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CHAPTER 1

THE PRESENT STATE OF WEAK INTERACTIONS

Classification

As is well known, all slow processes can be divided into three
C£lasses:
1. Leptonic processes with AS = 0
p—>e+v +Vv
n —Jp+e+v
=P +v, e +v
Ltp—>n+yv
230 +e +v
2. Leptonic processes with [AS] =1 e.g.,
K—=>p+v
K=—=2n+p+v, m+te+wv
A —>pt+tpt+tv, ptes+w
3. Non leptonic processes with |aS| =1 e.qg.,
K— 2n, 3n
A{Z) >N +n (N = nucleon)

E—» A +x

These processes are characterized by comparable coupling constants, G,

of the interactions responsible for their occurrence. The values of G2

-2 -14

range from 10 10 in units of h = ¢ = mﬂ = 1. Moreover there

is parity viclation in all of these processes, except in two cases:




st st n+, Z° —n+n  which will be discussed later (p. 13). Also CP-
invariance and T-invariance seem to hold.
Therefore, one is tempted to assume only one basic mechanism to be
responsible.for all these slow processes.
By far the most detailed experimental information exists for class
I3 next comes class III, while the class II is still largely unchartered.
Since all leptonic processes involve neutrinos; it is worthwhile to

review the theory of the neutrino before discussing each class in detail.

Theory of the Neutrino

The presence of the neutrino was first assumed from the energy-
momentum balance in p-decays by Pauli in 1933,

It has zero mass zero electric charge and spin %a A theory for
such a particle had been proposed by Weyl (1929) but remained rather

obscure until 1957. The reason is that in Weyl's concept, the neutrine

is described by a two-component wave function ¢ which satisfies

2.2
L. p P = -9
P
Then the Weyl neutrino has a definite handedness or helicity h = -l.

But the helicity changes its sign by inversion of the coordinates,
therefore in the period when there was no doubt about parity conserva-

tion, this theory was physically not taken seriously.




The Weyl equation can be understood by the feollowing simple argu~-
ment: for the description of a zero mass, zero charge, spin % particle,
it is natural to use a 2-component object, since there are 2 spin states.
Also its dynamical properties are made up of the spin -%;9 the momentum
59 and the energy E. Then the only Lorentz covariant equations which con-

tain all dynamical properties of the particle are:

> - H
g pe=-i g% (1)
?o ?x = + i % (2)

*

Note, that X transforms as P o From a pair of ¢ or X alone,
one can only form vectors under proper Lorentz transformations namely
(¢+¢, - ¢+ an) and (x+k, X+ S*X)u From a pair of ¢ and X one

can form scalars ¢+X and x+¢, tensors ¢+6”d“x where

+1 for p =0

J? for p = 1;2,3.

From (1) and (2) we see immediately that the particle associated
with ¢ is left-handed;, i.e., the helicity h = -1 while X corres-
ponds to a right-handed particle, i.e.;, h = +l,

If we define the antiparticle in the Dirac sense, then we can
consider X as anti-particle of ¢ or vice versa. We can also consider
¥ and ¢ as 2 Weyl particles: two particles left and right handed and
correspondingly two antiparticles right and left handed. The question of
which possibility is realized in nature is left for experiments to decide.

Since the discovery of parity non-conservation in B decay it has been




suggested that the electron neutrino; i.¢.; the neutrino associated with
B decay, be described by the Weyl equétionso

The expressions electron neutrino, and later on p-meson neutrino,
are used generically to include neutrino and antineutrino.

Various experiments on the polarization of e* from ﬁt decays
yielded h(e®) = +1 (h= helicity) and thereby helped to prove the def-
inite handedness of the electron neutrino,

A direct test of the completely polarized nature of the neutrino
from B decay came also from the Cowan Reines experiment (1959).

From now on we shall consider the two component theory as a work-
ing hypothesis for the electron neutrino since all the present evidence
is in accord with this assumption. As discussed above one now has to
find out how many Weyl neutrinos there are in p-decay phenomena.

The absence of a definite observation of double PB-decay, the out-
come of the Davis experiment (1955); and the polarization experiments on
B decays may be interpreted as evidence for the existence of two kinds
of electron neutrinos and that B+ decays yield left handed neutrino

hﬁ?) whereas B decays yield right handed neutrino (v;)

B decay : n—>P +e + vRe

+ .
B decay : p—>n+e++vLe

Let us take (e_, vL) as leptons and (e+9 VR) as anti-leptons.
Then one has a lepton conservation law in which electrons participate
together with their neutrinos,

Fermions are composed of leptons; i.e., light fermions;, e, v,




and W, and baryons, i.e., heavy fermions e.g., p, n and Ao

Experiments show that in all observed processes there is baryon
conservation., The stability of nuclei proves this law for nucleons. One
then is tempted to believe in a lepton conservation which includes

p-mesons. Let us look at the observed x - p and K = p decays:

m —F it vp

K— p+ v”u

where vp, v'* are neutral particles with masses very small compared

to the p-mass., For instance, the upper limit of the v“’ mass is 3
Mev (Yang, 1962).
Since the mw-spin is zero, the polarization measurements on g

from m decay would yield the vu=helicityo The experimental result is

h(pt) = ¥1 (Bardon, 1961) it means

+ +
T —» L + v#

n - 11- + vu.

R

Again the subscript L and R stand for left handed and right
handed.

Similar polarization measurements were done for the K - p decay.
One obtained the same result: h(pi) > %1 (Coombes, 1957).

However one cannot draw any conclusion as to the v helicity
because the K spin is experimentally not definitely known. For the

sake of simplicity, we shall assume hiv'?) = h(vp) s it then follows

that the K spin is zero. Naturally one faces a new problem: the identity




of v& and V. An experiment done at Brookhaven exhibited a difference
between W ofrom wm and X decays and Vo from P decays (Danby,
1962) .

In order to maintain a single law of lepton conservation one can
cheoose:

- +
leptons : Ve v: s € 5 M

. -8 = + -
antileptons : Vg vf’, e, K

€ K
L + vp and the

neutrinoless B —> e + .. transition would be ruled out since p and

+
Then the p-decay reaction becomes p —> e+ + v

e have opposite lepton number.

However it is known that e and p behave identically in elec-
tromagnetic interactions. There are also supports for e - p univer-
sality in weak interactions. Indeed, the (uv) coupling to nucieons in
L-meson capture is of roughly the same strength as the (ev)} <coupling in
B decay. Moreover, the hypothesis of a universal coupling for leptons
would predict for the branching ratio

I3EY v Lax 107
which is in striking agreement with experimental results,

Hence one is more inclined to assign the same lepton number to e*
and uiu In order to rule out neutrinoless transitions p —» e + .. one
assumes two separate conservation laws: the e-number conservation (e, ve)
and the p-number conservation (u, W

In reaction producing two neutrinos such as the p-decay we then




+ + e | —f
have: p =% e + Vi + VR -

The fact that we have to separate e-number and p-number con-
servations is not too surprising.

Indeed we encounter a similar situation in electromagnetic inter-

actions: we do not have an electric current

. oM. _ I
Iy, = We ‘Y‘k\{)p i.ec B e+
Although we have e =% e +¥ or p — U +Y,
This fact may be understood through its connection with the‘gauge
invariance of the theory. Because if there exists an electromagnetic

interaction of the form:
wekap. Ak

then under the transformation AL - Ah + akx the action integral would

suffer the following varjation:

4 -
35 jd x¥, oy, 8 X

[ oo (B vy, 0 - [ a® xe ()

- [ d'xxa (W Yy,

Since m_ # m S0 ak(\#e Yk]yp) # 0 and since X 1is arbitrary, so
58 f 0. There is no gauge invariance.
We now have two different lepton assignments. It seems to us that

ina (V - A) theory of interaction the first assignment i.e. a single




lepton conservation, cannot be distingﬁished from the second assignment
i.e. two separate e and p number conservation laws. Let us bombard
protons with neutrinos from = decay.

In the second assignment we have:

x = p++v11:‘

vf +p > n+el

The second reaction does not go because there is no e-number (or
p-number) conservation.
In the first assignment we have:

+ + -
T —> } +vL

B
because p  is now a lepton.

+
vﬂl +p—-n+e

the second reaction satisfies lepton conservation law but it cannot occur
because such a reaction would be tantamount to: n —>p + e + UEL which
is experimentally disproven.

From now on we shall use for cqnvenience sake one convention, the

separate e-number and p-number conservation laws.

Extension of Theory to Finite Mass Fermions

Weak interactions involve, beside neutrinos, many finite mass
fermions - even W might have a finite mass. So, before discussing the
structure of weak interactions, we shall review briefly the theory of

fermions with mass.




To us,; the natural way is to start with zero mass fermions, i.e.;

with the Weyl equations:

- =
¢ p

(E +

1}
o

Jo

—3,
¢

1l
o

(E-5-p )X

In order to arrive at dynamical equation for finite mass fermions,
we need to write a Lorentz covariant relation manifesting all dynamical
quantities: mass m, spin - » energy E and momentum E*u

- =
We notice that the (E+ ¢ ° p )p transform as x under proper

Lorentz transformation. Indeed:
+ - .+ + =
9 5,0= (99, -9 dog)

is a 4-vector. GSo

is a scalar.
Since ¢+x is a scalar, (E + 3 - E’)m transforms like X.
It is now clear that the simplest Lorentz covariant equation with a finite

mass is:

-+ =
p )

(E+ 49 - o = mX (1)

and similarly for (E - g E?)x, we arrive at:
- -
(E-S:.plx=mp . (2)

We see that a finite mass fermion can be described by two first order

2-component equations (1) and (2) where the mass plays the role of mixing
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g and X so that parity is conserved. Indeed from (1) and (2) we get:

=

(E+3-B3)(E -F-BX =m(E +3 D)o = mX

Or

-
d X = m%x

©

2 3 >
(E+d-p)(E-0°p
The last equation containing only X, 1is invariant under inversion.
Note that this is a second order equation for X.

We can go over to the Dirac theory, also invariant under inver-

sion; by défining:

0 1 0 ok
V=) om0 o) =l o)

and writing {1) and (2) together as:

(r - m)y =0 (Dirac equation)

2P
The operators & and T5 which are defined respectively by:

_)
a 3’+ Y, m

H = t

Y5wv=wv

Y5\|’\—'-f= ‘W;

would be given in this representation as:

-»
7= 9 Y= )
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One notes here the following relations:
Yy Tk T % 9 = V5

Before discussing the structure of weak interactions; it is worth-
while to remark that, for zero mass fermions, @ and X which describe
two different particles, form a complete orthonormal basis in the two
dimensional space. They are eigenvectors u, and u_ of the unitary and

- o
hermitian operator ¢ ¢ p =g ° E;u

Consequently we obtain the closure equation:
+ + -
pp + XX = 1 = upitary operator. (zero mass)

For finite mass fermions, ¢ and X are two linearly dependent vectors,
. 5 + +
they describe one particle, hence gqp + XX # I
Nevertheless, we can arrive at some closure equation. Let us

consider a particular case when:

@ =M u, (A = arbitrary constant)
Then
X = E+d ° 3 E ; Py u,
= \! u,

where A\’ = E—i—ﬁ A and ¢+k = M\' which is Lorentz invariant. The

cheoice ¢+k =1 vyields A\° =1 hence: o x+ = u+u4fo
The completeness of the set (u+, u_) leads to the following

¢tlosure equation:
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+_Z + .
z:vs X, = X, =1 (finite mass)
s s

where s denotes the spin state of the particle, These closure equa-

tions wiil be useful in the calculations of lepton covariants in leptonic

weak processes,

Class I. Weak Interactions

It is now well established that the effective weak interaction

density at low energy can be written:

p decay : Tyv Y, (1 + 75)19“1'.:9 T, (1 +-1r=5)w‘u

=%

Yo B+ xY)WoW oy, (L+r)Y

decay :
p Y p

7} ]
5 |%

B _
b capture: j? AR S R A R A

where d' ~ F with an error of less than 3%

107
~(1,01 * 0,01) =—= M_ = proton mass
M2 p
p
x>~ 1.20
The striking similarity between p and B decay theories -- apart from.

®
x #1 in B decays -- and also the study of p capture have led to
the conjecture of an unrenormalized universal 4-fermion interaction in

the class of strangeness conserving leptonic processes, namely:

#*

For p—cabtufé, agreement with experiment is poorer (Telegdi, 1962).
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7 =A/% ¥ivy (L4 Y)Wy Vamy (1 +75) %,

Usually one refers to this theory as the V-A theory, i.e.; the space-
time structure is V-A with n, p, p=  and wWoas particless to be com-
plete one needs to add that the heiicities of e” and v° are negative,

In two-component form, the interaction density becomes:
+ + + + += + 3
F L (o] o 0)(05 o) 9,) = (9] 9,)(050,) - (0, 09,) 0, ¢ 9,)

The weak interaction couples only the "left handed™ part of the parti-
cipating fermions.
The fact that x # 1 in B-decay may be interpreted as due to a

strong interaction disturbance of the nucleons. This brings in an admix-

X=1
x+1

ture of V+ A which is:

TPYX (1 —Y5)\P =X+dhx

i.e, there is a small part of "right handed" nucleon interaction.

Perhaps by some dynamical accident, the mixture due to strong
interactions may yield parity conserving processes as in E+ -2 n + n+
and 2 — n+1xn .

In the class I, we still have other processes like:
T=> BtV T—> e +v 2 —=A+e +v

Due to the meager statistics of ¥ —>»A +e +v (1 event) we shall
only consider the first two processes. Following the usual way of

analogy with electromagnetic interactions we regard
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as a result of two successive steps:

pty

n -
T - P +n e +v

(strong) (weak)

Before proceeding further, we note here an interesting property
of the (V - A) 4-fermion coupling on the reordering of the spinors,
namely the P13 invariance, i.e. the permutation between particle 1 and

particle 3 does not lead to any physical change.

We have:
YN LAY) W W Y, (1Y) W, = s 3T (1 YN, V1 (147 )W,

The * signs correspond respectively to the assumption that the differ-
ent Y's anticommute or commute.

In the c-number theory where the W's commute we have:
— — v _
Y RA+Y )Y, YT, (14 g W, = 0

Characteristics of the 4-fermion interaction

. . . . . 1 . f + _
The dimension of the Dirac field is E§7§ since WYdy = lf

A product of 4-fermion fields has the dimension of JZ . The Hamiltonian
L

density has the dimension of energy x L-3- or Lﬁ4 in units of h = ¢ =
where energy has the dimension L-lu

Hence, in "natural units" the coupling constant G of four

1




2

i fermions interacting directly has the dimension of L™%,
“ 1075 s
1 From experiment we know that G o = where Mp is the proto
| , M
| : P

it is not so clear what we mean by "weak." For example, the cross sec=
tion of e - v scattering is given by ¢ = % (G)2q2 where q 1is the
incoming v-energy and m, is assumed to be zero (Bernstein, 1962).

and that is the case for B decay, p decay, etc.

Since there are no spin changes possible in the e-v scattering

(see figure below) and the interaction is a contact coupling, there is

S-wave scattering.

<
D
=

In the center of mass frame.
The familiar partial wave analysis of scattering transitions yields:

sih2 b or d = &EE sin2 Y
o q2 o]

do _ m
da =~ 2
q

where 60 denotes the phase-shift of the: S-wave. Since sin2 60 <1,

the cross section will show a "unitary breakdown" at:

2
dn” _ 4 2 2 .
2 (G) Umax 7 Imax = 300 Bev

15

n

mass. So the weak coupling constant is not a dimensionless constant and

For g small compared to Mp we can say the interaction is weak,

only
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which was to be expected since the unitarity condition of the scattering-
matrix eonnects higher order processes_with first order processes (Bernstein,
1962).

Unitarity however can be maintained in first order processes alone
if higher order processes are negligible.

To have a good picture of the unitarity breakdown, let us calcu-

late the e - v cross-section at g = 300 Bev. Then:

=5
G q2 ~ lQE— (300 Bev)2 ~ 1 since M_~ 1 Bev
M L
p
and
-5 -5
5 a qu2 ~ G = 102 - 10 5 .
- M (1 Bev)
P
But 1 Bev ~ lO14 c:m-l and thus ¢ =~ 10-33 cmza This means the weak inter-

action, to first order, becomes "strong."

At high energy, higher order weak processes might compete with
first order processes because, as we just saw, the coupling constant G
might become "strong."

Effects of Strong Couplings on Weak Interactions

Sc far we have considered the weak coupling constant G as béing
independent of the energy of the particles, or more precisely on the
momentum transferred. Actually, as we shall see, the coupling constant
G 1is energy dependent if we do not treat the particles as point parti-

-13

cles. We know nucleons have an extension a bit smaller than 10 cm  and

the size corrections should in general be taken into account.
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Since a reliable theory of the mw-meson cloud surrounding a nucleon
is not available, we must confine ourselves to a phenomenological descrip-
tion based on the condition of Lorentz covariance.

The weak vector nucleon current is:
Vo= <P LYY el D

where |P> and |[N> stand for physical proton and neutron. For free
particles VX = E‘fu n where p, n stand for free Dirac spinors.

In the most general case we have (Bernstein, 1962):

o= PV Y, v [N =B I F (07 49 q, Fyla?)

2
+ gy Fy (g9)] n
and for the axial vector nuclecon current:

- - 2 2
Ay = KPIW vyray [ ND = plvyy G (a7) +759,Go(g7)

2
+ Y5 %g % G3(q Y]In

g 1is the difference of the four-momenta of neutron and proton, FL’ GL’

L =1-3 are the form factors. These expressions for VK and A, can

be simplified. Without strong interactions we have:

V.

\ - P YK n = bare vector current

AK — P YKY5n = bare axial vector current.

Under the G conjugation which is defined as the product of




charge-conjugation C and a rotation of 180° about the y-axis in

ion/2
isospace, i.e. G =Ce 2 where Ty = (g

-1

O)’ the bare vector cur-
rent remains unchanged whereas the bare axial vector current changes its
sign, These transformation properties cannot be varied as the strong

interaction is gradually switched on, in order to establish the real vec-

tor Vk and axial vector AK’ because G commutes with the strong inter-

action,

Therefore we require: VK —% VK
ATTOA
under the G-conjugation. That leads to: F3(q2) = G3(q2) = 0. We are
left with only four form factors in class I weak interactions. It is
noted that Fa(qz) = 0 1is also a consequence of the CVC theory.
In the case of hyperon decays like A 2 p t+ e + v; & — Ate+vy
the situation is much more complicated. Here there is no basis for

reducing the number of form-factors.

The Conserved Vector Current in Weak Interactions

The remarkable result GB ~ & led to the Feymnman-Gell-Mann CVC
hypothesis. To illustrate it, we first study the electromagnetic inter-
action of the proton.

The action integral of the physical system can be written:
S = J‘J? d*x

where A = total Lagrangian density

=0<Y +A physical proton * j\physical proton - ¥

‘ﬂY = free Lagrangian density of photon
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interaction Lagrangian density of ¥

physical proton = ¥
with the physical proton.

= & + A

physical proton free proton free x * p-mn

b = interaction Lagrangian density between proton and = meson.

The &

electromagnetic coupling: GX - ak +1ie Ak“ Let us assume there are no

physical proton -y is derived by applying the principle of minimum

derivative terms in the strong interaction @fp_n we have:

physical proton-Y - [Jx (proton) + jx(“)] ¢ AR

Where:
S jx(proton) + jx(n)
jk (proton) = i ei%?k yb
and to first order in e:
Jy(m) = ie [¢* 0,9 - 6x¢* 0]
The electric charge conservation yields axe = 0,* and consequently:
physical proton electric charge = bare proton electric charge

(Berman, 1962). Indeed, the electric charge of the physical proton

operator is by definition:

#*
See Appendix A.
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Q =.f S d3x =‘f 34 {proton) d3x +¢f j4(n) d3x
Hence:

e lQlpd=¢p lf i, (proton) d3x | Py + {p if Jg(m) dBXFp)

where [p) denotes a state of the physical proton.
On the other hand eguation 8,7y = O vyields %% = 0. Therefore

{p | Q | P) = constant in time. Let us assume

t =# - o, Then

|py —» free proton state
'VL obeys free Dirac equation

(p | f g {proton) a3x | ) —3 bare proton electric charge
by definition

(p i'r Jg () d3x | B — O since a bare proton does not have
any pion cloud around
Finally: physical proton electric charge = bare proton electric charge.
In order to go easily to the case of weak interactions, we rewrite the
electromagnetic current in such a way that the isospin dependence is

explicitly shown.
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where

wbroton
= nucleon field operator

=

W%eutron

3 _<1 o)
T =
0 -1

vector in isospace whose components ﬂ19 ﬂQ

=y
L}

. 1 :
are given by £ = ;%:-(Pl - 1¢2)

7 ; (B, +18,)

The fourth component of the first term in JR’ i.e., 'Wh Ta Wh gives
the number of nucleons.

We do have OXCWN Ty y&) = 0 when VY, stands for the free nucleono!
Because of baryon number conservation we still have al(ﬁﬁ Yy Wh) = 0 whan
WN stands for the physical nucleon.

From 8,J, = 0 and a,\(\;rN s WN) =0

We arrive at

where

v, 3
3 : = T . 3
Iy =1evvx?\{f+1e(a’xaxa)

Since charge-independence holds within the domain of strong interactions; H
v :
3 - 0 leads to |

the equation aRJR -
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Vs
aka = 0
where
JX =ie‘\if‘f’x—2-\gf+1e(ﬁxaxﬁ)
here
JVt } JVl . JV2
W T A

Vg
Inspection of the first term in the expression of Jk shows that it is

proportional to the vector part of the p-decay. Hence the so-called CVC
theory in weak interactions was born in order to explain the unrenormalized*
weak vector coupling constant in B decays. The CVC theory states that

the vector part in Pp decays is actually given by the following conserved

vector:s

+
GC - T » +

3/2— \PYK?V*—(ﬁxaka)

One usually calls it the "weak vector current™ to stress the

analogy with the electromagnetic vector current, The faith in the CVC

theory has now substantially risen due to experimental studies. The meas-

urement of the decay constants n+ = ° + e+ v (Depommier et al., 1962)

and the measurement of weak magnetism (Mayer-Kuckuck, 196l; Y, K. Lee,

12

et al., 1963) .in the decays of le and B produced results which are

in good agreement with the CVC theory.

#
i.e., unrenormalized as far as strong interactions go.
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It is noted that the theory is based on charge independence,
therefore the weakly interacting vector current is only conserved neglect-
ing electromagnetic effects.

Finally, it is natural to inquire whether the axial vector current
in B decay is conserved.

We know that a bare axial vector ‘ﬁiYKT5’Wé can only be divergence-
free if the masses of the fields 'qﬁ and Y, are zero.

The fact that x # 1 in p-decays and that decays m — p + v;
K~» p +v are observed although they are forbidden by 8,J, (axial) = O
(Taylor; J. C. 1958) are conclusive enough to prove the lack of conserva-

tion of the axial vector current in p-decay theory.

The Intermediate Boson

The success of the CVC theory has drawn a deep analogy between
weak interactions and electromagnetic interactions. ' It is natural then
to suppose that weak interactions are mediated by a boson field, W. On
this assumption the primary interaction is between the weakly interacting
current J and the W field:

primary =9 Jk WX

Here the coupling constant g is dimensionless, Observed slow

processes are then of second order in the theory -- that is; two successive

steps, creation and destruction of a W.

Due to the observed electric charge-exchange of the weakly interacting

currents, there must at least exist a w+ and a W boson. They should

be massive because of the short range nature of the weak-interaction and

e
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in order to explain the absence of k" = W' + T which would occur more
: . + o + e
rapidly than the observed K —% ¢ + e + v~ we should have
(mass)w > (mass)Ko
The intermediate boson hypothesis becomes more attractive if we
recall that the contact 4-fermion coupling results in a breakdown of
unitarity at high energy (page 15). The e-v scattering cross section

increases proportionally with the square of the bombarding v-energy.

Hence, as photons in electrodynamics, the assumption of intermediate bosons

would introduce a damping propagator Dﬁﬁ given by:
N
ap 2
m
D =
ap 2 2
q + mw

where q, 4-momentum of the vector boson.

m mass of W-boson

W
Subscripts a,f denote respectively the initial and final polarizations.
At low energy

2 2 ®4p
q << m. s then DaB-—> 5 o

m
w

However, the introduction of these intermediaries does not make the
lowest-order theory unitary although it does extend the unitary limit to a
limit higher than the contact 4-fermion interaction.

Usually, one refers to the primary processes as semi-weak protesses.
The reason is as follows: taking into account the universality of class

I interactions; the primary coupling constant g would be related to the

I
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p-coupling constant G through:

G ] P
2 i m 2
at low energy w
Thus
u|2
"3 NI

Assume m, = Mp then g = VI 10_’2 is semi-weak.
We make here one final remark about the intermediate boson theory
Kyt = 9 JWy o The weakly interacting current - ‘\Tfp T, (1 + vV,
for example - is not conserved, thus the thecry is not gauge invariant of
the second kindo* Both spin 1 and spin o intermediate boson participate in

the weak interaction.

The Universal Current x Current Theory

The universality of Class I weak interactions led Feynman-Gell-Mann
to writing the weak interaction as the product of a current and its

. . #*
adjoint:

H .6 g g+
I N

where

¥#
See Appendix A.

# ¥ . + . .
At low energies we are not concerned whether J,J, 1is a direct
four spinor interaction or the result of two elementary processes invelving
intermediate bosons.
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We do not write the‘Dirac matrices for the sake of clarity. Then
in addition to the experimentally observed processes, we get three new
ones: (pn)(np)s (pv)(vp); (ev)(ve). The first one gives a small
correction to the n-p scattering due to strong interaction and the two:
last ones can be of astrophysical consequence (Pontecorvo, 1959).

These newly added interactions can be distinguished from the observed

ones by the following property:

Go)Gp = EmEm and GrEn =0

due to Pia invariance (page 14). But:

GnGEv) =FEnE e and BnE e A 0o

.Also it is noted here that the weakly interacting currents JR
were formed of baryon fields or lepton fields separately and that they
are charge-exchange currents.

However these forms may not be necessary or the only ones due to
the P invariance., Indeed, let us take three examples:

13

1. p-decay: the interaction density is:

GFR)GEVE) =+ -2 (E R EH*V

S
WZ WZ

product of charge-retention currents

(e p) and (¥ v

- -_ -— -— '
{(pn){pn) and (p n){v e) cannot represent any physical processes
because there would be no charge conservation.
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2, The PB-decay interaction density is given by:

(P n)(e” %) = + == (p v°) (e n)

G
N2 V2

product of charge-exchange currents where

each current - say en - is formed of
a lepton field and a baryon field.

3. The n-p weak interaction is:

nn)(p p)

(Fa)mp) =+ (
2

Sle

product of charge retention currents

1l

(nn); (pop)

However, one can do away with such currents like (e w), and (e n) if
one assumes weak interactions to be mediated by vector bosons of zero
baryon number. Then Semi-Weak processes like n — e +W; p —e + W
would be ruled out because of baryon conservation and e-number and p-
number conservations. The intermediate boson hypothésis in general cannot
eliminate charge-retention currents like n n, E Py ;e ve, M v“,

The question of their existence naturally arises. Actually there
is not a single piece of evidence against their presence in this class.
These currents would have many physical consequencess for instance, the

electron proton scattering, the neutrino nucleon scattering, or the emis-

sion of v v pairs from exited nuclei.

Class II. Weak Interactions

The first question is: does the V-A theory apply to this class?

Let us look at the ratio




K+ —» e+ + ¥
+
k¥ =t 4y

R =

The V-A theory predicts r = 2.5 x 10°%, No K-—be +v events have
been reported. O0f course, if the K meson is pseudoscalar then only the
axial vector part is operative for these decays.

Considerable experimental information is beginning to be accumulated
on the decay spectra of the process K93 and Kuan

The present conclusion is that the V-A theory works here. Due to
the meager statistics of A — p +4 + v, where { stands for e or yu,
nothing can be said about the space-time structure of leptonic hyperon
decays, although we know that their rates are down by roughly a factor of
10 from the prediction by universality using the p-coupling constant.

Apart from the last fact, one is inclined to incorporate the class
II into the class I; i.e. one adds a strangeness-changing current Sk to
the weakly interacting currents, for instance Sk = E A, One then inter-
prets the relative smallness of the coupling constant of class II as being

due to strong interaction effects.

The enlarged Hamiltonian becomes:

73t

# = ;é;f AT

- (e) {(»)
where Jk = Sk + BK + Lk + Lk .

Then Class II interactions would result from the coupling between Sl

and on

We observe the following rules in Class II:

+ |as] = 1
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where A denotes the change of some quantum number in the current SX’
e.g., &5 = change in strangeness, AQ = change in charge. No decays
& —N+4£+v -045=2- have been reported, although they are ener-
getically favored over A —>N + £ + v, Here N stands for nucleons.

+ AQ f O. No slow processes with AQ = O have been observed; such

#*

°© 5 pT 4T, e +e” (Anikina, 1962)

K2

K+ —-9'1t+ + p.+ + p.-, 1t+ + e+ + engaoo
Hence in class II, we are left with two possibilities:
AS = AQ and AS = -AQ
The A4S = 8Q 7rule does exist because of the observed processes:

- + + + +
A>p+d +v, KK >+l +v; K =Rt v,

There were some experimental results which indicate the existence of

decays:
+ +
% = p +v +n (one event reported, Barkas, 1962)
kK° — e (p7) +v + n (Ely, 19623 Alexander 1962)

which obey &4Q = - 4S.
The existence of the {4Q = -AS) currents would imply two import-

ant consequences:

#

These reactions are allowed as far as CP invariance is concerned.
They would be forbidden in a V-A theory if lepton masses are taken to be
ZeT0.
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1. The universal current x current hypothesis would be excluded

because the product of a 4Q = AS current Sk with a 4Q = - A4S current

+

S, will yield transitions with |aS|= 2. These transitions belong to class

III. So far no AS = 2 class III1 events have been reported.
#
2. A strange current with A4Q = -AS does not satisfy |AI[ = %a

Indeed, from the very definition of strangeness Q = 13 + B ; S it follows
43.Q=4313+~‘°2§

0@ =25 > lasgl =5 > fo1] > 3

aQ = - 48 = |a1,| =g_., lat] >g

The existence of AQ = AS does not necessitate |AI|—:.% although

|a1]

necessitates AQ = AS. The existence of AQ = - AS demands

NI N =

|az|

[\

In the case of K° leptonic decay, previous evidence (Ely, 1962)
for large AS # AQ contributions has not been confirmed in recent experi-
ments {Kirsch, 1964).

Also, the experiments on 'k:4 decay (Birge, 1963) and Z-leptonic
decay (Willis, 1964) seem to have confirmed the fact that no appreciable
AS = -AQ currents exist for these decays.,

In support of tﬁe point that the strange currents satisfy |aIl ='%
was the fact that, in experiments by Neagu (1961) and Luers (1961), the

+

cat + - + o
probabilities of decays K — e +v+n and K —»e” +v +1° were

2

#
Here |aAI| = % means the change of isospin of the current SKO
L]
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*
roughly equal. Recent results by Kirsch (1964) confirm this equality.

Class III. Weak Interactions

In the general current x current picture, these processes might
result from the coupling Sth+ (their adjoints} and Sks;e The latter
S,S, would yield reactions with either [4S| =2 or [aS[= 0. Note
here that AS denotes the change of strangeness in the reaction. The
case |AS] = 0 belongs to Class I interactions. The case [AS] =2 is
ruled out experimentally because of the unobserved reaction E — N + x
and the small mass difference between Kf and Ké’. Hence observed non
leptonic hyperon decays result from the coupling between 5)\ and B?\°

For these reactions where all of the participating particles are
also engaged in strong interactions, ohe faces dynamical problems from
the beginning, whereas in leptonic reactions; say the neutron decay, one
can factor out the leptonic part and evaluate it, as long as electromagnetic
effects are neglected.

Nevertheless one has had some success in investigating thg space-

time and isospin properties of these processes.

l. Parity non conservation

The historical T - @ puzzle is a good example for the parity non-
conservation of the non-leptonic K-meson decays.

The tests for parity conservations in class III decays are not
difficult because these processes lead a spin % particle to a spin % and

a spin O particle. Therefore the angular distribution of the decay products

can be used as a test for parity conservation without knowing the details

3
Alexander (1962) did not get the same result.
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of the interaction. Consider for example the reaction A — p + n_

dd . T LY
We have: 30 @ (1+a 0> °p)

- A
where'<o } is the polarization of the decay hyperon and p the unit
vector in the direction of the proton momentum.

The measurements of the asymmetry parameter a c¢an be summarized

as follows:

a(h = p+n)ealh & n+n°) = -0.61 £ 0,07 (Cork, 1960)

+ o +.16
a{Z — p+m) =0.73 I (Beall, 1962)

a(zt = n+a2') =0.03+0.08  (Cork, 1960)
a(Z” = n+n) =0.16 + 0,21 (Tripp, 1962)

(Crawford, 1962)

E — A +w
s& = atw) -0.35

There are two interesting remarks:

l. The a(A ~» p +=m ) due to the V-A theory has the opposite
sign of the experimental a. The enlarged current x current theory (to
include Sk) fails badly here.,

2, Two final states of Zi decay reactions have essentially
definite parity.

2. |ar| = % rule

So far there are two known violations of this rule. The larger

violation comes from the observed decay K+ - n+ + 1%, Recent experi-

ments on the decay mode K+ — n+ +x° 4y (Fry, 1964) seem to indicate

#
Here AI stands for the change of 1sospin in the reaction.
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that the reaction K+ - n+ + ﬂo occurs because of virtual electromagnetic

' effects. As to 2 decay, more experiments with greater accuracy are

| needed to test the [aIl = % rule which is desirable because it would
predict the "dynamical accident" a(Z  — n + % } _ 0 if

azt —n +2H)

a(2+ —p + 1t0)

< <1 as experimentally found.

We shall summarize the experimental situation in two charts. The

first chart cbrresponds to experiments agreeing with |AI| = % and the
second chart contradicts the |[AI] = % rule. Each chart has two columns,
In the left column, we list theoretical predictions from [AI] = % and

correspondingly in the right, experimental results,

Chart 1
Theory Experiments
k) — on° 1
= =z 0.329 + 0.013  (Brown, 1962)
0 3
Kl — total
Ky — T (1.39 + 0.11) x 2 ~ 2.90 + 0,72
" 5 * 2 x (1.032)
K — MTAT where:
(1.39 £ 0.11) x 10%ec™t = decay rate of
K+ —_— n+n°n°
(2.90 + 0.72) x 10% sec”! = decay rate of
a] + -0
K2 — T TN
(Stern, 1964)
A——pm - % 0.685 + 0,04 Anderson (See Crawford,1962)
A — total
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Chart 2
NZ A° + A+ = A The inconsistency is between 2 and 3
where A stand for standard deviation
transition amplitudes of (Tripp, 1962)
2+ - nn+
2;+ - p'n:o
= m
+ + 0
k¥ — a'n® Ko—'% Ir . 5010 {Adair 1963)
K1 -2 2n

The Validity of the Universal Current x Current Weak Interaction

The extension of the current x current formalism to explain all
weak interactions encounters two main theoretical difficulties: the low
rates of strangeness changing leptonic decays* and the |AI| = % rule

in strangeness non conserving processes,

The latter difficulty would cause unwanted processes. Indeed, let

us consider the decay A —»p + n . In the overall current x current formal-
ism, this reaction results from the coupling SiFBK = (p A)(n p). Since the
A is an iscscalar and the nucleon is an isospinor, this coupling would

transform in isospace as:

+#*
Recently, Cabibbo (1963} introduces a theory of weak interactions
based on the eightfold representation of SUj. The universal four-fermion

interaction is modified such that the current BK(AS =0, AT = 1) ~ cos @
and the current SK(AS = MQ, &I = %) ~ sin 8. Then with hyperon leptonic

decay data, he has shown that there exists an angle & ~ 0.26 which fits

roughly the K+ - p+ + v, K+ rd x° + e+ + v and baryon leptonic decays.
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= V(s 1 1
mp)pa)=]1=1; I,=-1 |1=53 I,=3

which has both I = % and I = % parts. In order to have the
lat] = % rule, which has been experimentally verified (see p. 33), we
have to eliminate the I = % part. To do so, we have to add a term which
- o) |1 1 :
transforms as |I = 1; 13 = O) 1 = 5 - 2) so that we have:
1 1 1 1 1 1 1
I':") ‘_‘Il?'l I‘s“)'_“so)l’s")
2 2 > 2 2 Nox 2 2

according to the theorem of addition of angular momenta. A coupling
of the type |1,0)|-%,-4% ) is Eﬁfggiﬁh It is a product of charge-retention
currents. Thus the weak inferacfion can be made to satisfy |[aIl = %
rule for class III processes only at the price of introducing charge-
retention baryon currents like (p p), (nn), (n A),...

If we believe in a universal weak interaction then charge-reten-

tion baryon currents should have as their counterparts charged retention

lepton currents which would lead to the unobserved decays:

Kkt — 1I++p++p-, ot ret e

KQO—) p.++p.-, e++e-
Even with the assumption of a boson mediating the weak interactions, one
runs into the same trouble. Indeed, Lee and Yang (1960) by assuming:
1. No |as| >'1 in first order weak interactions.

2. |AI| = % for strangeness non conserving decays
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' 4+
needed to introduce a set of four "schizoid" bosons W , W , W

The W's behave as an isovector [W', - == (W° + %°), W] when
N2

coupled with Bk and as isospinors when coupled with S

In order to prevent [AS]| > 1, they were led to assume AS = AQ

kﬂ

for Sxo
In order to forbid Ké) - u+ +p, K" = 2t s et + & yeaoo

they had to assume a non symmetric condition on W's, namely: only charge

’
intermediate bosons can couple with leptons,

With the possible existence of AS = -AQ in flass I1 processes;, T. D.
Lee (1962) introduced a set of 6 bosons: wg and wo in order to produce
the following pattern:

l. No |as) > 1

2. |AI| = % for class I1l processes only.

3. Both AQ =45 and 4Q = = 45 exist in class II events. Once

again he had to assume that only the charged W's interact with leptons.

# + Pe) -
The set of three bosons (W , W, W ) would cause [AS| > 1. For

instance, the coupling A n W° implies n —» A+ WC , Hhence in second
order we have n +n—n + A+ W0 = A+ A,

*¥The decay A ~—>p +W leads to Eo—éj\+ﬁ—->/\+r:>+1:+—)1t++w-

(here AQ = AS). The assumption |4S| < 2 implies =t + W™ % K° (i.e.
no AQ = -AS),
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CHAPTER II
CHARGE-RETENTION CURRENT HYPOTHESES IN WEAK INTERACTIONS

Whereas isospin properties of stroné and electromagnetic interac-
tions are well established, we do not face the same situation in weak
interactions.

As already pointed out, charge retention baryon currents are intro-
duced in the weak interaction in order to explain the |AI]| = % rule.
Therefore the study of the above-mentioned currents might shed some light
on the isospin structure~oflweak interactions.

If the arrangement of nature is prescribed by simplicity we are
inclined to believe that a good theory of weak interactions which includes
charge-retention currents would have a similar isospin structure with strong
and electromaénetic interactions.

Part 1. Charge-Independence Hypothesis of
Class 1 Weak Interactions

The deep analogy between leptonic AS = 0 weak processes and
electromagnetic processes has been enhanced greatly by the success of
the CVC theory. The question whether 4-fermion interactions are being
mediated by vector bpsons Wt has been raised and briefly discussed (p.
23).

However there are difficulties in the way of constructing theories
of Class I weak interactions by analogy with electrodynamics. One is
that the axial vector currents are not conserved, actually even the con-

servation of the vector currents is broken by electromagnetism. The other




difficulty is that whereas photons are massless and neutral, the vector
particles W's are massive and must carry electric charge.

Probably, a better approach to the dynamical properties of W

bosons is to look at the strong m=-nucleon interaction because mn-mesons

appear also charged and have finite massj although the =-nuclecon coupling
is supposedly pseudoscalar. At the present time, our theoretical knowledge
regarding strong interactions is almost non-existent. We really know of
separate P, C;, T invariance - which is also true for electromagnetic
interactions - and of charge-independence.

Naturally, one is inclined to ask: Would the semi-weak W-nucleon’
coupling and the strong m-nucleon coupling share some similar dynamical
properties?

Since there is parity non-conservation in weak interactions, if
there is anything they can share aside from T invariance, it should be
charge-independence, 1In other words, they might share isospin properties.

For the present, we assume there is charge-independence in weak-
interactions of class I; this means, we postulate the existencé of a set

0

of at least 3 bosons W+, W°, W such that the two diagrams (a) and (b)

are

n{p)

(b)
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~ * - :
dynamically identical, except that g0 = ;E:- , in analogy with charge-
2

independence in strong interaction. With the hypothesis of charge-
independence, the weak interaction implies:

1. The weakly interacting currents can be either charge-excﬁange -
5:1, etc. - or charge-retention - E;), etcooss

2. Since the space-time structure of the charge-exchange current
is V-A, so is the space-time structure of the charge-retention currents.

3. Since for low energies the coupling constant for the charge-

exchange current x current interaction is:
G ~ == , where Mp is the proton mass,

Then at low energy the coupling constant for charge-retention current x

current interaction would be:

because we have assumed that the weak interaction density is:

SR

7

G
"charged" 5

where J = E n + ;e e + ; Ko
Together with nucleons which form a doublet B = (z }; leptons are

assumed to be put into two doublets:

e r
=0 ¥=0)
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Then in the charge-independence hypothesis, the four-fermion weak inter-

action assumes the following forms

- —2 = -+ = A0
@10 . & (5Eas 54+ # T 4)

NE? 2

where ;“(Tx, T Tz) are the Pauli spin matrices and we do not write the

Y

Y=-matrices since they are not essential to this argument.

Developing we arrive at:
#OT) - & (G v + (np)* ) + (% p) (5 v°) +Hemitian conjugats]
+L S R + GvE ) + @) )]

+ % L [mnEe+pp-vEv® o VRV + 5p (v + P i Ge o)

+ (2e) () + SO EWH) - (Ge) () - () O]

1 G - =\ = =\ = = =
+ 7 I:(pp)(pp) + (nn) (mn) + (ee) (ee) + (up) (up) + (WSS
v2 :
+ (W) W]
If ;{E = interaction density of the ith row of the above expression then

we have
(C.1.) _ ‘ . .
H -5%3 + 5%% + 355 + ¢4, (Charge-independence hypothesis)

In the charge exchange current x current weak interaction, we have:
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wé see clearly that for all observed weak processes of class I - due to
E{l : p decay, p-decay, p capture - there is agreement between the charge-
independence hypothesis and the Feynman-Gell-Mann current x current inter-
action.
So in order to test our hypothesis, we have to carry out three
types of experiments:

1

1. Reactions allowed by 5({2, €:9o 1

ve+e—-§e+ve; vp'+p.-f)p.+vl"'; n+t+p—n+p

The charée-independence hypothesis would give a c¢ross section four times
as small as the cross section given by the charge-exchange current x
current hypothesis,

The weak n-p scattering is dominated by strong interactions.

The electron neutrino scattering has been studied. The main experi-
mental difficulties are due to the presence of background. Available
reactors provide high flux low energy antineutrinos. The average end point
energy is a few Mev,

The p - o scattering is out of the question . There is no
p-target.

2. Reactions allowed by 383: In our opinion, the best experiments
-involve neutrino-induced reactions because the only interaction known to be
enjoyed by the neutrino is the weak interaction.

According to the expression Z{é, we can have three feasible tar-
gets: e, p, n.

We do not choose electron as targets because the only neutrino-

induced reaction allowed by g{s is: W +e=e+v" and one does not




42

have any sufficiently high flux of p-neutrinos yet, although one obtains
a high energy p-neutrino from K and mn decays. So we are left with
nucleons as targets. The simplest experiment is A p—pt v¢. In
the center of mass system, and with ¢ = 1, the proton recoil momentum
is equal to the incoming antineutrine energy the average end-point of
which is, for reactor neutrinos, a few Mev. The nuclear recoil energy
is then %; < T%G Mev.

Within present experimental possibilities, the signature of this
reaction is insufficient.

Reactions of the type v + zXN —» ZX: + v have b?en suggested
{see King, 1961},

We shall return to this point.

3. Reactions allowed by g{; which are all forbidden by the

C’{l C;Lﬁfa:
ptp—2p+p, nt+n—2n+n v+v-—Fv+ty

et+e—2ete, Wtp—=ptUu, oo

Clearly, all of them are either dominated by strong and electromagnetic
interactions (p-p scattering e-e scattering); or are experimentally
impossible, v + v — v + v,

The only way to detect - p-p scattering for example - is to find
the effect of parity non-conservation,
Conclusion

From the above discussion, we think - within present experimental
possibilities - the best way to test the charge independence hypothesis of

the weak interaction is to study nuclear reactions induced by reactor
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antineutrinos.

Note that we do not have the vector interaction in allowed
transitions of the type:

3

v + sz —> zXN + v

v + sz — Z proton + (N - Z) neutron + v

Indeed, the vector interaction nuclear matrix element in the allowed

transition is:

< final | zZT | initial >

j 83

where Jj runs over all nucleons. This matrix element should be zero

because the initial and the final states, determined by strong interac-

tions and electromagnetic interactions, are eigenstates of 2 Tsj and; on

J
the other hand, they are in different energy levels,

Since we use antineutrinos, we want to go from neutrinos to anti-

neutrinos. We transform as follows:

L4y
ATV YN = 2V, Yy

~—
|

+ +
2(p 9, - 99,9)

n

Since

*¥ (* : complex conjugate)

L=
1]
e

¢ =X o, (T = transpose)

Then
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Also

+ T R
Py 9Py = Xy 988Ky = X5 050

i}
+
bas

because 62? 62 = = QIO

Part 2. The Electrically Neutral Current Hypothesis

in Weak Interactions

If one assumes there is universality in all classes of weak inter-
actions; then the charge-independence hypothesis has to be generalized.
However the experimental [aI] = % rule in 2-body modes of A decay might
be used as a counter example for a universal charge-independence theory.

0 + - 4+ -

The absence of such decays as K2 —p tp, e te, ... leads
to the speculation that there are no electric charge-retention lepton
currents in |AS| # O leptonic processes. We note the following experi-

(##)

mental upper limits on certain decay ratios:

R(K+ *%~n+ + neutrinos)

R(K+ -’ + e+ +v)

1
<3

#
We assume different fermion fields anticommute with each other.

#* 3%
Lee, Yang, 1960.
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(*)

R(K+ﬁb1t++e++e-) < 2.5 « 1072
R(K+—91t°+e++v) -
R(K+ =>4+ u.+ +p ) < 1073
RKT =+t + ) 7
+ -
R(KS =2 p” +p7)
D 1073

R(kF = pt o+ o)

Whereas they might merely cast some doubt on the existence of a neutral
(v v) current it appears that there are no (up), (ee) currents.

We shall assume there exists a (vv) ocurrent. Then, as a con-
sequence of Qniversality, we alsc postulate the existence of other similar
neutral currents, namely currents formed out of electrically neutral fields;
for example (nn), (An), (£ °2%) (E° &%) (An), E° 4), ...

| -To make an acquaintance with this new physical picture easier we
shall at first limit our discussion to cléss I weak interactions. 1In

this class we assume as before three doublets
+
Py, e . (]
(B)s (505 (5

Our postulate is then equivalent to the assumption that the isospin
structure of weakly interacting charge retention currents is 1—5413 .
The 2 in the denominator will be explained.

Strong interactions are rotationally invariant in isospace. They
allow several kinds of coupling among the components of the nucleon doublet.

The electromagnetic interaction does not have this invariance., It

only allows toupling amcng the upper components of each doublet. Its

#
Camerini, 1964.




46

l+'|:3

2

o

isospin structure is
Now we already know about the existence of a coupling between the
lower and the upper components of each doublet in weak interactions, e.g.,
En in B decay. Then the assumption of an additional coupling between
the lower components of each doublet in weak interactions, and no more,
might be interpreted as an attempt by the weak interactions to restore all

couplings allowed by strong interactions.

1 + 13
2

In line with the structure in electromagnetic interaction,

1 - 73
2

interacting charge-retention currents.

we shall postulate as the isospin structure for the weakly

The last question is the space-time structure of these neutral cur-
rents. S5Since our hypothesis stems originally from the perhaps possible
observed decay: K+ —9'u+ + 2 neutrinos - although it may be quite indepen-
dent from it - the lepton current responsible for this decay should be a
vector current because from one neutrino and one antineutrino in the final
state, or equivalently from one neutrino in the initial state and one neu-
trino in the final state one can only form a vector ¢+okmu In 4-component
notation this vector becomes {}Yk(l + Yshy it means we have a V and/or
A theory. In brief, we have, in addition to the electric charge exchange

current interactions, the following interaction density:

o _ o+

o gle)
Jg = — 7] A

‘\/2—' A

if we use the current-current picture.

Here




l -« 1l -+
0O_ .0 - - 3 ,p -, = 3 ;e
Jo = 5, + (p n) ( n) + (e ° v) — (v Y 4+ ...

=sx+(En))\+(3v)>\+”a

where a prototype of S;’ might be An,
The space time structure, V and/or A or their linear combination,
and the neutral coupling constant G(o) would be left arbitrary if the
charge-exchange and the charge-retention current interactions are inde-
pendent from each other. Such a theory is not desirable in view of the
|AI| = L rule.

2

The physical meaning of the neutral current hypothesis, when being
incorporated into the charge-exchange current interaction, can be easily
illustrated in the intermediate boson picture,

For the sake of simplicity, let us limit ourselves to class 1 weak

interactions; also, the Dirac matrices are not written. The semi-weak

interaction density can be written:
4 + - -t
H nehargen =9 7 W+ 3T W)

where

T tin=x

izx'_ b4 Y
S 5 k2

3
The neutral current hypothesis, or in this class, the l_%iiw
hypothesis, can be interpreted as follows:
3 _ - 13 3
The current J ='w& IR couples with a neutral vector boson W

to yield, in addition to #y .. .., the interaction g w1 we

take go =g QE?, the total interacticon would be an isoscalar, we go back




3
to the charge-independence hypothesis. In order to have the l_%fI_

isospin structure, we assume there exists another weak coupling between the
isoscalar current J° =YV —é-wz and WS, according to -¢° J° WS, This
interaction alone is not an isoscalar because W3 is a neutral vector

boson.

Finally we arrive at:
_ o w3 _ T .7
Hiray =9 (V2 W =T W)

The arrow means: isovector.
In comparison with the Lee and Yang theory {1960), the newly added

3 of this hypothesis does not result in any new isospin

interaction JOW
selection rules since J° is an isoscalar. The neutral current hypothesis,
on the one hand, introduces the neutral vector boson W3 to explain the

observed |AI] = % rule. On the other hand it reduces charge-retention

currents to neutral currents.

Clearly the coupling constant G(O) is given by:

G° = 26 where G = p-coupling constant

and the space-time structure is V-A.
The extension of the theory to strangeness changing slow processes can be

made explicitly by using some model based on SU{(3),
For instance, in the Sakata model, the neutral current hypothesis

would yield the following isospin structures for neutral currents:
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1 -X n
- AA
> corresponds to: nn + >
kﬁiik _ _
> corresponds to: An, or nA

(for ki, see M. Gell-Mann, 1962).
The best test of the neutral current hypothesis is again the study
of nuclear reactions induced by neutrinos. The coupling {n A)(n n) which

gives rise to:
A+n—n+n

is purely dictated by weak interactions (AS # 0), however the meagre
statistics of A and the fact that all electrically neutral particles
(except Y, v) are not stable, discourage experimentalists. They can be
stabilized in nuclei (neutron) and hypernuclei (lambda) but other channels

can then participate.
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CHAPTER II1I
ANTINEUTRINO DISINTEGRATION OF THE DEUTERON

In the following, the cross section for the antineutrino disintegra-
tion of the deuteron is calculated in the allowed and first forbidden
approximations foliowing both the theory of charge-independence and the
electrically neutral current theory.

We concern ourselves with the Deuteron for the following reasons:

l. The disintegration cross-section oflthe deuteron can be calcu-
lated close to exactly in terms of the pertinent coupling constants for
bombarding energies below 10 Mev or so.

2. The binding energy of the deuteron is not excessive as far as
reactor produced antineutrino energies are concerned.

3. As to the signature of the reaction, there is a superiority
of v+D=>n+p+yv (1) over v + p—=pt+tv (1').

The signature of the reaction (1') is the identification of the
recoil proton, which is now impossible because of the small proton recoil
energy. However the situation is different in the reaction (1). Its sig-
nature is the identification of neutron - by slowing down and capture - and
proton. Although the neutrino momentum are small, and thus the momentum
of the neutron-proton system, the individual nucleon momenta can be quite
large = as large as energy conservation allows. Hence it is possible to
detect the proton in the reaction (1).

4. The deuteron can exist in many well known compounds including

scintillators.
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We want to calculate two things:

1. The cross-section of the reaction v +D —>n +p + v (1)

2. The nucleon spectrum,
Postulating sufficiently refined experimental methods, the latter would
prove helpful in the identification of the reaction (1), particularly; in
distinguishing it from ¥ +D — p+n.

Since the reaction:
- +
v+D—=22n+e {2)

does occur, we also calculate its cross-section in order to compare with
the cross-section of the reaction (1).

| It is clear that the results of the subsequent investigation,
once compared to experiment, will only illuminaterthe situation with charge

retention currents in regards to processes without strange particles.

General Discussion of the Cross Section

We shall use the unit system where h = ¢ = 1 and neglect the
proton-neutron mass difference, We normalize all interacting fields to
unity ‘[\y+\pdv = 1. In particular the incoming antineutrino flux is
unity if we put V, the volume of normalization equal to 1. The cross-

section is then given by:
2
o =2n S [Hi(|" pg

where Pe = density of final states

weak interaction Hamiltonian responsible for the process

=
1
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i,f stand for the initial and final states. These states are
eigenstates of the H'-free hamiltonian. In our problem
they are determined by strong interactions

S meané a summation over initial and final spin states and
averaging over initial spin states.
We shall first calculate the density of final states, then the
transition matrix elements in the allowed and first forbidden approxima-
tions.

The Density of Final States

Since the cross-sectjon is a Lorentz invariant quantity, we shall
limit our calculations to the zero;momentum frame. In this problem, the
final state is composed of three particles: +two are non-relativistic,
the nucleons, and one is relativistic, the lepton.

The total energy, exclusive of the nucleon masses; is:

=By tatw

where q 1is the incoming antineutrino energy,
B the binding energy of the deuteron,
E3,p the energy and momentum of the final lepton,

M  the nucleon mass,

and k the relative momentum between the two nucleons with momenta
> >
Py and Py>

The density of final states is given by:

e [y ]
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Since K = Si - 39 once ; and K are given, 31 and 3é are deter-

(NI

mined,

In order to calculate Pgs We first fix gg then:

d 3 .3 _ 3 .2dk
s (d7p d7k) R =d"p k e ko
p
RN
= a% K & dg
_ 3
—dedep

For 3 in the range (p, p + dp) and in the solid angle dQ, we have

d3p =.p2dpd£2o Since we are dealing with E3 < g < 13:5 Mev; we can make

the following approximation:

3
2
k
=Byt
The last equation yields:
dE, = £~ dp = - dE
3 E
3
2 _ .2 2 2 2
p° = 53 - mg = (¢ - E) m
2 2
= (q - B - E) my
k2
where E = i is the relative kinetic energy of the two nucleons,

and m, the mass of the final lepton.

3
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Thus d3p = p2 dp d@
2 2 Es
=[(q - B - E) -m3] (--p—) dE d@
k=(ME)1/2

Finally:

3/2
+l M?__, [(q-B-E)” - “‘32 1/2 (q-B-E)E1/2 dEdQ d@ (I-1)

If the final lepton is the antineutrino we have:

L w2

g 5 (q-B-E)2 E1/2 dEdg, d (1-2)
)

k

Pe =
(2n

In terms of the relative momentum, the last equation becomes:

2 2
__1 2 k*
ps = g k" (@ -8B - ) dkde da
(2x)

The Transition Matrix Element

In the zero-momentum frame, the wave functions of the initial and

final states are given by:

1g - %
incoming antineutrino: e Xi
e ?1 +?2
deuteron H e 2 \%b
ip ° f; (*)
final lepton : e Xf
3 -
s T
—lpg——2——=
outgoing nucleons H e \Pl 5
b

*The leptons are assumed to couple locally with each other.
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where xi, X, are the two-component spinors of the initial and final

f
lepton,
\yb is the deuteron wave function in the center of mass of
the bound two-nucleon system
and LP3,2 the wave function of the outgoing two-nucleon system in
their center of mass,
The transition matrix element can be written:

+
.2 3 1 2
- > & - 5
CE|H | 1> =f drldrzdr; e v

2 .2
N ia . <:_r} ~ 1 r2)
' e + v 2
x W o [ (P, x)1Yg e

where:
3
(0 . 26 Lot ) s(E -3)
A 5 2 A, y
j=1,2 J
n® .15 (<3, G -7
vz M
j=1,2
(-) G ('r- ) 2
Ty = — =~ T 5(r_ - r.)
A\ 2 A 5 ]
‘E- j=1,2 ’ Y

The Dirac delta function expresses the local coupling between weakly inter-

acting currents,

3 - .
T, T =T, - it

1 , are the usual Pauli matrices in isospace, and

PK is the non—relativistic:approximation of Yth {1 + st)
The superscript (0) means that the interaction density used is

given by the neutral current hypothesis. Similarly, the superscripts (3)
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f and {-) correspond respectively to the components 3€3 and aq of the

! charge-independence hypothesis. Clearly, T°(°) and Tl(s) are respon-

- - - +
sible fors ¥ + D=3 n + p + v whereas the transition: v +D = 2n + e

H(-)

: -
is realized by T By integrating over dr- , we arrive ats
v

‘ ' _ - -3 + + v
iy = [ &) (o PR (11)
where
- -
T - T -3
. -i=5ep/y_.3 15 °4q
hx(o) =2 V2 G e 2 (1 2T I")\) e 2 +
1
- -
i =3 3 4L .3
s 2 Pli1-q r 2 " 9
e 5 \ e
2
wizug 120_?
h7u\(a) 1/1_ {e 2 («.-313\) o 2 +
' 2
- -
_*
i L3 . i3
+ e (t Ik) e
2
_l_r-z. > i_r-:oé
hi(-) = N2 G {e 2 (% ). e 2 +
(I3 4 1.3
+e 2 %? Fi) e 2 :}
- >
and r = rl - r2u

Allowed Approximation

In the allowed approximation, all exponentials are equated to unity.

Only the time-component of the vector interaction, i.e. F:’ =1, and
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space~components of the axial-vector interaction, i.e. r£‘= =xdk9
participate.
Since the deuteron ground state consists of mainly 38; the

(3 1

nucleons in the final state are in an S-state S or S)e

As discussed, 38 is excluded for the reaction
V+D—2n+p+y (1)

and because of the Pauli principle; we also face the same case for the

reaction:
- +
v+D—2n+e (2)

We shall, in the following, calculate the cross-sections of (1)
and (2) separately.

Cross-section of v + D — n + p + v

Since there is no contribution from the allowed vector interactionr

the allowed matrix elements become:

-

i (0)| i) =2V2Z x0 f d?l d?g(x;” 3 xi)xﬂ“m2 (l = d>l+ (3)
Lo 3

ER By - iE_..f T T, (¢} 3 Xi)\ﬁgz (8, + (2 @)

The wave functions \yb and 1+E 5 can be written:
§ =

Yo
1,2

¥

3 m
(“s) xl I0

1
(°s) xo I190




where by convention, (35) denotes the ?ndependence of the deuteron

wave function

Xf‘ the spin state of the deuteron (triplet),
I, the isospin state of the deuteron (singlet),

(18) the ?-dependence of the final two nucleon
system

X the spin state (singlet),

and I the isospin state (triplet) of the final two-

nucleon system.
One can replace Id;)l d;?z (18)+ (38) by ‘rd;(lS)+ (38) because

the integration over ? = ?1 - ?2 is equivalent to the integration over

?&s keeping ?é fixed. Then the integration over ?2 would yield the

volume which was previously normalized to one.

Since:

] - 3) ] .35 1 5 1,3 3
(——-2—1—?1 + —-——2T— 0)2—5 (21 +,d2) - § (T 3)1 + (T 2)“2

and

We have from (3), (3°) and from the last equations

(f]H“(O)|i>=-2<f|H'(3)|i> (4)

The calculation of (f|H' |i> reduces to the calculation of

I(15)+ (35) d? and of:
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+ > R 3 3 m +.3 mo_ g t3
(xf é xi) 119 X (»r §) + 15 ?) X, I, (al 22”‘1 (xfdxi)

Of course what we are really interested in is not (f [H’ [1> but

™

L |(ER |i;>|2 since the deuteron spin state is a triplet.
m

Let us calculate L 2| (X (? - ?Q)XT) . (X; c?){.)l2
m

3 o' 1 i = D.

We notice

+ m +,= m + m
xo(?1 - 32)x X'(@, + 32))(1 - 2 32)(1

_ + m
= 2Xo 3é Xl
Thus

-
z (XT3 "’)(x*') Mk
m 8] 1

w
"
Wik

I
+

m  mt
1 X Y 6., X x*% e x 5X5 Tox

= 3% 98X % a*o 19K s

23 m

w

I

= = 2 b, X ¢ X X
S DK Wt

w

2 xtaoxxtox
] f "3711 ¢

1
(] BN

We choose the z-axis as the incident direction of antineutrino, then the

X, = (é) since v is right handed, and:

i = (3) (10) = (33 =5 (o, +1)

)X, =0 follows:
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+ + _3 +
and % Xf ojxiXi def =3 % Xf djdzdjxf
J J
=3 _1.+
=5 " 2Xp 09X
_3_1P
2 2 p
Finally
P P
=423 _17zy_ 1z

Consider now I 's)t (38) d7. The radial dependence of the

deuteron wave function can be approximated by:

-¥r
3 _ e
(7s) = /\/%; -

2
= L
where B T
This implies the action of a &-function potential between neutron
and proton.
If we ignore the neutron-proton interaction, the final state of

the two-nucleon system is given by:

1
( S)free - Swave of e
where ? is the relative momentum between the nucleons.

S iR A, m* m
ince e = 4n i i Jg(kr) Zyy (k) Yp (r). Then
m

(!s)

4nj (kr) = yoﬁ(k) Y, (1)

1
j (k) (because y_ = )
0 0 r—
sin kr an
kr
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However if we take account of the strong interaction between neutron and

proton, there is a phase-shift 50 such that.

sin (kr + bo)

1oy o
(°s) = kr ¢
The integral I (18)+ (38) dZ can be calculated by replacing
i -Yr
y, _ sin (kr + 60) 3. [t e
("s) = — - and (7S) = 4 o -

We have:

r2 drdQ

sin (kr + % ) «/EET e-?r
2n

[ 09t Co at ]
k cos b + ¥ sin 6
V k + Yé

But k cot bo = - % where a = singlet scattering length then
1.0+ 3. 2 s8nr (l-a‘Y‘)22
J G s ar| =5 2.2 5.3
k“ (1+a )(k +¥°)
2
= gny (1 - a¥) (6)

(1 +a2k2)(k2+‘f2)2

From (3), (4), (5) and (6), we arrive at:

Py BrY(1 - ay)?

1 -»(o) an 12 2, 172
3R ICHIH TR = ab0 0 - 55 (1+2°k?) (k%%

I
B

ARGERUEVEETS LIRCIE UG




62

Finally the cross-sections are given in the allowed approximation by:

[ 2
g =2n § ﬂHifI Ps (7)
da(O) -4 dd(s)
(o) ;w32 2 gry(l - av)? 1 P,
do’™" = —— T~ 4(xG) 55 2 23 U-35)°
(2n) (1+ak") (k™+r%)
(g -8B - 5)2 E1/2 dEdeQk
From now on, we shall only consider dd(o)s dd(s) would be given by
(7) once dd(o) is calculated,

p
After integrating over dQ, the term ?% vanishes, and:

1/2 2
w® <& (6282 (1 - an)2E / lg-B-E) 4 (8)
n (E+B) “(1+Ma“E)

In our problem, the cross-section is evaluated for reactor anti-
neutrinos and for three antineutrino energies: 5.5, 8.5, 13.5 Mev.
The cross-sections d.(q) for monoenergetic antinpeutrinos will be obtained

by integrating j ds for the range of E between 0 and q - B.

2
-B - E
Let us denote 1 = (q ) s then:

(E + B)2(1 + Ma2E)

as () = —85 (xa)2(1 - ar)2 (BE)2 1 @k .
T

We rewrite:
2

1 q 2q_
I = - 2 5" 2
14+Ma“E  (E+B)“(1 +Ma“E) (1 +Ma“E){(E+B)
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But:
1 o1 1 Ma? \
(1 +Ma’E) (E+B) 1 - MBa2 \ETB 1+Ma2E/
hence:
1=~ iy ] -
1 + Ma“E (E + B)(1 + Ma“E) (1 + Ma“E)
- 1 + g q 1 _ M32 _ 2
1+ ma2E EFBY L a2 \(E+B) ) 2] 1amelE
- 1 + g q 1 _ Ma2q _ 2
1 +Ma2e BBy wBa?EFB () wBa?) (1ma%E)]  14Ma%E
1 q° 1 1 MaZq”
= 5t 5 5 - 5 3t 2| Frg
1 +Ma“E 1 -MBa~ (B+E) 1+Ma“E\ 1 - MBa

2
Ma2q 1 1 Ma2q2 1
1+ 2 5 " 5 5% 295
1 - MBa 1+Ma’E 1 - MBa 1l - MBa ) _
2

q 1
+ 2 3
1 - MBa“ (B + E)

The integration I ds is now straightforward {Appendix B). We obtain:

-B
g0) J’q g L©)

o]

e ACORNITE oL (9)
T

where
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q-B
(ee)/2 1 4E

Fe ]
o
. 2
/B /q-B
VBiq - B) (2ES + E7§§fj?) -2 (;S - §7E§fri> Eg arctg %2;

—d - —9a g-B
+ B/ES=-1 (iq 4B + 2 B/Es-l arctg B ¢

(ES = -15";‘0,,074 Mev) .
Ma

The total cross-section for reactor antineutrinos is obtained by
integrating o(q) over the energy distribution of the incident anti-
neutrinos.

By taking account of the finite range correction (Bethe, 1950) we

arrive at the following results:

(o) -44 2
= 2.4
(reactor antineutrinos) 2 10 e

(o) -43

_ 2
d(5=5 Mev antineutrinos) ~ 9.1 10 cm

(o) _ -42

2
%(8.5 Mev antineutrinos) 2.2 10 cm

(o) ] -42 2
%(13.5 Mev antineutrinos) 8.6 10 cm

Relation of Differential Cross-section Maximum to Virtual Singlet

Deuteron Level.

From {8) we have:

o 1/2 2
dE 7 (E+8)2(1 + MaE)
Or by denoting ES = —15 # 0.07 Mev and taking the logarithmic derivative:

Ma




f(E) 1 __ 2 . 1 L _2
f(E) 2 q-B-E E (1 +L) B +E
S E
S
..._LLI-QE/ES—4E( 1 + 1 )
"~ 2E E -B-E B+E
1+E-
S
=“1“[1-15/155“ 4qE J
2E |1 + E/Eg (g - B - E}{B + E)
4 @)
o is maximum when ' (E) = 0 or when E satisfies the following
equation:
= E E
G(E)=(I-E-)(q-B—E)(B+E)-4qE(1+E—)=O
S S
We can check easily that, for g = 5.5, 8.5, 13.5 Mevs
G(ES) <0
G(0.05 Mev) > ©
In other words, the solution E_ of G(E) = 0 1lies between
0.05 Mev and ES ™~ 0.07 Mev,
We obtain the following results:
For g = 13.5 Mev Em > 0,058 Mev
g = B.5 Mev Em ~ 0,054 Mev
qg= 5.5 Mev Em:0°054 Mev .

~ +
Cross-section of v+ D —= 2n + e

The allowed matrix element is:
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Celw 11> = V2 xo [ )67, of Tx:0% 2 [(:22: ?)1“22:’ :)2]%

With the same notation used in the case of v +D =3 n+p + v, the wave

functions !YB and Ya 5 are given by:
’

1

1
\’/1,2 = (8) X, I )

(3s) xT 1

As before, one can replace I d?}d?é (lS)+ (38) by f dr (lS)+ (SS),

and since:

3 9

- d, = 4
+ + T" T m S I S m
I, a1 xo[(23)1+(2 3)2J X1 I = % Wex X1
= 43 o.m
= 2 X 0_2 Xl

the allowed matrix element can be rewritten:
s (=) . L + ,1_.+ ,3 + 93 .m
I iy = -2 o) [ dF Cs) (s)(xoc2xl)(xf?xi)

We are led to calculate:

where s denotes the spin state of the positron wave function Xge

We have:
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N . m ot ot +
D' = 3 x0 °2j (% xl xl )d2k x0 i xf c:j:\ci)c“1 okxf
Lot Sty L
=3 (X5 92595%,) £Xf 95 2 (g, + 1)o; X,
CLogatogg L
=3 i.xf §o.2(oz+1)ojxf
o]
-1 + .z
=7 2 % -7
. 6 E.+3-3%
=2 zxtn-=2) =2 P
2 g 3 my f

3 My and 3 are respectively the energy, the mass and the

momentum of the positron.

where E

Pt
Since the 4-component spinor q@ = .| of the positron is
Xt
normalized to unity, i.e.:
2E

i+ + 3+ _
Ve e = (o5 o0 + X %) m (pg Xg) =1

!

+
Or cl’f’(f“EE—a’

the closure equation (po 12) becomes:

m
. + 3
29Xy = 3E.
5 3
Consequently:
L s s ES+8"°3
r =2y, (1-=% -
2% °f 3 Moy Pt
d m E+2“3
= % Trace (1 ?; 22 3
3 M3
21 _ 1Pz
P2(l 3 Eq’°




The c¢ross-section is given in the allowed approximation by:

- - 2 P
ao'™) = (2x) a(x6)° 8ﬁ§2w% 553 138 o
(1 +ak7) (k" +7v°) 3
where
3/2 1/2
pe =—1—6M2—[(q-B-E)2-m32J (q—B-E)E1/2dEkodQ.
(2n)
. Py

After integrating over du, I vanishes; we finally have:

3

1/2
1/2 [(q-B-E)2-m32J (Q'B'E)
2

dd(-) = :% (xG)2(1 -aT)Q(BE)
n

(E+B)2 (1 +Ma Ej

For monoenergetic antineutrinos, the cross-section will be obtained by

)

integrating .[ dd(u for the range of E between 0 and g - B - Mae

We obtain the following results:
(=) -45 2
(reactor antineutrino)}

(-) a4 o
d(555 Mev antineutrino) 6.9 10 cm

(=) -43 2
d(8n5 Mev antineutrino) 6.4 10 cm

s(=) _ -42 2
(13.5 Mev antineutrino)

The Proton Spectrum of y +D - n + p + Vo

In order to obtain the proton spectrum, we have to express the
differential cross-section as a function of the proton momentum - which
we denote as 31 - . The neutron momentum is denoted by Bn and the

final antineutrino momentum.by 3,

dE (10)
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The density of final states is:

1 3 3
Pe = gg (g dp dp]
de (Qﬂ)é
with € the total energy excluding the nucleon rest masses,

We first fix the proton momentum 31 in the range 31 + dgls

this means the number of available states is proportional to pl2dp1d£21

Then:
d3
= e dp,dQ, [—=]
£ Py 1
(2m)® e TR,
d3 2 d
(FE)_) = p -2dp dg
£'p 2
1 o P
T oM
2 2
E ion yield = B = PL_, Pn
nergy conservation yields: ¢ = q - B = p + & o
Momentum conservation gives: Bl + 3; + 3 = 0., Then
52
1
e - o) Pn 9Py
—_— =14 ¥ & (from energy conservation)

dp

From momentum conservation we get:

2 2

P, =P *tp t2p-p

+ 3

( dpn) PP
c—— = +

pndpg P o

Hence
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2 2,79 3 2. = 2
dle - p,"/2m) P+ PP PMEp Hpep;
dp =1+ oM - pM
and
3 3
(%;E)-a = =3 p.M dQ
€ Pp p"+pM+p- Py
Finally:
3
1 2 p°M .
Pe = T g P P90 5 5 &
(2) p* +pM+ D o Py
_ 1 2 2 1
= ——_6 P pl - ﬁ " ﬁ dpldQIdQ
M pM
: Ro9-B . _1 : 2 ites
Since v < m L J0g* We can ignore g and writes
1 2 2 1
P =" PP dp1 = = dQldQ
(2m) L+ P2 P
+
pM
. . 2 2
The proton momentum is a maximum when p = 0 and Py = “Ppe So:

2
P
o = q-Bg 10 Mev .
maXx

Since M Z 103 Mev, hence:

(pl)max < 100 Mev

p
1 . L
and W < 1o

p

To first order in ]% we haves
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p
1 2 2 1
= z PP [1 - == cos 0] dp,dQ, dQ

P = (2m) M

where cos € = cos (3 : 21),

We now want to express p2 in terms of P;- From

p 2 o 2
_ 1 n
q-B=p+ M + =

2 2 2 =)
and P, =P + Py + 2p Eﬁ
we get:
2 =2
pl EE pogl
a-B=ptytomt w
2
- Py Py
— p[l'l'—M"'COSG]-I-"hT"
2
~ P Py
Or: pZ (q ~B - o {1 - & cos 8)

In terms of the proton momentum, the density of final states can be

written:

P
1
q-B- N ) (1 -3 T Cos G)dpldQldQ

R
%2 1m0 % - a2 -
m

1
Af S PT (14K +y

. 2 .
We shall express the relative momentum k in terms of the proton momentum

q
pl:
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= 3 1 =
| k=p 3P
|
2 2,1 2
k Py + a P - Ppy cos <]

2r . o1 @]
Py [1 b, cos 8 + ) (pl)

Let us assume a proton with energy El > 0.05 Mev can be identi-
! fied. Then:

N 2

E, = Eiw > 0,05 Mevy —>» 2 >
1 2m 2 ¥ Py 2

M
10

P, 2 10 Mev.,

and -3 < 9-B a8
p1 p1 - 10

+ For g < 5.5 Mev, we have:

._E_(q"B( 3n3

P 10 =~ 10
| 1l p2_,1 9.9
4(p1) <7 3156 < 0.03

We shall ignore the last term. Thus:

2 . 2 B
k Py (1 5 cos 8)

| 1

and

2

a"pp, cos ©

1+a%2:(1+a%f)U‘-“—ijr3—
1 +a Py
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+

2
_ ~ a‘pp, cos O
1 +aA™ 2 (1 +a%p )71+ —2 +
1 2 2
1 +a Py
a2pp1 cos 9 ‘J
+ R +DBU
1+ anf
Also
p,p cos ©
Y2 P+ p0) (1 - s
1 2 2
Y™ +p
1
812
_ _ p,p cos © p.p cos B
(wr°2+k2)2:(\r’2+p12)2[1+212 2-(12 2)+
e+ Ye o+
3 p
1 1
(plp cos 6)2
+ 4 A A + 00
2 2
| Y +p1
2
5 5. - Pp, cos v pp, cos e
~ (Y +pl) l+2-—F—5+3 | ~—F5—% + eao
YT +p ¥“ +p
1 1 )
- -1 -2
Hence (1 + a2k2) 1 (Y2 + k2)2 = (1 + anf) (Y2 + pf) K
where:
2 2’ 2 3
K =1+ pp, cos & + >-+ (pp, cos ©)
1 (Y2+p 2 1 +a2p 2 1 (Y2+a2p 2)2
1 1 1
+ a” + 222 1
2 2,2 2 2 2 2 ‘
(1 +a%p;") (r® +p )1 +a%p ") .

Finally:
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do(

- 1 '
=23 Z H " e
2
2 p p 2
4 (] -
= —45 (6)® 21t1°2(12a*r)22 (1”%_;:5)'("12(““8“"%")"
(2n) (1+a%p )y" +py7)
P
(1 -3 o cos 8) dpldQldQ
P,
We first integrate over df, Y vanishes, so does cos 6, however
f c052 6 da = %% - We then get the differential cross-section for the
proton, in the range (pl9 Py * dpl)y after integrating over du:
@ '®) 16 2 o p12 2 vy -an?
ap. - o (@7 p (a8 - 5) AN N

1 T (1+a%,") (¥"+p,°)

where:
L P1
L= ‘[ (1 -3 oS 8) K dQ
2 2
.4 PP 3 , 2t N 282
Pt D)? a+aBD? 0P+ 1a4a%)d)
af_2 ,_af
P T2+p12 1+32p12’

Since

2 2

Pi 3 2 % p 2 2 1 g-B

3 M| 7, 2t T o/ kP T2t ) ST <008,

Y te l1+ap Py Py

we can ignore that term. We now have:




5

2 2
L ~1+ PPy ( 3 + a4 + 232
= 2 2
AN (e T L (RS T N (G T A R e Ry Ty
~ l¢p.2
Z1+= N
3 (pl)
where
3 1 2
Y 1+ Y 1
1+= 2 2 1 +~—}[1+
2 a'p; 2 a2 2
P pl pl
- 3 + 1 + 2

L4 —BY Es Y’ B ) Es
( plz/M) (1 ' pl?'/M) (l ! 912/M (1+p12/M)

Y’ 1
with B = T ES =5 .
Ma

Due to energy and momentum conservation, one has:

2
|
(T) = g - B; hence:

ma x
3 1 2
N < + +
—(1“*5]?_3)2 (1+£'5—)2 (1 +-=90 +E§-)
gq-B q-B q-B
= q q-B+Eg q{q - B + Eg)

Since we are considering incoming antineutrinos with q < 5.5 Mev we have:

q = B 505 - 20226 o~
q S 505 —— 006
-B

q-B+E ~ 1 because ES = “15 = 0,074 Mev

S Ma
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and N<3 (oc.e)'2 + 1 + 2(0.6) = 3.3
Ly g ()2¢a 22 L
3'p < py” = ° 10 10

1

because we are considering protons with Py 2 10 Mev,

Finally, within an error less than 10%; we can write:

p 2
1 2 2 l - ay
4’ - “‘2" (xG) py" (g - B - I\lll ) 2Y2( 5 )2 7 dpy
n (L+a%") (¥"+p;7)
b P, 2 1/2
or in terms of By = o » dEl = 3 9o = (—M--) dp, 3
1/2 2
(2E,) (q-B-2E,)
da(®) - £ (x6)? 82 (1 -ar)2 21 . s d(26,)  (11)
n (2El +B)° (1 + Ma 2E1)
which is also the expression gg (see equation (8)) if one replaces the

relative kinetic energy E by 2Elo

By a similar analysis, we get the same result (equation (11)) for
q=8.5 and g = 13.5 provided we consider protons with energies respec-
tively higher than 0.2 Mev and 0.5 Mev.

In brief, the expression (11) yields the proton energy spectrum

under the following conditions:

For g < 5.5 —3% El 2 0,05 Mev

For < 8.5 —3 E, 2 0.2 Mev

For < 13,5 —% E 2> 0.5 Mev -

1




77

4 (o)
dE

of E 1in Figure 1 and Figure 2 for reactor antineutrinos and for 13.5

The differential cross-sections are plotted as functions

Mev antineutrinos respectively.

First Forbidden Approximation

From the general expression (II) of the transition matrix element
(p- 56) we can write down the first forbidden matrix element by recalling
that in this approximation, we are dealing with two different types:

1. The exponentials are replaced by their second terms in the
, - - +
ir/2 - T

expansion, e.g. e 9— i 5° ac

2. The non-relativistic appfoximations of

A
Pk = a and Ft = xY5

In this problem, we shall use the Ahrens’ approximation (1952). It is
noted here that the operator Y., in our representation (p. 10) is dif-
ferent from the conventional (Weyl) one by a factor (-1).

We have for the component %;

<f IH“(3)|i>

2.2 + + + (3)
Idrldrz e X om0 Y

where

(3) _ 6 1. = Tq1..3__3 3, 3 |
ht = = {[1 (q - B) 2J (Tl - 12) + x[('c ‘1‘:5)1 + (1 Y5)2]}
-’
n () - :/-_(25— [0 )y + ()] - (i@ - ) » §106%,) - (c%,) ]

#
Also our ¥ are different from the conventional ones by a
factor (i) since we use the metric p ° x = Et - p - ¥ (Sakurai, 1959).
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E is the relative kinetic energy
of the neutron-proton system,

Figure 1. The Proton Energy Spectrum for
Reactor Antineutrino.
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200

0 1 2 3 3 x MeV

E 1is the relative kinetic energy
of the neutron-proton system.

Figure 2. The Proton Energy Spectrum for
13.5 MeV Antineutrino.
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Since the deuteron isospin state is a singlet; we have:

~

0 G s - -4 <
t -\/Q:ﬁl(q ~p) T ]+ X[(Y’5)1 - (Y5)2]j

=
n

D‘;
1

5 .
K 02: {F(uk)1 - (ﬂk)gl - X[i(a - ;) 0.5] [(dk)l + (dk)gi}

The superscript (3), hereafter is not written. Also:

{ (a))y - (“k)2> =j d?"ﬁ,z.[“k)l - (“k)QJ %

-
r

=i W - W) (T -T, ) i) T D

Llrg)y - (glpy = -1 (W - W) < oty -9, F >

W, - W
L . f i<-> 3\ 2 3 2\ 2
z == ‘(°1+°2)(r2 I‘l)+(d2dl (r1+r2)>
W, - W
B SR R S -
~ i 5 <(dl+02) r )
where wf is the total energy of the neutron-proton system in the
final state,
and wi the total energy of the neutron-proton system in the initial
state,
Thus
2
- k_
Wf = 2M + T
W, =2M - B
1
k2
wf - Wi =W +B=E+B

The first forbidden matrix element can be written:
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+?
<f|H°Ii>=-;§:~{[<i(3»3) - T+ ix(E4B) { ————-° r)]xfx

3 +3
. - ; + P, 1 "2 + 2
+[1(E+B)<r>+1x<[(q-p) r] =5 >]xfa_xi}
Since the deuteron is in a 3S state; clearly the final neutron-proton

system is in a 3P state:

Yoe 05

and by denoting:

3 +3
_ogm+ 1 2 m
§">(1 5 X
i 5
1-@-98 - [¢?
=(E+B)I?

we can rewrite the matrix element as fellows:

LEIH | i) = —1F[(Ib ot xT e G+ B +x1§)xf;2xij

We notice that the vector interaction selects m = m', whereas the
m = m contribution of the axial vector interaction is proportional to
m because its spin operator is (Ea +-529/20 Therefore, after summing
over spin states; the interference between the vector and the axial vector
interaction vanishes.

The calculation of z | Lf|n| i> |2 is straightforward.
mﬂ

1
3
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We have:

o]
: (1+-2) (p.59)

o) L

+ 2 4.t 1
Ixg xs |© = xg x3%g xp = 5 % (o, +1) X; =

_ 1 * 32 .
As we shall see, I r, j Ty <3 | j T | by 40 hences

1 2 3 2. o+
L 2 13:3°=% 2z z3°ss
3m9mn| | 3 o k Ok Kk
Lz sst=-13x va(d_____1+°2) x xPxm (61”2) x™
3w K T3 0N N B! 5/,
= L Trace (1)
3
- 2
3
and L 13-32-%572
m,m’
1 - _ .
Note that 3 m?m“ L 1, thus:
1 + > 2 _ + +
3 m‘?m ERYER N =2 X I XX ks
1+ 2
=3 EXp oo, +1) oy
EPTTRE 3% I S
2 3 p Pe
1 +9. .2 21 + 3.2
s j18xTdx, =12 5 Bxtdx,
SIS L SRR SN
2.2 4+ 4+
=217 I xx] I,
_ 12 1Pz
=1 (1 3p)o




Let us denotes

j= o
]
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f

& X'fl- ?xix;’ X. + 1its complex conjugate

L = Ig x'f" E’xix; Xf j ° §+ + its complex conjugate

we then have:

we have:

Thus

N
q

j=at
]

=1

+

IX

+
f

+
X¢

= + +
(3 3xixi +X.x7 3 ) X,

g +1 dz+1
k Ok =3 3

zJ
k

10, +x;‘? . 3"xf)

-;1’ is a unit vector along the =z-axis; we can write:

]

to the closure relation ¢¢+ + XI+ = I and since:

s
]

-~
I
fad
=2
l:
¥
S
n
<

=x;5’=3'—--——~——£1+2° X

- o~
Trace (c? o j’l_;.'.‘_%.,;...}l)

75

+9
1 (3, +X}3d ?xf)

I(q+p) 3.
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The calculation of % b n L is actually the calculation of H. Indeed
mym

froms
L=1I X: (? ° 3)) (? » §+)Xixi+xf + its complex conjugate

and noticing that:

we have:
1 2 2 A
= £ L=zH=%1I(qg+p)} - 3.
3 o 3 3 1
Finally:
2 2 p
i Creng2 oGO f.2, 2xS 32,1 Pz
32n1<fiHi1>i-*2&1‘!'33?)2(14"))
mym [
p
2 2 .2, 1 1P
+ (724 2x 19 5 0 -38)
+ (%_x2 +1) 1 ?\(a + B{}
where
32 2

(E+8) 51 [F°@-p

By integrating over dQ- , we get:
v
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Jooo 22 | 1wl P=2c®a|[3?
v ]
m,m
with:
2. 2 22 2
- 9 *p” _pg 29 tp . 2pg 2,1 X2
A 3 9+x(3 +27)+(E+B) (2+3)

+Een@-pEL

2
We shall express A 1in terms of E %r by noting thats

q-B~p+E

qgq-p=B+E

2 2

g +p°=(B+E)+2pq=(B+E)+2q(q-B-E).

Then:

A=%[(E+B)2+2pq]=m+(E+B)2(

1
5 3t3)

2 - (E+B)2 + 2pq , 2097 , L 2 2 2
+ x° [ 3 +27]+3(E+B) (3x +1)

2
2 8x 1,10 2
(E + B) (1+T)+2pq(9+—27x)

2

: 2
%[(9+8x2)(E+B) +2(1+103L) q{q = B = E)]

Calculation of |I? 12 = 1[Cm* 2 Cs) a2

Let us denote r = %% T YfL where YfL are the conventional

spherical harmonics. We can write:

(207 [

%t erl“"erF*

i}
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At low energy, the P-wave of the neutron-proton system is not

disturbed by the shert range strong interaction, therefore:

P
3 =P of kT
wave
_ me A m ;A
= 4ni Jl (kr) E Yl (k) Yl (r)
and
-? 4
|‘rr|2 = (4n 2 n | I 3, (k) r( S) dv|
m* ,~ A m O
x [ao, 2y @) v, () ¥ ()
m’ A P-* A mt¥ A
x [aa, R ORI ORHINC
3
_ f4n) . 3 2,1 i
= S 5 k) ¢ Os) av [Py (k) VM)
. . 2 1 > 2
The last expression shows that: | I x|© = II yl |j z| =3 I T |
Since
3. ., [F &
2n r
. - 1 sin kr
Jl(kr) = Kkr ( Kkt cos kr)

and since in the phase-space factor we have ko, we can make the fol-

lowing integration:

2
1 2,2 2 X . ~“fr _2
= f dg, |jr |7 = (4m)" o= <f jy(kr) e Tr dr)

But
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I jl(kr) e 7T r24r % f (éiﬂ_KE - cos kr)e 'Y rdr

kr

2k
(1 +¥%)?
¥
(k2 + v?)?

o

Finally | I?lz = 3omy

The cross-section for the first forbidden transition is given by:

g ='2n

wi-

. 2
RS A L N P
m,m’

3/2
ds = =5 6 | [ 2|° Bsm (a - B - B)® £Y/? g
o

But:
-2 k2 ME
|Ir| =32nY —5———5—7 = 2nY 7—
(k“ + v%) M (B + E)
3/2 ,3/2
da=12c32AY—3E—=-—M——4(q-B-E)2dE
7 M~ (B + E) =

1/2 3/2 . o o2 2
ds _ 4_B {(q+8x2) E“ (g-B-E) + 2q(1 +52X0, .

dE 9n2 M (E + B)2 3

E3/2 (q -8 - 5)3}

(e + B)*

The cross section for monocenergetic antineutrinos would be obtained by
integrating %% over the range of E between 0 and q - B. The
cross-section for reactor antineutrinos is then obtained by integrating
¢{q) over the energy distribution of the incident antineut?inosn

Taking account of the finite range correction (Bethe, 1950), we

arrive at the following results:
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First Forbidden Approximation

Ugilactor antineutrinos) 4.6 107 cn

6%225 Mev antineutrinos) 823 10:47 cm2

d§§25 Mev antineutrinos) = 1.4 10—45 cm2
S 1.8 107 cn?,

9(13.5 Mev antineutrinos)
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APPENDIX A
GAUGE INVARIANCE AND CONSERVATION LAWS

Gauge invariance of the first kind stems from the fact that all
physical observables which are bilinear forms in non~hermitian fields
YV and \fi are unaffected by a phase factor elA, where A 1is an

arbitrary constant. The transformation

’\‘Pf -3 eiA \}F (1)

is called the "gauge transformation of the first kind." Of course such
a transformation cannot be applied to hermitian fields,

We shall show that "charge* conservation laws™ are related to
the invariance of the Lagrangian under (1). This transformation results

in the following variation of the Lagrangian:
oL = sy, + 3@y )
ayﬁ aaﬂr AYa

Due to the Euler-lLagrange equation, and abbreviating ak =

iy

E4 _ad
8L =9, 5 ¥e B + Bt 3(8,Y,)

Ao b
%,y

For an infinitesimal A:

#*
Here the term "charge" stands for electric charge; baryonic charge,

etc.




8 f = 19, Jj,

oL
aaﬂ/\a

where - ifA

JK =
explained later.

The invariance of the Lagrangian yields:

3l =10 =0

AIA
which would give rise to the charge conservation law.

consider a free baryon field Lagrangian:

L o= -y (3, -mY¥

and axjk = GK(A ?’?i\r) =0
We can write:
atjt Egp 6k(l!"\|f°f°k"{’)
Jogav=-[o a¥v

= 0

Hence f jt dv

A I\T/Yt‘i’ dv = constant

91

‘f& is called the "charge current" as will be

Indeed; let us

If we expand the field operator in terms of the creation and

destruction operators, we get:

f It dv = A j’\i’ Yt\r dv = a i; 12(1 (nrk - nrk) {Marshak 1962)
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where MLk and Erk respectively denote the number of baryons in the
state defined by the spin r and momentum k.

If & 1is the charge of the baryon, then the antibaryon charge
would be -=A, and it is clear that the conserved quantity jiitdv = COon -
stant is the total charge., That also explains why we call jk the
charge current.

Consider now the case of interacting fields. The Lagrangian of

the physical system becomes:

L2 8

interaction °

If we assume that jﬁ" does not contain field derivatives and that
the newly introduced fields are neutral as far as the original charged

fields are concerned, then the expression of the charge current

oL
66{*&

longer satisfy the free field equation,

-ia “Vﬂ remains unchanged, although the field ‘f; ne

iy =
Up to here, we have always assumed-.A to be a constant. But in

a localized field concept, as Yang and Mills remarked (1954), the rela-

tive phases at different space-time points should be complietely unrelated.

Therefore A has to be an arbitrary function of the coordinates x, or

for convenience sake, we shall multiply the constant A by an arbitrary

function x(x). The generalized gauge transformation of the first kind

is then defined bys
iny (x) 1
Y > e % (1)

The transformation (1') gives rise to:
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) e
oL =3, 5,7, > Y,

For an arbitrarily small A we get:

of =12 ok .mz(x)l}fel

M aai*%

i (X0 8,3, + 3,0,X(x))

n

Since the Lagrangian, being bilinear in \k‘ and “fig should be invariant

under (1)}, i.e. ahjx = 0, we get:
s =1 3,0, x(x) # 0

The demand of gauge invariance of the first kind in the sense of
(1*) and the fact that the variation 8¢ due to (1') is not zero has led
some people*to raise the requirement of this gauge invariance to the
necessary existence of a hermitian vector - say AX = which is coupled tq
the nen-hermitian field ﬂf and which is subject to the "gauge transforma-

tion of the second kind"

AL A +0, X (x) (2)

We shall see how this comes about: Let us assume the interaction
Lagrangian to be ;ﬂ? = -ijkAk° The gauge transformation (2) will cause

the following variation:

which compensates the variation ijxaxx(x) due to (1'). The total

Lagrangian Jf' will then be invariant under the combined transformation

®*Yang and Mill (1954}3; Sakurai (1960).




94

(1} and- (2).
However this conjecture is not true in general. Indeed, that
part of the variation of the Lagrangian specified to (1'}, ijkahx(x)

which equals ak(ijkx(x)) because akjk = 0, has no physical conse-

quence if j =4 aaaﬁﬁ V' does not depend on the field derivatives
i*ﬁ ¢

(Hill, 1951). For Dirac fields, the free Lagrangian is of first degree

in axﬁfy the charge current jh does not depend on axﬂf, hence the
gauge invariance of the first kind (1') does not necessitate the existence
of some hermitian vector field.

For semeson fields, which carry electric charge; the free
Lagrangian is of second degree in akﬁ , the electric¢ charge current jk
contains ak¢, therefore the existence of the electromagnetic field A,
which carries no electric charge, is a consequence of the gauge invariance
of the first kind (1').

We shall now turn our attention to the gauge transformation of
the second kind which is assumed hereafter to apply to vector fields only.

As remarked by Ogievetski and Polubarinov (1962) the vector field

B, of finite or zero mass quanta can be decomposed into spin 1 - part

BS— and spin O - part B;) as follows:
B, =( - O'a68B) +O'aas
A A Avow LR IY

1 o

- B ¥ B\

where [ = akaxn

Under the gauge transformation of the second kind

BK -2 B?\. + akx




a

El)

only the spin O part changes. The spin 1 part Bf is gauge independent.

;wc?-q-n

=1 -1
— (8, - O 80B) +3x - l:ivahavav X

4
0
Therefore, a theory which possesses gauge invariance of the second
kind is a theory where spin zero quanta of the vector field do not have
any physical significance. The Lorentz condition aka = 0 means the
elimination of spin zero quanta.
In order to distinguish between the two kinds of gauge transforma-

tions, we shall consider an interaction where the vector field BX is
: - ' _ . s
coupled to a field fu such that ;Einteraction =1 JXBK 3 Jﬂ is a vector
function of the fields fu but not its derivatives.
Then gauge invariance of the second kind, Bk —-?BK + a)\j{ means
85 = jaﬂ da*x = 0.

In this example:
be d4x = Ibi“ d4x = iIJKGKX d4x

. 4
-1 I (BKJK)X d x

55

The condition 85 = 0 leads to ath = 0. We shall call the
conserved vector JX the interacting current to distinguish it from the
conserved charge current jk whose structure depends on the free
Lagrangian.

Inversely, if BKJA = @ then there exists gauge invariance of the
second kind in this theory of interaction. In electromagnetic interactions,

tBe interacting current Jh is the electric charge current jk and the




96

field BX

We note however that in a theory where the interacting current

is the photon field.

Jk contains field derivatives, e.g. the a-meson current, the gauge

invariance of the second kind does not lead to a continuity equation.

The theory c¢an be invariant under the combined transformation.
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APPENDIX B
We want to calculate the following integral:

g-B
/2 1 g

where

i q2 ES
B - Eg (B + 5)2
Put E1/2 =x, E-= x2, dE = dxdx, E1/2 dE = dxzdx and
2 E x2 E 2
1 .1/2 - q S UL i O
3 EY7 IdE = T B -E ste- e (%9 BCE
S ES + X S S
2
2 9k 2 de
B+x2 B E5 (4 )2
Since
2
x2 . x“ + Eg - Eg _, Eg
2 - 2 - - 2
ES + X ES + x Es + x
x2 =1 - B
B + x2 B + x2
x2 - 1 _ B
(B + x2)2 B+ x° (B + x2)2

we can rewrite:




We haves

Thus:

fl

e
[+ N
»
[\
i

dE




Finally:

R

(255 * B7E
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