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Parity-violating interactions and currents in the deuteron
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We investigate parity-violating asymmetries fiip radiative capture at thermal neutron energies and in
deuteron electrodisintegration in quasielastic kinematics, using the Desplanques, Donoghue, and Holstein
model for the parity-violating nucleon-nucleon interaction. We find dramatic cancellations between the asym-
metries induced by the parity-violating interaction and those arising from the associated parity-violating pion-
exchange currents. In th#p capture, the model dependence of the result is nevertheless quite small, because
of constraints arising through the Siegert evaluation of the relévantatrix elements. In quasielastic electron
scattering, these processes are found to be insignificant compared to the asymmetry produZenhteyfer-
ence on individual nucleons. These two experiments, then, provide clean probes of different aspects of weak-
interaction physics associated with parity violation in the system.
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Two-nucleon experiments are the clearest probes of hadutgoing photon with respect to the direction of the initial
ronic parity violation. A recent experiment has measured theeutron polarization—is very sensitive to the weak parity-
longitudinal asymmetry inpp elastic scatterind1], while  violating #NN coupling[7-9]. Since this coupling contrib-
another one is underway to measure the photon asymmetotes to the longest-range part of the interaction, it provides a
in low-energynp radiative captur¢2]. This experiment has window into the hadronic weak interaction in a manner simi-
been designed to provide a definitive measurement of th&r to the role the standar@NN coupling provides in strong-
weak 7NN coupling constant, which determines the longest-interaction physics. Its experimental determination, however,
range part of the parity-violating nucleon-nucleon inter-has proven to be very difficult. Measurements of the circular
action. polarization of y-ray decays in'®F [10] have been inter-

We investigate this process using the Desplanques, Dongvreted to indicate a very smaitNN coupling as compared
ghue, and HolsteifDDH) meson-exchange model of the to theoretical expectations based upon hadronic md@gls
parity-violating NN interaction[3]. We separately evaluate while measurements in atomi¢3Cs seem to favor a much
the contributions from the hadronic weak interaction and thdarger value[11]. The analysis of both these experiments is
associated two-body currents. These currents play an impocomplicated by the difficulty of handling reliably, from a
tant role, reducing dramatically the measured asymmetry. Wiheoretical standpoint, the many-body aspects of the problem
also consider the model dependence of the full result by ush these complex systems. These issues have been addressed
ing different modern models of the strong interaction. Evenin Refs. [12,13. More recently, PV asymmetry measure-
though there are significant cancellations between the twoents of neutron resonances in compound nuclei seem to
terms above, the final model dependence is quite small, anquire even larger values of the wealkIN coupling con-
in fact similar in size to the estimated contribution of short-stant[14].
range mechanisms. For these reasons, an experiment measuring the pho-

It has been speculated that these interactions and currertttn asymmetry inip capture has been undertaken at the
could potentially also play a role in the parity-violating LANSCE facility [2]. As mentioned above, previous studies
guasielastic electrodisintegration of the deuteron, recentlpf this proces$7,8] have shown that this asymmetry is very
measured in the SAMPLE experiments at the MIT-Bates fasensitive to the weakrNN coupling constant, while essen-
cility [4,5]. Indeed, their contributions could cloud the inter- tially unaffected by short-range contributions. Here, we in-
pretation of the experimental asymmetry in terms of singlevestigate the model dependence of this result by considering
nucleon properties. However, we find that these two-nucleoseveral different high-quality interactions fit to the strong-
mechanisms lead, for any reasonable value ofitNEN cou-  interaction data. In addition, we consider the individual con-
pling constant, to very small asymmetries when compared ttributions to the final result, including processes where the
those originating fromy-Z interference. Therefore, these photon couples at all points to the exchangeidtual) pion.
electron scattering results can be reliably used to extract We employ the standard DDH meson-exchange model of
single-nucleon properties. the (PV) NN interaction, solving the full Schdinger equa-

A more complete account of the calculations carried oution for the scattering state as well as the deuteron bound
so far will be published elsewhefé]. In the present paper, state. The equations and relevant mixing parameters i the
we only report the main results. matrix have been discussed in considerable detail in Ref.

The parity-violating(PV) observable in théip radiative  [15] for the case ofpp elastic scattering. While the short-
capture—the asymmetry in the angular distribution of therange contributions to the PV interaction should not be
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TABLE |. Total np-capture cross sectiori® mb) andrip ra-  lier analysis[15] of these experiments. The remaining cou-
diative capture asymmetrig units of 10°%) in various models. plings have been taken from the DDH “best guess”
Asymmetries are reported for pion-exchange-only and full DDHestimates. Finally, as in the earlier analysigipf scattering,
interactions. Note that the asymmetries are obtained using the Sieghe cutoff values in the meson-exchange interaction are
ert form of theE, operator. taken from the Bonn-CD potentialA(,=1.72 GeV, A,
=1.31 GeV, and\ ,=1.50 GeV).

_ Cross section ~ Asymmetry With these couplings, we obtain the asymmetries also
Interaction  Impulse curr Full curr  Pion only  Full DDH  jistaq in Table 1. The results are consistent with earigf
AV18 304.6 334.2 —4.08 — 485 and more recenf23] estimates, and all agree within a few
NIIM-I 305.4 3325 ~511 —495 percent, which is also the magnitude of the contributions
Bonn-CD 306.5 331.6 —497 — 483 from the short-range terms. Tl transition has been cal-

culated in the long-wavelength approximati@dWVA) with
the Siegert form of th&, operator, thus eliminating many of
viewed as resulting only from the exchange of single methe model dependencies and leaving only simftig-
sons, the seven parameters of the DDH model can still beange matrix elements. We have explicitly calculated correc-
employed to characterize all the low-energy PV mixings. Foitions beyond the LWAE; terms, and found them to be quite
example, two-pion exchange could play a ridé], however, small.

we assume that its effects can be included, at least at low We have also calculated thg; contributions with the
energy, through the present combination of pion- and shortsame current operator used to calculate Mhe matrix ele-
range terms. The complete expressions for $enatrix  ment. To the extent that retardation corrections beyond the
and contributions of the various terms will be presented-WA of the E; operator are negligiblg24], this should pro-

in Ref.[6]. duce identical resultprovided the current is exactly con-

We calculate the asymmetry for the AVL87], Bonn-CD  served. In order to satisfy current conservation, currents from
[18] and Nijmegen-(NIJM-1) [19] interactions. Each strong both the strong(PC) and weak(PV) interactions are re-
interaction model has associated exchange currents. For tlggiired. In the following, we keep only the-exchange term
AV18, we include currents from the momentum-independentin the DDH interaction with their “best guess” for the weak
terms (@@ and p currenty as well as terms from the -N coupling constant, and use the AV18 strong-interaction
momentum-dependent terms in the interaction. Further dismodel.
cussion of the AV18 currents is given below, for a review see The PCa andp currents are derived from the; part of
Ref. [20]. For the Bonn-CD and NIJM-I interactions, we the AV18 interaction and by construction exactly satisfy cur-
include = andp currents with the cutoffs from the Bonn-CD rent conservation with {f25]. The same prescription is used
model (A,=1.72 GeV andA ,=1.31 GeV). Contributions to generate conserved P¥ currents from the DDH interac-
from other meson exchanges in the Bonn and Nijmegetion in the presence of a short-range cut@t is the case
models have been neglected. In all calculations, the currentserg. However, the PC currents originating from the
associated with\ excitation andwy transition have been momentum-dependent terms of the AV18 are strictly not con-
included[20]. served. For example, the currents from theand (L -S)?

The total cross section at thermal neutron energies is dueomponents of the AV18 are constructed by minimal substi-
to the well-known M, transition connecting the parity- tution[25]. While this procedure leads to conserved currents
conserving(PC) 'Synp state to the PC deuteron state. Thefor the isospin-independertt? and (- S)? terms, it is not
calculated values for each model are given in Table I, botfadequate for their isospin-dependent counterparts, as one can
for one-body(impulse currents alone and for the one- and easily surmise by considering their commutator with the
two-body currents. In each case, the largest two-body contricharge density operator. This commutator requires the pres-
bution, approximately two thirds of the total, comes from theence of terms with the isospin structure; X 7;),, which
currents associated with pion exchange. The total cross secannot be generated by minimal substitutisn-called inter-
tion is in good agreement with experimental results, whichnal radiation contributiong26]). This issue will be discussed
are variously quoted as 33425 mb[21] or 332.60.7) mb  more thoroughly in Ref[6].

[22]. It would be possible to adjust, for example, the transi- The currents associated with the momentum-dependent
tion magnetic momen,, Of the A-excitation current to  terms, however, while small, play here a crucial role, because
precisely fit one of these values, here we simply choose af the large cancellation between tffeC) = andp currents
Myna Of 3 nm, which is consistent with an analysis pfN from the AV18 and th€PV) 7 currents from the DDH. This
data at resonance. point is illustrated in Table Il. Note that the PC currents from

The PV asymmetry arises from an interference betweer-excitation andw 7y transition mechanisms are transverse
the M, term above and thE, transition, connecting théP, and, therefore, do not affect tlkg matrix element. However,
PV np state to the PC deuteron state and iBg PCnp state  they slightly reduce the PV asymmetry since their contribu-
to the 3P, PV deuteron state. The PV components of thetions increase thil,; matrix element by=1%. They are not
wave functions are generated by the DDH potential, includdisted in Table II.
ing -, p-, and w-exchange mechanisms. In this work, we The asymmetry is given by the sum of the two columns in
have taken the linear combination pf and w-weak cou- Table Il, namely,+0.17X 108 (last row). This value should
pling constants corresponding pp scattering from an ear- be compared to—5.02<10 8, obtained with the Siegert
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TABLE IIl. Cumulative contributions to thép radiative capture is given in Ref.[28], while that due to the hadronic weak
asymmetry(in units of 10°8) at thermal neutron energies for the interaction read§6]
AV18 interaction and pion-exchange-only DDH interaction. See
text for explanation. viRH(q,w)

A(Q,w,0,) = v R(Q,w)+v1R1(0,w)’

@

AV18 (PO currents DDH(PV) currents

Impulse 153 wherev, vy, andv’; denote electron kinematical factors,

gl 483 44 2 R, and Ry are the standard longitudinal and transverse re-

tp _404 440 sponse functiongexplicit expressions for these and the

+ p-dependent _ 438 440 factors are given in Ref.28]), and Rt i_s the PV response
function, defined agagain, in the notation of Ref28])

form of the E, operator for the same interactiotand cur-  Ri(q,0)=2>, > 8(o+m—E)Im[js(q)Xj&(a)],. (2
rents for theM; matrix element As already mentioned, we vt
have explicitly verified that retardation corrections in the Here, the three-momentum transfehas been taken to de-

operator are too small to account for the difference. Thusg o ihe spin-quantization axigthe z axis, and j;(q)
this difference is to be ascribed to the lack of current CONSEI_ i q)|i) are the matrix elements of the electromagnetic

vation, originating from the isospin- and MOomentum- ., rrent. In terms of electric and magnetic multipole opera-

dependent terms of t.he A\(18. : tors, the cross product above is expressed as
To substantiate this claim, we have carried out a calcula-

tion based on a4 reduction[27] of the AV18, constrained to Im[ji(Q) Xj%(a)],

reproduce the binding energy of the deuteron and some of

the NN phase shifts. In this case, the resulting PC currents *

(only the 7r- and p-exchange terms are presgate exactly oc,;l Re[(IIMi ()13 E (]3], ®)

conserved. The results are listed in Table Ill. The remaining

=2.7% difference between the Siegert result and the fulbnd, therefore, vanishes unle§$ the initial and/or final

calculation is presumably due to numerical inaccuracies astates do not have definite pari@s is the case here because

well as additional corrections from retardation correctionsof the presence of PMN interaction$ and/or(ii) the electric

and higher order multipoles. Both of these effects are inand magnetic multipole operators have unnatural parities

cluded in the full calculation. (=)'"* and (-)', respectively, because of PV electromag-
The SAMPLE experimenit4,5] has measured the parity- netic currents, such as the one-body anapole cufgdiand

violating asymmetry in polarized electron quasielastic scatthe two-body currents due to PN'N interactiong 6].

tering on the deuteron. This asymmetry has two distinct con- The one-body anapole current is taken 3%]

tributions: one associated with interference of the and

Z-exchange amplitudes, and the other induced by NAY 1) 2 5 5 iqor

interactions. The first contribution was recently studied in Jpu(a) = e Z [as(Q%) +au(Q) 7 o€, (4)

Ref. [28], where it was shown that two-body terms in the

nuclear electromagnetic and weak neutral currents only PrOwhere Q2 is the squared four-momentum transf€2& g2

duce(1-29% corrections to the asymmetry due to the corre-_ ,2) ' anq the isoscalar and isovector anapole form factors

sponding single-nucleon currents. are normalized as
In the present study, we investigate the asymmetry origi-
nating from hadronic weak interactions. We update and h.g
sharpen earlier predictions obtained in R¢29,30—these asy(0)=——="asy, (5)
studies did not include the effects of PV currents. 4\2m

Th ion for th fropZ interferen . . .
& expression for the asymmetry fromz interference with @s=1.6 anday,=0.4 from a calculation of pion-loop

contributions[31]. Here h,. and g, are weak and strong
7NN coupling constants, respectively. More recent estimates
of the nucleon anapole form factors give somewhat smaller
values foragy [32—34. A complete treatment would require
estimates of short-distance contributioh35] and elec-
troweak radiative corrections, we postpone that discussion to

AV6 (PO currents DDH(PV) currents  Total a later papef6]. ) .
Only the PV two-body current associated with the

TABLE lIl. Cumulative contributions to théip radiative cap-
ture asymmetry(in units of 10 8) at thermal neutron energies for
the AV6 interaction and pion-exchange-only DDH interaction. Also
listed is the asymmetry obtained with the Siegert form of Ehe
operator. See text for explanation.

Impulse —18.5 —18.5  gq-exchange term in the DDH interaction is included in the
+a —66.0 50.6 —15.4 present calculation§n addition, of course, to the PC two-
+p —56.7 50.4 -6.32 body currents discussed in the preceeding sectibme PV
SiegertE, —-6.15 currents fromp and w exchanges have not yet been consid-

ered[6,13], but are not expected to play a significant role.
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FIG. 1. Contributiongin magnitude to the longitudinal asym- FIG. 2. Contributionsin magnitudé to the longitudinal asym-

metry in the electrodisintegration of the deuteron as function of themetry in the deuteron electrodisintegration at the top of the quasi-

final electron energy. The kinematical setting corresponds to one Qfjastic peak, plotted as function of the four-momentum trar@fer
those relevant for the SAMPLE experiments: the initial electrongympols indicate the sign of contributions as in Fig. 1.

energy is 193 MeV and the electron scattering angle is 145.9°.
Open(closed symbols indicate positivenegative contributions to
the asymmetry. See text for further explanations. interaction, with a coupling given by the best guess.

These results demonstrate that, in the kinematics of the
One should note that at the higher momentum transfers dBAMPLE experiments, the asymmetry from theZ cou-
interest here, 100-300 Med//relevant for the SAMPLE pling is two orders of magnitude larger than that associated
experiments, it is not possible to include the currents throughvith the PV hadronic weak interaction. Hence, even the larg-
the Siegert theorem, they must be calculated explicitly. est estimates of the weakNN coupling constant will not

The calculation proceeds as discussed in R28]. We  affect extractions of nucleon matrix elements.
have used the AV18 or Bonn-CD modeland associated Parity-violating asymmetries inp radiative capture and
currentg in combination with the full DDH interactiofwith  deuteron electrodisintegration have been investigated within
coupling and cutoff values as given in the preceeding seche framework of the DDH model of the parity-violating
tion). The final state, labeled by the relative momentpm  hadronic weak interaction. We find that the model depen-
pair spin andz-projection SMs, and pair isospinT(Mr  gence of thenp-capture asymmetry is quite small, at a level
=0), is expanded in partial waves; PC and PV interactioryimijar to the expected contributions of the short-range parts
effects are retained in all partial waves will=5, while ¢ the interaction. This process is in fact dominated by the
sphe_ncal Besse_l funct|_ons are emplt_)yed Pr5. In the longer-range pieces of the interaction associated with pion
quasielastic regime of interest here, it has been found thaéxchange and hence, this experiment is a clean probe of
interaction effects are negligible far>5. weak-interaction physié:s.

In Fig. 1, we show the asymmetry for one of the = gimjjarly we find that the SAMPLE experiment measur-
SAMPLE kinematics for the AV18 plus full DDH interac- j 4 the asymmetry in electron scattering on the deuteron is a
tion. The total asymmetry is given by the sum of the threg g ¢lean probe of nucleon properties. The processes asso-
contributions shown. The contribution labeled “DDH inter- ciated with two nucleons, including parity violation in the

action” is that originating directly from the DDH interaction, e teron and scattering wave functions, and the currents as-
while that labeled “PVy couplings” is from the(one-body  * gqciated with these interactions, play a very small role at
anapole term and the two-body pion current. The DDH in-roagonable values of the momentum transfer. These two ex-

teraction contribution changes sign on the high-energy sidgeriments, then, probe distinct aspects of weak-interaction
of the quasielastic peak. Results at lov@r are similar. The physics.

Bonn-CD model leads to predictions, for both the asymmetry
and inclusive cross section, which are very close to those We would like to thank C.-P. Liu, G. Pzeau, and M. J.
obtained with the AV146]. Ramsey-Musolf for making available to us the results of
In Fig. 2, we plot the asymmetry at the top of the quasi-their calculation of the asymmetry in quasielastic deuteron
elastic peak as a function of the four-momentum transferelectrodisintegration prior to publication. The work of J.C.
SAMPLE kinematics haveQ? equal to 0.1 (GeW)? and and M.P. was supported by the U.S. Department of Energy
0.043 (GeVt)?, respectively. The leading-Z term de- under Contract No. W-7405-ENG-36, while that of R.S. was
creases in magnitude witQ?, as expected. This term does supported by U.S. Department of Energy Contract No. DE-
not contribute, of course, for the real photons produced in thé\C05-84ER40150 under which the Southeastern Universi-
fAip radiative capture. Also shown in the plot is the asymme-ies Research AssociatigBURA) operates the Thomas Jef-
try obtained by retaining only the pion term in the DDH ferson National Accelerator Facility.
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