
RAPID COMMUNICATIONS

PHYSICAL REVIEW C, VOLUME 60, 022801
High energy solar neutrinos andp-wave contributions to 3He„p,ne1
…

4He
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High energy solar neutrinos can come from the hep reaction,3He(p,ne1)4He, with a large end point energy
of 18.8 MeV. Understanding the hep reaction may be important for interpreting solar neutrino spectra. We
calculate the contribution of the axial-charge transition3P0˜

1S0 to the hep thermonuclearS factor using a
one-body reaction model involving a nucleon moving in optical potentials. Our result is comparable to or
larger than previous calculations of thes-wave Gamow-Teller contribution. This indicates that the hep reaction
may havep-wave strength leading to an enhancement of theS factor. @S0556-2813~99!50808-X#

PACS number~s!: 26.65.1t, 24.10.2i, 25.40.2h
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After many years of work on solar neutrinos, experime
ers are now searching for proof of new neutrino physics t
is independent of solar models. SuperKamiokande is look
for distortions in the shape of the8B spectrum from neutrino
oscillations @1#. Indeed, the ratio of the measured super
spectrum to the expected8B spectrum rises at high energie
Among other possibilities, this could be due to oscillations
to neutrinos from the hep reaction,

p13Hẽ 4He1ve1e1. ~1!

Although rare, hep neutrinos have a higher end point~18.8
MeV! than those from8B. Thus, the interpretation of sola
neutrino spectra may depend on our understanding of the
reaction@2,3#.

The present estimate for the thermonuclearS factor for
Eq. ~1! is small @4#,

S052.3310220 keV-b, ~2!

based on the calculations of Carlsonet al. @5,6#. One would
need anS factor some 20 times larger to explain the super
data@2#. However, Carlsonet al. only consider the contribu
tion of a single partial wave and only keep the axial-thre
vector part of the weak current. Furthermore, they neg
the radial dependence of the lepton wave functions. T
dependence could be significant because of the largQ
value.

Carlsonet al. find a smallS factor because of sensitiv
cancellations in the wave function and destructive interf
ence between one-body and meson exchange current co
butions. Given the very small Gamow-Teller strength it
important to study other forbidden transitions which m
also contribute.

Some earlier work on the hepS factor assumed a relatio
between radiative capture3He(n,g)4He and Eq.~1! @7–11#.
However, the weak and electromagnetic currents are v
different so this relation may be unreliable@5#. Werntz and
Brennan@8# estimate the contributions ofp-wave resonance
to Eq. ~1!. However, we are not aware of any nonreson
p-wave calculations.

*Electronic address: charlie@iucf.indiana.edu
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In this Rapid Communication we study the axial-char
transition 3P0˜

1S0 which involves ap-wave initial state.
Our goal is to show, in as simple a way as possible, thap
waves can compete with the smalls-wave strength. There
fore we focus on a single partial wave and operator. To c
culate the totalS factor one must add coherently the cont
bution of several otherp-wave transitions, other operator
and the originals-wave strength to our axial-charge resu
We find the axial charge transition is comparable to
original s wave. Furthermore, our result is based on the o
body axial charge. It is known that meson exchange curre
rather than interfering destructively, significantly enhan
many axial charge transitions. For example, the cross sec
for near threshold pion production,pp˜ppp0, is enhanced
by a factor of 5 by meson exchange currents@12#.

We use a simple one-body model to estimatep waves.
This model has a nucleon moving in optical potentials ch
sen to reproduce bound state properties andp-3He phase
shifts. The model is not expected to be good for thes-wave
transition since this involves sensitive cancellations a
small components of the wave function.1 However, our
model should provide a first estimate for thep waves since
they involve large components of the wave functions and
not ~appear to! have sensitive cancellations. We describe o
model, give results for the3P0˜

1S0 contribution to theS
factor, and then discuss future experimental and theore
work. Our conclusion is thatp-wave contributions could in-
crease the hepS factor.

The 4He final stateuC f& is modeled as a neutron movin
in a real Woods-Saxon optical potential,

uC f&5
u~r !

r
Y00~ r̂ !x0

0. ~3!

Here r is the relative coordinate between the nucleon a
3He whilex0

0 is a spin singlet wave function for the nucleo
and 3He. The bound state radial wave functionu(r ) is a

1If one assumes the same optical potential for bound and sca
ing states, our one-body model has zeros-wave strength becaus
the bound and scattering states are orthogonal.
©1999 The American Physical Society01-1
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solution to the Schro¨dinger equation for a reduced massm
53/4m, with m the nucleon mass, moving in a potenti
V(r ),

V~r !5V0 /†11exp@~r 2R0!/a#‡. ~4!

We arbitrarily seta50.6 fm whileR052 fm was adjusted to
reproduce the charge radius of4He after correcting for the
center of mass and folding in the finite size of the proto
The strengthV05263.9 MeV reproduces the 20.58 Me
neutron separation energy of4He.

The 3P0 initial stateuC i& is modeled as

uC i&5 iA4p
u1

1~r !

r
u3P0&, ~5!

with u3P0& a spin-angle function andu1
1 a 3P0 outgoing

scattering wave which we approximate as ap-wave solution
in a Coulomb potential of a uniform sphere of radiusR0
52 fm plus V(r ) given by Eq.~4!. We use the sameR0
52 fm and a50.6 fm as the bound state but adjustV05
230 MeV in order to approximately reproducep13He
phase shifts@see Fig. 1#.

The 3P0 contribution to the hep cross section from t
axial charge is@5#

s5
1

~2p!3

G2me
5f

v
u^C f uA0uC i&u2, ~6!

with G51.151310211MeV22, the Fermi constant;me , the
electron mass;v, the p-3He relative velocity; and f
52.5443106, the lepton phase space. Note, the three-ve
part of the axial current will also contribute given the spat
dependence of the lepton wave functions. For simplicity
focus on a single operator. The one-body axial-charge op
tor A0 is assumed to be

FIG. 1. Phase shift forp13He elastic scattering in the3P0

partial wave. The solid curve is for the optical potential, Eq.~4!,
with V05230 MeV. The data are from Ref.@15# below 12 MeV
and from Ref.@16# above 12 MeV.
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A052
gas•~pW 1pW 8!

2m
t2 , ~7!

with ga51.262,p the initial andp8 the final nucleon mo-
menta andt25 1

2 (tx2 i ty) converts a proton into a neutron
It is a simple matter to evaluate the matrix element us

Eqs.~3!, ~5!, and~7!,

u^C f uA0uC i&u25
4pga

2

m2 U E
0

`

dru~r !F d

dr
1

1

r Gu1
1~r !U2

.

~8!

Numerically evaluating Eqs.~6! and ~8! at 7.5 keV in the
center of mass yields a cross section ofs55.28310230b.
Converting this to the usualS factor S5Ese2ph with h
52a/v yields

S3P0
51.67310220 keV-b. ~9!

Note, because of large Coulomb effects there is little ene
dependence to Eq.~9!, S(E)}(11h22). Again Eq.~9! only
includes the contribution of the axial charge and a sin
partial wave. To obtain the totalS factor one must add con
tributions of otherp waves and operators and thes-wave
strength. Furthermore, Eq.~9! may be enhanced by meso
exchange currents.

Nevertheless, Eq.~9! is larger than the 1.3310220keV-b
S factor originally claimed by Carlsonet al. @5# and 73% of
the present value, Eq.~2!. We conclude thatp-wave contri-
butions may be comparable to the Gamow-Teller streng
This is a major result of this Rapid Communication and w
be discussed below.

How can this axial-charge transition compete with t
Gamow-Teller? First the centrifugal barrier’s effects are s
nificantly reduced by the strong Coulomb interaction. T
ratio of l 51 to l 50 Coulomb wave functions is much large
than that for plane waves. Second, the axial-charge oper
is of ordervN /c'0.25 and the nucleon’s velocityvN is rela-
tively large in 4He because of the large separation ener
The product of these two factors, centrifugal barrier tim
vN /c, is not very small and can compete with a strong
reduceds-wave matrix element.

We now discuss some of the details of the calculation.
use a very simple one-body wave function with an opti
potential fit to phase shifts. To explore the sensitivity to t
p-wave optical potential, we consider other values for t
strengthV0 , see Eq.~4!. A very conservative choice is to se
V050 and thus the incomingp wave sees only the Coulom
potential. This is unrealistic because we expect some att
tive nuclear interaction. Nevertheless, settingV050 only re-
duces the axial-charge matrix element by 30%. We concl
that changes in thep-wave optical potential are unlikely to
significantly reduce theS factor in Eq.~9!.

Alternatively, resonances could significantly enhance
cross section. If we use the same value ofV05263.9 MeV
as was used for the bound state then there will be a str
p-wave resonance and theS factor rises by a factor of 37 to
62.5310220keV-b. Such a strong resonance is not seen
1-2
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the p-wave phase shifts. Therefore this very largeS factor is
probably unrealistic. However there could be contributio
from smaller resonances.

We have not explicitly antisymmetrized the incident pr
ton with those bound in3He. This omission could be impor
tant for s waves. However we do not expect it to be a lar
correction forp waves.

It is important to repeat our calculation with more realis
microscopic four-body wave functions. However, thep-wave
transition does not appear to involve sensitive cancellatio
Furthermore, the axial-charge operator can connect the l
components of the wave functions. Thus the matrix elem
should not depend strongly on small components in the w
functions of 3He and4He. Therefore, we expect Eq.~9! to
provide a useful first estimate.

Meson exchange currents~MEC! can be important for
axial-charge transitions because both the one-body and M
are of the same ordervN /c. Pion exchange currents enhan
the axial charge in a number of first forbiddenb decays. In
addition, shorter range MEC could also enhance the a
charge. In relativistic models,s meson exchange increas
the axial charge from orderp/m to p/M* where the nucle-
on’s effective massM* ,m. This andv exchange enhanc
the near threshold pion production cross section by a fa
of 5 @12#. Thus we expect a significant MEC contributio
and we expect it to increase theS factor.

For simplicity we have focused on a single partial wa
3P0 . There are a number of otherp waves that can also
contribute, such as,1P1 , 3P1 , and 3P2 . As a very crude
estimate we expect these partial waves to each be of
same order of magnitude as the3P0 . Therefore, it is possible
that the totalS factor, involving the coherent sum of sever
contributions, could be significantly larger than Eq.~9!.

Our results suggest several areas for future theoretical
experimental work.

~i! One should calculate all forbidden transition streng
in a variety of phenomenological models. These calculati
should include all incomingp and s waves and all parts o
the weak current including vector and axial-charge com
nents. The calculations should also include corrections
the spatial dependence of the lepton wave functions.

~ii ! One should calculate meson exchange current co
butions for the above transitions.
y
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~iii ! One should repeat microscopic four-body calcu
tions similar to those of Carlsonet al. @5# including alls and
p partial waves, all vector and axial parts of the weak c
rent, and the spatial dependence of the lepton wave fu
tions.

~iv! It may be useful to compare these calculations
experimental data for related, nonweak, reactions. O
should look at radiative capture3He(n,g)4He and
3H(p,g)4He. Spin-observable data may provide informati
on p-wave contributions. We caution that simple relatio
between radiative and weak capture, which have been u
in the past, may be unreliable because of the very differ
currents involved. Nevertheless, radiative capture may
provide useful tests of the models. In addition, it may
possible to test calculations of axial-charge strength by co
paring to near thresholds-wave pion production in
3He(p,p1)4He. Finally, there could be forbidden 01

˜01

Fermi strength. This might be observable v
3H(p,e1e2)4He.

~v! Solar neutrino experiments such as SuperKamiokan
SNO @13#, and Icarus@14# should carefully search for he
neutrinos at energies near 14 MeV and above. Although
flux is relatively small there could be a significant number
events in an energy region with very low background.It is
important to set experimental limits on the hep flux that a
independent of theory.

In conclusion, high energy Solar neutrinos can come fr
the hep reaction,3He(p,ve1)4He. Therefore, the interpreta
tion of measured spectra may depend on our understan
of the hepS factor. The present very small estimate forS
assumes a pure Gamow-Teller transition that is greatly
duced by cancelations and destructive interference from
son exchange currents. We use a simple model of a nuc
moving in optical potentials to show that the axial-char
transition 3P0˜

1S0 may have comparable strength. It is im
portant to calculate the contribution of other forbidden tra
sitions. This strength could significantly enhance the heS
factor.

Helpful conversations with Hamish Robertson are a
knowledged. This work was supported in part by DOE Gra
No. DE-FG02-87ER40365.
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