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1st and 2nd LECTURES
5th and 15th February 1963

THEORETICAL INTRODUCTION

by Je Se Bell

1. The intermediate vector boson.

The idea of current has come to play a large part in

‘weak interaction theory. In particular the idea of the conserved

vector current (CVC) has been very successful. In analogy with the
interactions of electric currents, it is natural then to suppose
that weak interactions are mediated by a vector particle, The

process of elastic lepton scattering by a proton, for example,

1— 7 = 1(ze or p)
<Y
P P
has for its analogue
v , _1(=e or p)
bw
n > ! = y
P

representing inverse $ decay or p capture. From the diagram

it is clear that W is supposed tb be charged; +then there are

at least two W's, positive and negative. One could try to make
theories involving neutral vector particles only 15), but the CVC
does not fit naturally into them. Because weak interactions are
short ranged, the intermediate vector boson W must be massive,
Little is known about the value of the mass. However, the

particle mediating K-meson decays must be heavier than the X meson
itself, or a fast (semi weak) decay K — W + y would be possible.

There are some slight quantitative puzzles in pu decay whose
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resolution would be helped by a W mass not much bigger than
that of the Kaon.1

If the intermediate boson exists then it should be
copioﬁsly (i.e. semi-weakly) produced by neutrinos of sufficient
energy. We leave the discussion of this for later lectures.

Nor do we go here into the complications of the intermediate
boson idea required in connection with regularities in the decays
of strange particles; but it should be noted that the testing of
those regularities at hi§h momentum transfer will eventually be
possible and importan‘t.2 Nor will we consider the possibility
that interactions involving more than one virtual W (and there-
fore of higher order in the weak coupling) might be observed.

For this, and for general references on weak interactions and’
neutrine physics, we refer to the excellent reviewsof Nilsson and

Pais.3

2e How many neutrinos?

If the vertices

v v v - e (2.1)

This does not conserve energy-momentum, but can be made to do so

by including a photon.

YV -
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This diagram is divergent; in a cut-off calculation the
theoretical rate for the process u — e + vy comes out as a
function of (AAWN)Z where A is the cut—off momentum. The
process has been looked for and not found; the branching ratio

4) appears to be less than 1077,

to this decay mode of the muon
This would require A << MW’ which seems very unreasonable. The
solution of this dilemma is now well knowni the neutrinos coupled
to the electron and muon in the diagrams (2.1) must be different,
Vg and vu. This is supported by the Brookhaven neutrino
experiment in which vu's from pion decay were found to yield

muons and not electrons in reactions with nuclei.

It has been suggested 5) that the pairing of neutrinos
with charged leptons might be inverted when there is a change of

strangeness of the heavy particles involved, 'neutrino flip'. Thus
n—>u+\)u but K - p + Vo

e + v e + v

e M
The neutrino beam at Brookhaven contains a substantial contribution
from K decay, and so the absence of secondary electrons is evidence

against this proposal.

Von Dardel and Ghani6> suggest that the neutrinos
(v'e, v'u) associated with strangeness change might be quite
different from those associated with no change of strangeness
(ve, vu). The neutrinos from K decay incident on nuclei would

then inevitably produce strange particles in reactions.

It must be said that whereas there was a clear need for
the two neutrinos, Ve vu, there is at present no need whatever
for either 'neutrino flip', or!'strange neutrincs'. Moreover
either would complicate any intermediate boson scheme; the
information about which neutrino is required would have to be

transmitted through the boson.



e Muon and electron conservation.

'if the vertices (2.1).above, together with the
electromagnetic ones

M ! e e

Si Yo ﬁ%;Y

constitute the only interactions of the leptons, then it is clear

that we have two conserved quantities

< number of u + number of vu > _

muon number Nu number of p' - number of vu

muonic number

electron number Ne

number of e  + number of v _
N Ve .
<—number of e =~ number of v >

electronic number.

The quantities Nu : Ne are also conserved, and either may be

called 'lepton' number.

The absence of double beta decay, in which one nucleus
transforms 1nto another with emission of two electrons or pos1trons,
ig evidence for electron conservation. Electron conservation is
also sufficient to forbid unobserved decays such as u — e + yeo
Therefore one might look particularly for reactions forbidden only

by muon conservation, such as
' + . .
vu + nucleus — p + heavy particles. -

However it should be noted that such events might be simulated by
others if additional final leptons are not identified. For

example - . . +
P =

ol

i...._..._

5397/



6397/p

This would be expected to be small because of the additional

electromagnetic coupling. More important is

//“’
/
v > w
éY
: 2 Nucleus

with subsequent decay of W into (u+ + V) Indeed the obser-
vation of fast leptons of the wrong kind in high energy neutrino
experiments would most plausibly be attributed to this mechanism,
even if the other leptons could not be reliably identified. One
would try to confirm the mechanism by observing the characteristic

rapid rise of cross section with energy.

4. u-e universality.

It is tempting to believe that the vertices

are of identical strength. Then we have u-e universality;

the pairs (ve,e) and (vu,u) are interchangeable., There is
evidence for this in pion decay and to some extent in the
comparison of B decay with p capture 7). To test it

at high momentum transfer would require a source of high energy
ve’s, which means a beam of high ehergy particles which decay into
electrons and neutrinos with appreciable probability. The only

plausible candidates as Ve parents seem to be the W's, which

should have among other decay modes

W= u™+ v“ W— e ™+ Ve

+ :
Who u+ vy Who ety v,
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whence r ~ 10

The rate for any of these would be expected to be very large

(semi-weak)., Dimensionally

, 2

'= g MW
where g 1is the boson~lepton coupling constant. From the
muon decay rate, for example,

10'5

gQ/MWZz

-5

Since My > M, T 2 10485607t (a more careful calculation
gives > 1017)', The high energy W's could be produced -
electromagnetically; Schwarz has proposed that the beam of the
future Stanford electron linac enter a block of material suffi-
cient to contain all secondaries other than neutrinos. The high
energy neutrinos emerging would come from the W's, since other
particles yielding decay neutrinos would be slowed before decay.
Reactions induced by these neutrinos should involve secondary

Uy u+, e, and e+, 's ‘n essentially equal numbers if the u, e

universality is correct.

| T
—_— <—’/ ™~ —> VerVe
— R

5. Neutral currents

If there are charged intermediatebiosbns, why not
neutrals? We could then have an isobaric triplet W' W° W™
If such a neutral boson exists, and is coupled to leptons, it

must not be coupled to strangeness changing currents. Otherwise
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it would give rise to unobserved decays such as

K—-n+ (pt+ p”
+ -
n + (e + e
+

v

—

n + (v

However there is no evidence either for or against the existence
of W° coupled to leptons and non-strange currents; decays in
which strangeness and charge of the heavy particles are unaltered
can go in any case with the intervention of virtual photonss

The only practical way to test for w° apart from producing them

seems to be with fast neutrinos, looking for such reactions as
v + nucleon at rest - v + recoil nucleon

From the Brookhaven experimente) it was concluded that such a
cross section could not be large compared with the usual charge

exchange process; but one would not have expected it to be so.

6o Electron as target.

The simplest reactions theoretically are those involving
only leptors:

V) A1

The second process has a threshold at lab. energy [(m12/2me)—%me] 5
suppose we are well above this. For centre of mass energies
small compared with the boson mass, (lab energy <K MW2/2me) and

with the conventicnal (1 + Y5) couplings 9).

olv+e—-1+ ve) ~ 50(39 +e—-v +1) =

I

% @2 (centre of mass energy)2

=~ 10_4l (Labe. energy in GeV) om2

6397/p



where G = V?’gz/MWZ x IO_S/MP2 from muon decays, Because of
centre of mass motion these cross sections are down on those with
nucleons by a factor of about 1O3 in the GeV range. The fast .
final lepton is confined to angles [ = (electron mass/lab energy)? ]
of about a few degrees; within that cone the differential cross

section is comparable with that for nucleon targets.

When the cm energy is not small compared with the boson
mass the cross section for (v + e = 1 + ve) acquires an additional

factor

2 2 2

Mg/ Qg™+ B %)
which reduces it to a constant value at large energy. On the
other hand the cross section for (;e +e = Vv + 1) is increased
by ) A -
y

2 2 |2 2.2
gL ny? - 8207 + 70

where T 1is the decay width of W. The average cross section,

2 o a2 2 " 2 . .
between say E om EMW and E om 1,5mW is increased very

roughly by a factor
~ o2 5 2
(/v )~ g~ 107 (M /i)
and is then of order

(lOs/Bn) G2Mp2 ~ 10"%cn?,

However 'to obtain this large cross section needs very large

neutrino energies

. > »
lab, energy ~ M_ /2me 2 My /2me > 250 GeV

397/p
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At preient one would have to look for such energies in cosmic
9

rays , but there most of the neutrinos are vu (from pion

decay) which should not annihilate with electrons.

Te Vector particle exchange

The hypothesis that weak interactions are mediated by
a particle of spin one imposes definite restrictions on the energy
Gependence of cross sections 10). These should be tested in

future neutrino experiments.

Consider the collision of particles i, I with 4-momenta

k, K, }esulting in particles f, F with 4-momenta k', K'.

If the interaction Lagrangiasn involving the vector particle W
is

g(W“j“ + WMJH) + herm conj.

Then apart from trivial phase space factors the probability for

the process is given by the square of the covariant matrix element

2
'z(f S T - quqv/MW
g lJuil 5 5 (FlJle)

My + 2

(fljuli)(FlJéll)

Sl

where q =k'-k =K - XK',

T, 0,3, /(s oS
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If we square this, average over initial and sum over final

spin, the résult is an invariant'quantity.

P=an M

VAV KV

2 o [y s - .
my, =8 ? 2 (llJulf)(flJvll)
M =232 (IITYUF(F™JINI
oy fi(‘u')('v)

where bar denotes complex conjugation in general with an

additional'change of‘sign when W or v is 4.

The tensor M can depend only on the momenta ¥ and K';

the most general form is

Ad + BK K + CK'K' +DKK' +EK'K + Fe K K!
Ky by BV V) VR

uvpo p ©
where the gquantities A~F are the functions of the scalars
K2 and K'2 (the negatives of the masses of particles I and
F) and q° = (K'-K)Z. The tensor m must be a similar expression

involving k and k'. When m and M are multiplied
together the resulting P is a bilinear combination of the new
invariants

Kk, K'k , K k', K'k!
pop? Tpp? Tpw? Tute

2 2

with coefficients which are functions of k2,iK2, k', K'2, Q.
Now each of the new invariants can be expressed as a linear
combination of the old invariants and the (centre of mass

2
energy) s

s = ~(k + K)% = (k' + K")?



- 11 -~

For example

+

kiK' = kK + k+(K' - K)

= kK + ke(k - k')
= koK - kek' + k°
O .
ik - k)2 - 2 -kl rk

= s + $a® - K% - fer?

Clearly the highest power of s that can occur is the second,

and so we arrive at the general form
2
P = A!' + B's + C's

where the coefficients are functions of the masses

B AT T
and the invariant momentum transfer q2. So for given masses
and momentum transfer q2, P varies at most quadratically with

the square of the centre of mass energy.

Another form is for some purposes more convenient.
Defining s, t, and u by

-(k + K)2 = -(k' + K')Z

L R L N T

u=-(k' - K)2 = -(K' - k)2
we recall that
2 2 2
s+ 1t +u-= mi + Mp + MI + MF
whence
2 2 2 2
2s = (s - u) -t+ m +-mp + M7 My

The result can then be rewritten

P=A+3B(s -u) + C(s - u)2 (7.1)

6397/
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where the coefficients are combinations of the o0ld coefficients,

and again depend only on q2 and masses.

Consider now the 'elastic! neutrino reactions

v+n-=14+4+0p (7.2)

Vv+p=14+n : (7.3)
One can show that the same quadratic in (s - u), apart from the
sign of the linear term, governs these processes. We ignore here
the n-p mass difference but do not need any other special
symmetries, Assuming the interactions to be hermitian, so also

(in the one W-exchange approximation) is the matrix element.

Then the conjugate reactions .

v +n-=1+0p (7_4)

l+p=vVv +n (7,5)
“haVe the same squared matrix elements. In going from (7.5) to

S+p—1+n (7.6)
we have only to replace

EES R 11319

(vig 1) vy ( laulv)

But these are equal by PCT symmetry (with suitable spin adjust-

ments that do not matter in the sum over spins).

\!'/.h.o. \./PCT '
ey m,
/\ p///\ﬁ /\n

Thus (7.6) is governed by the same matrix element as (7.5) and
(7.4), But in this comparison the label X remains attached to

the neutron and KXK' +to the proton.

6397/
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Returning to our original convention that K refers to
-the initial nucleon and KXK' +to the final involves the replacement
in Mpv of K by -K' and KXK' by -K. The change of sign
does not effect Muv (which is bilinear) and is made to preserve
the relation k + K = k' + X!, In the final expression P,

(s - u) simply changes sign

S = u

I

“(k +K)2 4 (k- k)P
- 2k (K' + K)

]

So (7.1) and (7.2) are determined respectively by

P, g -k T B(s-u) + O(s-u)® - (7.7)

Because P is a proper scalar the pseudotensors (€wpO
terms) in m“v and Muv can contribute only in combination
with one another., Because they are antisymmetric respectively
in (kx,k') and (X,K'), they cannot contribute to the (s-u)2 term.

~ With certain assumptions they can be shown to contribute only
to the (s-u) term and to be entirely responsible for it. The
existence of such a linear term then implies mixed parity in
both currents. Suppose for example that the heavy particle
current has definite G-parity, i.e. is unaltered apart from a
sign by the operation n - p, p — -h. Then (with appropriate

spins and signs)

(nKI JIpK') Dby PCT
(pKIJInK') by G

(pK'I1J1nK)

I

1l

It would follow that Muv is symmetric under the exchange K& K',
or, since it is quadratic, under K — -K', K' = =K. This would
mean that P is symmetric under sgu together with K%#‘K'Z.
Ignoring the nucleon mass difference the coefficient of (s-u) would
have to vanish. However it is customary to assume opposite
G-parities for the axial and vector currents; the (s-u) term can

then arise from, and only from, vector~axial interference. Even

5397/
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without G-symmetry for nucleon currents, this same result is
obtained if the lepton mass-difference is ignored and an explicit
forn A

1‘111 (ay " + by pY 5 )‘I’VWH

assumed for the W-lepton vertex. The tweo parts of this
interaction have a leptonic analogue of G-symmetry (with v — I,
1 - -y) and then a parallel argument goes through, for the

exchange k — -k', k' = -k again changes the sign of (s-u).

Similar‘considerations can be made for electron and
positron scattering. In the case of elastic coulomb scattering,
in the one photon exchange approrimation, the term linear in (s=-u)
can be ruled out in several ways; for example it would change sign

between 1 and I scattering and so conflict with charge cohjugacy

in the leptonic vertex. Ignoring the lepton mass, the expression

2 2 2 C
A(a™) + B(q") (s-u) (7.8)
can then'be cast into the familiar form
2 2 2 , :
A'(q) + B'(q7) cot” g/2 (7.9)
because | |
s - u = ZMi(l + 1)

(where 1 and 1! are lab. lepton energies)

2 . .
_ 2 | 2 2 9)]
- 2 { (£)2 + (1 + cot? &)

The simpler expression, 7.8 or 7.9, applies also to the sum of
the:dffferential cross sections for v +n -1+ p and

v+ p - I+ n. Measurement of both differential sections will
clearly facilitate the determination of the structure factors

although one of them is in principle sufficient.
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8., Form factors inv +n—1+ pandy +p =1+ n.

Assume now the usual form for the lepton vertex

Iy, (T +vg)v

The matrix element of the heavy particle current is restricted

by Lorentz invariance to the form
£ iy, - f2caﬁlqﬁ hV a,

+£) dvgyg + £pay vs + h, (K, + Ko")y5 J

(X'1JI1K) =

where n and p are initial and final state spinors for neutron anda
proton, and the fls are functions of q2, where q = (K - K')., 1In
general there are six complex form factors f, but only three rea
structure factors A, B, C. It is clear therefore that in
experiments where polarizations are not used all of the form facters
cannot be determined. Various theoretical restrictions might

be 1mposed to reduce the number of unknowns. Time reversibility
would imply the reality of the f's. G-symmetry would imply

hV = hA = 0O, The CVC hypothesis (with p-e wuniversality) makes

h 0 and f1 and f

v
form factors,

identical with the isovector electromagne’i-

2

If time reversibility and G-symmetry are assumed, and

a very large boson mass, the structure factors are

A= 4m2(f 2o 6,%) +atas, £~ (£ + 2f )2 - £,% )
2
® fag,® - 4f - 4n £, £+ 4m f1f2 +nte? )
2
+q4 {f 1+ 4f + 8f,f, + fA + m (f f22) }
6, 2
_qu

B = 4q°(£] + 2f,) £,

2 2 2.2
C = fl + fA + q.f2
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The proton mass has been taken as unity, and m dis the lepton
mass., In units of (proton compton wavelength/2n)2 the

differential cross section is

do G 1 + | 2
3 = 33 {A T B(s-u) + C(s-u)” }
dq Py, 2 :

with the upper sign for v + n - p + 1 and the lower fér
V+Dp-n+ 1; k is the laboratofy incident momentum. Finally,
to allow for finite boson mass, J has to be replaced by J' and
therefore the 'f’s by f!’s:

If time reversibility, G-symmetry, and CVC are all
assumed, determination of B &and € gives f, and the boson mass

MW; A then gives f

A
P° ‘
If the form factors f! fall off fast enough with

increasing q2, it is clear that the C term dominates the total
cross sections at high energy. Since then (s-u)‘dlgl, the two
cross sections become constant and equal. Several authors 12)
have estimated this asymptotic value to be = 7¢10_39 cm®. They
used all the possible theoretical restrictions mentioned above,

and in addition arbitrarily sﬁpposed f, to be similar to the

A
proton electromagnetic~form'factors and~~MW R o0, The estimate
is uncertain for these reasons. Only in the forward direction
(q2 ~ 0) can confident predictions be made, using values of

f£1(0) and fA(O) from beta decay and muon capture.

The above discussion applies immediately only to
nucleon targets. Current experiments are made with nuclei,
gnd their interpretation may be complicated by final
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state interactions and other nuclear effects. In particular

13)

reactions with small momentum transfer, and possibly the Fermi

one has to consider the Pauli principle , Which inhibits

motion,

14)

9 Inelastic reactions.

The most likely interactions, other than those in

which W's are produced, should be those in which pions appears:
(v or V) + (norp) = (nor p) +n's

It is not possible to make definite predictions, but present
guesses are that.the total cross section for such processes will

be comparable with the elastic cross section in the GeVﬁregion

and increase rather slowly with energy. Reactions in Which strange
particles appear are expected to be more uncommon, as with pion

beams . In particular such simple reactions as
+
+ 2

+ (27 or 87)
+ (2° or A or E°)

+n =

1
+n->1

<P <1 <
[}

+ p -

are related to the surprisingly slow leptonic decays of hyperons.
Even well above the relevant thresholds therefore one might expect
them to be down on the elastic processes, by an order of magnitude
for A, about two orders of magnitude for X , and still more

where E appears.

The general form (7.1) for a squared matrix element
applies also to inelastic reactions. The final state F may
be either a single particle or a group of particles. In the
latter case internal momenta as well as spins are summed over to
obtain the stated result. The mass of F, on which the
coefficients (A, B, C) depend, is then a continuous variable;
it may be regarded as a function of q2 and T(= 1 = 1') “the loss
of lab. energy by the leptons. The differential cross section

for the production of any specified type of final state then has

6397/p
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the form
% 1 o 2
e { & + B(s-u) + C(s-u) §
dq~4T Pkl v

where A, B, C depend on q? and T but not on (s-u),
which is essentially the mecan lepton encrgy!

S=-u

ok +B)Z 4 (k- K)® -

-m® 4 2M(1 + 1').

In the inelastic case there seems to be no simple
relation between v and Vv reactions. However if the lepton
current satisfies the analogue of G symmetry and the lepton

mass difference is neglected; then once again the B-term arises

only from parity mixture in both currents.
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