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Weak neutral currents and v (P) disintegration of the deuteron
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A general formalism for calculating the cross section for neutrino (antineutrino) disintegration of the deuteron
caused by the weak neutral currents predicted by the spontaneously broken gauge theories of Weinberg

type is developed for moderate neutrino (antineutrino) energies in the MeV range. Numerical results are
presented for the special case of low antineutrino energies relevant to the recent experiment of Gurr,
Reines, and Sobel.

I. INTRODUCTION

Recent experimental results in deep-inelastic
neutrino and antineutrino reactions' and certain
other processes' suggest the existence of weak
neutral currents predicted by the renormalizable
spontaneously broken gauge theories (SBGT) of
Weinberg type. ' Some of these experiments seem
to have achieved a stage where various model-
independent as well as model-dependent tests4
proposed to test quantitatively the existence of
these currents can be performed. Apart from
these high-energy processes considerable interest
has recently developed in testing the existence of
these currents in various phenomena involving
nuclear physics' and atomic physics. ' Attempts
have been made to search experimentally for
neutral-current effects in the process v, +d
—v, +n+p at the Savannah River Plant fission-
reactor neutrino facility. '' The most recent
experiment is due to Gurr et al. ' and gives the
following result:

framework and numerical results which can be
used for comparison with the results of the pro-
posed experiment' and others done in this direc-
tion, as suggested in this note.

II. CALCULATION

The effective Lagrangian for a strangeness-
conserving semileptonic process involving neu-
trinos is given by"

i' = ~ g [Ty„(1+@,) (vJ", + i J',") +H.c.
J=e, p

+ v ( p(( ( 1 + pg) v( cI() ]

where

JD~=A3+x V3+y Js (3)

x = I —2 sin'6~, y = —2 sin'6)~

and the neutral hadronic current J," is given by

(4)

J; = V; +A, is one of the isospin components of the
usual V-A currents and Js is an isoscalar cur-
rent. In the simple Weinberg model"

O' expt &6.
+ theory

J()- J3 —2 sin 6w J,"m ~ (5)

The experimental observation of this process at
low antineutrino energies (& 5 MeV) corresponding
to the experiment of Gurr et al. provides clear
evidence for the existence of the weak neutral
current in a way independent of the Weinberg
angle (9g, the parameter which enters the theory.
This is because at such low energies the final
dinucleon state available is the singlet S state
which can be achieved from the initial triplet 8
deuteron state through the axial-vector term (not
involving the Weinberg angle 9~) in the Lagrangian
given by SBGT.' If we keep in mind the experi-
mental result given by Eq. (1) it seems possible to
make a definite statement regarding the existence
of neutral-current effects through this process
with the help of improved experiments which
should be forthcoming in the near future. The
aim of this paper is to provide the theoretical

Now the matrix element for the process v, (v, )+d
—v, (v, )+n+P can be written in the standard nota-
tion as

Sit =
~2

u(k ')y„(1+y, )u(k ) ( nP
~ J," ~

d ),
where k and k'' are the initial and final lepton mo-
menta measured in the deuteron rest frame a,nd

( np ~ J," ~
d) is the matrix element of the hadronic

current derived in the impulse approximation to

( l&(ll d)f (p( l(A", ""*Al, .e "'"*l

& y;(r)d'x,

where q = (k -k') is the three-momentum transfer.
p, (r() is the .deuteron wave function, (pz(r) is the

final dinucleon wave function, and A,"; (i, =p, n) is
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the nonrelativistic reduction" of the single-nucleon operator I,";whose matrix element is defined as
follows:

(f (P')l l'v;
I f (P)& =«(P') Fl '(q'b" + o"'q.F,"(q') F-~"(q')r" r, +F~"(q'b, q" «(P). (8)

In Eq. (8) the superscript 0 is to show that the
forms factors refer to the charge-retention pro-
cess and i refers to the proton and neutron. These
form factors F;''(q'), Fo '(q''), and P„''(q ) [the
last term in Eq. (8) does not contribute when the
leptons involved are neutrinos] can be related to
the form factors occurring in the corresponding

weak and electromagnetic process. " The matrix
element defined in Eq. (6) can thus be calculated
using suitable wave functions for the initial and
final states.

W'e have used the following wave functions for
the initial deuteron and final dinucleon states":

I «(r)
4'g(r) =

~4 r Xx

P&(r) = v4w g i (2L+ I)'"e"~ss (ZM ~LOSMs) (ZM'~LM~SMs) D„„(R)Y~«~(r)~SMs}
C

(10)

where P, is the relative momentum of the outgoing
nucleons in their center-of-mass frame and is
given by

p,
' = ~q'+M(E, E,' B)-. -

cos8=k ~ k'. 6~» is the phase shift in the chan-
nel (JLS) and F~»(P,r) is the solution of the
Schrodinger equation solved with the appropriate
potential in the state (JLS) and has the asymptotic
form

Here E, is the incident neutrino (antineutrino)
energy, E,' is the final neutrino (antineutrino)
energy, 8 is the deuteron binding energy, and

sin(p, r —,ls + 5Jss—).
&c"

(12)

q' = —4E,E,' sin'(6/2),

where 0 is the lepton scattering angle given by

A straightforward calculation gives the following
result for the total cross section o for this pro-
cess:

2

0 3dq'd&, 'E—'&Az, st, '+Czzs&z~s (13)

where

q' =4E„(E„B)/(1+E„/M-), E = —q'/4E„, E,„=E, B+q'/4M, -

and

K~= j~ p, r jl. qr 2 u ~ ~d~, (14)

2 2
&zL,s =KJz, s (16)

Kiss = Fzzs(P r)jc(qr/2)«(r)dr. (16)
C

The coefficients AL, s and C~» are given in Table I.

III. RESULTS AND DISCUSSION

To evaluate the total cross section g one has to
calculate numerically Kzz s(p„q) from Eq. (16)
for realistic two-nucleon potentials and perform

the nunierical integration involved in Eq. (13). To
illustrate our results some plausible simplifying
assumptions can, however, be made. We assume,
on the basis of our earlier results in connection
with the process v„+d—p. +P+p, " that the
second term in Eq. (13) when integrated over E,'
is very small. " Under this assumption the cal-
culation of o involves a simple numerical integra-
tion which can be performed quite easily. In order
to compare our results with the experimental re-
sults' ' and earlier theoretical results" on the
process v, +d- v, +n+P, we calculate a when the
final dinucleons are in the singlet S state. In this
case the total cross section o is given by
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2 E E'
7l p & min

V

V V V V—

(17)

TABLE I. The expressions for the coefficients AL&
and Cz~ quoted in Eq. (13) for different values of J, L,
and S.

Even L

AL P

ALi

CLL 0

CL+i, L, i

CL,L, i

CL i, L, i

ai{2L +1)

a'3(2L + 1)

ai(2L +1)

—,'(a'2+a', )L +a',

|",-",) (L +-)

-(",+a', )L +-'(",-a', )

a', (2L +1)

a&(2L +1)
a'i(2L + 1)

z (a 2+a&)L

(a 3
—a2) (L

2 {a2+a3)L

+a&

+2)

+-,' (a,-a, )

2 E +El 2

a =FA (q ) 1 — —2xF~(q )FA@ )4E E„ M 4E E'„'

where E~(q') =F»(q') F„-„(q.') is the isovector
part of the magnetic form factor. If we use a
Hulthdn wave function for the deuteron and ne-
glect D states, " Kp is given by

(2np(n+ p)]'"
Kp=

P —n 2p, q

(P. + q/2)'+ o.' (p, —q/2)'+p'
(p.—q/2)'+ ~' ( p, + q/2)'+ p'

with n =46 MeV, p = 237 MeV, and q =
~ q~.

For the neutrino energies relevant to the experi-

ment of Gurr et al. ' the contribution of the second
term in Eq. (17) is negligibly small, as it is sup-
pressed by a factor proportional to E, /M. The
main contribution thus comes from the first term
alone which is independent of the steinberg angle
8~. We have plotted in Fig. 1(a) the cross sections
calculated from Eq. (17) as a function of the inci-
dent neutrino energy E„which should be used for
comparison with the experimental result. " The
results of the earlier calculation" are also shown
in this figure [1(b)] for comparison. "

The large experimental uncertainty quoted in the

experiment of Gurr et al. , which is due to the y-
ray signals received due to the capture of neutrons
produced in the corresponding charge-exchange
process v, + d- e'+ n + n, can be eliminated if the
neutrino beam is used to look for the neutral-cur-
rent effects in the process v, +d- v, +n+p. This
is because the allowed charge-exchange process
with the neutrino beam, i.e. , v, +d-e +P+P, does
not give any neutrons in the final state, and hence
no y rays are produced which can compete with the

y rays produced in the char ge -retention process.

200

q
2

l60.

E+~ q2
—2&F~v «')F A«')

4E E'„'

2 2

V P V P

E„+Ev q-4xF„v(q )F„{q 4E,E'„

I20-

E" 80-
0

a' = 0 (]./M 2)

a2 ——'a'=y Fi (q ) 1+
4E E&'

40.

F iv g(q ) =F i~ (q )+F i „(q ) with F i~(0) = 1 and i „(0)= 0,

Fev(q ) =F&&(q ) -F& „(q )
0

2 6 l0
e, ( xev)

l4 l8

withF@&(0) =1+pp andF~ „{0)=p„.

(pp and p + are the magnetic moments of the proton and
neutron, respectively. )

FIG. 1. Total cross section ~ vs the neutrino energy
E

p
measured from the threshold in units of electron

mass, i.e. , Ep=(Ev -B)/~ for (b) Gaponov's and
Tyutin's result (Ref. 18) and (a) the present calculation.
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Such an experiment can be performed at the
Argonne National Laboratory (ANL) with the
muon-neutrino beam. The muon-neutrino beam at
ANL peaks around 0.5 GeV (see Ref. 22) and then
final dinucleon states higher than the singlet 8
state will be produced. These results can then be
used to determine the steinberg angle and a theo-
retical analysis based on Eq. (13) will be desir-
able.

It should be emphasized that our present numeri-

cal results are only illustrative and the theoretical
formulation developed here should prove useful in
analyzing future experiments in this direction.
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