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Parity-violating interactions and currents in the deuteron
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We investigate parity-violating asymmetries innW p 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 thenW p capture, the model dependence of the result is nevertheless quite small, because
of constraints arising through the Siegert evaluation of the relevantE1 matrix elements. In quasielastic electron
scattering, these processes are found to be insignificant compared to the asymmetry produced byg-Z interfer-
ence on individual nucleons. These two experiments, then, provide clean probes of different aspects of weak-
interaction physics associated with parity violation in thenp system.
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Two-nucleon experiments are the clearest probes of h
ronic parity violation. A recent experiment has measured
longitudinal asymmetry inpW p elastic scattering@1#, while
another one is underway to measure the photon asymm
in low-energynW p radiative capture@2#. This experiment has
been designed to provide a definitive measurement of
weakpNN coupling constant, which determines the longe
range part of the parity-violating nucleon-nucleon inte
action.

We investigate this process using the Desplanques, Do
ghue, and Holstein~DDH! meson-exchange model of th
parity-violating NN interaction@3#. We separately evaluat
the contributions from the hadronic weak interaction and
associated two-body currents. These currents play an im
tant role, reducing dramatically the measured asymmetry.
also consider the model dependence of the full result by
ing different modern models of the strong interaction. Ev
though there are significant cancellations between the
terms above, the final model dependence is quite small,
in fact similar in size to the estimated contribution of sho
range mechanisms.

It has been speculated that these interactions and cur
could potentially also play a role in the parity-violatin
quasielastic electrodisintegration of the deuteron, rece
measured in the SAMPLE experiments at the MIT-Bates
cility @4,5#. Indeed, their contributions could cloud the inte
pretation of the experimental asymmetry in terms of sing
nucleon properties. However, we find that these two-nucl
mechanisms lead, for any reasonable value of thepNN cou-
pling constant, to very small asymmetries when compare
those originating fromg-Z interference. Therefore, thes
electron scattering results can be reliably used to ext
single-nucleon properties.

A more complete account of the calculations carried
so far will be published elsewhere@6#. In the present paper
we only report the main results.

The parity-violating~PV! observable in thenW p radiative
capture—the asymmetry in the angular distribution of
0556-2813/2003/67~3!/032501~5!/$20.00 67 0325
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outgoing photon with respect to the direction of the init
neutron polarization—is very sensitive to the weak pari
violating pNN coupling @7–9#. Since this coupling contrib-
utes to the longest-range part of the interaction, it provide
window into the hadronic weak interaction in a manner sim
lar to the role the standardpNN coupling provides in strong-
interaction physics. Its experimental determination, howev
has proven to be very difficult. Measurements of the circu
polarization ofg-ray decays in18F @10# have been inter-
preted to indicate a very smallpNN coupling as compared
to theoretical expectations based upon hadronic models@3#,
while measurements in atomic133Cs seem to favor a much
larger value@11#. The analysis of both these experiments
complicated by the difficulty of handling reliably, from
theoretical standpoint, the many-body aspects of the prob
in these complex systems. These issues have been addr
in Refs. @12,13#. More recently, PV asymmetry measur
ments of neutron resonances in compound nuclei seem
require even larger values of the weakpNN coupling con-
stant@14#.

For these reasons, an experiment measuring the p
ton asymmetry innW p capture has been undertaken at t
LANSCE facility @2#. As mentioned above, previous studi
of this process@7,8# have shown that this asymmetry is ve
sensitive to the weakpNN coupling constant, while essen
tially unaffected by short-range contributions. Here, we
vestigate the model dependence of this result by conside
several different high-quality interactions fit to the stron
interaction data. In addition, we consider the individual co
tributions to the final result, including processes where
photon couples at all points to the exchanged~virtual! pion.

We employ the standard DDH meson-exchange mode
the ~PV! NN interaction, solving the full Schro¨dinger equa-
tion for the scattering state as well as the deuteron bo
state. The equations and relevant mixing parameters in tS
matrix have been discussed in considerable detail in R
@15# for the case ofpW p elastic scattering. While the shor
range contributions to the PV interaction should not
©2003 The American Physical Society01-1



e
l b
o

lo
or

te

r
en

di
e
e

ge
en

d
-
he
ot
d

nt
he
se
ic

si

e

ee

h
ud
e

-

u-
s’’

are

lso

w
ns
-

f

c-
e

the

-
om

k
ion

ur-
d
-

e
on-

sti-
nts

can
he
res-

ent
use

m
se
,
u-

in

t

H
ie

RAPID COMMUNICATIONS

R. SCHIAVILLA, J. CARLSON, AND M. PARIS PHYSICAL REVIEW C67, 032501~R! ~2003!
viewed as resulting only from the exchange of single m
sons, the seven parameters of the DDH model can stil
employed to characterize all the low-energy PV mixings. F
example, two-pion exchange could play a role@16#, however,
we assume that its effects can be included, at least at
energy, through the present combination of pion- and sh
range terms. The complete expressions for theS matrix
and contributions of the various terms will be presen
in Ref. @6#.

We calculate the asymmetry for the AV18@17#, Bonn-CD
@18# and Nijmegen-I~NIJM-I! @19# interactions. Each strong
interaction model has associated exchange currents. Fo
AV18, we include currents from the momentum-independ
terms (p and r currents! as well as terms from the
momentum-dependent terms in the interaction. Further
cussion of the AV18 currents is given below, for a review s
Ref. @20#. For the Bonn-CD and NIJM-I interactions, w
includep andr currents with the cutoffs from the Bonn-CD
model (Lp51.72 GeV andLr51.31 GeV). Contributions
from other meson exchanges in the Bonn and Nijme
models have been neglected. In all calculations, the curr
associated withD excitation andvpg transition have been
included@20#.

The total cross section at thermal neutron energies is
to the well-known M1 transition connecting the parity
conserving~PC! 1S0np state to the PC deuteron state. T
calculated values for each model are given in Table I, b
for one-body~impulse! currents alone and for the one- an
two-body currents. In each case, the largest two-body co
bution, approximately two thirds of the total, comes from t
currents associated with pion exchange. The total cross
tion is in good agreement with experimental results, wh
are variously quoted as 334.2~0.5! mb @21# or 332.6~0.7! mb
@22#. It would be possible to adjust, for example, the tran
tion magnetic momentmgND of the D-excitation current to
precisely fit one of these values, here we simply choos
mgND of 3 nm, which is consistent with an analysis ofg-N
data at resonance.

The PV asymmetry arises from an interference betw
theM1 term above and theE1 transition, connecting the3P1
PV np state to the PC deuteron state and the3S1 PCnp state
to the 3P1 PV deuteron state. The PV components of t
wave functions are generated by the DDH potential, incl
ing p-, r-, and v-exchange mechanisms. In this work, w
have taken the linear combination ofr- and v-weak cou-
pling constants corresponding topp scattering from an ear

TABLE I. Total np-capture cross sections~in mb! and nW p ra-
diative capture asymmetries~in units of 1028) in various models.
Asymmetries are reported for pion-exchange-only and full DD
interactions. Note that the asymmetries are obtained using the S
ert form of theE1 operator.

Cross section Asymmetry
Interaction Impulse curr Full curr Pion only Full DDH

AV18 304.6 334.2 24.98 24.85
NIJM-I 305.4 332.5 25.11 24.95
Bonn-CD 306.5 331.6 24.97 24.83
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lier analysis@15# of these experiments. The remaining co
plings have been taken from the DDH ‘‘best gues
estimates. Finally, as in the earlier analysis ofpW p scattering,
the cutoff values in the meson-exchange interaction
taken from the Bonn-CD potential (Lp51.72 GeV, Lr

51.31 GeV, andLv51.50 GeV).
With these couplings, we obtain the asymmetries a

listed in Table I. The results are consistent with earlier@7#
and more recent@23# estimates, and all agree within a fe
percent, which is also the magnitude of the contributio
from the short-range terms. TheE1 transition has been cal
culated in the long-wavelength approximation~LWA ! with
the Siegert form of theE1 operator, thus eliminating many o
the model dependencies and leaving only simple~long-
range! matrix elements. We have explicitly calculated corre
tions beyond the LWAE1 terms, and found them to be quit
small.

We have also calculated theE1 contributions with the
same current operator used to calculate theM1 matrix ele-
ment. To the extent that retardation corrections beyond
LWA of the E1 operator are negligible@24#, this should pro-
duce identical resultsprovided the current is exactly con
served. In order to satisfy current conservation, currents fr
both the strong~PC! and weak~PV! interactions are re-
quired. In the following, we keep only thep-exchange term
in the DDH interaction with their ‘‘best guess’’ for the wea
p-N coupling constant, and use the AV18 strong-interact
model.

The PCp andr currents are derived from thev6 part of
the AV18 interaction and by construction exactly satisfy c
rent conservation with it@25#. The same prescription is use
to generate conserved PVp currents from the DDH interac
tion in the presence of a short-range cutoff~as is the case
here!. However, the PC currents originating from th
momentum-dependent terms of the AV18 are strictly not c
served. For example, the currents from theL2 and (L•S)2

components of the AV18 are constructed by minimal sub
tution @25#. While this procedure leads to conserved curre
for the isospin-independentL2 and (L•S)2 terms, it is not
adequate for their isospin-dependent counterparts, as one
easily surmise by considering their commutator with t
charge density operator. This commutator requires the p
ence of terms with the isospin structure (t i3t j )z , which
cannot be generated by minimal substitution~so-called inter-
nal radiation contributions@26#!. This issue will be discussed
more thoroughly in Ref.@6#.

The currents associated with the momentum-depend
terms, however, while small, play here a crucial role, beca
of the large cancellation between the~PC! p andr currents
from the AV18 and the~PV! p currents from the DDH. This
point is illustrated in Table II. Note that the PC currents fro
D-excitation andvpg transition mechanisms are transver
and, therefore, do not affect theE1 matrix element. However
they slightly reduce the PV asymmetry since their contrib
tions increase theM1 matrix element by.1%. They are not
listed in Table II.

The asymmetry is given by the sum of the two columns
Table II, namely,10.1731028 ~last row!. This value should
be compared to25.0231028, obtained with the Sieger

g-
1-2
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form of the E1 operator for the same interactions~and cur-
rents for theM1 matrix element!. As already mentioned, we
have explicitly verified that retardation corrections in theE1
operator are too small to account for the difference. Th
this difference is to be ascribed to the lack of current cons
vation, originating from the isospin- and momentum
dependent terms of the AV18.

To substantiate this claim, we have carried out a calcu
tion based on av6 reduction@27# of the AV18, constrained to
reproduce the binding energy of the deuteron and som
the NN phase shifts. In this case, the resulting PC curre
~only the p- and r-exchange terms are present! are exactly
conserved. The results are listed in Table III. The remain
.2.7% difference between the Siegert result and the
calculation is presumably due to numerical inaccuracies
well as additional corrections from retardation correctio
and higher order multipoles. Both of these effects are
cluded in the full calculation.

The SAMPLE experiment@4,5# has measured the parity
violating asymmetry in polarized electron quasielastic sc
tering on the deuteron. This asymmetry has two distinct c
tributions: one associated with interference of theg- and
Z-exchange amplitudes, and the other induced by PVNN
interactions. The first contribution was recently studied
Ref. @28#, where it was shown that two-body terms in th
nuclear electromagnetic and weak neutral currents only
duce~1–2!% corrections to the asymmetry due to the cor
sponding single-nucleon currents.

In the present study, we investigate the asymmetry or
nating from hadronic weak interactions. We update a
sharpen earlier predictions obtained in Refs.@29,30#—these
studies did not include the effects of PV currents.

The expression for the asymmetry fromg-Z interference

TABLE II. Cumulative contributions to thenW p radiative capture
asymmetry~in units of 1028) at thermal neutron energies for th
AV18 interaction and pion-exchange-only DDH interaction. S
text for explanation.

AV18 ~PC! currents DDH~PV! currents

Impulse 215.3
1p 248.3 44.2
1r 240.4 44.0
1p-dependent 243.8 44.0

TABLE III. Cumulative contributions to thenW p radiative cap-
ture asymmetry~in units of 1028) at thermal neutron energies fo
the AV6 interaction and pion-exchange-only DDH interaction. Al
listed is the asymmetry obtained with the Siegert form of theE1

operator. See text for explanation.

AV6 ~PC! currents DDH~PV! currents Total

Impulse 218.5 218.5
1p 266.0 50.6 215.4
1r 256.7 50.4 26.32
SiegertE1 26.15
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is given in Ref.@28#, while that due to the hadronic wea
interaction reads@6#

A~q,v,ue!5
vT8RT8~q,v!

vLRL~q,v!1vTRT~q,v!
, ~1!

wherevL , vT , and vT8 denote electron kinematical factor
RL and RT are the standard longitudinal and transverse
sponse functions~explicit expressions for these and thev
factors are given in Ref.@28#!, and RT8 is the PV response
function, defined as~again, in the notation of Ref.@28#!

RT8~q,v!5(
i

(
f

d~v1mi2Ef !Im@ j f i~q!3 j f i* ~q!#z . ~2!

Here, the three-momentum transferq has been taken to de
fine the spin-quantization axis~the z axis!, and j f i(q)
[^ f u j (q)u i & are the matrix elements of the electromagne
current. In terms of electric and magnetic multipole ope
tors, the cross product above is expressed as

Im@ j f i~q!3 j f i* ~q!#z

}(
l>1

Re@^Jf uuMl~q!uuJi&^Jf uuEl~q!uuJi&* #, ~3!

and, therefore, vanishes unless~i! the initial and/or final
states do not have definite parity~as is the case here becau
of the presence of PVNN interactions! and/or~ii ! the electric
and magnetic multipole operators have unnatural pari
(2) l 11 and (2) l , respectively, because of PV electroma
netic currents, such as the one-body anapole current@31# and
the two-body currents due to PVNN interactions@6#.

The one-body anapole current is taken as@31#

j PV
(1)~q!5

Q2

2m2 (
i

@aS~Q2!1aV~Q2!t i ,z#sie
iq•r i, ~4!

whereQ2 is the squared four-momentum transfer (Q25q2

2v2), and the isoscalar and isovector anapole form fact
are normalized as

aS,V~0!5
hpgp

4A2p2
aS,V , ~5!

with aS51.6 andaV50.4 from a calculation of pion-loop
contributions @31#. Here hp and gp are weak and strong
pNN coupling constants, respectively. More recent estima
of the nucleon anapole form factors give somewhat sma
values foraS,V @32–34#. A complete treatment would requir
estimates of short-distance contributions@35# and elec-
troweak radiative corrections, we postpone that discussio
a later paper@6#.

Only the PV two-body current associated with th
p-exchange term in the DDH interaction is included in t
present calculations~in addition, of course, to the PC two
body currents discussed in the preceeding section!. The PV
currents fromr andv exchanges have not yet been cons
ered @6,13#, but are not expected to play a significant ro
1-3
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One should note that at the higher momentum transfer
interest here, 100–300 MeV/c, relevant for the SAMPLE
experiments, it is not possible to include the currents thro
the Siegert theorem, they must be calculated explicitly.

The calculation proceeds as discussed in Ref.@28#. We
have used the AV18 or Bonn-CD models~and associated
currents! in combination with the full DDH interaction~with
coupling and cutoff values as given in the preceeding s
tion!. The final state, labeled by the relative momentump,
pair spin andz-projection SMS , and pair isospinT(MT
50), is expanded in partial waves; PC and PV interact
effects are retained in all partial waves withJ<5, while
spherical Bessel functions are employed forJ.5. In the
quasielastic regime of interest here, it has been found
interaction effects are negligible forJ.5.

In Fig. 1, we show the asymmetry for one of th
SAMPLE kinematics for the AV18 plus full DDH interac
tion. The total asymmetry is given by the sum of the thr
contributions shown. The contribution labeled ‘‘DDH inte
action’’ is that originating directly from the DDH interaction
while that labeled ‘‘PVg couplings’’ is from the~one-body!
anapole term and the two-body pion current. The DDH
teraction contribution changes sign on the high-energy s
of the quasielastic peak. Results at lowerQ2 are similar. The
Bonn-CD model leads to predictions, for both the asymme
and inclusive cross section, which are very close to th
obtained with the AV18@6#.

In Fig. 2, we plot the asymmetry at the top of the qua
elastic peak as a function of the four-momentum trans
SAMPLE kinematics haveQ2 equal to 0.1 (GeV/c)2 and
0.043 (GeV/c)2, respectively. The leadingg-Z term de-
creases in magnitude withQ2, as expected. This term doe
not contribute, of course, for the real photons produced in
nW p radiative capture. Also shown in the plot is the asymm
try obtained by retaining only the pion term in the DD

60 80 100 120 140 160
E’(MeV)

10
-9

10
-8

10
-7

10
-6

10
-5

|A
 (

Q
2 )|

γ-Z interference

DDH interaction

PV γ-couplings

FIG. 1. Contributions~in magnitude! to the longitudinal asym-
metry in the electrodisintegration of the deuteron as function of
final electron energy. The kinematical setting corresponds to on
those relevant for the SAMPLE experiments: the initial electr
energy is 193 MeV and the electron scattering angle is 145
Open~closed! symbols indicate positive~negative! contributions to
the asymmetry. See text for further explanations.
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interaction, with a coupling given by the best guess.
These results demonstrate that, in the kinematics of

SAMPLE experiments, the asymmetry from theg-Z cou-
pling is two orders of magnitude larger than that associa
with the PV hadronic weak interaction. Hence, even the la
est estimates of the weakpNN coupling constant will not
affect extractions of nucleon matrix elements.

Parity-violating asymmetries innp radiative capture and
deuteron electrodisintegration have been investigated wi
the framework of the DDH model of the parity-violatin
hadronic weak interaction. We find that the model dep
dence of thenp-capture asymmetry is quite small, at a lev
similar to the expected contributions of the short-range p
of the interaction. This process is in fact dominated by
longer-range pieces of the interaction associated with p
exchange, and hence, this experiment is a clean prob
weak-interaction physics.

Similarly, we find that the SAMPLE experiment measu
ing the asymmetry in electron scattering on the deuteron
very clean probe of nucleon properties. The processes a
ciated with two nucleons, including parity violation in th
deuteron and scattering wave functions, and the currents
sociated with these interactions, play a very small role
reasonable values of the momentum transfer. These two
periments, then, probe distinct aspects of weak-interac
physics.

We would like to thank C.-P. Liu, G. Pre´zeau, and M. J.
Ramsey-Musolf for making available to us the results
their calculation of the asymmetry in quasielastic deute
electrodisintegration prior to publication. The work of J.
and M.P. was supported by the U.S. Department of Ene
under Contract No. W-7405-ENG-36, while that of R.S. w
supported by U.S. Department of Energy Contract No. D
AC05-84ER40150 under which the Southeastern Unive
ties Research Association~SURA! operates the Thomas Je
ferson National Accelerator Facility.
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FIG. 2. Contributions~in magnitude! to the longitudinal asym-
metry in the deuteron electrodisintegration at the top of the qu
elastic peak, plotted as function of the four-momentum transferQ2.
Symbols indicate the sign of contributions as in Fig. 1.
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