ooy

The Thomas Jefferson National Aocelerator Facility
Theory Group Preprint Series

Addiﬁonnlvmples are available from the authors,

- The Southeastem Unlversities Research Association (SURA) uperates the
Thomas Jefferson Natlonal Accelerator Facility for the Unitéd States

- Depanment of. Energ}r under contract DE~AC05—B4BR40150

DISCLAIMER

or does
MWM&& H\elJtﬂdehhuEnmmxtot
thereof. The views and m d herein ndwﬂ?l?l:lgor

reflect those of the United Stalea government ar any agency thereof, -

an acoount of work l:ylha tes govem-
ﬁmhpm&mmhm #ﬂﬁgﬂd B‘:}Yﬁm‘. A

mmu seoumes any legal Hab
or respo lyhlhe oump or of sny Information, appers-
lus.pmd or that [be wee ot infringe privately
ovmead @\h.kdmuuhudnhm commerclal produdt, process, or sexvice

JLAB-THY-0D1-0D8

The hep Antrophysical Factor

R. Schiavilla
Jefferson Lab, Newport News, Virginio 23006
and
Department of Physics, Old Dominion University, Norfolk, Virginia 23529

Tho S-factor for tho ¥Ha(p,et i} He Jon has been Iy calculated uslng
roaltatic inturactions and currcnta. The present talk summarizes the main results
of that calculation.

1 Introduction

The presont talk summarizes the salient points in a calculation of the astro—
physicai factor of the *He(p,e* v, ) He reactlon, that was completed last ycar '+
Recently, there hos been a revivel of interest in the hep reaction 345878, a5
the proton weak copture on *He s known. This intercst has been spurred by
the Super-Kamiokande collaboration measurcments of the energy spectrum of
electrons recoiling from scattering with solar noutrincs %!, Over most of
the spectrum, a suppression = 0.5 is observed relative to the Slundard Solar
Maodel (SSM) predictions '2. Above 12.5 MeV, howover, there is an epparent
excess of events. The hep process is the only source of solar noutrinos with
encrgies larger than about 14 MeV-their end-point encrgy ls about 19 MeV.
This fact hes naturally led to questions about the reliability of calculntions of
the hep weak capture cross section, upon which is based the currently accepted
SSM value for the astrophysical S-factor at zero cnergy, 2.3 x 107 kaV b3,
In particulsr, Bahcall and Krastev have shown ® thet s large enhancement,
by a [nctor in the range 25-30, of the SSM S-factor value given above would
cssentially fit the observed excess® of recoiling electrons, In any of three differ-
ent neutrino scenarios-uniform suppression of the #3 Aux, vacuum oscillations,
and matter-enhanced oscillations 19,

“T'he theoretical description of the icp process, as woll as that of tho neutren
and proton rudistive captures on “H, 9H, and e, constitute a challenging
problem from the standpolnt of nuclear few-body theory. Its difficulty can be
appreciated by comparing the measured values for the cross sectlon of thermal
noutron radiative capture on 'H, ¥H, and IHe. Their respective values are:
334,2 £ 0.5 mb !5, 0.508 £ 0.015 mb '®, end 0.056 + 0.003 mb 178 Thys,
in going from A—‘z to 4 the cross sectlon has dropped by almost four orders
of magnitude. These | are induced by tic-dipole transitions
between the initial two-clustor state in relative S-wave and the final bound
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state. In fact, the inhibition of the A=3 and 4 captures has Lieen understood
for o long time '®. The 3H and ‘He wave functions, denoted, respeclively,
with 3 and ¥, are, to a good approximation, cigenfunctions of the magnetic
dipole operator g, namely g, ¥a = pp¥a and g, ¥y == 0, whero 42,=2.793 n.m.
is the proton magnetic moment (note that the cxperimental value of the *H
magnetic moment is 2.979 n.m., while 1He has no magnetic moment). These
relations would be exact, if the 3H and *He wave functions were Lo consist of &
symmetric S-wave term only, for example, ¥y = $q(Sidetlpty,pla,nla nld].
Of course, tensor components in the nuclear interactions generate significant
D-stale admixtuces, that partially spoil thls eigenstate property. To the axtent
that it 15 epproximately satisfied, though, the matrix elements {Talize| ¥ 142}
and {(qli|¥14a) vanish due to orthogonality belween the initial and final
atates. This orthogonality srgument falls in the casc of the deuteron, since
then

el = (pp — i) P2(Sheg ng (1)

wlhere Xf;_., and ni}r sra bwe-nucleon spin and isospin states, respectlvoly. The
magnetic dipole operator can therelore connect the large S-wove l:omponrfnt
$3(5) of the deuteron to & T'=1 I8y np state (note that the orthogonulity
between the latter and the deuteron follows from tho orthogonnlity between
their respective spin-leospin statea}.

‘This quasi-orthogonallty, while agoin involid in the case of the prolon weak
capture on protons, is slso responsiblo for inhibiting tho hep process. Both
these reacthons are Induced by the Gamow-Teller operator, which differs from
the (leading) isovector spin part of the magnetic dipole operator essentially
by an isespin rotatlon. As a result, the hep woak capture und nd, pd, n?Ho,
and p*H radistive captures arc extremely sensitive to: (i) smull componenta
in the wave functions, particulsrly the D-state admixtures generated by tensor
interactions, and (i) many-body terms In the clectro-weak current operator.
For example, bwo-body current contributions provide, reapectively, 50 % nnd
over 90 % of the calculated pd 2 and n3He '37! cross sections at vory low
energics.

In this respoct, the hep woak captura Is o particularly delleate renclicn, for
two additlonal reasons: firstly and most Importantly, the one- ond two-body
current contributiona aro comparable In magnitude, but of opposita sign 1,32,
socondly, two-body axial currents, specifically those arising from oxcitation of
A isobars which have been shown to give tho dominent contribution, ere modet
dependent 7233, :

This destructive interference between one- and two-body currents also oc-
curs in the n3He ( *hen”) radiative capture'?%', with the difference that there
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the leading components of the two-body currents are model independent, and
give a much larger contribution than that associated with the cne-body cur-
rent.

The canceliation in the hep process between the one- and two-body matrix
elements has the effect of enhancing the importance of P-wave capture chan-
nels, which would ordinarily be suppressed. Indeed, one of the results reported
here s that thess channels give ebout 40 % of the S-factor calculated value.
That the hep process could proceed es essily through P- as S-wave capture
was not reallzed-or, at least, not sufficiently npprecieted **-in all earlier stud-
tes of this reactlon we are aware of, with the exception of Ref. %, where it was
suggested, on the basia of a vory simpla one-body reaction model, that the 3P,
channel mey be important.

2 Interactions, Currents, end Weve Functions

[mpro ts in the modeling of two- and three-nucleon interactions and the
nuclear weak current, and the significant progress made In the last few years
in the description of the bound snd continuum four-nucleon wavo functions,
live prompted ug to re-examine the hep reaction '2, The nuclear Hamlltonisn
lins boen taken to consist of tho Argonne 1 two-nueleon 37 and Urbana-IX
thiree-nucleon % interactions, To make contact with the oarlier studies '3,
however, and to have some estimate of tho model dependence of the results, the
older Argonne vyy two-nucleon® and Urbana-VIII three-nueleon ®® interaction
models have also been used. Both thesa Hamiltonlans, the AV1S/UIX and
AV14/UVIII, reproduce the experimental binding energies and charge radii
of the trinucleons and ‘He in cxact Green's function Maonte Carlo (GFMC)
caleulations 3192,

The correlated-hyperspherical-harmonica (CHH} method ia used hore to
solve variationally the bound- and scottering-state four-nucleon problem %3¢,
The binding energy of *He caleulated with the CHH method 3?48 ia within 1-2
%, depending on the Hamiltonian modsl, of that obtained with the GFMC
mathod. Lho acecursey of the CHH method to colculate scattering states Ling
becn successfully varified In the ease of the trinuch ¥ , by paring
results for e variely of Nd scattering observables obtained by a number of
groups uslog dilferent techniques®®. Indeed, the numerical uncertalnties in the

lculation of the trincel i have been so drostically reduced that
N scattoring observables can now be used to directly study the sensitivity
to two- and three-nucleon interactlon modcls-tha A, “puzzle”constitutes an
excellent example of this type of studies 7.
Studies olong similar lines show 3 that the CHH solutions for the four-
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nucleon continuum are also highly accurate. The CHH predictions M for the
1 3H total clastic cross section, or = 7 { |a,[>+31a|? ), sud coherent scattering
length, 6; = 6,/4 + 3af4, measured by neutron interferometry techniques-—a,
and @ are the singlet and triplet scattoring lengths-have been found Lo be
in excellent agreement with the corresponding experimental values. The n®H
cross sectlon is known over a rather wide energy range, end its extrapolation
to zero energy is not problematic *. The situstion is different for the p?He
channel, for which the scattering longths have been determined from cffoctive
range extrapolations of dats taken sbove 1 MeV, and are therefore somowhat
uncertain, a, = (10.8£2.6) fm*® and a; = (8.11:0.5) fm*° or (10.2£1.5) fm 5.
Navertheless, the CHH results sro close to the experimental values above. For
example, the AV18/UIX Hamiltonian predicts Mg, =10t fm and o, = 9.13
fin,

In Refs. 3% variational Monte Carlo (VMC) wave functions had been used
to describe both bound and scattering states, The triplot scattoring length was
found to be 10.1 fim with the AV14/UVIIl Hamtitonian model, in autisfactory
agreement with the experimental determination and the value obtained with
the more accurate CHH wave functions. However, the present work includes
all S- and P-wave channls, nomely 'So, *S1, *Po, 1Py, 2Py, and 3P3, while nll
pravious works only retained the 38 channel, which wes thought, erroneonaly,
to be the dominant one.

“The nuclear weak current consists of vector and axial-vector parts, with
corresponding one-, two-, and many-body components, The wenk vector cur-
rent is construcled [rom the isovector part of the electromagnetle current, in
accorclance with the conscrved-vector-current {CVC) hypothesis, Two-hody
wenk vector currents have model-independent and model-dependent compo-
nents. The model-independent terms aro obtained from the nucteon-nucleon
interaction, and by constructlon satialy current conservation with it. The
leading two-body wesk vector current is the “m-lke"operator, obtained from
the isospin-dependent apin-spin and tensor nuclson-nucicon interactions. The
Iatter also generate an isovestor %p.like" current, while additional isovector two-
body currents arise from the lsoapl independent end isospin-dey; lent central
and momentum-dependent interactions, These currents are short-ranged, and
numerically far less lmportant then the 7-like current. With tho exception of
the p-like current, they have been negiected In the present work. The model-
dependent curronts ere purely transverse, and therefore connot be directly
linked to the underlying two-nucloon interaction. The present cateulatlon in-
cludes the isovector curzents associsted with excitation of & isobars which,
however, are found to glve a rathor small contribution in weak-vector trensi-
tions, as compared to that due to the a-itke current. The m-like and p-like
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weak vector charge operators have also been retained in the present atudy.

The leading two- and many-body terms in the axial current, in contrast to
the case of the weak vector (or electromagnetic) current, are those due to A-
isobar excitation, which arc treated within the transition-correlation-operator
(TCO) scheme. 'The TCO method-s scaled-down approach to & full N + A

pled-ch 1 treatment-includes the A degrees of freedom explicitly in the
nuclear weve functiona. The axial charge operator includes the long-range
plon-exchango term 1, required by low-energy theorems and the partially-
conserved-axial-current relation, 08 well as the (expected) leading short-range
terms constructed from the central and spin-orbit components of the nucleon-
nucleon interaction, followlng a prescription due to Kirchbach et al. 2.

“The largest model dependence is in the weak axial current. To minimize it,
the poorly known ¥ — A transition nxial coupling constant has been adjusted
to reproduce the experimental value of the Gamow-Teller matrix element in
tritium 8-decay. While this procedure ial ) ly model dependent, its actual
model dependence is in fact very weak, 88 has been shown in Ref. 4. The
analysls carried out there could be extended to the present case.

3 Results for the hep S-Factor

Our results for the astrophysical S-factor, s function of the centor-of-mass
encrgy E, are reported in Tuble 1. By inspection of the table, wo note that:
(1} the energy dependence 1s Tather weak: the value at 10 keV is only aboul
4 % larger than that at 0 keV; {1i) the P-wave capture states are found to
be important, contributing about 40 % of the calculated S-factor. However,
the contributions from D-wave channels are expected to be very small. We
have verified explicitly that they are indeed small in YDy capture. {lii) The
many-body axial currents associated with A excitatlon play a cruclol role In
the {dominant) 38; capture, where they reduce the S-factor by more than &
factor of four; thus the destructive interference betweon the one- and mony-
bedy current contributions, firat obtained in Ref,3?, 18 confirmed in the present
study, besed on more accurnte wave functions. The [suppressed) onc-body
contribution comes mostly from transitiona (nvolving the D-stote components
of the 3He and 4Ha wave functlons, while the many-body contributions are
predominantly due to transitions connecting the S-atate in 3He to the D-state in
1He, or vlceverss. It Ia important to gtress the differences between the present
and all previous studies. Apart from ignoring, or ot least underestimeting, the
contribution dus to P-waves, the Iatter only considered the long-wavelength
form of the weak multipole operators, namely, thelr g=0 limit, where g is the

gnitude of the tum transfer. In 3Py capture, for cxample, only the
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Table 1 The kep S-factor, in units of 10~ keV b, calculated with CHH wave {unclions
carresponding to the AV18/ULX Hamiltonlan modol, st p3ile cm. unergies)}i:l), 5, and
PP ¥ 1)

4

10 kaV. Tha rows labelled “onc-body"and “full"lst the contrlb
tho one-body only and both one- and many-bady terms in the nuclear weak current. The
contribulions due the 38; chennal only and ail S- and P-wave channels ara Wsted scparately.

E=0 keV E=b keV  E=10 oV

5, S+P Sy S+P S; S+4P

one-body 264 200 258 287 262 293
full 638 964 620 970 636 101

Co-multipole, associated with the weak axlal charge, survives in this limit, and
the corresponding S-factor is calculated to be 2.2x 10798 keV b, including two-
body contributions. However, when the transition induced by the longitudinal
component of the axial current (via the Lo-multipole, which venishes at g=0}
is also taken into account, the S-factor becomes 0.82 x 10~ koV b, because of
destructive intorferonce botween the Co and Ly matrix clements. Thus use of
the long-wavelongth spproximation in the calculatlon of the hep cross sectlon
lcads to inaccurate resulls.

Finally, besides the differencea llated above, the present calculstlon also
improves that of Ref. '* in a number of other lmportant respects: firstly, it
uses CHH wave functions, corrcaponding to the Jatest gencration of realistic
interactions; sccondly, the model for the nuclear woak current has been ex-
tended to include the exlal charge as well as the vector charge and current
operators. Thirdly, the one-body operators now take into occount the 1/m?
relativistic corrections, which had previously been neglected. in 38, capture,
for example, these terms increase by 25 % the dominant {but suppressed}
Ly and £; matrix elements calculated with the {lowest order) Gamow-Teller
operator. These Improvements in the treatment of tho one-body axial cur-
vent indirectly sffect also the contributions of the A-excitation currenls, glnece
the NA transition exial coupli tant is dotermined by reproducing the
Gamow-Tellor matrix clament in tritlum B-decay.

The chief concluslon of the prosent work la that the hep S-factor ls pre-
dicted to be =~ 4.5 timea larger then the value adopted in the SSM. This
enhancement, while very algnlficant, ia smaller then that frst suggested In
Refs. *®, end then reconsidercd by the SK collaboration in Ref, "', A dlscus-
sion of the implications of our Its for the SK solar neutrino spectrum 38
given below.

Even though our result is inherently model dependent, it is unlikely thet
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the model dependence is large encugh to date a drastiec 1 in
the value obtained here. Indeed, celculations using Hamiltonians based on
the AV18 two-nucleon interaction only and the older AV14/UVIII two- and
three-nuclcon interactions predict? zero energy S-factor values of 12.1 X 10-20
keV b and 10.2 x 10-2% keV b, respectively. It should be stressed, however,
that the AV18 model, in contrast to the AV14/UVIII, does not reproduce
the experimental binding energles and low-energy scattering parameters of
ihe three- nnd four-nucleon systems. The AV14/UVIII prediction is only 6
% larger than the AV18/UIX zerc-energy result. This 6 % variation should
provide a fairly reslistic cstimete of the theoretical uncertainty duc to the
model dopendence.

"To conclude, our best estimate for the S-lactor at 10 keV c.m. energy is
therefore (10.1 & 0.6) x 102 ke¥ b.

4 Impact an the Super-Kamlokande Solar Neutrine Spectrum

Super-Kamickands (SK) detects solar neutrinos by neutrinc-eleclron scatber-
ing. ‘The energy ia shared between the outgoing ncutrino and scattered clec-
tron, leading to a very weak correlation b the 1 ing noutrino energy
und the measured electron energy. The electron anglo relative to the solar di-
rection s also measured, which would in principle allow recanstruction of the
incoming neutrino cnergy. However, the kinematic range of the angle is very
forward, and is comparable to the angulor resolution of the delector, Purthor-
mare, event-by-event reconstruction of the neutrino energy would be provented
by the detector background. Above its threshold of several MeV, SK is sensi-
ive to the B electron neutrinos. These have & total flux of 5,15 x 10® em™?
s=1 in the 8SM 2. While the flux Is uncertain to about 15 %, primarily due lo
the nuclear-physics uncertaintics In the "Be(p,7)®B cross section, the spectral
shape is more precisely known !,

“I'lhe SK results are prescnted as the ratio of tho measured electron apec-
trum to that expected in the SSM with no neutrino oscillations. Over most, of
the spectruim, this ratio is constant at & 0.6. At the highest cnergics, howoever,
an oxcess Tolativo to 0.5xSSM fs scen (though It lina diminighed in successive
data sets), The SK 826-day dats, determined graphlcally from Fig. 8 of Ref. i
ara shown by the points In Fig. 1 (the error bars denoto the combined atetisti-
cnl and systematic erros). The oxcess above 12.5 MeV may be intorpreted as
neutrino-energy dependence In the neutrino oscillotlon probabliity that is not
completely washed out in the clectron spectrum. This excess has also been
Interprated s possible avidence for & lerge hep fux 381! (though note that
the data never excoeds the full SSM expectatlon from 3B neutrinos). In the
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Figure 1: Electron anergy spectrum for the ratlo b the Super-Komiokande 825-tays

dats and the expectation based on unoscillated B0 noutrlioa !9, The date wera axtrocted
graphlcally from Flg. 8 of Ref.'*. Tha & curves correspond respectively Lo no hep contrlin-
tion, and an snhancanent a of 2.2, 4.4, 10 and 20.

SSM, the total hep flux ia very smal}, 2.10 X 10% ¢m~? s~!. Howover, its end-
point encrgy Is higher than' for the B3 neutrlnos, 19 MeV Instead of about 14
MaV, so that tho kep neutrinos mey bo seen at tho highest encrgies, This is
somewhat complicated by the cnergy resolution of SK, which sllows *B events
boyond thelr nominal endpolnt. The ratio of the Acp Aux to its value In the
SSM (based on tho hep S-lactor prediction of Ref. '3) will be denoted by a,
defined as

5. ¢ Poxc )
Sgam * @

as

where Py is the hiep-neutrino suppression constant. In the present work,
o = (10.1x1072 keV b)/(2.3x107% keV b) = 4.4, if Aep neutrino asciliations
are ignored. The lines in Fig. 1 indicate the effect of various values of o on
the ratlo of the electron spectrum with both ®B and Aep to that with only 2B
{the SSM). Though some differences are expected In the hep spectral shape
due to P-wave contributions, here wo simply usc the standard Aep spectrum
shape %5, In calculating this ratio, the 8B flux in the numerator has been
suppressed by 0.47, the best-fit constant value for the observed suppression. If
the kep ncutrinos are suppressed by = .5, then & = 2.2. Two other arbltrary
values of o (10 end 20) ere shown for comparison. As for the SK data, the
results aro shown as a function of the total clectron energy In 0.5 MeV bins.
“The last bin, shown covering 14 — 16 MeV, actually extonds to 20 MeV. The
SK energy resolutlon was approximated by convolution with a Gaussian ol
cnergy-dependent width, chosen to mateh the SK LINAC calibration data4®.

The effccts of a largor Aep flux should be compared to other possibla dis-
tortions of the ratlo. The data show no excess at low energies, thus limiting
tha size of & poutrino magnetic moment contribution to the scattering 7 The
8B neutrino energy spectrum has recently been remeasured by Ortiz et al. 48
and thelr spectrum la significantly larger ot high encrgles than that of Ref. %4,
Relative to the standard apectrum, this would causo an Increase in the ratio at
high energiea comparable to the a = 4.4 case, Theo menaured clectron gpectrum
is very sleap, and the fraction of events above 12.5 MeV ia only ~ 1% of the
total nbovo threshold. Thus, an errar in either the energy scale or resolution
could cause an apperent excess of events at high energy. However, theso nre
known preciscly from the SK LINAC ¢ calibration; an scror in cither could
explain the data only If it were at about the 3- or 4-sigma lovel ',

The varloua neutrino oscillation solutions can be distingulshed by thelr
neutrino-energy dependence, though the effects on the clectron spectrum aro
small. Generally, the ratio is expected to be rising at high energles, much like
the effect of an increased hep flux. The present work predicts o = 4.4 {and
@ = 2.2 If the hep neutrinos oacillate}. From Fig. 1, thia effect is smaller than
the distortion seen in the data or found In Refs, 1!, whore the hep fux was
fitted as a [roe paramster. However, the much mare important point i that
this is an absolute prediction. Flxing the valuo of o will significantly improve
the ability of SK to identify the correct oacillation solution. In thia context,
we rofer the reader to the report by Sroy 4 In these proceedings, for the most
recent release and analysis of data from the SK collaberation.
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