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Cross sections for the neutral current neutrino reactions v +’H—p +n +v and v + *H—p +n + v are
calculated by the use of form factors obtained from pion-photoproduction data by means of SU(2) commutation
relations via the elementary particle model. The results are extrapolated from threshold to 150 MeV in the incident
neutrino energy. Charged current cross sections for the reactions v, + ’H—p +p +e~andv, + "H—p +p +pu
are also obtained. Averaged cross sections for the reaction v, + *H—p + p + e~ from neutrinos obtained from
muon decay and for the reactions ¥, + *H—n +n +e* and ¥, + *H—n + p + ¥, from neutrinos obtained from
the Savannah River reactor are also obtained and compared with recent experiments.

NUCLEAR REACTIONS Neutral and charged current neutrino disintegration
cross sections of deuterium H(v, Wnp, *H(P, P)np, ZH(v, wW)pp, 2H(v, e7)pp,
2H(D, e")nn are calculated using the elementary particle model.

I. INTRODUCTION

Neutral current neutrino reactions in deuterium
at low to intermediate energies remain an interest-
ing test of the Weinberg-Salam model' because they
effectively allow the isolation of the axial compo-
nent of the weak neutral current.? As in the
charged current case the neutral current matrix
element is entirely dominated by the axial current
form factor. Thus one can study a single part of
the weak neutral current.

In this paper we present a calculation which
makes use of pion-photoproduction data® from the
reaction ¥ +2H—#n+n+ 7* and the soft-pion
theorems* to obtain the weak axial current form
factor. Thus we are able to reach the LAMPF
energy range without great extrapolation. This
form factor is then used along with weak vector-
current form factors obtained from electron
scattering data to calculate neutral and charged
current cross sections for the reactions v+2H — p
+n+v, v+*H—~p+n+7v, v,+*H—p+p+e”, and
v, +*H—p+p+ ", respectively.

The framework of the calculation is the elemen-
tary particle model.® In this model the initial and
final nuclear states are treated as elementary par-
ticles of well defined spin and parity. Form fac-
tors describing the matrix elements are obtained
from existing experimental data from related pro-
cesses via SU(2) commutation relations, the con-
served vector current hypothesis (CVC) and the
partially conserved axial-vector current hypo-
thesis (PCAC). Thus it is possible if sufficient
experimental data exist to avoid the use of nuclear
wave functions which are often difficult to deter-
mine but to which cross sections are sensitive.

In Sec. II of this paper we discuss the general
form of the weak current matrix elements and the
transition matrix element and display the form

factors necessary to describe them. In Sec. III
of this paper we calculate cross sections for the
neutral current processes v+2H—p+n+ v and
v+2H—p+n+vand for the charged current pro-
cesses V,+*H—p+n+e and v, +*H—p+n+pu’.
We also calculate the cross section for the reac-
tion v, +2H— p+p+ e averaged over the electron
neutrino spectrum from muon decay and the cross
section for the reactions v,+*H—n+n+e* and
v,+?H—p+n+ v, averaged over the anti-electron
neutrino spectrum from the Savannah River nuclear
reactor. Finally in Sec. IV we discuss our re-
sults and compare them with recent experimental
data.

II. WEAK CURRENT MATRIX ELEMENTS

The matrix element for the neutral current neu-
trino reaction v+2H—p+n+ v and the charged
current neutrino reaction v,+*H—p+p+e” are
given, respectively, by

M(v+2H—p+n+v)

1
=75 G{pn|JY(0)|*Mu, (1 - vy)u, ,

(1a)
M(v,+?H—p+p+e)

1
=75 G cos8 (pp |J,(0)|PH)iwerM(1 - v, )u,

where (lb)
JY = J$(0) - sint6, J™(0), (22)
J2(0) = V{*(0) - A{>(0), (20)
J,=V,(0) - A,(0), (2¢)

where V,(0) and V{*®’(0) are the charge raising
vector current and the third component of the iso-
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triplet of vector currents, respectively. Simi-
larly A,(0) and A{*(0) are the charge raising axial
current and the third component of the isotriplet
of axial currents, respectively. Also 6, and 6,
are the Cabibbo and Weinberg angles, respec-
tively, and G is the weak coupling constant. §
Thus the problem of determining the two matrix
elements, Eqs. (1a) and (1b), depends upon the
determination of (np|JY(0)|*H) and {pp|J,(0)|*H).
The structure of these matrix elements has been
determined and elaborated by the author in pre-
vious papers’™®., We summarize the results:

(np| v (0)|?H)

_ F(B) F(S)
=nu( px)(MLz Ervoot QA7 + 1\24 Y €0 gpql’> Ys0(P,)
d d

(3a)
(np|A{>(0)|?H)
=nu( p)FP &+ FPE.Qq,/M 2)vsv(p,),

(3b)
(pp| VA(0)|*H)

— F F
= W( pl’(ﬂ% E).vpoqupdo + M_L 7V€vnok£oqq> ‘}/51}( pZ) ’
d d
(3c)

_ £-
(pp| 4,0 B =) (Fu b+ Fp 5758) ).
d
(3d)
Where £, is the deuteron polarization vector, p,,
and p,, are the nucleon four momenta, d, is the
deuteron four momentum, and

Qu =(p1 +p2)u ’

Pu:(px_pz)uv (4)
q,= (Q - d)“ )
n:mz/ElEzl/2(2”)-1/2(?410)-1/2; (5)

where m is the nucleon mass and M, is the deu-
teron mass.

The form factors F,, F,, F{¥, F{¥ F,, Fp,
and F®’, F{ are related through the usual SU(2)
J

| [2_(3.61X10‘+6.13x10'1q0)
Fal"= T(g,=0.117 + 6. 76 X102
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current commutation relations,
[14 TP (0)] =ie, ;, I (P (0), (6)
so that, for example,
(pp|J(0)|*H) = —(pp|[1°, ] |*H)
=-V2np|J3|*H) . (M

Clearly if we had started from (un|J;(0)|*H) we
would have obtained, using J;(0)=[I",J],

(nn J;(0)|2H>:\/-2_(np|Jf‘3”2H), (8)
so that from Eqgs. (3a)-(3d), (8), and (9),

FP=+F,/V2,

F®=xF,/V2, 9)

F®=xF /V2,

F®=xF,/V2 .

Thus if the charged current form factors can be
obtained, the neutral current form factors are
immediately obtainable. Furthermore the form
factors F, and F, are related by PCAC,"!

Fp=*M,,2FA/(112—m,2), (10)

so that it is necessary to obtain only F,, F,, and
F,.

Pion-photoproduction data from the reaction
y+?H—=n+n+7" can be used to obtain F, by
means of the Kroll-Ruderman theorem.* This
has been done by the authorin a previous paper. 2
By making use of PCAC in the form

[0, tiea,(x)]A*® (x)=V2m,2f, &i(x), (11)

where a,(x) is the photon field and f, is the pion
decay constant. This leads to the relation

(nn|A**(0)|d)

ee, i yd) [ (2n)*2k, /%,

=~ (nnm*

(12)

in the soft pion limit and with Eq. (10) and Eq. (3d)
allows us to obtain F, from pion photoproduction
data.'® The results are |F,|*=|&,|%,?, where

x{1.0 - exp[-6.7x1077(¢g% + 1. 6 x 10%)?]}

x{1.0+ 1.57x10% exp[-9. 49 X 1071%(g> + 0. 97 x 10%)2]} (13)

x{1.0 -1, 71 exp[-2. 83X 10%(¢% + 1. 05x10%)2] }

with f, =(1.0 - ¢?/M,?)™ and M, =0.912 GeV. A word should be said about this fit. Because we are re-
lating one set of data (charged current data) to another set of data (neutral current data), it is merely
necessary that the fit be accurate. No uniqueness is implied.

The vector part of the weak charged current is obtainable from electrodisintegration'? and photodisinte-
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gration'® data available from the reactions e+?H—p+n+e’ and y+?H-~p+n. We note that, at low
energies, the outgoing n and p are in an I=1, I,=0 state so that matrix elements of J,“"“" are
approximately equal to those of fo’ in that range. Because we have no way of generally isolating
the isoscalar contributions to J*™ but since we have data at 180° which isolates'® V¥, we can determine
only the latter. We therefore assume that the matrix elements of V{® and J2™ are approximately equal. In
any case in our energy range the contributions from J&™ (or V{¥’) to neutrino interactions are small.

The forms of F, and F, have been previously found.” Only the combination F, - F, occurs and the re-
sults are

|Fy = F,|*=[11(e)]*(5, - 5.)°, (14a)

fil@=01-¢/M), M,=0.84 GeV, (14b)

v2(1.05+1.41x10™¢d) 1 gd\?

- 2 : - — 2 _ged—- 2= 2

| %1 | (5.21x10“‘qd..2.26)2+1.8[1 M (°°75" q-d Md) ]R(" » cosf). (14c)
R(q?, cos8)=[1.0+2.9 cos?6 + ¢*(1. 73X 107 + 5. 02 cos?0) + g*(3. 27 - 10° + 9. 48 X 10™® cos?6)]

. 1+0.12exp[-9.8x107(4%+0.02 x 10%)]
1+9.90x10%+ 2. 2x10%[1 - exp(-5.5%x1072¢%)] 4%’

(14d)

where 6 is the angle between P, and q.

By the use of Egs. (9), (10), (12), (14a)-(14d), and the value sin®f, =0.30 we can now determine either
directly or indirectly the matrix elements of the currents Egs. (3a)-(3d). We are therefore ready to de-
termine the cross sections for the neutral and charged current neutrino reactions in deuterium.

III. CROSS SECTIONS FOR NEUTRAL AND CHARGED CURRENT NEUTRINO REACTIONS IN DEUTERIUM

Transition matrix elements squared for the reactions v+2H —p+n+ v and v+°H—p+p+e” are given by

2 -y - e >
,M(V+2H"P+n+ V)|2= Ey s {(u- vq¢-v-qrv-q)1 -Sinzew)ZIFia’ —F;3’|2+[Fj3’]2(pl-p2+m2)
v
- - —q- V3 V=-q-vq-V +v-vQ?
(@5 5y ro CL VT Tog v ity vQ
q-m,
(23
+ —_— Wgev=-vev'g?
(qz_m'2)2 (2g-v'q.v-v-v'q ]
. t/ + ’
+ (1= sin2,)| F? || F{® = F&| (b, + py + m?) u%_ﬂ} (15a)
d
and
[M(v+2H—~p+p+e)|°= Immom? {[QZ(Q' e+m?2) = (Q-EV)(F, = F, P +(p,- p, + m*)F,*
-’2 — . -’l -.— . ». e _’2 . . — 2 .
x[3e-v+2€-3+ 2Q%m E, q eQ V=g Q€ Qg €q-v=q'v e)
(q -m, ) (q -m, )
2 (v+e,)
+(p1-p2+m )IFA”Fl-Fz'V'e—M_Q-_ , (15b)
d
r
where in both expressions the sign of the last term of these results. Corrections'” to Eq. (12) are of
on the right changes if there is an incident anti- the order of m,/m; or about 7-8% in the case of
neutrino. deuterium. For the nucleon case it is higher or
Equation (15a) leads to the cross sections shown of the size 2m,/m, (30%). For our case we would
in Fig. 1. In Fig. 2 we plot the charged current expect corrections in the range of 20% which
neutrino reaction [obtained from Eq. (15b)]. A should be tolerable under present experimental

word must be said about the expected accuracy conditions.
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FIG. 1. Plot of cross sections for the reactions v +%H
—~p+n+vand P+ H—p+n+P. Curve (a) refers to the
calculation for the former and curve (b) refers to the
calculation for the latter present here. Curves (c) and
(d) are calculations for the former and latter, respec-
tively, done by Ali and Dominguez.

We also calculate the value for (o(v?H — ppe”))
and (o(v°H — pnv)), where the average is over the
spectrum of electron neutrinos obtained from
muon decay at rest. The results are

(o(v*H — ppe”)) =0. 286 x10™° cm?, (16a)
(o(v*H— pnv)) =0.305%x107% em?. (16b)

In addition we extrapolate to the region near thresh-
old and obtain the cross sections for the reac-
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FIG. 2. Plot of cross sections for the reactions Ve+2H

—p+p+e”, curves (a), and U, +*H—-n+n +e*, curve (b).

tions v,+?H—n+n+e*and v,+*H—-n+p+ v, us-
ing the form factors obtained here. The results
are shown in Figs. 3 and 4, respectively. In Fig.
5 we plot the cross section for the reaction

v, +*H—~p+p+u” from threshold to 150 MeV in-
cident neutrino energy. Finally, we obtain the
cross sections (¢(V,*H —nne*)) and (o(V,?H — pnv,))
averaged over the v, spectrum of the Savannah
River reactor.?® Our results are

(o(V,H —nne*)) =2.35%10™ cm?, (17a)
(o(v,2H— pnv,))=3.71x107*° cm?, (17b)

where again we have used the form factors obtained
in Sec. II.

IV. CONCLUSION

There are several theoretical calculations and
a small but growing body of experimental data
with which the results presented in Sec. III may be
compared. In Fig. 1 we show the results of an
impulse approximation calculation of v+%H—p +n
+ v by Ali and Dominguez.!® The results are in
good agreement when the expected accuracies of
the calculations are taken into account.

80
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FIG. 3. Plot of the cross section for the reaction 7,
+2H -5 +n +e* near threshold. Curve (a) refers to the
calculation presented here and curve (b) refers to a cal-
culation by Weneser.
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FIG. 4. Plot of the cross section for the reaction 7,
+ sz +n +7, near threshold. Curve (a) refers to the cal-
culation presented here and curve (b) refers to a calcu-
lation by Singh.
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FIG. 5. Plot of the cross section for the reaction vy
+2H—p+p +p".

Recently some data for the charged current re-
action v,+?H—p+p +e” at LAMPF'*? energies
have become available in the form (o(v,2H— ppe))
=(0.52+0,18)x10™° cm2. We must reduce this
number by a factor?®' of 2 for comparison with the
result of Eq. (17a). When this is done there is
very close agreement, (0.26+0.09)x107 cm? for
the experimental number versus 0.286x10™° cm?
for the calculated number. Because this charged
current experimental result can be used to modify
the form factors presented here, one could now
obtain theoretical results for the neutral current
process in a very direct way independent of de-
tailed assumptions of nuclear structure.

In Fig. 3 and 4 we have extrapolated our results
to the region near threshold. We also plot in Fig.
3 results obtained theoretically?? by Weneser for
the reaction v,+2H—n+n+ e*, and find very close
agreement with our own results. In Fig. 4 we also
plot the results obtained®® by Singh, for example;
again there is reasonable agreement in spite of
the fact that we are fairly far from the neutrino
energy range for which we expect our form fac-
tors to be valid.

There have also been two experiments?*:2® at the
Savannah River reactor in which cross sections
for the reaction v,+?H—n+n+ ¢* averaged over
the neutrino spectrum have been obtained. The
results are (1.5+0.4)%x10™ c¢m? for the most re-
cent experiment and (3.0+1.5)x10™ cm? for the
earlier one, both in reasonable agreement with the
results presented here. In addition, a measure-
ment®® for the neutral current cross section v, + 2H
—p+mn+v, averaged over the same neutrino spec-
trum has been made; the result (3.89 +0.09)
x107% cm?) is again in good agreement with the re-
sults presented here.

Thus at present there appears to be reasonable
agreement at low energies between theoretical
calculations based on the Weinberg-Salam model
and experiment, although it would be desirable to
improve the accuracy of both. It would be particu-
larly interesting to have an intermediate energy
neutral current neutrino experiment. If run with
muon neutrinos, it would be possible to avoid a
charged current background below 110 MeV as can
be seen from Fig. 5. Furthermore, if accurate
cross sectional data as a function of energy should
become available for any of the charged current
neutrino reactions at intermediate energy, it
should be possible to produce calculations for the
neutral current reaction in a largely nuclear model
independent way.

Finally it has recently been suggested by Reines?’
that the physical neutrinos are combinations of
base states and therefore oscillate. He has cal-
culated the quantity
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(Texp/Ttn)charged

(Uun/cth)noutral
and obtained a value of 0.43 +0.17. Using the data
presented here we obtain a value of approximately
0.7 but with an error of over 20% and thus consis-
tent with the Reines result. No similar effect is
noted in the LAMPF data. Obviously this question
must be examined with the greatest care.
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