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Deuteron anapole moment with heavy mesons
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Parity-nonconserving two-body currents due to vector meson exchange are considered with the aim of
determining the related contributions to the anapole moment. Particular attention is given to the requirement of
current conservation which is essential for a reliable estimate of this quantity. An application is made to the
deuteron case.
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[. INTRODUCTION done consistently with the PNC interaction model that is
i employed in calculations. Some contributions had been
_ The anapole momentAM) of a quantum system, first gien in Ref.[9]. In the present work, we intend to complete
introduced by Zel'dovict{1], involves both the electromag-  this study with the double aim of satisfying gauge invariance
netic interaction and parity nonconservati@PNC). It was  and consistency with the PNC interaction model. The DDH
not before studies by Flambaum and Khriplov[@that the  potential, given by Desplanques, Donoghue, and Holstein,
concept acquired a practical interest. In their work, theseavill be our choice[10]. Some estimates of the vector-meson-
authors especially emphasized that the AM would grow withexchange contributions to the deuteron anapole moment will
the size of the nucleus, making heavy nuclei natural candibe presented. . .
dates for observation. An anapole measurement is not easy 1he plan for this paper is as follows. In Sec. Il, we first

because it involves the hyperfine structure of an atom: th@resent the various ingredients pertinent to the interaction:

first clear evidence came only a few years ago in‘fties  Parity-consenving(PQ), parity-nonconserving, and electro-
nucleus[3] magnetic(EM) ones. We subsequently provide the expres-

. sions for the PNC two-body currents at the lowesingd br-
. The deuteron AN.I ha}s also rgcently received some attendler and show how the gurrent conservation isgﬁulfilled.
tion [4-8). Though its interest is largely academi@n ex-  gecion 1)) is devoted to the calculation of the deuteron ana-
periment is not feasible in a near futiyré offers the advan- 516 moment. This includes the deuteron description, espe-
tage of a laboratory where methods and ingredients can Bgg|ly the determination of the PNC components; the anapole
studied in detail. These studies have been concerned with thgatrix elements from both the one- and two-body currents;
pion-exchange component of the PNC nucleon-nuciédY)  and a numerical estimate in terms of the PNC meson-nucleon
force. Calculations were based on assuming an effectivecoupling constants. A discussion of the results is given in
field-theory descriptior{4,5], zero-rangeNN strong forces Sec. IV. This is completed by the Appendix that contains
[7], or more realisticNN strong forceg[8]. The use of an expressions of the two-body currents in configuration space.
alternative field-theory description was also propo$ép
The next step concerns the extension of these results to iny, PNC NN INTERACTION, CURRENTS, AND CURRENT
clude the component of the PNC force due to vector-meson CONSERVATION
exchange that could contribute as much as, if not more than,

the pion exchange. The anapole moment is a special electromagnetic property
of a system in which parity conservation is violated; there-

Determining the AM requires the calculation of the effec- : ) 2 .
fore, the first step in the anapole calculation is to determine

tive current that couples to the photon. As it involves parity X .
nonconservation, the current necessarily has an axial charagéernihfosv%gﬁgﬁg%pﬁaitlg;' ;Zizlﬁfgoﬁétgéiyrﬁ;kirﬁ h\l/(;Ti(;:i?;znf
ter, makm_g_ the requirement of current conservation NOMNihe nonrelativistigNR) limit and keep only terms of leading
trivial. Individual contributions are proportional to the weak

coupling Gg, while fulfilling the above property implies that order.

, . . . The one-body currenip®, jY=j.pinticon), Which is the
2 ' spin™Jcorv/s
the effective current contains the factggqg, which vanishes sum of the contributions from each nucledior the deu-

in the limit of a zero momentum transfer. Getting a reason'teron,A:Z), takes the form in momentum space as

able anapole result demands particular care about ensuring

gauge invariance. When dealing with vector mesons, this @ A 1+47 353 )
task becomes less straightforward. In particular, it has to be p= e% — (2m) ¥k +p - p), (1)
A
*Electronic address: cpliu@triumf.ca jspin=¢€ A g x (p/ - p)(2m)283(k +p/ - p)
: . . spin “~ om i i i i i)y
"Electronic address: hch@meson.skku.ac.kr i=1 N
*Electronic address: desplang@Ipsc.in2p3.fr (2

0556-2813/2003/64)/04550112)/$20.00 68 045501-1 ©2003 The American Physical Society



C.-P. LIU, C. H. HYUN, AND B. DESPLANQUES PHYSICAL REVIEW &8, 045501(2003

A1+ and finally, we show how these exchange currents fulfill the
joon = €2 K'(p{ +p)(2m389kk+p/ -p), (3)  current conservation condition with the DDH potential.
i=1 N

where y; is defined as(ug+uy)/2 with ©s=0.88 and A. Model Lagrangian
my=4.71; and thevectors k, p/, and p; denote the
3-momentum of the outgoing photon, outgoinigh
nucleon, and incomingth nucleon, respectively. Besides
the one-body current, the canonical meson-exchange pic-
ture of theNN interaction suggests additional nuclear EM ) o
currents due to exchange effects, which are two-body il){vher_e oL contains all the t_erms not_ relevant for this dis-
character. Thus, in order to reduce theoretical uncertaintie§USSion. The free Lagrangian density of the nucléiin
and to reach consistency with the choshiN potential ~PIoNS (), rho mesongp), and omega mesofw), is
model, it is important to construct these two-body currents
which should be constrained by current conservation and
phenomenology.

For the PCNN interaction, we choose the Argonmgg

The total Lagrangian density is divided as

L=Lo+ Lpct Lonct Lemt 6L, (4)

Lo=N/(8 ~MIN+ S(3,m) - () = ot

potential (Av,g) [11]. This potential gives good fits to the _}F(P)_F(p)ﬂv+} 2 #_i(a ) . (3.p"
. \ o ; s nMp, - p WP") - (9,p")
scattering data and deuteron properties, but it is not straight- 4 2 2¢
forward to construct the corresponding exchange currents 1 1 1
(EC9 because the connection with the meson exchange pic- - ‘FL‘UV)F(M)”” —nﬁ%wﬂ - —(9,0"(0,0"), (5)
ture is not clear for some parts of this potential. One tradi- 4 2 2¢
tional way to construct the ECs for such cases is implement-
ing the NR minimal couplingMC) to the potential, i.e., where Fifl and F(‘f} are the field tensors op and w me-

sons, and th&; gauge-fixing terms for vector mesons are
kept explicit. The PC and PNC meson-nucleon interaction

e e
— - 0
P=P 2(1 tTA H—H+ 2(1 *TAL Lagrangian densities are

Hamiltonian densityej,A*. However, this procedure only Lpc= ingNN’yg,r- 7N - gpNNN’

then identifying the EM currents from the interaction (
il
constrains the longitudinal components, while giving no

XV

a8
N

information about the transverse components which are — Xs ,

conserved by themselves. Some uncertainty about these ~ ~ JonnN Vi1 Twl o*N, (6)

transverse terms comes from potentials involving qua- N

dratic velocity-dependent components as discussed in Ref.

[12]. Moreover, the derivation of exchange currents for a 1_ _

model like Av,g employed in Ref[13] for instance, re- Lpnc=——7=N'(7X W)ZN+N'{h,?T'P“+h,§PZ"
quires further elaboration: the potential contains a Gauss- V2

ian type component while the above MC prescription is h2 — 5
usually applied to Yukawa potentials. Therefore, we leave + 2—%(3TZPZ”‘ 7 p") [ 7, ¥sN +N'(h 0"

the fully conserved PC EC as an open question for future v

work and follow the much-simplified treatment of R¢8] + hclﬂzw”)n%sN: (7)

to examine:(1) to what degree current conservation is

broken by the omission of PC ECs, a(® how much the whereg* is the 4-momentum carried by the outgoing bo-
inclusion of PC ECs due to the one-pion exchange, whiclkson; the strong couplinggyny as well as the weak cou-
gives the long-range part inujg, could restore the con-  plingsh! are defined as in DDH’s workexcept that their
servation. By making this exercise, one can get a qualitapyc pion coupling,f., is renamed a#! here; and the
Five handle on this problem. The detail will be discussedanomalous strong isqz)scalar and isovgctor magnetic mo-
in Sec. IV. ments of the nucleonys and yy, are assumed to be the

For the PNCNN interaction, our choice is the potential ¢3me as the EM valuesD-42 and 3.70, byector meson
based on a one-boson exchange scheme involving and  §ominance. ’

» mesons, suggested by Desplanques, Donoghue, and Hol- the g\ interactions are obtained by applying the covari-
stein(DDH) [10]. Because this potential has a close tie with ;¢ MC,
the exchange picture, a more field-theoretical formalism, the
so-calledS-matrix approacH14-16,9, is used to construct
all the corresponding ECs. As will be shown later, some p,— P —E(1+TZ)A '
transverse components arise naturally in this derivation. a ko2
For clarity, we divide the following discussion into three
parts: first, the model Lagrangian, consistent with the DDHand only terms of first-order ire are included inLgy.
scheme, is constructed; second, the PNC ECs are deriveBrom £, one gets
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magnetic dipole couplings which explain the transversal-

ity). Adding ALY simply doubles the self-conserved
terms so that we have

€3l (01 — 0)*g™* + 2k*gP+ - 2kPgr], (13

q for the vertex. As thep meson is a spin-one particle, it has
o 1 2 B charge(c), magnetic dipole(x), and charge quadrupole
(Q) couplings to the EM field. When assuming that it is an

e 2
FIG. 1. The vertex factor for vector-meson-photon coupling, €/€mentary particlec=e, u=e/m,, andQ=-e/m, the ver-

where a, B, and y are the Lorentz indexes; and j are isospin  t€X factor appears to be E¢13) [21,22, which implies
indexes. that the MC result underpredicts the meson magnetic

moment by 2. This factor of 2 difference in self-conserved

_ 1 7 terms between MC and chiral Lagrangian approaches has
L0 = eN’{(ng)(QZ)— + F(l")(QZ)—> YV been pointed out in Ref§23,16] and was attributed to the
2 2 model dependency. However, in order to have a closer
1 Ol v contact with phenomenology, we use E@3) instead as
- l% F(Q )2 +F3(Q ) 0,,9" [NA* the ppy vertex.

The modification mentioned above is just an example of
() model dependency in constructing ECs. Since these purely
transverse terms, often called non-BaiiB) terms, could
L™ = — e(ar ¥ d,m)°A, (9) not be constrained by current conservation, it is not easy to
set up criteriaa priori to judge which ones should be in-
1 cluded, unless comparisons are made with experini@dls
,C(E’J,a’) =—e(p’ X F(VC’Z)ZA“ - Ee(p# X d,p")*A*. (10 For this derivation, we include thery and w7y interactions

Note that in order to account for the nucleon structure, the L) = e%eaﬁygp(y)aﬁ(py - °m), (14)
nucleon EM form factors,F%) (superscript S for 2m,

isoscalar and V" for isovector; subscript “1” for Dirac
and “2” for Paul) are added. AtQ?=-g?=0, F{¥(0)
=FY(0)=1, FY(0)=-0.12, andF,(0)=3.70. Inprinciple,
one should also take into account the meson structure;
however, they are still poorly constrained so we S|mplyWhere the total antisymmetric tensor is defined ;3
assume the mesons are elementary. -1 [25,15, because the corresponding meson-nucleon

Due to the momentum-dependent coupling gf meson ~ COUPling constants, ,, andg,,,, can be determined from
to the nucleon anomalous magnetic moment, a KrolltN€ decay datalexcept for signs We ignore all the
Ruderman type contact interactight], nucleon isobaric excitations because they are not the main

theoretical emphasis of this work. The present work could

[0k g“”" Q
g = e €apysF PV P(0?°1), (15

(NNp) — gpNNXV R easily be extended if necessary.
Lewm - 2my N'o,,(7 X p") NAY, (11) To sum up, the total EM Lagrangian density we consider
is
also arises. This leads to a seagull current which is impor-
tant for current conservation, but was ignored in Héi. Len=LIWY + LG +{LEGY + 3e(p, X p,)F 74}

It is worthwhile to point out that the EM interactions ob-
tained above depend on the model Lagrangian one starts
with. For example, compared with the result of QHD I
[18,19 one observes a largepy interaction in QHD Il by
the amount

+LET + LG (16)

B. PNC meson exchange currents

Diagrammatically, the ECs could be classified according
ALESY =3e(p, X p, ) FOR, to Fig. 2 as(a) norm-recoil,(b) pair, (c) mesonic(d) seagull,
(e) isobaric, and(f) NB mesonic types. The division into
; ; norm-recoil and pair terms simply comes from the separation
are going to explain. . , of positive- and negative-energy components in the covariant
By fixing the gauge .parametef—l,) |.e.., t Hooit- nucleon propagator. Confusion sometimes arises when it
Feynman gauge, we obtained the ?aﬂgﬁy asin Ref[20],  comes to pair and seagull diagrams. If the RN coupling
and this gives a vertex fact¢see Fig. 1 is formulated as pseudovector, the seagull terr®(&/my),
. NS 4 LamBih _ LB while the pair term is higher order in . On the other
eail (G~ 429" + K°g Kgl, (12 hand, if the pseudoscalar coupling is adopted as we do here,
with k+q;+0,=0. The last two terms together give an am-there is no seagull term; however, at the leading order, the
plitude conserved by itselfactually, they correspond to pair term looks exactly as the seagull term in the pseudo-

which modifies theppy vertex in an interesting way as we
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N N N N N LY
o- - Eval ® " ®
/ O mmmmm 2o ®
y y N M M
AL aVaVaVaV
N N N N N N
(@) (b) © FIG. 2. Classification of meson-exchange cur-
rents: (a) norm-recoil, (b) pair, (c) mesonic,(d)
seagull,(e) isobaric, and(f) non-Born mesonic,
v whereN andN" denote nucleon and nucleon ex-
N N N N N N cited stateM andM’ denote mesons.
—————— ®
Y * M
ANNNL- - - - - - ® N e F----- ®
M y 1 M M
ANNNG
N N N N N N
(d) (e) ®
vector scheme. Therefore, as far as the NR approximation is - egn o hi
valid, these two formalisms are equivald@6,12. For the  pairtkr= om ho(7y - 7o+ 75) + ﬁ(&i?ﬁ‘ T T2
case ofp mesons, both pair and seagull diagrams have N v

O(1/my) contributions. As for the NB contributions froge) 1
and (f), we only consider the latter as explained above. +27) |loy— o]+ (1 + [ 750, — T0] + (1
Before one applies Feynman rules to evaluate these dia-

grams and extract the corresponding ECs, the gauge param- 0 hﬁ
eter has to be fixed. Though physical results should be gauge +xv)| h, = BN (1 X 7)oy X 05]
independent, a proper choice may greatly simplify the calcu- v
lation. Here, we adopt the 't Hooft-Feynman gaugel, for (277)3&3( )
the following reasons. First, the propagator is simpler, qu +(1+2), (18)
.9, —i
<A,U.Ay>:(g,uv_(l_§) 2_:‘" i ) 2 2 i gw
o - g ie/ ot -+ ie = - NW1+foﬁal o]+ [ Zoy
= —: Ig#: (fOf §: 1). (277)35(3 ( )
g ~ o)+ (152, (19)
q2 + mw

Second, the PNC potential, constructed from a NR reduc-

tion of the one-boson exchange diagrams, corresponds {ghereq; 2_p12 p1, and thed function imposes the total
the form given by DDH. The last and most important, the3-momentum conservationk+q;+q,=0. The p-seagull
contribution from the norm-recoil diagram represents hows-current corresponds to the term involviggin Eq. (18).
the one-body EM matrix element is modified by the pres-All the pair charges are of higher order inrfyj compared
ence of the NR potentigl16]. This term should not be with the nucleon charge, which ©(1), so they are ne-
double counted if one has already taken care of it by usingjlected. The mesonic 3-currents are
the perturbed wave function—the route we will follow.

In momentum space and to the order ofl/the pair and

p-seagull(KR) 3-currents are -eg, hw
Jmesonlc $(Tl "7 Tié)[qZ
2\12 N
€Oy (2m)389(--) 2m38(--)
o= _— T ’TZ’TZ T |~ 1 2 - . + 1 s 2 ’
= S m, AR g 0 W i ey T2
(17 (20
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-e h2
J hesonic= %(hg - Z%)i(fl X 1) 4[01 ~ d2]or2 - [(p7
+P2) = (pr+py) —i(L+xv) o X qul+ 2 (py + py)
+i(1+xy) oy X qrlo, -k + 2L o, ]{2myko - k - [(pg
+py) +Hi(1+ X (2mo3-)
Py +i( xv) o X ail}) (q% + mi)(qg + mi)
+(1+2), (21)
o CGGpm T , (2m)339( )
anesonic_ \/Emp (71 X m)1a1 X Qo] (q% + mi)(qg + m727)
+ (1 > 2), (22)
j%gsonicz 01 (23)

where ko=E;+E,-E;-E,=E,-E;. Specially note that

PHYSICAL REVIEW (58, 045501(2003

To prove the conservation of these PNC currents at the
operator level, we showed explicitly the following matrix
element identitiegwith bra(p;,p;| and ket|py,p,)):

[P, VEND =K+ G i + i mesoni (28)
([pY, VB =K - (iBairskr * I osonids (29
(o™, VaneD) =K - Giain) (30)
([Phesonic H) = K - (i abdomie (31

0 =K - (jmesonict imesonid (32

there is a mesonic contribution to the charge density at th¥hereH is the total Hamiltonian, which is the sum of the

same order as the nucleon charge:

2
P =-2 ho — i i
Pmesonic— ~ “€GNn| N, = |i(7y
2.6

(277)35(3)(. )

(o + M) (g5 + )

+ (1« 2).
(24)

X ’7'2)20'2 .

C. PNC NN interaction and current conservation

The DDH potential in momentum space could be ex-

pressed as
ngthlT.
Ene= — =T X m)H o1+ o) - U, 25
PNC 2\’/§mN ( 1 2)( 1 2) ( )
h2
—L(377
mN 2\”6( 12

o _ 9NN 0 hz
VPNC_ hp71'72+5(7€+ Té)+
[

-7 72)) i((1+x) (0 X 0)) -U,+ (01~ 0)) -v,]

h
(Ti_é)(al*'ﬂ'z)'l’p}, (26)

~ 0o ht .
PNC™ 2 NN{(hg‘*_w(Ti‘*75))['(1+Xs)(01>< o) -u,
My 2

h,
+ (o~ 0)) 'Uw]*'? (75— ) (o1 + 0y) 'vw:|1 (27)
where
go= 4 v :(pi+p1)—(pé+pz)
ey 200 +my)

and q denotes the meson 3-momentum.

kinetic energy(T) and both the PC and PNC potentials
(Vpc and Vpyo); and thep mesonic current, Eq21), is
separated into two partgl) is proportional to the vector
(q;—qy), and(ll) contains the rest. The continuity equation
Eq. (31) indicates tha’(p%esomcj‘r;(ggonig forms a conserved
current not constrained by the DDH potential, which re-
sults from the self-conservagpy vertex mentioned above.
The last equality, Eq(32), shows the transversality of NB
currents. Obviously, the total PNC EG2.,j20, the
sum of Egs.(17)—(24), satisfies the total current conser-
vation condition

2 e (D@ @
[P+ pRie T+ Vec+ Vend =k - (10 +j&+iR

as long as the two-body PC EGp2,j2), is conserved,

i.e.,
[, Vel =k ji2¢

(p(Pzé is higher order in 1iy). Therefore, at least for the
PNC part, we have every conservation condition met.

For the AM calculation, we have to use both the DDH
potential and current operators in coordinate space. These
expressions could be found in the Appendix.

I1l. DEUTERON ANAPOLE MOMENT
A. Determination of the deuteron wave function

Due to the PNONN interaction, the deuteron wave func-
tion, mainly a3S; state with some fraction D, component,

could have parity admixtures i#P; and P, channels. The
former channel, induced by the isovector part of the DDH
potential, is dominated by the exchange, while the latter
one, resulting from the isoscalar interaction, only arises from
the heavy-meson exchange. Therefore, we express the full
parity-admixed deuteron wave function as
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1 f 3
o= {(u(r) : S:g)w(r)>§oo‘ | \[5 (o

o V3
+0y) T Tgp(r) §10+|? (o1

PHYSICAL REVIEW &8, 045501(2003

=g, FoN=guhlf,(), and  Fi(n)
=g.,nh5f,(r). In our numerical calculations,g
=13.45,9,nn=2.79,9,nn=8.37, as well as DDHbest val-
ues (in units of 107) ht=4.6, hg:—11.4, h;:—o.z, hﬁ
=-9.5,h%=-1.9, andh}=-1.1, areassumed.

B. Anapole moment: Expressions for matrix elements

= 03) T Uyp(r) Zoo} X13,» (33

The anapole operator we use takes the form
where S;5(f) =30, -f 0,-f-0,-0,, and y and { represent
spinor and isospinor wave functions, respectively.

The Schrddinger equation in the center of mass frame is

wherej(x) contains all the one-body and PNC exchange
currents discussed in Sec. Il. Note that this form is equiva-
lent to what has been recommended in REZ3.,9|, which
is a result from implementing the extended Siegert’s theo-
rem[28].

With the deuteron wave function, E(3), we obtain the
whereVc(r) and V4(r) are the central and tensor parts of ahapole moment from the spin term,
the strong potential, respectively, aMdy(r) is the sum

az%fdxxx(xxj(x)), (39

1/(1# [(1+1) R
HWY(r) =|-—|=-=5r——=—+Vc(r) + Vg(r) S F)

my\rar? r2

+ vac(r)} Y(r)=E ¥(r), (34)

of the PNC potentials, Eqs25), (26), and (27), given aspin:_FL[MVfdr r[u(r)—@w(r)]igpl(r)
above. Up to the first order in the PN interaction, V6 my
radial wave functions satisfy the following differential equa- 1
tions - \,5 ,uSJ drr <u(r) + —5w(r)>51p1(r)} el,
- \
u'(r) + my [E = Ve(n)]u(r) = V8myVa(nw(r),  (35) (40)
6 wherel = 1/2XIJZ(0-1+02)X1JZ is the intrinsic spin taken
W'(r) = w(r) + my[E = Vc(r) + 2V4(r) Jw(r) in the spinor basis, and we note that this is equivalent to
r the total angular momentum taken in the total angular
= \/8my V4 (nu(r), (36) momentum basis, i.el,=(J=1,3/3[J=1,J) [29].

2
Thor(1) = ~5Tpn(1) + ME = V(1) = 2V5(1) Tgpa(1)

_2 + | e
= \E U(I') \”EW(r) ﬂl’[ w(r)
+2FY () = 2FL(n) ]+ 22[FY(r) - FL(n)]
9 1
X o u(r) + EW(T)

2 \/E
r

[FX(r) - FA0)][u(r) - VEwm]} . @7

~ 2.
Ulp1 ~ ﬁvlpl(f) +My[E = V() [01pa(1)

= 2| [ulr) = V2W(n)] [3xgFo() - xeF21)
_\/5 [u(r Vwr]ar[XVpr XSwr]

- 213F(r) ~ F(0)T-ulr) - 2w(0)]
+ 213890 - FUOTu0) + 220001 |, (39

where FL(N) =g whif.(r), For)=guhdf, (), Fir)

The matrix element of the convection current is written as

Jeon () = j¢on (%) * jcon(X),

. e 1 SioF)
ton(¥) = —— [ drydr,—x1 +
Jeon(X) amy J r rz\’TﬂmZ(U(r) B w(r)

\/é
B i?(al - o) 'ﬁjlpl(r))(plv pz)+<u(r)

SiAF) \3

v — 1
+——wWI(r) +1—(o1—0)) - Tv r)|—— )
/8 (r) 2 (oq 2) lpl( )) V’477I’X1JZ

(41)

N \

3
X(pa, pz)_(— [ \/;)(0'1 + o) - TUgp(1)

3
+i \/;(0'1 +07) U301 (1) (Py, pz)_<U(r)
Sialf)

+ —

1
w(r) | [—=—=x1,,
V8 ) :| Var XL,

o~ e 1 (F)
Jcom(x) = m f drldrszLZ[<u(r) + &2@ W(I‘))

(42)

where
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(p1 P)* = {p1, X =1} £{p, Fx -1} (43 o _ 2T JunN
apair_ oam

Jdr r? f,(r) (u(r) + %W(r))[u(r)
\e’2

N

~V2w(r)le IhL. (51)

It can be shown that the matrix element of the operator
(p1,p2)* is proportional to

-2iIR+R(R-P)+r(R-p+3r-P)—(R2+3r?)P-2R-rp,

whereR=(r,+r,)/2 is the coordinate of the center of mass  C. Numerical results for the Argonne v;g NN interaction
andP=p;+p, is the conjugate momentum. In the center of model

mass frame where only the relative coordinate and mo- Using the A»;5 model, the numerical resultn units of

mentum are relevant, the terms proportionaRtor P can fm?) are
be discarded. Therefore, the “true” internal convection
current is determined solely by E¢42). Using the result Aspin= -0.547hl el +(-3.7 h$+ 10.8hl +7.3 hg
in Ref. [8],
L8] +3.7h%) x 10%el, (52)
T [ ok i ¢ o001 = -2 01), (49
— | dxx X [x X)]={ —i-——[l4r] ),
3 Jeon 12my 8con, = 0.039h% e +(2.7h!-7.6h) X 10 el,

wherel=r X p [30], the anapole moment from the convec- (53
tion term then reads

K

aZ= aly + Amesoni= (— 0.027 +0.028h. e,  (54)

Acon = f dr 1 (u(r) = y2w(r)Bgp(r)el.

36 V6 my 4l
(45) A= A =~ 0.7xX 10" hyel, (55)
Contributions from the PNC exchange currents are evalu- al = =1.8x 10%hl el. (56)
ated with the parity-even channegfs, and®D,) in the initial = Bpair
and final states. Because these channels are spin tffplet Nevertheless, in order to complete the calculation of the
=1) and isospin singlefT=0), the spin and isospin selection deuteron AM, we have to estimate the contributions from
rules nucleonic AM and PC ECs.
Because the deuteron is isosinglet, the nucleonic contri-
(8= 1|(01 - 02)[|S= 1) =(S=1|(a1 X 0)[|S=1) =0, bution to the deuteron AMay, only arises from the isoscalar
(46) component, i.e.,

2
= X AIT=0)= 3
(T=0l[(m, x ) T=0)=0, (47) an=(d S (@@ +al7) o |d)=2a (1_§PD)I’
where the double bdf means the reduced matrix element i=1
greatly simplifies the calculations: the matrix elements of (57)

ot ot - .
, and the parts proportional tor
Jpair+kRr: Jmesonie Jmesonie P prop 1 where aS denote the isoscalar and isovector nucleonic

-0y in j, andjg,; all vanish. Only ther pair, ™ mesonic  AMs, and P is the deuterorD-state probability. Several
terms, and the parts proportional é&+a in p° pair and  theoretical estimates for the nucleonic AM  exist
w pair ones have to be considered. Pair and mesonic plopﬂ 31-33, and here we use the result of RE85] be-

contributions had already been calculated 3 cause it is the most recent one which includes the full
2y 1 DDH interaction at the nucleon level.
m —_ NETOaNN 2 = For the pion sector, Ref35] gave
Apair 9my fdr refa(r) (U(r) + \,EW(V))[U(V) p f35] g
hl A2 6m, A
~\J2w(r)Je | ht, (48) azh=- #_g(l - __|n_X> ,
12\”2f77m7r mN v mN m,n.

Bmesonic™ 3mym, thors chose it to be #f ;) [40]. When settingA,=my, the
leading term is equivalent to what has been used in Refs.
[4,5,8 for the deuteron AM calculations, while the full
result is the same as Reff7]. By including the heavy

o mesons, the numerical result[i35]
and the heavy-meson contributions are now found to be

279, 1 here A, is the chiral ki -
V&7g NNfdr " fw(r)<u(r)+?w(r)>[u(r)<1 where A, is the chiral symmetry breaking scafthe au

1 )—1 ()(1+1 ) | ht (49)
3m7,r \Ewr 3mwr el h,

a = - 0.274h! - 0.419h% - 0.129h°, (58)
pO __ 21T gpNN d 2 f + 1 P
Bpair =" T my, rrefy(r) | u(r) ﬁ""(r) Lu(r) and this leads to the nucleonic contribution
—2w(n)]el h, (50) ay=(-0.250h},-0.383n;-0.118)) el.  (59)
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As for the PC ECs, we try to approximate them by the = 25
ECs originated from one-pion exchange diagrafosrre- S
sponding currents in the configuration space are given in the > 27
Appendi®. These PC EC contributions of pair and mesonic =
types are S 157
N
P 1(g”NN)2Jd (L m0) Tapa(NU) s
A== rems m,.r Nlu(r
pair 3/6\ 2my 7l) Usp1 i 05 |
_ El
-\2w(r)] el, (60) o oL
0123456782910
1 (g2 () r (fm)
PC — ] _ ~
mesonic— ~ ﬁ( 2mN) dre™ USpl(r) 3u(r) 08
0.7 mn—
1 p
-m, r(u(r) + ?w(r)ﬂe l. (61) 0.6
V2 P."E‘ 0.5
Numerically we obtain < 04
= 03 f
aEE: aggr-'_ azcesonic 0.2 ﬁ
=-(7.8 h;+0.4 hy-1.1h;) X 10*el. (62 0.1 !
In the following section, we will discuss if this is a rea- 00 1 234 5 é 7 é § 10
sonable approximation and to what extent the current con- ®) r (fm)
servation is broken for not being fully consistent with =
AUlg. Ex 0.01
Finally, the full deuteron AM could be expressed as o)
E 0.008 t m
84 = 8spin+ Acon, * 8+ A+ 8, = (— 0.756h7 - 0.387h; ki p
= 0.006 |
+0.010;, +0.007h0 - 0.114h)el . (63) s
g 0.004 +
IV. DISCUSSIONS %/ 0.002
The contributions of the heavy mesons to the nuclear part E -

0 ot 0 ‘
(spin, convection, PNC EC, and PC E@re smaller than 012345678910

those of the pion by two or three orders of magnitude. This © r (fm)
suppression can be understood by investigating the PNC pair
terms ofm, p, andw mesons, which correspond to E@#8), FIG. 3. The top panel shows the behaviorrdfu(r)+w(r)/\2]

(50), and(51), respectively. Aside from the weak coupling . )~ \2w(r)]. The central panel compares the Yukawa functions
constants, they differ only by the Yukawa functibp(r) or  fyhe pion(solid line) andp meson(dotted ling. The bottom panel
fo(r) in the integrand. At small, the deuteron wave func-  shows the behaviors of the integrands for theand p-pair terms in

tion is proportional tor (for simplicity, we neglect the gq (48) and(50), respectively.

D-state componeptand increases very fast up te-2 fm

where the maximum is reached. Afterwards, the wave funcgrand asr2exp(-myr), the maximum of the integrand
tion decreases very slowly and converges to zero. The factaeaches at~ 3/my. Even though the approximation is crude
r? multiplied by u(r) gives rise to the suppression at shortfor the pion, this can provide a semiquantitative explanation
range. The top panel of Fig. 3 shows this behavior. One cafor the suppression of the heavy-meson contributions. At the
expect that this* behavior at short distances makes the conmaximum, the integrand has a value proportional twil Af
tribution fromr=<1 fm quite small. On the other hand, the comparison is made far andp mesons, the maximum value
Yukawa function which behaves like rLat smallr is short-  for the latter is smaller than for the former by a factor of
range peaked and its curvature in the intermediate range d&/200, which can partially account for the suppression of
pends strongly on the mass of the meson. A comparison afvo orders of magnitude in the heavy-meson contributions.
f.(r) and f (r) is given in the central panel of Fig. 3. The  To a lesser extent, a similar argument can be applied to
quantity f (r) is not negligible for <0.5 fm but the remain- the qualitative understanding of the heavy-meson suppres-
ing part of the integrand, approximatel§ u?(r), is small in  sion of spin and convection terms. The right hand sides of
this region. Consequently, the heavy-meson contribution wilEgs.(37) and(38), which are the sources of parity admixed
be suppressed substantially compared to that of the piong states, also contain the Yukawa functions. When the equa-
The bottom panel of Fig. 3 shows the behavior of the totations are solved, i.e., integrated with respectr tane can
integrands in Eqg48) and(50). If we approximate the inte- expect some amount of suppression for the heavy mesons as
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TABLE I. Comparison of the heavy meson with the pion con- V-j(x)=0. (65)
tribution to the deuteron anapole moment, term by term. The ratios ) ) .
are given in %. In Ref.[8], it has been shown that the inclusion of the PC

ECs related to ther meson removes almost all the incon-
Term  Spin Conv. PNC EC PCEC Nucleonic Total sistency. In this work, we follow the same procedure.

The spin current obviously satisfies £§5), so both ana-
pole operators give the same result. For the convection, pair,
and mesonic contributions, the alternative anapole operator,
was discussed in the analysis of pair ECs. In Table I, weEd. (64), gives
summarize the ratio of the heavy meson contribution to the
pion one with the weak coupling constants given by DDH aSe = :r jdr r2 [u(r)( 0 3pa(r) + 2 3pl(r))

(prw)lm 4.0 0.6 -2.0 -3.1 -26.2 -5.9

best values. The magnitudes of the heavy-meson terms are 26 my

suppressed by two orders of magnitude compared to the pion w( ) Faot(r)

terms in common. Thus, as far as the nuclear part is con- + — (”’apl( ) - 3p1 )] I, (66)
cerned, ther contribution is the most dominant one. If the

contribution of the nuclear part can be disentangled from the

total deuteron anapole moment, this information helpstode- .. 79, ny ) 2( )

termine the magnitude dit with high accuracy. As a side ~ @pair =~ o m fdr re LN us(r) - hnel,
remark, it is noticed that the combination of the isovector Ve

couplings,h’, b7, andh;, entering the spin and convection (67)
contrlbutlons is cIose to the one that determines low-energy

PNC nucleon-nucleon scattering, roughlyh’30.02h; »cC _ 9N ar e | (i - wA(r)
-0.06h%, [37]. This lets us think that Danilov’s approach Bmesonic™ 242 my m,, re u(r) (my

[38], Whose application for the deuteron anapole moment 5

was proposed later on by Savai@®, should provide a rea- +2) __( (r) + (f)) m_r(m.r +3)}h1 el

sonable estimate for this contribution. maeem o
Contrary to the nuclear part, the nucleonic one has sizable

contributions from the heavy mesons. According to the

nucleonic anapole moment estimated in R88], the ratio

of the heavy-meson contribution to the pion one is about a?"cc = _79 NNJ drr2f (r)(uz(r) m)hl el

26%. However, we should also note that these authors con- ~Par 2my P P

sidered non-DDH type couplings such as non-Yukawa type (69)

7NN couplings and the inclusion of hyperons as well. So far,

no detailed knowledge about these exotic couplings exists, 5

and the theoretical uncertainty could be huge. Study of these go.CC_ M‘f drr2f (r)( ul(r) - wr )) el

terms and their implication for two-body nuclear contribu- palr 2 my ¢ noel,

tions will be an interesting topic for further exploration. (70)
Another issue that should be addressed is the gauge in-

variance of the results. We showed in Sec. Il that the PNC <

(68)

ECs satisfy gauge invariance with the DDH potential. How-  gPC¢CC—
ever, with the phenomenological strong interaction models y
like the one adopted in this work, gauge invariance may not 1
be satisfied if the ECs are not consistent with the phenom- -— w(r)) el, (71
enological potentials. TheiAg model has 18 types of opera- v

tors, but since we took into account the dominant ECs only,
it is natural to expect the breakdown of gauge invariance.

1 [ gmn)?
Investigating the extent to which gauge invariance is broken @mesonic= ~ E(g ;N) f dr e 173p1(f)lu(f)(18
provides an estimate of the error. \ N
Most phenomenological potentials are very complicated ) ( )
and the analytic analysis of gauge invariance is a formidable +2mar = Mere) = —= mur (4+m.r)
task. However, as suggested in R¢89,8], one can estimate
the amount of gauge-invariance breaking by comparing the (72)

results obtained with two different formulations of the ana-,here the superscripEC denotes the quantity calculated
pole operator: Eq(39), which we use for Sec. Ill, and an \yith Eq. (64). Numerical results are summarized in
alternative one Table II.

The “Total” column in Table Il shows that the two defi-
a=- wf dx x3(x), (64) nitions of the anapole operator differ in results only by 3%,
6%, and 4% for ther, p, and w contributions, respectively;
which can be obtained from E¢39) with the assumption this means that our results satisfy current conservation very
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TABLE IlI. Coefficients of the weak coupling constants for given terms with different definitions of the anapole operat@9)Ead

(64).
Eqg. (39) Eq. (64)
ht by ht ht h h!
Conv. 0.03925 0.00027 -0.00076 0.05348 0.00024 -0.00066
PNC 7 pair -0.02668 -0.07895
PNC 7 mesonic 0.02830 0.04706
PNC p pair -0.00007 -0.00023
PNC o pair 0.00018 0.00061
PC 7 pair 0.01400 0.00013 -0.00038 0.06325 0.00062 -0.00177
PC 7 mesonic -0.01478 -0.00017 0.00049 -0.04366 -0.00047 0.00133
Total w/o PC 0.04087 0.00020 -0.00058 0.02159 0.00001 -0.00005
Total 0.04010 0.00016 -0.00047 0.04117 0.00017 -0.00049

well. This is quite surprising because only the PC one-piorto the deuteron anapole moment can be determined with an
exchange current—not fully consistent with the adoptederror less than 5%, while the major uncertainty should come

strong potential, &;g—is included in our calculation. The from the nucleonic anapole moment instead.
reason can be found in that the AM is%@weighted moment

and that the deuteron wave function peaks around 2 fm with
a long tail; therefore the long-range physics, which is domi-

nated by the one-pion exchange included in the casevgf, A
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APPENDIX: PNC NN POTENTIAL AND EXCHANGE
CURRENTS IN COORDINATE SPACE
The DDH potential in coordinate space could easily be

Furthermore, one can observe that for the contributiongbtained by applying the following transformation rules to

from exchange currents, E(R9) always gives smaller values Egs.[25-27:

than Eq.(64). This implies that the calculation using E§9)
suffers less from the incomplete knowledge or uncertainty of
exchange currents which causes the breaking of current con-
servation. For example, if the PC pion ECs are left out in our
calculation, by comparing the “Total” and “Total w/o PC”

columns in Table I, the error is 2%, 25%, and 23% forp,
andw components, respectively, when Eg9) is used; how-

ever, the error becomes -46%, —94%, and -90%, for Eq.
(64). The reason for the small contribution of ECs in the
former case may be looked for in the proportionality of the
dominant ECs to the position vectgr which readily gives
zero when inserted into the corresponding anapole operator, For the PNC ECs, we list all the leading-orde(1/my),
Eq. (39). Therefore the use of E¢39) is preferred at least 3-currents, which are relevant for the AM calculation:

for the deuteron case.

In conclusion, we have constructed the PNC ECs due to

one m, p, and o exchanges, and showed that they satisfy
current conservation—so the consistency with the adopted

DDH PNC potential is checked. An application was made to
the calculation of the deuteron anapole moment. We ob-
served that, for the nuclear part, the contribution of heavy
mesons is suppressed by two orders of magnitude compared
to the pion one, a result consistent with the similar work by
Blunden[40]. Consistency with &g was also checked. We

found that the approximation of using only the PC one-pion
exchange current is reasonable—the breaking of current con-

servation only amounts to a few percent and this is supposed
to be fixed by using the PC exchange current fully consistent
with Av,g. Therefore, the contribution from the nuclear part
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Jpair(Xirg, o) ==

jr7171esonir£X; I, I’2) ==

Uy — ux(r) =[p, fx(r)],

vx — vx(r) ={p, fx(n},

where r=ry=ry; r=|r|; p=(p;—py/2=-iV,; and the
Yukawa functionsfy(r) are defined as

e

fx(r) = 4ot

hl
EOMN T (7 mym 7 ) £.01)
2 \3’2 mN
2
XE 5(3)(X - ri) gj, (Al)
i=1
€ OrnN hir
= (71'72‘7€ é)(vl_VZ)
2 \"2 mN
X[(o1-Vi=05-V)), f(r) f(ro)l,
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i’ € gnN 1
Jﬁair(X;rlv rp)=- 2i|:n,\, fp(r)ri él(h2+ > h;1> (75 + 75)
1

1
+Té hi) (0'1—0'2)+E hll) (71— 15) (oq
\‘J

+ 0'2)] (1+D8¥x-r) - (1+7)

X oy Y 69(x- r)i), (A3)
X8 (x-r1y)), (A4)
|
pt . __egwnw(,o_ 1 z _ il _
TmesoniéX;1,r2) = 2 my hp 2_% hp (11 X 7)) {(Vl V) ( (o= o) {(V1 = V), f (rxa) fp(rxz)}
\!
+(1+xy) (01X 0) - [(V1= V), f () f(re)]) +2 V5 (1 {V] 0= V5 01+ 07 V,
=05 V1, T,(r) F(re)} = (L+xy) [(00 X V)20, = (02 X V)? 01+ 0 0, X V= 050,
XV, f(ra)f () D+ 41 my (o + a)[H, f(re) T}, (A5)

€ QuNN
2 my

j;)air(X;rla rp)=-—

fw(r){(h%% h, (74 + vé))wl

1
-0y + > h. (- 7) (oy + 0'2)}[(1

+75)80x—r) - (L+ 53V (x-r,)],
(A6)

1
€ gpNngTry th
——"

\r'2 mp

X[f,(ra) fa(re) + f2(ra) f(re)l, (A7)

wherer,;=|x-r|; V; andV, act on the source poimt and
the field pointx, respectively; and the superscripis the

JmesoniéX:T1,12) == (11 X m)AV1 X V)

index to be summed from 1 to 3. Note that we separate
charged and neutrgd mesons according to their isospin
structure; and the last term of EGA5) should be com-
bined with a charge density corresponding to E2f}) in
order to ensure the current conservation.

PC one-pion ECs of the pair and mesonic types that con-
tribute to the AM are

. SPINN
Jﬁfir(X:rl, ra) = ( 2my

+ 010X =1 oy VIF(r),

2
) (X )T0,8%(x-1)0,- V
(A8)

. JaNN
Jricesonié)(;rl: r2) == ( 2mN

=Vt (ra)fa(re).

2
) (11 X 7)oy -V (03- V) (Vy

(A9)
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