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Disintegration of deuteron by neutrino-deuteron scattering
and the photon-neutrino weak-coupling theory
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We study here disintegration of the deuteron by neutrino-deuteron scattering according to the photon-neutrino
coupling theory. It is found that the value of c calculated for the transition 'S ~'S in the energy range of 50
MeV is of the order of 10 " cm'. A comparison is also made here with the predictions of the Salam-
Weinberg theory.

I. NTRODUCTIGN

Recently there has been considerable interest in
the possibl. e existence of a weakly interacting
neutral lepton current. The existence of neutral-
lepton-current interactions with hadrons has been
studied experimentally in both inclusive and ex-
clusive processes. The recent results of the
Harvard-Pennsylvania-Wisconsin' collaboration
for the neutral-current-induced inclusive process-
es establish the fact that the Lorentz character
of a hadronic neutral weak current may not be the
familiar V -A of the charged weak currents. This
has encouraged a more systematic study of the
nature of the neutral-current events. The pro-
perties of the neutral currents can be utilized to
test the gauge-theory strategy where these cur-
rents have definite isospin and Lorentz proper-
ties. This is done by measuring the different
pieces of hadronic weak currents and their rela-
tive contributions in a number of elementary-
particle and nuclear transitions. Attempts have
been made to interpret these neutral-current
events on the basis of (i) Salam-Weinberg gauge
theories, (ii) Sakurai's baryon-current model,
and (iii} the electromagnetic form factor of neu-
trinos. But unfortunately none of these approaches
are perfectly successful in explaining these neu-
tral-current events. Processes such as v„e
—v„e,v„e- v„e,and v„lV-v„Xare not al-
lowed by the conventional V -A. theory. An ex-
tension of the Salam-%einberg model has been
made by Achiman, s but this extended model has

the drawback that we have to introduce two heavy
neutrinos to have weak universality. Sakurai's
baryon-current model is also inconsistent with
the data.

A detailed study of the observation of the neu-
tral-current effect in the disintegration of the
deuteron up to intermediate neutrino energy has
been made by Al. i and Dominguez. ~ They calcu-
lated the total cross sections for the neutrino-
induced transitions 8-'S, 'S-'P, and S-'p
of the neutron-proton system by applying the
Salam-Weinberg theory.

In this note, we try to interpret the va- vip
process on the basis of photon-neutrino weak
coupling and show that we obtain the correct
order of magnitude for the total cross section for
transition 'S - 'S.

IL DERIVATIOW OF TRANSITIOX CROSS SECTrozs
FOR THE PROCESS vd ~ vnp

A. Kinematics and approximations

Re study here the neutral-lepton-current
process on the basis of the photon-neutrino weak-
coupling theory. Our process is similar to photo-
disintegration of the deuteron as shov n by McVoy
and Van Hove, ' except that, in place of the el.ec-
tromagnetic coupling constant, we take the weak
coupling constant.

McVoy and Van Hove showed that the Hamiltonian
operator describing the electron-nucleon inter-
action for two-component nucleons, correct to
order q'/AP, can be written as

47te ~ rH'= — u(k } E e '' — ' [P ~ ne "'+e "*P~ n] — 'i n ~ (qxn)e

, (~, +2~p', )e "'*~ ', 'i e [p x((on-q)e "'*—e " "((un-q) xp] u(k))~. (l)

The following notation is used in Eq. (1): u(kz) and u(k~) are the spinors describing the final and initial
electrons, respectively; I", and E, are the nucleon form factors; ~ is the anomalous magnetic moment of
the nucleon in nuclear magnetons. The angular brackets indicate that a matrix element of the electron
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spinors is to be taken. Now, in the nucleon space, P is the momentum operator and a' is the (3 x 3) spin
operator for the nucleon, while n is the usual (4 && 4) Dirac operator which a,cts on the electron spinors.
The assumption is made that the nucleon form factors in Eq. (i) are the same as the free-nucleon form
factors, i.e., there is no distortion due to binding.

The five terms in the interaction given by Eq. (1) describe, respectively, the static Coulomb interaction,
the convection current, the spin cux rent, the Darwin-Foldy interaction, and the spin-orbit interaction.
For unpolarized nucleons the spin-orbit term does not contribute to order q'/M' (Ref. 5) and will be
neglected. It has also been shown that the contribution of the convection-current term is quite small near
the quasi-elastic peak of the inelastic spectrum. ' We will neglect then the second and last terms in Eq. (l)
and take for the transition current

2 2

Jo= f E~+, E, +2m E» exp -i q r~ + E,„+,E,„+2m„E2„,exp -i q ~ r„
iw

J=-i
& 0~ ~q exp -i q ~ r + ~ o'„xq exp -i q ~ r„ (3)

To obtain Eqs. (3) and (3) we have set the time for
the proton equal to the time for the neutron. The
integration over the time then gives an energy-
conserving 5 function which is suppressed in

Eqs. (2) and (3).
We have written Eqs. (3) and (3) in terms of the

Dirac and Pauli form factors E, and E, since this
is the form used by McVoy and Van Hove. The
formulas for the current and cross sections are
simplified by the use of G~ and t „rather than

E, and E,. The connection between the two sets
of form factors is given by

(4)

=E +]cE .

Using these relations we can rewrite Eqs. (3) and

(3) as

~.=&6l~sp(& —kn) exp(-& q'rp)

+&s.(&- nn)exp( ~q r.-)IP;&,

3~(6l~sp(&p x q) exP(-& q 'rp)

+Gun(cn xq) exp( & q'rn)16) ~

where g =-if'/4M'. The calculation of the current
J„now depends on a choice of the deutexon wave
function P; and a wave function to describe the
final n-P system P». If the final-state interactions
of the outgoing nucleons are neglected, the final
wave function in the c.m. system of the outgoing
nucleons is simply a plane wave, i.e.,

6= Q s zn (snisp) i

where r j.s the relative n-P coordinate and z, is
the spin function for the two nucleons.

To a first approximation, the D-state compo-
nent of th6 deuteron wave function can be neglect-
ed, so that

u(r)
4$ ~ i ilail s ( ni p)t47)

B. Matrix element for the process vd ~ vnp

%e depict the process vd- vnP on the basis of
photon-neutrino weak coupling in Fig. 1. It is
noted that, according to this theory, disintegx'a-
tion of the deuteron by the neutrino and anti-
neutrino will have identical cross sections since
the diagrams wil. l. be identical in both these cases.
The matrix element for the process with the as-
sumption listed in Sec. IIA is

1 1 j-~=
[ 3(3 .in Un ~ uegls(4& (l+~n5) (~.)l ~. n—

where J~ is the transition current for the d-np system, so that

I

&'(p, q, )
'" +" "" + '(p, q, — )
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describing the motion of final nucleons must be
replaced by a distorted wave. This is done most
conveniently by using a partial-wave expansion
for the final-state wave function

l()z
—4)z g z exP(-z5~zz)

FlG. 1.. Diagram for the process vd —vnp.

where

9'(9't(' el = I (.I(I9I" It(l' —
I t(IIZI ccs*l'*el

0

(11)xu(r)r dr

and z is the angle between q and p in the center-of
-momentum system of the outgoing nucleons and

j,(I p — qI r) is the spherical Bessel function. In

the argument of the spherical Bessel function

I p- —,'qI is a minimum and hence the coincidence
cross section is a maximum when z =0, i.e.,
when p and q are in the same direction.

C. Total cross section and the effect of the final-state interaction

of the neutron and proton

To include the effect of the final-state inter-
action of the neutron and proton, the plane wave

"(J~zz(z) = Q (LSmp, ILSJM)1'z(r)z,'.
The radial part of the wave function has the as-
ymptotic form

Pjzz (Pr) = sin Pr —
2

+ f)~zz& ~ (14)

In our calculation we consider only energy in
the MeV range, so we calculate the transition
cross section for 'S- 'S only. The total cross
section in the center-of-momentum frame of
outgoing nucleons is given by

x Fz, (Jz)(LSmzmzI LSJM)'Jjzzz,

(12)

where 5«~ are the n-P scattering phase shifts.
The quantity (LSmzmz/LSJM} is the usual
Clebsch-Gordan coefficient and '9»~ is the spin-
angle function defined by

v=4~'
E E E"5 (P —P;}(2s,+1)(2s, +1}~ g I )9 I',

S~ Sy

where S, and S, are the spins of the colliding particles in the initial state, so that

r 2]
o = z E„dE„2zzsind8g'Iu(k„)y„(1 y,+)u(k„)I—,J„J„V P 5 V q4

2(2zz) E„cos8- 1 ' ' 2M'+E„'(cos8 —1) 2M'+E„'(cos8- 1)

2M'Gzzz, ' E„(cos8 —1)G(92,'.
2M' E,'(esse —1) 2M' ~ Z, '(c se —1)

Now,

G~„=0, e eG„„=-1.91, where e is the proton charge, G&~ =e, G» =-2. t92M.

In the center-of-momentum frame of the n-P system, the cross section for the transition 'S-'p is given by

, (1.91)'e', 1 1 — ", —,1 (1—2 2772
V

g 2e2 M M
+

2(2w)z 2M' 1 —E, ln 1 —E, — 1 —
E

M E'(p, q, z)

g'e' 1
l

2M
2(2zz)' 2E ' E„2E'

V
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Taking g
' =9 x 10 ",' M = 940 MeV, and

a
E'(p, g, vr —z}= j,(I I pl'+-' I el' —

I all I I

xcos(w —z)'~]r)u(r)r dr
io

jp 4Ev +gEv +aEv y')g y ydy
p

= 2.32 x 104 for E„from 10 to 50 MeV,

with z =0, u(r) =-(P' —y')/(e ~ " "—I), where
p=15.5x10' cm ', y=2.3 x10' cm '. The value
of & calculated for 40-MeV energy is

0 = 2.46 x 10 ~ em'.

Experimentall. y, Gurr et al,."have presented a
new upper limit for the antineutrino disintegration
of the deuteron at the reactor energies (E~ =2.2-
5 MeV). This energy range is very close to the
binding energy of the deuteron. To have a positive
conclusion regarding the nature of the reaction,
experiments involving high-energy neutrinos are
needed.

III. DISCUSSION
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FIG. 2. A comparison of the prediction of the cross
sections according to the present theory with that of the
Salam-Weinberg theory. S-W represents the predictions
of the Salam-Weinberg theory and PNWC represents the
photon-neutrino weak-coupling theory. The curve for
Salam-Weinberg theory has been drawn for sin 0~= 0.3
and has been taken from Ref. 4.

Recent experiments have confirmed the rise of
the ratio

c(v„N—p,
' X)

o(v„N-p X)

with energy. This together with the high y anom-
aly and nonobservation of parity nonconservation
in atomic physics, has put the Salam-Weinberg
theory in doubt. However, the photon-neutrino
weak-coupling theory can well explain the neutral-
lepton-current events along with rise of the ratio
8 and the high-y anomaly. " Besides, since the
theory allows only the weak neutrino current for
neutral-lepton-current interactions, this rules
out the parity noneonservation in elV scattering,
in conformity with experiments. Also, in a pre-
vious paper" we have studied the threshold pion
production v„N-v„Am on the basis of this theory
and found that it explains the magnitude as well
as the behavior of the cross section with respect
to the invariant Nm mass distribution. All these

developments indicate that the study of various
processes on the basis of the photon-neutrino
weak coupling is worthwhile.

Finally, we may add that like the Salam-Wein-
berg theory, the photon-neutrino weak coupling is
also a gauge theory where the weak hadronic
current is just the electromagnetic current and,
as such, all neutral-current cross sections are
related to the corresponding electromagnetic cross
section, except for an overall factor. However,
unlike the Salam-Weinberg theory, the photon-
neutrino weak coupling is of long-range nature,
as it occurs via photon exchange. This points to
the similarity of the weak-neutral-current inter-
actions with electromagnetic interactions and,
unlike the Salam-Weinberg theory, the cross
section will decrease as energy increases instead
of rising with energy (see Fig. 2). In fact this
comprises the crucial test of the theory. In view
of this, a precise determination of the cross
section at various energies is most welcome.
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