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Nuclear muon capture by 3He: Meson exchange currents for the triton channel
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We have calculated exchange corrections for nuclear muon captiftdeleading to theé’H final state using
the hard-pion model and realistic nuclear wave functions. These currents modify the vector and axial part of
the weak nuclear current. In their absence the rate is 12% smaller than found by experiment. Our final result
for the rate is 150232 per second. For the analyzing powers we fidg=0.515-0.005,
A;=—0.375-0.004, andA, = —0.110+0.006. These predictions use the PCAC valug©f The variation of
the observables with, is also reported.

PACS numbss): 23.40-s, 24.80+y

I. INTRODUCTION electromagnetic processgs—9|. We employ nonrelativistic
operators satisfying the conserved vector cur@vC) at
As has recently been discussed in Réi, the reaction of order 1M.
negative muon capture biHe, A brief account of the work has been recently reported in
Ref. [10]. Here we present the full results. In Sec. I, we
discuss the formalism employed, Sec. Ill contains the nu-
uw + 3He— v,+ 3H, (1.)  merical analysis of the studied problem, and in Sec. IV we
give our conclusions. The most important of them is that
including the weak axial and vectar-MEC in the micro-
is at present potentially able to provide us with the inducedscopic calculation yields results which agree closely with the
pseudoscalar couplinge with nearly the same precision as EPM in their predictions for observables.
from capture by a free proton. Indeed, accurate three-nucleon In order to make the paper more transparent, we postpone
wave functions are now available and the uncertainties dugecessary details of the formalism and partial results into a
to the description of the nuclear states can be reduced to series of appendices.

minimum.
However, the calculations reported in RG{E.S]_ for other Il. FORMALISM
weak reactions on light nuclei show that besides the one-
nucleon contribution, meson exchange cur(@®hEC) effects To evaluate the effect of meson exchange currents, the

should be taken into account. That this is so can also be seefH— *He weak nuclear current was parametrized byGix
from the analysis performed in Reffl], where Congleton dependent current amplitudes,p1,jo.j.. i andj? as
and Fearing compared the results obtained using the elemefollows:

tary particle mode(EPM) to the standard calculations in the

impulse approximation(lA): the effective magnetic cou- CH:me|j%BHeim) = x! {po+p1Q-otxm, (2.13
plings Gp and G, are 10% smaller in the IAsee Table)l ' '
Table 1l shows the contributions of the current components

to the effective couplings, and it can be seen ljﬁamakes
an important contribution t&p and G, . N B
' ioti X o) 3 . .

Here we continue the study of the characteristics of reac- [Q(Q-0) 30]}Xmi (2.1
tion (1.1) and consider the weak MEC effects. For the opera- _ ' .
tor of the weak axial nuclear MEC we adopt the one pub- N Eds:(2.1, m; andm; are the initial and final projec-
lished recently in Ref[4], which was applied earlier to tions of the internal nuclear angular momentyfhandj are
negative muon capture by deuterons in €. The weak the time and space components of the total weak four cur-
axial nuclear MEC operator satisfies the nuclear continuity ) S )
equatlon (PCAC) up to the Order CO”S'dered’ Wh|Ch |S TABLE |. Effective Coupllngs in the EPM and IA and their
1M 2 (M is the nucleon magsThe spacelike component of difference. The uncertainty iy reflects experimental uncertainty

the operator contains both static and velocity dependerf@™Y-

CHimy|[PHeim) = xi (i oQ+ 1 1Qx o+ 0+

parts. We take into account fully both the static part and the ™ podel Gy Gp Ga

terms linear in external momenta from the velocity depen

dent part. EPM 0.85£0.01 0.6030.001 1.2%0.01
Further, we use for the vector part of the weak MECIA 084 —-1% 0523 -13% 119 -—-8%

operator the standard isovector currents well known from the
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rent, and the three-momentum transfer to the helio®is Gv=potia, (2.29
The current amplitudes are not relativistically invariant and (1) (2

are not independeriif we make the assumption that second Gp=Jx"—1%X —p1, (2.2
class currents are absgnfo see the nonindependence note 1

that the EPM parametrizes the current using only four form Ga=jP+j,— §j(><2)- (2.29

factors whereas there are six current amplitudes. The current

amplitudes are, however, useful in the formulation because i .

there exists a simple correspondence between the nonrelatix— ;23 :ta;gsrtlrceﬂci%?g%r?g’ Sg ?oﬁﬂ?#clﬁtﬁ?ﬁfﬁ%ive
.. . . t A .

istic current operators and the current amplitude to which the, . tactors by using Eqs(3), (11), (12), and (13) of Ref.
matrix element of that operator contributes. [1].

The total current has a vector and an axial part. The vector “oyr model for the nuclear current employs nonrelativistic
part contributes topg.jo.j{’ and the axial part to wave functions and current operators the latter of which are
p1.j0.i$?. The relationships between these current amplidisted in Appendix A. After suffering a multipole decompo-
tudes and the traditional effective form fact@s, Gp, and  sition of the plane wave factor, the current operators yielded
G, are matrix elements with the following five forms:

Z) = CHII[47 2, (39) © S 11\ (QY/3).71PHe)/ (23 + 1), (239
o ] J
XZ&L=<3H [47 7(%9)® Sy 1o\ (QYI3). 7 3He> /(2J+ Y2, (2.3b
L an _ _d
VZiJAL:<3H[4W,%A(XY)®SE]JJ)\(Qy/3)'7(?y 3He>%2J+1)1’2, (2.39
K1J 3 ¢ oy %X H 7113 1/2
i = °H || [4m 7 (9 @Sy Tk .= | 1n(QYI3)7||*He | /(20+1)"% (2.39
KRN
K1J 3 1 oty %y H ( 3 1/2
yZie = °H [477;/,”\(xy)®82],<®y— iIAQy/3).7||°He) /(23+1)"- (2.39
KRN
|
The letterZ takes on valueg\, ..., according to the spin and further the probability of thé=3/2 components is

and isospin operatoiS; and.7 as indicated in Table lll. For 10 °—10° [11]. For the local matrix elemen®s,C,D,E,F
example, the Gamow-Teller matrix element is Ef#,,. The  this implies that onlyJ=1 is significant and foB,G,H,|
matrix elements are reduced in the spin-spatial part but notionly J=0 is significant. A numerical example is

the isospin part so that, for example, E(l)ld(v@Eim):gX 1074,
5 3 (3) Selection rule forl. If the spin-isospin part of the
(°He{|373]|°He) = +1, (2.43 operator is everfodd) under the interchange or particle la-
. i3 bels 2 and 3 then only matrix elements for whicks even
(CH|[373|[°H)=—1. (2.4D  (odd) are significant, e.gA requiresl = odd. This selection

] ] . . rule follows from the symmetry of the wave functions under
The following selection rules were applied to the matrix el-jnterchange of particle labels.

ements. 5 o _ (4) A selection rule peculiar to the-type matrix elements
(1) Parity. Forzj, this implies that only matrix elements s thatFL,, is zero by interchange of particle labels 1 and 2.
with | +X = even are significant. Further to the selection rules a rationalization of the ma-

, (2) Hermiticity and isospin symmetry. Becauskle and  rix elements was possible by taking into account the long
H form a good isospin doublet, matrix elemei@§, with  wavelength of the\/* boson mediating the interaction, the
an anti-Hermitian operator are insignificant. This approximadjow P-state probability €0.2%) and the~9% D-state
tion is good at the fewx 102 level since we have for the probability in the trion wave functions. With regard to the
wave functions used hergvhich have no isospin 3/2 com- first point we note that the isovector spectator point-particle
ponents, range is about 1.7 fm. This implies that matrix elements with
high values of\ are small and that a power expansionyin
(®HI|313][°He)=0.9998 (2.9 rapidly converges, e.g., the term injo(Qy/3) contributes
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TABLE II. Origin of contributions to effective couplings. TABLE IIl. Labeling of reduced matrix elements. The super-
script in the isospin part means (3 3 ()*—i()¥].
Gy G, G, p pin p G001
- T - z S T
Dominant pv inv ia
Other i PA g A 1 12 (mpX 73) "~
Iv Paslv B o 12 (1yX 75)~
C [0'2@0'3]0 12’(7’2X7'3)7
at the 3% level. The range of the pair coordinates of the D [02®03]1 121 (1o X 73) "
order of the pion Compton wavelength, 1.4 fm, as can be& [o2® 03], 121 (X 73) ~
seen from Fig. 1. This is expected because the exchange o3 1275
current operators pick out the spin and isospin dependence i [0,®as]o 1275
the wave function which is mostly due to pion exchange. [0,® 03] 12r;
Matrix elements with the factoy;(Qx/2) will be small for [0,® 5], 127,

large values of.
Integrals of the densities are given in Table IV. An ex-

ample of rationalization is to consider the ratiosd fth t The definiti f th . tential
D1,/DL=2x10"*andDL,/DL,,=1x 10 2. We note that ence of the current. The definitions of the various potential

functions entering the calculation are given in Appendix D.
The nuclear densities were calculated using wave func-
tions found by the coupled rearrangement char(@RC)
method of Kameyamat al. [12]. The Faddeev components
are expressed as sums of Gaussians and one can find analytic
expressions for the matrix element densities as functions of
_ . . : X, the pair coordinate. The densities were evaluated at either
~3x10°% This explains Whp%ﬂ is so much smaller than 14 points or in the case of the large matrix eleméfitst five

1
D202- . ) of Table IV and the matrix elements with a derivative, i.e.,
For most local currents the leading multipoles plus those

within one unit of angular momentum were included. This «Zix), at 24 points with a higher density of points for

procedure neglects contributions at the 3% level. For thé(<1'5 fm. The reason for .calculatlng a (_jens_lty s to facili-
largest currentdelta excitatioh these 3% corrections were tate the calculation of matrix elements with different poten-

included. tial functions which necessity arises when meson coupling
The matrix elementsnyM and yZIK)\lLJ were neglected parameters and strong form factor cutoffs.,A ,, and A,

since we expect their contributions to be small compared t&'€ varied. _
those of.Z> . and.zKW . They will be suppressed by about The calculation of the local matrix elements was checked
XTINL 2 XL y comparing results for the trion isovector magnetic mo-

15% due to angular momentum propensity rules. By parit . .
° 9 brop y yp ment, u,,, with those of Friaret al. [5]. In that work, wave

we ”ee‘i an extra factor or y to combine withVy . In the functions for the triton were applied resulting from maxix

case ofx this yields|= =1 and these elements are sup-potentials one of which was the AV14 potential: only ex-

pressed as can be seen in Table IV. In the casetbére will  change currents arising from exchange were considered.

be suppression because of {h€Qy/3) factor of about 15%. With = exchange only, the expression fey, in our formal-
The fact that we omit the nonlocal terms involvilg,  ism is

implies that our estimate of the nonlocal terms has an inher-

ent uncertainty of about 10—20 %. It turns out that the non-

D{qo Feceives contributions solely fro@Soverlap.D3,, and
D{,, are dominated by D overlap and are thus diminished
due to the Ilower D-state probability by a factor
~1/(0.09/0.91)=3x10"* which explains the ratio oD}y,
andD3yo. D3, is further suppressed due to the low momen-
tum transfer in the process by thg,(Qy/3) factot

p

local currents due t&/, contribute at the 10% level to the _ LU
exchange currents and so the above neglect affects the results ey = lim (_)EJX n.m. (2.7a
for the MEC at the 1-2 % level and the results for the total Q=0

current at less than the 0.5% level.
Each exchange current yields a contribution to dae

more of the current amplitudes and the general form is IMLA+M1'Y'EC, (2.7
i= [ axp00f00. 26 where
where p(x) is a nuclear density anfl(x) is a “potential A1 01
function” which depends on the meson which is exchanged, o =7 (14 kP = k") o] (2.79
the overall coupling strength and also the momentum depen-
pr = b T+ (2.70

INote that one-body currents havej g2Qy/3) factor showing
that the effective momentum transfer for exchange currents is half
as much as for single-nucleon currents. and
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wherex, and«, are the proton and neutron anomalous mag-deev wave function. The effect is very small. Although a
netic moments ane,— «x,=3.706. direct comparison of our results wif] is not possible be-
The calculation of Friaet al.[5] used a different potential cause a different coupling scheme was employed tfwue
function for uT arising from the propagator Wave functions employ Russell-Saunders LS coupling rather
AT(Q2) AT(Q3)F oun(Q2) F .an(Qs3) which, although an in- thanjj) our 8- and their 5-channel wave functions have simi-
tuitive choice, is inconsistent with the equation of continuity. [&" content and convergence of the binding energy requires
To facilitate comparison we must replace 22 and 34 channels, respectively. The extra channels change
dy— fos, ds— fag, andds— f,, in Eq. (2.7f) (see Appendix the pair, pion, and delta contributions by less than 1% in our
D for the definitions of functiond;) wheref s, f,q,f,; cor- ~ CaS€ whereas the difference [i6] is about 9%. This is a
respond to the choice of propagator made in IR&f. For the manifestation of the faster convergence obtained when using
A-excitation graph we need to chodsgy, = 6. 2/5f ' i and the CRC method: the projection of the potential onto partial

_a, _ = i to being complete for a given number of
G1=3,2/10(u,— ) = 2.00 so that our coefficients agree. Waves IS nearer
The comparison is shown in Table V. Our results for theFaddeev component channels for the CRC method as com-

exchange contributions are in overall agreemeatse(b)] ~ Pared to the method used in Rg8).

although the comparison is not exact because we have used a To check the calculation of the nonlocal matrix elements
triton-helion overlap. Also shown are results witH bra and e used a Peterson-type devitEs]. The device follows

ket wave vectors and; replaced with— 75 case(a)] which f/@rr:u?[is“ggl% 'ciﬁztgogreaﬁan]gtrgi@mﬁzzC;L:nbfapzrr%tor
corresponds exactly to the calculation[&f. These results P y peratp

agree well. The agreement gives us confidence in our calcu- ket vectors are equal. If,

lation of local matrix elements. We also give results for 8- .
and 22-channel wave functions from the AV14 potential with M=(s|ply)
the Tuscon-Melbourne three-body forpeases(c) and (d)]

which show the effect of adding extra channels to the Fadthen for Hermitian (°7=(?),

(2.9
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TABLE IV. Sizes of matrix elements. The Bessel functioryihas been expanded and only the first term
kept except in the cases Bf5,,, D3y, Faog, andF3y,. The dominant overlap describes the total orbital
angular momentum of the wave function components which contribute most to the matrix element.

Matrix element Integral Dominant overlegp
AV14+3BF [8] AV14 [8] AV14+3BF [22]

D300 9.62 9.57 9.63 SsS
Gdoo 5.78 5.96 5.77 Ss
Faoo —-3.55 —3.53 —-3.55 SsS
D3go 2.03 1.99 2.05 SD
Floz —0.900 —0.867 —-0.907 SD
1902 —0.066 —0.056 -0.082 SD,DD
Elo 0.20 0.20 0.20 SD
19 -0.15 -0.15 -0.15 SD
Flo 0.14 0.14 0.14 SD
BY,, 0.057 0.061 0.054 DD
Gl 0.045 0.053 0.044 SSDD
Al 0.035 0.037 0.025 DD
Chu —0.024 -0.023 -0.031 DD
Flio -0.017 —-0.018 -0.017 SSDD
Eln -0.012 —0.014 -0.012 DD,SP
HO., 0.004 0.003 0.000 SP
D32 -0.017 -0.017 -0.017 SD
Faoo 0.005 0.005 0.005 SD
13,5 —0.001 —-0.001 -0.001 DD
«Ddoo —7.00 —-6.79 -7.02 SsS
xBooo ~0.44 ~0.45 —0.44 ss
«Hdoo 0.31 0.32 0.31 SsS
D302 -1.82 -1.77 —-1.84 SD
«Bloo —-0.49 —0.48 —0.49 SD
«H3oo 0.38 0.38 0.38 SD
302 0.023 0.019 0.023 SD
D% 1.3 1.2 1.3 SD
B 0.94 0.90 0.94 SD
(HO% —0.66 -0.62 —0.66 SD
DIl -11 -1.1 -1.1 SD
«Bist -0.79 -0.77 -0.79 SD
HIs 0.55 0.54 0.55 SD
D71 0.29 0.28 0.29 SD
B4 0.19 0.20 0.19 SD
(HE -0.14 -0.14 -0.13 SD
Neirn 0.033 0.036 0.032 DD
At —-0.021 —0.022 —-0.21 SD,DD
Nk —0.023 —0.024 -0.025 DD

1 . The tt superscript indicates that the triton spin-space wave
ImM = §<l//|[(<“",p]| ) (2.9  functions were used in both bra and ket and tat0. Equa-
tion (2.11) relates a local matrix elemeffityy, to nonlocal

and for anti-Hermitian ("= — ), matrix elements bothwith (4Fgo0.xF202) and without

(«F9%D derivatives. The relatiof2.11) was found to hold to

1 within the precisiof of the calculation and to 0.4% when the

ReM = §(¢|[é;b]|¢>. (2.10 ket was replaced by aHe wave function. This deviation is
first order in small differences between thide and*H wave

Applying the above to the operatof=io3-X73 we ob-

tained

2The expansion coefficients for the basis functions are known to a
finite precision. By noting the largest contribution to the matrix

ttel . ttel ottpel tt-011 o> ;
2 Fooo= ~xFooot v2xF202t 3xF 101 (211 element one can calculate the precision of the matrix element.
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TABLE V. Trion isovector magnetic momen(a) AV14, 8 chan- TABLE VI. Trion Gamow-Teller matrix element. The entries
nel (3H|®H); (b) AV14, 8 channel(*H|3He); (c) AV14+3BF, 8 labeled AHHST are taken from Reff3] and use wave functions
channel(®*H|3He); (d) AV14+3BF, 22 channe{®H|3He). found from the Paris potential.

Ref. [5] @ (b) © (@ Current AHHST  Local AHHST Nonlocal AHHST
1A -2z —=2177  —2174  =2.175 2175 Ap1iAp7 [2averi  0.000 0.000 —0.016 —0.015
Pair  —0200  -0.288 0285 0298 —0298 ppg (arel 0000 0000 —0008 —0.007
Pion 0.092 0.096 0.095 0.100 0.101 AP4 [2a,forni 0.000 0.000 —0.002 —0.001
Delta —0.099 —-0.100 -—-0.098 -0.104 -0.105 APSPV [2a,PS—PY  0.000 0.000 0.016 0.015
Total ~ —2469  —2.468 —2.462 —2477 -2477 ape 2d] 0022 0019 0004 0003
ANP1 [2c] —0.013 —-0.011 0.000 —0.001
ANP2 [2b] 0.009 0.007 0.003 0.003

functions whereas the deviation given in Ef.5) is second
order which explains why the latter is smaller.

A further check of the calculation was made by calculat-
ing the Gamow-Teller matrix element) (GT), which mea- uncertainty and so we choose large ranges of reasonable val-
sures the axial current at zero-momentum transfer and gowes.
erns theB decay of the triton. Our results are compared to We took the ratio of the rho anomalous to normal cou-
those of Adanet al.[3] in Table VI. The calculation reported pling, <y, to vary between 3.7 and 6.6. In the context of the
in Ref. [3] used axial currents which, except for the hard-pion model, which combines vector meson dominance
A-excitation currents, are equal to those used here and ap¥MD) with chiral symmetry, the value 3.7 is consistent as
p“ed various wave functions and meson paramdmsvaj_ this is the VMD value. HOWeVer, the Bonn meSOI'} e).(Cha.nge
ues given in the table are for the Paris poterjtidl). For the ~ force model OBEPRone boson exchange potential in con-
purposes of Table VI we have adopted the meson parametefiguration representatior( 16] requires«,=6.6. A similar

given in Eq.(3.2) of Ref.[3]. However, because our hadronic crterion was applied to find the range of theIN coupling
form factors are monopole F(Q?)=[(A2—m?)/ where the hard-pion model requires the Kawarabayashi-

(A2+Q?)]" with n=1 and those used by Adaet al. had nguki-R_iazuddin—Fayyazuddin (KSRH  [17] ~ value
n=1/2, we applied equivalent values far found by equat- 9,ny/4m=0.70 whereas OBEPR favors a strqnger cogpllng
ing the slope ofF(Q3?) with respect toQ? at the on shell Of 9onn/4m=0.95. The value of theNA coupling, G, is
point Q2= —m?. This procedure yielded taken from exper'lmental d_ata for thé1/E2 multipole ratio
for photoproductions of pion§l8]. The parametery and
n reflect the off-shell ambiguity in the pion exchange poten-
tial. For consistency with the AV14 potential, which is a
static potential, their values should be taken to be 1/2. Our
N exchange current APSPV expresses the difference between
A ,(monopolg=2.72 Ge\~A ,(n=3)=2.0 GeV. what would be obtained using pseudoscalar and pseudovec-
(212D tor #NN coupling. Pseudoscalar coupling corresponds to
o ] ) N =1 and pseudovector couplingxc=0. It is not possible to
Taking into accqunt the different wave functions used they.pieve exact consistency of this current with N poten-
results agree quite well. o tial but the valuex=1/2 is the most appropriate. We varied
To check the calculation of thA-excitation currents we \ between 0 and 1. The value biNN/47T should be taken as
compared our results favl(GT) to those of Carlsoretal. (g1 1o be consistent with the AV14 potential. However, the

[15]. That calculation used wave functions found from theran ; ;

; ge 0.075-0.081 was used to estimate the uncertainty due
AV14 ']:IN potentlhal ?gd hthe fUrbatr:a thrlee—tl)p?]yl fo;qf(fa. Ourto f .nn Where the low value comes from a recent Nijmegen
wave function should therefore be only slightly different analysis ofNIN scattering dat&19)].

since the.three-bo-dy force has only a small effect. To make ' rpo st influential parameters are the strong form factor
the coupling coefficients the same we $@f,,/4m=0.079, cutoffs A,,A,,A,, and the 7NA coupling f,y,. The

2 _ _ 2 _
franf4m=0.2275, ga(0)=-1.262, g,nn/4m=0.5, «y strong form factors affect the potential functiohéx) enter-

=6.6 andG,=3.06. The pion and rho cutoffs were set 10 jnq the reduced matrix elements and in general reduce their
A,=0.90 GeV,A,=1.35 GeV which makes our potential

One body  One body 0.924 0.927 0.000 0.000

A (monopole=1.69 GeV-A (n=3)=1.2 GeV,
(2.123

functions agree exactly since Carlsehal. used monopole TABLE VII. Ranges of parameters for the meson exchange cur-
form factors. With these parameters we found thNE(GT)  "eNts.
received contributionsLO.OS_Z and —(_).022 from the currents ~ parameter Range
ANP4 and ANPS5, respectively, which agree well with the
values reported in Table | of Rdf15]. Ky 3.7-6.6
9inn/AT 0.70-0.95
lll. RESULTS 1 2.2-2.6
A 0-1
We precede the presentation of results with a discussiof? /4= 0.075-0.081
of our choices of parameters. The ranges used for the param-_ 1.0-1.5 GeV
eters which define the exchange currents are listed in Tablg  jar 0.23-0.36

VII. Our aim is to make a realistic estimate of the theoretical
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80 ‘ sor potentials from pion exchange and first and
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~~~~~~~~~~~~~~~~~~ . these graphs.
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strength at smalk, i.e., x<~1/A. The valueAy=my  combination ¥+—Vs) eliminatesF... In order not to be
wherel}/l :;T: p, OF 3y ]E:oArreSp(.md_S to complete C“r':Oﬁ' FOr sensitive to the short range partef, we fitted A,, Ajto
example the current fod excitation due top exchange, V: and (V1—Vg) where the latter combination eliminates

ANPS, would be zero if the choicd ,=m, was made. We F7T A posterioriwe noticed that the largest exchange cur-

used the range\ ,=1.0—1.5 GeV which corresponds to a i (1)
central value of 1.2 GeV with a 20% variation inAL/ either '[r?gtfo?r:? ANP4 fof,, and VP1 forj,™’. These currents have

side. The values oA, and A, were then found by demand-
ing consistency between the exchange current andNtNe
potential used to construct the wave function. The exchanges, : _ 1 _1inl ; 7

of ,p,a, yield isospin dependent spin-spin and tensor inter- AJ,(ANP4) f AX[F200) = 3D20AX) 1o QU2VF(x),
actions {/s andV;) and it is these two components of the (3.3a
AV14 NN force which were fitted. The long range parts of

Vg andV7 are fitted exactly provided the same pion coupling (1) 1 ) - .

f_wn and pion mass are used. The short range part is affected®Ix (Vpl)Nf dXDood ¥)12(QX/2) X[V (X) = Vs(X)].

by the strong form factors and the desired effect of the form (3.3b
factors is that the strength of the potential at short distance is

reduced. Monopole form factors achieve this effect¥qr  The above observation shows that the parts of the
but for Vs an undesirable change in sign at small distanceotential which are most important to fit well ax& and
occurs. This can be traced back to the second derivative qﬁg_vg in the ranges whereF(,,— D30,)jo(Qx/2) and

the potential function arising from, p, or a,; exchange. To D1 1(QX/2)x, are appreciable. The above considerations
illustrate this consider ther one-boson exchange potential |4 "tg the following practical procedure. We minimized the

(OBEDB (see Appendix E for further detajls function fPI(A ,,A ) where
F/
Vi~F -7, (3.1a fPI= (11— 1%+ (175~ 19)? (3.49
= and
vg~|:;’,+2x—”, (3.1b
_ o= f dxxPVBER(x), (3.4b
where F'=dF/dx,.. Figure 2 showsVy, VI, F., and 0

F’ for A,—o andA,=1.2 GeV. The functiorF,, changes

sign atx._~0.16 and we also have *
ign atx, w v 19= f dxxPVE4(x), (3.49
X,Fr—F! asx—D0. (3.2 0

This explains why the combination Gf; andF_ in V¢

A | =Fdqu VEBER(x) — VIBER(x) ], 3.4
does not change sign at smalldespite containing_. The " Jo [VF 0=V i) (349
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TABLE VIII. Strong form factor fit for two values of rho anoma- have shown that this approximation is not valid and leads to
lous couplingy . The values of /47 andgZyy/4m are 0.081  an overestimate of th&-excitation current by a factor of 1.9
and 0.95, respectively. The form factors are given in GeV. for both M (GT) and u ( [24], Table 1. The reason for the
overestimate is tha¥l , — M is a poor estimate for the energy

KV:3.7 KV:6.6 . . .
of the NNA configuration minus the energy of tiéNN
A, A Aa A Aa configuration. This is due to the fact thatexcitation occurs
? ? only in total orbital angular momentum two channels: for
1.0 1.86 1.09-1.86 118 1.09-1.18 these channels the kinetic energy is large which contradicts
1.2 2.23 1.09-2.23 1.25 1.09-1.25 the zero value given to it in the static approximation.
15 2.76 1.09-2.76 1.33 1.09-1.33 To improve the static approximation we replaced

Mao—M by M,—M+(T) where(T) is some average excess
kinetic energy. The valuéT)=110 MeV was used, chosen
o [” A1, \ A4 so that the contribution of static approximatianexcitation
ITs= fo dOELVE(X) = V(X)) (3.40 to M(GT) found in Ref[24], 0.055, is converted to the exact
value of 0.031 plus the contribution from teNN compo-

The choice p,q) =(3,3) makes the integrand in peak Nhents, 0.009, i.e.,

at x=1.6 fm and the integrand ih;5 peak at 1.9 fm and
gives the best matching of shape to the nuclear densities for M —M
ANP4 and VP1. Examples (_)f fit values far, ,A‘?1 are given A < 0.055=0.040. (3.5
in Table VIII. We see that\, is smaller wheny, is larger as My—M+(T)
one would expect. The value &f, is poorly constrained and
apparently may vary between, andA .

p[%o sun¥mari§e/\ yandA wgre chogen to match the iso- This procedure corrects the contribution of theisobar at

p a

spin dependent spin-spin and tensor potentials used to coR€M0-momentum transfer but @ dependence of ouA
struct the wave function. They are functions &f., f_yn. contribution is not correct. According to Fig. 3 f24], we
AV14 oo VéV“. This overestimate the\-excitation current forQ<4 fm™! al-

g,nns and xy and functionals ofVy . o T
somewhat artificial procedure would be unnecessary if thdhugh the error is small =0.52 fm = which is the mo-
entum transfer for nuclear muon capture Hye.

wave functions were constructed using OBEP potentialéﬂ ) ) .
Finally we list the values used for other constants entering

found from the same Lagrangian as the exchange curren%ﬁ leulati We h d the th "
were derived from. In that case,, A,, andA, would be e calculation. e have use e three-momentum

. ; ; transfer Q=103.22 MeV, the energy transfer given by
fixed by the deuteron properties aNdN scattering data. An 3 . - =
alternative improvement which could be made is to choose ‘prton kinematics Qy=2.44 MeV, m,=138.03 MeV,

different type of form factor, the idea being to match the Mn=939 MeV, = M,=1232 MeV, = m,=770 MeV,
shape 0N$V14 andVéVlA very closely m,=105.66 MeV, f =92 MeV, g,(0)=—1.257+0.003,

There are four estimates of theNA couplingf ,ya . The gy=0.974-0.001, gy =3.576+0.001,g,= ~1.236+ 0.003

. . . (the values forgy gy , andg, are atg®= —0.954n?).
simplest constituent quark model yielfisy, = 62/5f .\ : ol “
and  hence ffTNA/47T=O.23. Dispersion theory yields Besides the uncertainty in the parameters, we need to take

2 : L7 into account the fact that there are many possible realistic

ngA/A”T:O'zg [20]. The A width of 120 MeV implies N potentials. Wave functions derived from these potentials
ngA/47T:0-35 [21].  The highest estimate is \j yield different matrix elements according to the relative
fana/4m=0.36 which is the value implied by relation strengths of the different parts of the potential, e.g., tensor
fna=3/V2f ;yn coming from the Skyrme-soliton model interaction. To take this into account properly requires calcu-
with 1/N. corrections[22]. We note that this model also |ating the observables using wave functions derived from all
yields 2, /47=0.080 andg,=—1.28 which are in good the different potentials. We were not able to do this but we
agreement with experiment. did estimate the “model uncertainty” by varying the size of

We take the rangd?2,,/4m= 0.23-0.36 reflecting the the dominant matrix element densities by a constant factor,
various models: there is a large uncertainty in the value of.e., independent of. The size of this factor was determined
this parameter. as described below.

Our calculation does not treat the effect of theisobar The one-body currents are dominated pg]° and
explicitly, i.e., there are n@NN components in the wave [o]%% The variation in the value df1]° can be neglected
function. We were therefore unable to take into account disince all models will agree ®=0 2 and will have the same
rect coupling tA isobars present in the nuclei or the indirect deviation from that value at lov@ provided the isovector
effect of theA isobars on the coupling of the nucleons. Theseradius is reasonable. This condition will be satisfied for wave
processes have been considered for the axial current at zeronctions derived from realistic potentials which possess the
momentum transfer by Adarmt al. [3]. The direct coupling correct binding energy because of scalj2§].
contributes +0.030 to the Gamow-Teller matrix element, The above assertion was tested by calculafing at
M(GT), and the indirect effect —0.02R3]. These two ef- Q=103 MeV with the AV14 and AV14 3BF eight-channel
fects compensate each other although their stth009, is
not insignificant.

A further deficiency of the calculation is the static ap- The value is one minus a correction of the order of fe0 *
proximation for the propagator of AN pair. Hajduket al.  due to isospin symmetry breaking.
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wave functions which have different binding energies. Thefor the 8-channel wave function: there is little change in
Bessel functions entering the matrix element can be exgoing from 8 to 22 channels for the wave functions used here

panded at smal as although we did notice significant fractional changes in the
_ - value of the smaller matrix elements, in particular those
jo(2Qy/3)=1-Q%y“/54+ - - - (3.60  dominated by total orbital angular momentum 1 states. We

. 0 also include results found from the AV14 wave functions.
and so the changd, in [1]" asQ changes from zero 10 a g |arge difference in the rate is due to scaling rather than
small finite value isQ'(y*)/54 which scales asBL . If we  peing 5 direct consequence of the three-body force. If the
use the mean®HePH binding energy ~and the value ,ne hody currents are taken from the 22-channel AV3BF
[1]7=0.851 for the AV14-3BF wave functions then scaling yave function and different wave functions used for the two-

implies body currents, then the results shown in Table X are ob-
tained. These results are very similar to each other showing
8.34+7.67 L .
= T that the exchange currents are less sensitive to scaling than
A(AV14)=0.149% 163. (3.7
7.66+7.01 the one-body currents and that both one-body and two-body

) 0 currents are insensitive to the increase in the number of chan-
The above scaling argument predi¢ts]”=0.837 for the  hals in the CRC wave function.

AV14 wave functions which is close to the calculated value |, Taple X| we list the contributions of each current to the

of 0.839: this result supportg the argument that the model,rrent amplitudes and effective form factors. The largest
dependen%el in the value pf]” is small. exchange current corrections are from the axial delta-
~ For[e]™, however, differences ‘lj/? exist @=0. The  excitation current§ANP4-6) and the vectotr-pair (contack
impulse approximation contributionsy' and M(GT)"* are  term (vP1). The agreement between the microscopic calcu-
both proportional tq o]°* which allowed us to gauge the |ation and the EPM is very good except fef) and j?
variation in[ o]%* due to the use of various wave functions. \yhich differ by 7% and 11%, respectively. Table XII SXhOWS
We used values for' reported in[5] for the Reid soft core  the separate contributions of local and nonlocal currents.
(RSO, RSC+TM, RSC+Brazilian(BR), AV14, AV14+TM, The dependencies of the observables on the nucleon pseu-
and AV14+BR potentials. Schiavillet al.[26] report values  doscalar couplingp are shown in Fig. 3 and the sensitivities
for uy for the AV14+Urbana VIl and UrbanaUrbana VIl are listed in Table XIIl. The dependence gp is similar to
potentials. The value of]%* for the Paris potential was that on the trion pseudoscalar couplifg found in Ref.[1].
taken from the calculation d¥1(GT) reported in[3]. Calcu-  The rate is less sensitive tp thanA, which in turn is less
lations of M(GT) have also been performed for the Paris,sensitive than eithef; or A, . The curves shown in Fig. 3
supersoft core, AV14 and RSC potentials as reported in Rekre well reproduced by parametrizing the effective couplings

[27]. The range fof o]%* from these sources i6-0.913—  as follows and using Eq$3), (11), (12), and(13) of Ref.[1];
(-0.932 and so in our calculation we variddr]®! by a

factor ranging from 0.99 to 1.01. We did not include the large Gy=0.835, (3.83
values of 0.937 and 0.943 reported in R¢8&27] for Bonn-

type potentials in this analysis because of their very different Gp=0.231+0.370, (3.8
nature. Bonn-type potentials will yield a peculiar balance

between one-body and two-body currents: basically less two- Ga=1.300, (3.89

body and more one-body because of their weak tensor force.
For the exchange currents the dominant matrix eIement‘%r1erer is the ratio ofgp to its PCAC value

are D_(l)oo-_ Faoo: Do and F_%oz which enter into the Our result foruy is —2.52+0.03 which agrees with the
A-excitation current and the pion pdivith PS coupling or experimental value of —2.55. Our result foi(GT) is

contact(with PV coupling term. By studying the 34-channel ( 977+ 0.013 which also agrees with the experimental value
entries of Tables IV and Il of Ref5] we arrived at a com- ¢ 5 961+ 0.003.

mon variation factor of 0.917—1.083 f@3,, and F3,, and
0.941-1.059 foD gy, andF 3y,

These variations due to “model dependence” made sig-
nificant contributions to the total uncertainty quoted as did The calculation presented here used nucleonic and me-
the variations inf .y, and A .. The uncertainties in the ob- sonic degrees of freedom to describe the charge changing
servables were found by a Monte Carlo analysis where theveak nuclear current of the trion system at low momentum
parameters were chosen randomly from their ranges with @ansfer. The two-nucleon component of the current is given
flat probability distributiorf It was checked that the prob- by the 7-MEC obtained from the hard-pion Lagrangian of
ability distribution for the observables was close to a normathe NA wpA; system. The nuclear system is described by
distribution with the same mean and variance: one expect&ave functions derived by the coupled rearrangement chan-
this because of the central limit theorem. nel method from the AV14NN potential with Tuscon-

The final results are shown in Table IX and the uncertainMelbourne three-body force.
ties listed are one standard deviation. Also shown are results We first checked our numerics by calculating the trion

isovector magnetic moment and the Gamow-Teller matrix
element. The results of Table V and Table VI agree well with
“In the case of experimental uncertainties the range was taken dke results of Refd5,3], respectively.
+/30. Our analysis of the observables for reactidnl) shows

IV. CONCLUSIONS
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TABLE IX. Results for the rate and spin observables. TABLE X. Results for the rate and spin observables. The one-
body currents are taken from the 22-channel A¥BBF wave
AV14+3BF AV14+3BF AV14 EPM functions.
[22] (8] [8] Ref.[1] AV14+3BF AV14+3BF AV14

Io[s™ Y 1502+32 1498 1456 149%21

A, 0.515+0.005 0.515 0516  0.5240.006 [22] (8] (8]

Ax —0.110+0.006 —0.110 -0.110 -0.097+0.007 A 0.515 0.516 0.518
A —0.375 —0.375 —0.374

that the main contribution comes from the spacelike compo'—o‘A —0.110 —0.110 —0.108

nent of the current.

. the pOtTnt'alw"\f.EC.i connetc;ted w |th|tf:¢ r:uclerillr dOEEF;contribution from these currents is slightly overestimated due
Via the nuclear continuity equation, IS relatively Well GeliNed,, 1o siatic limit in which these current are considered here.

becgu_se the parameters of the OPEP are w_eII known: EVEIY one of our main goals is the analysis of the possibility of
realistic potential should respect them. Th's statement 1g,» ction ofgp . We have found that the rate is rather insen-
voveBaEkIS r:ed by tgethfact thgt (tjhe 'IAV14 fpt%tentlavklls not gf thesitive to it but the spin observables offer the opportunity of

ype an € needed value ot the cu .ﬁ can be measuringgp precisely(see Fig. 3. However, these kind of
extracted only approximatel§Table VII). The axial part of experiments are also more difficult to perform.

the potential MEQentries 27 of Table Jicontributes sig- We presented the final results for the observables in Table

mﬁcagtly t0Gp, ;Nh'lde 't? COPtr'b.méor}t(ﬁA IS O?lfha r.”'g.ofd . It can be seen that the microscopic calculations and the
One, because of a destruclive interierence ot the Individugep), predictions agree very well. In particular, our result for

contributions. The vector part of the potential MElhes - - :

14-15 of Table X] contribute both tadG, andGp, with the the transition rate for reactiofl.1) is

prevailing contribution from the pair term VP1. [,=1502+32s L. (4.1
There are two sets of nonpotential currents. One set is

present only in the weak axial MEC and arises due to th@ur estimate of the uncertainty in the calculation yields an

interaction of the weak axial current with thepA; system  error of ~ 2% in the value of the transition rate. The largest

(currents ANP1-B The contribution of these currents to the part of the uncertainty i, comes from poor knowledge of

observables is only a minor oriénes 810 of Table XL {_. .. The value ofly, Eq.(4.1), is in good agreement with

The other set of nonpotential currents is formed by thethe preliminary results of the new precise measurerf@git
A-excitation currents ANP4—-6 and VNP1-2. The axial cur-

rents ANP4—6 contribute 16, considerablylines 11-13 of [&P'=1494+ 451, 4.2
Table XI). This set of currents is much more model depen-

dent and it is mainly responsible for the uncertainty of theUsing this value we can compaté.1) and (4.2) and con-
calculation. It follows from the analysis of Sec. Ill that the clude that(1) the structure of the spacelike component of the

TABLE XI. Contributions of each current{10°) to the current amplitudes and effective form factors.

Current jo i@ p1 jo & Po Gy Ga Gp
1A 877 — 326 10 15 200 820 835 1185 516
AP1+AP7 -17 —-17
AP2+AP6 -6 -19 19
AP3 -8 -8
AP4 -3 -3
APSPV 8 8
AP5 22 1.1 22 -1
ANP1 —-13 -0.1 -13
ANP2 8 0.4 8
ANP3 -2 -5 5
ANP4 77 4 75 -4
ANP5 —-29 —-29
ANP6 2 2
VP1 64 64 64
VP2 -8 -8 -8
VNP1 16 16 16
VNP2 -6 -6 -6
Total 918 —346 12 15 267 820 835 1300 601

EPM 928 —372 11 15 241 839 854 1293 603
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TABLE XII. The split into local and nonlocal contributions. TABLE XIlII. Sensitivity of observableg” to gp .
Only those currents which receive contributions from both local and
nonlocal currents are included.

Current jo (X10% i (x109 @ 7 Qg | ponc
P
Local Nonlocal Local Nonlocal
AP2+AP6 —4.2 -21 -12.6 -6.4 Ty 0.11
AP5 18.9 3.1 A, 0.37
ANP1 -12.8 0.2 A 0.73
ANP2 6.2 2.2 Ay 0.75
ANP3 -1.2 -0.4 -36 -1.1
ACKNOWLEDGMENTS

weak axial m-MEC is well described at low momentum One of the authorg§).G.C) would like to acknowledge the
transfer within the framework of the phenomenological hard-support of the Institute for Theoretical Physics, Utrecht, the
pion method(2) the value of the induced pseudoscalar con-Netherlands where some of this work was performed. We are
stantgp is grateful to M. Kamimura who provided the coefficients for
the nuclear wave functions. We would like to thank J.L. Friar
and E.L. Tomusiak for providing us with additional informa-
%:: 1.05+0.19 (4.3 t?on regarding the trion isovector magnetic moment calcula-
P tion of Ref.[5] and J. Adam, Jr., for useful discussions. E.T.
was supported by Grant Nos. 202/94/03(@®A CR) and
148410 (GA ASC CR. J.G.C. would like to thank the Sir

and so the PCAC value @f; is in rough agreement with the ) ! ,
ames Knott Foundation for financial support.

data as is the heavy baryon chiral perturbation theory value],

gSPT/gheAC=1.01+0.02[29]. By gh““ we mean the value
APPENDIX A: MOMENTUM SPACE CURRENTS

found from
In this appendix we list the currents used in the calcula-
’m M tion. They are written in their momentum space representa-
PCAC/ 2\ _ M 2 . .
gp (99 = o Jp 9a(q%) (4.4  tion. Our conventions are that,<<O and that the total cur-

rent is the sum of the vector curreyt and the axial current
ia, hot the vector current minus the axial current. The over-

which yieldsgE®q(—0.954n2) =8.12. Let us note that the all sign of the currents are consistent with the dominant one-

best measurement of ordinary muon capture by the protoRody axial current,

[30] yields and uncertainty irgp of 42% and combining a

various measurements reduces this to J3%. i3(1)=+g (;T_ (A1)
The 0.19 uncertainty imp results almost entirely from A AT 2

the 2% theoretical uncertainty in the calculation of the rate. ) )
If the spin analyzing poweA, was measured and used to ~_ The one-body currents are listed below and are consistent

infer the value Ofgp/gECAC then the lower limit on the un- With the scheme used iri]. Here, the initial and final mo-
certainty set by theory is 0.02. menta of nucleon are writtenp andp’, respectively, and
the Pauli spin matrices for nucledrare writteno :
2.0 : : : - T L (P P)?
i ] L 1_—TSI\/I

1 Hiteg = >/~ = i B
+amliPXp +p'(p-o)+p(p -o)]}

o
% N
= 5P 3p% P2
3 "'QJPg p{l_ p2_ P 2)
2 mu|2M |~ 8M? 8M
(o)
5__5/ 52 35/2
~ 8M (1_8_M_8M2 ’ (A2)
%% ' 1.0 ' 2.0 a:T_a ‘;'(5’+5)+ Qo &5( _ 3p? _ 5,2)
ratio of g to its PCAC value Ol TV IR e TV I TV ERTVE
g o2 12
FIG. 3. Variation of observables with the nucleon pseudoscalar o p 1— P _ 3p ) (A3)
couplinggp . 2M 8M?2 8M?/ ||’
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5+ 5, ic;x(ﬁl _ 5) other five other currenty32),j(12) ... are equal to that of

a
f@z%[ 9 oM + oM j(23) which follows from the symmetry of the wave func-
tions under interchange of particle labels.
LA S DAV I First we list the weak axial potential currents; the sum of
icXQ Qpf Q iocX(p'+p) . )
A (. S L the a;-pole pair term and the PCAC constraint term,
oM oM 2|\/|(2|\/|Jr 2M A9 rpoie P
. g\ da -
P [ B-p? e xp) JA"{APL+APT7]= m) o AF(Qa)FIun(Qa) (03 Qa)
pPv= 2 Ov 8M2 4M2
o X{[Q+io,X P,y]73
(p'—p)° io-(p'Xp) .
B Ty ke TV T (AS) +[Po+io,xQli(1,X79)%,  (A10)

Now follow the two-body currents which have been la- Where the total current is related to the bare current for this

beled AR, ANPi, VPi, or VNP for the sake of referencé  current and currents AP3, AP4, and APSPY by
(V) stands for axial-vectogfvectop and P (NP) stands for

potential (nonpotential current. The currents are written in Ja=FA(QF n(Q) 2P+ F un(Q)[1—Fa(Q)]
terms of nonlocal moment§2,53 and local momenta 3
Q..Q; defined by Xm(@’ﬁ'bar : (A11)
P2=p2tP2, B8 ihe m-pole pair term plusr-pole contact term,
Q2=p5— P2, (A7) . g \%ga 2m2
o JalAP2+AP6]=| 5| —r 5 7.7
Ps=p3+ps, (A8) 2M ] AM | Q°—Qp+m3
. . - (73-Q3)
Qs=P3—Ps, (A9) XFan(Q)AZ(Qa)Fann(Qa) Q—

ks

where p; (p;) is the momentum of nucleon in the final

X{[Q%+Q3+i 7, (P,XQ,)]73
(initial) state. The currents appearing below are for the pair Q™+ Qs tioz (P2XQ2)]75

of particles labeled(23) and the isospin componerd +1(Q-P,)+4(05-P,)—3(0<-P
e{x,y,z}, i.e., we have written herg#(23). The total cur- [(Q-P2)+4(Qa-P2) = 3(Qa-Ps)
rent for muon capture is thenj*~¥(12)+j* ¥ (21) +3i0,- (QXQ3)]i (7% 73)3, (A12)

+X7Y(23)+j*Y(32)+ ¥ Y(31)+j*¥(13). Given the
currentj(23) for particles 2 and 3, the matrix element of the the =-retardation term,

2
fi‘\*barE[Aps]:—(%) T [AZ(Q)) TPF2un(Q) (¢ Ga){(1— )(- B)[ Qari+i, X Byl (7, 72)°]

+[(1= )Py Q3+ (14 »)P3- Q5[ Qqi (72X 73)+i 02X Qg 73]}, (A13)
the =-form factor term,
d
dQ3
+[(1— 7)P,- Qg+ (1+ 7)P3- Q31[Qai (72X 73)2+i o, X Q37311 (A14)

the current which measures the difference between exchange currents derived using pseudoscalar and psetiovector
coupling,

2
I 1AP4= %) o AT(Qa) 7o F2n(Qa) (05 B (1= 1) (@ Qo[ Qa7+ 16X Qi (72X 7))

2
fz'bafTAPSP\a}(l—x)(%) o AF(Qa)F 2 QuIT P16, X Q1(d5- Ga)— Qal - Pa)li (7, 7+ [[ G+,
X Pal(03- Qg) ~i72X Qa( - Pa) 175}, (A15)

SIn the calculation, the axial form fact®t,(Q) was set to one so that the second term in @dLl) yielded nothing. The correct value of
FA(Q) is one minus 0.019.



968 J. G. CONGLETON AND E. TRUHLIK 53

the a,-pole contact terms, normal plus anomalous,

- 21 .
jaA'barTAPE’]:_(%) F(QS)Fﬂ-NN(Q3)FpNN(Q2)X( d QS){P2+(1+Kv)iszQz}i(szTs)a, (A16)

a,bar g 2 1 - - N 1+2KV 20 L~ N o . a
pa M TAP5]= — M 2_gAAF(QS)FWNN(QB)FpNN(QZ)(US'Q3) 1+ W[_Qz“"gz'(QzXPz)] i(ToX 73)%,
(A17)

where the relationship between the total and bare current in this éase is

ok Qu Q2<Q jabare- Qgpa . (A18)

Here follow the weak axial nonpotential currents. They areaher term,

FAQF Q)22 Fun(Q)[1-Fa(Q)]

Q2 (Q3—Qy)

JAPTANPL]= — ( )SMQ AB(Q2)AF(Qe)F nn(Q2)F WNN<Q3><&3~©3>I[ﬁ2+<1+f<v>i&2xc§2]

M ('5 :Q2—P3-Q3) | + Qg Q- (P3—P2) — (1+ ky)iaa (Q2XQa) + VL (P2-Qy)
x[—@%ﬂ&«@x%)]”i(rz><rg>a, (A19)
21 e L (G 142
pf\'barTANpl]:—(%) 4—gAAﬁ<Qz>AE(Q3>FPNN(Q»FWNN(Qs)(os-Q3>HQ2-<Q3—Q2>+ il ST
X[_ég"‘i&z'(ézXﬁz)]} Q42M2 [(QP 2)+(1+Kv)i¢;2'(62x©3)]]i(TZXTs)a, (A20)

where the relationship between total and bare current is given bylE); the pm term,

- 2 m2 Lo .
ji[ANPZ]:_<%) 4Mf_:] Fann(Q)AZ(Q2)AE(Q3)F ynn(Q2)F ann(Q3)i (72X 73)#(03- Qa){Po+ (1+ ky)iop X Q,l,
(A21)
g \2m ..
Pi[ANPZ]:_(m) 29 Fnn(Q)AR(Q2)AE (QB)FpNN(QZ)FwNN(QS)i(TZXT3)a(0-3'Q3)
1+2KV
X1+ BMZ [-Q5+ioy (Q2><P2)]] (A22)

the pmrar term,

- B, 2 m .
ji[ANP?’]:_Q(%) 2MgzAE(Q)Aﬁ(Qz)Ag(QQFpNN(Qz)FwNN(Qs)(Us Qs){Qs (Ps 2)_(1+ Ky)ioy (Qa
> > > 1+2KV 20 .= - > .
XQ3)+(Q3'Ps)W[_Qz‘HUz‘(QzXPz)] i(m2X 73)%, (A23)
delta-excitationr propagator,
f2 4 . -
JA[ANP4] = QA_NzéﬁAg(QQFiNN(Qs)X(Us'Q3){QsTg+thi(szQ3)i(Tz><73)a}' (A24)

delta-excitationp propagator,

6Again, theF ,(Q) =1 approximation was made so that the second term in(E48 yielded nothing.
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] fons| 1+ky 4Gig2f, C e L
laA[ANP5]:_< m M2 g(MA_pM)AE(Q3)F;2)NN(Q3){Q3X(0'3><Q3)T§+%lUZX[Q3X(USXQ3)]|(szTS)a}y
(A25)
delta-excitationa, propagator,
>, fﬂ-NA 2 — . > — .
ji‘\[ANPG]:(f NN) 9A9 grw, =) AF(Qe)Fann( Qal{oars + 2l oo sl (X 79) ), (A26)
where
. Qs(03-Q
Qs(o3 Qa). (A27)

E3=0'3+ 5
ar

Finally we list the weak vector currents. They are #gair term(with PS coupling or 7-contact term(with PV coupling,

. Fann)? SN
jG[VP1]=—( m““) AZ(Qa)F2un(Qs) aa( 05 Qa)i (72X 7)°, (A28)

ko

the pion current,

TN 1
m”w“) Qal 72 Q)05+ Q)i(72X 73)" oz =z BF(QuIF(Q0) ~ AFQFFun(Q2), (429

jarvP2]=+
delta-excitationgr propagator,

a _ ZG1 4f77NAfTrNN - 2 - = 2 a,1:,> > . a
JV[VNP1]=— M ng(MA_M)AF(QB)FwNN(QS)(Us'Q3)|QX{Q37-3+Z|(02xQ3)|(TZX73) + (A30)

delta-excitationp propagator,

>3 1+KV Gl 2 4gi o 2 > N N N a1 R R R ) a
JV[VNP2]= — M\ M mAF(Qs)FPNN(Qs)lQX{st((fsxQ3)7'3+ 710, X[Q3X (03X Qg) Ji (72X 73)%.
(A31)
|
APPENDIX B: TRANSFORMATION INTO . d3q . .
CONFIGURATION REPRESENTATION 600= | Zozexd—id x]g(d), (B20)

Purely local currents of the form(Q,,Q3)g(Q3) were

transformed into configuration representation according to . o . o _
andV, is a derivative acting only on the function immedi-

L (X vy ately to its right, in this casg(x).
J23(X,y)=ex iQ'(E_E) This process yields an operator in configuration space
with a plane wave factor, a spin-space part made from
d3q e e s e s 52,53, andX, an isospin part and a potential function which
x f (277)3exp[—|q~x]f(Q—q,q)g(q) is a function ofx=|>2|. As an example consider the vector
currentsr pair term

(Bla
- )_() 9 = - . ~ > = = f71'NN 2.
=exgiQ- 573 f(Q—1V,,iV,)g(x), JS(szQs):_( m ) i(1X 73)%
(B1b) T
X (03 Q3) AZ(Qa)F2\\(Qs)  (B3)
where
)_():FZ__)?,, (BZa) X

:JS(X'y):_"ferNeXF{'Q‘(E 5) i(7,X 73)®

- 1.
J=i— 5 (2t a), (B2b) Xiy(o3 R)T1(). B4)
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FIG. 4. Potential function for ther pair term of the vector
current. The pion cutoff is\ ,=1200 MeV.

The potential function in this case f5(x) (see Fig. 4,
the isospin operator ig 7, X 73)2, and the plane wave factor

is exiQ- (x/2—y/3)].
Nonlocal currents ¢P,+ BP3)f(Q,,Q3)g(Qs) were
transformed to

bﬂ&bexr{id-(%— g)}{f@—wxmmx)
X[a(—2iV,+iV,)+B(2iV,+iV,)]
+[a(Q=iV,)+BiV,IF(Q=iV,,iVIF()}.
(85)

An example of this type of term is part of the AIPAP7
current;

fn| % Oa . a
mw) om | (72X 73)

rz@z,@s,ﬁz.ﬁs):—(
X Py(03- Q3) AZ(Qa)F2\n(Qs)
(B6)
S , m_ L x y
:>JA(le):_f7TNNgAmeX IQ~ E—g
Xi(7pX 73)3(1 (- X1 (X)[—2iV,+iV,]
+mgéi<&3~if1(x>—%<&3-%>f2<x)

m

+ a3f3(%). (B7)

The operatoﬁ was written as the sum of a part with a
derivativexd/dx and an angular pai,/x where

(B8)

J. G. CONGLETON AND E. TRUHLIK

APPENDIX C: LEADING CONTRIBUTIONS
FROM EACH CURRENT

Here we write the contributions which were included
from each current. The argument of the two-body matrix
elements are potential functiofis (defined in Appendix D)
multiplied by eitherjo(Qx/2) which is suppressed for suc-
cinctness orj;(i#0) which is then written, e.g.xBéO({fl]
means

(o

‘12/\’3[477,‘7/80(;(9)@50(5'2:5'3)]1

J
Xi(sz73)7f1(x)jo(QX/2)jo(Qy/3)ﬁ 3He> (CY
andF1,{j,f,] means
(CH||12/y3[ 47 72,(XY)
®03]173 2(X)[2(QX/2)]1(QY/3)||°He). (C2

The one-body matrix elemenfd]®, [o]", and[o]"! are
defined by Eqs(47)—(50) of [1].
One-body current:

Q? Q?
Apo= gv<1_8_M2 —gmw}[l]o, (C3)
_ Q gA 0 Q2 +
. QJgy q°
Ajo=3y1 g—gmm}[l]o, (CH)
0
Ajﬁ(l)=—% gv+0gu 1—§—M”[o']_, (C6)
. Q? 1Q Q
1,05 14 e [ 5 5 vy
Q Q?
+ng_M<1__224M ”[OT. (C7)
. 3 Q? Q Q
A]g(Z):EgA 1+ 24M2)[0-]2’1_m gAm
Q Q? N
+9Pm—M 1_W”[0] : (Cy)
AP1 + AP7:
. m, |, V2
Ajy=—gafZNnF aun(Q) Ve { 5xBood f1] _?XB%Oifl]
V2 1
+?xHéO({fl]+%xH%02[fl]+ ﬁxléoifl]
— B ] VRG] VR ]
NEN iﬁ[fﬂ] : €9
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AP2+AP6:

2m§, Q Q 1 V2
m

AP =34] =~ gafZunF ann(Q) X1 = 75 Pood 2~ 3fs]~ 2301 f2] + §xBood f1]—55B20d f1]

\/—
3xHooc{f]+3xH202[f1]+\/—x|2oif1] Bt VEGBI - VEARI - VR (10
AP3:
. m, V2 V2
Aj,=— VgAfiNNFTrNN(Q)V X[ 5xBGod 520~ f19]_?x5%oz[2f20_ f19]+?xHéoc{5f20_ f10]+ 3xH30d 2f 20— f 1]
1 1 V5 V2
\/—x|202[2f20 f1ol— ng(l)oifzo]+ \/—xBiéifzo] 3xB§cl)if20]+3x o1 f20l— \/—H o1 f20l— %xHié%[fzo]
- \/§x| 101 f20l + \/gxl %i[fzo]] . (C1y
AP4 the same as for AP3 with
v——27,
f19— 21,
fag—T20. (C12

APSPV:

V2 V2

m,, -1 1
Aj,= _(1_)\)gAf§rNNFwNN(Q)VX{ ?XBCI)O({fl]+?XB%02[fl]_?xHéOC£fl]_ SxHzod f11— ﬁx'%oifl]Jr 4B f1]

1
_mXBiéﬂ:fl]_l—\/%XBiéifl]_ ox H%%[fl]_l'\/—H %[fl]'l'\/;H }[fl]+\/—x|iéi[fl] \/;x éifﬂ]

(C13
AP5:
] f,zT m, | 1+« 2
Alrr:_ﬁFwNN(Q)m[ 5 A 53— fe]+3D3ed fs]]+ _%XB(%O({fﬂ+FXB%02[f4]+xB%%)%[f4] ,
(C149
J2
Apl:GB[?xDéO({fﬂ_’_%XD%Oile]_\/ngié%[fﬂ , (C1Hy
where
7T 7TQ
Gs=(-) ““—z<1+2KV)FwNN(Q> (C16
ANP1:
. f121-NN qur 1+ky Q 2 Q 2
Aj,=— ga 2Mm, \/EDéO f15/3—f16— % m. (f123—f13) | +3D304 f15— & m_ fio

Q
+ %XB(%O{ X f161T5F 15— F17— %( —

m7T

Q2
_ngé:{ X f16t5f18— %(m_) f1q

m

2 2 02
fll} _?XB%oz{ Xnf16t2f 15— F17— %(m_ﬂ) fll}

1 V5

- e B ] e
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2 2
7NN

f Q
A= =g (L w0 gy X {V2D5od f1/3— fral + 3D3o fral) (C18

V2

m Q% \[V2
Apl:(_)G3[?chl>O({f4]+ D304 f4]— \/ngié%[fﬂ} +G3m_p( 1+ WH
4 P

?Xoéoaf1ﬂ+%xoaoiflﬂ—@Xomflﬂ}

+G32 7T[xDéoc[5f18—f17]
V m,

1+KV mp [\/E

3 XDOO{ 3f13 1:12

SN B T I DR 18] e
V2

+5xD304 2f 1~ f17]+?xD(1%%[f18]_ \/ngiéi[fls]_%\/ng%%[fle]} - 1+—2KVG3 >m

m7T 1 1 m’)T
_m_p(3f6_f5) ~5xD20g Tro= =5 - (C19

p

ANP2:

2

f2un (1+ ky)m wNN

Ao==—= g Fan(Q)X{V2D0od F12/3~ i3] + 5D30d fal}— — N Q)
X [ ~ 3:Bood f1u] +§x85m{f1ﬂ nB%i[flﬂ} , (C20
Apl—G3 \:/;XDOO({fl]_‘]Jr” Dlof f11]— VZ,D} iflﬂ}. (C21)
ANP3:
Aj§(2)=3AjU=—(f”NN)2 (1+2Kl’)mz"Q22 X {\2D % f123— f1a] +1/3D 30 F1o]} — ( )(m—)z (1+35V)T”Q22
9a | 2M(mZ—Qp+Q%) 9a M/ 4AM(m7—Q5+Q%)
{511 B2t T 80 - Bl B | c22
ANP4:
Aj, gAwaAﬁx[Féo({Q 2/3]+\/§F20if2]+\/§D00([f3 2/3]—ﬁ[>;0if2]}. (C23

Higher order terms for ANP4:
4m,, - 3 ., 3 ., .. V3,
J gAwaAW Fooc{lzfz]_ﬁonz[Jz(Zsz_fﬂ]_ﬁFoziJo(sz_f3)]+2?':11({l1f2]
1 3
+\/—F11c{11(17f2/30 fs)]+\/— sod jof2]+ \/—F221[Jof2]+\/;':222[10f2] \/—Doo&lzfz]

—2D30d J2(fo/6—f3)]— 3Dgod jo(fo/3—f5 ]+40\/;E113[11f2]+ \/;En({hfz] (C249

gAfWNAg(M—x{f FLdi(t/3—f9)1+ ViFLdiifl— VEELL itk (c25
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ANPS: AmF1=Yo(xa) ~RHYo(Xy )= 3R MAR— 1Y (X, ),
2G,0%(1+ k) f,[m_\2 (Dla
Ajy=Fona o | | Food f7— fg/3]
o MNAT9(My-M) (M AmF,=5Y(X,) + 3RVPY (%, )
RN
onz[f8]+ Domﬁ? 8/3]_ﬁD%oz[f8]- +R _1[R}T’2Y0(XA77)—YO(X7T)], (D1b)
(C26)
ANPS: AmFa=o—7[Ry¥o(xx )= Yo(xn) ]+ 3R, Y (xy )
o [faa)? 4m? +3R, AR, ~1)X} Yi(xy ), (D10
Ala=(f EN) gigigmz(MA_M)|F30({F8+f24_f23/3] ° i 7
T a
1
2 2 AdmF,=b[A, ,m ]} ———=Yo(X,)
+\/?_F%oif23]+\/T_Dcl)oo[F8+f24—f23/3] ) P bLA, m,]
R1/2
— T Yy(Xy )
—ﬁD%Oifzs]}. (€27 b[A, Al @74
b[A ., .m,]RY?
VP1: b[A Aﬂ.]b[Ap, 71-]YO(XAP) s (Dld)
1 3
(1) _£2 T A1 11 i m
Ajy waNx{\/EDOO({Jlfl]+2D20iJ1f1] 47TF6:(m_p) {Yo(Xp)—R,l,/zYo(XAp)
1 . i ) 1p-1U2p
g Cidiofil- %Ehmofﬂ—@Eiu{Jofﬂ}. 2R, TR, = DY (X )} (bl
(C29 - b[A,.m,]RY?
VP2: 477F7_mpmﬂ'[ b[A ,Aﬂ.]b[Aﬂ.,mp] YO(XAW)
Q1 oA, ] Yo(Xz)
O\ A
AJ(l)_fﬂzTNNm [\/ED(lJO({e3/3_e2]+%D%02{e3])- b[A ms]blm,,m]
(C29 m,b[ A, m,]R}? Vox )
- O\AA
UNPL m,b[A, A Ib[A,,m,] b
8G,m,Q MOLA Myl o1
. T - 0\ Ap/ |
Alil): waqu-rNN—gM(l\jl M) [Féo({f3—f2/3] mzb[A -, m,]b[m,,m,]
3
ma
2 2 I R12
\/—onifz]Jr\/—Dooc{fs 2/3]_ﬁDéoif2]+- 4mFs (m'n') {YO(Xal) YO(XA )
(C30 — 3R AR, = 1)Y(x, )}, (D19
VNP2: where  Ry=(Ay/my)? and  Y(X)=exp(-Xx),

Yo(X)=Y(X)/X,  Yi(X)=Yo(X)(1+1/), Yo(X)=Yq(X)

2.2 2
A.(l)ZZGlgp(lﬂv)mw m.|°Q FL [, fy3] X(1+3X+3x2),  Ya(X)=Yo(X)(1+6/x+ 152+ 15k3),
Ix I(M,—M) M) M| ©d&'7 78 bla,Bl=a®=B%  X;=M.X, Xj =A.X, X, =M,
\/f \/E - xAp=Apx, Xa, = Mg, X andanlealx.
onz[fs]+ —Dood f7— fe/3]— 1:D50d fa] | - We now define thd; in terms of the root potential func-

tions with rules like
(C3D
fa=Fe[Yo— Y2, Y—yYy;1m2]. (D2a)

APPENDIX D: DEFINITION OF POTENTIAL FUNCTIONS The rule means thatt, is equal toF ¢ with Y, replaced by

Here we define the potential functioris. They are de- Y, andY(&) replaced byéYq(£) whereé can be any argu-
rivatives of root potential functions F;, e.g., ment. Further, each term expéx) becomes
fy=—dFy/dx,,f,=d?F;/dx2 - 1/x,dF,/dx,. We first (a/m,)%exp(—ax) which is indicated by the i’ after the
define the root potential functions: semicolon:
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fi=Fi[Yo— Y1, Y—=Y;1/m_], (D2b)
f,=Fi[Yo—Y,,Y—yY;;1/m2], (D20)
fa=f,/%,, (D2d)
f,=F4[Yo—Yq;1/m,], (D2e)
fs=F4[Yo—Y,;1/m2], (D2f)
fe=F4/%,, (D2g)
f7=Fe[Yo— Yo+ Y1/y,Y—=Y—Ygo;1/m2], (D2h)
fa=Fe[Yo— Y2, Y—yYy;1im?], (D2i)
f11=F7[Yo—Y1;1/im_], (D2))
f1o=F[Yo—Y2;1/m2], (D2k)
fia="F11/%,, (D2l)
f1a=F Yo=Y+ Y,/y;1/m3], (D2m)
f15=F7[ Yo— Y2, 1/m3 ], (D2n)
f1e=F7[Yo—Y1/y;1im7], (D20)
f17=F[Yo—Y3;1ims], (D2p)
f18=f12/X5, (D20)
fie=FalYo—Y3,Y—yYs;1m3], (D2r)
fo0=Fo[Yo—Yaoly,Y—Y,;1m3], (D29
fu=Fa[Yo—Y3,Y=yY2,y2Y1—y2Y ; 1Ume],
(D21)

fo=F3[Yo—Yo/y,Y—Y;,y?Y;—Y;1im3], (D2u)

fos=Fg[Yo— Y2, Y=y Yq; 1/m§l], (D2v)
fou= FS[YO—>Y1/y,Y—>YO;1/m§1], (D2w)
fas=F[Yo—Y1,Y—Y;1/m,], (D2x)
foe=Fo[Yo— Y5, Y—yYy;1/m2]. (D2y)

The functionse; are given by
1
87Te2:x_[ell(m77)_ell(Aw)+(R7_ e A)],
(D3)
8meg=es(M,)—ez(A,)+(R,—1)eg(A,), (D4

where

1 t
ell(m):fo dt exp(—cX)|jo+ %jl}, (D5)

m? (1 x . Qt .
elz(m)=—7fo dt exp(—cXx) Ejo-l- Cj-(l—l-CX)jl

’

(D6)

X P Jo

Q2t2> .

1 (1
€31(m)= m—fo dt exp(—cXx)

+Qt , (D7)

i1

3
— 42
CX

m, (1 exp—cx) 22 .
E32(m):_7f0dtT cx—7(1+cx) jo

jl ’ (D8)

3
2cX+3+ —
cX

Qt

+ _—

c

the argument of the bessel functionsQéx and them de-
pendence comes fromwhich is given by

c(m)=[Q%t(1—t)+m?]*2 (D9)

The functionsd; are given by

d,=3Fy, (D10)
ds=3X,f1, (D11
dZZ%Xﬂ.fz. (D12)

APPENDIX E: CONSTRUCTION OF OBEP

The exchange ofr,p, anda; mesons leads to an isospin
dependentNN potential with tensor and spin-spin compo-
nents. The nonrelativistic momentum space potentials be-

tween two nucleons labeled 1 and 2 were taken to be

(01-Q2) (02 Q2) AF(Q2)

V7= =8C,m T o Fan(Q2),
! (E1a
(01X Q2) - (02X Q) AR(Q2)
VP=-3c,71- 72 m?2 m FiN n(Q2)
o p
m,\3
X | (Elb

ValZ_SCalTl"TZ 01:0>2

" (Ul'Qz)(ZUz'Qz)}

m;,
(ArQa) NN<Q2>(E)3, E10
m, & m,,
where
Cr=Ca =M, f2\/3, (E29
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Cp:?gpNN(l—i_KV) VIR (E2b

The configuration representation of these potentialgwith
M=,p,a,)

VM(x)=cpu[ VY (X) S+ VE(X) oy - 5], (E3
where
S12=3(01-X) (02 X) — 01 0, (E4
and
Vi) =F)—F /X, (E5a
VE(X)=—(F,—FIX,), (E5b)
VE(x) = Fa, —Fa/Xa, (E50
VIX)=F.+2F /X, (E50
VE(X)=—2(F)+2F)/X,), (E50
a n !
Vel(x)=Fj +2F] Ix, —3F,, (E5f)
with
1 (=gsingx) _, My | 3
FM_ZWZXM 0 q2+mf,, Fann(a) m_ﬁ . (E6)

The notationF,, meansd/dxyF,,. With monopole form
factors,FyNN(q) = (A2 —m2)/(AZ+q?) we found that

975

3
4wv¥<x>=<—1>5<M~P>($—;) [Y2(mux) = Ry 2(AyX)

—RW(Rm =1 AuXY1(Ayx)], (E7)
47VE(X)=Yo(MyX) —REAY (A X)
—R;Y(R,—1)Y(A,X), (E)
m 3
ATVE(X)=(—2) ( m—”) [Yo(m,x) = RY?Yo(A X)
—R¥(R,~1)Y(A,X)], (E9)

3
A7VE(X)=(—2) HLANIV (My.X) —RY2Y (A 4. X)
S mal o\ta, a, ' 0\:ltay
— 2 Ry~ D(Ra =3)Y(Aq¥) |-

(E10

Our exchange potentials far andp are the same as those
used by other§32,16. Our exchange potential far; agrees
with that of Ref.[32] but not with that of Ref[33]. The
difference is that thed;- Q,)(o5- Q,) term was left out in
[33]. Here we include this term because we found that it
contributes non-negligiblyw3(x) is entirely due to the term
and V§(x) would be~50% smaller ak=1/A, and 50%

larger forx> 1/Aa1 without the term.
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