]
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A P P E N D I X

Isospin assignments, assignments.

Isospin assignments. - Nucleon:

Resonance

202

and

We observe that the production on neutrons by is depressed by a
factor

The decay apart from the factor is not depressed by any coefficient
and is calculated according to this in ref. [1].

pion



PRODUCTION BY NEUTRINOS 203

The decay of is given by the only possible isospin and Lorentz-invariant coupling:

(A.1)

Antibaryons

Mesons:

Condition:

which gives the decay ratio of into or and nucleon as mentioned
in the text.

Apart from there is available the symbol completely
antisymmetric for

assignments. - Baryons and antibaryons and mesons are grouped
into octets that may be written conveniently:
Barions:

where j = column, i = row ;

The resonances are grouped into a 3x3x3 matrix completely symmetric
in all indices:
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The antiparticles are grouped into a symmetric The SU3-invariant
interaction is given by

(A.2

where is the completely antisymmetric tensor in 3 dimensions, = 1
Also available for construction of SU3 invariants is the symbol Always
contract lower indices with upper indices. Example: coupling of mesons with
baryons and antibaryons. Two possibilities:

called the antisymmetric and symmetric coupling.
In the Cabibbo scheme one couples leptons with strongly interacting cur-

rents in a SU3 -invariant way, representing the lepton current by

where is the usual lepton current.

B I B L I O G R A P H Y
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