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Abstract

We calculate the nuclear part of the deuteron anapole moment with the wave functions obtained from the At§onne
nucleon—nucleon interaction model. The anapole moment operators are considered at the leading order. To minimize the
uncertainty due to a lack of current conservation, we calculate the matrix element of the anapole moment from the original
definition. In virtue of accurate wave functions, we can obtain a more precise value of the deuteron anapole moment which
contains less uncertainty than the former works. We obtain a result reduced by more than 25% in the magnitude of the deuteron
anapole moment. The reduction of individual nuclear contributions is much more important however, varying from a factor 2
for the spin part to a factor 4 for the convection and associated two-body currents.

0 2002 Elsevier Science B.V. Open access under CC_ BY license.

1. Introduction which is a higher order effect in electro-weak interac-
tions can be comparable with the spin-dependéht
contribution. Flambaum and Khriplovich showed that
the AM of a heavy nucleus is proportional 4372 [3],
from which one can deduce the dominance of the AM
over Z° exchange or radiative corrections for large
Since then, calculations of the AM of heavy nuclei
have been the object of the major interest in the the-
oretical works of the domain [3-7].

The dominant nuclear structure dependent con-
tribution to the AM of a light system, namely the
deuteron, was pointed out by one of the authors [8].
T E-mail addresses. hch@color.skku.ac.kr (C.H. Hyun), The spi_n current which stems from the anomalous
desplang@isn.in2p3.fr (B. Desplanques). magnetic moment of the nucleon was expected to

After Zel'dovich introduced the concept of the ana-
pole moment (AM) [1], a first non-zero measurement
was reported quite recently in thé3Cs atom [2]. Iso-
lation of the effect is difficult because the AM has a
small contribution compared to the leading orcer
exchange in atomic physics. However, the part that
involves the nuclear spin is suppressed by a factor
1- 4sin93} (~ 0.08). Thus in some cases, the AM
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give a few times larger contribution than the con-
vection current or exchange currents and it was ver-
ified in several papers [9-12]. These contributions

appear beside those from the nucleon anapole mo-
ment [13], which in some cases have the same or-
der. Moreover, when entering a physical process, they A; (x) =

cannot be disentangled from other radiative correc-
tions [13].

Khriplovich and Korkin (KK in short) calculated
the AM of the deuteron analytically with the zero-
range-approximated (ZRA) wave functions [11]. Their
result of the spin-current term, which is the most
dominant contribution to the AM of the deuteron, has
exactly the same form as the one obtained from the
framework of the effective field theory by Savage and
Springer (SS in short) [10]. The error of the result,
which may be mainly from the simple wave functions,
is estimated to be about 20%. However, in recent
calculations of the asymmetry in the process, p —

d + v, we showed that the ZRA (or the effective field
theory [14]) result exceeds the ones obtained with a
few phenomenological wave functions by more than
50% [15,16]. With this observation, it may be possible
that the error of the deuteron AM with ZRA wave
functions can be larger than 20%. With the purpose
to minimize theoretical uncertainties, we calculate the
deuteron AM with the wave functions obtained from
the Argonnev18 (Av18) potentials [17].

The low momentum transfer which characterizes
the process makes it possible to treat the problem with
heavy-baryon-chiral-perturbation theory (HBChPT).
With the counting rules of HBChPT, one can ob-
tain the transition operators order-by-order in a well-
defined way. In this Letter, we consider the leading

order operators that contribute to the deuteron ana-a=—x

pole moment. The matrix elements of the operators

are evaluated very accurately with the phenomenolog-

ical wave functions obtained from thevA8 model.

Therefore the error of the calculation is dominantly
from the higher order operators that are not taken into
consideration. This hybrid method will delineate short
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2. Theanapole moment

The anapole moment of a system is obtained from
the expansion of the vector-potential

fdx’ ji(x)
IX =X’
inaseries i1 (x = |x|). The quantityj is the matrix

element of the current density operator for given initial
and final states

i =(rlily). &)

The zeroth order term vanishes since there is no
net current and the first order term gives the vector
potential of the magnetic dipole. The second order
can be separated into a magnetic quadrupole term and
the anapole term. After some algebra, one obtains the
following form of the anapole terfn

1)

az%deXX(XXj(X)) (3)

with which the vector potential of the anapole moment
reads

1 ,1 1
—(-av?=+a-vv=).
TT X X

The second term oRanapole CaN be removed by a
suitable choice of gauge and the resultant anapole
vector potential takes the form

4

AanapoléX) =

AanapoléX) = as® X). )

If current conservation is satisfied, Eq. (3) can also be
written as

/ dxx?j (X). (6)

In many calculations of the nuclear AM, Eq. (6)
was adopted as the working definition of the AM.
However, as shown in [7], the contribution of a current
term depends strongly on this definition while the
total result may be sensitive on fulfilling the current-

range corrections to the leading order terms which conservation constraint. The situation becomes more
were treated approximately in the former works. For uncertain for the exchange currents or higher order
the quantity of interest here, we expect the accuracy to terms. Thus in order to avoid possible large effect
be of the order of the discrepancy between two differ-

ent calculations of the parity-non-conserving (PNC) 1 While we have the AM in fr, a dimensionless definition

asymmetry in the neutron—proton radiative capture, tayored by other groups can be obtained by multiplying ours by
roughly 10% [16]. m2 /4x.
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on the result due to lack of current conservation, we v = —2. Leading one-body currents (Fig. 1(a)) are

preferentially adopt in our calculations the original

composed of spin and convection currents and PNC

definition, Eq. (3). We nevertheless stress that we exchange contributions are in Fig. 1(b). The leading

include in our work a minimal set of two-body currents
ensuring current conservation in relation with the PNC

one-pion exchange interaction. This one (together with
the PC part) turns out to be essential in ensuring the

approximate equivalence of Eq. (6) with Eq. (3), as
will be seen at the end of the Letter.

3. Operatorsand wave function
In the HBChPT, one can specify the magnitude of

a diagram in terms of the powér) of the momentum
transfer(Q) by the rule

v=2L-2(C—1)—1+) v, 7
i

where

v,-:di—i—ﬁ—i-e,-—Z. (8)

2

L is the number of loopsC is the number of
disconnected linesi;, n; ande; are the numbers of

derivatives, nucleon lines and external gauge fields at

the vertexi, respectively. All the strong and electro-
magnetic vertices satisfy

v; >0 %
but the leading PNC vertex [18]
£L = —%NT(? x )N (10)
T NN \/E
hasy; = —1. One can easily verify that the standard

one-body and PNC two-body currents in Fig. 1 have

I

@)

? .
i -

pion

pair

(b)

Fig. 1. Diagrams representing one and two-body electromagnetic Where r =r, —

contributions.

PNC vertex marked withx is from Eg. (10). The
current density operators of each diagram are

2 i
. Iz
Jspin(X) = e Z szN V.

x (3:8®(x — 1)), (11)
Jcovn(X) 8D (x—r1; )} (12)
@
~ gAh
Jpair(X) = — TJZT];:( 1+ T2~ 147;5)yo(r12)
x Za O —ry), (13)
i=1
D
~ gah NN /= = -
ion(X) = —e——Z N (71 . T — 7775
J pion Zﬁfn ( 1 1 2)
X (31 - 81— &2 - 92)(31 — d2)
X yo(rie)yo(rax), (14)
whererip = |r1 —ro|, rix = |r; — X| and
e Mar
yo(r) = -

'y is defined as

1
E(MS + i)

with us = 0.88 anduy = 4.71. The PNC interaction

of the proton and the neutron generates parity-odd
components in the deuteron wave function. In the
context of the meson-exchange picture, the PNC
interaction is mediated by, p, @ and heavier mesons.
PNC components in the wave function can be obtained
by solving the Schrédinger equation with the PNC
potentials given in [18]. In a low energy process, it
is believed that the pion exchange will dominate PNC
interactions when its contribution is not forbidden by
some selection rule. The pion-exchange PNC potential
reads

my =

D
h
8AN NN BALANN (20« 7,)71

o d
Vome(r) = NeT F—yo(r), (15)

o, r =1Irl and | = 3G, + ).
The constantsgs and f, are given the values 1.267
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and 92.4 MeV, respectively. For the deuteron, the
PNC potential, Eq. (15), gives rise to a parity-odd
3P, component. We write the parity admixed wave
function as

Ya(r) = u(r) + Slzmw);oo

1
Tam | (1520
3 .
- ihf,l,)\,N\/; I rU(r)flO]XlJz» (16)

where S12(f) = 361 - fop - f — 61 - 62 and x and ¢
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Fig. 2. The diagrams of the leading order nucleonic anapole
moment. Solid, dashed and wavy lines represent the nucleon, pion
and photons, respectively.

apion= 0.027elhY) . (24)

represent a spinor and an isospinor, respectively. TheWhere all the values are in the franit.

quantitiesu(r), w(r) andv(r) are obtained by solving

Nucleon anapole diagrams shown in Fig. 2 are

the Schrodinger equation and one can calculate theranked withv = —2. In order to be consistent with

matrix elements of the current density operators,
Egs. (11)—(14), with the obtained solutions. After that,
the calculation of the anapole moment with Eq. (3) is
straightforward.

4. Results

The anapole moment, Eq. (3), reads for each term

1nx
aspin=—MV\/gE/d”’U(r)

X (u(r) — x/iw(r))elhf,)\w, an
1/1

Aconv = g/gr:—N/drrU(V)
X (u(r) - \/éw(r))elhfrll)VN, (18)

V2 1
Bpair = — 9;“ / dr riyo(r) (u(r) + 7§w<r>)
X (u(r) - \/éw(r))elhfrll)VN, (19)
2 1
Bpion = ;/]:’fA / dr ryo(r)<u(r) + 72w(r))
X |:u(r) (1 — %m;ﬂ)
_ %w(r) <1 + :—:;mnr)]elhfrll)w\,. (20)
Numerical results are
aspin= —0.531el % . (21)
aconv="0.038el ) . (22)
apair= —0.026¢l 1, ., (23)

the order counting of the effective field theory, the
nucleonic terms also should be included. This term
was already calculated in several works [13,19-21].
Since the results are consistent in both magnitude and
sign, we do not repeat its calculation but just adopt
the result here. The leading order nucleonic anapole,
taking into account the deuterdd-state probability
Pp, reads

g 3 ) @
ay=——22" (1-2pp)eln
N Gﬁfnmn( 2 D 7NN

= —0.417elh Y . (25)

Then the anapole moment of the deuteron at the
leading order is

84 = 8spin+ 8conv+ 8pair + 8pion + an
= —(0.531-0.038+ 0.026— 0.027+ 0.417)

1)
X elhnNN

=—0.9091n %, . (26)

5. Discussions

As expected, the spin term is the most dominantone
among the contributions from the currents. The contri-
butions from the convection, pair and pion terms are
much smaller while the two last ones strongly cancel.
The sum of these three contributions is only about 7%
of the spin term. However the nucleonic term is close
to the spin term, which is quite contradictory to the
former results of the deuteron anapole moment.

In order to illustrate this feature clearly, let us
compare our result with the ones by SS [10] and KK
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[11]. Firstly, SS’s result is and its effect on the magnitude of the anapole moment
ss  .ss ss is substantial.
a8y =agint apgt+an We now turn to the second contribution in Egs. (27),
I6)) 28), which, among other contributions, involves the
=—(1.03-0.18+0.46)d Y} (28), wh g ‘
o convection current one. There too, a large suppression
=-—131elh yy- (27) of our results is observed but the effect is more dras-

tic for the PE term in SS’s result than for the orbital

one in KK’s result. In SS’s result, PE term’s contribu-

tion is about 15% of the total magnitude, but in our

result it is only 4% of the total value. Then, the ques-
tion arises why the PE term in SS does not coincide
with the orbital term in KK.

where the pion-exchange term (PE) corresponds to
the sum of the convection, pair and pion terms in our
calculation. We have verified in a separate calculation
that SS’s result can be obtained with the ZRA wave
function [22]. Secondly, KK’s result reads

KK _ KK SS | KK
alf =alk +aS3 + aly It can b(_e shown that the angpc_:le moment.of
@ the convection term with the definition Eq. (3) is
=—(1.03-0.074+0.21)el i 5 equivalent to the orbital term
= —117eln . (28) e
NN Aconv = <—i 12 [|2» I’]>, (31)
Since KK also used the ZRA wave function, their my

spin term is equal to SS's one. However there are wherel =r x p is the angular momentum operator
substantial differences in the remaining terms. In in the center of mass frame. The global factor of the
the following, we successively discuss these different sum of the spin and the convection tergay — 1/3)
contributions. always appears regardless of wave functions. This
The biggest quantitative difference of our result explains the relative ratio of the contributions due to
with the above ones comes from the spin term. The the spin and convection currents in KK’'s work as well
Av18 result is roughly half of the ZRA value. In asinours.
[11], KK argued that the uncertainty of the ZRA As mentioned above, KK’s orbital term accounts
wave function is about 20%. Taking this uncertainty for only the convection term. In KK’s argument, they
into consideration, the spin term can be reduced to made use of the fact that

—0.82¢1nY - which is still larger than our result by

about 55‘%1.\]¥he discrepancy of our result with the KK Jpair(F) + Jpion(r) o T (32)
(as well as SS) estimate is understood by noting that With the definition Eq. (3), it may be that this term
our calculation incorporates the effect of a short-range gives a zero contribution since

repulsion in S-states as well as the known repulsive

character of theVN interaction in the3P; channel. aocr x (r x Jj. (33)
We also note that the ZRA wave function contains We would like to point out that caution is required
only a central componeni(r), while our calculation in the above reasoning. Firstly, the matrix elements
includes a tensor onew(r) too. Contrary to the that are relevant in the calculation of the anapole
PNC asymmetry imp radiative capture [15,16], this moment involve theurrent density operator and not
component produces a partly destructive interference. the current operator. It can be easily shown that the

The contribution of each part is current operator which is obtained by integrating the

cen @ current density operator with respect to the field point
8gpin=—0.724elh 7 v, (29) x does satisfy Eq. (32). However the anapole moment
a;%?n=0.193e|h;1}w. (30) should be obtained from the double vector product

of the current density operator and field poixt

In some cases, the contribution of the tensor part in whose result may not be like Eq. (32) in general.
the wave function is assumed to be small and its Secondly, a rough substitution— r in Eq. (3) gives
contribution is neglected. However in the deuteron Eg. (33). This substitution, even if one is working
anapole moment, this contribution is non-negligible in the center of mass frame and thus center of mass



46

coordinate is discarded, should be carefully derived
from the evaluation of the matrix elements with the
two-body wave function. A crude transformation of
the coordinates may give wrong results. As our result
shows, a rigorous derivation with thoeirrent density
operator gives a non-zero contribution of the two-
body currents. We also checked that this derivation
provides coincidence with SS’s result [22]. Curiously,
the extra contributions that the SS’s work accounts for
do not seem to show up in our results. It turns out that
the term proportional to /m, in Eqg. (24), a priori
favored, is suppressed with the ZRA value (numerical
factor 0.07 instead of 0.18). It is reminded that in the
zero-pion-mass limit, this term is cancelled by another
one arising from the nucleonic term [10]. The other
term (Eqg. (23) and part of Eq. (24)), which is less

C.H. Hyun, B. Desplanques / Physics Letters B 552 (2003) 41-47

It is known that a number of contributions is re-
quired to fulfill gauge invariance, allowing one to use
(or recover) the generalized Siegert’s theorem [23].
As already mentioned, this was shown for the ana-
pole moment of heavy nuclei [7]. In a separate work,
we have observed that, while the spin current satisfies
gauge invariance by itself, convection, pair and pion
currents are not gauge invariant solely and gauge in-
variance is restored when the three terms are summed
up in a minimal case [22]. In the general case, one
should also include two-body currents related to the
description of theV N strong interaction. As a way to
investigate how much gauge invariance is broken, we
compare the anapole moments calculated with Egs. (3)
and (6). Eq. (3) is defined from the definition of the
anapole vector potential and Eq. (6) is derived from

singular in configuration space and has an opposite Eq. (3) by imposing current conservation. Calculation
sign, is essentially unchanged. As a result, the sum of of the anapole moment from Eq. (6) is straightforward

the two contributions almost vanishes in our work.
Concerning the nucleonic term (third one in

Egs. (27), (28)), KK adopt
m—N)elhleNN.

(-
(34

The first term in the parenthesis coincides with the

gA 6m

6V2 frmy

KK

N = In

aTmpy

too. The results are

S5y =0.051eln . (35)
aSS = —0.076el 1l . (36)
aSs, = 0.045¢1h0% . (37)

where the superscript CC implies the result with the
assumption of current conservation. As expected, in-

one we retained and the second term stems from thedividual contributions differ from those in Egs. (22)—

1/my correction to the first term. In the context of
the counting rule of the effective field theory, this

(24), but it is also noticed that the sum differs,
0.020el ), instead of M39elh . The first

b4

1/my term s classified in the higher order corrections candidate to explain the discrepancy is the two-
to the leading term. In order to be consistent with body current associated to the strong one-pion ex-
the strategy of the effective field theory, the Lym change interaction. The corresponding contribution,
corrections should be taken into account consistently, 0.018¢l 4>, which should be added to the sum

i.e., their correction should be calculated not only for of contributions of Egs. (35)—(37), removes most of

the nucleonic term but also for current terms or any the difference. This one-pion exchange interaction
other types that have the same order. In that sense,can also generate self-gauge invariant contributions

KK’s result contains the Amy correction partially.
However, it is interesting to notice that the magnitude
of the 1/my correction to the nucleonic term amounts
to a half of its leading value. This indicates that the
higher order ¥my corrections can play a critical role

that will affect equally the sum of contributions in
Egs. (22)—(24) and (35)—(37). Due to cancellations of
pair and pion contributions, this common contribution
is found to be smal(—O.OOO?gIthl,)\,N).

Low momentum transfer of the process makes the

in the magnitude of the deuteron anapole moment. pion-exchange potential most dominant one. Higher
Other higher order effects that involve a set of new order effects including heavy-meson exchanges are
low energy constants [13] may also introduce some well reproduced by the local counter terms in low
uncertainty. They are not required at the order we energy processes. The fact that the counter terms do
consider, but the size of their contribution to the not appear at the order we are working reflects that
deuteron anapole moment could be sizeable. the p- or e-meson contributions are at higher orders.
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However ifh")  is as small as the one from tféF
experiment [24] or in the soliton model calculation
[25], the dominance of pion-exchange potential is
suspicious and the contribution pf or w-exchanges
can be comparable ta. Calculation of the heavy-
meson exchange effects is an important future work in
estimating the contribution of the higher order terms
that are not taken into account in the present work.
Concluding, we calculated the anapole moment of
the deuteron with the wave functions obtained from
the Av18 potential. Its magnitude is reduced by more
than 25% from the previous ZRA results. If the contri-

bution of the nucleon anapole moment is put aside, the

effect is much larger however, ranging from a factor 2
for the spin contribution to a factor 4 for the contribu-
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