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We calculate the cross sections for the neutral-current disintegration of deuterium by neutrinos
and antineutrinos: v+d ~v'+n +p and v+8 ~v'+n +p. We put special emphasis on estimates
of the theoretical uncertainties of these cross sections. For B and hep solar neutrinos, the averaged
cross sections are (cr('B) ) =4.1(120.1)X 10 ~' cm' and (o(hep) ) =1.15(1+0.1)X 10 ~t cmt, re-

spectively, where hep denotes 'He+p. The cross-section uncertainty is negligible, +—,'%%uo, for the ra-

tio of neutral-current to charged-current events. Independent of neutrino oscillations, the cross sec-
tions correspond to 4.5(1+0.38))&10' solar-neutrino events per year in the proposed one-kiloton
Sudbury Neutrino Observatory if the standard solar model is correct. For a galactic supernova, the
total number of neutral-current events expected in the Sudbury detector is about 10' (distance/8
kpc); most of the signal is expected to arise from p and v neutrinos and antineutrinos. If either p
or v neutrinos have a mass greater than 2X10 eV, then this mass should be measurable using the
neutrino signal from a galactic supernova.

I. INTRODUCTION

How can we "solve" the solar-neutrino problem? The
observed rate at which B solar neutrinos are detected at
Earth in the CI (Refs. 1 and 2) and the Kamiokande II
(Refs. 3 and 4) (neutrino-electron scattering) experiments
is less than one-half the rate calculated from the standard
solar model. ' This discrepancy between calculation and
observation has existed at about the same level for two
decades. ' Many theoretical explanations have been sug-
gested, some involving new weak-interaction physics and
some requiring changes in our quantitative ideas of how
stars evolve. An almost equally large number of possible
solar-neutrino experiments have been proposed, most of
which involve charged-current neutrino absorption.
Each of the proposed experiments will test some aspect of
at least one suggested theoretical explanation.

Recently, several authors " have stressed the idea
that pure neutral-current reactions can provide a decisive
test of whether the Sun produces neutrinos with a flux
and energy spectrum that are consistent with the stan-
dard solar model. Neutral-current interactions are the
same, in the standard model of weak-interaction physics,
independent of the Aavor (electron, muon, or r) in which
the neutrinos reach the Earth. In particular, if the at-
tractive explanation of resonant neutrino oscillations
[hereafter referred to as the Mikheyev-Smirnov-
Wolfenstein (MSW) effect' ' ] is correct, then a neutral-
current experiment will register events at the same rate as
if there were no matter effects on the solar neutrino.
Neutral-current experiments are blind to MSW effects.
Recent studies by Sudbury Neutrino Observatory Colla-

boration' have shown that the neutral-current disin-
tegration of deuterium by B solar neutrinos can be ob-
served with the proposed one-kiloton 020 detector. '

We have, therefore, undertaken a detailed study of the
neutrino cross sections for the neutral-current disintegra-
tion of deuterium. Section II contains a derivation of the
effective nuclear transition operators and a numerical
evaluation of the cross sections. We have estimated the
meson-exchange contribution for two different sets of
coupling constants. The cross sections are calculated
with and without the meson-exchange correction using
two different nuclear potentials. We have estimated the
range of the nuclear-physics ambiguity from the results
obtained with different assumptions. Section III presents
the neutrino disintegration cross sections averaged over
the solar B and hep ( He+p) neutrino energy spectra.
The total theoretical uncertainty, defined as in Bahcall
et al. , ' is +10%. Supernovae can also be studied
effectively using neutral-current interactions. In Sec. IV
we calculate the number of events expected in the Sud-
bury detector from a galactic supernova and show that
most of the events are caused by p, and ~ neutrinos (and
antineutrinos). If either p or ~ neutrinos have masses in
excess of 200 eV, then the massive neutrinos will be
separated clearly in time of arrival from the less massive
electron neutrinos. In order to facilitate future analyses
of supernova detection with the Sudbury detector, we
give in Sec. IV the neutrino and antineutrino disintegra-
tion cross sections as a function of incident neutrino ener-
gy. We compare the present results with those of the ex-
isting literature in Sec. V. The neutron energy spectrum
is represented by a convenient fitting formula in Sec. VI.
The summary discussion is given in Sec. VII.
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II. CALCULATION OF TOTAL CROSS SECTION

v+d ~v +n +p

v+d~v'+n+p .

(la)

(lb)

We start with the effective Hamiltonian for neutral
currents

We describe here the calculation of the total cross sec-
tions for the neutral-current reactions:

gle, the precise value adopted is unimportant. For exam-
ple, changing sin 8' from 0.25 to 0.23 only changes the
neutral-current disintegration cross section by 0.2%%uo for a
neutrino energy of 15 MeV. ) We decompose the hadron-
ic current J„' ' into isoscalar and isovector pieces for con-
venience of the following discussion:

J(O) JT=O+JT=l
IJ P p

where

(O)Hes'= ~.—Jj 1p
VQ

and

J ——2sln 8~V

J„''=V„+A„—2sin 8ii (V„+V„) . (3)

Here, Vs is the isoscalar vector current, V„' (i =1,2, 3)
the isovector vector current, and A' (i =1,2, 3) the iso-

P
2vector axial-vector current; 8~ (sin 8ii, ——0.25) is the

Weinberg angle. (Since the leading-order impulse ap-
proxirnation term does not depend on the Weinberg an-

where 6 (=1.01&&10 /m ) is the weak-coupling con-
stant. The lepton current 1„ is written as
I„=ti „y„(1+ys)u „ for the reaction (la) and

I„=U„y„(1+y5)u„for the reaction (lb). The hadronic
neutral current J„' ' in the standard [Weinberg-Salam-
Glashow-Iliopoulos-Maiani (GIM)] model is given by

Jr=' =(1—2sin 8ii )V„+A&

In reactions (la) and (lb), the initial deuteron has iso-
spin T=O, whereas the final p-n state can have both
T=O and 1. On the other hand, in the cases of the
charged current, i.e., v, +d ~e +p+p and v, + d
~e++pg+n, the final two nucleon states (p-p and n n)-
have only T =1. However, we can demonstrate that the
neutral-current reaction is simply related to the charged-
current reactions by the isospin rotation as long as
higher-order terms are neglected. The discussion is as
follows. The cross section 0 for the reactions (la) and
(lb) is written as

~- f (phase space)5"'(p. +pf —p.—p;) X &i
I
JP. "If &&f

I

J„"'
I

i & 2 &v
I

I~ I
v'&&v'I I„ I

v&
SPInS

(4)

where
I

i & and
I f & stand for the initial and final two-nucleon states, respectively. To concentrate on the isospin struc-

ture, let us write Ii & =
I g;; T=o, o& and

I f & =
I gf, T, T, &, where g; (gf) are any additional quantum numbers neces-

sary to specify
I
i & (

I f & ). After a short calculation of the isospin Clebsch-Gordan coefficients, the hadron part in Eq.
(4) is written as

Q &g';;T=o, o
I

Jp'
I gf, T, T, &&('f, T, T, I

J„' '
I g, ;T=o,o&

=&g, ;T=o,o
I
J,'="

I gf; T=o,o&&gf;T=o, o
I

J„'='
I g, ;T=o,o&

+ g &g, ;T=O, O
I
Ji '

I
gf', T=l, T, &&('f', T= 1, T,

I

J„='
I

g';;T=o, o& . (5}

The treatment so far is exact, but we now introduce an
approximate argument relying on the smallness of the en-
ergies involved in the solar neutrino reaction. In the
low-energy regime, the lowest-order impulse approxima-
tion (IA) terms give doininant contributions, and higher-
order IA terms and meson-exchange currents (MEC) con-
stitute significant but not too large corrections to the
leading-order IA terms. Thus, compared with the lead-
ing IA term —1, the corrections due to next-order IA
terms and MEC are 0(e), e &0. 1. We do need and will
calculate effects of O(e} in the cross section o in order to
obtain a quantitative assessment of the reliability of the
IA results, but terms of O(e ) can be ignored with no
serious consequences. We examine the isoscalar piece
J&

= in this context. Let us observe that J„= = V„, and
that, in IA, V„=gzy„g~, and so V„(p,= 1,2, 3)=O(e)
whereas V„o~l. The identity operator coming from

the time component can never cause nuclear transition,
and therefore can be dropped. Then, &f I V„ I

i & =0(e),
and consequently the first term in Eq. (5) is

&i
I

J = t
I f &&f

I
J = Ii&=o(E )

Therefore, in evaluating (5), we need to retain only the
isovector current J&

=' and only the T = 1 component of
the final state.

The smallness of the incident neutrino energy E,
(E„&40 MeV) also means that, in the final two-nucleon
system of the reactions (la) and (lb), the relative motion
can be assumed to be in s wave. Thus, the final state

I f &

can be written as

I f &=
I
np, T=1,T, =O, S=O,L=O;J=o& .

The initial deuteron state is expressed as
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!
i ) = g !

d;T=O, T, =O, (S =1,L);J=I,M~ ),
L =0,2

(8)

where M,- is the spin substate of the deuteron. Let us

proceed to consider the matrix element

(f !
J„='!i ) =(1—2 sin 0~)(f ! V„!i )

(9)

Obviously, only those pieces of V„and A„ that contain
spin operators can contribute to (9). For V„, however,
the spin-dependent operator in IA appears as a recoil
term, i.e., V r-(cr Xk)/M~=0(e). Since MEC effects
are corrections of O(e) in reference to this IA term of
O(e), we need not consider the MEC for V3 for the
present purpose. By contrast, (f ! A „!i ) does have a

contribution —1 coming from A 1 cT, and, therefore,
one must estimate the contributions of the MEC along
with those of next-order IA terms.

To write down explicit expressions for the effective nu-
clear transition operators, let us first define the nucleon
form factors:

(N(p')! V&(0)!N(p))

(a)

=@p')(gv r ~+g~o.„k„) u(—p»P P

(N(p')! A z(0)!N(p) }

(10a) FIG. 1. Diagrams of the meson-exchange currents. {a) m ex-
change with 5 excitation, {b)p exchange with 6 excitation, and
{c)pn. current diagrams.

7=@p')(g.r.+ ig~k. }r5 u(p—»
2

(lob)

where k =p —p', g„=1.26, and g~ ——3.7/2M~. e
have dropped form factors corresponding to second-class
currents. (A summary of the nuclear-physics information
on the upper limit of the second-class current can be
found in Ref. 16.)

By using the standard nonrelativistic reduction, and by
retaining only those terms of O(e} which have appropri-
ate selection rules for the ! f } and

! i } of Eqs. (7) and
(8), we can derive the effective nuclear transition operator
H ff describing the IA contributions:

3

I',~= i g —[8, ./(r;)+ A;Io(r;)],
i =1,2

etr

where
~IA +HM c (14)

with

As mentioned earlier, for the space component of the
axial-vector current A&, we need to include also the
MEC terms. It is useful to recall at this point that there
exist in the literature a great many studies dealing with
the MEC for the charged current A &kiA &. Specifically,
for the A =2 system, a detailed calculation of the cross
section for v, +d~e +p+p was recently reported in
Ref. 17 (to be referred to as NKKK}.

By invoking the Wigner-Eckart theorem in isospin
space, the MEC used by NKKK can be easily translated
into the present neutral-current case. The result is that
the effective nuclear transition Hamiltonian H, ff is given
by

i(o; Xk)
g 4

o.+ (gI +2~+gM
2 N

(12a)

(12b) where

tr = —' ~ac' (
MEC

v'2 (15)

gv ——(1—2sin 8~}gv,

gM =(1—»»'~~)g~ .
(13)

A~ac ——Ahac+ APfac

is the meson-exchange current operator corresponding to
Fig. 1. The operators A~Fc and Abc are written as

3

2
[—', ( oi Xoq)f (ox, x)2c ) —T,~ f~(x,x, —c )]

'3
72

[ ,'(cr, crz)f—o(x~,x—,2c )+TIz 'f~(x„,x~, —c )] (16a)
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and

A4Ec=P
3

V'I &( T2
[—,'(o, Xcrz)fo(x„,xp, c—P ) T—Iz 'f2(x, x, —cP )], (16b)

where g, p, c, and cp" are the coupling constants
which we discuss later on. In Eq. (16),

Tjp = (rr ]So2).rr —T(tr &Oo 2) (8= —or X )

is the spin tensor operator, and

fo(x,x,+)= Vo(x )+aVo(x )

I

and

V2(x; }=Y2(x; ) —(A;/m, ) Y2(x„)

+[A;(A; —m; )/2m; ](1+x„)Yo(xA ) .

f2(x~, xp, ~)= V2(x~)+«2(xp)
(a=2c, —c, and —cP ),

where

Vo(x;)= Yo(x;)—(A;/m;) Yo(xA )

+[A;(A; —m; )/2m; ](2—x„)Yo(x~ )

Here x, =m, r, i=mand . p, and Yo(x)=e "/x and
Y2(x)=(e "/x)(1+3/x+3/x ). The values A =1.0
GeV and A =1.44 GeV are used for the cutoff parame-
ters of the meson-baryon vertices. ' The constants g,
p, c, and cp in Eq. (16) involve the combination of
coupling constants for various vertices in Fig. 1, and have
some model dependence. We use here what NKKK call
model A (Ref. 19) and model B (Ref. 20). Model A gives

g =0.133g„/4=4. 19X10

p =(f Jvz/4n)(m Im„)[(gv+2MJvgM)lg„]m I(m —m„)=5.63X10

ca=0.834(mp/m„)3, and CP"=(mp/m„)3

On the other hand, model B gives

,', (g q f ~~—/4n )m „I(Ma —M~ ) =3. 14X 10

p"=f ~~f N~ f ( 1+Kr ) /4m]&2m „I(.m —m „)=3. 15 X 10

=[fpzz(I+K„) /4m]l(f &NI4n)=3. 62X10, and cP =(m Im„)

(The expression [Eq. (16)] of AMEc= AMEc+ AAEc 's
completely equivalent to the expression [Eq. (15)] given
by NKKK except for the isospin operators. )

We have now a full expression for H,z to be
sandwiched between

~ f ) and
~

i ) of Eqs. (7) and (8). By
squaring the resulting transition matrix element, and in-
tegrating over the final momenta, the total cross section
o for the reactions (la) and (lb) is obtained as

with

Jo ——(p„(r);L=0
~

jo(kr/2)
l
gad(r);L =0),

(19)

(20a)

8 "=f"Ig. ', Y, /J. +, (Y, g'IP-"Y', )IJ, —MEC n 4 2+2 a n

62 2

IdE„E', (MJv )' QE„)JoA,
4m

(17)
Yo ——(,y„p(r), L =0

~
fo(x~, xp, —cP")

~
yd(r), L =0),

(20b)
where E and E ~ are initial and final neutrino energies
(or initial and final antineutrino energies), respectively,
and E„„=E„E„,—

~

e
~

is the —relative motion energy of
the outgoing neutron and proton. (Here e= —2.225
MeV is the binding energy of the deuteron. ) Further-
I11ore,

A= 1+25 + ,'y'(E +E ~ )/MN ,'(E—„E„)/M—N—, —

(18}

where upper and lower signs correspond to the reactions
(la) and (lb), respectively. In Eq. (18), y' =(gz
+2M&gM )/g~ and

Y2 ——(y„p(r),L =0
~
fz(x,x, —cP )

~
yd(r}, L =2),

(20c)

Yz ——(y„(r),L =0
~
f2(x„,x, —c )

~
yd(r), L =2) .

(20d)

In evaluating the matrix elements Eq. (20), the relative
wave functions yd(r) and y „(r) for the deuteron and the
outgoing p-n state, respectively, should be obtained by
solving the Schrodinger equation with realistic nucleon-
nucleon potentials. Here, we use the Reid soft-core and
the Reid hard-core potentials. ' Because of the assump-
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FIG. 2. Total cross sections for v+d ~v'+n+p as a func-
tion of neutrino energy. (a) Reid soft-core nuclear potential. (b)
Reid hard-core nuclear potential. The solid line represents the
full calculation by model A and the dashed line is the impulse
approximation. (The full calculation by model B is almost de-
generate with the impulse approximation. )

tion of the charge independence of the strong interaction,
the Reid potential gives the same values of the scattering
length and the effective range for both the n-n interaction
and the spin-singlet p-n interaction; for example,
a = —17. I fm and r,z ——2. 8 fm in the case of the soft-core
potential. (In the case of the p-p interaction, they are
a = —7.78 frn and r,ff

——2.72 fm because of the additional
Coulomb potential. ) The experimental values clearly
show the violation of the charge independence; i.e.,
a = —17.29 fm and r, ff ——2. 8 fm for the n-n interaction,
whereas, a= —23.7 fm and r,ff=2. 7 fm for the spin-
singlet p-n interaction. In order to take into account this
charge dependence in the Reid potential, we modified the
potential depth of the non-one-pion-exchange potential
(OPEP) part by 2% in the p-n case, which reproduces the
experimental p-n data satisfactorily. '

The calculated cross sections are given in Fig. 2 for the
reaction (la) and in Fig. 3 for the reaction (lb) as a func-
tion of E„. In Figs. 2 and 3, RSC (RHC) corresponds to
the Reid soft- (hard-)core potential. The solid line
represents the full calculation including the meso

ne-
xchangee current of model A and the dashed line corre-
sponds to model B. The dashed-dotted line is the result
of the impulse approximation.

FIG. 3. Total cross sections for v+d~v'+n +p as a func-
tion of antineutrino energy. (a) Reid soft-core nuclear potential.
(b) Reid hard-core nuclear potential. Definitions are the same
as for Fig. 2.

In order to show the relative importance of the MEC
and higher-order IA terms, we give the ratios of the cross
sections in Tables I and II. In Tables I and II, GT
denotes the leading-order IA (Gamow-Teller) contribu-
tion in the impulse approximation. We see that the con-
tributions from the MEC and the higher-order IA terms
become more important as the incident neutrino energy
increases. We note that for both nuclear potentials the
meson-exchange correction to the impulse approximation
is typically -7% and —1% in model A and model B, re-
spectively. We consider this difference as representative
of the uncertainty in the determination of the vertices
that give rise to the exchange currents. Thus, as far as
the final s-wave contribution is concerned, it is conserva-
tive to use 10% error bars for the cross sections obtained
by state-of-the-art calculations, such as the present evalu-
ation.

So far we hgve neglected higher partial waves than s
wave in the n-p final state. One of the typical matrix ele-
ments appearing in the next-order p-wave contribution is

Ji=(q„(r);L,=I ~j, (kri2) Iy~(r);L=0)

where J (=0 l 2) is the total angular momentum quan
«m ~umber. [The leading-order s-wave matrix element
Jo is given by Eq. (20a).] Therefore, we expect that the
ratio of the p-wave contribution to the s-wave contribu-

TABLE I. Ratios of the total cross sections of v+d ~v'+ n +p. Here RSC (RHC) denotes the Reid
soft- (hard-)core nuclear potential.

Nuclear
potential

RSC

RHC

Neutrino
energy (MeV)

20
40
20
40

IAy GT

1.03
1.06
1.03
1.06

~IA+ MEC y~GT

Model A

1.10
1.14
1.10
1.14

~IA+ MEC y GT

Model B

1.04
1.07
1.04
1.08
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TABLE II. Ratios of the total cross sections of v+d~P+n+p. Definitions are the same as in

Table I.

Nuclear
potential

RSC

RHC

Neutrino
energy (MeV)

20
40
20
40

IAy GT

0.970
0.940
0.970
0.940

~IA+ MEC y GT

Model A

1.04
1.01
1.04
1.01

IA+ MEC y GT

Model B

0.980
0.950
0.980
0.950

III. SOLAR NEUTRINOS

The two most important sources of solar neutrinos for
the neutral-current disintegration of deuterium are B
and hep neutrinos (see Ref. 6). None of the other sources
emit neutrinos that are above the 2.225-MeV threshold
for the disintegration of deuterium.

We show in Table III the disintegration cross sections
for reaction (la) that are averaged over the known spec-
trum of B neutrinos and hep neutrinos. The meaning
of the symbols is the same as in Table I. We conclude
from Table III that the average cross sections for solar
neutrinos are well determined. The results may be sum-
marized as follows:

( cr ( B ) ) =0.41( 1+0.1) )& 10 cm (21)

and

tion is roughly given by J
&
/Jo- [j, (kR ) ]2, where R =4

fm is the root-mean-square radius of the deuteron. This
ratio is (3% for solar neutrinos (E„&20 MeV), and
therefore well within the theoretical uncertainty —10%
assigned to the s-wave contribution. We therefore con-
sider that the total uncertainty in the cross sections cal-
culated in this work is (10% for the energy regime of
solar neutrinos. For supernova neutrinos with energies
E, &40 MeV, the ratio of p wave to s wave amounts to
-15%. This uncertainty may be combined with the un-
certainty in the s-wave contribution to give an identifiable
total uncertainty (20%. However, taking into account
the discussion in Sec. V, where we compare the present
calculation with previous studies, it seems prudent to as-
sign somewhat larger uncertainties to the theoretical
cross sections. We argue in Sec. V that, for neutrinos
with energies E„&40MeV, it is reasonable to assign er-
ror bars of 40% to the cross sections calculated here.

The uncertainties that are in Eqs. (21) and (22) are "total
theoretical uncertainties" as defined in Ref. 6.

Using the Auxes of neutrinos calculated from the stan-
dard solar model, we can now estimate the rate at which
neutral-current-induced disintegrations of deuterium are
expected to occur in the one-kiloton D20 Sudbury Neu-
trino Observatory. (The number of deuterium nuclei in
the detector is 6.02X10 '.) We find that the expected
number of events is (assuming 100% detection efficiency)

neutral-current events =4. 5( 1+0.38) &( 10 yr 'kton

(23)

Almost all of the events are expected to arise from B
neutrinos; less than 1% of the total rate is due to hep
neutrinos if the standard solar model is correct. The un-
certainty shown in the predicted event rate [Eq. (23)] is
dominated by the 37%%uo uncertainty in the calculated B
neutrino flux.

IV. SUPERNOVA NEUTRINOS

A neutral-current measurement of the total neutrino
fiux from a galactic supernova would be an important di-
agnostic test of our understanding of supernova processes
and would also provide a marvelous laboratory for doing
weak-interaction physics. ' We have, therefore, tabulat-
ed in Table IV the disintegration cross sections for reac-
tion (la) as a function of the incident neutrino energies.
The mean values of model A and model B are listed. As
discussed at the end of the preceding section, our calcula-
tions are estimated to be accurate to better than 40%
even at the highest energy considered here, E,=40 MeV.
This accuracy is suScient for most astrophysical pur-
poses since the uncertainties in the calculated neutrino
fluxes from supernovae is at least of order a factor of 2 or
3.

(cr(hep)) =1.15(1+0.1)X10 cm (22) Antineutrinos are expected to be produced almost as

TABLE III. Neutral-current cross sections for solar neutrinos.

Nuclear
potential

RSC

RHC

Effective
operator

IA
IA+MEC (model A)
IA+MEC (model B)

IA
IA+MEC (model A)
IA+MEC (model B)

(~('B) )
(~10—42 cm2)

0.40
0.43
0.40
0.40
0.43
0.40

( o(hep))
()&10 cm )

1.11
1.20
1.13
1.11
1.20
1.13
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2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5

10.0

1.1)& 10
2.5 &( 10
1.1 &(10
2.5X10-'
5.0 &&

10-'
8.0&& 10-'
1.3 &&

10-'
1.7X10-'
2.4)& 10
3.0x10-'
4.0X10-'
4.9)& 10
5.8X 10-'
6.9X 10
8.4)& 10
9.7X10-'

10.5
11.0
11.5
12.0
12.5
13.0
14.0
15.0
16.0
17.0
18.0
20.0
25.0
30.0
35.0
40.0

1.1
1.3
1.5
1.6
1.9
2.0
2.5
3.0
3.5
4.2
4.8
6.3

11
17
24
33

copiously as neutrinos in explosions of (matter) superno-
va. We have calculated, therefore, the ratio R of
neutrino-induced to antineutrino-induced deuterium
disintegrations. Explicitly,

TABLE IV. Neutral-current cross sections for individual

neutrino energies. The mean values of models A and B are list-

ed

Neutrino ~IA+ MEc Neutrino 0' IA+ MEC

energy (MeV) ( & 10 cm ) energy (MeV) ( &( 10 cm )

TABLE VI. Thermally averaged neutral-current cross sections.

Neutrino
temperature (MeV)

0-(~)
(&(10 cm )

0.41
1.3
2.6
4.4

o(v)
()&10 cm )

0.39
1.25
2.5
4. 1

We present, therefore, in Table VI the cross sections for
neutrinos with thermal temperatures between 2 and 5
MeV; the best estimate for the average temperature for
electron-type antineutrinos from the Large Magellanic
Cloud (LMC) supernova is about 4.1 MeV (Refs. 28 and
29).

The total fiuence of neutrinos (v„v„, and v,), as dis-
tinct from antineutrinos (v, ) was not well determined by
the normal water (proton) detectors, Kamiokande II
and Irvine-Michigan-Brookhaven ' (IMB). However,
preobservation expectations are consistent with the ob-
served ' ' fluence of v, detection rates to within a factor
of 2 (Ref. 29}. This consistency suggests that the fiuence
of neutrinos may also be reasonably well predicted by the
model calculations, again to an accuracy of order a factor
of 2 or 3. For a type-II supernova in the Galaxy, one
therefore estimates fluences

'2
o( +vd~ +vn+p)
cr(v+d ~v +n +p)

(24) P( v, }=2.4 )& 10" cm
8 kpc

distance
(25a)

Note that R is exactly equal to unity in the usual approxi-
mation of allowed P decay and only diff'ers from unity by
terms of order (v„„,,„„/c). (See discussion in Sec. II.)

Table V contains numerical values for R that were ob-
tained using different nuclear potentials. We estimate
that the values of R given in Table V are accurate to
about 1% or better. For some estimates, the approxima-
tion R =[0.994+0.0034(E„/MeV)], may be useful,
where E, is the incident neutrino energy.

The neutrinos produced by supernova explosions can
be described approximately by a Maxwell-Boltzmann
spectrum, according to the works of several authors.

TABLE V. The ratio R of neutrino-induced to antineutrino-
induced disintegration of the deuteron. The quantity R is
defined in Eq. (24).

and P(v„)=P(v„)=P(v, ) =P(v, ), with

$(v„)=1.7&&10" cm
distance

'2

(25b)

T(v, )=T(v, )=4 MeV,

and, with an uncertainty of at least 25%,

(25c)

T(v„)= T(v„)= T(v, ) = T(v, ) = 10 MeV . (25d)

For these parameters, the total number of events in a
kiloton detector of D20, like the Sudbury Neutrino Ob-
servatory, is

8 kpctotal events-10
distance

2

(26)

and P(v, )-0.7$(v, ). Plausible values of the neutrino
temperatures are

Neutrino
energy (MeV)

3.0
4.0
5.0
6.0
7.0
8.0
9.0

10.0
11.0

Ratio R

1.006
1.009
1.011
1.015
1.018
1.020
1.024
1.028
1.031

Neutrino
energy (MeV)

12.0
14.0
16.0
18.0
20.0
25.0
30.0
35.0
40.0

Ratio R

1.034
1.041
1.047
1.054
1.061
1.078
1.095
1.114
1.130

The event rate scales approximately as T . The total
rate given in Eq. (26) is uncertain by about an order of
magnitude because we do not know the absolute fluences
from a supernova explosion to better than a factor of few
and because we do not know accurately the temperatures
and interaction cross sections of the higher-energy neutri-
nos that are not of the electron type. With the parame-
ters given above, about 90% of the total event rate is
from muon and ~ neutrinos and antineutrinos.

Can one use a neutral-current signal to measure the
mass of a (presumed) finite-mass r or p neutrino? Yes,
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provided the mass is )200 eV. The extra travel time due
to a finite-neutrino mass is

2

distance ~ 10 MeVEt=41 sec
8 kpc V

The arrival of the electron neutrinos will be signaled by
the charged-current reaction as well as the initial detec-
tion of v, 's and v, 's from the neutral current. We have

integrated the charged-current cross sections given by
NKKK and Ref. 6 over a Maxwell-Boltzmann distribu-
tion making an approximate correction for the contribu-
tion from energies above 20 MeV. We estimate a cross
section of 6X10 cm for a temperature of 4 MeV.
Thus, the number of charged-current interactions from a
galactic supernova is expected to be of order

100 eV

'2
8 kpc

total charged current events-10
distance

(28)

Many theoretical studies have evaluated the neutral-
current disintegration of deuterium. We describe
here the comparison of the present results with existing
literature. In order to check our results for solar and su-

pernova neutrinos, we have repeated a number of the pre-
vious reactor and muon decay calculations. Our results
are in generally good agreement with these earlier stud-
ies, although in a number of cases we have made im-

provernents in the calculations which cause our numbers
to differ significantly from some published results.

For reactor antineutrinos, we recalculated the average
cross sections (cr„„,«, ) for reaction (lb) using the same

antineutrino fluxes as used in Refs. 34 and 37. In these
references, three sets of antineutrino fluxes are used,
which are called No. 1, No. 2, and No. 3, respectively.
We obtained (cr„„„,) =6.3 (No. 1), 4.7 (No. 2), and 4.0
(No. 3) in units of 10 cm . The corresponding litera-
ture values are (o„„„,) =7. 1, 5.1, and 4.4 for Ref. 34
and (o„„„,)=6.8, 5.0, and 4.4 for Ref. 37. In Refs.
34—36 cross sections were calculated in the impulse ap-
proximation IA using the simple effective range theory,
whereas the present calculation and Refs. 37 and 38 use
realistic nuclear potentials and also include meson-

exchange corrections. The simple effective range theory
overestimates the cross section by —10%%uo. As was dis-

cussed in detail in Ref. 39, this discrepancy can be attri-
buted to the fact that the effect of the two-nucleon short-
range correlation is not included in the simplified wave
functions. In order to obtain accurate theoretical cross
sections, it is very important to include final-state interac-

The charged current should provide a clear and experi-
mentally distinct signal which establishes when the elec-
tron neutrinos arrive.

For SN1987A, electron-type neutrinos arrived over a
period of less than 15 sec. Thus neutrinos of the p or ~
flavor should arrive at a distinctly later time provided ei-
ther neutrino has a mass of 200 eV. Since a kiloton
detector should experience 10 events each from p, and
~ neutrinos, there should be enough signal to make a
good mass measurement or to set a useful upper limit.

V. COMPARISON WITH PREVIOUS CALCULATIONS

tions between two nucleons. There is a difference of
about 8% between the results of the present calculations
and those given in Ref. 37. Because some detailed infor-
mation on the calculations of Ref. 37 is not available in
published form, for example, the strength of coupling
constants of vertices is not given, we cannot determine
for sure what is the origin of the differences between our
values and those of Ref. 37. But this discrepancy is
within the present uncertainties of the nuclear model that
are estimated in Sec. II.

In Ref. 38 the exchange currents were derived with the
use of the hard-pion model Lagrangian. The main con-
clusion of Ref. 38 is that the exchange current enhances
the impulse approximation values of the cross sections
for reactions (la) and (lb) by about 8%%uo. This result is
consistent with what we have found in the present calcu-
lation.

None of the above-mentioned earlier works evaluated
the I /M correction to the leading-order impulse approxi-
mation term, a correction which in principle should be
taken into account commensurately with the exchange
current corrections. We have made here explicit calcula-
tions of this correction. Also, the effects of the form fac-
tors at the vertices appearing in the exchange current dia-
grams have not previously been taken into account. In
this work, we have included these form-factor effects in
order to make our calculation at least as elaborate as the
state-of-the-art calculation done for the charged-current
reactions. These improvements have not changed the
previous results drastically, but we think it was important
to check by explicit calculation to what extent the
theoretical cross sections are stable against these im-
provements in the models.

Mintz made use of the elementary-particle approach
(EPA) to derive the transition matrix for the neutral-
current process (la) from that for the charged-current
counterpart. It is noteworthy that the formalism used by
Mintz to parametrize the nuclear transition form factors
allows the inclusion of any partial waves in the relative
motion of the final two-nucleon system. On the other
hand, the usefulness of EPA diminishes if there is an ap-
preciable breakdown of charge symmetry in the nucleon-
nucleon interactions. In the present microscopic ap-
proach, by contrast, we have a definite framework (albeit
model dependent) which enables us to take account of the
charge symmetry breaking. It should also be noted that,
since experimental data for v, +d~e +p+p are at
present available only for limited kinematical regions, the
actual application of EPA requires a mapping of the nu-
clear form factors from one region of the momentum
transfer to another. This mapping brings some model
dependence and uncertainty into EPA, which in principle
can be model independent (apart from the symmetry
breaking).

With these general remarks in mind, we show in Table
VII the cross sections for reaction (la) obtained in EPA
for the intermediate energy region 20 & E & 50 MeV, to-
gether with those given by the present calculation. The
disagreement between the two results is appreciable. The
percentage difference becomes larger in the lower neutri-
no energy region, where the uncertainty of the present
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20
30

50

6.3
18
37
61

11
26
44
67

6.3
17
33
55

TABLE VII. Comparison of the total cross section for

v+d ~v +n+p.
Neutrino 36

CT
33 present work

energy (MeV) (&(10 cm ) (X10 cm ) ( X10 cm')

VI. NEUTRON SPECTRUM

In order to determine by Monte Carlo techniques the
efficiency for detection of neutrinos by neutral-current
disintegration, it is convenient to have a simple expres-
sion for the spectrum of neutrons that are produced. The
differential cross section for the production of neutrons of
energy, E„,averaged over the incident neutrino spectrum
1s,

=c onstX(E„)'~ ((q„)—8 2E„—) Jo,
n

(29)

calculation is expected to decrease. On the other hand,
as mentioned earlier, the omission of the p-wave contri-
bution (and those of higher partial waves) in the present
calculation becomes progressively more serious for the
higher-energy regime, and therefore, we were prepared to
encounter a rather significant difference between the two
approaches. The difference seen in Table VII, however,
seems somewhat larger than expected. In order to give
some hint on whether this is chiefly because of the
neglect of the p-wave contribution in our treatment, we
also give in Table VII the results of Ref. 36, in which the
p-wave contribution was included within the framework
of the impulse approximation. The cross sections ob-
tained in Ref. 36 fall between those of Ref. 33 and the
present results, indicating that the difference between the
latter two probably is not simply due to the p-wave con-
tribution.

To summarize the above discussion, we believe that
EPA as used in Ref. 33 is not significantly more model in-
dependent than our microscopic calculations. On the
other hand, because of its semiempirical nature, EPA
provides a useful, independent method for evaluating the
cross sections for reactions (la) and (lb). We take advan-
tage of this comparison and consider the difference be-
tween the present results and those of EPA (Ref. 33) for
E„-40 MeV as a measure of uncertainties for the cross
sections for supernova neutrinos with E„&40 MeV.
From the above argument, we assign 40% error bars to
the theoretical cross sections for the largest energies con-
sidered here.

Finally we have considered reaction (la) for the well-
known neutrino spectrum from muon decay. We obtain
( rr ) =2.2 X 10 ' cm, whereas Ref. 33 gives
(o ) =3.05X10 ' cm . These two values agree with
each other within the error bars estimated here.

where Jo is the overlap of the nuclear wave functions and
8 is the deuteron binding energy. The numerical neutron
energy spectrum we have calculated is satisfactorily ap-
proximated if one uses for Jo the analytic expression [(Eq.
(B2) in Appendix B] in Lee's 1978 paper and takes for
B neutrinos (q„)-7 MeV (9 MeV for hep neutrinos).

VII. SUMMARY

v+d —+e +p+p, (30)

is much less model dependent than the individual cross
sections. This result is illustrated in Table VIII, which
gives for different energies, the ratio r

tr(neutral current)
o(charged current)

(31)

for different assumed nuclear potentials. The maximum

spread in r among the models we have considered is only
+—,'%. We therefore recommend that special emphasis be

placed on the theoretical interpretation of the (to-be) ob-
served ratio of the number of neutral-current to charged-
current events.

We have calculated the cross sections for neutral-
current disintegration of deuterium by solar and superno-
va neutrinos and, by using a wide variety of nuclear mod-
els, the theoretical uncertainties in the cross sections.
The results can be used to help determine important
characteristics of neutrinos, including their mass
differences and mixing angles (from the MSW effect on
solar neutrinos) and perhaps even values for the masses of
p or r neutrinos (from supernova time-of-tlight measure-
ments).

We note that the ratio of neutral-current cross sections
[see Eq. (1)] to charged-current cross sections,

TABLE VIII. The ratio r of the cross section for neutral-current events [Eq. (la)] to the cross section
for charged-current events [Eq. (29)]. Here A and B represent model A and model B, respectively.

Neutrino
energy (MeV) IA

RSC
IA+ MEC(A) IA+ MEC(B) IA

RHC
IA+ MEC(A) IA+ MEC(B)

10
20
30
40

0.251
0.399
0.443
0.450
0.450

0.252
0.400
0 AHA

0.451
0.451

0.251
0.399
0.442
0.450
0.450

0.255
0.402
0.445
0.451
0.451

0.256
0.404
0.446
0.452
0.452

0.255
0.402
0.445
0.451
0.451
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