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The total cross section for the reaction v„+ d —+p + n + v„ is calculated for values of 40 & 8„&1000
MeV. The differential cross section dcrld

i q (
is also obtained for the same reaction at values of ~q s~

from threshold to 1.0 (GeV/c) . The corresponding antineutrino reaction is also considered. The Weinberg-
Salam model is the basis of these calculations, but the case of an entirely vector weak neutral current is also
treated. The elementary-particle model is used to describe the matrix element of the hadronic part of the
weak current. The described reaction is shown to be a suitable one for examing the axial-vector part of the
weak neutral current.

I. INTRODUCTION

In the last few years gauge-theory models of the
weak interactions, first proposed by Weinberg and
Salam, ' have been used successfully to explain
many current experimental results and to provide
a more basic understanding of the weak and elec-
tromagnetic interactions. It is therefore important
to undertake calculations to carefully test these
models.

In this paper we present a calculation of the total
cross section for the neutral-current neutrino re-
action' y„+d-P+n+ v„ for incident neutrino ener-
gies, 1000» E„»40 MeV, a range which includes
LAMPF energies and the lower range of energies
available at Argonne National Laboratory. We also
calculate the differential cross section do/
d q' ~, ~q'~ from threshold to 1.0 (GeV/c)s for the
same reaction. This particular reaction is attrac-
tive for a number of reasons. First, at low neu-
trino energies, even up to several hundred MeV,
the process is dominated by the axial-vector-cur-
rent form factor. ' It is therefore possible to iso-
late a particular part of the weak neutral current
using this reaction and to test theories with pure
vector neutral currents. Secondly, this reaction
can be run below the threshold for muon produc-
tion, thus avoiding a background due to charged-
current processes.

This process has been calculated by the use of
the impulse approximation-at reactor and medium
energies by a number of authors. ' In this paper
the elementary-particle-model approach is used
as the method of calculation. ' In this method the
nuclei are treated as elementary particles of par-
ticular spin and parity. The form factors which
are necessary for describing the matrix element
of the weak charged vector current are generally
obtained from the corresponding electromagnetic
form factors via the CVC (conserved vector cur-
rent) hypothesis. The form factors describing the
axial-vector-current matrix element for a weak

charged current are generally obtained from P de-
cay results by making use of the PCAC (partially
conserved axial-vector current) hypothesis and a
result derived via the impulse approximation. Nu-
clear-structure effects are, of course, contained
in the form factors.

In the case of a neutral-current process, the
form factors can be obtained from form factors
describing the corresponding charged-current
processes via current commutation relations (dis-
cussed in Sec. II). This makes it possible to avoid
using any impulse-approximation-derived results.

The advantage offered by the elementary-particle
model, particularly in the calculation to be de-
scribed over the conventional impulse-approxima-
tion treatment is that the elementary-particle-
model approach avoids the use of nuclear wave
functions. Cross sections calculated by the use of
an impulse-approximation treatment sometimes
depend sensitively on these wave functions, which
in general are not well known.

In Sec. II of this paper we discuss the form of
the matrix elements of the weak neutral current
and give expressions for these matrix elements,
assuming the Weinberg-Salam model of the weak
and electromagnetic interactions. In Sec. III of
this paper we obtain an expression for the differ-
ential cross section do/d ~q'

~

for values of ~q'
~

from threshold to 1.0 (GeV/c)' and for the total
cross section 0 for E„from 40 to 1000 MeV. The
antineutrino cross sections are also discussed. In
Sec. IV we discuss the results obtained in Sec. IG
and conclude that the neutral-current neutrino dis-
integration reaction in deuterium would be a use-
ful reaction for testing various models of the weak
interactions. Comparison of these results with
other calculations is also made.

H. GENERAL FORMULATION

The transition matrix element for the process
u„+ d -p+ pg+ v„can be written, assuming the
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steinberg-Salam model and ignoring the q' depen-
dence' of the ..F-particle propagator, as

M(v„+d-p+n+ v~)

(pn~ „(o)~d)~„r"(1 r-,)v„( I)

M being the nucleon mass, M~ the deuteron mass,
E, and E, the nucleon energies, d, the deuteron
energy, and g„ the deuteron polarization vector
The form factors E,"', E,"', F„",and F~' are
functions of three scalar variables Q', q', and
P dwith

where ( (= 1.025 x 10 '/m~') is the weak coupling
constant and J'„(0) is the non-strangeness-changing
part of the hadronic weak neutral current. In the
Weinberg-Salam model

@.=(p. + p2).

q„=(e -d)„.
(8)

j„(0)= J~+'(0) —sin'8 J'~'(0)

where

J(3)(0) y(s)(0) ~(s)(0)

(2)

(g2+gz2)1/2g)) J'(3) sin28 J(em)+ ~
p 75

W y 2 2

The weak currents J„"', J"', and J„"'satisfy
commutation relations of the form

[I«) J&»] „J&a&

so that, for example,

(pyg
J' ~

~
d) = (//

~
[I,J~&

)] ~
d)

= v 2 ($gp (
Jg" '

) d), (5)

where J't = Ju' - jJ&2). From Eq. (5) it is clear that
the mathematical form of (np

~

J~'
~
d) and Qn

~

J~ d)
(or (pp~ J„jd)) must be the same. The form of the
matrix elements (nn Jt ~d) and (pp

~
J„d) have

been obtained by the author in previous papers. 'e'e"
The results for V„"' and A„"' may be written as

(3)
(m) ~)'&"(0) ~d) nB((,)(M'. &~.=.& "()'d'

E( )

( p ~A„' '(0)
~
d) = )7u(p )(E"~g„

+ P&')
~ qq„/M, ')y, v(p, ), (7)

where the relationship among J„"', V„"' is given by
Eq. (3). In Eqs. (6) and (7)

q= [M'/(E E )]'/'(2v) '/'(2d ) "'

is the third component of an isotriplet of weak cur-
rents. The current J+) has a vector and an axial-
vector part as indicated. In Eq. (2) J„" ' is the
electromagnetic current. The form of Eq. (1) fol-
lows immediately from the relevant term in the
steinberg-Salam Lagrangian'

The quantities p,„, p,„, and d„are the four-mo-
menta of the nucleons and the deuteron respective-
ly.

From Eq. (5), the relationship between the
charged-current form factors and the neutral-cur-
rent form factors is obvious":

y'& &- ~ /))) 2

x(3&= ~S,/W2,

F,"&=~S,/v 2,
F&'&=+P,/Wa,

We find it convenient to parametrize the form fac-
tors E, as

&,=f,(q')F, (q', Q', P'd), i=1,2, A, P

where"

and

lf.(q') -f.(q')
I
= (1 —q'/M. ') '

m, = 0.84 GeV,
(12a)

f„=(1—q'/M„') 2,

m„= 0.912 Gey.
(12b)

The form factor 5'„(q', Q', P d) can be fitted by the
expression" given below

where"'e" E„and E~ are the form factors describ-
ing the matrix elements (nn A„~d) and F, and E,
are the matrix elements describing Qn~ V„~d).

The form factor E„ is obtained from experimen-
tal data" on the reactions p„+d p+p+ p, and

p, "+d n+ g+ v„. Assuming a Nambu" form for
the PCAC relation, E~ can be obtained from F„:

Fp= Mq E„/(q --m,). (10)

I
6'~(q' &Ii' P'") I'= 10-4 ~ 2 26, 1 9

1—,O. V5q' -q D — M, R(q', cos&), (I»)

where
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R(, cos 8) = [l.0+ 2.9 cos 8+ q'(1.73 x 10 '+ 5.02 cos'8) + q (3,27 x 10 '+ 9.48 x 10 ' cos'8) ]
1+0.12 exp [-9.8 x 10 '(q'+ 0.02 x 10')']

1+(9.90 x 10'+ 2.2 x 10'[1—exp( -5.5 x 10 "q') ]]q' '

and 8 is the angle between p, and q (as defined in Refs. 8 and 9).
Equation (13) is obtained by fitting the experimental data mentioned above. It is not unique but provides

a very good fit to the existing data, which is alI. that is necessary in the model used here.
The matrix elements of &np I

V„'2) Id) and &np I
J'„"I'Id& are obtained from electrodisintegration data, e+ d-p+n+ e. At low energies J'„" '= V„"'. For electrodisintegration data at a scattering angle of 180' only

V„"' contributes to the differential cross section. As a result, - from the existing data it is difficult to dis-
tinguish between J„' ' and V„"'. We therefore assume J" '= J„"'. At energies up to these at LAMPF this
will be approximately correct.

The existing experimental data" can be parametrvized as indicated in Eqs. (11) and (12a) where

(13b)

(1.05+1.41x10 4q'D) 1 2 q DI&'"-~'"I'= I&. —&.I'=(5 2ix10-'q. D 2 „).„-, -I, 5q'-q D- I ~ R q', - 8}.

(14)

We need the matrix element &np
I
O'„Id) which by Eqs. (2), (3), and the preceding discussion is given by

& p I&.ld&= &np I(J!"-si"8.J!")Id& -=&np
I
[(I-sin'8v) I!"-A!"] Id& (15)

Fr omEqs. (6), (7), and (9}, and Eqs. (10) through (14) it is clear that the form factors describing
&npI J'„Id);E2(3', E2(2~, E„"', and E~~' are completely determined. For sin'8~ we take the popular value 0.35,
and so we have obtained the matrix element &np I J„(0}Id).

III. DIFFERENTIAL AND TOTAL CROSS SECTIONS FOR THE REACTION v„+d ~ n +p + v„

Making use of Eqs. (1), (2), (3), (6), and (V) we calculate the transition matrix element squared for the
process v„+d- g+ p+ p„ to be

I3jII'= 2 2 (v v'q'- v qs" q)(1 —sin'8 }'IE,"' —E,"'I'
V

+ (Evv'(, *(2, q, v qq') ((qvv' v) 2v-+
2

+. . . ), (2q' v'q' v —v' v'q ))—FPl ~

I
+(I -»n'8w) IE'"I IE'" -El" I(» p.+M')(»'-'") """

O' A

In the above, v=(p, p) and v'=(v', v'} are the inci-
dent and scattered neutrino four-momenta respec-
tively.

'The last term in Eq. (16) is the interference term
for the axial-vector and vector parts of J„(0). If
antineutrinos rather than neutrinos are used, the
sign of this term changes and the remainder of
IMI' does not change. At low energies the pro-
cesses v„+d- yg. + p+ v„and v„+d -~+p+ p„-are
indistinguishable.

As had been remarked earlier and as one can
see from Eqs. (13), (14), and (16), at low energy
transfers the form factors are large. However,
for small q' values, because

2 2 2
q =qo -Q

Q' will be small, and hence terms proportional to
Q' (or to Iq'I) will be small. Hence the axial-vec-
tor-current contribution to the matrix element is
quite large compared to t;hat of the vector current.

In Fig. 1 we plot the differential cross section
doldlq I(" +d p+n+ v„). We also plot the differ-
ential cross section for the charged-current pro-
cess dojdIq'I(iq„+d-p+p+ i() for Iq'I from
threshold to 1.0 (GeV/c)'. In both cases we have
folded in the Argonne neutrino spectrum. " For
the neutral-current process we show two results:
(1) using the Weinberg-Salam model of the weak
interactions, and (2) using the Weinberg-Salam
model but arbitrarily setting E„, the axial-vector-
current form factor, to be zero.

In Fig. 2, we plot the total cross section
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for a number of reactions. Curve (a) refers to the re-
action v„+ d n+ p+ v„ in the Weinberg-Salam model.
Curve (b) refers to the reaction v„+d p+ p+ p . Curve
(c) refers to the reaction v„+d I+p+v„ in the Wein-
berg-Salam model with the axial-vector current arbi-
trarily set to zero.
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FIG. 2. Plot of the total cross section 0. «r the reac-
tions v„(v„)+ d n+ p+ v~ (v~). Curve (a) refers to the
calculation presented here for v&+d n+ p+ v&. Curve
(b) refers to an impulse-approximation calculation for
the same reaction. Curve (c) refers to the calcul. ation
presented here for the reaction v&+d n+p+ v& and
curve (d) refers to an impulse-approximation calculation
for the same reaction.

o(v„+d —p+yg+ v„) (without the Argonne neutrino
spectrum). We again use the Weinberg-Salam
model; we also plot o(@+d-p+n+ v). In Fig. 3 we
plot the total cross section o(v„+d- p+ yg+ v„) us-
ing the steinberg-Salam model but setting F„=0.

IV. CONCLUSION

From Fig. 1, curves (a) and (c), it can be clear-
ly seen that in the steinberg-Salam model the ax-
ial-vector-current form factor F„dominates the
differential cross section do/d~q' . Even at ~q'~
= 0.3 (GeV/c)', less than 40Vo of the differential
cross section is attributable to the vector current.
This same effect can also be noted by a compari-
son of curve (a) of Fig. 2 and curve (a) of Fig. 3.
Thus it is apparent that the reaction p„+d- v„+p
+n would be quite suitable for studying the axial-
vector-current contribution to the neutral weak
current.

In Fig. 1, curves (a) and (b) show the differen-
tial cross section do/d

~

q'
~

for the processes v„
+ d- v„+n+ p (Weinberg-Salam model) and v„+d
—p, +p+P, respectively. To gain an approximate
feeling for the relationship between these two
cross sections we note that the weak coupling con-
stant becomes (effectively) G/v 2, see Eq. (1), for
the neutral process, equal to G/v 2 for the charged
process The f. orm factor E~'= E„/v 2, and at
low q

(Ia)

where ~II'~ is the matrix element squared [Eq.
(16)]. Moreover, for the neutral-current process
there are no identical particles in the final state,
whereas for the charged-current process there
are two protons in the final state and thus an extra
factor of & is present in the latter case. From
these considerations one would expect that the dif-
ferential cross section for the neutral-current
process is similar in magnitude to that for the
charged-current process, a conclusion which is
seen to be approximately true at low ~q'~.

In Fig. 2, curves (a) and (b) show the results of
this calculation and of an impulse-approximation
calculation" of the total cross section o (p„+d- p
+&+ v„) for the energy range in which they over-
lap. The agreement is very good, particularly in
the 80 & E„&350 MeV energy range. This region
is the one in which the present calculation should
be particularly reliable. Argonne" data used here
do not cover the very-low-

~

q'~ range (and hence
the low E„region) and -the electron-scattering
data ' used bere to obtain the vector-current ma-
trix element are low to intermediate energy data.
Therefore, we expect the best results in the inter-
mediate energy range.
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