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We investigate parity-violating observables in thp system, including the longitudinal asymmetry and
neutron-spin rotation imp elastic scattering, the photon asymmetryijmradiative capture, and the asymme-
tries in deuteron photodisintegratiaty,n)p in the threshold region and electrodisintegratit(é,e’)np in
quasielastic kinematics. To have an estimate of the model dependence for the various predictions, a number of
different, latest-generation strong-interaction potentials—ArgangeBonn 2000, and Nijmegen |—are used
in combination with a weak-interaction potential consisting ®f, p-, and o-meson exchanges—the
Desplanques-Donoghue-Holst¢lDDH) model. The complete bound and scattering problems in the presence
of parity-conserving, including electromagnetic, and parity-violating potentials are solved in both configuration
and momentum space. The issue of electromagnetic current conservation is examined carefully. We find large
cancellations between the asymmetries induced by the parity-violating interactions and those arising from the
associated pion-exchange currents. In fipe capture, the model dependence is nevertheless quite small,
because of constraints arising through the Siegert evaluation of the relevanatrix elements. In quasielastic
electron scattering these processes are found to be insignificant compared to the asymmetry produced by
y-Z interference on individual nucleons. These two experiments, then, provide clean probes of different aspects
of weak-interaction physics associated with parity violation inrthesystem. Finally, we find that the neutron-
spin rotation infp elastic scattering and asymmetry in deuteron disintegration by circularly polarized photons
exhibit significant sensitivity both to the values used for the weak vector-meson couplings in the DDH model
and to the input strong-interaction potential adopted in the calculation. This reinforces the conclusion that these
short-ranged meson couplings are not in themselves physical observables; rather, the parity-violating mixings
are the physically relevant parameters.
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[. INTRODUCTION rotation at zero energy and the longitudinal asymmetmyin
elastic scattering at lab energies between 0 and 350 MeV,
A new generation of experiments have recently been comand the photon-helicity dependence of tti¢,n)p cross sec-
pleted, or are presently under way or in their planning phasejon from threshold up to energies of 20 MeV. It also pro-
to study the effects of parity-violatin@V) interactions ipp  vides a thorough analysis of the results already presented in
elastic scattering1], np radiative capturé¢2], and deuteron Ref.[7].
electrodisintegratiori3] at low energies. There is also con- We adopt the PV potential developed by Desplanques,
siderable interest in determining the extent to which hadroni®onoghue, and Holsteif8] over 20 years ago, the so-called
weak interactions can affect the longitudinal asymmetryDDH model. In then p sector, it is conveniently param-
measured by the SAMPLE Collaboration in quasielastic scatetrized in terms ofr-, p-, and w-meson exchanges. In Ref.
tering of polarized electrons off the deuterptj, and there- [8] the pion and vector-meson weak-coupling constants were
fore influence the extraction from these déad those on estimated within a quark model approach incorporating sym-
the proton[5]) of the nucleon’s strange magnetic and axial-metry techniques like S@8),, and current algebra require-
vector form factors at four-momentum transfers squared ofnents. Due to limitations inherent to such an analysis, how-
0.04 and 0.09GeV/c)?. ever, the coupling constants so determined had rather wide
The present is the third in a series of papers dealing witlhanges of allowed values.
the theoretical investigation of PV interaction effects in two-  Our prime motivations are to develop a systematic and
nucleon systems. The firgs] was devoted t@p elastic scat- consistent framework for studying PV observables in the
tering, and presented a calculation of the longitudinal asymfew-nucleon systems, where accurate microscopic calcula-
metry induced by PV interactions in the lab-energy rangéions are feasible, and to use available and forthcoming ex-
0-350 MeV. The secon{i7] provided a rather cursory ac- perimental data on these observables to constrain the
count of a study of the PV asymmetriesnip radiative cap- strengths of the short- and long-range parts of the two-
ture at thermal neutron energies and in deuteron electrodiswucleon weak interaction. Indeed, in Rg] we showed, for
integration at quasielastic kinematics. This work furtherthe case of the longitudinal asymmetry measuregprelas-
extends that of Ref[7] by investigating the neutron-spin tic scattering, how available experimental data provide
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strong constraints on allowable combinations @f and TABLE I. Values used for the strong- and weak-interaction cou-
w-meson weak-coupling constants. pling constants and short-range cutoff parameters ofithe andw
The remainder of the present paper is organized as fomeson to the nucleon in the DDH-adj potential.
lows. In Sec. Il the PV potential as well as the parity-
conserving strong-interaction potentials used in this work are 92/4m  k, 107xh) 107xhl 10'xh, A, (GeV/c)
briefly discussed, while in Sec. 11l the model for the nuclearﬂ 13.9 456 172
electroweak currents is described, including the electromag- X ' ’
netic two-body terms induced by the presence of PV interac? 084 61 -164 —2.77 -13.7 .
tions. In Sec. IV a self-consistent treatment of tgbound- «@ 20 0 3.23 1.94 1.50
and scattering-state problems in both configuration and mo-
mentum spaces is provided, patterned after that of Féf.
and in Sec. V explicit expressions are derived for the longi- v?}{T: (T',M3=0p™|T,M;=0), (2.1
tudinal asymmetry and spin rotation fip elastic scattering, _ i
the photon asymmetry ifip radiative capture, and the asym- whereT, T’ =0 or 1. The diagonal and off-diagonal terms are
metries in deuteron photo- and electrodisintegration. In Sedhen obtained as
VI the techniques used to calculate the PV observables are

oy M,

briefly reviewed, while in Sec. VIl a fairly detailed analysis v71= (M (1 + k)Y (M) 0y X 0p) - T

of the results is offered. Finally, Sec. VIII contains some azpw AT M
concluding remarks. + (o= o) - [p,Y(MN]), (2.2)
II. PARITY-CONSERVING AND PARITY-VIOLATING 2 . L
POTENTIALS . g,h, m . g.,h,—g,h,m
| | - =i IR Ty ) 0y 4 ) - SO
The parity-conservingPC), strong-interaction potentials N & m
used in the present work are the Argonmg (AV18) [9], X (a1 + ) - [p,Y(MN];, (2.3

Nijmegen [(NIIM-1) [10], and CD-Bonn(BONN) [11] mod-

els. They were discussed in Rg6] in connection with the andvf=vP¢". In the equations above the relative position

calculation of the longitudinal asymmetry pp elastic scat- and momentum are defined asr;-r, andp=(p;-p»)/2,

tering. Here, we briefly summarize a few salient points.  respectively,[...,.. ], denotes the anticommutator, ang
These realistic potentials consist of a long-range part du#,, m,, andm,, are the proton, piomp-meson, and»>-meson

to one-pion exchange and a short-range part modeled by ongasses, respectively. The Yukawa functigfx,), suitably

boson exchange in the Bonn and Nijmegen, or parametrizehodified by the inclusion of monopole form factors, is given

in terms of functions of two-pion range or shorter in the by

AV18. They differ, however, in the treatment of the nonlo-

calities; the AV18 is local while the BONN and Nijmegen | Y(x,) = i{e—xa_ e—(Aalma)xa|:1 +Eﬂ<1 _ ﬁ)x H
have strong nonlocalities; these nonlocalities are of pion T X 2m, A2
range in the case of the CD-Bonn. (2.4)

The AV18 and NIJM-I potentials were fitted to the
Nijmegen database of 19922,13, consisting of 1787%p  wherex,=m,r. Note thatY’(x) denotesdY(x)/dx, and that
and 2514np scattering data, and both produggdper datum  the terms proportional t&’(x) in Egs. (2.2) and (2.3) are
close to 1. The latest version of the charge-dependent Borusually written in the form of a commutator, since
potential, however, has been fitted to the 1999 database, con- ) ) .
sisting of 2932pp and 3058np data, for which it givesy? ilp, Y(m,r)]- = m,Y'(m,r)f. (2.9
per datum of 1.01 and 1.02, respectivglf]. The substantial  Finally, the values for the strong-interactianmeson pseu-
increase in the number @ip data is due to the development goscalar coupling constaugt,, and p- and w-meson vector
of novel experimental techniques—internally polarized gaing tensor coupling constangs and «,, as well as for the
targets and stored, cooled beams. Indeed, using this techn@lgtoff parameterd ,,, are taken from the BONN modgL1],
ogy, IUCF has produced a large number pp spin-  and are listed in Table I. The weak-interaction vector-meson

correlation parameters of very high precision; see, for exgoupling constants® and h™® correspond to the following
ample, Ref[14]. It is worth noting that the AV18 potential, compinations of DDH parameters:

as an example, fits the post-1992 and both pre- and post-

1992 pp(np) data with y*s of 1.74(1.02 and 1.35(1.07), h" = (4T - 3)h0 - 2_Th2 (2.6
respectively{11]. Therefore, while the quality of their fi{go P P V’E P’ '
the pp datg has deteriorated somewhat in regard to the ex-
tended 1999 database, the AV18 and NIJM-I models can still np_ 0
. L h,”=h,, 2.7
be considered “realistic.
As already mentioned in Sec. |, the form of the whereT=0,1. Thevalues for these and fdr, h!, andh’, are

parity-violating weak-interaction potential was derived in listed in Table I. Note that we have taken the linear combi-
Ref.[8]—the DDH model. In the isospin space of thepair  nation of p- and w-meson weak-coupling constants corre-
it is expressed as sponding topp elastic scattering from the earlier analyg$
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TABLE II. Values used for the strong- and weak-interaction (specifically, its isospin-dependent central, spin-spin, and
coupling constants and short-range cutoff parameters ofithe  tensor componenjsare strictly conserved. In a one-boson-
and w meson to the nucleon in the DDH “best values” potential,exchange model, which the AV18 is not, these interaction
labeled “DDH,” from Ref.[8]. components arise fromr and p exchange.

2 5 B S The currents from the AV18 m_omen_tum-dependent
g,/4m Kk, 10°Xh, 10°Xh, 10"xh; AGeVic)  (p-dependent components—the spin-orbit, L2, and
quadratic-spin-orbit terms—are also included. In RéR]
T 13.9 4.56 2.4 - .
and later papers, the currents from the spin-orbit term were
p 084 37 -114 019 9.5 2.4 derived by generalizing the procedure used to obtairvthe
o 20 0 -190  -114 2.4 currents. It was assumed that the isospin-independent
(isospin-dependentcentral and spin-orbit interactions were

due too and w exchangegp exchangg and the associated

of these experiments. We denote the model with these valu§g,q.hody currents were constructed by considering corre-
for the coupling constants as DDH-adj. The remaining cou- —

; .‘ Y e : sponding NN-pair diagrams involving these meson ex-
plings are the "best value” estimates, suggested in fBf, changes. The currents from theé and quadratic-spin-orbit

In order to study the sensitivity of the calculated PV ob-. teractions were obtained. instead. by minimal substitution
servables to variations in the weak-coupling constants, wi 15,17 ’ e

also consider in the present work/8" corresponding to the . . .
P o P g The currents from the-dependent interactions are strictly

original “best value” estimates for these from RE]; see . . 2 .
Table Il. Calculations with these sets of couplings are simpI)POt conserved,. as one can easily surmise by considering their
denoted by DDH. pommutator with the chgrge density operator. Fpr example,
in the case of the isospin-dependérftand (L -S)? interac-
tions, this commutator requires the presence of currents with
Ill. ELECTROMAGNETIC AND NEUTRAL the isospin structurér; X 7;),, which cannot be generated by
WEAK-CURRENT OPERATORS minimal substitution17].

. We will return to this issue in Sec. VII B. Here, we only
The electromagnetic current and charge operators, respeg:

velv i and ded i ; q bod ant to emphasize that the currents from theependent
:grem)gj andp, are expanded into a sum of one- and tWwo-DodYie g i the AVL8 are short ranged. Their contributions to

isovector observables, such as, for example, the magnetic
form factors of the trinucleong0], are found to be numeri-
cally much smaller than those due to the leadiggurrents.
These currents also lead to small, although non-negligible,
and similarly forp(q). The one-body terms have the standardcorrections to isoscalar observables, such as the deuteron
expressions obtained from a nonrelativistic reduction of thenagnetic moment an®(q) structure function[21]. How-
covariant single-nucleon currefi5]. The two-body charge ever, in the case of the PV asymmetry in tfie radiative
operators are those derived in REE6]; they only enter in  capture at thermal energies under consideration in the present
the calculation of the asymmetry in the deuteron electrodisstudy, they will turn out to play an important rolsee Sec.
integration at quasielastic kinematics, and will not be dis-y|| B).
cussed further here.

The two-body currents have terms associated with the
parity-conserving and parity-violating components of the in-
teraction, respectively;“ andjj". The operatorgf© were The DDH PV interactior{8] is parametrized in terms of
derived explicitly in Ref.[17], and a complete iisting of -, p-, and w-meson exchanges. The meson-nucleon phe-
those relative to the Argonne;g interaction[9] has been nomenological Lagrangian densities have been given most
given most recently in Ref15]. Only the two-body currents recently in Ref.[22]. We adopt here the notation and con-
associated withr andp exchange are retained in the case ofventions of that work, except that we use pseudovector cou-

i@ =2 i@+ i@, (3.1

i<j

A. Parity-violating currents

the Bonn[11] and Nijmegen-[[10] interactions. pling for the #NN interaction Lagrangian, i.e.,

In addition to these, the purely transverse two-body cur- ;
rents associated Wlth the e_xmtaﬂonz_bﬁsobars and_ themy _ LZﬁN - —WN%V,JN  oar, (3.2
and wy mechanisms are included in all calculations. Again m,

explicit expressions for these operators can be found in Ref; . _ . . :
[15]. Note, however, that th&-isobar degrees of freedom W.'th fa/ M=,/ (2m). The resulting ymNN coupling is
are treated in perturbation theory rather than with thed'Ven by

transition-correlation-operator methtB], and that only ef- . fo—

fects due to singlex excitation are considered, according to Lymn= ‘em_N757M(T>< m) NAY, (3.3
Egs.(2.195 and(3.4) in Ref.[15]. &

Before moving on to a discussion of the PV currents, weand theywNN current is then obtained from the Feynman
briefly review, for later reference, the question of conservaamplitude in Fig. 1a). The complete PVir-exchange current
tion of the electromagnetic current for the case of the AV18is derived from a nonrelativistic reduction of both amplitudes
As pointed out in Ref[15], the currents from ite)g part in Fig. 1, and to leading order reads
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9 Kp »
LVPNN: e om NO—,U,V(TX p,lL)zN A y (39)
...... PV ___g__ PV

and leads, in leading order, to an additional term in@qd.c)
of Ref. [22] of the form

a b K h2

(a) (b) - gé"—n]‘z(hg— 2—%)(7] X 1) 0 ,(K;)
FIG. 1. Feynman diagram representation of the two-body cur- v

rents associated with pion exchange: solid lines, nucleons; dashed o - K; .

lines, pions; wavy lines, photons. Note that one interaction vertex is Xl o X op+ m2 oy X kJ +i=j, (310

parity conserving, while the other is parity violatiigV). P

with v,(k) defined similarly as in Eq3.5). The term above,
. when combined with that having the same structure in the
qu(k“k )=- W(Ti 7= 7 )| Ak oy + v (K)o second line of Eq(A7c) of Ref.[22], generates a contribu-
Ve My tion proportional to 1+, which, in view of the large value
ki —k;j [v ) = 0.(k) )0 -k~ - k) of thepNNter_lsor coupling constalik,=6.6), is expgcted_ to
k2 5 LA S B (A be dominant in the P$-exchange current. The delicate issue
of current conservation when vector-meson exchanges are
(3.4 included is not discussed in the present work.
wherev_(k) is defined as Finally, there is a PV one-body current originating from
5 5 the nucleon’s anapole moment. It can be derived, for ex-
v (K) = AZ- me 1 (3.5 ample, by considering pion-loop diagrams where one of the
K+A2 ) K+m? ' vertices involves a P\NN coupling; it has the structure, to

, . . ) : leading order, given by
ki=p; —p; is the fractional momentum delivered to nucldgon

(with these definitiongy=k;+k;), and A is a short-range by q2 v .

cutoff. In the limit of pointlike couplings, the current above ji (== 2 mz[a (o2) +aV(q}) 75]o7€"1, (3.1D)

is identical to that listed in EqgA7a) and (A9a) of Ref.

[22]. NN-pair terms arising from the photon coupling to the Whereqi is the four-momentum transfeqi:wz—qz, and the
nucleon line containing a PWNN vertex do not contribute isoscalar and isovector anapole form factors are normalized
to leading order. Lastly, we note thgf" satisfies current as

conservation with the P\ir-exchange interaction, given in

momentum space by asV(0) = 9N, oSV (3.12

PV f.h, 4272
Un (kiikj)__l [y (TI X 7-J)Zv (k)a-l k +|‘*]! . s Vv . .
V2 m, with @>=1.6 anda'=0.4 from a calculation of pion-loop
(3.6) contributiong[24]. More recent estimates of the nucleon ana-
_ pole form factors predic25—-27 somewhat different values
since for a5V. A complete treatment would require estimates of
PV PV short-distance contributiong@8] and electroweak radiative
ki—q.,k),P;]+ iki—q),P; . S e .
[oz"(ki = a.ky), Pi]+ [v vki=a).By] corrections. Thus, in view of the uncertainties in the quanti-
_ f.h, ( o (k) (o + o) K +i = ] tative estimate of these effects, we will continue to use the
T o T TSR T O P=1l values above in the present stugge also Sec. VII P Note
thatjPV vanishes for real-photon transitions.

(3.7

which is easily seen to be the same (&st+k))j-"(k;,k;). B. Neutral weak currents

Here P; denotes the isospin projection operator In the standard model the vector part of the neutral weak

b= 147y, 3.9 current,j%7, is related to the isoscald®) and isovecto(V)
e : ' components of the electromagnetic current, denoted, respec-

2
, tively, asjZ” andj{”, via
In the present work, the PV currents induced dgyand

w-meson exchanges have been neglected, since, due their jO7==2sirf@y j27+ (1-2 sifow)jy”,  (3.13
short-range character, the associated contributions are ex-

pected to be tiny. We note, however, that in E45) of Ref.  where#,, is the Weinberg angle, and therefore the associated
[22] a ypNN contact term, originating from gauging the one- and two-body weak charge and current operators are
pNN tensor coupling, has been ignored, although it is in-easily obtained from those given in Sec. lll. The axial charge
cluded in a later pap€fi23] by one of the authors of Ref. and current operators too have one- and two-body terms.
[22]. This term is given by Only the axial current
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i%q) = EJS(Q) +>i%(q) (3.14  and the following definitions have been introduced:
ij .
i<j R
. . Z/Su(P) = E (LML SMIMp)Y (D), (4.9)
is needed in the present work. The one- and two-body opera- ML

tors are essentially those listed in REf9], except for obvi-
ous changes in the isospin structure having to do with the
fact that we are dealing here with neutral rather than charge- €LsT
raising/lowering weak currents, and for the inclusion of
nucleon andNA axial form factors—the parametrization The factor ¢ st ensures that the plane waves are properly
adopted for these is given in R¢80]. Note that in Ref[32]  antisymmetrized.
the relativistic corrections iu’wis and two-body axial currents The T matrix corresponding to the potentialis defined
were neglected, in line with the expectation, confirmed in theas [34]

resent study, that the associated contributions were small.  ernat . ernat
P Finally, th?el neutral weak currents given above are at tree T(p",.S' Mg T';p,SMs T)=¢(p", S Mg, T |v|p'SMS'T>(+)'
level; electroweak radiative corrections as well as strange- (4.6)
quark contributions to the vector and axial-vector current . . .
[31] have been ignored. These effects have been taken irlgsertlon of the plane wave statis SMs, T), into the right-
account in recent calculations of the longitudinal asymmetry

[1-(-D-=T]. (4.5

N -

and side of the Lippmann-Schwinger equation leads to

in d(€,e’)pn at quasielastic kinematid83]; however, they “ dp’ 1
will not be discussed further here. p,SMs T = [p,SMg T)g+ 2 2n)72
s'mgr’
T(p',S Mg T ;p,SMs, T
IV. FORMALISM X|p",SMLT'Y, (PE_ p’2/(2 F;+ i )
In this section we discuss thep scattering- and bound- H
state problems in the presence of a potentigiven by (4.7
v =P+ PV (4.1 from which the partial-wave expansion of the scattering state

is easily obtained by first noting that the potential, and hence
wherev”C and v denote the parity-conserving and parity- the T matrix, can be expanded as
violating components induced by the strogigcluding elec-

tromagneti¢ and weak interactions, respectively. The for- o', S Mg T'[vlp.SMs T
li d notati imilar to th d I d in Ref. /
[g? ism and notation are similar to those developed in Re = 24723 S e g ELSTZL/Sr (p )
) IMyLL!
X[z o 4.8
A. Partial-wave expansions of scattering state and [ LSMs (p)] v|_ ST "ST(p P, 4.8
and S matrices with
The Lippmann-Schwinger equation for theN scattering
state|p, SMg, T)®), wherep is the relative momentum, argl UL,S,T, Lsipip) =it L Jdr ju(p’ r)yl_,s,ﬂo
Mg, T, andM+=0 specify the pair spin, spin-projection, iso-
spin, and isospin-projection stat@sote that the labeMy Xv(r) e M (pr). (4.9)
=0 is unnecessary, sineeis diagonal inM+), can be written
as[34] After insertion of the corresponding expansion for Thema-
L trix into Eq. (4.7) and a number of standard manipulations,
Ip, SMg TH® = Ip,SMs T i vlp, SMg T, the scattering-state wave function can be written as
0_ ~ *
4.7 Yy sugr(r) = 4 2> X iV e asiZisudP)]
(4.2 IMyLL s T
whereHj is the free Hamiltonian, anfl..), are the eigen- W {:p)
states ofH,, namely, plane waves, X &W@(F)n}. 4.10
r
L
° with
1. ~ _
:Tz[e'p'r (=) Te ™™ xm 77MT- w, (r;p) _ 2
v ’—=5ar,aJLr(pr)+—J PP (p'r)
M r T
=4m23 it e stiL(PN[Z sing DIRATGES
" X T, (pip), (41D
4.3 E-pZ(2u) +ie ««P P &

Here j (pr) denotes the regular spherical Bessel functionwhere the labetk(a’) stands for the set of quantum numbers
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TABLE lll. Labeling of channels.

a

J 1 2 3 4
0 I, °P,

1 33, D, p, P,
2 °p, °F, p, °D,
3 F, °F,

3G3

LSTIL'S'T’). The (compley radial wave functionw(r) be-
haves in the asymptotic region—«~ as

J
W, (rip) 1
= SL8w ) (Pn) + I (PDS,, ()],

(4.12
where the on-shellp’ =p) S matrix has been introduced,
Stly',a(p) = 5a’,a —4i Mmp T\i/’a(p; p),

and the function&>2(pr) are defined in terms of the regular
and irregular(n) spherical Bessel functions as

r

(4.13

h~2(pr) =j (pr) £i n (pr). (4.14

B. Schrodinger equation, phase shifts, mixing angles,
and the scattering amplitude

PHYSICAL REVIEW C70, 044007(2004

TABLE IV. Classification of channel mixings for a giveh PC
or PV if induced byuP® or vV, respectively. Note that no coupling
is allowed between channels 3 and 4.

Coupling
J 12 13 14 23 24
0 PV
1 PC PV PV PV PV
2 PC PV PV PV PV
PC PV PV PV PV

inversion transformations af"“+vPY, the S matrix is sym-
metric (apart from also being unitayyand can therefore be
written as[34]

g=uTgu, (4.17)

whereU is a real orthogonal matrix, anﬂJ) is a diagonal
matrix of the form

3]3'01’ a: 501' anili_

Here é‘] is the (real) phase shift |n channek, which is a
function of the energy with p—\'2,u E. The mixing matrix
U can be written as

(4.19

u=u1?, J=o, (4.19
= [T u®, Jg=1, (4.20
1l<i<j=<4

The coupled-channel Schrodinger equations for the radiavhere U is the 2x2 or 4x 4 orthogonal matrix that in-

wave functionsw(r) read

( d? L'(L'+1)
+—_
dr? r2

1
+EB F g 41 W o(rip) =0,

p2>wi,,a(r;p)

(4.15
with

v (N =iF 2u J dQ Y g T u(r) 7y WA,

(4.16

where, because of time-reversal invariance, the matiri?g
can be shown to be real and symmeftlas is the reason for
the somewhat unconventional phase factor in @dqL6); in
order to maintain symmetry for both th€© andv®Y matri-

cludes the coupling between channelandj only, for ex-
ample,
cosel; 0 sinel; 0
U4 = 0 1 0 0
-sinel; 0 cosel; O
0 0 0 1
0
0
€13 _ 1
0

o o o ©
o o ok
o o o ©

Note that no coupling is allowed between channels 3 and 4 in
the notation of Table Ill, and hendé¢®¥=1. Thus, forJ=0
there are two phase shifts and a mixing angle, whileJor
=1 there are four phase shifts and five mixing angles. Of

ces, and hence tH& matrix, the states used here differ by a course, sincév®¥|<|v"Y, the mixing angle&J induced by
factorit from those usually used in nucleon-nucleon scattervPV are <1, a fact already exploited in the last expression
ing analysel The asymptotic behavior of the(r)’s is given  above forU. Given the channel ordering in Table llI, Table
in Eq. (4. 13 while explicit expressions for the radial func- 1V specifies which of the channel mixings are induced;89
tIOI"ISvJ, .(r) can be found in Ref6]—those associated with and which byvPV
vPC are weII known. The reality of the potential matrix elementsJ (r)
There are two coupled channels fd=0, and four makes it possible to construct real solutions of the
coupled channels fod=1. The situation is summarized in Schrédinger equatio.15. The problem is reduced to de-
Table Ill. Again because of the invariance under time-termining the relation between these solutions and the com-
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plex w(r)'s functions. Using Eq.4.17) and UTU=1, the o W
, . . . o' a' B, T
w(r)’s can be expressed in the asymptotic region as = '5312 ; (U)o
B
WJ, h(2,) i +h(l,) io ) )
=2 (UT)arﬁeib‘:? w® T BUBQ =(UN)yolc0s &, ju (pr) = sin &, nu(pn)],
rs 2 (4.22
S, Bt e,
5 a'B pr Ba
(4.21) and theu(r)’s are then the sought real solutions of E415).

The asymptotic behavior of thér)’s can now be read off
The expression above is real apart from the('aﬁip. To from Eq.(4.22 once theU matrices above have been con-
eliminate this factor, the following linear combinations of the structed. The latter can be written, up to linear terms in the
w(r)’s are introduced: “small” mixing angles induced by, as

1 €
u:{ 0 12], J=0,
—€, 1

cose], Sinel, €13C0S€],+€)SiNe], €,C0S€,+ €,SiNel,

HEN J J cin I J J J cin I J J
- J J -+
- 613 - 623 1 O

J J
T€4 T 0 1

Inverting the first line of Eq(4.22), o R
MS’M’ST’,SMST(Er ) =- ZTT(p'.S’M’s.T' ;pZ,SMg, T),

w u’
%zﬁéé}’s “r’ﬁuga, (4.23 (4.29
b and the factof-1)™T'/2 comes from the Clebsch-Gordan

and inserting the resulting expressions into 415 leads coefficients combining the neutron and proton states to total

to the Schrédinger equations satisfied by treal) functions ~ initial (final) isospin T(T’). Note that the direction of the
u(r). They are identical to those of E¢4.15), but for the initial momentump has been taken to define the spin quan-

w(r)'s being replaced by the(r)'s. These equations are then tization axis(thez axis), fis the angle betweefr andp’, the

; ; direction of the final momentum, and the enerdy
solved by standard numerical techniques. Note (hat? , . P ;
=v?PC since the diagonal matrix elementsut vanish be- =p?/(2w)[=p'?/(2u)]. Using the expansion of thE matrix,

a,a !

s
cause of parity selection rulegii) terms of the type Ed-(4.8 with vj o, o7 replaced byTJLrs'Tr,Lsr and the re-

r vy y(r)up, 1)/t involving the product of a PV potential 1ation between theS and T matrices, Eq(4.13, the ampli-
matrix element with aFV-induced wave function are ne- tude induced by™+v"" can be expressed as

glected. Moy sur(Es ) = VAT > V2L +1 €,
Finally, the physical amplitude fonp elastic scattering s st : 2 :

L
from an initial state with spin projections,, m, to a final ) R
state with spin projectionsy, my is given by X €, (L'(Ms=Mg),S'MgIMg)
1 X<L0!SMS|‘]MS>YL’(MS—M'S)(0)
(mmMmmy == > (—)T"T'(%m,q,%m&S’M’S) S (-4,
2 , a,a p o' a
SMST!,SMST i (4.26
1 1
X_ ,_mSMMr/r E,e, .
(2 2mplSMe)Ms mgr.swgr(E. 6 where agaim(a’)=LSTIL'S'T').
(4.29
C. Momentum-space formulation
where the amplitud®/ is related to thel matrix defined in In order to consider the PC momentum space Bfij
Eq. (4.6) via and Nijmeger{10] potentials, it is useful to formulate thep

044007-7



R. SCHIAVILLA, J. CARLSON, AND M. PARIS PHYSICAL REVIEW C70, 044007(2004

scattering problem ip space. One way to accomplish this is and PV DDH[8] potentials,r space wave functions as ob-
to solve for theK matrix [34] tained from Eq.(4.32 and by direct solution of the
e Schrodinger equations, E¢.15).
! ! M !
K, (PP =0l (P 5p)+ 7f dk X vy, 4(p;K)
0 B

D. The deuteron wave function

X —— P 5 Ba(k p), (4.27 The deuteron state hds 1 and its normalized wave func-
-k tion is written inr space as
where P denotes a principal-value integration, and the N L o T
p-space matrix elements of the potential are defined in Eq. Yiam(r) _ET' eLsUs NVl (4.33

(4.9). The integral equationgt.27) are discretized, and the

resulting systems of linear equations are solved by d|rec|lt has PC components withST=010 and 210, the standard
numerical inversion. The principal-value integration is elimi- °S; and D, waves(however, note again the unconventional
nated by a standard subtraction technigi@8]. Once thek  phase factoi-, which makes the sign of tHe wave opposite
matrices in the various channels have been determined, tfie that of theS wave, and PV components withST=100

correspondingon-shel) S matrices are obtained from and 111, the'P, and P, waves(which are real functions
} ; 1 ] ; because of the phase choice abovde radial functions are
S(p)=[1+2 up KX(p;p] ' [1-2 pp K(p;p)], determined by solving the Schrodinger equatiéris) in the

(4.289 J=1 channel with the boundary conditiongs(r) = r" in the

limit r—0 and
and from these the amplitud@‘sS,MéT,VSMsT(E, 0), Eq.(4.26), -

are constructed.

Some of the studies of PV effects in timp system of
interest here, specifically those relative to the radiative
capture, d(y,n)p photodisintegration at threshold, and -t 3
d(é,e’)np electrodisintegration in quasielastic kinematics, UppfIr) —(1+—+ 2), (4.39
are more conveniently carried out inspace, and therefore ' wr ()
requirer-space wave functions. To this end, one first rewrites

KT

Ugzd(r) . (4.39

Eqg. (4.1) in a compact notation as UgodT) e_Kr<1 + i) (4.36)
10 r K
w(r;p) _. v . o . :
————=]j(pr) =2 up j(pnT(p;p) in the asymptotic region. The asymptotic behaviougf;(r)

is identical to that ofu;o((r) above, and the constartde-
notes the combination2u|E4, where |Ey| is the deuteron
binding energy(2.225 MeV\j.

In p space the deuteron wave function is obtained from
solutions of the homogeneous integral equations

4u [~ ) P
- dkKjk T(k;p),
+ wJo j( r)pz_k2 (k;p)

(4.29

where the matrices [V\/J(r;p)]a,,azwl,’a(r;p) and 1
[i(PN)]ar o= 64 4iL(pr) have been introduced for ease of ULST(p):—Z—f dk B > vLSTL,S,T,(p;k)
presentation. Then, by making use of the following relation Ey-pl2p) ™ L's'T

between the off-shell’ andK matrices:

Xuprgri(K), (4.37
J( A7 - — (A —_ 9 J(A! - J(n-
T(p';p) =K(p";p) = 2 up K(p"; )T (p;P), and from these
(4.30
2 (7 . _
which on shell leads to U sq(r) = ;f dp P jL(pr)u stp). (4.39
0

T(p;p) =[1+2 up K(p;p] 'K (p;p), (4.3
.(p P=L up K(p:p)] _ (p:p) ( 1) Figure 2 displays the functiong s1(r) obtained with the
one can simply express the’(r;p) matrix of solutions in  pC Av18[9] (BONN [11]) and PV DDH-adj[8] potentials

terms of the previously determinéd matrix as (the values for the coupling constants and cutoff parameters
w(r:p) P in the DDH potential are those listed in Table The PC3S.l

wir.p) ( (pr) + — f dk K j(kn—5—— - K (k; p)) and 3Dl components are not very sensitive to the input PC

r 0 potential. For example, most of the difference between the

: I -1 AV18 and BONN®D, waves is due to nonlocalities present
X[1+2 pp K(pip) ™ (4.32 in the one—pion—exchlang(@PE) part of the BONN potential.
The Bessel transforms above are carried out numerically bin fact, it has been known for over two decad8$], and
Gaussian integration over a uniforpngrid extending up to  recently reemphasized by Amghar and Desplang8@ésand
momenta=125 fnril. The computer programs have been Forest[38], that the local and nonlocal OPE interactions are
successfully tested by comparing, for the PC Argonpd 9] related to each other by a unitary transformation. Therefore
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LU e B B B B L R L A. Longitudinal asymmetry and spin rotation in rfip elastic
- 1 scattering
i B ]
04l - Ez 32‘ ] The differential cross section for scattering of a neutron
r L ] with initial polarizationm,, is given by
r —- PV'P, (x10') i
& F = PV°®P, (x10) ] 1
e °F e, o . amn(E,e):% le<mam;,|M|mnmp>|2, (5.1)
= - P mymy
% 00 & and the longitudinal asymmetry is defined as
= KX = ]
C i o,(E 6 —-o_(E,0
i . AE = 2ED 0 ED (5.2)
02 5 o.(E, 0 +0o_(E, 0
I ] where + denote the initial polarizations +1/2. The total
_0,40‘ e L eIS L 4'3 P .1'0 asymmetryA(E), integrated over the solid angle, then reads

r(fm)

f dQ o(E, O)AE, 6)

FIG. 2. (Color onling The deuteron PES, and®D, and PV'P, AE) = 5.3
and 3Pl radial wave functions obtained with th@C) AV18 or ’ '
BONN and(PV) DDH-ad] potentials. Also shown is th#, wave f dQ o(E, 6)
obtained with the AV18 and a truncated DDH potengiabeled “no
a in DDH"), including only p- and w-meson exchange contribu- where o=(o,+0_)/2 is the spin-averaged differential cross
tions. For the phase convention, see text. section. The optical theorem allowsE) to be simply ex-

pressed as
the differences between local and nonlocal OPE cannot be of

any consequence for the prediction of observables, such as - T+ _ )™
binding energies and electromagnetic form factors, provided, AB) Im?"T,([( ) LUMzrr 117(E, 0) +

of course, that three-body interactions and/or two-body cur-

rents generated by the unitary transformation are also shg

included—see Ref[39] for a recent demonstration of this x2[1-(-) IMgor sor(E, 0)

fact within the context of a calculation of the deuteron struc- ss

ture functionA(q) and tensor observablg(q) based on the 1

local AV18 and nonlocal BONN potentials and associated X , (5.4)
(unitarily consistent electromagnetic currents. This point m >, Msmgr.smgr(E.0)

f SMcT
was also stressed in RéB]. s

The PV3P, component is, in magnitude, much larger thanwhere in the equation above use has been made of the sym-
the 1Pl. This is easily understood, since the long-rangemetry property
m-exchange term in the DDH potential is nonvanishing only Mo (.6
for transitions in which[T-T’|=1, and therefore does not S MgT/SMgTA =
contribute in the'P; channel. In this channel, however, the T+ \MM!
DDH p- and w-exchange terms play a role. Note that, be- =) ) SMS’v‘Mé’T’iS—MsT(E’ 0). (5.9

cause of the short-range character of the as.sociated dynam-is clear that the numerator &(E) would vanish in the
ics, the AV18 and BONNP, waves show considerably more absence of PV interactions. sine&C in contrast topPV

model-dependence than Vghe correspondipgwaves. cannot change the total spBor isospinT of the np pair. In
Finally, in Fig. 2 the P\VVP, wave obtained with the AV18 particular, the long-range part ofV due to pion exchange

and a truncated DDH potential, retaining only the short-can only contribute to the first term in the numerator of Eq.
rangep and » exchanges, is also shown. The comparisons 4 since it is diagonal ir§, but nonvanishing for transi-
between thegPl waves corresponding to the full and trun- tions [T-T’|=1.

cated DDH potentials demonstrates that this channel is in- The transmission of a low-energy neutron beam through
deed dominated by the-exchange term in the DDH. matter is described in terms of an index of refraction. A

V. PARITY-VIOLATING OBSERVABLES h_euristic argument, outlined in Ref40], _ anq the more _
rigorous—although less transparent—derivation presented in

In this section we give explicit expressions for parity- Ref.[34] show that a neutron with spin projectigm,)), after
violating observables in thep system, including the longi- traversing a slab of widtld of matter, is described by an
tudinal asymmetry and spin rotation fip elastic scattering, asymptotic wave function given by
the photqn asymmetry inp radllapve cappurel and the asym- &P(Ed) b d iy, (5.6
metries in deuteron photodisintegratiad(y,n)p in the
threshold region and electrodisintegratiai(€,e’)np in  where p=p,/2 is the initial relative momentuntassumed
guasielastic kinematics. along thez axis), and the index of refraction, is related to
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the densityp of scattering centers in matter and the forward = _ w_ 1 T/l 1 R )
scattering amplitude. For the specific case under consider-IPZmymy)* = —52 (=) 3my, My SMg)|p2, SMs, T)
ation here—neutron scattering from hydrogen—this relation vest

reads =4 e, 2L + 1{5my smSMy)
2mpl :
N~ 1 =—25% (mymg|M|mymy) g=o.  (5.7) X(L0,SMdIMg)[IMg, &)™, (5.13

’ where in the first equality the factdr)™/12 is from a

Thus a neutron, initially polarized in thedirection, Clebsch-Gordan coefficient combining the neutron and pro-
ton states to total isospif, and in the second equalits,

e[ +) +[=DN2, 58 - —(-)"e, and the statefIM;, ) have wave functions
having traversed a slab of matter, is described in the ?, (r:p)
asymptotic region by a wave function given by (rlJIMg, )P => ite, —= y["/JS/J(f)ng’,

!
a

eip(z—d)eip d(n++n_)/2(eip d(n+—n_)/2| + > + e—ip d(n+—n_)/2|_ >)/V'E-
(5.9

(5.19

with «=LST and similarly fora’. The quantum numbers
In the absence affV, the differencen, —n_ vanishes, since it and a’ characterize the incoming and outgoing waves, re-
is proportional to the sum ovdr, T’ in the numerator of Eq.  spectively.
(5.4), while The c.m. differential cross section for capture of a neutron
with spin projectionm,, is then written as
Im(n,+n_) _p
2 2p” (510 0= 2 [immP2OL (519
mo Ay P
whereq is the spin-averaged cross section introduced above : ’ - .
and hence there will be an attenuation in the beam flux pro\fvherea Is the angle betweenandq and
portional to exgp—p d o). The real part ofn,+n_)/2 instead o« q
generates an unobservable phase factor. J0= 2mvl +g/my’
However, if PV interactions are present, then the real part
of the (now nonvanishingdifferencen,-n_ leads to a rota- Here a is the fine-structure constanty, is the deuteron

tion of the neutron polarization by an angig explicity =~ mass, is the relative velocityp=p/u, and the photon en-

(5.16

given by[41-43 ergy g is given by
2 p? p?
2mpdl = —1+\/1+—(E +—>}2E +
YT E%Re[“'mp“\’”*'m& q md{ g\ 5 ) | =185,
b
(5.17
= (= my[M[ =, mp)]4=0. (5.11

The photon asymmetrnpAY(6) is defined as in Eq(5.2)
with amn(e) replaced byag]n(e). By expanding the matrix
B. Photon asymmetry infip radiative capture elements of the current operator in terms of reduced matrix
In the center-of-mas&.m) frame, the radiative transition €'€MeNtSRMEs) of electric (E) and magnetidM,) multi-
amplitude between an initial continuum state with neutronP©!€ operators af29]
and proton i_n spin-projection states, _and my, respectively,_ (- q;myl& (@) -j T(a)|IMy,a)®
and in relative momenturp, and a final deuteron state in

spin-projection statany, recoilin ith momentum ¢, is = . 21+1
aiven by e TECOlng W um & ==\2m3 -0\ TS aMa L fImy d) (- 6)
I,
Imgmm (P2,0) = (= q:my &(a) - (o) [pz.mymy) ™, X[Ey(J,a) +AM 3, )], (5.18
(5.12  with

— — +
whereq is the momentum of the emitted photon afdq), X(3,0) = (d, 3= 1YX[13, ) (5.19
A=+1, are the spherical components of its polarization vecand X,=E; or M,, one finds, by retaining théS, and ®s,
tor, andj(q) is the nuclear electromagnetic current operatorchannels in the sum over in Eqg. (5.13, the only relevant
Note thatp has been taken along the axis, the spin- incoming waves in the energy regime of interest h@rac-
quantization axis. tions of eV),
The initial np continuum state, satisfying outgoing-wave
boundary conditions, is related to that constructed in Sec.
IV A via wherea” is given by

A”(0) =a” cosé, (5.20
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-2 Re[Mi('S)E\(’s) + E(')M,(°s) ] + Re[E1(°S)My(°S) ]
My (') [P+ [EL(*S) [ + M)+ [Eo(Ps)

: (5.21)

and in Eq.(5.18 thed: » are standard rotation matricp4]. M,(®D,,%S)) RME is suppressed in the energy regime of

The E/(J, @) and M|(JZ’CZZ) RMEs should carry a superscript interest here. Thus, the standard result for the spin-averaged

(+): it ha,s been drop;:)ed for ease of presentation radiative capture cross section, integrated over the solid
Several comments are now in order. First, the photoriangle' follows:

asymmetry has the expected dependence onédcaince

AY(#)*o,-§. Note that the contributions of higher-order o7=(4m? og My ("8, 'S . (5.24
multipole operators with=2 have been ignored in the equa-  Lastly, when PV interactions are present, the analysis is
tion above. more delicate, since then, in addition to admixing small
Second, because of the definition of the states in Edepposite-parity components into the wave functions corre-
(5.14), a generic RMEX|(Ja) is expressed as sponding tovFC, these interactions also induce two-body
terms in the electromagnetic current operator, as discussed in
X(Ja) = 2 X3’ ,a), (5.22  sec. IIl. Thusj =jPC+jPV, wherej"Cincludes the convection
o and spin-magnetization currents of single nucleons as well as
namely, as a sum over the contributions of outgoing channeld€ two-body currents associated wiff, while " includes
o' corresponding to an incoming channelfor example, ~ those terms generated kY. The multipole operators can

then be written aX; =X *+X;", and those constructed from

I,
M (') =M1 ('), ') + M1 (PP, 'sy).  (5.23 jP¥ have unnatural parities, namely:)' for MY and (-)"*t

Third, in the absence of parity-violating interactions, thefor Eﬁ’;/. Therefore, for example, the RMIMTC(fSO,lSD) and
only surviving RMEs are thé1,('S),'S), M1(°S;,°S), and  MPY(S,),S) connect the PGS, state to, respectively, the
M,(®D,,3®S)), and therefore the parameta¥ vanishes. Fur- PC and PV components of the deuteron. A straightforward
thermore, theM1(3SI,3sl) RME also vanishes due to or- analysis then shows that, up to linear terms in effects induced
thogonality of the initial and final statgm the limitin which by v"V in either the wave functions or currents, the parameter
isoscalar two-body currents are neglegtedvhile the a”is given by

-2 Re{Mi(s'S)[Ei(S,°s) + Ei(°D,.°s) + Ei(CPL°S) |}
M1 (*S, ") 2

: (5.25

where again terms containing the RMBA,(°S,,3S)) and  relative momentunp, satisfying incoming-wave boundary
M1(3D1,351) have been neglected. In the expression abovegonditions. Its(interna) wave function has the same partial-
the RMEE;(*P,,3S)) has also been neglected, since transi-wave expansion given in E@4.10), except for the replace-
tions induced by the isoscalar electric dipole operator arénentWi/,a(f)H[Wifya(r)]*-

strongly suppresseft5,4q. Thus, the only relevant transi- The cross section for absorption of a photon of heliaity
tions are those connecting tﬁ’é’l PV np state to the PC summed over the final states and averaged over the initial
deuteron component and tﬁsl ande‘Dl PCnp states to the spin projections of the deuteron, reads

3p, PV deuteron component.

ici ind(+» < 27,
C. Hehcny-depende_n_t asymmetry ind(y,n)p ol =S 27 8q+Eqg- Ey) mn)m . (0,2
photodisintegration —_— q nMpAMy
The relevant matrix element in the photodisintegration of 87 « o o ,
a deuteron initially at rest in the laboratory is =g K P> lE €N M7 (J,0) +E7Q, )%,
Ja =1
(P 0= P, M8, (@) (@ my) (5.26) 527

in the notation of Sec. V B above. Hefg; p,m,m," rep-
resents amp scattering state with total momentugnand  whereE; is the energy of the final state,
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q? p? initial and final electronnucleu$ four-momenta are labeled
Ef= 2 24 (5.28  py k* and k’'* (P* and P'#), respectively, while the four-
h b M . . _ o
momentum transfeg” is defined asg*=k“-k'*=(w,q).
and The amplitudes for the- andZ-exchange processes are then
dp 1 given by[47]
EE = —E 2 | Goa (5.29 e
3 my mym, M=-—-(M?+M?), (5.36)
Note that the factor 1/2 above is introduced to avoid double- w
counting the final states, and that the dependence upon the
boundary condition of the continuum wave functions, the MY=u"yu j2 g, (5.37
superscrip{-), has been reinserted in the RMEs of the elec-
tric and magnetic multipoles, namely, , 1 G,q°_ o S
X(_)(J,a)E(_)<J,a||X|||d,J: 1) (5.30 M dr ’2 o u’ "Y(9y" +0a vs)U lotis (5.39
andX,=E or M,. _ , WhereG, is the Fermi constant for muon decag{f)z—l
The resulting PV asymmetry, defined aB"=(o7 4 SII’120W andg?=1 are the standard model values for the
—ol)/(o]+0?), is expressed a$8] neutral-current couplings to the electron given in terms of the
_ _y Weinberg anglé),, u andu’ are the initial and final electron
% z*lea[ M”70, 0E ™ Ga) +c.c] spinors, and?? andj%“ denote matrix elements of the elec-
PY= 5.3 tromagnetic and weak neutral currents, i.e.,
22 & [IMPQ 0P+ [EPQaP]
Ja 11 = (f[j*?(0)]i) = (pfi(@).i f(@), (5.39

and therefore vanishes unlggsthe initial and/or final states
do not have definite paritgas is the case here because of th
presence of P\WNN interaction$ and/or (ii) the electric and

and similarly forjﬂ" Here|i) and |f) represent the initial
€deuteron state and fin@lp scattering state with incoming-

magnetic multipole operators have unnatural paritieg™ wave boundary conditiongthe (=) solution], respectively.

Note that in the amplitud&Z the g> dependence of th&°
and (-)', respectively, because of two-body PV electromag- I P d P

: : : _ : propagator has been ignored, singgl <m2.
netlc' currents assomated'wnh FNA\I |nteract|ons[7]; The parity-violating asymmetn is given by the ratio of
It is easily shown that in the inverse procexs, y)d the

the difference over the sum of the inclusive cross sections
expression for the photon circular polarlzatlon parameter @U /dQ de for incident electrons with helicitieg=+1. It
|dent|Ca| to that g|Ven abOVe but fOI’ the RME andM depends on the three momentum and energy traanarﬁj
being replaced by the correspondEfg andM* defmed in » and scattering anglé, of the electron and is conveniently
the previous section. Indeed, by making use of the transforexpressed as

mation properties of the states and electric and magnetic

multipole operators under time reversal A=A, +A;. (5.40
7id,mg) = ()M Yd, - my), (5.32  Standard manipulations then lead to the following expression
for the asymmetry in the extreme relativistic limit for the
TIM3; @) = (= )M)3, - M3 ), (5.33  electron[32,47:
v rRy’/Y
TX T = (=)', (5.39 A=— T (5.41)

: : . 7 o RN +uREY
one finds the following relation for the RMEs:

EI(+)(‘J1 Of) = (_ )J+|E|(_)(‘J1 a), (535) 1 G Q2 g(e)v Ry 0 + g(e)UT + gV 1% Ryr
and similarly for theM,'s. Hence, the circular polarizations I 2v2 T v R+ vRY” '
measured in the direct and inverse processes are the same. (5.42)

where thev’s are defined in terms of electron kinematical

D. Longitudinal asymmetry in d(€,e’)np variables

electrodisintegration

The longitudinal asymmetry in the inclusive scattering of B
polarized electrons off a nuclear target results from the inter- L=
ference of amplitudes associated with photon @idex-
changes as well as from the presence of parity-violating
components in the nueleon—nucleon interaction. For com- vr=tarf(642) + I_QA (5.44)
pleteness, we summarize below the relevant formulas. The 2

q4
= (5.43
q
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2
vy = tan(642) [ tarf(642) + |—2§—|.

(5.45

The Rs are the nuclear electroweak response functionsynere
which depend o and w, to be defined below. To this end,

it is first convenient to separate the weak currgiftinto its

vector j% and axial-vectorj>? components, and to write

correspondingly
iG7=187+ 157 = (@), %(@) + (R (@5 (@)
(5.46)

The response functions can then be expressed as
RV, w) =22 8w + Eq =~ E)Repf(A)pfi ()],
i f
(5.47

RIA(,0) =2 8w+ Eg— ENREj(a) - | 35(a)],

i f
(5.48
RI(G, ) =2 8w + Eg— EQIm[i(q) X 2/ (a)1;,
i f
(5.49

where E; is the ground-state energy of the deuter@s-

sumed at rest in the laboratonE; is the energy of the final

scattering state, and in Eq%.47) and(5.48 [Eqg. (5.49)] the
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8
Yamg(1) = 2 i (0, (6.1)
n=1

M =(p1)2(nT)2,(NT)2(PT)2, ... ,(N1)a(pl), and
nggjgnd are the components aﬁd,md in this basis. The scattering
wave function in Eq(4.10 is first approximated by retaining
PC and PV interaction effects in all channels up to a certain
preselected, ., and by using spherical Bessel function for
channels withJ>J,,,., and is then expanded, for any given
r, in the same basign)} defined above. The radial functions
w, , are obtained with the methods discussed in Sec. IV C.

Matrix elements of the electromagneti@nd neutral
wealk) current operators are written schematically as

(ol = f A S ™ (O)0mEV 1), (6.2

The spin-isospin algebra is performed exactly with tech-
niques similar to those developed in REE7], while ther
space integrations are carried out efficiently by Gaussian
quadratures. Note that no multipole expansion of the transi-
tion operators is required.

Extensive and independent tests of the computer pro-
grams have been completed successfully.

VII. RESULTS AND DISCUSSION

In this section we present results for the longitudinal
asymmetry and spin rotation ip elastic scattering, the pho-

superscript &b) is eithery or 0 (y or 5). Note that there is a ton asymmetry in theip radiative capture at thermal ener-
sum over the final states and an average over the initial spi@i€s, and the asymmetries in the threshold photodisintegra-
projections of the deuteron. In the expressions above for thBon and quasielastic electrodisintegration of the deuteron. To
R's, it has been assumed that the three-momentum tragsferprovide an estimate for the model dependence of these re-
is along thez axis, which defines the spin quantization axis Sults, we consider several different high-quality interactions
for the nuclear states. fit to strong-interaction data, the Argonng; [9], Bonn[11],

The asymmetry induced by hadronic weak interactionsand Nijmegen-I[10] interactions. We adopt the standard
A, is easily seen to be proportional to the interference ofPDH [8] one-boson-exchange model of the parity-violating
electric and magnetic multipole contributions as in Eg.interaction, and solve the Schrodinger equation for the scat-
(5.31); indeed tering state and deuteron bound state with the methods dis-

cussed in Sec. IV. The values for the meson-nucleon cou-
(277)2aRW: oY= o (5.50 pling constants and cutoff parameters in the DDH-adj model
q T ' are those listed in Table I. Note that we have rescalegthe

vy B ) and w-meson weak couplings occurring in thie1 channel
namely,Ry,” is related, of course fo=q, to the difference ¢ 45 1o reproduce thgp longitudinal asymmetry6]. Only
of helicity-dependent photodisintegration cross sectionsgne linear combination is significantly constrained by the fit
Similar considerations to those in Sec. V C allow one tOtO theﬁp experiment in the DDH_adJ As in the earlier ana|y_
conclude that this response would vanish in the absence @fs of scattering, the cutoff values in the meson-exchange
PV NN interactions(note, however, that in the present casejnteraction are taken from the BONN potential.
there is, in addition to two-body PV currents, also a one- |t js also useful to introduce here some of the notation
body PV term originating from radiative electroweak correc-adopted in the following subsections to denote variations on
tions, the anapole curref24]). the DDH model defined above. The PV interaction denoted
as DDH corresponds to a DDH model with, p, and w
weak-coupling constants as specified by the “best value” set

In this section we briefly review the techniques used toof Ref. [8], while the PV interaction denoted as D&Hn-
calculate the PV observables in ting system—these are cludes only ther-exchange term in the DDH model with the
similar to those discussed most recently in R8£]. “best value” for the weakrNN coupling constant; see Table

The deuteron wave function in E¢4.33) is written, for 1l
each spatial configuration, as a vector in the spin-isospin
space of the two nucleons,

VI. CALCULATION

Finally, while the short-range contributions to the PV in-
teraction should not be viewed as resulting solely from the
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FIG. 3. The'S,-*P, mixing parameter obtained with the Av18  FIG. 5. (Color onling The *S;-'P; and’D,-'P; mixing param-
model in combination with either of two variations of the DDH eters obtained with the AV18 model in combination with either of
model, labeled DDH-adj and DDKbest values}; see text. two variations of the DDH model, labeled DDH-adj and DDH; see

text.

exchange of single mesons, the six parameters of the DDI—eh with | =
model are still useful in characterizing all the low-energy PV,
mixings. For example, two-pion exchange could play a role
[48]; however, we assume that its effects can be included,

least at low energy, through the present combination of pio?
and short-range terms.

1,2 andm=3,4 in thenotation of Tables Il and

The definitions adopted for the phase shifts and mixing
arameters are those introduced in Sec. IV B. Up to linear
erms inu®Y, the 8} ande];* values are not affected by weak
interactions, and are determined solely by the strong interac-
tion. They are identical to those listed in RE9], but for two
A. Longitudinal asymmetry and neutron spin rotation differences. First, the Blatt-Biedenharn parametrization is
used here for thes matrix [49] rather than the bar-phase
parametrization of if50] employed in Ref[9]. Second, be-
cause of the phase choice in the potential componjeets
Eqg. (4.16 and comment below Jit the mixing parameters
€1, have opposite signs relative to those listed in R@F.

The coupling between channels with the same pair isospin
T is induced by the short-range part of the DDH interaction,
associated with vector-meson exchanges; its long-range com-

In this section we present results for the longitudinal
asymmetry and neutron spin rotationrip elastic scattering.

Figures 3—7 show the mixing parameteﬁﬁ induced by
the AV18 model in combination with the DDH-adj, DDH,
and DDH 7 interactions. Only those;, mduced by the PV
interaction are displayed, namely, fd=0 512 and forJ=1

AL ERAS LA RN AR Al L RRRS EERELERN ponent, due to pion exchange, vanishes in this case. As a
: : 2_||||||||||||||| TT T T T L L L R R
ok 7 C ]
L - r @-@ DDH-ad] ]
i ] E =& DDH ]
1 - F A—A DDHn 1
Two [ ] 1 -
~ = .
o r 1 B ]
~— + B o - -
0 o [ 1
i ] © .
C @-@ DDH-adj ] r ]
N =-u DDH ] or T———0
. A4 DDHr ] - :
L D P 4 L ) ]
- - - 2 2 4
ol b e b L N ]
0 40 80 120 160 200 L 1
Ecm-(MeV) Al b e L L]
0 40 80 120 160 200

FIG. 4. (Color onling The *S;-*P; and®D;-P, mixing param- E, . (MeV)

eters obtained with the AV18 model in combination with either of
three variations of the DDH model, labeled DDH-adj, DDH, and  FIG. 6. (Color onlineg Same as in Fig. 4, but for the mixing
DDH; see text. parameters$P,->D, and>F,-°D,.
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L i r @ AV18+DDH-adj -
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FIG. 7. (Color online@ Same as in Fig. 5, but for the mixing FIG. 9. (Color onling The*s-*P, and>D,-*P, mixing param-
parametersSP,-'D, and*F,-'D,. eters obtained with the DDH-adj model in combination with either
the AV18 or BONN model.
result, the mixing parameters in Figs. 3, 5, and 7, calculated
with the DDH-adj and DDH models, are rather different, culated by retaining in the partial-wave expansion for the
reflecting the large differences in the values for the some og@mplitude, Eq.(4.26), all channels withJ up to Jy,=6.
the strong- and weak-coupling constants and short-range cuthere is very little sensitivity to the input strong-interaction
offs between these two models; see Tables | and II. potential. As also remarked in Rg6], this reduced sensitiv-
The mixing parameters between channels Witfi|=1, ity is undoubtably a consequence of the fact that present
Figs. 4 and 6, in which the pion-exchange term is presentpotentials are fitted to extendggp and pn databases with
are still rather sensitive to the short-range behavior of the P\nigh accuracy.
interaction, as reflected again by the differences in the DDH- Figure 12 shows that the total asymmetries obtained by
adj and DDH predictions. However, this sensitivity is muchincluding only theJ=0 and 1 channels'S,-*P, °S-°P,,
reduced for the more peripheral waves, such as th&D;-°Py, °S-'P;, and °D,-'P)) and, in addition, the=2
3p,-°D, and>F,-*D, channels. channels, and finally all channels up taJ,,=6. In the
Figures 8—10 are meant to illustrate the sentitivity of theenergy range 0—-200 MeV the asymmetry is dominated by
mixing angles to the input strong-interaction potential, whichthe J=0-2 contributions.
can be quite large, particularly in channels such as the For completeness, we present in Figs. 13 and 14 results
®D,-*P, and®D,-P;. for the angular distributions of th&C) spin-averaged differ-
The total longitudinal asymmetry, defined in £§.3), is  ential cross section andPV) longitudinal asymmetry at
shown in Fig. 11 for a number of combinations of strong-center-of-mass energies of 20 MeV and 100 MeV. The
and weak-interaction potentials. The asymmetries were caRSymmetryA(E, 6) is defined in Eq(5.2).

1.0 T or LU L IR L
[ ] 4 ]
0.8~ . r ]

- #—@ AV18+DDH-adj . C ]

L m—= BONN+DDH-adj i oL ]

0.6~ n - ]
w0 I 1 w [ ]
~ B T (00_3— —
= 1 —~ [ e-eAV18+DDH-ad] 1
0.4 - [ m-m BONN+DDH-adj ]

C ] -4 —
02 . . 1

L i 5 —
ool il e b T ] el vl b b T Ll
0 40 80 120 160 200 0 40 80 120 160 200

E. . (MeV) E. ., (MeV)

FIG. 8. ThelSO-?’PO mixing parameter obtained with the DDH- FIG. 10.(Color onling Same as in Fig. 9 but for th36l-lP1 and
adj model in combination with either the AV18 or BONN model. *D,-'P, mixing parameters.
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FIG. 11. (Color onling The neutron asymmetry obtained with
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FIG. 13. Angular distributions for the spin-averaggul(strong-

various combinations of strong- and weak-interaction potentials, a#iteractior) cross section at center-of-mass energies of 20 MeV and
100 MeV, corresponding to the AV18 potential.

function of the center-of-mass energy.

length, d¢/dd with ¢ defined in Eq.(5.11), are listed in

o ) ) _produce thigmeasureglasymmetry{6]. An additional differ-
The predictions for the neutron spin rotation per unitence between the DDH-adj and DDH models is in the values

adopted for thé€PC) p-meson tensor coupling to the nucleon,

Table V in the limit of vanishing incident neutron energy. 6.1 in the DDH-adjfrom the BONN interactionand 3.7 in

The density of liquid hydrogen is taken as=0.4x 1073

—atoms cmd.

is worth reemphasizing that the longitudinal asymmetry in

the DDH (consistent with estimates from vector-meson

dominancg Comparison between the DDH-adj and DBH
While results corresponding to different input strong in- predictions, however, indicates that the neutron-spin rotation
teractions are withins10% of each other, the calculated val- is sensitive to the long-range part ofV, and therefore a
ues show significant sensitivity to the short-range structureneasurement of this observable would be useful in con-
of the PV interaction, columns labeled DDH-adj and DDH. It straining the PVZNN coupling constant.

Finally, there is a sign difference between the present re-

pp elastic scattering predicted by the DDH model is at vari-Sults and those reported in Rg#3]. It is not due to the
ance with that observed experimenta]. The short-range different strong-interaction potential used in that calculation.

cutoff parameters and combinations @fand w-meson PV
coupling constants ifTT,=11, respectivelyh’+h}+h2/\6

Indeed, with the Paris potentigdl] in combination with the
DDH model we obtaind¢/dd=+8.88x 107° rad cni?, the

andh®+h!, were constrained, in the DDH-adj model, to re- Same magnitude as but opposite sign from that given in Ref.

107 A

N
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o
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FIG. 12. Contributions to the neutron asymmetry obtained by
including only theJ=0 andJ=1 channels, and by adding tde2

channels, and finally alD channels up toJ,.=6. The AV18

180

[43].
In order to understand this discrepancy, we have carried
] out a calculation of the neutron-spin rotation, which ignores
_ 10— T T T
‘ 0.0f |
] C P
7 7/
E r / ]
3 1o / J
] < [T~o / ]
E b Tt ~< / ]
] 9 20 \\ // ]
- F N 7 E
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. r \\ / 7
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FIG. 14. Angular distributions for the neutron asymmetry at

+DDH-adj potential combination is used; black solid line in Fig. center-of-mass energies of 20 MeV and 100 MeV. The AV18
+DDH-adj potential combination is used; dark solid line in Fig. 11.

11.
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TABLE V. Neutron spin-rotation angle per unit length, in units ~ TABLE VI. Total cross sectio” and parity-violating asymme-
of 107° rad cnT?, in the limit of vanishing incident neutron energy. try a” in the Ap radiative capture at thermal neutron energies, ob-
Various combinations of strong- and weak-interaction potentials aréained in various models. The asymmetry is reported for pion-
used. Also listed are the results obtained by ignoring strongexchange onl{DDH7) and full DDH (DDH-ad)) interactions.
interaction effects, row labeled “plane waves.”

a”(mb) arx 10
DDH-adj DDHm DDH
Interaction  Impulse current Full current DDH DDH-adj
AV18 5.09 5.21 7.19
NIIM-I 4.94 5.35 7.64 AV18 304.6 334.2 -4.98 -4.92
BONN 4.63 5.18 735 NIIM-I 305.4 332.5 -5.11 -5.02
Plane waves -5.67 -6.87 -5.85 BONN 306.5 331.6 —4.97 —4.89

body contribution, approximately two-thirds of the total,

strong-interaction effects. It is equivalent to a first-ordar ¢ h iated with bi h Th
v"V) perturbative estimate of this observable, and the corre€OMes from the currents assoclated with pion exchange. The

sponding results, listed in the last row of Table(Mw la- total cross_section is_in good agreement with experimental
beled “plane waves’ demonstrate that strong-interaction '€Sults, which are variously quoted as 330.8) mb[53] or

distortion effects are crucial, in fact they are responsible for332-80-7) mb [54]. It would be possible to adjust, for ex-
flipping the sign ofé. This is in contradiction with the state- @Mple, the transition magnetic moment,y, of the
ment reported in the first paragraph after B).of Ref. [43]: A-excitation current to precisely flt. one of thgse valugs, here
Avishai and Grange claim that the “plane-wave” prediction'e SImply choose @y, of 3y, which is consistent with an
with the DDH model is -6. 10°° rad cnT, namely, it has ~analysis ofy-N data at resonance. _
the same sign as in their full calculation. As discussed in Sec. V B, the PV asymmetry arises from
The sign difference between the predictions obtained by interference between tihé, term above and thg, tran-
either including or neglecting strong-interaction distortion Sition, connecting théP; PV np state to the PC deuteron
effects can easily be understood. For simplicity, consider thgtate and thés, PC np state to the’P; PV deuteron state.
DDH model, in which case the relevant matrix element!he Ex transitions proceeding through the PRy npor deu-
contributing to ¢ is (3P,|vPY(DDHm)[®S), connecting the t€ron states are suppressed, because of an isospin selection
continuumT=0%S, and T=1°P, channels. The essential dif- rule forbidding isoscalar electric-dipole transitions and also

ference between the undistorted and distof@dvave func- because of spin-state orthogonality. In principle, there is a
tions is the presence of a node in the latter, thus ensuring itr;latlwsuc correction to the electric dipole operator, associ-

orthogonality to the deuteroi‘ﬁl component. It is this node ated V.Vith the Qefinitiop of the_ center of ene_rg%]. How-
that causes the sign flip. ever, its contribution in transitions proceeding through the

P, channel vanishes too, since the associated operator is
diagonal in the pair spin.
B. Photon asymmetry infip radiative capture at low energies The calculated asymmetries are listed in Table VI. The
) L= 12 ) results are consistent with earligs5,5 and more recent
The PV asymmetrya” in the "H(n, y)°H reaction at ther- 157 59 estimates, and are in agreement with each other at the
mal neutron energies is calculated for the AV18, BONN, ancke\y percent level, which is also the magnitude of the contri-
NIJM-I interactions. The asymmetry is expected to be conytions from the short-range terms. In particular, they show
stant for low-energy neutrons up to energies well beyond they; this observable is very sensitive to the weak #NN
1-15 meV averaged in the experiment currently running atoypling constant, while it is essentially unaffected by short-
the LANSCE facility[52]. Each strong interaction modgl has range contributiongin this context, see also Fig).2The E;
associated two-body currents. For the AV18 we consider thgansition has been calculated in the long-wavelength ap-
currents from the momentur_n—lndependent terms—thand proximation(LWA ) with the Siegert form of th&, operator
p-exchange currents from itsg part—as we_II as from the [see, for example, Eq4.5) of Ref. [45]], thus eliminating
momenf[um-dependent terms, as rewevyed in Sec. lll. Furtherthany of the model dependencies and leaving only simple
discussion of the AV18 currents is given below. For the(long-range matrix elements. In the notation of Sec. V B,

BONN and NIJM-I interactions, we retain only the- and  the associated reduced matrix elements are explicitly given
p-exchange currents with cutoff parameters taken from the,

BONN model(A,=1.72 GeV and\ ,=1.31 GeVj, while we

neglect contributions from other meson exchanges. In all cal-

culations, however, the currents associated withAhexci- E,(%s,%s) +E,(°D,.%S)
tation andwry transition have been included.

The total cross section” is due to the well-knowrM .. q - 2 .3 ey Lo 3
transition connecting the P&, np state to the PC deuteron _'2\;’@ 0 drr {u(r, P Wr™S) \’Ew(r, Dy)
state. The calculated values for each model are given in
Table VI, both for one-bodyimpulse currents alone and for .3 Bey L3
the one- and two-body currents. In each case the largest two- w(r;"Py{ u(rs™sy) V’Eu(r, D)1 (7.9
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TABLE VII. Cumulative contributions(in units of 108) to the  the M; matrix element by=1%. They are not listed in Table
PV asymmetrya” in the np radiative capture at thermal neutron V||,

energies for the AV18 interaction and pion-exchange-only BDH The asymmetry is given by the sum of the two columns in

interaction. See text for explanation. Table VII, namely, +0.1% 1078 (last row). This value should
be compared to —5.0210°8, obtained with the Siegert form
AV18 (PQ) currents DDHr (PV) currents of the E; operator for the same interactiotend currents for
| B the M; matrix element As already mentioned, we have ex-
mpulse 15.3 . e . . .
o 483 442 plicitly verified that retardation corrections in tlg operator _
are too small to account for the difference. Thus the latter is
*p —40.4 44.0 to be ascribed to the lack of current conservation, originating
+p dependent —43.8 44.0 from the isospin- and momentum-dependent terms of the

AV18.
To substantiate this claim, we have carried out a calcula-
where thew's andu’s denote thenp continuum and deuteron tion based on ag reduction[59] of the AV18 (denoted as
radial wave functions defined, respectively, as in Secs. IV Aayg), constrained to reproduce the binding energy of the
and IV D (only the outgoing-channel quantum numbers aregeuteron and the isoscalar combinations of e and
displayed for theN’S). Corrections beyond the LWA terms in P-wave phase ShiftSnote’ however, that we do include in
E; transitions have been found to be quite small. For comthe AVS8 the electromagnetic terms from the AV18, omitted in
pleteness, we also give the well-known expression foMhe  Ref. [59]). For the AV8 model, ther- and p-exchange cur-
RME, as calculated to leading orderdnand in the limit in  rents from the isospin-dependent central, spin-spin, and ten-
which only one-body currents are retained, sor interaction components are constructed as for the AV18,
and therefore are exactly conserved. However, the currents
M, (1s,1s) =i oy (,up ,u,n)f dr ru(r;3s)w(r;'sy), from the isospin-independent interactiof(r;;)L -S are de-
rived by minimal substitution,
(7.2

where the combinatiom,—u,=4.706uy is the nucleon is-
ovector magnetic moment.

We have also calculated tiig contributions with the full
current density operatgrx), namely, by evaluating matrix
elements of

pi — pi — eRA(r), (7.9

wheree and A are the electric charge and vector potential,
respectively, andP; is the proton projection operator. The
linear terms inA are written as fdx j(x)-A(x), and the
resulting spin-orbit current density—or, rather, its Fourier
transform—reads

1
Eh:afdxux) VX jiaYnR®), (7.3 NG _(zL)< 9P, - dIP)SX 1. (7.5

where Y1l are standard vector spherical harmonics. To the
extent that retardation corrections beyond the LWA of Ehe
operator are negligibl¢45], this should produce identical
resultsprovidedthe current is exactly conserved. In order to . pC (T . o

satisfy current conservation, currents from both the strong Jomij(a) = 5 (€91Q; - €9MIQ)S X ryj, (7.6
(PC) and weakPV) interactions are required, as discussed in

Sec. Ill. In the following we keep only the-exchange term  where

in the DDH interactionwith their “best guess” for the weak e

7NN coupling constanf and use the AV18 strong-interaction Q= T'—TJZ—TZ' (7.7
model.

AS rg\]iieweorll in Sec. I]!I,hthe PC two-body crl]Jrrents gon'WhiIe minimal substitution ensures that the current is indeed
structed from the part of t eAV_18 interactiofthe zr- an ~_conserved for the isospin-independent interaction, i.e.,
p-exchange currentsexactly satisfy current conservation

with it. The same holds true for the P¥-exchange currents q -jf)’ﬁ(q) = [vb(rij)L -S,pi(Q) + pj(a)], (7.9

derived from the DDH interaction in Sec. Ill A. However,
this prescription does not lead to a conserved current for the

the PC two-body currents originating from the isospin- and. d dent h tat b
momentum-dependent terms of the AV18 are strictly not conISOSpIn ependent one, since the commutator above gener-
ates an isovector term of the type

served(see below. The associated contributions, while gen-
erally quite small, play here a crucial role because of the o®7(r;) _

large cancellation between th®C) vg currents from the i(7 X T,)Z—L[L -S,e"i - 1], (7.9
AV18 and the(PV) 7 currents from the DDH. This point is

illustrated in Table VII. Note that the PC currents fran  Physically, this corresponds to the fact that isospin-
excitation andw7ry transition are transverse and therefore dodependent interactions are associated with the exchange of
not affect theE; matrix element. However, they slightly re- charged particles, which an electromagnetic field can couple
duce the PV asymmetry, since their contributions increasé. One can enforce current conservation by introducing an

In the case of the isospin-dependent terms, after symme-
trizing v°"(r)[L -S, 7+ 7j],/2, one obtains
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TABLE VIII. Cumulative contributions to the total cross section O AL B S B o B S
o” and PV asymmetna” in the Ap radiative capture at thermal C ]
neutron energies for the AV8 and pion-exchange-only BBhter- 0.24- .
actions. Also listed is the asymmetry obtained with the Siegert form r ]
of the E; operator. See text for explanation. 0.20 .

o¥(mb) arx 108 i 016 .
AV8 (PC) DDHr Total A ]
currents (PV) currents © L ]
Impulse 226.4 -17.7 -17.7 0.081 ]
+r 239.2 -57.9 51.3 -6.60 0.04F ]
+p 241.7 -50.3 51.1 +0.790 T 1
+SO 241.7 -57.0 51.1 -5.89 oooL—d 10w 1 L L ]
0 5 10 15 20 25

+A+wmy 247.4 -56.3 50.5 -5.82 o(MeV)

SiegertE; -5.76

FIG. 15. The deuteron photodisintegration cross sections, calcu-
lated with the AV18 and BONN interactions, are compared to data.
is taken as Note that the AV18 and BONN results are indistinguishable.

PC
br,ij

eiQ'ri —eiC]'rj

additional term[60], which in the case of

vP7(ry;)

i(; X TJ.)Z_ZJ_{L -S,rj; ] . (7.10  calculations are carried ogsee Sec. V) it is conveniently
+

implemented by making use of the following identity for the
The results obtained for the total cross section and P\_purrent density operatqgkx), or rather its Fourier transform

asymmetry with the AV8 and pion-only DDH interactions J(@):
and associatedexactly conservedcurrents are listed in
Table VIII. A few comments are in order. First, thé, cross j(@=j(@-j@=0) —f dx XV -j(x)
section in impulse approximation $830% smaller than pre-
dicted with the AV18 interaction. This is due to the fact that ) ] _
the np singlet scattering length obtained with the Avt&un- =j@=-jq=0) +i {HJ dx XP(X)} (71D
cated model is —19.74 fm, and so is about 15% smaller in
magnitude than its physical value, -23.75 fm, reproduced byhere in the first line the volume integral pfx) has been
the AV18 within less than 0.1%®]. reexpressed in terms of the divergence of the current, ignor-
Second, the enhancement of thlg cross section in the ing vanishing surface contributions, and in the second line
impulse approximation due {&C) two-body currents, 9.3%, use has been made of the continuity equation. Héxe is
is essentially consistent with that predicted with the AV18. the charge density operator. In evaluating the matrix ele-
Lastly, the PV asymmetry obtained with the full currents ments in Eq(5.26) the commutator term reduces to
is close to that calculated with the Siegert form of tag
operator. The remaning 1% difference is due to numerical i fdx X[H,p(x)] — iq f dx xp(x) = iq>, Pir;,
inaccuracies as well as additional corrections from retarda- i
tion terms and higher-order multipoles. Both of these effects (7.12)
are included in the full-current calculation. Note the crucial
role played by the spin-orbit currents constructed above. whereP; is the proton projection operator introduced earlier,
and relativistic corrections tp(x), such as those associated
o _ o with spin-orbit and pion-exchange contributiofi45,44,
C. Deuteron threshold disintegration with circularly have been neglected.
polarized photons We have also calculated the photodisintegration cross sec-
The photodisintegration cross sections calculated with th&on by using the expression given in E(.3) for the E;
AV18 and BONN models from threshold to 20 MeV photon operator, or equivalently by calculating matrix elements of
energies are in excellent agreement with d#&-67; see the currentj(q) without resorting to the identity in Eg.
Fig. 15. The model dependence between the AV18 and7.1l). The results obtained by including only the one-body
BONN results is negligible. In the calculations the fimgd  terms and both the one- and two-body termg(@) are com-
states include interaction effects in all channels ug+#®  pared with those obtained in the Siegert-based calculéion
and spherical Bessel functions fdr-5, as discussed in the well as with datain Fig. 16. The same conclusions as in the
next section. previous section remain valid here. Had the current been
In the energy regime of interest here, tftetal) cross exactly conserved, then the Siegert-based andjfg)l cal-
section is dominated by the contributions Bf transitions  culations would have produced identical results. The small
connecting the deuteron to tig triplet P waves. The Sieg- differences in the case of the AV18 model, as an example, are
ert form is used for th&, operator. Because of the way the to be ascribed to missing isovector currents associated with
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O o I B L TABLE IX. Photon helicity-dependent asymmetrig@s units of
r ] 1078) calculated with various combinations of strong- and weak-
0.24[~ ] interaction potentials at an incident photon energy of 2.2259 MeV,
C o 2&:2’ 11_b:d‘l’) s 1 about 1.3 keV above threshold. Predictions are listed obtained by
0.20 o BON’\’I(:b;c’ v . including only one-body termémpulse and both one- and two-
. - BONN’ 1+2) iody b body termg(full) in the electromagnetic current, right-hand side of
ol r L , 2 1
g 0161 — AV18, Siegert ] Eq. (7.1D).
%0.12:— — AV18(BONN) +DDH-ad] AV18+DDHs  AV18+DDH
0 08:_ N Impulse 5.449.4)) -0.035 2.49
r - Full 5.19(9.05 -0.037 2.38
+ \k
0.04- B —
: i .1 AT T (R I S (S N A ] 1 (1
000 5 10 15 20 25 pr= 2 Re M ?))Eé( So)] (713
o(MeV) M, (')

FIG. 16. (Color onling The deuteron photodisintegration cross where, in the notation of the previous section, Me(lso)

sections, calculated with the Av18 and BONN interactions, are . . . - 1
compared to data. Results obtained by including only one-bodyR'vIE is defined as in Eq5.23 and similarly fork,("S). In

terms and both one- and two-body terms in the electromagnetieiS €nergy r.egion, the only relevant channel in the fimal
current are shown along with those calculated by using the rightState hag=0; see the discussion at the end of Sec. V B. Note

hand side of Eq(7.11). The latter are the same as in Fig. 15. that the combination of RMEs occurring i is different

. _ . ~ from that ina? the photon angular asymmetry parameter

its momentum-dependent interaction compongse® previ-  measured imp radiative capture. Indeed, in contrastat

ous section o ) ) the photon polarization parameter is almost entirely deter-
The PV photon polarization parametet, obtained with  mined by the short-range part of the DDH interaction, medi-

various combinations of PC and PV interactions, is displayegeq by vector-meson exchang@sd having isoscalar and

mb Fig. b17, l‘é"h'leh'ts ;]/a:(tje_ atl_ a zh_oton t?lnergyl':l%l keVv 1 S0tensor characte8]); see Table X and Fig. 17. This is

above breakup threshold is listed in Table IX. All results g;qjy nderstood, since in th,-3P, channel the pion-

X - . Qxchange component of the DDH interaction vanishes. Fur-
on the right-hand side of E7.11). Note that, as discussed thermore, theE; transition connecting th&, np continuum

in Sec. V C, the parameteR” for the directd(y,n)p and o
inversep(n, y)d processes are the same. In the threshold retate (o the PV’P, component of the deuteron, which is

ion. a few keV above breakun. the exoression Rore- predominantly induced by the pion-exchange interaction, is
gucés to P P strongly suppressed, to leading order, by spin-state orthogo-

nality. Higher-order corrections, associated with retardation
2 \| T T T T T T T T T effects and relativistic contributions to the electric dipole op-
A

erator, were estimated in Rg69] and were found to be of

the order of a few percent of the leading result arising from
vector-meson exchanges. Some of these corrections are re-
tained in the present study.

The predictions in Table IX and in Fig. 17 display great
sensitivity both to the strengths of the PV vector-meson cou-
plings to the nucleon and to differences in the short-range
structure of the strong-interaction potentials, thus reinforcing
the conclusion that these short-ranged meson couplings are
not in themselves physical observables; rather, the parity-
violating mixings are the physically relevant parameters
[70].

Note that the=5% decrease irP? values between the
Y R USRI N ERE rows labeled “impulse” and “full” is due to the correspond-

5 10 M V)15 20 25 ing 5% enhancement of tHd, transition connecting the PC
oie !5, and deuteron states, due to two-body terms in the elec-

FIG. 17. (Color onling The photon helicity-dependent asymme- {romagnetic current included in the “full” calculation.
tries obtained with various combinations of strong- and weak- The results in Table IX are consistent in both sign and
interaction potentials. Note that the predictions corresponding to therder of magnitude with those of earlier studig&l-74;
AV18+DDH7 potential combination are suppressed by rough|yremaining numerical differences are to be ascribed to differ-
one order of magnitude relative to those corresponding to th&nt strong- and weak-interaction potentials adopted in these
AV18+DDH-adj and AV18+DDH models. All results are obtained earlier works. Indeed, we have explicitely verified that by
by using the right-hand side of E¢7.12). using the PC AV18 potential and the Cabibbo model for the

B —— g

o—e AV18+DDH-adj
4--a AV18+DDH
& a AV18+DDHn(x10)

o—e BONN+DDH-adj

PR R N R N I T S S NS S

N
LB e e B e s e B e

o
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z ! z 0 e—e AV18:+DDH-adj, (1+2)-body 1
>E_’ 5 C * E i 5 N o~ - BONN+DDH-adj, 1-body ]
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0 5 10 15 20 25 0 10 15 20 25
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FIG. 18. Contributions to the photon helicity-dependent asym-  FIG. 19. (Color online The photon helicity-dependent asymme-
metry obtained by including PV admixtures in the wave functionstries obtained with the AV18+DDH-adj and BONN+DDH-adj po-
of all channels up tQ)y,y With J0=0, 1, 2, and 5. The AV18 tential combinations by including only one-body terms and both
+DDH-adj potential combination is used; black solid line in Fig. one- and two-body terms in the right-hand side of Eql).

17. Note that the curves labeldd 2 andJ=5 are indistinguishable.

the electromagnetic and neutral weak currents. Note, how-

PV potential[75] we obtainP? values close to those reported ever, that only the PV two-body terms associated with
in Refs.[73,74. However, our results seem to be at varianceexchange in the DDH interaction are considered in the
with those of Ref[76] at photon energies a few MeV above present calculationén addition, of course, to the PC terms
the breakup threshold. In particular, Table Il in that paperdiscussed in Sec. )l The PV currents fronp and v ex-
suggests that at 10 and 20 MeV the dominant contribution t¢hange have been neglected, since they are expected to play
P is from the PV pion-exchange interaction and tR4thas @ minor role due to their short-range character. One should
the values —2.6& 108 and —4.54x 10°8, respectively. This also observe that at the higher momentum transfers of inter-
is in contrast to what reported in Fig. 17 of the present workgst here, 100—-300 Me¥¢/ relevant for the SAMPLE experi-
curves labeled AV18+DDH and AV18+DDid There is a ments[4,83, it is not possible to include the contributions of
two orders of magnitude difference between the values reelectric multipole operators through the Siegert theorem;
ferred to above and those obtained here. These differencélsese must be calculated explicitly from the full current.
have been discussed in several recent publicatigris79. The A7 contribution was recently studied in ReB82],
Some of them might be due to the use, in Oka’'s wd@Rkf.  where it was shown that two-body terms in the nuclear elec-
[76]), of the “old” Hamada-Johnston potent{@0] to gener-  tromagnetic and weak neutral currents only proddce2)%
ate the PC wave functions, and also to his omission of @&orrections to the asymmetry due to the corresponding
contribution associated with a transition connecting the P\single-nucleon currents. The present study—a short account
admixture to théP1 state and the deuteron, as pointed out byof which has been published in Rdf/]—investigates the
the authors of Ref{79]. asymmetry originating from hadronic weak interactions. It

The results in Table I1X are consistent with the latest ex-updates and sharpens earlier predictions obtained in Refs.
perimental determinationPY=(1.8+1.9 X107 [81], but [84,85—for example, these calculations did not include the
about two orders of magnitude smaller than an earlier meagffects of two-body currents induced by PV interactions.
suremen{82]. The present calculation proceeds as discussed in Sec. VI.

Figure 18 shows the photon-polarization parameter obWe have used the AV18 or BONN mod@nd associated
tained by including PV admixtures in thep continuum  current$ in combination with the full DDH interactiotwith
wave functions of all channels witd<J,,, and J,. coupling and cutoff values as given in Tablg The final
=0,1,2, and 5. In thenergy range explored so fd, is  state, labeled by the relative momentympair spin andz
essentially given by the contributions of the0 and 1 chan-  projectionSMg, and pair isospirlT (M=0), is expanded in
nels. partial waves; PC and PV interaction effects are retained in

Finally, Fig. 19 illustrates the effects of two-body terms in all partial waves withJ<5, while spherical Bessel functions
the electromagnetic current, written as in the right-hand sidare employed fod>5. In the quasielastic regime of interest
of Eq.(7.11). The associated contributions are of the order ofhere, it has been found that interaction effects are negligible
a few percent relative to those from one-body terms. for J>5.

In Figs. 20 and 21 we show, respectively, the inclusive
cross section and the asymmetridg, and A, obtained

In this section we present results for the asymmetigs  with the AV18 and DDH-ad] interactions, for one of the two
andA,; obtained by including one- and two-body terms in SAMPLE kinematics, corresponding to a three-momentum

D. Deuteron electrodisintegration at quasielastic kinematics
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FIG. 22. Contributions to the asymmetd,, calculated, as

FIG. 20. Thed(e,€e’)np inclusive cross section calculated, as ) .
(e,e)np function of the scattered electron energy, with the (PC) AV18

function of the scattered electron enefgy with the AV18 interac- . . . .
tion model. The electron incident energy is 117 MeV and its scat2Nd(PV) DDH-adj interaction models. The other electron kinemati-

tering angled, is 138.4°. Predictions are shown obtained with one-cal variable.s are as in Fig. 20. The solid line reprgsents the resglts
body terms alone and both one- and two-body terms in thecorrespondlng to the presence in the wave functions of opposite-
electromagnetic current parity components induced by the DDH interaction, while the

dashed line represents the results due to the anapole current and the

PV two-body current associated with exchange. The total asym-
transfer range between 176 MeV and 206 MeV at the low, Y g Y

and high ends of the spectrum in the scattered electron ergitgi?gytvsvzog;ﬂ%;?gﬁgId fine in Fig. 21.is obtained as the sum
ergy E’; the four-momentum transfetqﬁ at the top of the

quasielastic peak is<0.039 Ge\?. The rise in the cross sec- amount to a=5% correction in the quasielastic peak region.
tion at the high end of thee’ spectrum—the threshold In Fig. 21 the asymmetr,; labeled(1 +2)-body—A,; is
region—is due to théV, transition connecting the deuteron defined in Eq.(5.42—includes, in addition to one-body,
to the (quasibounyg np 150 state. Note that, because of the two-body terms in the electromagnetic and neutral weak cur-
well-known destructive interference between the one-bodyents(in both the vector and axial-vector components of the
current contributions originating from the deuter8hand latter). These two-body contributions are negligible over the
D-wave components, two-body current contributions arewhole E’ spectrum. However, théPC and PY two-body
relatively large in this threshold region. However, they only electromagnetic currents play a relatively more significant
role in the asymmetra,,, Eq. (5.41).

In Fig. 22 we display separately, for the asymmeAry,
the contributions originating frongi) the presence in the
wave functions of opposite-parity components induced by
the DDH-adj interactionsolid curveg and (i) the anapole
current and the PV two-body current associated witlex-
changeg(dashed curve The latter are positive and fairly con-
stant as function ofE’, while the former exhibit a pro-
nounced dependence up&h. Note that, up to linear terms
in the effects induced by PV interactions, the asymmatyy
is obtained as the sum of these two contributions.

The BONN model leads to predictions for the inclusive
cross section and asymmetries that are very close to those
obtained with the AV18, as shown fér,; andA,,, in Fig. 23.
Thus the strong-interaction model dependence is negligible
for these observables.

In Fig. 24 we present results for the asymmetries corre-
sponding to a four-momentum transﬂqﬂ at the top of the

FIG. 21. The asymmetrie,,, andA,; calculated, as function of quasielastic peak of about 0.094 Gehe three-momentum
the scattered electron ener@f, with the (PC) AV18 and (Pv)  transfer values span the ran(®66—327 MeV over theE'
DDH-adj interaction models. The other electron kinematical vari-spectrum shown. The calculations are based on the AV18
ables are as in Fig. 20. Predictions are shown obtained with onenodel and include one- and two-body currents. The asym-
body terms alone and both one- and two-body terms in the electronetry from y-Z interference scales Witt)i and therefore is,
magnetic and neutral weak currents. in magnitude, about a factor of 2 larger than calculated in
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FIG. 23. The asymmetries,, andA,; calculated, as function of i Fl(f;'tﬁs' Cottnmb;t'?n tto the asymmetsy,,, calgglatttad ,;S func-
the scattered electron energy, with the DDH-adj model in com- ion of the scattered electron energy, corresponding to the pres-

bination with either the AV18 or BONN model. The other electron "€ in the wave functio_ns of opposite-parity component; if‘duced
kinematical variables are as in Fig. 20. Predictions are shown ob.tgy e{ther the full DDH-adj or atrunca.ted DDH quel, qon5|st|ng of
tained by including one- and two-body terms in the electromagnetiétS pion-exchange component only, in combination with the AvV18

and neutral weak currents. For thg; asymmetry the AV18 and Eoc(i;_al.t_The otherhelectrtl)ortl !(ln((ejrrkl)atl_call \ija}rlablesda;e as in FI%‘ 20.
BONN calculated values are essentially indistinguishable. recictions are snown obtained by Inciu (RL and PY one- an
two-body terms in the electromagnetic current.

Fig. 21 where|q’| =0.039 GeV?. The contributions toA,,
exhibit, as functions oE’, a behavior qualitatively similar to
that obtained at the Iowéqﬂ value; see Fig. 22.

In Fig. 25 we compare results for the contributionAp,
due to the presence in the wave function of opposite-pari

components induced by the full DDH-adj and a truncate ribution. HenceA ., will scale essentially linearly with the
version of it, including only the pion-exchange term. Note ' Ty y y
PV 7NN coupling constant.

that, up to linear terms in the effects produced by PV inter- Finally, Fig. 26 is meant to illustrate the sensitivity of the

actions, the other contribution t#,,,, namely, that originat- asymmetryA__ to those PC two-body currents derived from
the momentum-dependent interaction components of the

ing from (PV) one- and two-body currents, remains the same
as in Fig. 22, since—as mentioned earlier—only tR&/)

two-body currents associated with pion exchange are consid-
t red in the present work. Figure 25 shows that the asymme-
g}y A,, is dominated by the long-range pion-exchange con-

Yy

MR nduced by PV couplngs "] AV18 model(i.e., the spin-orbitL 2, and quadratic-spin-orbit
[ e N e - ] termg; see Secs. lll and VII B. While these currents play a
2r / E crucial role in the photon asymmetry in thp radiative cap-
F A x10° ] P y y In thp radic p-
C 7Y ] ture at thermal neutron energy, they give negligible contribu-
0; >/ ; tions to the present observable at quasielastic kinematics.
_2:_ by the Bvead) meracion ] These result; demonstrate that, in the kmema’qcs of the
oot ] SAMPLE experiment$4,83), the asymmetry fromy-Z inter-
z I ] ference is dominated by one-body currents, and that it is two
'4:_ B orders of magnitude larger than that associated with the PV
r ] hadronic weak interaction. Hence even the largest estimates
'6:' E of the weak7NN coupling constant will not affect extrac-
C ] tions of single-nucleon matrix elements. These conclusions
8 B corroborate those of the authors of Rgf6], who have car-
T T e ried out a similar study of the impact of hadronic weak in-
1% 100 120 140 160 teraction on quasielastic electrodeuteron scattering.
E’(MeV)
FIG. 24. The asymmetrj,; and the two contributions to the VIII. CONCLUSIONS
asymmetryA,, (notation as in Fig. 2Pcalculated, as function of the . . . ) )
scattered electron enerds/, with the (PC) AV18 and (PV) DDH- A systematic study of parity-violating observables in the

adj interaction models. Predictions are shown obtained by includind!P System, including the asymmetriesfip radiative capture

one- and two-body terms in the electromagnetic and neutral weaRNdd(y,n)p photodisintegration, the spin rotation and longi-
currents. Note that the electron incident energy is 192 MeV and it§udinal asymmetry imp elastic scattering, and the asymme-
scattering angle, is 138.4°. try in electrodisintegration of the deuteron by polarized elec-
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N

T interactions, play a very small role at the values of momen-
tum transfers explored so f§4,83].

We also find that the neutron-spin rotation is sensitive to
both the pion and vector-meson PV couplings to the nucleon,
while exhibiting a modest model dependence, at the level of
(5-10%, due to the input strong-interaction potential
adopted in the calculation. Thus a measurement of this ob-
servable[87], when combined with measurements of the
asymmetries imp radiative capturg2] and pp elastic scat-
tering[1], could provide useful constraints for some of these
PV amplitudes.

The asymmetry in the deuteron disintegration by circu-
larly polarized photons from threshold up to 20 MeV ener-
L L gies is dominated by the short-range components of the DDH
70 30 20 100 interaction. However, it also displays enhanced sensitivity to

E'(MeV) the short-range behavior in the strong-interaction potentials.
Indeed, predictions for the asymmetry at threshold differ by

FIG. 26. The asymmetrﬁkw calculated, as function of the scat- almost a factor of 2, depending on whether the Argomﬂg
tered electron enerdy’, with the AV18 model in combination with 5 Bonn 2000 interaction is used in the calculations. There-
a truncated DDH model consisting of its pion-exchange componenfyre this observable cannot provide an unambiguous value
only. The other electron kinematical variables are as in Fig. 205 short-range weak meson-nucleon couplings; however, it
Predictions are shown obtained by including the one-body terms ould be valuable in placing constraints on the hadronic
alone and both the one- and two-body terms in the PC and P\Gveak mixing angles.
components of the electromagnetic curr@ddshed and solid lines, Finally, the issue of electromagnetic current conservation
respectively. Also shown are the results obtained by ignoring in the. th ’ f ity- . d PV potentials h
PC two-body currents those terms from the momentum-dependerllrt1 € presence of parity-conserving and, potentials has
components of the AV18 modetiash-dotted ling befzn carefully»mveshgated. In parucu!ar, in the case of the

p(n, y)d andd(y,n)p processes dramatic cancellations occur
etweeen the contributions associated with the two-body cur-
fents induced, respectively, by the PC and PV potentials.

~
LI B B B
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trons at quasielastic kinematics, has been carried out b
using a variety of latest-generation, strong-interaction poten
tials in combination with the DDH model of the PV hadronic
weak interaction. We find that the model dependence of the
Ap-capture asymmetry upon the strong-interaction potential The authors wish to thank L. E. Marcucci and M. Viviani
is quite small, at a level similar to the expected contributiongor interesting discussions and illuminating correspondence,
of the short-range parts of the interaction. This process is imnd G. Hale for making available to them experimental data
fact dominated by the long-range interaction components asets of the deuteron photodisintegration. The work of J.C.
sociated with pion exchange. A measurement of theand M.P. was supported by the U.S. Department of Energy
np-capture asymmetry is then a clean probe of that physicainder Contract No. W-7405-ENG-36, and the work of R.S.
Similarly, we find that the asymmetry in thé{€,e’)np  was supported by DOE Contract No. DE-AC05-84ER40150
reaction at quasielastic kinematics is a very clean probe afinder which the Southeastern Universities Research Associa-
the electroweak properties of individual nucleons. The protion (SURA) operates the Thomas Jefferson National Accel-
cesses associated with two nucleons, including PV admixerator Facility. Finally, some of the calculations were made
tures in the deuteron and scattering wave functions and elepossible by grants of computing time from the National En-
tromagnetic two-body currents induced by hadronic wealergy Research Supercomputer Center.
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