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The astrophysica$ factor for the proton weak capture Gile is calculated with correlated-hyperspherical-
harmonics bound and continuum wave functions corresponding to realistic Hamiltonians consisting of the
Argonnev 4 or Argonnewv g two-nucleon and Urbana-VIIl or Urbana-IX three-nucleon interactions. The
nuclear weak charge and current operators have vector and axial-vector components that include one- and
many-body terms. All possible multipole transitions connecting any optfele S- andP-wave channels to
the “He bound state are considered. TBéactor at ap-*He center-of-mass energy of 10 keV, close to the
Gamow-peak energy, is predicted to be 201D 2° keV b with the AV18/UIX Hamiltonian, a factor o£4.5
larger than the value adopted in the standard solar modelPTlave transitions are found to be important,
contributing about 40% of the calculat&ifactor. The energy dependence is rather weak: the AV18/UIX
zero-energys factor is 9.64< 107 2° keV b, only 5% smaller than the 10 keV result quoted above. The model
dependence is also found to be weak: the zero-en®fggtor is calculated to be 10210 %° keV b with the
older AV14/UVIII model, only 6% larger than the AV18/UIX result. Our best estimate forSifector at 10
keV is therefore (10.£0.6)x 10 2° keV b, when the theoretical uncertainty due to the model dependence is
included. This value for the calculat&ifactor is not as large as determined in fits to the Super-Kamiokande
data in which thehep flux normalization is free. However, the precise calculation of $hiactor and the
consequent absolute prediction for thep neutrino flux will allow much greater discrimination among pro-
posed solar neutrino oscillation solutions.

DOI: 10.1103/PhysRevC.63.015801 PACS nun®er21.45+v, 27.10+h, 95.30.Cq

[. INTRODUCTION AND CONCLUSIONS their end-point energy is about 19 MeV. This fact has natu-
rally led to questions about the reliability of calculations of
the hepweak capture cross section, upon which is based the
Recently, there has been a revival of interest in the reaccurrently accepted SSM value for the astrophys@édctor
tion *He(p,e" v¢)*He [1-6]. This interest has been spurred at zero energy, 2:810°2° keV b[11]. In particular, Bahcall
by the Super-Kamiokande Collaboration measurements ofnd Krastev have show] that a large enhancement, by a
the energy spectrum of electrons recoiling from scatteringactor in the range 25-30, of the SS#factor value given
with solar neutrinog7-9]. Over most of the spectrum, a above would essentially fit the observed exd&3of recoil-
suppression 0£0.5 is observed relative to the standard solaring electrons, in any of three different neutrino scenarios—
model (SSM) predictions[10]. Above 12.5 MeV, however, uniform suppression of theB flux, vacuum oscillations, and
there is an apparent excess of events. Adygprocess, as the matter-enhanced oscillatiof$2].
proton weak capture ofHe is known, is the only source of The theoretical description of theepprocess, as well as
solar neutrinos with energies larger than about 14 MeV—that of the neutron and proton radiative captures’din 3H,
and ®He, constitutes a challenging problem from the stand-
point of nuclear few-body theory. Its difficulty can be appre-
*Present address: Department of Physics, University of Pisagiated by comparing the measured values for the cross sec-
I-56100 Pisa, Italy. tion of thermal neutron radiative capture di, 2H, and

A. Motivation
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3He. Their respective values are 33#@.5 mb [13], nents of the two-body currents are model independent, and
0.508+0.015 mb[14], and 0.055:0.003 mhb15,16. Thus, 9dive a much larger contribution than that associated with the
in going from A=2 to 4 the cross section has dropped byone-body current.

almost four orders of magnitude. These processes are in- |Ne cancellation in théepprocess between the one- and
duced by magnetic-dipole transitions between the initial twoW0-P0dy matrix elements has the effect of enhancing the
cluster state in relativEwave and final bound states. In fact, ImPortance ofP-wave capture channels, which would ordi-
the inhibition of theA=3 and 4 captures has been under_narlly_be suppressed. Indeed, one of the re%ults of the present
stood for a long timg17]. The 3H and *He wave functions, work is that these channels give about 40% of &f@ctor

. X Iculated value. That t r Id pr -
denoted, respectively, b ; and V¥ ,, are, to a good approxi- calculated value at thieepprocess could proceed as eas

) iqenf ; f th ic-diool ily through P- as Swave capture was not realized—or, at
mation, eigenifunctions of the magnetic-dipole opergior |aast not sufficiently appreciaté@3j—in all earlier studies

namely, u,Vz=u W3 and p, V=0, where wu,  qf this reaction we are aware of, with the exception of Ref.
=2.793 n.m. is the proton magnetic moménote that the  [4] where it was suggested, on the basis of a very simple

eXperimental value of théH magnetiC moment is 2.979 One-body reaction modeL that tf@o channel may be im-
n.m., while *He has no magnetic momenihese relations portant.

would be exact if the’H and “He wave functions were to
consist of a symmetriSwave term only, for example}, B. Previous studies of thehep capture

=¢4(S)defpT1,pl2,nT3.n]4]. Of course, tensor compo-  The history ofhep cross section calculations has been
nents in the nuclear interactions generate signifitastate  most recently reviewed by Bahcall and Krasfay. The first
admixtures, which partially spoil this eigenstate property. Togstimate of the cross secti¢p24] was based on the calcula-
the extent that it is approximately satisfied, though, the mation of the overlap of ars-wave proton continuum wave
trix elements(W 3| u,| V1 ,) and(W4|u ¥, 3) vanish due function and a 4 neutron wave function ifHe. It produced
to orthogonality between the initial and final states. This or-a large value for th& factor, 630 10°2° keV b, and led to
thogonality argument fails in the case of the deuteron, sincéhe suggestion by Kuzmif25] that between 20% and 50%
then of the neutrinos in the high-energy end of the flux spectrum
could originate from thénepreaction. Of course, as already
¥ 2= (pp— ) b2(S) X075, (1.1)  discussed above and originally pointed out by Werntz and
Brennan[26], if the *He andp->He states are approximated,
S . _ _ _ respectively, by ($§)* and (1s)32s. configurations (8; is
wherexy and»ny_ are two-nucleon spin and isospin states,the continuum wave function and antisymmetrized in
respectively. The magnetic dipole operator can thereforépace, spin, and isospin, then the capture rate vanishes iden-
connect the larg&wave componenip,(S) of the deuteron tically. Werntz and Brennaf26] attempted to relate the ma-
toaT=1 1S, np state(note that the orthogonality between trix element of the axial current occurring in thep_capture
the latter and the deuteron follows from the orthogonalityt0 that of the electromagnetic current occurring in the ther-
between their respective spin-isospin states mal neutron radiative capture &h-lg, and provided an upper
This : : - TR limit for the hep Sfactor, 3.7 10 %° keV b, based on an
quasiorthogonality, while again invalid in the case of ; v 5 a
the proton weak capture on protons, is also responsible fdgxPerimental upper limit of 10Qub for the "He(n, y)"He
inhibiting the hep process. Both these reactions are induced™0SS Section known at the time. . o
by the Gamow-Teller operator, which differs from ttiead- Wemtz and Brennan assuméd the validity of isospin

ing) isovector spin part of the magnetic-dipole operator es_symmetry, apart from differences in the neutimhencap-

sentially by an isospin rotation. As a result, thep weak ture) and proton(in hepcapturg continuum wave functions,

3 3 o which they related to each other viu,(r)/yn(r)l
capture anthd, pd n- I_-|e, andp-"H radiative captures are =Cy (C, is the usual Gamow penetration fagtofii) that
extremely sensitive tdi) small components in the wave

. . . two-body currents dominated both the weak and radiative
functions, particularly theD-state admixtures generated by cantyres, and that their matrix elements could be put in rela-

tensor interactions, andi) many-body terms in the elec- +jon to each other through an isospin rotation. These authors
troweak current operator. For example, two-body currenefined their earlier estimate for theep Sfactor in a later
contributions provide, respectively, 50% and over 90% ofyyplication[23], by using hard-sphere phase shifts to obtain
the calculatecpd [18] and n-*He [11,19 cross sections at a more realistic value for the ratio of the neutron to proton
very low energies. continuum wave functions and by including the contributions
In this respect, thbepweak capture is a particularly deli- due toP-wave capture channels. These refinements led to an
cate reaction, for two additional reasons: first and most im$S factor value, 8.X 10 2° keV b, considerably larger than
portantly, the one- and two-body current contributions arethey had obtained previously. They found, though, thathe
comparable in magnitude, but of opposite sf@d,20; sec- waves only contribute at the 10% level.
ond, two-body axial-vector currents, specifically those aris- Subsequent studies of theep process also attempted to
ing from excitation ofA isobars which have been shown to relate it to thehenradiative capture, but recognized the im-
give the dominant contribution, are model depend@@-  portance ofD-state components in théHe and “He wave
22]. functions—these had been ignored in Rdfa3,26—and
This destructive interference between one- and two-bodyised the Chemtob-Rho prescriptif®l] (with some short-
currents also occurs in the*He (* her’) radiative capture range modification for the two-body terms in the elec-
[11,19, with the difference that there the leading compo-troweak current operator. Tegnand Bargholtz[27] and
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Wervelmanet al.[16] found, using a shell-model description transition-correlation operator(TCO) method [11]—a

of the initial and final states, that two-body current contribu-scaled-down approach to a fiNI+- A coupled-channel treat-
tions do not dominate the capture processes, in sharp contrasent. The radiative capture cross section was now calculated
with the assumptions of Ref§23,2 and the later conclu- to be between 75 and 8@b [11] (excluding the small con-
sions of Refs[11,19,2(. These two groups as well as Wolfs tribution of the “uncertain” way curreny, the spread de-

et al.[15] arrived, nevertheless, at contradictory results, dUEbending on whether theNA coupling constant in the tran-

to the different values calculated for the ratio of weak togijtion interactions is taken either from experiment or from
electromagnetic matrix elements. Tegaed Bargholt27] 4 quark model. In this approach, thep Sfactor was
obtained anSfactor value of (128)x107?° keVb, the i lated to be in the range between 1402 and 3.1

spread being due to the uncertain experimental value of thg< 1020 keVb[11], the spread due to whether the aibl
thermal neutron capture cross section before 1983. This pre- '

diction was sharpened by Woltt al. [15], who measured toupling was determined by fitting the Gamow-Teller matrix

: d element in tritump decay or, again, taken from the quark
the hencross section precisely. They quotedrep Sfactor R .
value of (15.3-4.7)x10 2 keVb. Wervelmanet al. [16] model (uncertainties in the values of theNA coupling had

also measured thben cross section, reporting a value of a mug:fh ?maller |mp?):(; _IntLac}_,t thi S&SQA.V?PI]UE for the
(55+3) ub, in excellent agreement with the measuremenpft)h a(i ortrtmw quoE in the literatufa, 2] is the average
by Wolfs et al. of (54+6) wub, but estimated ahep Sfac- ot these fast two results.
tor in the range (5%8)x 10" 2° keV b. These discrepancies
are presumably due to the schematic wave functions used in
the calculations. Improvements in the modeling of two- and three-nucleon
In an attempt to reduce the uncertainties in the predictethteractions and the nuclear weak current, and the significant
values for both the radiative and weak capture rates, fullyprogress made in the last few years in the description of the
microscopic calculations of these reactions were performetiound and continuum four-nucleon wave functions, have
in the early 1990$19,20, based on ground- and scattering- prompted us to reexamine theep reaction. The nuclear
state wave functions obtained variationally from a realisticHamiltonian has been taken to consist of the Argonng
Hamiltonian with two- and three-nucleon interactions. Thetwo-nucleon[28] and Urbana-IX three-nucledi29] interac-
main part of the electromagnetic current operétienoted as tions. To make contact with the earlier studié4,2q, how-
“model independent) was constructed consistently from ever, and to have some estimate of the model dependence of
the two-nucleon interaction model. The less well knownthe results, the older Argonne,, two-nucleon[30] and
(“model dependent) electroweak currents associated with Urbana-VIII three-nucleof31] interaction models have also
the excitation of intermediatd isobars and with transition been used. Both these Hamiltonians, the AV18/UIX and
couplings, such as the electromagnetic or agial current, ~ AV14/UVIII, reproduce the experimental binding energies
were also included. However, it was emphasized that theiand charge radii of the trinucleons afide in exact Green’s
contribution was to be viewed as numerically uncertain, asunction Monte Carld GFMC) calculationg 32,33.
very little empirical information is available on their cou-  The correlated-hyperspherical-harmoni@HH) method
pling constants and short-range behavior. These studids used here to solve variationally the bound- and scattering-
showed that both theenandhepreactions have largén the  state four-nucleon probler84,35. The binding energy of
case of the radiative capture, dominaoontributions from  “He calculated with the CHH methofB4,36 is within
two-body currents. Indeed, the values obtained with onei-29%, depending on the Hamiltonian model, of that ob-
body only and full currents for theep Sfactor (radiative  tained with the GFMC method. The accuracy of the CHH
capture cross sectiprwere, respectively, 5810 %° and method to calculate scattering states has been successfully
1.3x10 % keVb (6 and 112 ub). These results indicated verified in the case of the trinucleon systems by comparing
that the common practice of inferring thep Sfactor from  results for a variety oNd scattering observables obtained by
the measured radiative capture cross section is bound to lzenumber of groups using different techniqlidg]. Indeed,
misleading, because of different initial-state interactions inthe numerical uncertainties in the calculation of the tri-
the n-3He andp-3He channels, and because of the large connucleon continuum have been so drastically reducedNdat
tributions associated with the two-body components of thescattering observables can now be used to directly study the
electroweak current operator and their destructive interfersensitivity to two- and three-nucleon interaction models—the
ence with the one-body current contributions. Yet the subA, “puzzle” constitutes an excellent example of this type of
stantial overprediction of theencross section, 112ub ver-  studies[38].
sus an experimental value of 5&b, was unsatisfactory. It Studies along similar lines shol89] that the CHH solu-
became clear that the contributions of the “model-tions for the four-nucleon continuum are also highly accu-
dependent” currents, particularly those due to thésobar, rate. The CHH prediction§35] for the n-H total elastic
were unreasonably largéabout 40 ub out of the total cross sectiongr=7(|ad?+3|a]?), and coherent scattering
112 wub). It was therefore deemed necessary to include théength,a.=aJ4+ 3a,/4, measured by neutron interferometry
A degrees of freedom explicitly in the nuclear wave func-techniques—ag and a; are the singlet and triplet scattering
tions, rather than eliminate them in favor of effective two- lengths—have been found to be in excellent agreement with
body operators acting on nucleon coordinates, as had be¢he corresponding experimental values. ThéH cross sec-
done in earlier studies. This led to the development of theion is known over a rather wide energy range, and its ex-

C. Overview of present calculations
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trapolation to zero energy is not problemdi®]. The situ- TABLE I. The hep Sfactor, in units of 10?° keV b, calcu-
ation is different for thep-?’He channel, for which the lated with CHH wave functions corresponding to the AV18/UIX

scattering lengths have been determined from effective randééam”to“ia“ model, ap-°He c.m. energie£=0, 5, and 10 keV.
extrapolations of data taken above 1 MeV, and are therefor&® rows labeled “One-body” and “Full” list the contributions

somewhat uncertaira.= (10.8+2.6) fm [41] and a,= (8.1 obtained by retaining the one-body only and both one- and many-
S ; : t ' body terms in the nuclear weak current. The contributions due the

+0.5) fm[41] or (10.2£1.5) fm [27]. Nevertheless, the 3 )
CHH results are close to the experimental values above. ForSl channel only and alg- and P-wave channels are listed sepa-

example, the AV18/UIX Hamiltonian predict§35] ag rately.
i Refe. 11130 variatio E=0 keV E=5 keV E=10 keV
In Refs.[11,2Q variational Monte CarloVMC) wave s, sep 35, SiP see

functions had been used to describe both bound and scatter-
ing states. The triplet scattering length was found to be 10.Dne-body 264 29.0 259 287 262 29.3
fm with the AV14/UVIII Hamiltonian model, in satisfactory Full 6.38 964 620 9.70 6.36 10.1
agreement with the experimental determination and the value
obtained with the more accurate CHH wave functions. How-
ever, the present work includes & and P-wave channels, axial-vector coupling constant has been adjusted to repro-
namely,'S,, 3S;, Py, P, 3Py, and 3P,, while all pre-  duce the experimental value of the Gamow-Teller matrix el-
vious works only retained the’S, channel, which was ement in tritiumg decay. While this procedure is inherently
thought, erroneously, to be the dominant one. model dependent, its actual model dependence is in fact very
The nuclear weak current consists of vector and axialweak, as has been shown in Ref5]. The analysis carried
vector parts, with corresponding one-, two-, and many-bodyut there could be extended to the present case.
components. The weak vector current is constructed from the
isovector part of the electromagnetic current, in accordance D. Conclusions
with the conserved-vector-curre@®VC) hypothesis. Two- . .
body weak vector currents have “model-independent” and hW_e plr(;s?nt here a:jdl.;cgss]on I9f the resfults I]or the astro-
“model-dependent” components. The model-independeng ysica actor and t er 1mp ications for the Super-
terms are obtained from the nucleon-nucleon interaction, an amiokande(SK) solar neutrino spectrum.
by construction satisfy current conservation with it. The
leading two-body weak vector current is ther-ike” op-
erator, obtained from the isospin-dependent spin-spin and Our results for the astrophysicalfactor, defined as
tensor nucleon-nucleon interactions. The latter also generate
an isovector ‘p-like” current, while additional isovector S(E)=Eo(E)exp4malv), (1.2
two-body currents arise from the isospin-independent and
isospin-dependent central and momentum-dependent interagthereo(E) is thehepcross section at center-of-mass energy
tions. These currents are short ranged and numerically fd&, v, is the p-3He relative velocity, and is the fine struc-
less important than the-like current. With the exception of ture constant, are reported in Table I. By inspection of the
the p-like current, they have been neglected in the presentable, we note thafi) the energy dependence is rather weak:
work. The model-dependent currents are purely transverséhe value at 10 keV is only about 4% larger than that at O
and therefore cannot be directly linked to the underlyingkeV; (ii) the P-wave capture states are found to be important,
two-nucleon interaction. The present calculation includes theontributing about 40% of the calculat&factor. However,
isovector currents associated with excitation fofisobars the contributions fronD-wave channels are expected to be
which, however, are found to give a rather small contributionvery small. We have verified explicitly that they are indeed
in weak vector transitions, as compared to that due to themall in 3D, capture.(iii) The many-body axial-vector cur-
m-like current. Ther-like and p-like weak vector charge rents associated with excitation play a crucial role in the
operators have also been retained in the present study.  (dominan} S, capture, where they reduce tsfactor by
The leading two- and many-body terms in the axial-vectormore than a factor of 4; thus the destructive interference
current, in contrast to the case of the weak vectorelec- between the one- and many-body current contributions, first
tromagneti¢ current, are those due th-isobar excitation, obtained in Ref.[20], is confirmed in the present study,
which are treated within the TCO scheme. This scheme hagased on more accurate wave functions. Tseppressed
in fact been extende2] to include three-body connected one-body contribution comes mostly from transitions involv-
terms which were neglected in the earlier wgdi]. The ing the D-state components of thtHe and“He wave func-
axial charge operator includes the long-range pion-exchand#ons, while the many-body contributions are predominantly
term[43], required by low-energy theorems and the partiallydue to transitions connecting ti$state in®He to theD state
conserved-axial-current relation, as well as fespectedd  in “He or vice versa.
leading short-range terms constructed from the central and It is important to stress the differences between the
spin-orbit components of the nucleon-nucleon interactionpresent and all previous studies. Apart from ignoring, or at
following a prescription due to Kirchbaddt al.[44]. least underestimating, the contribution dueRavaves, the
The largest model dependence is in the weak axial curlatter only considered the long-wavelength form of the weak
rent. To minimize it, the poorly knowlN— A transition = multipole operators, namely, thai=0 limit, whereq is the

1. Results for the S factor
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—_

magnitude of the momentum transfer. #®, capture, for

example, only theC, multipole, associated with the weak 09 E E——s 3
axial-vector charge, survives in this limit, and the corre- ——- =44

spondingsS factor is calculated to be 2210°%° keV b, in- 08 F |--- o1 1
cluding two-body contributions. However, when the transi- 07 F |r
tion induced by the longitudinal component of the axial- 0.6 I
vector current(via the L, multipole, which vanishes aj 05

=0) is also taken into account, ti&factor becomes 0.82
X 1072% keV b, because of destructive interference between 2 0.4
the Cy andL matrix elementgsee discussion in Sec. I)C 0.3
Thus use of the long-wavelength approximation in the calcu-
lation of thehepcross section leads to inaccurate results.

Finally, besides the differences listed above, the present 0.1 | 1

Data/SSM

calculation also improves that of Rdfl1] in a number of ob v o s s
other important respects: first, it uses CHH wave functions, 5 6 7 8 9 10 11 12 13 14 15
corresponding to the latest generation of realistic interac- E, [MeV]

tions; second, the model for the nuclear weak current has )

been extended to include the axial-vector charge as well as FIG- 1. Electron energy spectrum for the ratio between the

the vector charge and current operators. Third, the one-body-Per-Kamiokande 825-day data and the expectation based on un-
. S scillated ®B neutrinos[10]. The data were extracted graphically

operators now take into account thenf/relativistic correc-

. . . from Fig. 8 of Ref[9]. The five curves correspond, respectively, to
3
tions, which had previously been neglected.’B, capture, no hep contribution (dotted ling, and an enhancement of 2.2

for example, these terms increase by 25% the domif@nt  (sqjig Jine), 4.4 (long-dashed ling 10 (dashed ling and 20(dash-
suppressedL; and E; matrix elements calculated with the dotted line.
(lowest-ordey Gamow-Teller operator. These improvements
in the treatment of the one-body axial-vector current indi-trittum S decay[45]. To conclude, our best estimate for the
rectly affect also the contributions of thie-excitation cur- S factor at 10 keV c.m. energy is therefore (18.0.6)
rents, since th&l A transition axial-vector coupling constant X 10°%° keVb.
is determined by reproducing the Gamow-Teller matrix ele-
ment in tritium B decay, as discussed in Sec. IV E below.
The chief conclusion of the present work is thatiep S Super-Kamiokande(SK) detects solar neutrinos by
factor is predicted to be=4.5 times larger than the value neutrino-electron scattering. The energy is shared between
adopted in the SSM. This enhancement, while very signifithe outgoing neutrino and scattered electron, leading to a
cant, is smaller than that first suggested in REfs3], and  very weak correlation between the incoming neutrino energy
then reconsidered by the SK Collaboration in R&f]. A and the measured electron energy. The electron angle rela-
discussion of the implications of our results for the SK solartive to the solar direction is also measured, which would in
neutrino spectrum is given below. principle allow reconstruction of the incoming neutrino en-
Even though our result is inherently model dependent, iergy. However, the kinematic range of the angle is very for-
is unlikely that the model dependence is large enough tavard, and is comparable to the angular resolution of the de-
accommodate a drastic increase in the value obtained herector. Furthermore, event-by-event reconstruction of the
Indeed, calculations using Hamiltonians based on the AV1&eutrino energy would be prevented by the detector back-
two-nucleon interaction only and the older AV14/UVIIl two- ground. Above its threshold of several MeV, SK is sensitive
and three-nucleon interactions predict zero ene®dgctor to the ®B electron neutrinos. These have a total flux of
values of 12.X10 2 and 10.%X 10 %° keV b, respectively. 5.15x10° cm 2s ! in the SSM[10]. While the flux is un-
It should be stressed, however, that the AV18 model, in coneertain to about 15%, primarily due to the nuclear-physics
trast to the AV14/UVIII, does not reproduce the experimen-uncertainties in the/Be(p,y)®B cross section, the spectral
tal binding energies and low-energy scattering parameters ahape is more precisely knowa7].
the three- and four-nucleon systems. The AV14/UVIII pre- The SK results are presented as the ratio of the measured
diction is only 6% larger than the AV18/UIX zero-energy electron spectrum to that expected in the SSM with no neu-
result. This 6% variation should provide a fairly realistic trino oscillations. Over most of the spectrum, this ratio is
estimate of the theoretical uncertainty due to the model deeonstant at=0.5. At the highest energies, however, an ex-
pendence. It would be very valuable, though, to repeat theess relative to 08SSM is seer(though it has diminished
present study with a Hamiltonian consisting of the CD-Bonnin successive data sg¢tsThe SK 825-day data, determined
interaction[46] which, in contrast to the AV14 and AV18 graphically from Fig. 8 of Ref[9], are shown by the points
models, has strongly nonlocal central and tensor compadin Fig. 1 (the error bars denote the combined statistical and
nents. We would expect the CD-Bonn calculation to predictsystematic errgr The excess above 12.5 MeV may be inter-
an Sfactor value close to that reported here, provided thepreted as neutrino-energy dependence in the neutrino oscil-
axial-vector current in that calculation was again constrainedation probability that is not completely washed out in the
to reproduce the known Gamow-Teller matrix element inelectron spectrum. This excess has also been interpreted as

2. Effect on the Super-Kamiokande solar neutrino spectrum
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possible evidence for a largeep flux [1,3,9 (though note is anabsoluteprediction. Fixing the value of will signifi-
that the data never exceeds th# SSM expectation fronfB  cantly improve the ability of SK to identify the correct os-
neutrinog. In the SSM, the totahep flux is very small, cillation solution.
2.10x10° cm 2s™ 1. However, its end-point energy is In the remainder of the paper we provide details of the
higher than for thé’B neutrinos, 19 MeV instead of about 14 calculation leading to these conclusions. In Sec. Il we derive
MeV, so that thehep neutrinos may be seen at the highestthe hepcross section in terms of reduced matrix elements of
energies. This is somewhat complicated by the energy resdéhe weak current multipole operators. In Sec. Ill we discuss
lution of SK, which allows®B events beyond their nominal the calculation of the bound- and scattering-state wave func-
end point. The ratio of théepflux to its value in the SSM  tions with the CHH method, and summarize a number of
(based on théep Sfactor prediction of Ref[11]) will be  results obtained for théHe binding energy anf-*He elas-
denoted by, defined as tic scattering observables, comparing them to experimental
data. In Sec. IV we review the model for the nuclear weak
s, current and charge operators, while in Sec. V we provide
X Py (1.3y  details about the calculation of the matrix elements and re-
Sssm sulting cross section. Finally, in Sec. VI we summarize and
discuss our results.
where P, is the hepneutrino suppression constant. In the
present worka=(10.1x10"2° keV b)/(2.3x 10" 2° keV b)
=4.4, if hep neutrino oscillations are ignored. The lines in
Fig. 1 indicate the effect of various values @fon the ratio In this section we sketch the derivation of the cross sec-
of the electron spectrum with botfB andhepto that with tion for thep-3He weak capture process. The center-of-mass
only ®B (the SSM. Though some differences are expected in(c.m) energies of interest are of the order of 10 keV—the
the hepspectral shape due ®wave contributions, here we Gamow-peak energy is 10.7 keV—and it is therefore conve-
simply use the standardep spectrum shapp48]. In calcu-  nient to expand the-3He scattering state into partial waves,
lating this ratio, the®B flux in the numerator has been sup- and perform a multipole decomposition of the nuclear weak
pressed by 0.47, the best-fit constant value for the observesharge and current operators. The present study incl8des
suppression. If théiep neutrinos are suppressed by0.5,  andP-wave capture channels, i.e., thg,, 3S;, °P,, 1P,
thena=2.2. Two other arbitrary values of (10 and 20are  3p,, and 3P, states in the notatioA>" 1L ; with S=0,1, and
shown for comparison. As for the SK data, the results areetains all contributing multipoles connecting these states to
shown as a function of the total electron energy in 0.5 MeVthe J"=0% “He ground state. The relevant formulas are
bins. The last bin, shown covering 14—-15 MeV, actually ex-given in the next three subsections. Note that tRg, 3P,
tends to 20 MeV. The SK energy resolution was approxi-and 3S;, 3D, channels are coupled. For example, a pure
mated by convolution with a Gaussian of energy-dependentp, incoming wave will produce botdP; and 2P, outgo-

width, chosen to match the SK LINAC calibration d@#®].  ing waves. The degree of mixing is significant, particularly
The effects of a largehep flux should be compared to for the P waves, as discussed in Sec. Ill C.

other possible distortions of the ratio. The data show no ex-
cess at low energies, thus limiting the size of a neutrino
magnetic moment contribution to the scatterisg]. The B
neutrino energy spectrum has recently been remeasured by The capture proces¥He(p,e* v.)*He is induced by the
Ortiz et al. [51] and their spectrum is significantly larger at weak interaction Hamiltoniaf52]

high energies than that of R¢#7]. Relative to the standard

spectrum, this would cause an increase in the ratio at high Gy et p) g o

energies comparable to the=4.4 case. The measured elec- HW:EJ dx e TPt P (X)), 2.9
tron spectrum is very steep, and the fraction of events above

12.5 MeV is only~1% of the total above threshold. Thus,

an error in either the energy scale or resolution could causehere Gy is the Fermi coupling constantG{,=1.149 39
an apparent excess of events at high energy. However, thesel0 > GeV 2 [53]), |, is the leptonic weak current,

are known precisely from the SK LINA{49] calibration; an

error in either could explain the data only if it were at about _ . 1
the 30 or 4o level [9]. lo=U,¥e(1=ys)ve=(l0,~ 1), (2.2

a=

IIl. CROSS SECTION

A. Transition amplitude

The various neutrino oscillation solutions can be distin-

guished by their neutrino-energy dependence, though the e@ndj“(x) is the hadronic weak current density. The positron
fects on the electron spectrum are small. Generally, the ratiand (electror) neutrino momenta and spinors are denoted,
is expected to be rising at high energies, much like the effedtespectively, byp,, p, andve, u,. The Bjorken-Drell[54]

of an increasedhepflux. The present work predicts=4.4  conventions are used for the metric teng6f and y matri-
(and @=2.2 if the hepneutrinos oscillate From Fig. 1, this ces. However, the spinors are normalized vése= quV
effect is smaller than the distortion seen in the data or found=1.

in Refs.[1,3,9, where thehepflux was fitted as a free pa- The transition amplitude in the c.m. frame is then given

rameter. However, the much more important point is that thidy
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Gy where, with the future aim of a multipole decomposition of
(f|HW|i>:EI"(—q;4He|j(T,(q)|p;p3He>, (2.3  the weak transition operators, the lepton vedtdras been
expanded as

where q=p.+p,, |p;p3He), and |—q;*He) represent the |— | o (2.10
p-*He scattering state with relative momentymand “He NE PR ’
bound state recoiling with momentumgq, respectively, and .

with I, = ¢, -1, and

i@= [ dx 0= i@ @24 Bo=tus. 2.1
The dependence of the amplitude upon the spin projections éqilzii(éqli iéqz). (2.12
of the proton and®He is understood. It is useful to perform V2
a partial-wave expansion of thp-He scattering wave .~ A i - -
function The orthonormal basigy;, €., €y is defined bye;;=q,
€g2=PX/[PX 0|, €y1= g2 X Ega-
‘I’E)Jrslss Vam X, 2L+1i < 551,553 SJZ> B. Multipole expansion
LSJ%
Standard techniqud$2] can now be used to perform the
X(S3,,L0[33) Wik, (2.5  multipole expansion of the weak charge and current matrix
elements occurring in E@2.9). The spin quantization axis is
with alongf) rather than alond. Thus, we first express the states

quantized along as linear combinations of those quantized

TLS%_ o 3 L's % alongq:
Vi3 eILL%/ [1-iR ]LSL’S’ 143 o (26

133,)5=2> D3y (— 6,0,0) |33, (2.13
2 zz

wheres,; ands; are the proton andHe spin projectionsl,,
S andJ are the relative orbital angular momentum, channel
spin (5=0,1), and total angular momenturd=L +S), re- whereD?, . are standard rotation matricgs2,55 and the

J J,
. J . . - - ~
é%iﬁg\r%ellybiaslz ghh?ﬂ? matrix in channel), and o, is the anglesé and¢> specify the directiom. We then make use of

the transformation properties under rotations of irreducible
tensor operators to arrive at the following expressions:

o =ardI'(L+1+in)], (2.7
(Walp" (@) WS35 = Vam(—i)) (=)
2a
o (29 XDY; o(—b,—6,4)C5a),

(2.149

Here « is the fine-structure constant amg, is the p-*He
relative velocity,v,q=p/u, u being the reduced masg, (U 4|& i@ V3) = Vam(—i) (-
=mmy/(m+mg) (m and m; are the proton andHe rest
masses, respectivelyNote that¥(*) has been constructed XDJ—JZ,O(_ b,—0,6)L5°Xq),
to satisfy outgoing-wave boundary conditions, and that the

- 2.1
spin quantization axis has been chosen to lie aljpnghich 219
defines thez axis. Finally, the scattering wave function (v | t LSJJz _
j"(g)|¥ —\2m(—i)
‘Ifﬁ‘;‘lz as well as the*He wave function¥, are obtained ! qu 1+3)
variationally with the CHH method, as described in Sec. Il. X DJ—J (=, —0,9)
The transition amplitude is then written as [AMES? Sy )]
X[AM > (q)+E;>(a)].
(2.19

G 11
(fIHwli)= T;’\/EL%]JZ \/2L+1|'-<§sl,§sg

sa)
Herex==1, andC}®’, L}®?, E}®? and M}®? denote the
reduced matrix elements of the CoulomB)( longitudinal
X(SJ,, LO|JJZ){ O(\If4|,zfr(q)|\Ifli‘;JZ (L),.transverse eIectricE.()3 anq transverse magneti®/)
multipole operators, explicitly given byb2]

—
_)\:;’il |>\<‘I’4| an JT(Q)|‘I’1EJ3JZ

2.9 Cyi (a)= f dX p(¥)ji(ax)Y (%), (219
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an<q)='a f dx j()-VilgoYy (0, (219 NT'= 3 WO(gisiS)W™ (0;Si8),  (2.29

S1S3

1 where
E.|Z<q>=af dx jOO-VXj(aYft,  (2.19

W7=%(q;5,85) = LS Xg>Aa;5185)C5> @), (2.26

[

My (@)= f dx jO0-J1 (a0 YiE, (220

=3(q-

11 . . W?™°(q;8:S3)

whereY ;" are vector spherical harmonics. LsJ
z

Finally, it is useful to consider the transformation proper-
ties under parity of the multipole operators. The weak

X5 (a;8185)L5% @), (2.29)

o=* . _ LS
charge/current operators have components of both scalar/ Wm0 8189) = — —= 2 & 2 LECIEEY
polar-vector(V) and pseudoscalar/axial-vect@) character,
and hence X[ =M q)+ESYq)]. (2.28
T, =T (V) + Ty (A), (22D The dependence upon the directigrand proton and*He

spin projectionss; ands; is contained in the function:>’
where Tu, is any of the multipole operators above. Obvi- given by
ously, the parity ofth-poleV operators is opposite of that of
Ith-pole A operators. The parity of Coulomb, longitudinal, LSJ T L -3,
and electridth-poleV operators is £ )', while that of mag- Xx>AGis189) = 2 2L+ 11 )
netic Ith-pole V operators is {)' 2.

S‘]Z><S‘JZILO|‘J‘JZ>

< 1 1
X ~5S1,5S3
C. Cross section 2 2

The cross section for thHe(p,e" v,)*He reaction at a XD‘]—JZ,)\(_djx_ 0,9), (2.29
c.m. energyE is given by

2 with A\=0,£1. Note that the Cartesian components of the
U(E):J 278l Am+ E—q——Ee—EV lepton and nuclear tensorer(r=1,2,3) are relative to the
2my orthonormal basi®,;, €, €3, defined at the end of Sec.
11 dp. dp ITA. . .
X—— = > > [(f|Hwli)|? —_— The expression for the nuclear tensor can be further sim-
Urel 4 Sgs, 5153 (2m)3 (2m)3 plified by making use of the reduction formulas for the prod-

(2.22 uct of rotation matrice$55]. In fact, it can easily be shown
that the dependence &f” upon the angle cog=p-q can

whereAm=m+m;—m,=19.287 MeV (n, is the “He rest  be expressed in terms of Legendre polynomidjcoso)

mass, ando . is the p-3He relative velocity defined above. and associated Legendre functioRg(cos6) with m=1,2.

It is convenient to write However, given the large number of channels included in the
present studyall S- andP-wave capture statgshe resulting
equations foN’™ are not particularly illuminating, and will

7 > [(fIHWi)?=(2m)2G2L,,N?", (2.23  not be given here. Indeed, the calculation of the cross sec-
SeS

v 5153 tion, Eq. (2.22, is carried out numerically with the tech-
) ) niques discussed in Sec. V B.
where the lepton tensdr’” is defined as It is useful, though, to discuss the simple case in which
only the contributions involving transitions from tH&, and
ot - 3p, capture states are considered. In the lisit0, one then
L 2 1l finds
ses
1 (p -—m ) pv 2 Gz
=5t 7 (1- 75)82— AR CPT=y a(E)———meO(E)[|L°11(A)|2+|E°11(A)|2
=VEVI+HVIVE— g7 VeV, +i€7* PV, v, 5, (2.24 +|cHoA)|2], (2.30

with %= —1, J=pJ/E,, and {=pY/E,. The nuclear whereL{(A) and E3*(A) are the longitudinal and trans-
tensorN?" is deflned as verse electric axial-vector current reduced matrix elements
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(from 33, capturg, andC3'YA) is the Coulomb axial-vector tively large, and its interference with thatlbf(A) cannot be

charge reduced matrix elemeffitom 3P, captur¢ atq=0.  neglected. This point is further discussed in Sec. VI B.
Here the “Fermi function”fy(E) is defined as As a final remark, we note that the general expression for
the cross section in E@2.22 as follows from Eqs(2.23 -
) 5 5 (2.29 contains interference terms among the reduced matrix
fo(E)= L dx xyx“=1(Xo—X)*, (2.3)  elements of multipole operators connecting different capture
channels. However, these interference contributions have
been found to account for less than 2% of the tS8tidctor at

i = + . ion i 2.
with Xo=(Am+E)/m,. The expression in E¢2.30 can zerop-2He c.m. energy.

easily be relatednutatis mutandisto that given in Ref{20].

Although theq=0 approximation can appear to be ad-
equate for thehep reaction, for whichq=20 MeV/c and I1l. BOUND- AND SCATTERING-STATE WAVE
qR=0.14 or less R being the*He radiug, the expression FUNCTIONS

for the cross section given in E(R.30 is in fact inaccurate. .
9 ®.30 The “He bound-state ang-3He scattering-state wave

To elaborate this point further, considéP, capture. The . . oL .
long-wavelength foprms of th€y(q:A) and fo(q&) multi.  functions are obtained variationally with the CHH method
poles, associated with the axial-vector charge and Iongitudif—rom realistic Hamiltonians consisting of the Argonngg

nal component of the axial-vector current, are constant an?"'o'm:ﬁlezr\%g]/j&j Url;ana—l)fhthrelz-nuAclec[QQ] |nt?rac—
linear inq, respectively, as can be easily inferred from Egs. lons (the mode) or the older Argonne, two-

21 d(2.18. Th di duced trix el _nucleon[30] and Urbana-VIll three-nucledr31] interactions
Enen?s 2?6 (to |e8)adingeo(r:ggre;pon Ing reduced matrix:ele (the AV14/UVIII mode). The CHH method, as implemented

in the calculations reported in the present work, has been
110/ . developed by Viviani, Kievsky, and Rosati in Refs.
A)=cg+--- 2. S ) .
Co (@:A)=Co ' (232 [34,35,56,5T. Here, it will be reviewed briefly for complete-
ness, and a summary of relevant results obtained for the
three- and four-nucleon bound-state properties, psitHe
effective-range parameters will be presented.

Le"a;A) =loq+ - -, (2.33

whereco=CJ%A) in the notation of Eq(2.30. The 3P,

capture cross section can be written, in this limit, as
A. CHH method

3 2 G\z, 5 ) 21 12 In the CHH approach a four-nucleon wave functi®nis
o(E; Po)zgv—lme[fo(E)|Co| + T2 (E)ymgllof expanded as
re
~2f2(E)me RelCg o)) 234 =3 [YaXap Yo Zap) + Vi Xop Yo Zap)] (3.0

When the full model for the nuclear axial-vector charge and

current is considered, the constangsand|l,, at zerop-*He  where the amplitudegs, and g correspond, respectively, to
relative energy, are calculated to bg=i0.043 fn?? and  the partitions 3-1 and 2-2, and the indexp runs over the
1pb=i0.197 fn?’2 (note that they are purely imaginary Bt  even permutations of particléil. The dependence on the
=0). The “Fermi functions” fo(E), f,(E), and f,(E),  spin-isospin variables is understood. The overall antisymme-
which arise after integration over the phase spac&-=a0  try of the wave function?” is ensured by requiring that both
have the valueg,(0)=2.54x 1P, f,(0)=3.61x10°, and 4, and 5 change sign under the excharigej.

f,(0)=9.59x 10". The zero energ$ factor obtained by in- The Jacobi variables corresponding to the partitienl3
cluding only the termc, is 2.2<10 ?° keV b. However, are defined as

when both thec, and |, terms are retained, it becomes

0.68X 10720 keV b. Xap=Fi—"ri, (32)
In fact, this last value is still inaccurate: when not only the P

leading, but also the next-to-leading order terms are consid-

ered in the expansion of the multipoles in powersjakee Yap= ‘/4_/3(rk_RiJ')’ 3.3

Sec. VB, the S factor for P, capture increases to 0.82

%1020 keV b, its fully converged value. The conclusion of Zpp= \/3_/2(r| —Rijw), (3.4

this discussion is that use of the long-wavelength approxima-

tion in thehepreaction leads to erroneous results. while those corresponding to the partitiort 2 are defined as
Similar considerations also apply to the case’sf cap-

ture: at values ofj different from zero, the transition can be Xgo="l{—T; (3.5

induced not only by the axial current via th& (A) and P

L.(A) multipoles, but also by the axial-vector charge and

vector current via th&,(A) and M (V) multipoles. While YBp= \/E(Rkl_ Rij), (3.6

the contribution ofM (V) is much smaller than that of the

leadingE{(A) andL,(A), the contribution ofC,(A) is rela- Zgp=Tr— I, (3.7
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whereR;; (Ry) andR;j, denote the c.m. positions of par- COS¢h3p=Xap/p=Xgp/p, (3.1
ticles ij (kl) and ijk, respectively. In theLS-coupling
scheme, the amplitudeg, and 5z are expanded as cos¢§p=yAp/(p Singsp), (3.1
B _ .
lr/lA(XApvyAp!ZAp):E Fa,pd)é(XAp!yAp!ZAp)Yg,pa COS¢2p_pr/(p Sin ¢3p). (317}

(3.9 Finally, the hyperangle functions;,,, consist of the product
of Jacobi polynomials,

_ B B .
l:[/B(prypraZBp)_Z.Y Fa,p¢a(XBp!prlzBp)Ya,pu Xﬁm(ﬁ’fy):Nﬁm(smﬂ)zmp:ﬂl’|3ﬂ+1/2(co32'3)
(3.9 y Plnl1a+1/2’ 26t 2608 2y), (3.18
where o ) o
where the indicesn and n run, in principle, over all non-
Yoo =11, (Zap) Y1, (Yap)Ji,, Yi,, (Xap) I negative integersS,,=11,+l2,+2m+2, andNy,, are nor-
' la 2a 12 '3« @ . .
malization factorg34].
X[[[sisils, skls, sils, foo [[[tit 17, tdr, tilrT, Once the expansions for the radial amplitugésand ¢°

3.1 are inserted into Eq€3.8) and (3.9), the wave functiort
(3.10 can schematically be written as

Y8 =1L, (Zep) Y1, (Vep) i, Vi, (Rep) 1, @A « B
P P P P ‘1’22 anip) Zﬁr'ﬁ\(p,ﬂ)'i‘ nmip)
X[[sisils, [ssils, s bao [Ttit1r, [teti]r, Trr,- anm | p p (3.19

(3.11
_ . _ where z*(p)=u(p) and zB(p)=w(p) are yet to be deter-
Here a channekr is specme.d by orbital angular momenta mined, and the factorZﬁ,’T\]N, with W=A,B, include the de-
lia: l2a: 1340 12, @ndL,; spin angular moments,, , pendence upon the hyperradjusiue to the correlation func-

Shas @NdS,; and isospinsT,, and Ty, . The total orbital iohg and the angles and hyperangles, denoted collectively
and spin angular momenta and cluster isospins are the&,ﬂ and are given by

coupled to the assignet], andTT,.

The correlation factorg , , consist of the product of pair- w W o w
correlation functions that are obtained from solutions of two- Z&m'(p,Q)=2, FopY anpZw pYw pXw pXnm( b2p  bap)-
body Schrdinger-like equations, as discussed in H&#]. P (3.20
These correlation factors take into account the strong state- '
dependent correlations induced by the nucleon-nucleon inter- The CHH method for three-nucleon systems has been
action, and improve the behavior of the wave function atmost recently reviewed in Ref18], and will not be dis-
small interparticle separations, thus accelerating the convegyssed here. It leads, in essence, to wave functions having

gence of the calculated quantities with respect to the numbehe same structure as in E3.19 with suitably defined
of required hyperspherical harmonics basis functions, dez(, ).

z88(p,Q) |,

fined below.
The radial amplitude, and ¢° are further expanded as B. 3He and “He wave functions
unlp) 1 The Rayleigh-Ritz variational principle
A — nm Loy 20y 30y @ A
Xap, Zap) = z X 22X , )
¢a( Ap yAp Ap) ;n p4 ApyAp Ap nm(¢2p ¢3p) <5Z\I’|H_E|\I’>:0 (3.21)
(3.12
is used to determine the hyperradial functias(p) in Eq.
5 Wi 1 5 (3.19 and bound-state enerdy Carrying out the variations
B2(Xap Yep Zap) = 2 7 ZepYasXepXnm(2p.P3p),  with respect to the functions?,, leads to a set of coupled
P (3.13 second-order linear differential equations in the varigble

which, after discretization, is converted into a generalized

where the magnitudes of the Jacobi variables have been réigenvalue problem and solved by standard numerical tech-

laced by the hyperspherical coordinates, i.e., the hyperrdtiques[34].
giusp, Y YPErsp yP The present status oHe [58] and “He [34,36 binding-

energy calculations with the CHH method is summarized in
p= \/X,ZAp+yip+ Z/pr: \/X§p+)’§p+ Zép! (3.14  Tables Il and III._The binding energies caIcuIated.with the
CHH method using the AV18 or AV18/UIX Hamiltonian
which is independent of the permutatipnconsidered, and models are within 1.5% of corresponding “exact” GFMC
the hyperangles appropriate for partitiohandB. The latter  results[32] and of the experimental valugvhen the three-
are given by nucleon interaction is includédThe agreement between the
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TABLE Il. Binding energies in MeV of*He calculated with the wherey; is the distance between the prot@articlei) and
CHH method using the AV18 and AV18/UIX, and the older AV14 3He (particlesjkl), p is the magnitude of the relative mo-
and AV14/UVIIl, Hamiltonian models. Also listed are the corre- mentum between the two clustes; is the *He wave func-
sponding “exact” GFMC resulty32,33 and the experimental tjon, andF, andG, are the regular and irregular Coulomb
value. functions, respectively. The functiog(y;) modifies the
G.(py;) at smally; by regularizing it at the origin, and

Model cHH GFMC g(y;)—1 asy;=10 fm, thus not affecting the asymptotic
AV18 24.01 24.10) behavior of\If'ﬁ?Z. Finally, the real paramete&J_S’L,s,(p)
AV18/UIX 27.89 28.31) are theR-matrix elements introduced in E(R.6), which de-
AV14 23.98 24.2) termine phase shifts an¢for coupled channelsmixing
AV14/UVIII 27.50 28.32) angles at the energp?/(2u) (u is the p-*He reduced
Expt 8.3 mass. Of course, the sum ovér’ andS’ is over all values

compatible with a giveld and parity.

The “core” wave functionWV is expanded in the same
CHH and GFMC results is less satisfactory when the AV14CHH basis as the bound-state wave function, and both the
or AV14/UVIII model is considered, presumably because ofmatrix eIementRLs L (P) and functionszg (p) occurring
the slower convergence of the CHH expansions for theén the expansion of’; are determined by making the func-
AV14 interaction. This interaction has tensor componentgional
which do not vanish at the origin.

J J
[RLS,L’S’(p)]: R._gy._rsr(p)
C. p-*He continuum wave functions

2
. o s’ p
The p-3He cluster wave funcuorifﬁ?z, having incom- - %<\I’§+S3JJZ H—E3— ﬂ‘\lfﬁ?z>
ing orbital angular momentunh. and channel spirS (S
=0,1) coupled to total angulakd,, is expressed as (3.29
phSh_ \IfJJZ+\If"S“Z (3.22 stationary with respect to variations in tﬁésyL,s, andzp,

1+3
! (Kohn variational principle HereE;=—7.72 MeV is the

where the termP ¢ vanishes in the limit of large intercluster 3He ground-state energy. It is important to emphasize that

separations, and hence describes the system in the regigne CHH scheme, in contrast to Faddeev-Yakubovsky mo-

where the particles are close to each other and their mutuahentum space methods, permits the stralghtforward inclu-

interactions are strong. The ten#, -57% describes the system sion of Coulomb distortion effects in the*He channel.

in the asymptotic region, where mtercluster interactions are The p-*He singlet and triplet scattering lengths predicted

negligible. It is given explicitly as by the Hamiltonian models considered in the present work
are listed in Table IIl, and are found to be in good agreement
with available experimental values, although these are rather

‘I’,L\SJJZ_ 7 Z 2 [[si® ¢3(jkD) s ® YL (¥i)1ag, poorly known. The experimental scattering lengths have
been obtained, in fact, from effective range parametrizations
FL (pyi) of data taken above 1 MeV, and therefore might have large
X| oL 0sg — systematic uncertainties.
PYi The most recent determination of phase-shift and mixing-
3 G (py)) angle parameters fqu-*He elastic scattering has been per-
+ RLS,L’S’(p)Tg(yi) ' (323 formed in Ref[41] by means of an energy-dependent phase-

shift analysis(PSA), including almost all data measured
TABLE IIl. Binding energiesB; of ®He, andp-*He singlet and ~ Prior 1993 (for a listing of old PSA’s, see Ref41]). New
triplet Swave scattering lengths, anda, calculated with the CHH ~measurements are currently under way at TUNB] and
method using the AV18 and AV18/UIX, and the older AV14 and Madison[60]. At low energies E<4 MeV) the process is
AV14/UVIIl, Hamiltonian models. The corresponding experimental dominated by scattering ihb=0 and 1 waves, with a small

values are also listed. contribution from L=2 waves. Therefore, the important

channels aréSs,, 3Py, 3S,-°D,, P;-3P,, 3P,, 1D,-°D,,
Model B3 (MeV) as (fm) a; (fm) and 3D, ignoring channels with.>2. The general trend is

the following: (i) the energy dependence of tBevave phase
AV14 7.03 ey . .

shifts indicates that the= 0 channel interaction between the
AV18 6.93 12.9 10.0 B . R

p and °He is repulsive(mostly, due to the Pauli principle
AV14/UVIlI .rs 9.24 while that of the fourP-wave phase shifts’P,, *P;, P
AV18/UIX 7.74 11.5 9.13 b o L b

and 3P,) shows that in these channels there is a strong at-

Expt. 7.72 10.82.6[41] 8.1+0.5[41] traction. Indeed, this fact has led to speculations about the
10.2+1.5[27] existence of four resonant staféd]. (ii) The D-wave phase

shifts are rather tiny, even &>2 MeV. (iii) The only
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300 . . . . . worth pointing out, however, that in the PSA the mixing
angle was constrained to vanishEat 0, which may be un-
250 | physica). The experimental error for each parameter quoted
in Ref.[41] is an average uncertainty over the whole energy
range considered, and it is therefore only indicative. It would
200 1 be very interesting to relate these discrepancies to the
3 - //}—- Nd A, puzzle and to specific deficiencies in the nuclear in-
£ 150 - //f -| teraction models. A detailed study pf°He elastic scattering
s N // is currently underway and will published elsewh&g&].
5 N '
100 r I IV. WEAK CHARGE AND CURRENT OPERATORS
50 | _ ﬁwg/UIX | The nuclear weak charge and current operators have
scalar/polar-vector(V) and pseudoscalar/axial-vectdp)
components
0 1 1 1 1 1
0 30 60 90 120 150 180 p(D=p (V) +p.(q;A), (4.2
0 [deq]
FIG. 2. Differential cross section(6) as function of the c.m. = (@=](@V)+](qA), (4.2)

scattering angled at c.m. energy of 1.2 MeV. The experimental
data are taken from Reff62]. The long-dashed and solid lines cor-
respond, respectively, to the CHH calculations with the AV18 an

whereq is the momentum transfeg=p.+p,, and the sub-
gScripts+ denote charge raisingt) or lowering (—) isospin

AV18/UIX Hamiltonian models. indices. Each component, in turn, consists of one-, two-, and
many-body terms that operate on the nucleon degrees of
freedom:

mixing-angle parameter playing fm ismportant role Bt
<4 MeVise(J7=17), in channel~P,-°P;.

Precise measurements have been taken at a c.m. energy of  P(4:@)= EI pM(gia)+ .2<, pP(ga)+---, (4.3
1.2 MeV, and consist in differential cross sectio() [62]
and proton analyzing powek, () [60] data (¢ is the c.m.
scattering angle The theoretical predictions far(#6), ob- j(qa)=> jMga)+> ji(jZ)(q;a)+ -, (49
tained from the AV18 and AV18/UIX interactions, are com- : 1=l
pared with the corresponding experimental data in Fig. 2.

Inspection of the figure shows that the differential cross Secyvherea=v, Aand the isospin indices have been suppressed

. . . _ ) (l)
tion calculated with the AV18/UIX model is in excellent LO S'mf‘“fy thedno'éatlon. Th? one Eody odp]?ratpf§ and]'l .
agreement with the data, except at backward angles. ave the standard expressions obtained from a nonrelativistic

By comparing, in Table IV, the calculated phase-shift andreduction of the covariant single-nucledhand A currents,

mixing-angle parameters with those extracted from the psA&nd are listed below for convenience. Téeharge operator

[41] atE=1.2 MeV, one observes a qualitative agreement's WNtten as

except for the3P; and 3P, phase shifts which are signifi-

1) vy — (1 . 1) [
cantly underestimated in the calculation. The mixing-angle pi( )(q’v)_pi(ih)‘R(q'VHpi('F)*C(q’V)' 4.9
parametere(1~) is found to be rather larges=—14°, in with
qualitative agreement with that obtained from the R8As
PRV =7 €T, (4.6
TABLE IV. Phase-shift and mixing-angle parametéirs deg
for p-*He elastic scattering at c.m. energy of 1.2 MeV, calculated (2u’—1) )
with the CHH method using the AV18 and AV18/UIX Hamiltonian pf}&c(q;v) =—i 2 7,+0- (o X p)edi. (4.7

models. The corresponding experimental values obtained in the

phase-shift analysis of Rdi41] are also listed. .
The V-current operator is expressed as

Parameter AV18 AV18/UIX PSA 1 v

'Sy 333 -31.3 27435 ii(l)(Q?V):ﬁTi’i[pi'éq'ri]*_ig_m”’iqx"iéq'ri’

33, -28.8 -27.1 -2650.6 4.9

3P, 4.1 3.2 2.6:0.6

°p, 8.1 7.4 10.1-0.5 where[---,--+], denotes the anticommutatqr, o, and+are

p, 7.7 6.9 8.9-0.5 the nucleon’s momentum, Pauli spin, and isospin operators,
P, 6.5 55 4215 respectively, angk’ is the isovector nucleon magnetic mo-
(1) _14.7 ~13.2 -7806 ment (w’=4.709 n.m.). Finally, the isospin raising and

lowering operators are defined as
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7i,+=(Tjx X7 y)/2. 4.9 gpq2/(29AmmM) (=<0.014 in theq range of interegtrela-
tive to thoseq-j{s(q;A). Note that in the limitg=0, the

The term proportional to ## in p!X(q;V) is the well-
prop Pirdd:V) expressions fopNr(a;V) andj{Nx(q;A) reduce to the fa-

known [64,65 spin-orbit relativistic correction. The vector ~”F >
charge and current operators above are simply obtained froffiliar Fermi and Gamow-Teller operators.

the corresponding isovector electromagnetic operators by the N the next five subsections we descrilig:the two-body
replacementr; ,/2— 7, . , in accordance with the CVC hy- V-current andv-charge operators, required by the CVC hy-

pothesis. Theq dependence of the nucleon’s vector form POthesis{ii) the two-bodyA-current andA-charge operators

factors(and, in fact, also that of the axial-vector form factors 4U€ t07- andp-meson exchanges, and ther mechanism;
below) has been ignored, since the weak transition undeF'") the V- and A-current and charge operators associated

consideration here involves very small momentum transferdVith excitation of A-isobar resonances, treated in perturba-

q=<20 MeV/c. For this same reason, the Darwin-Foldy rela-tion theory and within the transition-correlation-operator
tivistic correction proportional ta?(8m?) in p-(lFEC(Q'V) method. Since the expressions for these operators are scat-
1, H

has also been neglected. TAecharge operator is given, to Leredfm a nurT|1bter of papef41,20,70,7], we collect them
leading order, by ere for completeness.

g A. Two-body weak vector current operators

A ig-r:

pM(a;A)=— omTeoip €N, (410 The weak vectotV) current and charge operators are de-
rived from the corresponding electromagnetic operators by

while the A-current operator considered in the present workmaking use of the CVC hypothesis, which for two-body
includes leading and next-to-leading order corrections in aerms implies
expansion in powers gf/m, i.e.,

[3 (710t 70), JEUA Y 1 =i€ad Ph(A V), (419

iP(aA) =i @A) +HiRdaA), @410 . | |
where ji(j ’)Z(q;y) are the isovectofcharge-conservingtwo-
with body electromagnetic currents, aagb=x,y,z are isospin
Cartesian components. A similar relation holds between the
ji(’ll\)‘R qiA) = —QATi,:O'iéq"‘, (4.12 electromagnetic charge operators and its weak vector coun-

terparts. The charge-raising or lowering weak vector current
(or charge operators are then simply obtained from the lin-
. O _ _ ear combinations
Ji(,l%c(q;A)=—27i,+(m[p?,éq"i]c[m~pipi 1]
am PV =i D@V =P aV). 419
- %ai-q [p;,€9"], — %q [o-p,€9M], The two-body electromagnetic currents have “model-
independent”(MI) and “model-dependent'{MD) compo-

_ , gp , nents, in the classification scheme of Ridk2]. The Ml
Higxp €t - o7 ~qoj- geT . terms are obtained from the two-nucleon interaction, and by
" construction satisfy current conservation with70]. Studies

(4.13  of the electromagnetic structure &f=2—-6 nuclei, such as,

] . ) for example, the threshold electrodisintegration of the deu-
The axial-vector coupling constamf, is taken to be[66]  teron at backward angld@3], the magnetic form factors of
1.2654+0.0042, by averaging values obtained, respectivelyne trinucleong42], the magnetic dipole transition form fac-
from the beta asymmetry in the decay of polarized neutrongys in 6Lj [74], and finally the neutron and proton radiative
(1.2626+0.0033[67,68) and the hal_f—lives _of the neutron captures on hydrogen and helium isotogd®,73,79—
and superallowed 0-0" transitions, i.e., [2ft(0"  properties in which the isovector two-body currents play a
—0")/ft(n)—1]=1.2681-0.0033 [66]. The last term in  |arge role and are, in fact, essential for the satisfactory de-
Eqg. (4.13 is the induced pseudoscalar contributian,(is  scription of the experimental data—have shown that the
the muon mags for which the coupling constants is taken  |eading operator is thésovectol * r-like” current obtained
as[69] gp=—6.78. As already mentioned in Sec. |, in from the isospin-dependent spin-spin and tensor interactions.
%S, capture matrix elements ‘J')ﬁfln)m are suppressed. Conse- The latter also generate an isovectgr-like” current. There
quently, the relativistic terms includedjﬁF{C, which would  are additional MI isovector currents, which arise from the
otherwise contribute at the percent level, give in fact a 20%entral and momentum-dependent interactions, but these are
contribution relative to that of the leadiny }A),R at g=0. short ranged and have been found to be numerically far less
Among these, one would naively expect the induced pseudamportant than ther-like current[70,73. Their contribu-
scalar term to be dominant, due to the relatively large valugions are neglected in the present study.
of gp. This is not the case, however, since matrix elements Use of the CVC relation leads to the-like and p-like
of the induced pseudoscalar term scale withweak vector currents below:
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(2)(k|1 ]17TV):I(TIXT])i

ki—
ves(k)01(ay-k)) ~veslk) 0y (1-k)+ 5 5 [UPS(k) vps(k)](01-k) (o k)l

(4.16
i@ _ vy(k) —vy(k))
(ki Kj;pV)=—i(7X 7))« | vu(Kj) 07 X (07X K;) —vy(ki) a7 X (07X K;) = —kz_kz_[(k ki) (o Xk;) - (a7Xk))
K —
+ (07XkKj) 0y - (ki XKj) + (07X K;) 0y - (K ><k)]+k [vvs(k) vvs(kp 1], (4.17
|

wherek; andk; are the momenta delivered to nucleorzd 2 £2(k)
j with g=k;+k;, the isospin operators are defined as vps(K)—v,(K)=— —Z k2: 5 (4.26

w m7T

(7 X 7). =(nX 7)) Ti(7X 7))y, (4.18
_gi(1+k,)? f2(K)
andvpg(k), vy(k), andvyg(k) are given by vv(K) =, (k)= am? Ke+m?’ (4.27)
P
UPS(k):vo—T(k)_zvtT(k)v (419) fz(k)
vys(K)—v,s=0] 2” (4.28
vy(K) =077 (k) +v'"(Kk), (4.20 k+
. wherem_ andm, are the meson massds,, g,, andx, are
vvs(k)=v7(k), (4.2 the pseudovectgﬂN N, vectorpNN, and tengorpNN ’;:ou-
with pling constants, respectively, (k) andf (k) denotewNN
and pNN monopole form factors, i.e.,
(k)=4 fmrzdr' kr)v(r), 4.2 Az—mi

v7(K)=4m | rZdrjo(knu’(r) (4.22 fo= "5, 4.29

SN _ or with a= or p. For example, in the CD-Bonn OBE model
v (k)_ﬁfo redrljo(kr)—1Ju77(r),  (4.23 [46] the valugs for the couplings and cutoff masses are
f2/Am=0.075,92/47=0.84,k,=6.1, A ,=1.7 GeVk, and
A (= A,=1.31 GeVEk. Even though the AV14 and AV18 are not
v”(k)=—7Tj r2dr j,(krovti(r). (4.24 ~ OBE models, the functionspg(k) and, to a less extent,
k? Jo vy(K) andvyg(k) projected out from theip”, v°7, andv'”
components are quite similar to those #f and p-meson
Here v™(r), v”"(r), andv'’(r) are the isospin-dependent exchanges in Eq$4.26—(4.28 (with cutoff masses of order
central, spin-spin, and tensor components of the two-nucleoh GeV/c), as shown in Refd.70,75.
interaction(either the AV14 or AV18 in the present study Among the MD (purely transverseisovector currents,
The factorjy(kr)—1 in the expression fop°7(k) ensures those due to excitation ok isobars have been found to be
that its volume integral vanishes. Configuration-space exthe most important, particularly at low momentum transfers,

pressions are obtained from in studies of electromagnetic structur42] and reactions
[11] of few-nucleon systems. Their contribution, however, is
. ki dk still relatively small when compared to that of the leading
ji(jz)(q;a)=J dx éq'xj ——— —L k(i -like current. Discussion of the weak vector currents asso-
(2m)® (2m)® ciated withA degrees of freedom is deferred to Sec. IV E.
xj Pk kj;a), (4.25

B. Two-body weak vector charge operators

wherea=mV or pV. Techniques to carry out the Fourier =~ While the main parts of the two-body electromagnetic or
transforms above are discussed in R&0]. weak vector current are linked to the form of the nucleon-
In a one-boson-exchang@BE) model, in which the nucleon interaction through the continuity equation, the most
isospin-dependent central, spin-spin, and tensor interactionsportant two-body electromagnetic or weak vector charge
are due tor- andp-meson exchanges, the functiansg(k), operators are model dependent, and should be viewed as
vy(K), andvyg(k) are simply given by relativistic corrections. Indeed, a consistent calculation of
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two-body charge effects in nuclei would require the inclu-Their individual contributions have been found numerically
sion of relativistic effects in both the interaction models andfar less important than those frot-excitation currents in
nuclear wave functions. Such a program is yet to be carriedtudies of weak transitions involving light nucl&0,45,8Q.
out, at least for systems with=3. These studie$20,45 have also found that theA and pA

There are nevertheless rather clear indications for the rekurrent contributions interfere destructively, making their
evance of two-body electromagnetic charge operators froaombined contribution almost entirely negligible. These con-
the failure of the impulse approximation in predicting the clusions are confirmed in the present work.
deuteron tensor polarization observaljlgs], and charge The 7A, pA, and pmA current operators were first de-
form factors of the three- and four-nucleon systdd3,77.  scribed in a systematic way by Chemtob and RhY). Their
The model commonly usefi71] includes thew-, p-, and  derivation has been given in a number of articles, including
w-meson exchange charge operators with both isoscalar aride original reference mentioned above and the more recent
isovector components, as well as ttisoscalay pmy and  review by Townel22]. Their momentum-space expressions
(isovectol wry charge transition couplingén addition to  are given by
the single-nucleon Darwin-Foldy and spin-orbit relativistic
correctiong. The 7- andp-meson exchange charge operators; (2)
are constructed from the isospin-dependent spin-spin ank
tensor interactions, using the same prescription adopted for
the corresponding current operatfrd]. At moderate values
of momentum transferg<5 fm~1), the contribution due to
the “m-like” exchange charge operator has been found to be (4.32
typically an order of magnitude larger than that of any of the
remaining two-body mechanisms and one-body relativistic
correctiong42].

In the present study we retain, in addition to the one-body
operator of Eq(4.5), only the “#-like” and “ p-like” weak i
vector charge operators. In the notation of the previous sub- +i(oyXkj) X Pi—[oX (o7Xk)) ] X k;]
section, these are given by Ia
+EleiUP(kl)[(al><kJ)Xkl

Ja
(ki ki A) = = S (X 7)) 0 1(K)) 0 XK 0 K

+ EATj'tU”(kj)(q—’_loiXPi)(Tj'kj-i-l‘ﬁjy

. g
ik ki ipA) = 5 (mX )20, (k) 0 (07X k)

1
(2) . - _
pi’ (Ki Kj;mV)=— —[7j +vpdKj) 0y-qoj-K;
o m> LTS —i[o X (0, Xk)]XP]+i=], (433
+ 7 +vpdk)oi-kioj-q],  (4.30

. 9a fo(ki)  fa(kj)
) 1 Pk ki pmA) = = DX ) o
Pk koY) = = L7 cov(kp) (07X Q) - (07X j) T T
X(Tj'k]‘[(l‘f’Kp)O'iin_iPi]‘f'i\:‘j,

+ 7 ~vv(k)(oXq)- (07 XK ], (4.34

(4.31

. . whereP;=p;+p’ is the sum of the initial and final momenta
where nonlocal terms from retardation effects in the meson i=PiTh

propagators or from direct couplings to the exchanged me(—)f nucleon, respectivelyp; andp; , and the functions (k)

Ok, L. - ~ anduv,(k) have already been defined in Eq¢.26 and
sons have been neglect@?ﬁ,?&;ﬂ. In thep” (ki kj;pV) op (4.27). Configuration-space expressions are obtained by car-
erator terms proportional to powers of 1/%,), because of

; i he Fouri f in E¢4.25. Th |
the large p-meson tensor couplingx(,=6-7), have also rying out the Fourier transforms in E¢.29 € values

been neglected. Indeed, these terms have been ignored afé%ed for thewNN and pNN coupling constants and cutoff

: - masses are the followingi2/47=0.075, g°/47=0.5,
in most studies of nuclear charge form factors. —66, A—48 fm L and A,—68 fmfl.pThe p-mesopn
coupling constants are taken from the older Bonn OBE
C. Two-body weak axial-vector current operators model [81], rather than from the more recent CD-Bonn in-
In contrast to the electromagnetic case, the axial-vectoteraction[46] (g/4m=0.81 andx,=6.1). This uncertainty
current operator is not conserved. Its two-body componentBas in fact essentially no impact on the results reported in the
cannot be linked to the nucleon-nucleon interaction and, iresent work for two reasons. First, the contribution from
this sense, should be viewed as model dependent. Among th&’(pA), as already mentioned above, is very small. Second,
two-body axial-vector current operators, the leading term ighe complete two-body axial-vector current model, including
that associated with excitation df-isobar resonances. We the currents due ta-excitation discussed below, is con-
again defer its discussion to Sec. IV E. In the present sectioftrained to reproduce the Gamow-Teller matrix element in
we list the two-body axial-vector current operators duerto  tritium B decay by appropriately tuning the value of the
and p-meson exchange@he A and pA currents, respec- NA-transition axial-vector coupling; . Hence changes in
tively), and thep 7r-transition mechanisrthe prA curren. g, and«x, only require a slight readjustment of tgg value.
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Finally, note that the replacements, (k) —vpg(k) and A o .
v,(k)—vy(k) could have been made in the expressions for p{P(k; ki ;vA)= —=[7 .v"(K)+7j -0"(K))]
i@(7A) andj@)(pA) above, thus eliminating the need for 2m
the inclusion ofad hocform factors. While this procedure X[y Pj+i(ay X ay) K]
would have been more satisfactory, since it constrains the

short-range behavior of these currents in a way consistent Oa — o
with that of the two-nucleon interaction, its impact on the —lm(ﬁxTj):vw(kj)ﬂ'i'ki“il,
present calculations would still be marginal for the same rea-

sons given above. (4.37

whereP,=p;+p , and
D. Two-body weak axial-vector charge operators
The model for the weak axial-vector charge operator v_“(k)=47erdrrzjo(kr)v_“(r), (4.39

adopted here includes a term of pion-range as well as short- 0
range terms associated with scalar- and vector-meson ex-
changeg44]. The experimental evidence for the presencewith @=s, sr, v, and v. The following definitions have
of these two-body axial-vector charge mechanisms rest@een introduced:
on studies of 0=0" weak transitions, such as the 5
processes®N(07,120 keV)—1%0(0") and *O(0")+ ™ (1) = §v°(r)+ Efwdr’r’
—1N(07,120 keV)+v,, and first-forbiddens decays in 4 2 Jr
the lead regiori82]. Shell-model calculations of these tran-
sitions suggest that the effective axial-vector charge coupling —, 1. m2 (= .
of a bound nucleon may be enhanced by roughly a factor of ¢ (1= 70" (1)— 7Jr drir

1
vb(r'>—§vbb<r'>},

vb(r/)_ ;Ubb(r/)}

2 over its free nucleon value. There are rather strong indica- (4.39
tions that such an enhancement can be explained by two-
body axial-vector charge contributiofié4]. wherev®(r), v°(r), andv®®(r) are the isospin-independent
The pion-range operator is taken as central, spin-orbit, andL(- S)?> components of the AV14 or
£2 (k) AV18 interactions, respectively. The definitions fot’(r)
pi(jz)(ki K mA)= —ig—_Az('TiX ﬁ)i;_'zoi.kiﬂ:j, andy‘”(r)_ can be obtained froT those abtg)ve, by replacing
41 c+m: the isospin-independent®(r), v°(r), andv®°(r) with the

(4.359 isospin-dependent®’(r), v®7(r), andv®°7(r).

wheref _ is the pion decay constanf (=93 MeV), k; is E. A-isobar contributions

the momentum transfer to nuclegrandf (k) is the mono- In this section we review the treatment of the weak cur-
pole form factor of Eq.(4.29 with A_=4.8 fm 1. The rent and charge operators associated with excitatios of
structure and overall strength of this operator are determinei$obars in perturbation theory and within the context of the
by soft pion theorem and current algebra argump#®s83,  TCO method 11]. Among the two-body axial-vector current
and should therefore be viewed as “model independent.” Itoperators, those associated withdegrees of freedom have
can also be derived, however, by considering nucleonin fact been found to be the most important oh&s,20.
antinucleon pair contributions with pseudoscafalX cou- In the TCO approach, the nuclear wave function is written
pling. as
The short-range axial-vector charge operators can be ob-
tained in a “model-independent” way, consistently with the
two-nucleon interaction model. The procedure is described
in Ref. [44], and is similar to the one used to derive the
“model-independent” electromagnetic or weak vector cur-where¥ is the purely nucleonic componers,is the sym-
rents. Here we consider the charge operators associated onfyetrizer, and the transition operatdﬂ%R convertNN pairs
with the central and spin-orbit components of the interactionjinto NA andAA pairs. The latter are defined as
since these are expected to give the largest contributions,

\I,N-FA: \I’, (44@

SIT (1+u®
i<j

after thep(®)(rA) operator above. This expectation is in fact UiR=Ul*+upN+up?, (4.4
confirmed in the present study. The momentum-space ex-
pressions are given by UM =[u(rpoy-S+u™(rSi1s-T;, (4.42
. UﬁA:[uUTI”(rij)S.Sj+utT|”(rij)Si|J“]Ti'Tj' i
A TS s )
Pk ki) = - o 03k + 7,207k o P (443
Here, S and T; are spin- and isospin-transition operators
+i=j, (4.3  which convert nucleon into a A isobar,Sjj and S|' are
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tensor operators in which, respectively, the Pauli spin TABLE V. Contributions to the Gamow-TellGT) matrix el-

operators of either particleor j, and both particlesandj are

ement of tritiumg decay, obtained with the CHH trinucleon wave

replaced by corresponding spin-transition operators. Théinctions corresponding to the AV18/UIX Hamiltonian model. The

UR
sir%ce NnoA components can exist asymptotically.

In the present study thé is taken from CHH solutions of
the AV14/UVIII or AV18/UIX Hamiltonians with nucleons
only interactions, while th&J{" is obtained from two-body

bound and low-energy scattering-state solutions of the ful

N-A coupled-channel problem with the Argonneg, [84]
(AV28Q) interaction, containing explicl andA degrees of

freedom. This aspect of the present calculations, including

the validity of the approximation inherent to Ed.40, was
discussed at length in the original wofkl] and has been
reviewed more recently in Regf42], making a further review

here unnecessary. The AV28Q interaction provided an excel-

lent description of theNN database available in the early

vanishes in the limit of large interparticle separations,’™oWs labeled “One-body NR” and “One-body RC" list the contri-

butions associated with the single-nucleon axial current operators of
Eq.(4.12 and Eq.(4.13, respectively, while the row labeled “Me-
sonic” lists the sum of the contributions due to the, p-, and
pm-exchange axial-vector current operators of E¢s32—(4.34)
Yvith cutoff masses\ ,=4.8 fm ' andA,=6.8 fm *. Finally, the
rows labeled ‘A-gx ,” “ A-ga,” and “A renormalization” list,
respectively, the contributions associated with paralsand (b),
(c),(d) and(f), and(e), (g) and(j), of Fig. 3. The cumulative result
eproduces the “experimental value” 0.957 for the GT matrix ele-
ment[45], once the change in normalization of the wave functions
due to the presence df components is taken into account.

GT matrix element

1980s. No attempt has been made to refit this model to th@ne-body NR 0.9218
more recent and much more extensive Nijmegen databagene-body RC —0.0084
[85]. Mesonic 0.0050
In the TCO scheme, the perturbation theory description of-gx 0.0509
A admixtures is equivalent to the replacements A-ga 0.0028
(NN—NA) A renormalization 0.0074
Na,PT_Yij -
U —_—— (4.44
iD(qA—AA)=—gpa0,; .39 (4.49
sopr_Ui(NN=A4) i - I
' 2(m—my) ' and
where the kinetic energy contributions in the denominators ox _
of Egs. (4.44) and (4.45 have been neglecte@taticA ap- pI(N—A,A) = — —T.S-pe?" (450
proximation. The transition interactions;; (NN—NA) and A
vij(NN—AA) have the same operator structuraﬂ}? and _
AA 1 oTO H
Uj;~ of Eqs._ (4.42 and (4.43, but W|t_h theu?™(r) and pi(l)(q;A_)A,A):__zi’: 0; .3 -[p 9], ,
u'™(r) functions replaced by, respectively, A 4.5

ragpy (D M € s
7)== 3 CX), (4.49

tray (e my 1 3 3 e*XC2 i

v (r)— an ? +;+; 7 (X) ( 7)
Herea=Il, Ill, x=m_r, (ff),=f_f%, fXf* for a=II, Il

respectively,f* being thewNA coupling constant, and the

cutoff function C(x)=1—e ™. In the AV28Q interaction
f*=(62/5)f,, as obtained in the quark model, and

=4.09. When compared tJ", the perturbation theory
U7 corresponding to Eqs4.44) and(4.45 producesNA

wherem, is the A-isobar mass}, (0) is the Pauli operator
for the A spin 3/2(isospin 3/2, andT; . and®; .. are de-
fined in analogy to Eq(4.9). The expression foj(*)(g;A
—N,A) [pM(q;A—N,A)] is obtained from that for
iB(g;N—A,A) [pM(g;N—A,A)] by replacingS and T;

by their Hermitian conjugates. The coupling constagfs
and g, are not well known. In the quark model, they are
related to the axial-vector coupling constant of the nucleon
by the relationsg,’g=(6\/§/5)gA and ga=(1/5)gs. These
values have often been used in the literature in the calcula-
tion of A-induced axial-vector current contributions to weak
transitions. However, given the uncertainties inherent to

andAA admixtures that are too large at short distances, anduark-model predictions, a more reliable estimatedghris
therefore leads to a substantial overprediction of the effectgbtained by determining its value phenomenologically in the

associated with\ isobars in electroweak observabld4].
We now turn our attention to the discussion A and

following way. It is well established by now45] that the
one-body axial-vector current of E¢4.12) leads to a=4%

AA weak transition operators. The axial-vector current andunderprediction of the measured Gamow-Teller matrix ele-

charge operators associated with excitatiom\asobars are
modeled as

iM(N—AA)=—gxT; .S, (4.48

ment in tritium B decay; see Table V. Since the contributions
of A— A axial-vector currentgas well as those due to the
two-body operators of Sec. IV)Care found to be numeri-
cally very small, as can be seen again from Table V, this 4%
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TABLE VI. The values of theN— A axial coupling constarg matrix element of, as an example, the weak axial-ve@or
in units ofg,, when theA-isobar degrees of freedom are treated in vecto current has the multipole expansion
PT or in the context of a TCO calculation based on the AV28Q
X . : . e TLSId=\ : LSJ LSJ
interaction. The purely nucleonic CHH wave functions correspond <q;4|ea=}\.1‘r(q)|qu+3 M= w/ZmJ[)\MJ () +E5>(a)],

to the AV18/UIX Hamiltonian model. (5.1)
A-isobar treatment 9A/9a with A\=+1. The expansion above is easily obtained from
that in Eqg.(2.16, in which the quantization axis for the
PT 1.224 . o i
TCO 2 868 nuclear spins was taken along the direction of the relative

momentump, by setting6=¢=0 and usinng, 3 (0,0,0)

=0y 3, Then, again as an example, the reduced matrix el-
.

ement of the axial-vector electric dipole operator involving a
transition from thep-3He 3S, state is simply given by

discrepancy can then be used to deterniije[86]. Obvi-
ously, this procedure produces different values d@r de-
pending on how thé-isobar degrees of freedom are treated.

These values are listed in Table VI for comparison. Gije i ~ _

value that is determined in the context of a TCO calculation  EY*(q;A)=— —(‘I’4|e§x~jT(q;A)|‘I’(1)1+152=A>-
based on the AV28Q interaction is about 40% larger than the Vam

naive quark-model estimate. However, when perturbation (5.2

theory is used for the treatment of the isobars, thegy The problem is now reduced to the evaluation of matrix

ment of tritium 8 decay is much smaller than the TCO esti- (5 2). These can schematically be written as

mate, as expected. Finally, thé— A axial-vector current

derived in perturbation theory from Eqg.44) and(4.48 is, (PanialOlWiiania) 5.3

of course, identical to the expression given in RE26,45. 12’ )

TheN—A andA— A weak vector currents are modeled, [(WancalWancaX¥iranealVaeanea)]
consistently with the CVC hypothesis, as where the initial and final states have the form of E340).
. It is convenient to expand the latter as
(D(EN=—8,V)= —I"—T; .qxS€TT, (452
Whea=V+> URW+.. . (5.4)
. i<j
i A—A,V)= —i%(@i,iqxziéq"i, (4.53  so that the numerator of E¢5.3) can be expressed as

v owv =(W¥,4O(N only)|¥
where theNA-transition magnetic moment* is taken equal (Wansal O rranea)=(WalO( I¥irs)
to 3 n.m., as obtained from an analysis @fl data in the +{W,|O(A)|W¥y,3), (5.5
A-resonance regi3|ﬁ87], while the value used for th&

magnetic momenj is 4.35 n.m. by averaging results of a
soft-photon analysis of pion-proton bremsstrahlung data ne
the A" " resonancg88]. The contributions due to the weak
vector currents above have been in fact found to be ver
small in the p-*He capture process. Finallyp\-to-A weak
vector charge operators are ignored in the present stud
since their associated contributions are expected to be neg
gible.

where the operato©(N only) denotes all one- and two-
Egody contributions to the weak charge or current oper@tor
involving only nucleon degrees of freedom, i.e.,
(N only)=0®(N—N)+O0®(NN—NN), while O(A)
ncludes terms that involve th&-isobar degrees of freedom,
ssociated with the explicit\ transitions OW(N—A),
YD(A—-N), O(A—A), and with the transition operators
UER. A diagrammatical illustration of the terms contributing
to O(A) is given in Fig. 3: the term&)—(e), (f)—(i), and(j)
represent, respectively, two-, three-, and four-body operators.
The termde) and(g)—(j) are to be viewed as renormalization
The calculation of the-*He weak capture cross section Corrections to the “nucleonic” matrix element @™(N
proceeds in two steps: first, the Monte Carlo evaluation of~N), due to the presence d&f admixtures in the wave func-
the weak charge and current operator matrix elements, ariPns. Connected three-body terms containing more than a
the subsequent decomposition of these in terms of reduce&gingle A isobar have been ignored, since their contributions
matrix elements; second, the evaluation of the cross sectioW€ expected to be negligible. Indeed, the contribution from
by carrying out the integrations in E(R.22). diagram(d) has already been found numerically very small.
The two-body terms of Fig. 3 are expanded as operators
acting on the nucleons’ coordinates. For example, the terms
(a) and(c) in Fig. 3 have the structure, respectively,
In a frame where the direction of the momentum transfer

q also defines the quantization axis of the nuclear spins, the (A=UiNTOM(N—A), (5.6

V. CALCULATION

A. Monte Carlo calculation of matrix elements
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(Vnia|Pnea)/ (| T) obtained for the bound three- and four-

J ‘ 4* 4’ nucleon systems, when the TCO calculation is based on the AV28Q

b ) d) interaction. The purely nucleonic CHH wave functidnis) corre-
2) ) spond to the AV18/UIX Hamiltonian model.

- :A\(;ZZ; 1.;238 13:;4 Toe650
4 A
3¢ J6e_ 0 0
AHC AR [T
i)

## TABLE VII. The wave function normalization ratios

0 —Vge, -g& oo |’
0 0 —\6e, -3g

FIG. 3. Diagrammatic representation of the operators included
in O(A), due to the one-body current and charge operators “ "~ A -~ - “ “
OM(NSA), OW(AN), and OD(A—A), given in Eqs. Wheree.=%(xxiy)/\2, =2 ande;=(—)"e_,, and
(4.48—-(4.53, and to the transition correlationg®N, UNA, UA2, derive the result of terms such ae‘):ui“j‘AToJ<1>(A
and corresponding Hermitian conjugates. Thin, thick, and dashe(;i->A)UjAkN on state|W) by first operating withU4", then

. . ! h ik
lines denote, respectively, nucleoms,isobars, and transition cor- ..+, O(l)(AHA) and finally with UNA, These termgas
relationsUBB’ or UBB'T, with B,B’=N,A. ) )

well as three-body contributions to the wave function nor-
malizations, see belowwere neglected in the calculations
(0=UiNoM(A—A)URY, (5.7 reported in Ref[11].

Of course, the presence af admixtures also influences
which can be reduced to operators involving only Pauli spirnthe normalization of the wave functions, as is obvious from

and isospin matrices by using the identities: Eq. (5.3):
st.A' S B—EA B—i— AXB) (5.9 ANt AN | jAAT, jAA
: ‘B=3A-B-zo( ' : (PnsalPnia)= ‘I’1+gj[2Uij Ui+ U7 U5
5 1 ANty (AN NAt; NA
S'.A 3.B S:C==iA-(BXC)—=0-A B-C + > [UNMURN+UlATUR ‘I’>
3 3 i<j,k#i,j
1 4 +.. (5.10
—3AB C-o+3A(B-0)C,
The wave function normalization ratios

(5.9 (Vs Wnsa)/{(P|W), obtained for the bound three- and

.. four-nucleon systems, are listed in Table VII. Note that the
whereA, B, andC are vector operators that commute with

o, but not necessarily among themselves. While the three- . o =
and four-body terms in Fig. 3 could have been reduced in ABLE VIll. Cumulative contributions to the RME'€4(q;V)

. . . . . in 1 3
precisely the same way, the resulting expressions in terms ¢1dLo(a;V) in °Sy capture at zerg-"He c.m. energy. The mo-
o and r matrices become too cumbersome. Thus. for these fentum transfeqis 19.2 MeVk, and the results correspond to the
was found to be more convenient to retain the explicit rep_AV18/U|X Hamiltonian model. The row labeled “One-body” lists

. + . the contributions associated with the operators in @) for the
resentation o6 (S') as a 4<2(2x4) matrix weak vector chargp(V) and Eq.(4.8) for the weak vector current

- . - j(V); the row labeled “Mesonic” lists the results obtained by in-
—e 0 cluding, in addition, the contributions associated with the operators
> 1 in Egs. (4.30 and (4.3)) for p(V), and Eqs(4.16) and(4.17) for
\ﬁ éo - e j(V). The A terms inp(V) are neglected, while those_j(nV) are
3 \/§ purely transverse and therefore do not contribute toLthé&RME.
S= 1 \F Note that the RME’s are purely real and in¥funits.
- =€ 5 € — —
V3 3 Co(a:V) Lo(aiV)
.0 & | One-body —0.857x 10 2 —0.864x 10 2
Mesonic —0.856x 10 2 —0.919< 102

and ofY as a 4x4 matrix
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TABLE IX. Cumulative contributions to the RME’€,(q;A), L,(q;A), E1(q;A), andM4(q;V) in 3S;
capture at zerp->He c.m. energy. The momentum transfigis 19.2 MeVk, and the results correspond to
the AV18/UIX Hamiltonian model. The row labeled “One-body” lists the contributions associated with the
operators in Eq(4.10 for the weak axial-vector charg&(A), Eq. (4.11) for the weak axial-vector current
j(A), and Eq.(4.9) for the weak vector currentV); the row labeled “Mesonic” lists the results obtained by
including, in addition, the contributions associated with the operators in (B@5—(4.37) for p(A), Egs.
(4.32—(4.39 for j(A), and Egs.(4.16 and (4.17) for j(V); finally, the row labeled A" lists the results
obtained by also including the contributions of the operators in EgS0 and(4.51) for p(A), Egs.(4.48
and (4.49 for j(A), and Egs.(4.52 and (4.53 for j(V). The A contributions in bothp(A) andj(A) are
calculated with the TCO method, and take into account the change in normalization of the wave functions
due to the presence & components. Those ij{V) are calculated in perturbation theory. Note that the
RME's are purely imaginary and in i3 units.

Ci(q:A) L1(q:A) Ey(q;A) M1(q;V)
One-body 0.14%10°* —0.730x10° ! —0.106 0.33%10°?
Mesonic 0.15610°* -0.679x 107! —0.984x 107! —0.263< 1072
A 0.155< 107t —0.293x 107! —0.440x10°* —0.484x 1072

normalization of thep-*He continuum state is the same as PXer Py
that of 3He, up to corrections of ordéwolume 1. f=|1+ T4+ m|
The matrix elements in Eq$5.5 and (5.10 are com-

puted, without any approximation, by Monte Carlo integra-
tions. The wave functions are written as vectors in the spin
isospin space of the four nucleons for any given spatia
configurationR=(r,, . .. ). For the giverR we calculate —
the state vectof O(R,N only)+O(R,A)]¥(R) with the 2A
techniques developed in Refgl2,70. The spatial integra- P= \/ o
tions are carried out with the Monte Carlo method by sam- 1+ PeXey /Myt V(14 peXe, /My)“+ 247 M,
pling R configurations according to the algorithm of Me- (5.14
tropolis et al. [89], using a probability densityW(R) _

proportional to whereA=Am+E—E.— p§/2m4. The variablex,, is defined

as
W(R) = V(W 4(R)W4(R)), (5.19

(5.13

The magnitude of the neutrino momentum is fixed by energy
Fonservation to be

Xe»=Pe- Py =XeX,+ V1—Xx5y1—x2cos¢, (5.19
where the notatiof- - -} implies sums over the spin-isospin

states of the'He wave function. Typically 200 000 configu- TABLE X. Cumulative contributions to the RME'€(q;A)
I’atIOI’]S are enough to aChIeve a relat've erroﬁ(ﬁoﬂ) on the andro(q’A) in 3P0 Capture at Zercp_3He c.m. energy_ The mo-
total S factor. mentum transfeq is 19.2 MeVk, and the results correspond to the
AV18/UIX Hamiltonian model. The row labeled “One-body” lists
the contributions associated with the operators in(BdLO for the
B. Calculation of the cross section weak axial-vector chargp(A) and Eq.(4.1)) for the weak axial-
) vector currentj(A); the row labeled “Mesonic” lists the results
Once the reduced matrix elemen®ME’s) have been ptained by including, in addition, the contributions associated with

obtained, the calculation of the cross sectidi) is reduced the operators in Eqsi4.35—(4.37 for p(A), and Egs.(4.32—
to performing the integrations over the electron and neutring4.34 for j(A); finally, the row labeled A” lists the results ob-

momenta in Eq(2.22 numerically. We write tained by also including the contributions of the operators in Egs.
(4.50 and(4.5)) for p(A), and Eqs(4.48 and(4.49 for j(A). The
G\z, pE e 1 A contributions in bottp(A) andj(A) are calculated with the TCO
o(E)= (2m)? vrado pepef_ldXef_ldX” method, and take into account the change in normalization of the

wave functions due to the presencedotomponents. Note that the

2 RME'’s are purely imaginary and in f#i units.
X | d¢ p2 fIL,N, (5.12
o — —
Co(a:A) Lo(g;A)
where one of the azimuthal integrations has been carried outne-body 0.37x10°! 0.182x10°*
since the integrand only depends on the differerce ¢, Mesonic 0.44%410°1 0.183x 107!
— ¢, . The § function occurring in Eq(2.22 has also been A 0.459< 10t 0.188x< 10!

integrated out resulting in the factér !, with
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TABLE XI. Cumulative contributions to the RME'€,(q;V), L1(q;V), E1(q;V), andM(q;A) in P,
capture at zerp->He c.m. energy. The momentum transfigis 19.2 MeVk, and the results correspond to
the AV18/UIX Hamiltonian model. The row labeled “One-body” lists the contributions associated with the
operators in Eq(4.5) for the weak vector charge(V), Eq. (4.8 for the weak vector curre(V), and Eq.
(4.1) for the weak axial-vector currerj{A); the row labeled “Mesonic” lists the results obtained by
including, in addition, the contributions associated with the operators in(E@€) and(4.31) for p(V), Egs.
(4.16) and (4.17) for j(V), and Eqs.(4.32—(4.34) for j(A); finally, the row labeled ‘A" lists the results
obtained by also including the contributions of the operators in Ef52 and (4.53 for j(V), and Eqgs.
(4.48 and(4.49 for j(A). The A contributions inj(A) are calculated with the TCO method, and take into
account the change in normalization of the wave functions due to the presefAceamhponents. Those in
j(V) are calculated in perturbation theory. Thderms inp(V) are neglected, while those j{\V) are purely
transverse and therefore do not contribute toltheRME. Note that the RME’s are purely real and in%ffn

units.
Ca(a;V) Li(q;V) Ei(a;V) M1 (a;A)
One-body —0.222x10°! —0.162x10° 1! —0.231x10° 1! —0.100< 102
Mesonic —0.222x10°1 —0.209x 10! —0.298<10° ! —0.779x 1073
A —-0.298<10°* —-0.809< 103
where x,=co0s6, and x,=cosé,. Finally, the integration VI. RESULTS AND DISCUSSION
over the magnitude of the electron momentum extends from

The S factor calculated values are listed in Table I, and
their implications to the recoil electron spectrum measured in
the SK experimentsee Fig. 1 have already been discussed
pe = \/[ Vm2+m2+2my(Am+E) — m2]>—m2, in the introduction. In Tables VIII-XVI, we present our re-
(5.16  sults, obtained with the AV18/UIX Hamiltonian model, for
the RME’s4connecting any of the-*He S- andP-wave chan-
: ; nels to the*He bound state. The values for these RME’s are
nuclear tensor is constructed using E@25-(2.29. Com- .egiven at zero energy and a lepton momentum trangfer
puter codes-have been dev.elopedA tq calf:ulate the .requw :d19.2 MeVic. In Tables XIV—XVI results for two otheq
rotation matrices corresponding to thelirection (6,¢) with  vajues are also listed. Note that the RME's listed in all tables
are related to those defined in E¢8.14—(2.16) via

zero up to

The lepton tensor is explicitly given by E¢R.24), while the

Z-(PetP,)  PeXetPX,

PetP.l 2+ pZ+2pep Xe, '(5 " LS \/ 40:;[exq477a/vre|)— 1T, (6.0

cosf=z-q=

Finally, note that the nuclear tensor requires the values of th@hich can be shown to remain finite in the limite—0,
RME'’s at the momentum transfer[the denominator in the ~corresponding to zero energy. o
second line of Eq(5.17)]. It has been found convenient to In Table XVII we list the individual contributions of the

make the dependence upgrof the RME’s explicit by ex- S andP-wave capture channels to the toffactor at zero
panding c.m. energy, obtained with the AV18/UIX, the AV18 only

(to study the effects of the three-nucleon interagtiamd the
LSy . 1S3 2n older AV14/UVIIIl (to study the model dependence and to
T57(a)=q Zo ton 9, (5.18  make contact with the earlier calculations of Réfsl,20).
- The model dependence is discussed in Sec. VI D.

consistently with Eqs(2.17—(2.20. Herem=J,J*=1, de- ) . —
pending on the RME considered. For examptes 1 for the TABLE XII. Cumulative contributions to the RME'€,(q;V),
! 'S . = . NN . H 3 3

LE%A) RME. Given the low momentum transfers involved, -1(@:V). El(q.\r/]), andM(q;A) in the °P; cagture atbzef@é Hr?
q=20 MeV/c, the leading and next-to-leading order termsS:™- €N€rgy. The momentum transigris 19.2 MeVk, and the
t, andt, are sufficient to reproduce accuratdlyq). Note results correspond to the AV18/UIX Hamiltonian model. Notation
0 2 produce a Q- .as in Table XI. Note that the RME’s are purely real and ir/fm
that the long-wavelength approximation corresponds, tyPiT its
cally, to retaining only the, term. '

A moderate number of Gauss poiritsf the order of 10 e - . =, . —
for each of the integrations in Ed5.12 is sufficient to Ci(q;V) L1(q;V) Ei(q;V) M1(g;A)
achieve convergence within better than 1 part if.Ithe  One-body 0.95%10 % 0.118<10 2 0.521x10 % 0.304< 10!
computer program has been successfully tested by reprodugresonic  0.21% 1072 0.174x10 2 0.128<10 2 0.304x 10 !
ing the result obtained analytically by retaining only the A 0.127x10°2 0.303x10°!
33, E;(A) andL,(A) and %P, C,(A) RME'’s.
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TABLE XIIl. Cumulative contributions to the RME’G_ZZ(q;A), fz(q;A), Ez(q;A), andl\Wz(q;V) in the
3P, capture at zerp-*He c.m. energy. The momentum transigs 19.2 MeVk, and the results correspond
to the AV18/UIX Hamiltonian model. Notation as in Table IX. Note that the RME’s are purely imaginary and

in fm®2 units.

Co(a;A) Ly(q;A) Ex(a;A) M2(q;V)
One-body —0.146x10°3 0.236x10° ! 0.292x10°* —0.110<10?
Mesonic —0.114x 1073 0.236x 1071 0.293x 107 * —0.116x 1072
A —0.988<10* 0.238<10°! 0.295x 10 * —0.118x10 2

In Tables I, VIII=-XIII, XV, and XVI, the cumulative

1 1
nucleonic contributions are normalized as Co(q;V)— — D, 71 .=—=T. (6.4
Vanr T " am
v, O(N only)|¥
[ one-body+- mesonid= (¥l )l 1+3>1/2. and
[<\I,4|\P4><\Pl+3|qfl+3>]
(6.2 1 . -
Lo(q;V)=— q H, | dXjo(aX)Yoo(X)p(X;V)
However, when the\-isobar contributions are added to the
cumulative sum, the normalization changes to 1 H 1 - 65
"Jam =l ’

[ one-body- mesonic- A ]
where the expression fdry(V) has been obtained by inte-
= (Wan+a|O(N only)+O(4)[¥s.3n+a) . (6.3 grating Eq.(2.18 by parts, and then using the continuity
[(Wansal Wansa){Wiranal Wiianeay]™? equation to relate V-j(x;V) to the commutator
—i[H,p(x;V)]. The *He andp-*He states have total isos-
As already pointed out earlier in Sec. V A, the normalizationpinsT,T,=0,0 and 1,1, respectively, ignoring additional, but
of the initial scattering state is the same as thattdé, up to  very small, isospin admixtures induced by isospin-
corrections of ordefvolume ~*. In Table XV we also report Symmetry-breaking components of the interaction. Therefore
results in which theé\ components in the nuclear wave func- matrix elements of thétotal) isospin raising or lowering
tions are treated in perturbation theory, as discussed in SecgperatorsT . between thes&, T, states vanish.
IV E and V A, and theO(A) only includes the operators in ~ Equation (6.5 shows that, if the initial and final CHH
panel(a) of Fig. 3. In this case, the cumulative contributions wave functions were to be exact eigenfunctions of the AV18/

[ one-body+ mesonic- Apy] are normalized as in E6.2). UIX Hamiltonian, then one would expect, neglecting the ki-
netic energy of the recoilindHe:

A. S, capture —E,

The 'S, capture is induced by the weak vector charge and Lo(q:V) = Co(a:V), (6.6

longitudinal component of the weak vector current via the

Co(V) and Ly(V) multipoles, respectively. The associated where E5 and E, are the three- and four-nucleon ground-
RME's, while small, are not negligible—they are about 20%state energies. Note that the relation above is in fact valid for
of the “large” E,(A) RME in 3S; capture; see Table IX. anyC,(q;V) andL;(q;V) multipoles. Forq=19.2 MeVic
These 'S, transitions are inhibited by an isospin selectionthe ratioL,/C, is expected to be 1.07, which is in perfect
rule; indeed, they vanish at=0, since in this limit agreement with that obtained in the calculation, when the

TABLE XIV. One-body contributions, at momentum transfers 0 and 19.2 MeW¢, to the RME’s
L,(q;A) andE,(q;A) in S, capture at zer@->He c.m. energy. The results correspond to the AV18/UIX
Hamiltonian model. The rows labeled “NR” and “RC" list the contributions obtained with the operators of
Eq. (4.12 and Eq.(4.13, respectively; the row labeled “IPS” lists the contribution of the induced pseudo-
scalar current onlylast term in Eq(4.13]. Note that the RME’s are purely imaginary and in®frunits.

L1(q;A) E;(q;A)
g=0 MeV/c g=19.2 MeVflc g=0 MeV/c g=19.2 MeVlc
NR —0.726x10°* —0.586x10 ¢ —-0.103 —0.838<10° ¢
RC —0.154x 107 —0.145x 1071 —0.220x 1071 -0.219x10°¢
IPS 0.741%x 1073
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TABLE XV. Cumulative contributions, at momentum transfeys 0 and 19.2 Me\g, to the RME’s
L.(q;A) and E;(q;A) of the weak axial current ifS, capture at zerg-He c.m. energy. The results
correspond to the AV18/UIX Hamiltonian model. The row labeled “One-body” lists the contributions
associated with the operator in E¢.11); the row labeled “Mesonic” lists the results obtained by including,
in addition, the contributions associated with the operators in Eq82—(4.34); finally, the rows labeled
“A-TCO” and “A-PT” list the results obtained by also including the contributions of the operators in Egs.
(4.48 and(4.49, calculated either in the TCO scheme or in PT. Th@ CO results also take into account
the change in normalization of the wave functions due to the presenceaiponents. Note that the RME’s
are purely imaginary and in f#f units.

L1(q;A) E1(q;A)
g=0 MeV/c g=19.2 MeVic g=0 MeV/c g=19.2 MeVic
One-body —0.880<10° ! —0.730x10°? —-0.125 —-0.106
Mesonic -0.829x10°* -0.679<10°* —-0.117 —0.984x10°*
A-TCO —0.440<107* —0.293x 107! —0.625<10°* —0.440< 1071
A-PT —0.447x 1071 —0.298x 107! —0.631x107¢ —0.443x 1071
two-body current contributions are taken into account; see B. ®S, capture

Table VIII. As already discussed in Sec. IV A, the present 114 33, capture is induced by the weak axial-vector

model for the weak vector current satisfies current conserva‘:—harge and current, and weak vector current operators via the

tion with thevg part of the nucleop—nuclgon interacti()ei-. multipoles C4(A), Ly(A), E4(A), and M, (V). All earlier

ther AV14 or AV18. The spin-orbit and quadratic gy, gies only retained the domindnt(A) andE,(A) transi-

momentum-dependent components of the interaction, how;ns. However, as is evident from Table IX, the,(V) and

ever, require additional short-range currents that have bee&peciallycl(A) RME’s are not negligible. Furthermore, the

neglected in this work. If their contributions were to be COM-c.(A) and L;(A) RME’s interfere constructively in the

pletely negligible, then the degree of agreement between thgoss section, since their signs are opposite. For example,

expected and calculated values for the rdtiyCo would  neglecting theC;(A) contribution would produce a&factor

simply reflect the extent to which the present variationalyalue of 4.94<10°?° keV b, 30% smaller than th&S, total

wave functions are truly exact eigenfunctions of the AV18/result 6.38<10 %° keV b (see Table XVI).

UIX Hamiltonian. However, the CHH wave function used  The destructive interference between the one- and many-

here gives a ground-state energy 627.9 MeV for “He,  body axial-vector current contributions in tHe (A) and

which is about 400 keV higher than predicted for the AV18/E;(A) RME’s, first obtained in Ref§11,20, is confirmed in

UIX model in GFMC calculationg32]. In view of these the present work. The axial-vector currents associatedAvith

considerations, the perfect agreement referred to above makcitation play a crucial role. Thésuppressedone-body

be accidental. contribution comes mostly from transitions involving the
Finally, the C,(V) andL,(V) RME’s interfere destruc- D-state components of théHe and *He wave functions,

tively in the cross sectiofsee discussion at the end of Sec. while the many-body contributions are predominantly due to

Il C), substantially reducing théS, channel contribution to transitions connecting th8 state of *He to theD state of

the Sfactor; see Table XVII. “He or vice versa. To clarify this point, it is useful to define

TABLE XVI. Cumulative contributions at zerp-*He c.m. energy to the RME(q;A) in 3P, capture
at momentum transferg=0 and 19.2 MeW, and to the RMEE,(q;V) in P, capture, atq=9 and
19.2 MeV/c. The results correspond to the AV18/UIX Hamiltonian model. The row labeled “One-body”
lists the contributions associated with the operators in(E4.0 and Eq.(4.8); the row labeled “Mesonic”
lists the results obtained by including, in addition, the contributions associated with the operators in Egs.
(4.35—(4.37 and Egs.(4.16 and (4.17); finally, the rows labeled A" list the results obtained by also
including the contributions of the operators in Egs50 and(4.51) and Eqs(4.52 and(4.53. Note that the

Co(q;A) [E;(q;V)] RME is purely imaginaryrea). Units are fnf2

Co(a;A) E1(q;V)
g=0 MeV/c g=19.2 MeVflc g=9 MeV/c g=19.2 MeVflc
One-body 0.34810° ! 0.371x10°* —0.234x10°* —0.231x10°*
Mesonic 0.41%10°1 0.444x 1071 —0.300x10°% —0.298x 107!
A 0.428< 1071 0.459x 1071 —0.300x 107 % —0.298x 107!
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TABLE XVII. Contributions of theS andP-wave capture chan-
nels to thenep Sfactor at zerqp-He c.m. energy in 10%° keV b.
The results correspond to the AV18/UIX, AV18, and AV14/UVIII

Hamiltonian models.

AV18/UIX AV18 AV14/UVIII
s, 0.02 0.01 0.01
33, 6.38 7.69 6.60
3P, 0.82 0.89 0.79
P, 1.00 1.14 1.05
5P, 0.30 0.52 0.38
p, 0.97 1.78 1.24
Total 9.64 12.1 10.1
the one- and two-body densities
pM(x)= < “He > S(x—|ri— Rjkl|)oi(1) p—3He> ,
I
(6.7
p‘2><x>=<4He 2<_ S(x—1;))Of p-3He>, (6.8
<]

whereO!) is the (lowest-order Gamow-Teller operator of
Eq. (412 at g=0, and OfY is the most important
A-excitation current associated with diagrams of tygein

Fig. 3. These densities are normalized such that

f dx p{¥(x) =0 — contribution.
0

(6.9

PHYSICAL REVIEW C 63015801

Note that theL=0=L=2 transitions vanish, since the
Gamow-Teller operator has no dependence on the spatial co-
ordinates in theg=0 limit. The 0—0 density, while much
larger than the 2»2 density, consists of positive and nega-
tive pieces, which nearly cancel out in the integral. Indeed,
out of a total integral of 0.19, the-60 and 2—2 contribu-
tions are, respectively, 0.02 and 0.17. It is important to re-
emphasize that in the-80 integral the whole contribution
comes from the mixed-symmetl§ states of the’He and
“He wave functions, since the Gamow-Teller operator, in the
g=0 limit, cannot connect their dominarisymmetrig S
states, as already pointed out in Sec. | A. This fact has been
analytically verified using a simplified form for the nuclear
wave functions, given byfor “He, as an example

W= 1+ > u"rj) o o +u™(r ) S 7 7

i<j

H fc'4(rij)

i<j

X Dy, (6.10

where®,=def{pT.,pl2,nT3,n] 4] is the spin-isospin Slater
determinant, and®*(r), u®4r), and u'™%r) are central,
spin-spin, and tensor correlation functions, respectively. The
noncentral terms in Eq6.10 generate th&'- and D-state
components.

Finally, in Fig. 5, we display both the density functions
pM(x) and p®(x). The density functiorp®(x), although
much smaller thap(Y)(x), has no zeros, and consequently
its integral is comparable to that pf')(x).

It is interesting to examine the “smallM,; RME induced
by the weak vector current. It is dominated by the contribu-

In Fig. 4 we display separately the contributions totions due to two-body currents, which interfere destructively

pM(x) due to transitions involving the=0—L=0 andL
=2—L =2 components of théHe and*He wave functions.

1

08 [ ]
x10
06 [ DDDD/ .
ol I?J':‘nrJ
04| ]
AR e
~ 02} o WM t +°9¢?% : T ;]
e : 8237885000 .
= 0 °J=] [=] +
=z ° .
;Q. 02 [ .DDDDU ]
¢ *0<—>0
04 - . 02<«——>2 ]
L]
-06F °, ]
08| ¢ b
-1 L L L L
0 2 4 6 8 10
X (fm)

FIG. 4. Contributions to the density functigii®)(x), defined in
Eqg. (6.7), due to transitions involving the&a=0—L=0 (solid
circles andL=2—L=2 (open squargscomponents in théHe
and “He wave functions. Note that the22 density function has
been multiplied by a factor of 10, for ease of presentation.

with (and, in fact, are much larger in magnitude th#mse
from one-body currents. This matrix element can be approxi-
mately related to that occurring in the*He radiative cap-
ture at thermal neutron energig4l]. Ignoring isospin-
symmetry breaking, one has

04 1

0.2 | ¢ ".. i

'y
4 uuunnuuuuu
o a0
0a® ¢

p"(x) (fm™)
s
nN

|
o
™

x (fm)

FIG. 5. Density functionsp)(x) (solid circleg and p®(x)

(open squargsdefined in Eqs(6.7) and (6.9).
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Co momentum transfer dependence of the results originates
|p-*He)= —T,|T=1M1=0), (6.1)  from that of the one-body currents; the mesonic and
V2 A-excitation current contributions are, in fact, very weakly
dependent on. Note that the results obtained by treating the
and hence, in a schematic notation, A currents either with the TCO method or in PT differ by

1-2%. This is because tH¢A axial-vector coupling con-
stantgj is determined by fitting, independently in the TCO
and PT schemes, the Gamow-Teller matrix element of tri-
tium B decay. This procedure severely reduces the model
dependence of the weak axial-vector current. Finally, we
note that, if the quark model value were to be usedgpr
(0A=612/54), the Ly(A)[Ey(A)] RME at q
6.12 792 MeVk would have been—0.489<10 [ —0.716
x10°1] using the TCO method and—0.150<10 !

&— 0.234x 10 1] in the PT treatment, respectively.

a 1 np L
<4He|ef'JZ(?’)|”'3HG>ZE<4H9|9;:'JZ(V)|T:1:MT:0>

1
2__<4He|ex L) p-*He),

whereC, is the Gamow penetration factgy( y) is the elec-
tromagnetic current, and use has been made of the CV
relation to relate the commutatpf ,jK(V)] toj;(y). Note
that in the first line of Eq(6.12 the contribution from the
T,M:=0,0(1+3)-state has been neglected, since the isosca- There are fouP-wave capture channel$P,, P, 3P,
lar magnetic moment of the nucleon is a factor ®6  and >P,. Note thatP, and 3P, are coupled channelsee
smaller than the isovector one, and the dominant two-bodec. 1l1 O. The 3P, capture is induced by the weak axial-
electromagnetic currents are isovector. On the basis of Egector charge and the longitudinal component of the weak
(6.12), one would predich-2He radiative capture cross sec- axial-vector current via the€,(A) and Lo(A) multipoles,
tions, at zero energy, of 22ub, 142 ub, and 480 ub with  respectively. The associated RME’s, as defined in(Ed),
one-body, one- plus two-body, and full currents—the latterare listed in Table X. The two-body axial-vector charge op-
include the A-excitation currents treated in perturbation erators of Sec. IV D, among which the pion-exchange term is
theory (PT), which severely overestimates their contributiondominant, give a=20% correction to the one-body contri-
[11]. The value 480ub is almost an order of magnitude bution in theCy(A) RME. TheLy(A) RME is about 40% of,
larger than the measured cross sectiont 835ub [16]. Ig-  and has the same sign as, t8g(A) RME. This positive
noring the A contribution, for which the PT estimate is relative sign produces a destructive interference between
known to be unrealistic, the result obtained with one- andhese RME's in the cross section, substantially reducing the
two-body currents(the model-independent ones of Sec. 3P, overall contribution to thés factor, as discussed in Sec.
IV A), 142 ub, is still too large by a factor o&=2.6. How- 1l C. The Cy(A) andLy(A) RME’s are expected to have the
ever, the approximations made in E¢8.11) and(6.12 are  same sign, as justified by the following argument. The
presumably too rough for a reaction as delicate asitide  Cy(q;A) multipole operator can be written, in thg—0
capture(see discussion in Sec. )Aindeed, this process pro- limit, as
vides a sensitive testing ground for models of interactions
and currents. A calculation of its cross section with CHH 1
wave functions is currently underway. Co(qiA)— = Jan 2m E [7i-01 Pil+

In Table XIV we list the one-body axial-vector current
contributions at two values af, 0, and 19.2 Me\&, corre- i
sponding to the lowest and highest momentum transfers al- 2
lowed by thep-3He kinematics. A number of comments are \/_
in order. First, the RME associated with the Gamow-Teller
operator, labeled NR in the table, has a rather strong depe?ﬁvhe
dence org. At =0 this RME is suppresse@ee discussion im[r; ,:c-|]h(V|0Iated tl)y the momentum- deptra]ndent com-
above. Wheng>0, however, the next term in the expansion Iponents of the two-nucleon mtgract)orand In the secor_1d
of the plane wave in Eq4.12 leads to an operator having ine of !Eq.(6.13) have ignored, in a rather cavalller fashion,

(2 . o ) terms like 7, ~o-Hri—riH-oy7 .. For theLy(qg;A) mul-

the structurer; . air{,, which can connect the “large’s: tipole we find, in the same limit,
and D-state components of the bound-state wave functions.
Its contribution, although of order gR)?=0.02 R |
=14 fmis thea-particle_radiu$ is not negligible. Second, Lo(q;A)—>—— qz 0T, (6.14
the suppression mechanism referred to above also makes the Va3
relativistic corrections to the Gamow-Teller operator of Eq.
(4.13 relatively important. Third, the induced pseudoscalarand therefore we would expect t@g(A) andLy(A) RME'’s
term, last term in Eq(4.13), is purely longitudinal, and itself to be approximately in the ratio
suppressed, since it is proportional to the NR operator.

In Table XV we report the cumulative contributions to the Co(A) _ 3Es—Ey (6.15
L,(A) and E;(A) RME’s at =0 and 19.2 MeV¢. The Lo(A) 2 q |

C. P-wave capture

2> [n-0i-1 H], (6.13

re we have used the approximate relatign
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which, given the rather severe approximations made in demultipolesC,(A), L,(A), E»(A), andM,(V). The associ-

riving Eq. (6.13), is reasonably close to thene-body value
obtained in the calculatiofiL.6 versus 2.0
The *P; and ®P; captures are induced by the weak vector

ated RME’s are listed in Table XlIl. The,(A) andE,(A)
RME'’s are comparable to the;(A) and E;(A) RME’s in
33, capture, and are dominated by the contributions of one-

charge and current, and weak axial-vector current via théody currents. In fact, the latter can now connect the large

multipoles C,(V), L4(V), E4(V), and M,(A). The calcu-
lated values for the associated RME's are listed in Tables X

Swave components of the three- and four-nucleon bound
btates. The density function®(x), defined in analogy to

and XlI. The RME magnitudes of the weak vector transitionsEq. (6.7) (but for the 3P, channe), is displayed in Fig. 6,

in 3P, capture are much smaller than those'®, capture.
In the long-wavelength approximation, the one-b@iyV),
L.(V), andE{(V) multipoles are independent of spin, and
therefore cannot connect the dominant part of tRg wave
function, which has total spis=1, to theSwave compo-
nent of *He, which hasS=0. This is not the case for thP;
channel, in which the total spi=0 term is in fact largest.
Indeed, because of this suppression, the two-body weak ve
tor charge and current contributions are found to be domi
nant in 3P, capture. The situation is reversed for the axial
transition, since there the spin-flip nature of tle(A) mul-
tipole makes the associated RME iR, larger than that in
1P, (in absolute value

The E4(V) operator can be shown to have the long-
wavelength forn{18]

2
El(q;V)=—§ [H.Ci(a; V)], (6.16

and so theE;(V) and C,(V) RME’s would be expected to
be in the ratio
Ei(q;V) _
Ci(q;V)

E3_

E
4 =151,
q

V2

(6.17

assuming the validity of the long-wavelength approximation,
and that the CHH wave functions are truly exact eigenfunc

and should be compared to that in Fig. 5 &8, capture.
While smaller in magnitude than the latter—after all, fti,
transition is inhibited with respect to thtS, transition by a
factor of =gR and the presence of the centrifugal barrier—
the 3P, density has the same sign, and therefore its integral
turns out to be comparable to that of th8, density.

Finally, to illustrate the momentum-transfer dependence
of the P-wave RME's, we list in Table XVI th&€,(A) RME
obtained inP, capture aty=0 and 19.2 MeW¢, and the
E,(V) RME obtained in 'P; capture atq=9 and
19.2 MeVic. Theq dependence of these RME’s is substan-
tially weaker than that reported in Table XV 88, capture.
The Cy(A) andE4(V) transitions in the limitg=0 have, in
contrast to thé€;(A) transition in3S, capture, no additional
suppression mechanisms, beyond the centrifugal barrier,
since they can connect the lar§avave components of the
three- and four-nucleon bound-state wave functions.

D. Model dependence

In Table XVII we list, for all S andP-wave channels, the
Sfactor values obtained with the AV18/UIX, AV18, and
AV14/UVIlI interactions. Note that the sum of the channel
contributions is a few percent smaller than the total result
reported at the bottom of the takisee the end of Sec. II)C
The NA axial-vector coupling constant is determined by fit-
ting the Gamow-Teller matrix element in tritiurd decay,

tions of the Hamiltonian. We reiterate here that the current@ithin eachhgiven Hlamiltonian mod]:al. As a result of this
used in the present work satisfy the continuity equation onlyProcedure the model dependence of Siactor predictions

with thev g part of the AV14 and AV18 interactions, namely,
in momentum spacey-j(q;V)=[T+uve,p{A(q;V)]. The

currents induced by the momentum-dependent componen
of the interactions, such as the spin-orbit term, have beer

is substantially reduced.
Inspection of Table XVII shows that inclusion of the
rtrswee-nucleon interaction reduces the t@&dhctor by about

0.005

neglected. Thus the ratio obtained in the calculation is 1.34
for the P, channel, somewhat smaller than the expected
value presumably because of the “missing” currents and the
approximate eigenstate property satisfied by the presen
CHH (variationa) wave functions. These same cautionary
remarks also apply to the comparison between @Gh€V)
andL (V) RME’s, which should be related to each other via
Eq. (6.6).

The situation is more delicate i#P; capture, since this
transition is suppressed. Here the long-wavelength approxi
mation of theE; (V) multipole is inadequate, and higher or-
der terms in the power expansion gnneed to be retained,
so-called retardation terms. In fact the situation is closely
related to that of electric dipole transitions jrd radiative
capture at very low energie®-100 keV). We refer the
reader to Ref[18] for a thorough discussion of these issues.

The 3P, capture is induced by the weak axial-vector FIG. 6. Density functiop™(x) defined in Eq(6.7) in the 3P,
charge and current, and weak vector current operators via thgpture channel.

0.000

—-0.005

p"(x) (fm™)

-0.010

—0.015 L L L L L L L
0 10

x (fm)

015801-26



WEAK PROTON CAPTURE ON®He PHYSICAL REVIEW C 63015801

20% (compare the AV18 and AV18/UIX resu)tsThis de-  vector current(iii) retained only the leading nonrelativistic
crease is mostly in théS; contribution, and can be traced (Gamow-Telleyterm of the single-nucleon axial current, and
back to a corresponding reduction in the magnitude of theiv) employed bound and continuum wave functions, ob-
one-body axial-vector current matrix elements. The latter ar¢ained with the VMC method. In regard to this last point, we
sensitive to the triplet scattering length, for which the AV18 note that, for example, thgl(qzo;A) RME calculated in
and AV18/UIX models predict, respectively, 10.0 fm and Ref. [11] with the Gamow-Teller operator is 0.613
9.13 fm(see Table Il]. x 10! fm®?2 versus a value of 0.119 fi obtained here.
The comparison between the AV18/UIX and AV14/UVIIl The factor of=2 increase is only due to differences in the
models, which both reproduce the measured bound-staigayve functions. The present CHH wave functions are ex-

properties and low-energy scattering parameters of the thrégected to be more accurate than the VMC wave functions of
and four-nucleon systems, suggests a rather weak model dggf, [11].

pendence. It is important to reiterate that this is accom-
plished by virtue of the procedure used to constrain the axial-
vector current. Indeed, the AV18/UIX and AV14/UVIRS,
contributions to theS factor obtained with one-body currents
only are, respectively, 26:4102° and 35.8&<10 %° keVb. The authors wish to thank V.R. Pandharipande, D.O.
This difference is presumably due to the stronger tensoRiska, P. Vogel, and R.B. Wiringa for useful discussions,
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