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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 capture by3He leading to the3H final state using
the hard-pion model and realistic nuclear wave functions. These currents modify the vector and axial part o
the weak nuclear current. In their absence the rate is 12% smaller than found by experiment. Our final resu
for the rate is 1502632 per second. For the analyzing powers we findAv50.51560.005,
At520.37560.004, andAD520.11060.006. These predictions use the PCAC value ofgP . The variation of
the observables withgP is also reported.

PACS number~s!: 23.40.2s, 24.80.1y
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I. INTRODUCTION

As has recently been discussed in Ref.@1#, the reaction of
negative muon capture by3He,

m21 3He→nm1 3H, ~1.1!

is at present potentially able to provide us with the induc
pseudoscalar couplinggP with nearly the same precision a
from capture by a free proton. Indeed, accurate three-nuc
wave functions are now available and the uncertainties
to the description of the nuclear states can be reduced
minimum.

However, the calculations reported in Refs.@2,3# for other
weak reactions on light nuclei show that besides the o
nucleon contribution, meson exchange current~MEC! effects
should be taken into account. That this is so can also be s
from the analysis performed in Ref.@1#, where Congleton
and Fearing compared the results obtained using the elem
tary particle model~EPM! to the standard calculations in th
impulse approximation~IA !: the effective magnetic cou
plingsGP andGA are 10% smaller in the IA~see Table I!.
Table II shows the contributions of the current compone
to the effective couplings, and it can be seen thatjWA makes
an important contribution toGP andGA .

Here we continue the study of the characteristics of re
tion ~1.1! and consider the weak MEC effects. For the ope
tor of the weak axial nuclear MEC we adopt the one pu
lished recently in Ref.@4#, which was applied earlier to
negative muon capture by deuterons in Ref.@2#. The weak
axial nuclear MEC operator satisfies the nuclear continu
equation ~PCAC! up to the order considered, which
1/M 2 (M is the nucleon mass!. The spacelike component o
the operator contains both static and velocity depend
parts. We take into account fully both the static part and
terms linear in external momenta from the velocity depe
dent part.

Further, we use for the vector part of the weak ME
operator the standard isovector currents well known from
536-2813/96/53~2!/956~21!/$06.00
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electromagnetic processes@5–9#. We employ nonrelativistic
operators satisfying the conserved vector current~CVC! at
order 1/M .

A brief account of the work has been recently reported
Ref. @10#. Here we present the full results. In Sec. II, we
discuss the formalism employed, Sec. III contains the n
merical analysis of the studied problem, and in Sec. IV w
give our conclusions. The most important of them is tha
including the weak axial and vectorp-MEC in the micro-
scopic calculation yields results which agree closely with th
EPM in their predictions for observables.

In order to make the paper more transparent, we postpo
necessary details of the formalism and partial results into
series of appendices.

II. FORMALISM

To evaluate the effect of meson exchange currents, t
3H→ 3He weak nuclear current was parametrized by sixQ
dependent current amplitudesr0 ,r1 , j Q , j s , j3

(1) and j3
(2) as

follows:

^3H;mf u j 0u3He;mi&5xmf

† $r01r1Q̂•sW %xmi
, ~2.1a!

^3H;mf u jWu3He;mi&5xmf

† $ j QQ̂1 j3
~1!iQ̂3sW 1 j ssW 1 j3

~2!

3@Q̂~Q̂•sW !2 1
3sW #%xmi

. ~2.1b!

In Eqs. ~2.1!, mi andmf are the initial and final projec-
tions of the internal nuclear angular momentum,j 0 and jW are
the time and space components of the total weak four cu

TABLE I. Effective couplings in the EPM and IA and their
difference. The uncertainty inGP reflects experimental uncertainty
only.

Model GV GP GA

EPM 0.8560.01 0.60360.001 1.2960.01
IA 0.84 21% 0.523 213% 1.19 28%
956 © 1996 The American Physical Society
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53 957NUCLEAR MUON CAPTURE BY 3He: MESON EXCHANGE . . .
rent, and the three-momentum transfer to the helion isQW .
The current amplitudes are not relativistically invariant a
are not independent~if we make the assumption that seco
class currents are absent!. To see the nonindependence no
that the EPM parametrizes the current using only four fo
factors whereas there are six current amplitudes. The cur
amplitudes are, however, useful in the formulation beca
there exists a simple correspondence between the nonre
istic current operators and the current amplitude to which
matrix element of that operator contributes.

The total current has a vector and an axial part. The ve
part contributes to r0 , j Q , j3

(1) and the axial part to
r1 , j s , j3

(2) . The relationships between these current am
tudes and the traditional effective form factorsGV , GP , and
GA are
nd
nd
te
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GV5r01 j Q , ~2.2a!

GP5 j3
~1!2 j3

~2!2r1 , ~2.2b!

GA5 j3
~1!1 j s2

1

3
j3
~2! . ~2.2c!

The statistical capture rateG0 and analyzing powersAv,
At andAD for reaction~1.1! can be found from the effective
form factors by using Eqs.~3!, ~11!, ~12!, and ~13! of Ref.
@1#.

Our model for the nuclear current employs nonrelativistic
wave functions and current operators the latter of which ar
listed in Appendix A. After suffering a multipole decompo-
sition of the plane wave factor, the current operators yielde
matrix elements with the following five forms:
ZllL
J 5^3Huu@4pY ll

L ~ x̂ŷ! ^SS#Jj l~Qy/3!I uu3He&/~2J11!1/2, ~2.3a!

xZllL
J 5 K 3HUU@4pY ll

L ~ x̂ŷ! ^SS#Jj l~Qy/3!I
]

]xp
UU3HeLY~2J11!1/2, ~2.3b!

yZllL
J 5 K 3HUU@4pY ll

L ~ x̂ŷ! ^SS#Jj l~Qy/3!I
]

]yp
UU3HeLY~2J11!1/2, ~2.3c!

xZllL
K1J5K 3HUUF @4pY ll

L ~ x̂ŷ! ^SS#K^
¹̂x

xp
G
J

j l~Qy/3!I UU3HeLY~2J11!1/2, ~2.3d!

yZllL
K1J5K 3HUUF @4pY ll

L ~ x̂ŷ! ^SS#K^
¹̂y

yp
G
J

j l~Qy/3!I UU3HeLY~2J11!1/2. ~2.3e!
s

-

The letterZ takes on valuesA, . . . ,I according to the spin
and isospin operatorsSS andI as indicated in Table III. For
example, the Gamow-Teller matrix element is 1/4F000

1 . The
matrix elements are reduced in the spin-spatial part but no
the isospin part so that, for example,

^3Heuu3t3
zuu3He&511, ~2.4a!

^3Huu3t3
zuu3H&521. ~2.4b!

The following selection rules were applied to the matrix e
ements.

~1! Parity. ForZllL
J this implies that only matrix element

with l1l5 even are significant.
~2! Hermiticity and isospin symmetry. Because3He and

3H form a good isospin doublet, matrix elementsZllL
J with

an anti-Hermitian operator are insignificant. This approxim
tion is good at the few31023 level since we have for the
wave functions used here~which have no isospin 3/2 com
ponents!,

^3Huu3I 3
2uu3He&50.9998 ~2.5!
t in

l-

a-

and further the probability of theI53/2 components is
102521026 @11#. For the local matrix elementsA,C,D,E,F
this implies that onlyJ51 is significant and forB,G,H,I
only J50 is significant. A numerical example is
E110
0 /(A3E110

1 )5931024.
~3! Selection rule forl . If the spin-isospin part of the

operator is even~odd! under the interchange or particle la-
bels 2 and 3 then only matrix elements for whichl is even
~odd! are significant, e.g.,A requiresl5 odd. This selection
rule follows from the symmetry of the wave functions under
interchange of particle labels.

~4! A selection rule peculiar to theF-type matrix elements
is thatF111

1 is zero by interchange of particle labels 1 and 2.
Further to the selection rules a rationalization of the ma-

trix elements was possible by taking into account the long
wavelength of theW6 boson mediating the interaction, the
low P-state probability (,0.2%) and the;9% D-state
probability in the trion wave functions. With regard to the
first point we note that the isovector spectator point-particle
range is about 1.7 fm. This implies that matrix elements with
high values ofl are small and that a power expansion iny
rapidly converges, e.g., they2 term in j 0(Qy/3) contributes
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958 53J. G. CONGLETON AND E. TRUHLIK
at the 3% level. The range of the pair coordinatex is of the
order of the pion Compton wavelength, 1.4 fm, as can
seen from Fig. 1. This is expected because the excha
current operators pick out the spin and isospin dependenc
the wave function which is mostly due to pion exchang
Matrix elements with the factorj f(Qx/2) will be small for
large values off .

Integrals of the densities are given in Table IV. An e
ample of rationalization is to consider the ratio
D202
1 /D000

1 5231021 andD022
1 /D202

1 5131022. We note that
D000
1 receives contributions solely fromSSoverlap.D202

1 and
D022
1 are dominated bySD overlap and are thus diminishe

due to the lower D-state probability by a factor
;A(0.09/0.91)5331021 which explains the ratio ofD202

1

andD000
1 . D022

1 is further suppressed due to the low mome
tum transfer in the process by thej 2(Qy/3) factor1

;331022. This explains whyD022
1 is so much smaller than

D202
1 .
For most local currents the leading multipoles plus tho

within one unit of angular momentum were included. Th
procedure neglects contributions at the 3% level. For
largest current~delta excitation! these 3% corrections wer
included.

The matrix elementsyZllL
J and yZllL

K1J were neglected
since we expect their contributions to be small compared
those ofxZllL

J and xZllL
K1J . They will be suppressed by abou

15% due to angular momentum propensity rules. By pa
we need an extra factorxW or yW to combine with¹y . In the
case ofxW this yields l5l51 and these elements are su
pressed as can be seen in Table IV. In the case ofyW there will
be suppression because of thej 1(Qy/3) factor of about 15%.

The fact that we omit the nonlocal terms involving¹y
implies that our estimate of the nonlocal terms has an inh
ent uncertainty of about 10–20 %. It turns out that the no
local currents due to¹x contribute at the 10% level to the
exchange currents and so the above neglect affects the re
for the MEC at the 1–2 % level and the results for the to
current at less than the 0.5% level.

Each exchange current yields a contribution to one~or
more! of the current amplitudes and the general form is

j5E dxr~x! f ~x!, ~2.6!

where r(x) is a nuclear density andf (x) is a ‘‘potential
function’’ which depends on the meson which is exchang
the overall coupling strength and also the momentum dep

1Note that one-body currents have aj l(2Qy/3) factor showing
that the effective momentum transfer for exchange currents is
as much as for single-nucleon currents.

TABLE II. Origin of contributions to effective couplings.

GV GP GA

Dominant rV jWA , jWV jWA
Other jWV rA rA , jWV
be
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dence of the current. The definitions of the various potenti
functions entering the calculation are given in Appendix D

The nuclear densities were calculated using wave fun
tions found by the coupled rearrangement channel~CRC!
method of Kameyamaet al. @12#. The Faddeev components
are expressed as sums of Gaussians and one can find ana
expressions for the matrix element densities as functions
x, the pair coordinate. The densities were evaluated at eith
14 points or in the case of the large matrix elements~first five
of Table IV and the matrix elements with a derivative, i.e

xZllL
J ), at 24 points with a higher density of points for

x,1.5 fm. The reason for calculating a density is to facili
tate the calculation of matrix elements with different poten
tial functions which necessity arises when meson couplin
parameters and strong form factor cutoffsLp ,Lr , andLa

are varied.
The calculation of the local matrix elements was checke

by comparing results for the trion isovector magnetic mo
ment,mv , with those of Friaret al. @5#. In that work, wave
functions for the triton were applied resulting from manyNN
potentials one of which was the AV14 potential: only ex
change currents arising fromp exchange were considered
With p exchange only, the expression formv in our formal-
ism is

mv5 lim
Q→0

~2 !
mp

Q
j x
~1! n.m. ~2.7a!

5mv
IA1mv

MEC, ~2.7b!

where

mv
IA5 1

2 ~11kp2kn!@s#0,1, ~2.7c!

mv
MEC5mv

pair1mv
p1mv

D , ~2.7d!

and
half

TABLE III. Labeling of reduced matrix elements. The super
script in the isospin part means ()25

1
2@()

x2 i ()y#.

Z SS I

A 1 12i (t23t3)
2

B sW 3
12i (t23t3)

2

C @s2^ s3#0 12i (t23t3)
2

D @s2^ s3#1 12i (t23t3)
2

E @s2^ s3#2 12i (t23t3)
2

F sW 3 12t3
2

G @s2^ s3#0 12t3
2

H @s2^ s3#1 12t3
2

I @s2^ s3#2 12t3
2
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mv
pair5~2 !

mp

mp
f pNN
2 H 1

A2
D000
1 Fxp

6
f 1G1

1

2
D202
1 Fxp

6
f 1G1

1

A6
C111
1 Fyp

9
f 1G2

5

A24
E111
1 Fyp

9
f 1G2

5

A8
E110
1 Fyp

9
f 1G J , ~2.7e!

mv
p5~2 !

mp

mp
f pNN
2 H 1

A2
D000
1 F13 d32d2G1

1

6
D202
1 @d3#1

1

A6
C111
1 Fyp

9
~d525d3 /xp!G2

1

A30
E111
1 Fyp

9
~d525d3 /xp!G

2
1

A10
E112
1 Fyp

9
~d525d3 /xp!G2

1

A15
E312
1 Fyp

9
d5G2A 2

15
E313
1 Fyp

9
d5G , ~2.7f!

mv
D52G1f pND f pNN

4mpmp

9M ~MD2M ! HF000
1 @ f 32 f 2/2#1

A2

3
F202
1 @ f 2#1

A2

4
D000
1 @ f 32 f 2/3#2

1

12
D202
1 @ f 2#J , ~2.7g!

FIG. 1. Examples of nuclear densities. Point
were also calculated atx55.5, 6.5, and 7.5 fm
but are not shown.
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wherekp andkn are the proton and neutron anomalous ma
netic moments andkp2kn53.706.

The calculation of Friaret al. @5# used a different potential
function for mv

p arising from the propagator
DF

p(Q2)DF
p(Q3)FpNN(Q2)FpNN(Q3) which, although an in-

tuitive choice, is inconsistent with the equation of continuit
To facilitate comparison we must replac
d2→ f 25, d3→ f 26, andd5→ f 27 in Eq. ~2.7f! ~see Appendix
D for the definitions of functionsf i) where f 25, f 26, f 27 cor-
respond to the choice of propagator made in Ref.@5#. For the
D-excitation graph we need to choosef pND56A2/5f pNN and
G153A2/10(mp2mn)52.00 so that our coefficients agree.

The comparison is shown in Table V. Our results for th
exchange contributions are in overall agreement@case~b!#
although the comparison is not exact because we have us
triton-helion overlap. Also shown are results with3H bra and
ket wave vectors andt3

2 replaced with2t3
z@case~a!# which

corresponds exactly to the calculation of@5#. These results
agree well. The agreement gives us confidence in our ca
lation of local matrix elements. We also give results for
and 22-channel wave functions from the AV14 potential wi
the Tuscon-Melbourne three-body force@cases~c! and ~d!#
which show the effect of adding extra channels to the Fa
g-

y.
e

e

ed a
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deev wave function. The effect is very small. Although
direct comparison of our results with@5# is not possible be-
cause a different coupling scheme was employed there~our
wave functions employ Russell-Saunders LS coupling rath
than j j ! our 8- and their 5-channel wave functions have sim
lar content and convergence of the binding energy requir
22 and 34 channels, respectively. The extra channels cha
the pair, pion, and delta contributions by less than 1% in o
case whereas the difference in@5# is about 9%. This is a
manifestation of the faster convergence obtained when us
the CRC method: the projection of the potential onto parti
waves is nearer to being complete for a given number
Faddeev component channels for the CRC method as co
pared to the method used in Ref.@5#.

To check the calculation of the nonlocal matrix elemen
we used a Peterson-type device@13#. The device follows
from a simple identity for the matrix element of an operato
O multiplied by the momentum operatorp̂ when the bra and
ket vectors are equal. If,

M5^cuO p̂uc& ~2.8!

then forO Hermitian (O †5O ),
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TABLE IV. Sizes of matrix elements. The Bessel function iny has been expanded and only the first term
kept except in the cases ofD000

1 , D202
1 , F000

1 , andF202
1 . The dominant overlap describes the total orbita

angular momentum of the wave function components which contribute most to the matrix element.

Matrix element Integral Dominant overlap~s!
AV1413BF @8# AV14 @8# AV1413BF @22#

D000
1 9.62 9.57 9.63 SS

G000
0 5.78 5.96 5.77 SS

F000
1 23.55 23.53 23.55 SS

D202
1 2.03 1.99 2.05 SD

F202
1 20.900 20.867 20.907 SD

I 202
0 20.066 20.056 20.082 SD,DD
E110
1 0.20 0.20 0.20 SD

I 110
0 20.15 20.15 20.15 SD
F110
1 0.14 0.14 0.14 SD

B111
0 0.057 0.061 0.054 DD

G110
0 0.045 0.053 0.044 SS,DD

A111
1 0.035 0.037 0.025 DD

C111
1 20.024 20.023 20.031 DD

F110
1 20.017 20.018 20.017 SS,DD

E111
1 20.012 20.014 20.012 DD,SP

H111
0 0.004 0.003 0.000 SP

D022
1 20.017 20.017 20.017 SD

F022
1 0.005 0.005 0.005 SD

I 022
0 20.001 20.001 20.001 DD

xD000
1 27.00 26.79 27.02 SS

xB000
1 20.44 20.45 20.44 SS

xH000
1 0.31 0.32 0.31 SS

xD202
1 21.82 21.77 21.84 SD

xB202
1 20.49 20.48 20.49 SD

xH202
1 0.38 0.38 0.38 SD

xI 202
1 0.023 0.019 0.023 SD

xD101
011 1.3 1.2 1.3 SD

xB101
011 0.94 0.90 0.94 SD

xH101
011 20.66 20.62 20.66 SD

xD101
111 21.1 21.1 21.1 SD

xB101
111 20.79 20.77 20.79 SD

xH101
111 0.55 0.54 0.55 SD

xD101
211 0.29 0.28 0.29 SD

xB101
211 0.19 0.20 0.19 SD

xH101
211 20.14 20.14 20.13 SD

xG101
111 0.033 0.036 0.032 DD

xI 101
111 20.021 20.022 20.21 SD,DD

xI 101
211 20.023 20.024 20.025 DD
e

a

ImM5
1

2i
^cu@O ,p̂#uc& ~2.9!

and forO anti-Hermitian (O †52O ),

ReM5
1

2
^cu@O ,p̂#uc&. ~2.10!

Applying the above to the operatorO5 is3•xWt3 we ob-
tained

3
2
ttF000

1 52x
ttF000

1 1A2x
ttF202

1 13x
ttF101

011. ~2.11!
The tt superscript indicates that the triton spin-space wav
functions were used in both bra and ket and thatQ50. Equa-
tion ~2.11! relates a local matrix elementF000

1 to nonlocal
matrix elements bothwith (xF000

1 ,xF202
1 ) and without

(xF101
011) derivatives. The relation~2.11! was found to hold to

within the precision2 of the calculation and to 0.4% when the
ket was replaced by a3He wave function. This deviation is
first order in small differences between the3He and3H wave

2The expansion coefficients for the basis functions are known to
finite precision. By noting the largest contribution to the matrix
element one can calculate the precision of the matrix element.
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functions whereas the deviation given in Eq.~2.5! is second
order which explains why the latter is smaller.

A further check of the calculation was made by calcul
ing the Gamow-Teller matrix element,M ~GT!, which mea-
sures the axial current at zero-momentum transfer and g
erns theb decay of the triton. Our results are compared
those of Adamet al. @3# in Table VI. The calculation reported
in Ref. @3# used axial currents which, except for th
D-excitation currents, are equal to those used here and
plied various wave functions and meson parameters~the val-
ues given in the table are for the Paris potential@14#!. For the
purposes of Table VI we have adopted the meson parame
given in Eq.~3.2! of Ref. @3#. However, because our hadron
form factors are monopole F(Q2)5@(L22m2)/
(L21Q2)] n with n51 and those used by Adamet al. had
n51/2, we applied equivalent values forL found by equat-
ing the slope ofF(Q2) with respect toQ2 at the on shell
pointQ252m2. This procedure yielded

Lp~monopole!51.69 GeV↔Lp~n5 1
2 !51.2 GeV,

~2.12a!

Lr~monopole!52.72 GeV↔Lr~n5 1
2 !52.0 GeV.

~2.12b!

Taking into account the different wave functions used t
results agree quite well.

To check the calculation of theD-excitation currents we
compared our results forM ~GT! to those of Carlsonet al.
@15#. That calculation used wave functions found from t
AV14 NN potential and the Urbana three-body force. O
wave function should therefore be only slightly differe
since the three-body force has only a small effect. To m
the coupling coefficients the same we setf pNN

2 /4p50.079,
f pDN
2 /4p50.2275, gA(0)521.262, grNN

2 /4p50.5, kV

56.6 andG153.06. The pion and rho cutoffs were set
Lp50.90 GeV,Lr51.35 GeV which makes our potentia
functions agree exactly since Carlsonet al. used monopole
form factors. With these parameters we found thatM ~GT!
received contributions10.052 and –0.022 from the curren
ANP4 and ANP5, respectively, which agree well with th
values reported in Table I of Ref.@15#.

III. RESULTS

We precede the presentation of results with a discuss
of our choices of parameters. The ranges used for the pa
eters which define the exchange currents are listed in Ta
VII. Our aim is to make a realistic estimate of the theoretic

TABLE V. Trion isovector magnetic moment:~a! AV14, 8 chan-
nel ^3Hu3H&; ~b! AV14, 8 channel^3Hu3He&; ~c! AV1413BF, 8
channel̂ 3Hu3He&; ~d! AV1413BF, 22 channel̂3Hu3He&.

Ref. @5# ~a! ~b! ~c! ~d!

IA 22.172 22.177 22.174 22.175 22.175
Pair 20.290 20.288 20.285 20.298 20.298
Pion 0.092 0.096 0.095 0.100 0.10
Delta 20.099 20.100 20.098 20.104 20.105
Total 22.469 22.468 22.462 22.477 22.477
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uncertainty and so we choose large ranges of reasonable v
ues.

We took the ratio of the rho anomalous to normal cou-
pling, kV , to vary between 3.7 and 6.6. In the context of the
hard-pion model, which combines vector meson dominanc
~VMD ! with chiral symmetry, the value 3.7 is consistent as
this is the VMD value. However, the Bonn meson exchange
force model OBEPR~one boson exchange potential in con-
figuration representation! @16# requireskV56.6. A similar
criterion was applied to find the range of therNN coupling
where the hard-pion model requires the Kawarabayash
Suzuki-Riazuddin-Fayyazuddin ~KSRF! @17# value
grNN
2 /4p50.70 whereas OBEPR favors a stronger coupling
of grNN

2 /4p50.95. The value of therND coupling,G1 , is
taken from experimental data for theM1/E2 multipole ratio
for photoproductions of pions@18#. The parametersn and
h 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. Ou
exchange current APSPV expresses the difference betwe
what would be obtained using pseudoscalar and pseudove
tor pNN coupling. Pseudoscalar coupling corresponds to
l51 and pseudovector coupling tol50. It is not possible to
achieve exact consistency of this current with theNN poten-
tial but the valuel51/2 is the most appropriate. We varied
l between 0 and 1. The value off pNN

2 /4p should be taken as
0.081 to be consistent with the AV14 potential. However, the
range 0.075–0.081 was used to estimate the uncertainty d
to fpNN where the low value comes from a recent Nijmegen
analysis ofNN scattering data@19#.

The most influential parameters are the strong form facto
cutoffs Lp ,Lr ,La , and thepND coupling f pND . The
strong form factors affect the potential functionsf i(x) enter-
ing the reduced matrix elements and in general reduce the

1

TABLE VI. Trion Gamow-Teller matrix element. The entries
labeled AHHST are taken from Ref.@3# and use wave functions
found from the Paris potential.

Current AHHST Local AHHST Nonlocal AHHST

AP11AP7 @2a,vert# 0.000 0.000 20.016 20.015
AP3 @2a,ret# 0.000 0.000 20.008 20.007
AP4 @2a,form# 0.000 0.000 20.002 20.001
APSPV @2a,PS–PV# 0.000 0.000 0.016 0.015
AP5 @2d# 0.022 0.019 0.004 0.003
ANP1 @2c# 20.013 20.011 0.000 20.001
ANP2 @2b# 0.009 0.007 0.003 0.003
One body One body 0.924 0.927 0.000 0.000

TABLE VII. Ranges of parameters for the meson exchange cur
rents.

Parameter Range

kV 3.7–6.6
grNN
2 /4p 0.70–0.95
G1 2.2–2.6
l 0–1
f pNN
2 /4p 0.075–0.081

Lp 1.0–1.5 GeV
f pND
2 /4p 0.23–0.36
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FIG. 2. Isospin dependent spin-spin and ten
sor potentials from pion exchange and first an
second derivativesFp8 andFp

9 . The solid line is
for Lp51.2 GeV and the dashed line for
Lp5`. The constantcp has been set to one for
these graphs.
c
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strength at smallx, i.e., x,;1/L. The valueLM5mM
whereM5p, r, or a1 corresponds to complete cutoff. For
example the current forD excitation due tor exchange,
ANP5, would be zero if the choiceLr5mr was made. We
used the rangeLp51.021.5 GeV which corresponds to a
central value of 1.2 GeV with a 20% variation in 1/Lp either
side. The values ofLr andLa were then found by demand-
ing consistency between the exchange current and theNN
potential used to construct the wave function. The exchang
of p,r,a1 yield isospin dependent spin-spin and tensor inte
actions (VS andVT) and it is these two components of the
AV14 NN force which were fitted. The long range parts o
VS andVT are fitted exactly provided the same pion couplin
f pNN and pion mass are used. The short range part is affec
by the strong form factors and the desired effect of the for
factors is that the strength of the potential at short distance
reduced. Monopole form factors achieve this effect forVT
but for VS an undesirable change in sign at small distan
occurs. This can be traced back to the second derivative
the potential function arising fromp, r, or a1 exchange. To
illustrate this consider thep one-boson exchange potentia
~OBEP! ~see Appendix E for further details!:

VT
p;Fp9 2

Fp8

xp
, ~3.1a!

VS
p;Fp9 12

Fp8

xp
, ~3.1b!

where F85dF/dxp . Figure 2 showsVT
p , VS

p , Fp8 , and
Fp

9 for Lp→` andLp51.2 GeV. The functionFp
9 changes

sign atxp'0.16 and we also have

xpFp9→Fp8 asx→0. ~3.2!

This explains why the combination ofFp
9 andFp8 in VT

does not change sign at smallx despite containingFp
9 . The
es
r-

f
g
ted
m
is

e
of

l

combination (VT2VS) eliminatesFp
9 . In order not to be

sensitive to the short range part ofFp
9 we fittedLr , La to

VT and (VT2VS) where the latter combination eliminate
Fp

9 . A posterioriwe noticed that the largest exchange cu
rents are ANP4 forj s and VP1 forj x

(1) . These currents have
the form

D j s~ANP4!;E dx@F202
1 ~x!2 1

4D202
1 ~x!# j 0~Qx/2!VT

p~x!,

~3.3a!

D j x
~1!~VP1!;E dxD000

1 ~x! j 1~Qx/2!xp@VT
p~x!2VS

p~x!#.

~3.3b!

The above observation shows that the parts of
potential which are most important to fit well areVT

p and
VT

p2VS
p in the ranges where (F202

1 2 1
4D202

1 ) j 0(Qx/2) and
D000
1 j 1(Qx/2)xp are appreciable. The above consideratio

led to the following practical procedure. We minimized th
function f pq(Lr ,La) where

f pq5~ I T2I T
0!21~ I TS2I TS

0 !2 ~3.4a!

and

I T5E
0

`

dxxpVT
OBEP~x!, ~3.4b!

I T
05E

0

`

dxxpVT
AV14~x!, ~3.4c!

I TS5E
0

`

dxxq@VT
OBEP~x!2VS

OBEP~x!#, ~3.4d!
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I TS
0 5E

0

`

dxxq@VT
AV14~x!2VS

AV14~x!#. ~3.4e!

The choice (p,q)5(3,3) makes the integrand inI T peak
at x51.6 fm and the integrand inI TS peak at 1.9 fm and
gives the best matching of shape to the nuclear densitie
ANP4 and VP1. Examples of fit values forLr ,La are given
in Table VIII. We see thatLr is smaller whenkV is larger as
one would expect. The value ofLa is poorly constrained and
apparently may vary betweenma andLr .

To summarize,Lr andLa were chosen to match the is
spin dependent spin-spin and tensor potentials used to
struct the wave function. They are functions ofLp , fpNN ,
grNN , and kV and functionals ofVT

AV14 and VS
AV14 . This

somewhat artificial procedure would be unnecessary if
wave functions were constructed using OBEP potent
found from the same Lagrangian as the exchange curr
were derived from. In that caseLp , Lr , andLa would be
fixed by the deuteron properties andNN scattering data. An
alternative improvement which could be made is to choos
different type of form factor, the idea being to match t
shape ofVT

AV14 andVS
AV14 very closely.

There are four estimates of thepND coupling f pND . The
simplest constituent quark model yieldsfpND56A2/5f pNN

and hence fpND
2 /4p50.23. Dispersion theory yield

f pND
2 /4p50.29 @20#. The D width of 120 MeV implies
f pND
2 /4p50.35 @21#. The highest estimate i
f pND
2 /4p50.36 which is the value implied by relatio
f pND53/A2 f pNN coming from the Skyrme-soliton mode
with 1/Nc corrections@22#. We note that this model als
yields fpNN

2 /4p50.080 andgA521.28 which are in good
agreement with experiment.

We take the rangef pND
2 /4p5 0.23–0.36 reflecting the

various models: there is a large uncertainty in the value
this parameter.

Our calculation does not treat the effect of theD isobar
explicitly, i.e., there are noDNN components in the wav
function. We were therefore unable to take into account
rect coupling toD isobars present in the nuclei or the indire
effect of theD isobars on the coupling of the nucleons. The
processes have been considered for the axial current at
momentum transfer by Adamet al. @3#. The direct coupling
contributes10.030 to the Gamow-Teller matrix elemen
M ~GT!, and the indirect effect –0.021@23#. These two ef-
fects compensate each other although their sum,10.009, is
not insignificant.

A further deficiency of the calculation is the static a
proximation for the propagator of aDN pair. Hajduket al.

TABLE VIII. Strong form factor fit for two values of rho anoma
lous couplingkV . The values off pNN

2 /4p andgrNN
2 /4p are 0.081

and 0.95, respectively. The form factors are given in GeV.

kV53.7 kV56.6

Lp Lr La Lr La

1.0 1.86 1.09–1.86 1.18 1.09–1.1
1.2 2.23 1.09–2.23 1.25 1.09–1.2
1.5 2.76 1.09–2.76 1.33 1.09–1.3
for
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have shown that this approximation is not valid and leads
an overestimate of theD-excitation current by a factor of 1.9
for bothM ~GT! andmV ~ @24#, Table 1!. The reason for the
overestimate is thatMD2M is a poor estimate for the energy
of the NND configuration minus the energy of theNNN
configuration. This is due to the fact thatD excitation occurs
only in total orbital angular momentum two channels: fo
these channels the kinetic energy is large which contradi
the zero value given to it in the static approximation.

To improve the static approximation we replace
MD2M byMD2M1^T& where^T& is some average excess
kinetic energy. The valuêT&5110 MeV was used, chosen
so that the contribution of static approximationD excitation
toM ~GT! found in Ref.@24#, 0.055, is converted to the exact
value of 0.031 plus the contribution from theDNN compo-
nents, 0.009, i.e.,

MD2M

MD2M1^T&
30.05550.040. ~3.5!

This procedure corrects the contribution of theD isobar at
zero-momentum transfer but theQ dependence of ourD
contribution is not correct. According to Fig. 3 of@24#, we
overestimate theD-excitation current forQ,4 fm21 al-
though the error is small atQ50.52 fm21 which is the mo-
mentum transfer for nuclear muon capture by3He.

Finally we list the values used for other constants enterin
the calculation. We have used the three-momentu
transfer Q5103.22 MeV, the energy transfer given by
lepton kinematics Q052.44 MeV, mp5138.03 MeV,
MN5939 MeV, MD51232 MeV, mr5770 MeV,
mm5105.66 MeV, f p592 MeV, gA(0)521.25760.003,
gV50.97460.001,gM53.57660.001,gA521.23660.003
~the values forgV ,gM , andgA are atq2520.954mm

2 ).
Besides the uncertainty in the parameters, we need to ta

into account the fact that there are many possible realis
NN potentials. Wave functions derived from these potentia
will yield different matrix elements according to the relative
strengths of the different parts of the potential, e.g., tens
interaction. To take this into account properly requires calc
lating the observables using wave functions derived from a
the different potentials. We were not able to do this but w
did estimate the ‘‘model uncertainty’’ by varying the size o
the dominant matrix element densities by a constant fact
i.e., independent ofx. The size of this factor was determined
as described below.

The one-body currents are dominated by@1#0 and
@s#0,1. The variation in the value of@1#0 can be neglected
since all models will agree atQ50 3 and will have the same
deviation from that value at lowQ provided the isovector
radius is reasonable. This condition will be satisfied for wav
functions derived from realistic potentials which possess t
correct binding energy because of scaling@25#.

The above assertion was tested by calculating@1#0 at
Q5103 MeV with the AV14 and AV1413BF eight-channel

3The value is one minus a correction of the order of few31024

due to isospin symmetry breaking.
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wave functions which have different binding energies. T
Bessel functions entering the matrix element can be
panded at smallQ as

j 0~2Qy/3!512Q2y2/541••• ~3.6!

and so the change,D, in @1#0 asQ changes from zero to
small finite value isQ2^y2&/54 which scales as 1/EB . If we
use the mean3He/3H binding energy and the valu
@1#050.851 for the AV1413BF wave functions then scalin
implies

D~AV14!50.1493
8.3417.67

7.6617.01
50.163. ~3.7!

The above scaling argument predicts@1#050.837 for the
AV14 wave functions which is close to the calculated va
of 0.839: this result supports the argument that the mo
dependence in the value of@1#0 is small.

For @s#0,1, however, differences do exist atQ50. The
impulse approximation contributionsmV

IA andM ~GT!IA are
both proportional to@s#0,1 which allowed us to gauge th
variation in@s#0,1 due to the use of various wave function
We used values formV

IA reported in@5# for the Reid soft core
~RSC!, RSC1TM, RSC1Brazilian~BR!, AV14, AV141TM,
and AV141BR potentials. Schiavillaet al. @26# report values
for mV

IA for the AV141Urbana VII and Urbana1Urbana VII
potentials. The value of@s#0,1 for the Paris potential wa
taken from the calculation ofM ~GT! reported in@3#. Calcu-
lations ofM ~GT! have also been performed for the Par
supersoft core, AV14 and RSC potentials as reported in
@27#. The range for@s#0,1 from these sources is~–0.913!–
~–0.932! and so in our calculation we varied@s#0,1 by a
factor ranging from 0.99 to 1.01. We did not include the la
values of 0.937 and 0.943 reported in Refs.@3,27# for Bonn-
type potentials in this analysis because of their very differ
nature. Bonn-type potentials will yield a peculiar balan
between one-body and two-body currents: basically less
body and more one-body because of their weak tensor fo

For the exchange currents the dominant matrix elem
are D000

1 , F000
1 , D202

1 , and F202
1 which enter into the

D-excitation current and the pion pair~with PS coupling! or
contact~with PV coupling! term. By studying the 34-channe
entries of Tables IV and II of Ref.@5# we arrived at a com-
mon variation factor of 0.917–1.083 forD202

1 andF202
1 and

0.941–1.059 forD000
1 andF000

1 .
These variations due to ‘‘model dependence’’ made

nificant contributions to the total uncertainty quoted as
the variations inf pND andLp . The uncertainties in the ob
servables were found by a Monte Carlo analysis where
parameters were chosen randomly from their ranges wi
flat probability distribution.4 It was checked that the prob
ability distribution for the observables was close to a norm
distribution with the same mean and variance: one exp
this because of the central limit theorem.

The final results are shown in Table IX and the uncerta
ties listed are one standard deviation. Also shown are re

4In the case of experimental uncertainties the range was take
6A3s.
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for the 8-channel wave function: there is little change in
going from 8 to 22 channels for the wave functions used her
although we did notice significant fractional changes in the
value of the smaller matrix elements, in particular those
dominated by total orbital angular momentum 1 states. W
also include results found from the AV14 wave functions.
The large difference in the rate is due to scaling rather tha
being a direct consequence of the three-body force. If th
one-body currents are taken from the 22-channel AV1413BF
wave function and different wave functions used for the two
body currents, then the results shown in Table X are ob
tained. These results are very similar to each other showin
that the exchange currents are less sensitive to scaling th
the one-body currents and that both one-body and two-bod
currents are insensitive to the increase in the number of cha
nels in the CRC wave function.

In Table XI we list the contributions of each current to the
current amplitudes and effective form factors. The larges
exchange current corrections are from the axial delta
excitation currents~ANP4-6! and the vectorp-pair ~contact!
term ~VP1!. The agreement between the microscopic calcu
lation and the EPM is very good except forj x

(1) and j x
(2)

which differ by 7% and 11%, respectively. Table XII shows
the separate contributions of local and nonlocal currents.

The dependencies of the observables on the nucleon pse
doscalar couplinggP are shown in Fig. 3 and the sensitivities
are listed in Table XIII. The dependence ongP is similar to
that on the trion pseudoscalar couplingFP found in Ref.@1#.
The rate is less sensitive togP thanAv which in turn is less
sensitive than eitherAt or AD . The curves shown in Fig. 3
are well reproduced by parametrizing the effective coupling
as follows and using Eqs.~3!, ~11!, ~12!, and~13! of Ref. @1#:

GV50.835, ~3.8a!

GP50.23110.370r , ~3.8b!

GA51.300, ~3.8c!

wherer is the ratio ofgP to its PCAC value.
Our result formV is 22.5260.03 which agrees with the

experimental value of –2.55. Our result forM ~GT! is
0.97760.013 which also agrees with the experimental value
of 0.96160.003.

IV. CONCLUSIONS

The calculation presented here used nucleonic and m
sonic degrees of freedom to describe the charge changi
weak nuclear current of the trion system at low momentum
transfer. The two-nucleon component of the current is give
by thep-MEC obtained from the hard-pion Lagrangian of
the NDprA1 system. The nuclear system is described by
wave functions derived by the coupled rearrangement cha
nel method from the AV14NN potential with Tuscon-
Melbourne three-body force.

We first checked our numerics by calculating the trion
isovector magnetic moment and the Gamow-Teller matri
element. The results of Table V and Table VI agree well with
the results of Refs.@5,3#, respectively.

Our analysis of the observables for reaction~1.1! shows
n as
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that the main contribution comes from the spacelike comp
nent of the current.

The potentialp-MEC, connected with the nuclear OPEP
via the nuclear continuity equation, is relatively well define
because the parameters of the OPEP are well known: ev
realistic potential should respect them. This statement
weakened by the fact that the AV14 potential is not of th
OBEP type and the needed value of the cutoffLp can be
extracted only approximately~Table VII!. The axial part of
the potential MEC~entries 2–7 of Table XI! contributes sig-
nificantly toGP , while its contribution toGA is only a minor
one, because of a destructive interference of the individu
contributions. The vector part of the potential MEC~lines
14–15 of Table XI! contribute both toGA andGP , with the
prevailing contribution from the pair term VP1.

There are two sets of nonpotential currents. One set
present only in the weak axial MEC and arises due to t
interaction of the weak axial current with theprA1 system
~currents ANP1–3!. The contribution of these currents to th
observables is only a minor one~lines 8–10 of Table XI!.
The other set of nonpotential currents is formed by th
D-excitation currents ANP4–6 and VNP1–2. The axial cu
rents ANP4–6 contribute toGA considerably~lines 11–13 of
Table XI!. This set of currents is much more model depe
dent and it is mainly responsible for the uncertainty of th
calculation. It follows from the analysis of Sec. III that th

TABLE IX. Results for the rate and spin observables.

AV1413BF AV1413BF AV14 EPM
@22# @8# @8# Ref. @1#

G0@s
21# 1502632 1498 1456 1497621

Av 0.51560.005 0.515 0.516 0.52460.006
At 20.37560.004 20.375 20.373 20.37960.004
AD 20.11060.006 20.110 20.110 20.09760.007
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contribution from these currents is slightly overestimated d
to the static limit in which these current are considered he

One of our main goals is the analysis of the possibility
extraction ofgP . We have found that the rate is rather inse
sitive to it but the spin observables offer the opportunity
measuringgP precisely~see Fig. 3!. However, these kind of
experiments are also more difficult to perform.

We presented the final results for the observables in Ta
IX. It can be seen that the microscopic calculations and t
EPM predictions agree very well. In particular, our result fo
the transition rate for reaction~1.1! is

G051502632 s21. ~4.1!

Our estimate of the uncertainty in the calculation yields a
error of' 2% in the value of the transition rate. The large
part of the uncertainty inG0 comes from poor knowledge of
f pND . The value ofG0 , Eq. ~4.1!, is in good agreement with
the preliminary results of the new precise measurement@28#

G0
expt5149464s21. ~4.2!

Using this value we can compare~4.1! and ~4.2! and con-
clude that~1! the structure of the spacelike component of th

TABLE X. Results for the rate and spin observables. The on
body currents are taken from the 22-channel AV1413BF wave
functions.

AV1413BF AV1413BF AV14

@22# @8# @8#

G0 ~s21) 1502 1501 1491
Av 0.515 0.516 0.518
At 20.375 20.375 20.374
AD 20.110 20.110 20.108
TABLE XI. Contributions of each current (3103) to the current amplitudes and effective form factors.

Current j s j x
(2) r1 j Q j x

(1) r0 GV GA GP

IA 877 2326 10 15 200 820 835 1185 516
AP11AP7 217 217
AP21AP6 26 219 19
AP3 28 28
AP4 23 23
APSPV 8 8
AP5 22 1.1 22 21
ANP1 213 20.1 213
ANP2 8 0.4 8
ANP3 22 25 5
ANP4 77 4 75 24
ANP5 229 229
ANP6 2 2
VP1 64 64 64
VP2 28 28 28
VNP1 16 16 16
VNP2 26 26 26
Total 918 2346 12 15 267 820 835 1300 601
EPM 928 2372 11 15 241 839 854 1293 603
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weak axial p-MEC is well described at low momentum
transfer within the framework of the phenomenological ha
pion method,~2! the value of the induced pseudoscalar co
stantgP is

gP
gP
PCAC51.0560.19 ~4.3!

and so the PCAC value ofgP is in rough agreement with the
data as is the heavy baryon chiral perturbation theory va
gP
CPT/gP

PCAC51.0160.02 @29#. By gP
PCAC we mean the value

found from

gP
PCAC~q2!5

2mmM

mp
22q2

gA~q2! ~4.4!

which yieldsgP
PCAC(20.954mm

2 )58.12. Let us note that the
best measurement of ordinary muon capture by the pro
@30# yields and uncertainty ingP of 42% and combining
various measurements reduces this to 22%@31#.

The 0.19 uncertainty ingP results almost entirely from
the 2% theoretical uncertainty in the calculation of the ra
If the spin analyzing powerAv was measured and used
infer the value ofgP /gP

PCAC then the lower limit on the un-
certainty set by theory is 0.02.

FIG. 3. Variation of observables with the nucleon pseudosca
couplinggP .

TABLE XII. The split into local and nonlocal contributions
Only those currents which receive contributions from both local a
nonlocal currents are included.

Current j s (3103) j x
(2) (3103)

Local Nonlocal Local Nonlocal
AP21AP6 24.2 22.1 212.6 26.4
AP5 18.9 3.1
ANP1 212.8 0.2
ANP2 6.2 2.2
ANP3 21.2 20.4 23.6 21.1
rd-
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APPENDIX A: MOMENTUM SPACE CURRENTS

In this appendix we list the currents used in the calcul
tion. They are written in their momentum space represen
tion. Our conventions are thatgA,0 and that the total cur-
rent is the sum of the vector currentj V and the axial current
j A , not the vector current minus the axial current. The ove
all sign of the currents are consistent with the dominant on
body axial current,

j A
a~1!51gAsW

ta

2
. ~A1!

The one-body currents are listed below and are consist
with the scheme used in@1#. Here, the initial and final mo-
menta of nucleoni are writtenpW and pW 8, respectively, and
the Pauli spin matrices for nucleoni are writtensW :

j WA
a5

ta

2 H gAFsW S 12
~pW 81pW !2

8M2 D
1

1

4M2[ ipW 3pW 81pW 8~pW •sW !1pW ~pW 8•sW !] G
1gP

QW

mmFsW •pW

2M S 12
3pW 2

8M22
pW 82

8M2D
2

sW •pW 8

8M S 12
pW 2

8M
2
3pW 82

8M2D G J , ~A2!

rA
a5

ta

2 H gAsW •~pW 81pW !

2M
1gP

Q0

mm
FsW •pW

2M
S 12

3pW 2

8M2 2
pW 82

8M2D
2

sW •pW 8

2M
S 12

pW 2

8M2 2
3pW 82

8M2D G J , ~A3!

TABLE XIII. Sensitivity of observablesO to gP .

O UgP
O

dO

dgP
U
g
P
PCAC

G0 0.11
Av 0.37
At 0.73
AD 0.75

lar

.
nd



-

of

is

53 967NUCLEAR MUON CAPTURE BY 3He: MESON EXCHANGE . . .
jWV
a5

ta

2 H gVFpW 1pW 8

2M
1
isW 3~pW 82pW !

2M
G

1gMF isW 3QW

2M
2

Q0

2M
S QW

2M
1
isW 3~pW 81pW !

2M
D G J , ~A4!

rV
a5

ta

2 H gVF12
~pW 82pW !2

8M2 1
isW •~pW 83pW !

4M2 G
1gMF2

~pW 82pW !2

4M2 1
isW •~pW 83pW !

2M2 G J . ~A5!

Now follow the two-body currents which have been l
beled APi , ANPi , VPi , or VNPi for the sake of reference.A
(V) stands for axial-vector~vector! andP (NP) stands for
potential ~nonpotential! current. The currents are written i
terms of nonlocal momentaPW 2 ,PW 3 and local momenta
QW 2 ,QW 3 defined by

PW 25pW 281pW 2 , ~A6!

QW 25pW 282pW 2 , ~A7!

PW 35pW 381pW 3 , ~A8!

QW 35pW 382pW 3 , ~A9!

where pW i8(pW i) is the momentum of nucleoni in the final
~initial! state. The currents appearing below are for the p
of particles labeled~23! and the isospin componenta
P$x,y,z%, i.e., we have written herej a(23). The total cur-
rent for muon capture is thenj x2 iy(12)1 j x2 iy(21)
1 j x2 iy(23)1 j x2 iy(32)1 j x2 iy(31)1 j x2 iy(13). Given the
current j (23) for particles 2 and 3, the matrix element of t
a-

n

air

he

other five other currentsj (32),j (12) . . . are equal to that of
j (23) which follows from the symmetry of the wave func
tions under interchange of particle labels.

First we list the weak axial potential currents; the sum
thea1-pole pair term and the PCAC constraint term,

jWA
a,bare@AP11AP7#5S g

2M D 2 gA2M DF
p~Q3!FpNN

2 ~Q3!~sW 3•QW 3!

3$@QW 1 isW 23PW 2#t3
a

1@PW 21 isW 23QW # i ~t23t3!
a%, ~A10!

where the total current is related to the bare current for th
current and currents AP3, AP4, and APSPV by5

jWA
a5FA~Q!FpNN~Q! jWA

a,bare1FpNN~Q!@12FA~Q!#

3
QW

Q22Q0
2 ~QW • jWA

a,bare!, ~A11!

thep-pole pair term plusp-pole contact term,

jWA
a@AP21AP6#5S g

2M D 2 gA4M S 2mp
2

Q22Q0
21mp

2 D
3FpNN~Q!DF

p~Q3!FpNN
2 ~Q3!QW

~sW 3•QW 3!

mp
2

3$@QW 21QW 3
21 isW 2•~PW 23QW 2!#t3

a

1@~QW •PW 2!14~QW 3•PW 2!23~QW 3•PW 3!

13isW 2•~QW 3QW 3!# i ~t23t3!
a%, ~A12!

thep-retardation term,
ector

f

jWA
a,bare@AP3#52S g

2M D 2 gA4M @DF
p~Q3!#

2FpNN
2 ~Q3!~sW 3•QW 3!$~12n!~QW •QW 3!@QW 3t3

a1 isW 23QW 3i ~t23t3!
a#

1@~12n!PW 2•QW 31~11n!PW 3•QW 3#@QW 3i ~tW23tW3!
a1 is23Q3t3

a#%, ~A13!

thep-form factor term,

jWA
a,bare@AP4#5S g

2M D 2 gA4M DF
p~Q3!

d

dQ3
2FpNN

2 ~Q3!~sW 3•QW 3!$~12h!~QW •QW 3!@QW 3t3
a1 isW 23QW 3i ~t23t3!

a#

1@~12h!PW 2•QW 31~11h!PW 3•QW 3#@QW 3i ~tW23tW3!
a1 is23Q3t3

a#%, ~A14!

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

jWA
a,bare@APSPV#52~12l!S g

2M D 2 gA4M DF
p~Q3!FpNN

2 ~Q3!$@@PW 21 isW 23QW #~sW 3•QW 3!2QW 3~sW 3•PW 3!# i ~t23t3!
a1@@QW 1 isW 2

3PW 2#~sW 3•QW 3!2 isW 23QW 3~sW 3•PW 3!#t3
a%, ~A15!

5In the calculation, the axial form factorFA(Q) was set to one so that the second term in Eq.~1.11! yielded nothing. The correct value o
FA(Q) is one minus 0.019.
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thea1-pole contact terms, normal plus anomalous,

jWA
a,bare@AP5#52S g

2M D 2 1

2gA
DF

p~Q3!FpNN~Q3!FrNN~Q2!3
~sW 3•QW 3!

2M
$PW 21~11kV!isW 23QW 2% i ~t23t3!

a, ~A16!

rA
a,bare@AP5#52S g

2M D 2 1

2gA
DF

p~Q3!FpNN~Q3!FrNN~Q2!~sW 3•QW 3!H 11
112kV

8M2 @2QW 2
21 isW 2•~QW 23PW 2!#J i ~t23t3!

a,

~A17!

where the relationship between the total and bare current in this case is6

jWAm
a 5FA~Q!FpNN~Q! jWAm

a,bare1FpNN~Q!@12FA~Q!#
Qm

Q22Q0
2 ~QW • jWA

a,bare2Q0rA
a,bare!. ~A18!

Here follow the weak axial nonpotential currents. They are thea1rp term,

jWA
a,bare@ANP1#52S g

2M
D 2 1

8MgA
DF

r ~Q2!DF
p~Q3!FrNN~Q2!FpNN~Q3!~sW 3•QW 3!H @PW 21~11kV!isW 23QW 2#FQW 2•~QW 32QW 2!

1
PW 2•QW 2

M2 ~PW 2•QW 22PW 3•QW 3!G1QW 2FQW 3•~PW 32PW 2!2~11kV!isW 2•~QW 23QW 3!1
112kV

8M2 ~PW 2•QW 2!

3@2QW 2
21 isW 2•~QW 23PW 2!#G J i ~t23t3!

a, ~A19!

rA
a,bare@ANP1#52S g

2M
D 2 1

4gA
DF

r ~Q2!DF
p~Q3!FrNN~Q2!FpNN~Q3!~sW 3•QW 3!H FQW 2•~QW 32QW 2!1

~QW 2•PW 2!
2

4M2 GF11
112kV

8M2

3@2QW 2
21 isW 2•~QW 23PW 2!#G2

QW 2•PW 2

4M2 @~QW 2•PW 2!1~11kV!isW 2•~QW 23QW 3!#J i ~t23t3!
a, ~A20!

where the relationship between total and bare current is given by Eq.~1.18!; the rp term,

jWA
a@ANP2#52S g

2M D 2 mr
2

4MgA
FpNN~Q!DF

r ~Q2!DF
p~Q3!FrNN~Q2!FpNN~Q3!i ~t23t3!

a~sW 3•QW 3!$PW 21~11kV!isW 23QW 2%,

~A21!

rA
a@ANP2#52S g

2M D 2 mr
2

2gA
FpNN~Q!DF

r ~Q2!DF
p~Q3!FrNN~Q2!FpNN~Q3!i ~t23t3!

a~sW 3•QW 3!

3H 11
112kV

8M2 @2QW 2
21 isW 2•~QW 23PW 2!#J , ~A22!

the rpp term,

jWA
a@ANP3#52QW S g

2M D 2 mr
2

2MgA
2 DF

p~Q!DF
r ~Q2!DF

p~Q3!FrNN~Q2!FpNN~Q3!~sW 3•QW 3!HQW 3•~PW 32PW 2!2~11kV!isW 2•~QW 2

3QW 3!1~QW 3•PW 3!
112kV

8M2 @2QW 2
21 isW 2•~QW 23PW 2!#J i ~t23t3!

a, ~A23!

delta-excitation,p propagator,

jWA
a@ANP4#5gA

f pND
2

mp
2

4

9~MD2M !
DF

p~Q3!FpNN
2 ~Q3!3~sW 3•QW 3!$QW 3t3

a1 1
4 i ~sW 23QW 3!i ~t23t3!

a%, ~A24!

delta-excitation,r propagator,

6Again, theFA(Q)51 approximation was made so that the second term in Eq.~1.18! yielded nothing.
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jWA
a@ANP5#52S f pND

mp
D 11kV

2M2

4G1gr
2f p

9~MD2M !
DF

r ~Q3!FrNN
2 ~Q3!$QW 33~sW 33QW 3!t3

a1 1
4 isW 23@QW 33~sW 33QW 3!# i ~t23t3!

a%,

~A25!

delta-excitation,a1 propagator,

jWA
a@ANP6#5S f pND

f pNN
D 2gA3gr

2 4

9~MD2M !
DF
a~Q3!FaNN

2 ~Q3!$s̄3t3
a1 1

4 isW 23s̄3i ~t23t3!
a%, ~A26!

where

s̄35sW 31
QW 3~sW 3•QW 3!

Ma
1
2

. ~A27!

Finally we list the weak vector currents. They are thep-pair term~with PS coupling! or p-contact term~with PV coupling!,

jWV
a@VP1#52S f pNN

mp
D 2DF

p~Q3!FpNN
2 ~Q3!sW 2~sW 3•QW 3!i ~t23t3!

a, ~A28!

the pion current,

jWV
a@VP2#51S f pNN

mp
D 2QW 2~sW 2•QW 2!~sW 3•QW 3!i ~t23t3!

a
1

Q2
22Q3

2 @DF
p~Q3!FpNN

2 ~Q3!2DF
p~Q2!FpNN

2 ~Q2!#, ~A29!

delta-excitation,p propagator,

jWV
a@VNP1#52

2G1

M

4 f pND f pNN

9mp
2 ~MD2M !

DF
p~Q3!FpNN

2 ~Q3!~sW 3•QW 3!iQW 3$QW 3t3
a1 1

4 i ~sW 23QW 3!i ~t23t3!
a%, ~A30!

delta-excitation,r propagator,

jWV
a@VNP2#52

11kV

2M SG1

M D 2 4gr
2

9~MD2M !
DF

r ~Q3!FrNN
2 ~Q3!iQW 3$QW 33~sW 33QW 3!t3

a1 1
4 isW 23@QW 33~sW 33QW 3!# i ~t23t3!

a%.

~A31!
i-

ce
om
h
r

APPENDIX B: TRANSFORMATION INTO
CONFIGURATION REPRESENTATION

Purely local currents of the formf (Q2 ,Q3)g(Q3) were
transformed into configuration representation according to

ễ23~xW ,yW !5expF iQW •S xW
2

2
yW

3
D G

3E d3q

~2p!3
exp@2 iqW •xW # f ~QW 2qW ,qW !g~qW !

~B1a!

5expF iQW •S xW
2

2
yW

3
D G f ~QW 2 i ¹̀x ,i ¹̀x!g̃~x!,

~B1b!

where

xW5rW22rW3 , ~B2a!

yW5rW2
1

2
~rW21rW3!, ~B2b!
g̃~x!5E d3q

~2p!3
exp@2 iqW •xW #g~qW !, ~B2c!

and ¹̀x is a derivative acting only on the function immed
ately to its right, in this caseg̃(x).

This process yields an operator in configuration spa
with a plane wave factor, a spin-space part made fr
sW 2 ,sW 3 , andx̂, an isospin part and a potential function whic
is a function ofx5uxW u. As an example consider the vecto
currentp pair term

jWV
a~QW 2 ,QW 3!52S f pNN

mp
D 2i ~t23t3!

a

3sW 2~sW 3•QW 3!DF
p~Q3!FpNN

2 ~Q3! ~B3!

⇒ ễWV
a~xW ,yW !51 f pNN

2 expF iQW •S xW
2

2
yW

3
D G i ~t23t3!

a

3 isW 2~sW 3• x̂! f 1~x!. ~B4!
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The potential function in this case isf 1(x) ~see Fig. 4!,
the isospin operator isi (t23t3)

a, and the plane wave factor
is exp@iQW •(xW/22yW /3)#.

Nonlocal currents (aPW 21bPW 3) f (QW 2 ,QW 3)g(QW 3) were
transformed to

ễ23~xW ,yW !5expF iQW •S xW
2

2
yW

3
D G $ f ~QW 2 i ¹̀x ,i ¹̀x!g̃~x!

3@a~22i¹x1 i¹y!1b~2i¹x1 i¹y!#

1@a~QW 2 i ¹̀x!1b i ¹̀x# f ~QW 2 i ¹̀x ,i ¹̀x!g̃~x!%.

~B5!

An example of this type of term is part of the AP11AP7
current:

jWA
a~QW 2 ,QW 3 ,PW 2 ,PW 3!52S f pNN

mp
D 2 gA2M i ~t23t3!

a

3PW 2~sW 3•QW 3!DF
p~Q3!FpNN

2 ~Q3!

~B6!

⇒ ễA
a~xW ,yW !52 f pNN

2 gA
mp

2M
expF iQW •S xW

2
2
yW

3
D G

3 i ~t23t3!
a~ i ~sW 3• x̂ f 1~x!@22i¹W x1 i¹W y#

1
Q

mp
Q̂i ~sW 3• x̂ f 1~x!2 x̂~sW 3• x̂! f 2~x!

1sW 3f 3~x!. ~B7!

The operator¹W was written as the sum of a part with a
derivativex̂]/]x and an angular part¹̂x /x where

¹̂x5 ûx
]

]ux
1

f̂x

sinux

]

]fx
. ~B8!

FIG. 4. Potential function for thep pair term of the vector
current. The pion cutoff isLp51200 MeV.
APPENDIX C: LEADING CONTRIBUTIONS
FROM EACH CURRENT

Here we write the contributions which were include
from each current. The argument of the two-body mat
elements are potential functionsf i ~defined in Appendix D!,
multiplied by eitherj 0(Qx/2) which is suppressed for suc
cinctness orj i( iÞ0) which is then written, e.g.,xB000

1 @ f 1#
means

K 3HUU12/A3@4pY00
0 ~ x̂ŷ! ^S0~sW 2 ,sW 3!#1

3 i ~t23t3!
2 f 1~x! j 0~Qx/2! j 0~Qy/3!

]

]xp
UU3HeL ~C1!

andF112
1 @ j 2f 2# means

^3Huu12/A3@4pY11
2 ~ x̂ŷ!

^ sW 3#1t3
2 f 2~x! j 2~Qx/2! j 1~Qy/3!uu3He&. ~C2!

The one-body matrix elements@1#0, @s#6, and @s# l ,1 are
defined by Eqs.~47!–~50! of @1#.

One-body current:

Dr05FgVS 12
Q2

8M2D2gM
Q2

4M2G@1#0, ~C3!

Dr152
Q

2M F2
gA
3

1gP
q0

mm
S 12

Q2

24M2D G@s#1, ~C4!

D j Q5
Q

2M FgV3 2gM
q0

2M G@1#0, ~C5!

D j x
~1!52

Q

2M FgV1gMS 12
q0

6M D G@s#2, ~C6!

D j s5gAS 11
Q2

24M2D @s#0,12
1

3

Q

2M FgA Q

3M

1gP
Q

mm
S 12

Q2

24M2D G@s#1, ~C7!

D j x
~2!5

3

A2
gAS 11

Q2

24M2D @s#2,12
Q

2M FgA Q

3M

1gP
Q

mm
S 12

Q2

24M2D G@s#1. ~C8!

AP1 1 AP7:

D j s52gAf pNN
2 FpNN~Q!

mp

M
3H 1

3 xB000
1 @ f 1#2

A2
3 xB202

1 @ f 1#

1
A2
3 xH000

1 @ f 1#1 1
3 xH202

1 @ f 1#1
1

A3x
I 202
1 @ f 1#

2xB101
011@ f 1#2A 2

9 xG101
111@ f 1#2A 2

3 xH101
111@ f 1#

2A 10
9 xI 101

111@ f 1#J . ~C9!
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AP21AP6:

D j x
~2!53D j s52gAf pNN

2 FpNN~Q!
2mp

2

Q22Q0
21mp

2

Q

2M

Q

mp
3H 2

1

A2
D000
1 @ f 223 f 3#2 1

2D202
1 @ f 2#1 1

3 xB000
1 @ f 1#2

A2
3 xB202

1 @ f 1#

1
A2
3 xH000

1 @ f 1#1 1
3 xH202

1 @ f 1#1
1

A3x
I 202
1 @ f 1#2xB101

011@ f 1#2A2
9 xG101

111@ f 1#2A 2
3 xH101

111@ f 1#2A 10
9 xI 101

111@ f 1#J . ~C10!

AP3:

D j s52ngAf pNN
2 FpNN~Q!

mp

M
3H 1

3 xB000
1 @5 f 202 f 19#2

A2
3 xB202

1 @2 f 202 f 19#1
A2
3 xH000

1 @5 f 202 f 19#1 1
3 xH202

1 @2 f 202 f 19#

1
1

A3x
I 202
1 @2 f 202 f 19#2 4

3 xB101
011@ f 20#1

1

A3x
B101
111@ f 20#2

A5
3 xB101

211@ f 20#1
A2
3 xH101

011@ f 20#2A 3
2 xH101

111@ f 20#2A 5
18 xH101

211@ f 20#

2A 5
2 xI 101

111@ f 20#1A 5
6 xI 101

211@ f 20#J . ~C11!

AP4 the same as for AP3 with

n→22h,

f 19→ f 21,

f 20→ f 22. ~C12!

APSPV:

D j s52~12l!gAf pNN
2 FpNN~Q!

mp

M
3H 21

3 xB000
1 @ f 1#1

A2
3 xB202

1 @ f 1#2
A2
3 xH000

1 @ f 1#2 1
3 xH202

1 @ f 1#2
1

A3x
I 202
1 @ f 1#1 2

3 xB101
011@ f 1#

2
1

2A3x
B101
111@ f 1#1A 5

36 xB101
211@ f 1#2A 2

36 xH101
011@ f 1#1A 3

8 xH101
111@ f 1#1A 5

72 xH101
211@ f 1#1A 5

8 xI 101
111@ f 1#2A 5

24 xI 101
211@ f 1#J .

~C13!

AP5:

D j s52
f pNN
2

gA
FpNN~Q!

mp

2M H 11kV

2
@A2D000

1 @ f 5/32 f 6#1 1
3D202

1 @ f 5##1F2 1
3 xB000

1 @ f 4#1
A2
3 xB202

1 @ f 4#1xB101
111@ f 4#G J ,

~C14!

Dr15G3HA23 xD000
1 @ f 4#1 1

3 xD202
1 @ f 4#2A 2

3 xD101
111@ f 4#J , ~C15!

where

G35~2 !
f pNN
2

gA

mpQ

8M2 ~112kV!FpNN~Q!. ~C16!

ANP1:

D j s52
f pNN
2

gA

mp
2

2Mmr
3H 11kV

2 FA2D000
1 F f 15/32 f 162

7
6 S Q

mp
D 2~ f 12/32 f 13!G1 1

3D202
1 F f 152 7

6 S Q

mp
D 2f 12G G

1 1
3 xB000

1 Fxp f 1615 f 182 f 172
1
2 S Q

mp
D 2f 11G2

A2
3 xB202

1 Fxp f 1612 f 182 f 172
1
2 S Q

mp
D 2f 11G

2xB101
011Fxp f 161

4
3 f 182

1
2 S Q

mp
D 2f 11G1

1

A3x
B101
111@ f 18#2

A5
3 xB101

211@ f 18#J , ~C17!
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D j x
~2!52

f pNN
2

gA
~11kV!

Q2

16Mmr
3$A2D000

1 @ f 12/32 f 13#1 1
3D202

1 @ f 12#%, ~C18!

Dr15~2 !G3HA23 xD000
1 @ f 4#1 1

3 xD202
1 @ f 4#2A2

3 xD101
111@ f 4#J 1G3

mr

mp
S 11

Q2

2mr
2D HA23 xD000

1 @ f 11#1 1
3 xD202

1 @ f 11#2A2
3 xD101

111@ f 11#J
1G3

mp

2mr
H 1xD202

1 @ f 18#2
1

A6x
D101
011@ f 18#1

1

A10x
D101
111@ f 18#2

1

A15x
D101
211@ f 18#J 1

11kV

112kV
G3

mp

mr
H xD000

1 @5 f 182 f 17#

1 1
3 xD202

1 @2 f 182 f 17#1
A2
3 xD101

011@ f 18#2A 3
2 xD101

111@ f 18#2 1
3A 5

2 xD101
211@ f 18#J 2

11kV

112kV
G3

mr

2mp
HA23 xD000

1 F3 f 132 f 12

2
mp

mr
~3 f 62 f 5!G2 1

3 xD202
1 F f 122 mp

mr
f 5G J . ~C19!

ANP2:

D j s52
f pNN
2

gA

~11kV!mr

4M
FpNN~Q!3$A2D000

1 @ f 12/32 f 13#1 1
3D202

1 @ f 12#%2
f pNN
2

gA

mr

2M
FpNN~Q!

3H 2 1
3 xB000

1 @ f 11#1
A2
3 xB202

1 @ f 11#1xB101
011@ f 11#J , ~C20!

Dr15G3

mr

mp
HA23 xD000

1 @ f 11#1 1
3 xD202

1 @ f 11#2A2
3 xD101

111@ f 11#J . ~C21!

ANP3:

D j x
~2!53D j s52S f pNN

gA
D 2 ~11kV!mrQ

2

2M ~mp
22Q0

21Q2!
3$A2D000

1 @ f 12/32 f 13#11/3D202
1 @ f 12#%2S f pNN

gA
D 2Smp

M D 2 ~112kV!mrQ
2

4M ~mp
22Q0

21Q2!

3H 1
3 xB000

1 @ f 1725 f 18#1
A2
3 xB202

1 @2 f 182 f 17#1 4
3 xB101

011@ f 18#2
1

A3x
B101
111@ f 18#1

A5
3 xB101

211@ f 18#J . ~C22!

ANP4:

D j s5gAf pND
2 4mp

9~MD2M !
3HF000

1 @ f 32 f 2/3#1
A2
3
F202
1 @ f 2#1

A2
4
D000
1 @ f 32 f 2/3#2 1

12D202
1 @ f 2#J . ~C23!

Higher order terms for ANP4:

D j x
~2!5gAf pND

2 4mp

9~MD2M !
3H F000

1 @ j 2f 2#2
3

A2
F202
1 @ j 2~2 f 2/32 f 3!#2

3

A2
F022
1 @ j 0~ f 2/32 f 3!#12

A3
5
F110
1 @ j 1f 2#

1A 27
5 F110

1 @ j 1~17f 2/302 f 3!#1
1

A5
F220
1 @ j 0f 2#1

3

2A5
F221
1 @ j 0f 2#1A 7

20F222
1 @ j 0f 2#2

1

4A2
D000
1 @ j 2f 2#

2 3
4D202

1 @ j 2~ f 2/62 f 3!#2 3
4D022

1 @ j 0~ f 2/32 f 3!#1 9
40A 3

10E111
1 @ j 1f 2#1 21

40A 1
10E110

1 @ j 1f 2#J , ~C24!

D j s5gAf pND
2 4mp

9~MD2M !
3$A3F110

1 @ j 1~ f 2/32 f 3!#1A 4
15F112

1 @ j 1f 2#2A 1
40E112

1 @ j 1f 2#%. ~C25!
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ANP5:

D j s5 f pND

2G1gr
2~11kV! f p

9~MD2M !
Smp

M D 2HF000
1 @ f 72 f 8/3#

1
A2
3
F202
1 @ f 8#1

A2
4
D000
1 @ f 72 f 8/3#2 1

12D202
1 @ f 8#J .

~C26!

ANP6:

D j s5S f pND

f pNN
D 2gr

2gA
3

4mp
3

9ma
2~MD2M !

HF000
1 @F81 f 242 f 23/3#

1
A2
3
F202
1 @ f 23#1

A2
4
D000
1 @F81 f 242 f 23/3#

2 1
12D202

1 @ f 23#J . ~C27!

VP1:

D j x
~1!5 f pNN

2 3H 1

A2
D000
1 @ j 1f 1#1 1

2D202
1 @ j 1f 1#

1
1

A6
C111
1 @ j 0f 1#2A 5

24E111
1 @ j 0f 1#2A 5

8E110
1 @ j 0f 1#J .

~C28!

VP2:

D j x
~1!5 f pNN

2 Q

mp
H 1

A2
D000
1 @e3/32e2#1 1

6D202
1 @e3#J .

~C29!

VNP1:

D j x
~1!52 f pND f pNN

8G1mpQ

9M ~MD2M !
3HF000

1 @ f 32 f 2/3#

1
A2
3
F202
1 @ f 2#1

A2
4
D000
1 @ f 32 f 2/3#2 1

12D202
1 @ f 2#J .

~C30!

VNP2:

D j x
~1!5

2G1
2gr

2~11kV!mp

9~MD2M !
Smp

M D 2 QM HF000
1 @ f 72 f 8/3#

1
A2
3
F202
1 @ f 8#1

A2
4
D000
1 @ f 72 f 8/3#2 1

12D202
1 @ f 8#J .

~C31!

APPENDIX D: DEFINITION OF POTENTIAL FUNCTIONS

Here we define the potential functionsf i . They are de-
rivatives of root potential functions Fi , e.g.,
f 152dF1 /dxp , f 25d2F1 /dxp

221/xpdF1 /dxp . We first
define the root potential functions:
4pF15Y0~xp!2Rp
1/2Y0~xLp

!2 1
2Rp

21/2~Rp21!Y~xLp
!,

~D1a!

4pF25
1
2Y~xp!1 1

2Rp
21/2Y~xLp

!

1
2

Rp21
@Rp

1/2Y0~xLp
!2Y0~xp!#, ~D1b!

4pF35
1

Rp21
@Rp

1/2Y0~xLp
!2Y0~xp!#1 1

2Rp
21/2Y~xLp

!

1 1
8Rp

21/2~Rp21!xLp

2 Y1~xLp
!, ~D1c!

4pF45b@Lr ,mr#H 1

b@Lr ,mp#
Y0~xp!

2
Rp
1/2

b@Lr ,Lp#
Y0~xLp

!

1
b@Lp ,mp#Rr

1/2

b@Lr ,Lp#b@Lr ,mp#
Y0~xLr

!J , ~D1d!

4pF65S mr

mp
D 3$Y0~xr!2Rr

1/2Y0~xLr
!

2 1
2Rr

21/2~Rr21!Y~xLr
!%, ~D1e!

4pF75mrmpH b@Lr ,mr#Rp
1/2

b@Lr ,Lp#b@Lp ,mr#
Y0~xLp

!

1
b@Lr ,mr#

b@Lr ,mp#b@mr ,mp#
Y0~xp!

2
mrb@Lp ,mp#Rr

1/2

mpb@Lr ,Lp#b@Lr ,mp#
Y0~xLr

!

2
mrb@Lp ,mp#

mpb@Lp ,mr#b@mr ,mp#
Y0~xr!J , ~D1f!

4pF85Sma1

mp
D 3$Y0~xa1!2Ra1

1/2Y0~xLa1
!

2 1
2Ra1

21/2~Ra1
21!Y~xLa1

!%, ~D1g!

where RM5(LM /mM)
2 and Y(x)5exp(2x),

Y0(x)5Y(x)/x, Y1(x)5Y0(x)(111/x), Y2(x)5Y0(x)
3(113/x13/x2), Y3(x)5Y0(x)(116/x115/x2115/x3),
b@a,b#5a22b2, xp5mpx, xLp

5Lpx, xr5mrx,

xLr
5Lrx, xa15ma1

x andxLa1
5La1

x.

We now define thef i in terms of the root potential func-
tions with rules like

f 85F6@Y0→Y2 ,Y→yY1 ;1/mr
2#. ~D2a!

The rule means thatf 8 is equal toF6 with Y0 replaced by
Y2 andY(j) replaced byjY1(j) wherej can be any argu-
ment. Further, each term exp(2ax) becomes
(a/mr)

2exp(2ax) which is indicated by the 1/mr
2 after the

semicolon:
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f 15F1@Y0→Y1 ,Y→Y;1/mp#, ~D2b!

f 25F1@Y0→Y2 ,Y→yY1 ;1/mp
2 #, ~D2c!

f 35 f 1 /xp , ~D2d!

f 45F4@Y0→Y1 ;1/mp#, ~D2e!

f 55F4@Y0→Y2 ;1/mp
2 #, ~D2f!

f 65 f 4 /xp , ~D2g!

f 75F6@Y0→Y01Y1 /y,Y→Y2Y0 ;1/mr
2#, ~D2h!

f 85F6@Y0→Y2 ,Y→yY1 ;1/mr
2#, ~D2i!

f 115F7@Y0→Y1 ;1/mp#, ~D2j!

f 125F7@Y0→Y2 ;1/mp
2 #, ~D2k!

f 135 f 11/xp , ~D2l!

f 145F7@Y0→Y11Y2 /y;1/mp
3 #, ~D2m!

f 155F7@Y0→Y2 ;1/mp
4 #, ~D2n!

f 165F7@Y0→Y1 /y;1/mp
4 #, ~D2o!

f 175F7@Y0→Y3 ;1/mp
3 #, ~D2p!

f 185 f 12/xp , ~D2q!

f 195F2@Y0→Y3 ,Y→yY2 ;1/mp
3 #, ~D2r!

f 205F2@Y0→Y2 /y,Y→Y1 ;1/mp
3 #, ~D2s!

f 215F3@Y0→Y3 ,Y→yY2 ,y
2Y1→y2Y1 ;1/mp

3 #,
~D2t!

f 225F3@Y0→Y2 /y,Y→Y1 ,y
2Y1→Y;1/mp

3 #, ~D2u!

f 235F8@Y0→Y2 ,Y→yY1 ;1/ma1
2 #, ~D2v!

f 245F8@Y0→Y1 /y,Y→Y0 ;1/ma1
2 #, ~D2w!

f 255F2@Y0→Y1 ,Y→Y;1/mp#, ~D2x!

f 265F2@Y0→Y2 ,Y→yY1 ;1/mp
2 #. ~D2y!

The functionsei are given by

8pe25
1

xp
@e11~mp!2e11~Lp!1~Rp21!e12~Lp!#,

~D3!

8pe35e31~mp!2e31~Lp!1~Rp21!e32~Lp!, ~D4!

where
e11~m!5E
0

1

dt exp~2cx!F j 01 Qt

c
j 1G , ~D5!

e12~m!52
mp
2

2 E
0

1

dt exp~2cx!Fxc j 01 Qt

c3
~11cx! j 1G ,

~D6!

e31~m!5
1

mp
E
0

1

dt exp~2cx!F S 1x1c2
Q2t2

c D j 0
1QtS 3cx12D j 1G , ~D7!

e32~m!52
mp

2 E
0

1

dt
exp~2cx!

c F S cx2
Q2t2

c2
~11cx! D j 0

1
Qt

c S 2cx131
3

cxD j 1G , ~D8!

the argument of the bessel functions isQtx and them de-
pendence comes fromc which is given by

c~m!5@Q2t~12t !1m2#1/2. ~D9!

The functionsdi are given by

d25
1
2F1 , ~D10!

d35
1
2xp f 1 , ~D11!

d25
1
2xp f 2 . ~D12!

APPENDIX E: CONSTRUCTION OF OBEP

The exchange ofp,r, anda1 mesons leads to an isospin
dependentNN potential with tensor and spin-spin compo
nents. The nonrelativistic momentum space potentials b
tween two nucleons labeled 1 and 2 were taken to be

Vp523cpt1•t2
~s1•Q2!~s2•Q2!

mp
2

DF
p~Q2!

mp
FpNN
2 ~Q2!,

~E1a!

Vr523crt1•t2
~s13Q2!•~s23Q2!

mr
2

DF
r ~Q2!

mr
FrNN
2 ~Q2!

3S mr

mp
D 3, ~E1b!

Va1523ca1t1•t2Fs1•s21
~s1•Q2!~s2•Q2!

ma1
2 G

3
DF
a1~Q2!

ma1

Fa1NN
2 ~Q2!Sma1

mp
D 3, ~E1c!

where

cp5ca15mp f pNN
2 /3, ~E2a!
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cr5
mp

3
grNN
2 ~11kV!2S mp

2M D 2. ~E2b!

The configuration representation of these potentials are~with
M5p,r,a1)

VM~x!5cM@VT
M~x!S121VS

M~x!s1•s2#, ~E3!

where

S1253~s1• x̂!~s2• x̂!2s1•s2 , ~E4!

and

VT
p~x!5Fp9 2Fp8 /xp , ~E5a!

VT
r~x!52~Fr92Fr8/xr!, ~E5b!

VT
a1~x!5Fa1

9 2Fa1
8 /xa1, ~E5c!

VS
p~x!5Fp9 12Fp8 /xp , ~E5d!

VS
r~x!522~Fr912Fr8/xr!, ~E5e!

VS
a1~x!5Fa1

9 12Fa1
8 /xa123Fa1

, ~E5f!

with

FM5
1

2p2xM
E
0

`qsin~qx!

q21mM
2 FMNN

2 ~q!SmM

mp
D 3. ~E6!

The notationFM8 meansd/dxMFM . With monopole form
factors,FMNN(q)5(LM

2 2mM
2 )/(LM

2 1q2) we found that
4pVT
M~x!5~21!d~M ,r!S mp

mM
D 3@Y2~mMx!2RM

3/2Y2~LMx!

2RM
1/2~RM21!LMxY1~LMx!#, ~E7!

4pVS
p~x!5Y0~mpx!2Rp

1/2Y0~Lpx!

2Rp
21/2~Rp21!Y~Lpx!, ~E8!

4pVS
r~x!5~22!S mr

mp
D 3@Y0~mrx!2Rr

1/2Y0~Lrx!

2Rr
1/2~Rr21!Y~Lrx!#, ~E9!

4pVS
a1~x!5~22!S mp

ma1

D 3FY0~ma1
x!2Ra1

1/2Y0~La1
x!

2
Ra1

21/2

4
~Ra1

21!~Ra1
23!Y~La1

x!G .
~E10!

Our exchange potentials forp andr are the same as those
used by others@32,16#. Our exchange potential fora1 agrees
with that of Ref. @32# but not with that of Ref.@33#. The
difference is that the (s1•Q2)(s2•Q2) term was left out in
@33#. Here we include this term because we found that
contributes non-negligibly:VT

a(x) is entirely due to the term
andVS

a(x) would be'50% smaller atx51/La1
and 50%

larger forx@1/La1
without the term.
.
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