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Nuclear anapole moments are parity-odd, time-reversal-&fmoments of the electromagnetic current
operator. Although the existence of this moment was recognized theoretically soon after the discovery of parity
nonconservatiofiPNC), its experimental isolation was achieved only recently, when a new level of precision
was reached in a measurement of the hyperfine dependence of atomic PRiCSnAn important anapole
moment bound irf°T| also exists. In this paper, we present the details of the first calculation of these anapole
moments in the framework commonly used in other studies of hadronic PNC, a meson-exchange potential that
includes long-range pion exchange and enough degrees of freedom to describe the five indep&hdent
amplitudes induced by short-range interactions. The resulting contributions pf and w exchange to the
single-nucleon anapole moment, to parity admixtures in the nuclear ground state, and to PNC exchange
currents are evaluated, using configuration-mixed shell-model wave functions. The experimental anapole mo-
ment constraints on the PNC meson-nucleon coupling constants are derived and compared with those from
other tests of the hadronic weak interaction. While the bounds obtained from the anapole moment results are
consistent with the broad “reasonable ranges” defined by theory, they are not in good agreement with the
constraints from the other experiments. We explore possible explanations for the discrepancy and comment on
the potential importance of new experiments.
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[. INTRODUCTION has reached the requisite sensitivity. PNC effects have also
been isolated in nuclear experiments, but only a few nuclear
The strangeness-conservingA§=0) weak nucleon- systems are sufficiently well understood to permit theorists
nucleon interaction is of considerable interest. It provides theo relate the observable to the underlyd|l interaction. For
one experimentally accessible means of probing the neutrathese reasons there is interest in finding new experimental
current component of the hadronic weak interaction, as thiggnstraints.
component plays no role in flavor-changing reactions. Fur-  ghortly after Lee and Yang’s proposal that weak interac-
thermore, the question of how long-range weak forces begons violate parity, Vaks and Zeldovidi] noted indepen-
tween nucleons are connected to the underlying elementagyently that an elementary particlas well as composite sys-
weak quark-boson couplings of the standard model is an iMems” like the nucleon or nucleuscould have a new
portant strong-interaction guestion, one with potential CONglectromagnetic moment, the “anapole moment,” corre-
nections to poorly understood phenomena such asAthe sponding to a PNC coupling to a virtual photon. One contri-
=1/2 rule. One of the challenges in the field has been thgjtion to the anapole moments of hadrons would thus arise
experimental determination of the various spin and isospifrom PNC loop corrections to the electromagnetic vertex.
contributions to the low-energy wedkN interaction, as this  pespite some early work on the contribution of the nucleon
interaction is dwarfed by much larger strong and electromaganapole moment to high-energy electron-nucleon scattering
netic forces. The weak effects can be isolated only by pref2] the interest in anapole moments might have been limited
cisely measuring tiny effects associated with the parity nontg theorists had not Flambaum, Khriplovich, and SusHliajv
conservation(PNC) accompanying this interaction. Because pointed out their enhanced effects in atomic PNC experi-
the PNC effects are typically of relative size10*7,»only ments in heavy atoms. As the anapole moment is spin depen-
one class of elementalN scattering experimentq+p, dent, it contributes to the small hyperfine dependence of
atomic PNC.(The dominant PNC effects in such experi-
ments arise from the coherent vector coupling of the ex-

*Electronic address: haxton@phys.washington.edu changedz® to the nucleus and are thus independent of
"Electronic address: cpliu@u.washington.edu nuclear spin. While nuclear-spin-dependent effects do arise
*Electronic address: mjrm@krl.caltech.edu from vector- (electron) axial (nucleus Z° exchange, this

0556-2813/2002/68)/04550230)/$20.00 65 045502-1 ©2002 The American Physical Society



W. C. HAXTON, C.-P. LIU, AND M. J. RAMSEY-MUSOLF PHYSICAL REVIEW &5 045502

nuclear coupling does not grow systematically with thewith the S-P amplitudes. The treatment of the one-body,
nucleon numbeA of the nucleus: naively, the axial coupling exchange-current, and polarization contributions to the ana-
in an oddA nucleus is to the unpaired valence nucleon.pole moment are given in Sec. IV. The summation over in-
Flambaumet al. [3] observed that the anapole moment of atermediate nuclear states in the polarizability is performed by
heavy nucleus grows a2, so that weak radiative correc- closure, after calibrating this approach in a series of more
tions to spin-dependent atomic PNC associated with the an@omplete shell-model calculations in lighter nuclei. Other
pole moment would typically dominate over the corresond-technical details—particularly the rather complicated heavy-
ing tree-levelZ® exchange for sufficiently largd (A=20). meson exchange-current evaluations—are presented in Ap-
This growth means that spin-dependent atomic PNC effectpendixes A—D. In Sec. V experimental values for the anapole
should be dominated by the anapole moment—a radiativenoments of*3Cs and ?°°T| are deduced from the corre-
“correction”—and measurable in heavy atoms. sponding hyperfine PNC measurements. Other tests of the
Nevertheless, spin-dependent atomic PNC effects are stilbw-energy PNCNN interaction are discussed and the con-
exceedingly small, typically~1% of the size of nuclear- straints they impose on various PNC meson-nucleon cou-
spin-independent atomic PNC effects. Despite considerablglings described. We address the issue of uncertainties in the
effort, only limits existed on the anapole contribution until shell-model nuclear structure calculations and attempt to as-
very recently. However, with the Colorado group’s measuresess the effects of missing correlations phenomenologically.
ment[4] of atomic PNC in3%Cs at the level of 0.35%, a In the concluding section VI we discuss the resulting dis-
definitive (7o) nuclear-spin-dependent effect emerged fromcrepancies and possible future work that would help address
the hyperfine differences. This measurement is the principadome of the open questions.
motivation for the work presented here. The goal of the

present study is to carry out an analysis of #f&Cs anapole Il. ANAPOLE OPERATOR AND CURRENT

moment that follows as closely as possible the formalism CONSERVATION

developed and employed in otii¢N and nuclear tests of the _ _ . _
low-energy hadronic weak interacti¢§]. That formalism is In this section we describe the anapole moment in terms

based on the ﬁnite_range PNON potentia] of Desp|anque5, of a classical current dlStFIbUtIC{flG,lﬂ The Corresponding
Donoghue, and Ho]ste”(]DDH), a potentia] that contains Oper_ator fora qua-ntum mechgni_cal current is Ol?tained_from a
sufficient freedom to describe the long-rangeexchange Multipole expansion that satisfies the generalized Siegert's
and the short-range physics governing the five independed€orem. We illustrate, in a simple one-body nuclear model,
PNC S-P NN amplitudes[6]. The resulting=-, p-, and the r_elatlon_f,h|p between the anapole moment and the PNC
w-exchange PNGIN potential is employed in estimating the NN interaction and the consequences of current conserva-
loop contributions to the single-nucleon anapole moment an§ON-
the exchange current and nuclear polarization contributions
to the nuclear anapole moment f&#°Cs. We also present A. Anapole moments in classical electromagnetism
O e e e e oo o Sy Ve classal charge and curent GRS )
including heavy-meson PNC contributions, thereby going@ndj(x "), the scalar and vector potentialg(x) and A(x)
beyond long-ranger exchange to the full DDH potential. are obtain from integrals over the Gretin’s function. After a
This extension is crucial in describing the isospin characteifaylor expansion around the source poiritone obtains
of both the single-nucleon and nuclear polarizability contri- .
butions to the anapole moment. The main results of our stud&) - s, PX)
were recently presented in a Letfd0]. Here we give the (X):f d*x AmlX—x']
technical details of the heavy-meson current and polarizabil-
ity calculations, and discuss the associated shell-model cal- 3. =, O
culations and their potential shortcomings. Our approach dif- :f d*'p(x ")) 1- ‘V+§(X V)t
fers from most earlier calculation,11-13 by avoiding
one-body reductions of the currents and potentials: exchange 1)
currents and polarizabilities are evaluated from shell-model
two-body densities matrices, modified by short-range corre-_ _ f(i ")
lation functions that mimic the effects of missing high- A(X)ZJ A3
momentum components. We also use a form for the anapole Amlx—x]
operator in which components of the three-current con- .

- [ @]

1
4’7T|)2| .

e
strained by current conservation are rewritten in terms of a 1-x"-V+ E(X "V)2+
commutator with the Hamiltonian and thus explicitly re-
moved. 2

The paper is organized as follows. In Sec. Il we define the
anapole moment and the electron-nucleus interaction it in- In the scalar potential expansion, the first term inside the
duces, and discuss connections with the generalized Siegertsirly brackets generates the total chafgeonopolg mo-
theorm. In Sec. Il we describe the DDH PNXIN interac- ment; the second term, the electric dipole moment; and the

tion arising from,p, and w exchange and its connections third term, a combination of the quadrupole and monopole
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charge momentgl8]. For the vector potential, the first term
vanishes as there is no net current. After carefully taking the
constraints of current conservation and the boundedness of
the current density into accouhwhich place six constraints

on the bilinear productjs(i ’)ixj’], there remain three inde-
pendent components in the second term, corresponding to the
magnetic dipole moment of a classical current distribution.
Similarly, the third term involves a symmetric product of two
coordinates with the current, generating 18 independent tri-
linear combinations, with 10 constraints. The remaining 8
independent components comprise the static magnetic quad- FIG. 1. A toroidal current winding generates a nonzero anapole
rupole moment and thE1l moment known as the “anapole moment.
moment” (AM).
One can extract the vector potential due to the AMdinates of the current in the definition of the AM, leading to
explicitly, an AM that points upward. The illustrated current distribu-
tion is odd under a parity reversal, as we have noted it must
V2 V. V 1 be for the ordinary electromagnetic current. If, however, the
_aW +Ma- M (©)) current has a chirality—a small “pitch” corresponding to a
left- or right-handed winding that would signal PNC—a
parity-even contribution to the operator would be induced.

=]

A(anapole)()z) —

47T|)Z| ’
where

B B. Anapole operator

a 6 f XXX XX X)) @ Although one could quantize E@) directly to generate
the anapole moment operator, a better procedure is to avoid
(We multiply and divide byM? for consistency with the the assumption of current conservation, as this is often vio-
definition of a we will later introduce via the Dirac equa- lated in nuclear models. Switching to a standard spherical
tion.) We can remove the second term in E8). by a gauge multipole decomposition yields the momentum-space charge

transformation, so that and current operatofR0]
Al@napolg(y) — %5(3)()2)_ (5) p(q) E (")J47TY*M(Qq)MCOU|(Q) 7
Current conservation allows E¢) to be rewritten as fk(a)zj% (—i)? \/mp('d)h(_ bqr— 0q,bq)
a=-— MTZ f x4 (x ). ©®) X[T5m(@) — T3], ®)

and the associated charge, transverse electric, and transverse
magnetic multipole projections of definite angular momen-
tum and(in the absence of PNGarity:

(We use the Lorentz-Heaviside unit in whieh=e?/4mhc
=1/137) Equation(6) is often presented as the definition of
the AM [3,12-17,19 However, it is important to note that
this form is obtained only after exploiting the constraints of v Cou _ .
current conservation. OU(Q)_f A3 3(a%) Y am( Q) p(X), €)

It is apparent, for the ordinary electromagnetic current,
that the associated AM operator is odd under a parity trans- 1. R .
formation. Therefore a nonzero AM requires either the intro- T‘jM(q) J d3x—V><[jJ(qx)Y3"’Jl(Qx)] “j(x), (10
duction of an axial-vector component into the current or a q
parity admixture in the ground statallowing the ordinary
eIectroma_gnetlc _current to have a nonvan|sh|ng expgctatlon ngm):f d3XjJ(qX)yg"J1(Q )- (%), (1)
value). This requirement of PNC associates the AM with the
weak interaction.

Another important property is the contact nature of thewhere( is the (outgoing three-momentum transfej; the
AM vector potential. Thus an atomic electron interacts withspherical Bessel functiorY;y and YY), the ordinary and
the AM of the nucleus only to the extent that its wave func-vector spherical harmonics, anld”)( bq,— 04,¢q) the
tion penetrates the nucleus. rotation matrix.

Figure 1 gives a classical picture of the anapole moment The transformation properties of the possible multipole
as a current winding. Although the currents on the inner andnoments under paritgP) and time-reversa(T) are listed in
outer sides of the torus oppose one another, there is a n@able I. Systems that are parity and time-reversal invariant
contribution because of the? weighting (in spherical coor- can have only even-rank Coulomb momefusarge, charge
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TABLE I. Properties of multipole moments under parity and C. Current conservation and the extended Siegert's theorem

time reversal. A slaskno slash denotes oddeven behavior. The anapole operata;, has been defined in terms of

M Coul Te! Tmag TS, and it is well known that this operator can be trans-
formed into other forms by exploiting the continuity equa-
J=0 PT tion. These forms are equivalent in calculations where con-
J=1 PT PT PT sistent charge and current operators can be constructed and
J=2 PT P PT exact matrix elements evaluated. However, we are interested
J=3 PT PT PT in nuclear calculations where, when one goes beyond the

simplest descriptions to models that treat the interactions
among the nucleons, current conservation is not preserved.
We lack a prescription for constructing the many-body cur-
quadrupole, et¢.and odd-rank transverse magnetic momentgents consistently that are necessary for current conservation
(magnetic dipole, magnetic octupole, ¢td-heP- andT-odd  and for addressing the renormalizations that account for the
moments, which would arise in the standard model fromlimited Hilbert spaces employed in nuclear models. In such
small CP-violating contributions to the weak interaction, cases there is a preferred form f6f, , the form in which all
correspond to the odd-rank Coulomb and even-rank transsomponents of the three-current constrained by current con-
verse magnetic multipolg@lectric dipole, magnetic quadru- servation are reexpressed in terms of the charge operator.
pole, etc). The PNC buff-even moments, which would arise A familiar example is the case &1 transitions generated
from the usual weak interaction, correspond to the odd-ranky the ordinary electromagnetic current. THE}| generates
transverse electric multipoles, with the lowest of these be|n% one-body operator proportional fgM, which is of order
thng'rngi;?;?:Cm vlf/?tﬁWEn c(%? t\f/]vz ?gasi?(lae moment. v/c, wherev is the nucleon velocity. It can be shown that the

Y ' q exchange-current contribution !, is also of this order. As

2RV — _ (e the exchange currents, in general, cannot be constructed
VA= =100, (12 faithfully, it follows that errors will arise that are necessarily
which then defines the anapole operator of leading order in the velocity.
Siegert[21] showed that the situation could be greatly
—i6mM? improved by exploiting the continuity equation
ap = lim ———T¢ (13 L. n
¢?~0 V-j(x)=—i[H,p(x)] 17

The simplest case is the general expression for the matri

element of a conserved four-current for a free spiparticle {0 write Ty, in the long-wavelength limit, entirely in terms

of the charge operator. This generates the familiar dipole

— — ) Fy(g?) , form of the transverse electric operator, proportiona&ofo
U(p)I* (@)U (p)=U(p")| F1(q%) y*~i ——0o*"q, wherew is the energy transfer. The importance of this rewrit-
ing is that the charge operator, which is of ordefd)°, has
a(g?) p 2o exchange current corrections only of orderd)? or of rela-
iz @A —at ) rs tive size~1%. Thus the Siegert’s form of tH&l operator is
4@ a far more conterlolled operator in nuclear calculations.
. v A form of T;, consistent with Siegert's theorem is in
! 7 q,,ys) Uip), (14 common usg22]:
from which the four moments of Table | can be immediately E—E.[J+1\1 2]+1) 12
; e ; ; 2 el . i f Coul ;
identified. The two vector terms define the Difag(q“) and TSm(a)= o v @) —i
Pauli F,(q?) form factors. The axial terms that follow are q J J
the anapole and electric dipole terms, respectively. The ana-
pole term reduces in the nonrelativistic limit to xf d3xj 511 (a) YL 14(Q,) - [(X),
a(?) (62 -, (18)

iz (4" = a*y*) ys— 74 (0 -0g- o)

where = means the equality holds after taking matrix ele-

ments(f|O|i). This form has the correct leading-order be-

m2 d oL (15 havior for transitions due to the first term, with the second
term vanishing agl— 0. But for a static moment, the first

showing that the current is transverse and spin dependerterm vanishes; the leading-order behavior is then governed

From this current we then have the AM operator for a non-by the second term, which the naive Siegert's theorem does

_algd). ,-

relativistic point particle: not properly constrain.
R However, the extension of Siegert’s theorem to arbitcary
ap=a(0)oy, . (16)  was derived by Friar and Fallier¢23,22: at every order in
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g those components of the current constrained by current

conservation are identified and rewritten in terms of the BRC ———0(i)- p(|) (23
charge operator. The result is =1 2M
el Ei—E¢(J+1\"( . (g%’ wherew is related to the harmonic oscillator size parameter
m(d)= q (T J X2a+ i b by w=1/Mb?, the spin-orbit strengthcan be determined
N from shell splittings near thes2d1g shell, andgs andgy,
the isoscalar and isovector strengths in the one-body PNC
xgj(qx)YJM(Qx)p(x)— q potential, can be chosen to represent the average potential
J+2 exerted by the core nucleons. The analytic expressions we
obtain illustrate the functional dependence on all of these
fd3 T hy(gx) YY), 12(Qy) - [XX[(x)],  parameters. Thus we are not concerned here with specific
(Z‘H 1) numerical values.
(19 By minimal substitution
whereg; andh; are polynomials irg [23]. Combining Eg. HoH+ed, pop—eA, (24)

(19 and Eq.(13) one findg[9]
one can derive the charge and current densities to ordier 1/

M2 - ..
B o J B0, () + VZaL Yo () ® () Ty )-
20 o(R)= ez 2750 s, (25

This is the AM operator form used here and in our earlier
work; to our knowledge all other analyses have been baseghqd
on the naive form of Eq(6).
We stress that the three transverse electric operatdrs 1+ 74(i)
Te", and T®" are equivalent for simple one-body models fconv()Z)=62 —3{p(|) 8D (X=X) b syms
which ignore nucleon-nucleon interactions, provided the re- =1
sulting one-body currents are properly generated by minimal (263
substitution. The differences in these operators arise when

they are used in more realistic calculations. -
’ madX)=e 21%5,3() X [o(i) 8 x-X)],
D. Simple examples (26b)
In this section we illustrate how this equivalence is mani- A
fested in noninteracting shell model calculations of the R 1+7m() fo . o @3y 2
nuclear AM of *%Cs. The PNC interaction is also taken to be Js.o.(x)=ei§1 5 X)X a(1)5(X=X)),
a one-body effective potentiaH Sy c. (260

The elements of the calculation include the following.
(i) Extreme single-particle forms for the ground-state

i 33Cg N i 1"'73(') gs+gv~
nuclea+r wave function. A_é Csis an odd-even nucleus_wnh JPNc(X) ez (i) 63 (X—x; 9,
J=7/2", the odd proton is placed in thegd,, shell, outside
an otherwise fully spin-paired closed core. (260

(ii) The strong Hamiltonian is a one-body harmonic oscil-
lator potential with spin-orbit interaction. While this descrip- where the subscriptsonv, mag, s.o0., andPNC denote the
tion is primitive, it does yield the proper ground-state spincurrent densities arising from convectigkinetic energy,
and parity for the(nearly sphericalnucleus'®*Cs. The har- magnetizatior(intrinsic nucleon spiy the spin-orbit interac-
monic oscillator wave functions allow analytic calculationstion, and the PNC potential, respectively. The first three are

of polarizabilities, etc. vector currents while the last is axial vector. Current conser-
(i) HY) . is treated perturbatively: only linear terms are vation is then easily verified
retained.
Thus the resulting Hamiltonian is V- Leon(X) + TmagX¥) + J s.0.(X) + ] pnc(X)]
= (1) . -
H=Ho+Henc, @D ==i[Ho+HEc,  p(X)]. (27)
with

Contributions to the AM are generated by the axial-vector
) current acting between the unperturbed nuclear ground state
p(l) 1 i
Ho= 2 +Z l\/l wX(1)2—f3(i)-T(i); (22) and by vector currents that contribute becaltalg*éIC perturbs
the ground state,
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Valence Excitation Core Excitation

FIG. 3. Valence and core excitations produced by the PNC po-
tential acting on an extreme single-particle harmonic oscillation

FIG. 2. Spin helix structure due to the parity mixing. ground state. The levels illustrated are appropriate'faEs.

TSI 9) = (ol TSPy p’ Lol P

( 1) = (ol T1 o) p—+—Mw2x2,x =—|£, (30)
TeI(V)| ( |H(1) |0) 2M 2 M
(Dol TTH7[x0) X0l Hprd #o
+> +H.c.|, . .
Yo Ey,—Exo the PNC one-body potential can be rewritten as
(28 g g f .
B - F.p=i— F X1+ =[o-T.0-X
- - - Hpbkc M7 p IZM([HO,O' X]+2[0' l,o-x]].

where iy, and y, are single-particle unperturbed eigenfunc- (31)
tions of definite(and oppositgparities, and the superscripts
(A) and (V) label the components o‘r‘i' generated by the Using this result in the polarization sum yields
axial-vector and vector currents, respectively. M2

The special case of no spin-orbit interaction is interesting aPoh —; 9 (i |[<;->Z TeI(V)]|i>
because the first-order perturbed wave functionfact, the 2 il
result can be generalized to all ordeissgiven by the Michel M2
transformatior{24] + ngz (ilo-(xxT)|n)

n
- - R e eV)iy/(E —
¢o<x>w(x>=(1—igi'x) oK) =e S @), XOITETDIE-E)+He. (32

(299  As a typical value for the nuclear spin-orbit strengtif s
=a~0.1, one can work to first order if yielding, for the
whereg=gs* gy for a proton(+) or neutron (). Equation ~ various AM contributions,
(29) shows thatH{Yc generates a spin rotation along the M M
radial direction characterized by a small angle proportional  g(con)~ g—(i|x25|i>— g_fE {ilo-(xx)|n)
to g and to the distance to the center of the nucleus. Consider 8 4 %y
an S;, state aligned along the¢ z axis. The spin probability Liips o
around a ring, centered at the origin, would be uniform and X(n[z(x*p=ix)[I}/(Ei—Ep)+H.c., (33
in the +z direction: we visualize this as a uniform array of
up spinors. When the weak interaction is turned on, the
Michel rotation will produce a spin helikl6] structure for
this chain of spinors as shown in Fig. 2. If we picture each
spin as a small current loop, the combination of all horizontal _ N e 12000
spin componentsS; can be viewed as a toroidal current f; (il O Im) (nfzoxx]i)/
winding producing an AM, as discussed in Sec. Il A.
Moreover, if the Michel-transformed wave function is
used in a calculation of the AM, one finds that the contribu-

tions from prC and fconu cancel exactly, so thajfmag is
entirely responsible for the AM. Even with the inclusion of
the spin-orbit interaction, the magnetization current remains
the major contribution to the ANI3].

The sum over intermediate states in E2B) simplies con- (PNO) e
siderably in the harmonic oscillator since the momentum op- a =- ?0 x*ali). (36)

eratorﬁ only generates transitions of ofi@. Thus the tran-
sitions that must be consider in the extreme single-particlé\s the O(f°) terms froma(c°™) anda®N® exactly cancel,
limit are the simple p and 2p1h single-shell transitions of a(™39 determines the leading-ordérO) contribution
Fig. 3[15].

Some preliminary algebraic manipulations are helpful.
Using the commutation relation

M . e s -
almad= gTM[<i|(0~X)X—X20|i>

(Ei—E,) +H.c.}, (39

M2 - s o
a(s'o')z—ng<i|X2[(0"X)X_X2‘T]|i>' (35

M
ao="4 m(il(e-x)x=xali). (37)
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TABLE Il. Matrix elements corresponding to four choices of the anapole operator. Note the dimensionless
parametera=f/w=fMb?, whereb is the oscillator parameter. The results are in unit€ef4m/2/7(gs
+gy)Mb?, another dimensionless quantity.

(l[all)/e T T T Cartesian
~1.1 , -5.4 —28 , -2.7 —43 , -6 05 , —10.125
—+.—
conv 1-4a + 1+4a 1-4a + 1+4a 1-4a + 1+4a 1-4a 1+4a
11.16 , 50.22 11.16 , 50.22 11.16 , 50.22 11.16 , 50.22
mag T-4a T T+4a T-4a T T+4a T-4a T T+4a T-4a t 1+4a
~15.6 , —30.6a ~8.8¢ , —19.9a —44a/3 | —33a —22a |, —49.5q
S.0. T-4a T 1tda T-4a T T+da T-4a T I+4a Tda T T+da
PNC 13/2 11/2 22/3 77/8
11.16-20a , 50.22-9a
Total e e Same Same Same

For the next-to-leading-ord¢éNLO) O(f?) contributions, we by ~20% to 50.5 when the NLO contributions are included
approximateE; —E,=—#fw (as the spin-orbit correction to (a=0.1), consistent with our earlier assertion that these cor-
this are higher ord¢rand invoke closure: rections are perturbations.

gM . . o > s I1l. PNC NUCLEON-NUCLEON POTENTIAL
ai’s) =" alil{o- (xxD),3(p—x}li),  (38)
The AM calculations presented here are the first to em-
oM ploy an NN weak potential sufficiently general to describe
(mag __ 2" LT oY 12w o long-rangem exchange and all five short-ran§eP NN am-
a = i{o-(xXI), XX)Hi). 39 . : . . . .
NLO 4 anilfo( )2(@X03i) 39 plitudes. This section summarizes the isospin structure of the

AS=0 hadronic weak interaction and its description in terms
Therefore, assuming these matrix elements are of the sam# =, p, andw exchange.

order of magnitude, one obtains, for the relative sizes,

A. Isospin structure of the hadronic weak interaction

|a(N°fC'}”)/aLO|~‘E : (40) The standard model specifies the weak charged and neu-
M tral currentsJ,y and J, associated with the absorption and

emission of weak bosons by quark&b]. The couplings to

la{l e a ol ~|al, (4)  the light quarks ¢,d,s) are
a |(x? @ JE=c0SOcUy“(1— ys)d+sinOcuy”(1— ys)s, (43)
|a(5'°')/a,_o|~ _QN 1/3 —’~|a|, (42) w cuy*(1—ys cuy*(1—vys
2u| p? 2u
3 : [_”(1 ° st o+
=——u — =Si u
where in the last line we assume an odd-proton nucleus with ‘2 coshyy 7 3 wrYs
A~100, similar to Cs. 4
In Table 1l we present our results for the AM 6fCs in - ,
o : . : . —dy*| 1— = sirfoy+ s |d
this single-particle scheme using the four differdts dis- 4 3 wT Y5
cussed previouslyT¢', TS, T¢", and the one from the B 4
Cartesian decomposition using Ed3) and Eq.(6)] to de- —sy*|l 1—- §sin20W+ Vs s], (44)
fine our anapole operator. Agreement is achieved only when

(i) all the currents-eonv, mag, s.0., andPNC—and(ii) a  \yhereg,. is the Cabbibo angle, with sifiz~0.22, andé,, is
complete set of excitations—valence and core—are consigy,e Weinberg angle, with stf,~0.23. The effective quark-

ered. This illustrates a point made earlier: that the use ofark weak interaction at low energies can be described by a
incomplete current operators or Hilbert spaces breaking CUlshenomenological current-current Lagrangian
rent conservation will in general lead to difficulties.

The table also shows that the contribution of the magne-

. . . . > 2 _F 1 T t

tization current, which is separately conserved- {(M29 CWeak_\/E(J wdwt Iwdw+37232). (45)
=0), is independent of the choice of the anapole operator.

This term is entirely responsible for the leadi@ga®) result By assigning proper isospin and strangeness quantum

(given theconu-PNC cancellation in this ordgr It is also  number to each quark field, we can decompose these had-
apparent that the NLO contribution attributed to a given curonic currents

rent depends on the anapole operator chosen: it is the sum

over all contributions, not individual contributions, that is Jw=c050cI0+ sin g IG> D, (46)
kept constant in calculations satisfying current conservation. (10). 1(0.0)
The numerical value of the LO contributid61.4) is reduced =343, (47)
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where the first superscript denotes the change in isogdih ( of meson-exchange potentials. The complicated short-
and the second in strangeneasS]. The currentJS,&'O) drives  distance quark and gluon dynamics governing this interac-
the u—d transition, whileJ{t/>? drives theu—s transition. ~ tion are parametrized by various meson-nucleon couplings
We can construct the strangeness-conservin§=€0) had- and phenomenological form factors constrained by experi-
ronic weak-interaction Lagrangian density ment. This meson-exchange strong-interaction model can be
enlarged to include the weak PNIN interaction by replac-
ing one of the strong meson-nucleon couplings by a weak
coupling. All of the physics oW and Z exchange between
quarks—and the attendant strong interaction dressing—is
+H.c)+JEOTLO 5(LOT;(0.0) buried inside the weak meson-nucleon vertices. As in the
case of the strond!N interaction, the weak vertices depend
on momentum-independent meson-nucleon couplings and
phenomenological form factors. For this model to make
‘sense, one should, at a minimum, be able to derive a consis-
tent and reliable set of meson-nucleon couplings from PNC
observables. Should such a set emerge, the longer-term goal
) X : would be to develop a first-principles understanding of the
Al'=1 (isovectoj interaction. Therefore the charged current q|ationship between the effective hadronic couplings and the
weakNN mFeracUon in theal =1 chanpel 1S suppressed _by underlying standard-model bare couplings, dressed by a
tar?_ec relative to theAI_=0 or 2 contributions. As there is complicated soup of strong quark-quark interactions.
no isovector suppression for the ”eF’”a"C“”e'.“* one con- developing a sensible meson-exchange model for the
cludes that thé\I =1 NN channel provides experimentalists ) .
their best opportunity for studying the neutral current com-PNCN.'\I force, one must _f|rst tEyncate t_he tow"er of poss!ble
dynamical mesons, effectively “integrating out” those which

ponent of the hadronic weak interaction. d i tribut licitly to the int " At I
The physical states are strongly interacting composites,0 not contribute explicitly 1o the interaction. sma

nucleons, and mesons. The strong interaction dresses the (fENt€r-0f-mass energies light mesons dominate the PNC po-
derlying quark-boson couplings, and we have not yet devefgentlal_because they have_: longer ranges. Ca_ndldates below
oped the theoretical tools needed to evaluate the strong efo€ chiral symmetry breaking scale 6fL  GeV include the
fects quantitatively. The physical couplings associated witfPseudoscalar mesons (140 MeV), 7(549 MeV), and

the effective operators for nucleons and mesons are thus ex' (958 MeV); the scalar mesonsS(975 MeV) and
pected to differ — perhaps substantially—from the underly-5(983 MeV); and the vector mesong(769 MeV),

ing bare couplings. One famous example of this is e ®(783 MeV), and$(1020 MeV). One could also consider
=1/2 rule in strangeness-changing weak decays: in experirarious multiple meson exchanges that cannot be factored
ments one finds a strong enhancemeni\bf=1/2 overAl into the product of a single weak exchange and a nuclear
=3/2 amplitudes, relative to expectations based on the unwave function contribution. Included in this class are crossed
derlying standard-model couplings and efforts to evaluateliagrams, diagrams with intermediate nucleon resonances,
strong renormalizations. One reason for the interest in PNGtc. Barton’s theoreri26], which states tha€ P invariance

is the hope tha_t we can learn more about Sl_Jc_h strong effectsrbids any coupling between neutrd=0 mesons and on-

by adding precise data anS=0 weak hadronic interactions. shell nucleons, helps to restrict the possibilities, eliminating

exchanges ofr®, », 7', S and &° (to the extent thaCP
B. Meson-exchange and the long-range PNGN potentials violation can be ignored Furthermore, McKellar and Pick

The most straightforward contribution to the PNC nuclear@ve argued 'thaﬁi exchange can be regarded as a form
potential is from the direct exchange \&F andz® between factor correction tom~ exchange{27] and ¢ is strongly
bare nucleons. Because of the small Compton wavelengtHgippressed relative gpandw. This motivates a PNC poten-
of these bosons~0.002 fm), direct exchanges effectively tial based onw™, p° p*, and »® exchanges(We will
occur only when two nucleons overlap. We do not yet haveresent below another argument that will make this potential
an adequate understanding of such short-range contributioseem less arbitrany.
to either the PNC or parity-conservittBC) NN interactions. The PC and PNC meson-nucleon interaction Lagrangian
Fortunately, for energies characteristic of bound nucleonsjensity in ther-, p-, and w-exchange model is
the NN interaction takes place primarily at distances large
compared to the nucleon size. This is due in part to the
strong repulsion in th&lN interaction at short distances and
in part because nuclei are moderately dilute Fermi systems. _ wy L.

Thus we expect long-range contributions, which can be de- —gpNNN'< Yul mawq”) 7-p*N
scribed without explicit reference to the structure of the
nucleon, to dominate the PNC interaction at low energies. _ Us

The strong PC NN interaction at low energies —ngNN'( Yl m%yqy)w“N (49

(=400 MeV) has been quite successfully modeled in terms

weak

0 G ,
c “S—O):Tg[(coé 0IEOTIEO + sin? o2V 2D

+ JQOTIEO 4 3.0 T)O0 (49)
An important aspect of this Lagrangian density is its isos
pin content. The symmetric product of twi{i® currents

forms Al1=0 (isoscalay and Al =2 (isotensoy interactions,
while the symmetric product of twa{’>® currents forms a

£Pc:iGIWNN'\"’)’s;" 7N
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(the superscripts denote the rank of isogpne the weak

w

Lpnc= N’(;x 7?)3N a-, p-, and w-nucleon coupling constantén the literature
V2 f, is also frequently callech,. or h}r.) Note that the
_ N h?2 .. vs convention is that of Bjorken and Drell, and thatis
+N'| ho7- p“+hiph+ —\7—(373P§—T'P")) the outgoing momentum of the produced mes@oth of
2\6 these conventions are opposite in sign to those[G3f)
XyMySNJrﬁ’(hS,w“Jr hifswﬂ)yﬂysN, (50) Evaluating the one-boson exchange diagrams, where one
of the vertices is PC and the other PNC, and making a
where gy, 9onn, @andg,nn are the strongr-, p-, and  nonrelativistic reduction, one obtains the PNGN
w-nucleon coupling constants arfd,, h{®“?, and h{’  potential

@) (r :”:_77 - 7 > > u(r i
HR (M) = 271X 72) sl (1) + 0(2)]- U +

N - F
[FOT(l)'T(2)+ S (D)t 7(2)s]

F - - - - - - - - I
+ —26[373(1)73(2)— T(l)'T(Z)]]{(1+Mv)i[0(1)><0(2)]'Up(f)+[0(1)—0(2)]'vp(r)}

2.6

G - - I - - I
+ Go+71[73(1)+73(2)] {(1+ ug)i[a(1)Xo(2)]-U,(r)+[o(1)=a(2)]-v,(r)}

1 - - - - -
+507s(1)— 73(2)][0(1)+0(2)]-[lew(f)—Flvp(r)]) ; (51)

where r=r,—ry,, u(r)=[p,e”™/4mr], v (r) Subsequent to the DDH work, other approaches, such as
soliton models[30] and QCD sum rule$31], have been
applied to the weak meson-nucleon couplings. None of these
approaches, however, has yielded a sharper theoretical pic-
2 0 0 ture. Part of the difficulty may lie in the assumption of va-
= ~9pnnN;/2, Go= —Gonnh,/2, andGy= —gonnhy, /2. We - on 00 0iark dominance in the evaluation of the DDH
use the strong coupllngngN=_13.45, 9pnn=2.79, and “quark-model” terms (those contributions not determined
gonn=8.37. Ve_ctor dominance fixes the strong scalar anqrom current algebra or sum rules, but evaluated in the quark
vector magnetic momentgs= ,_0'12 andﬂy=3.7p. NOt? mode). In particular, it has recently been shown, in the con-
that the 7-exchange channel is=1; numerically, it domi- 0.4 of chiral perturbation theory, that chiral corrections to
nates the isovectddN weak interaction. This is the channel the leading-order PNG-NN interaction may be larggs2].

which tests the strength of the neutral-current component Otpege corrections, which have no analog in constituent quark
the hadronic weak interaction.

While the field has seen considerable experimental

progress in constraining the PNC meson-nucleon couplings, TABLE Ill. Weak meson-nucleon coupling “best values” and

the theoretical situation has hardly advanced beyond thgeasonable rangesiin units of 10°7) from the standard-model
benchmark analysis of Desplanques, Donoghue, and Hol:_alculatlons of Desplanque_s, Donoghue, and I_—|0Istem. For compari-
stein (DDH) [6], carried out 20 years ago. Using SU(§) son, the last two columns give the corresponding results of Dubovik
symmetry, current algebra, and the constituent quark mode
DDH related charged current components pfand thehy, to
experimental PNC _amplitudes fakS=1 nonleptonic_hy-_ DZ FCDH
peron decays. Portions of the neutral current contributiongpjing  “Reasonable range” “Best value” [28]  [29]
were also related to hyperon decays, while the remaining

={p,e”™/4xr}, andp=p,— p,. The various coefficients in
this potential are products of PC and PNC couplings:
=0nfa/\32, Fo:_gpNNhg/Z, Fi=—g,nnh3/2, Fy

nd Zenkin(DZ) and Feldman, Crawford, Dubach, and Holstein
FCDH).

pieces—unaccessible through symmetry techniques—weife 0.0-11.4 4.6 11 2.7
computed using explicit quark-model calculations. Uncer-hg —30.8-11.4 -11.4 -84 -—38
tainties associated with the latter imply considerable Iattituddnﬁ -0.38-0.0 -0.19 04 -04
in the theoretical predictions. The resulting “best values"h,f -11.0--7.6 -95 -6.8 —6.8
and “reasonable ranges” are given in Table Ill. The case oh? —10.3-5.7 -1.9 -3.8 —49
f , is particularly acute, as this coupling is nominally domi- ht ~1.9%5-0.8 11 23 -23

nated by neutral-current interactions.
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models, reflect the presence of “disconnected” ligfof sea
contributions. Given the present interest of hadron structure
physicists in the sea quark structure of light hadrons, the e s
possibility of important sea quark contributions makesa A A 7 v P’
particularly interesting object of study. Achieving agreement .
among all determinations of this coupling is, thus, important. Lo &Rt
As we observe below, the current interpretation of the Cs anc
Tl AMs in terms of DDH couplings shows that such agree- N N N
ment is not yet in hand. ) o
In can be argued that an analysis in terms of meson- .FIG. 4. One-body axial-vector currents_ contrlbut_lng to nucle-
exchange PNC couplings is in fact quite general, if limited to®niC @napole moments are generated by pion loop diagrams and by
low-energy observables: the DDH couplings are a shorthancto’-meson dominance diagrams.

for another representation of the low-energy PN® inter- ) o
action, one based on the five independs® amplitudes nucleon(one pion-nucleon coupling is PNC and one)fa@d

[33,34. The DDH description in terms ofr, p, andw ex- & vector-meson pole _graph, leadingEt phot(_)n absorption_
change can be viewed as an effective theory, valid at momery @ nucleon. The axial currents corresponding to such pion-
tum scales much below the inverse range of the vector md90P and vector-meson dominance diagrams generate nucle-
sons. At low momentum the detailed short-range behavior ofM¢ AMS[9,35-38, which we discuss in more detail in Sec.
the potential is not resolvable: thus one could characteriz&/ A @ .
the vector-meson contribution to the weldR interaction by (i) The two-bodyHpyc also generates two-body axial-
five strengths describing the fiv&-P amplitudes. A sixth Vector exchange currentsee Fig. 5. The diagrams we
parameter would be needed to describexchange, as this evaluate_lncludél) pair currents, wher&1 photons couple
interaction is long ranged. The six DDH couplings thus areto the NN pairs excited by the two-body potential, afid
equivalent to such a description of the weak potential. transition currents, wher&l photons couple to the ex-

In an ideal world one would determine the low-energychanged mesor{89]. Detailed calculations are described in
NN SP amplitudes or, equivalently, the six weak meson-Sec. IV B.
nucleon couplings by a series NN scattering experiments. (iii ) The two-bodyH (F,ZR,C polarizes the nucleus, producing
Such experiments require measurements of asymmetriem opposite-parity ground-state component. This component
~10°8, the natural scale for the ratio of weak and strongthen couples back to the unperturbed ground state via the
amplitudes, 4TG,:me/ngNN. As we will detail later, only a amplitude for absorbing a virtu&1 photon. The resulting
single NN measurement, the longitudinal analyzing powerpolarizability requires one to sum over a complete set of
for A_ for p+p, has produced a definitive result. This result OPPOSite-parity intermediate statédg. 6). This is discussed
has been supplemented by PNC measurements in few-bodfy Sec. IV C. o
nuclei and in some special nuclear systems where nuclear 1he dependence of these contributions on nucleon num-
structure uncertainties can be largely circumvented, allowin@®" A is important. As the one-body anapole contribution
the experiments to be interpreted reliably. An analysis offVolves a coupling to spin, it is easy to see that the nucle-
these results, which have been in hand for some time, sug@nic contribution acts very much like a nuclear magnetic
gests that the isoscalar PNC interaction—which is dominatef’0ment: in a naive picture of an odd-nucleus as an un-
by p and w exchange—is comparable to or slightly larger palred nucleon outsu_de of a spin-paired core, the core contri-
than the DDH “best value,” while the isovector bution cancels, leaving only the valence-nucleon contribu-
interaction—dominated bym exchange—is significantly tion. While that contribu_tion will erend on the quantum
weaker[5]. As the isovector channel is expected to be enJabels of the valence orbital, there is no general growth of the

hanced by neutral currents, there is great interest in confirnf2ucleonic contribution wittA. In contrast, it was the impor-
ing this result. One reason for the interest in #i&Cs AM is ~ tant observation that that polarization contribution grows as

the hope that spin-dependent atomic PNC measurements can
provide such a cross-check. N N N N

IV. CONTRIBUTIONS TO NUCLEAR ANAPOLE

MOMENTS
Q- v &
The DDH meson-exchange model—which we have ar- ¥
gued provides a very general description of the PNN AYAYAYAY

interaction at low energies—has become the standard for-

malism for discussing low-energy properties of the whidk

interaction. We now extend this formalism to nuclear AMs,

discussing the various PNC meson-exchange mechanisms by

which a virtualE1 photon can be absorbed by the nucleus. FIG. 5. Two-body axial-vector currents. One meson-nucleon
(i) Figure 4 illustrates a PNC pion cloud dressing of avertex is strong; the second is weak.

N N N N

Pair Current Mesonic Current
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Nucleus shells of 50 and 82, i.e.,db/-2ds/»-1h11/72d3,-3S,,. Cal-
culations were performed with the five valence protons re-
stricted to the first two of these shells and four neutron holes
to the last three. This produced amscheme basis of about

O ----- B 200000. Two interactions were employed: the Baldridge-
Vary potential[41] and a recent potential developed by the
LT Strasbourg group42], both of which are based on the addi-
WE-E, ) < Excitation > tion of multipole terms tag-matrix interactions and are de-

sl signed for the'®2Sn region. As the results are very similar,

Y here we only quote results from the Baldridge-Vary calcula-
AVAVAVAY tion. For 2°°Tl, an oscillator parametdr=2.54 fm was cho-
sen. The ground state was described as a proton hole in the
orbits immediately below theZ=82 closed shell, i.e.,
3sy/0-2d3»-2ds5;, (though the hyq, lies between twod
shells, we omitted this opposite-parity shell to keep the SM
space manageableand the two neutron holes are in the
FIG. 6. An opposite-parity polarization of the nuclear ground SPace between magic shells of 126 and 82, e,

state induced by the PNC weakN interaction. 3p1/72f5/-3p3/-lisgz2f 77 1hg . A simple  Serber-
Yukawa force was used as the residual interaction.

Nucleus

A?"[3] that led atomic experimentalists to realize that AMs A. Nucleonic anapole moments
might be measurable. This growth not only leads to larger
AMs in heavy nuclei, but guarantees that the AM will domi-

nateVOV(ler otherAsourcles ofzgpm-?]ependent ENC’ SIUCh 23S iagrams, where one meson-nucleon vertex is weak and PNC
rectV(electron)A(nucleus)Z” exchangdanother nucleonic . 4'the other strong and PC, and from vector-meson domi-

coupling that effectively sees only the unpaired valence, nce After plugging these one-body PNC currents into Eq.
spin). Similarly, it was shown in[9] that the exchange- (20), the one-body anapole operator takes the form
current contribution also grows likA?3. Note that the po- '

larization contribution could be additionally enhanced if the A
ground state is a member a fortuitous parity doublet. There ai‘bOdyzz [as(0)+a,(0)73(i)]o,(i). (52
has been some discussion of anap@ed electric dipole =1

moment enhancements because of such accidental near dgiis form makes it clear that the contributions of spin-paired
generacie$40]. core nucleons cancel, leaving only the valence nucleon AM.

In Figs. 4—6 the AM is shown interacting with an external The results fron{9], where only the pion contribution was
photon. Yet the illustrated processes are not physical, as thgsidered. are

anapole coupling vanishes for on-shell photons. The under-

As illustrated in Fig. 4, the one-body PNC electromag-
etic currents(parity even can be derived from pion loop

lying physical processes involve a scattering particle—e.g., as(0)=-0.193 ,e, (53
an atomic electron, the source of the virtual photon. It fol-
lows that the AM need not be a gauge-invariant quantity: a,(0)=—0.044 ce. (54)

instead it is one of a larger class of weak radiativery, s the pion loops generate an isoscalar coupling that is
corrections—corrections naively @(Gga)—that together 41,4t 4 times larger than the isovector one. Later this calcu-
form a gauge-invariant physical amplitude. Included in this|;tion was extended to include thé-pole contribution by
Igrger set of radiativg correc';ions would be various “box” vector-meson dominanck85]. This work was further ex-
diagrams corresponding to simultaneous exchange betweggneq 1o included the full set of one-loop contributions in-
the electron and nucleus of a photon atfj etc. However, volving the DDH vector-meson PNC coupling37], using

the long-distance contributions to the AM of a nucleus—theyhe framework of heavy-baryon chiral perturbation theory
meson-cloud contributions and many-body contributions du?HBXPT) and retaining contributions throug@(l/Az)
X 1

to wave function polarization and exchange currents dis: hereA = 4mF,~1 GeV is the chiral symmetry breaking

e eacariae) e el el S Serartebale aar. =55 eV is the pion decay constan. This
gaug ' P yielded the nucleonic AM couplings

contributions associated with{Z)- discussed here is of such
interest. ag(0)

The calculations require wave functions for the nuclear
ground-state and one- and two-body transition density matri-

=—0.24f,—0.37;—0.11h) +0.07}— 1.4}

ces for evaluating the effects of one- and two-body operators — h\D/EOK+
on the ground state. The wave functions were derived from +0.005h,s - +0.047 hI™<" + NA

shell-model(SM) diagonalizations with harmonic oscillator
Slater determinants and with suitable residual two-body in- _ pK | wnK B PAK*
teractions. For '%Cs, the oscillator parameter ib 0.3(ha"™ Ny +0.00p,« = 0125,
=2.27 fm and the canonical SM space is between the magic (55
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TABLE VI. Decomposition of the SM estimates of the anapole matrix elenfeifd,||I)/e into its
weak-coupling contributions.

Nucleus Source f hg h,ﬁ hf, h hl
18%s Nucleonic 0.59 0.87 0.90 0.36 0.28 0.29
Ex. cur. 8.58 0.02 0.11 0.06 —-0.57 —-0.57
Polariz. 51.57 —-16.67 —4.88 —0.06 —9.79 —4.59
Total 60.74 —15.78 -3.87 0.36 —10.09 —4.87
2057 Nucleonic -0.63 —0.86 —-0.96 -0.35 -0.29 -0.29
Ex. cur. —3.54 -0.01 —-0.06 —-0.03 0.28 0.28
Polariz. —13.86 4.63 1.34 0.08 2.77 1.27
Total —18.03 3.76 0.33 —0.30 2.76 1.26

a,(0) h2 for the AM, but also redoing the DDH potential fits to all
> s—O.S?( ho+—£|—0.12h}, +0.0%},— 1.4%} other low-energyNN and nuclear PNC observables. We
e p \/E @ . e

leave this ambitious task to future work.
3 Folding these expressions with our SM matrix elements
+o.9( hO+ Zhg) +0.005h,5 -« [(H[Z o ()|[1)=—2.372 and 2532 [|={ 1o (i) (i) |1)
= -2.305 and 2.282, for Cs and TI, respectiiejjelds the
results in Table VI.

— hPZOK+
+o.o47<—h3EK + )—o.a(th—th)

V2
_ PAK* The virtualE1 photon can also be absorbed on a pair of
+0.00%hp,c—0.125 ™" (56 nucleons coupled by the PNC potential. Such PNC exchange

The HBYPT result for the pionic contribution is consistent CUTents are evaluated in the standard way. The transition
with the earlier pion loop estimates: the isoscalar coupling idnatx is derived and reduced nonrelativistically, retaining

1.3 times the pion loop value, while the isoscalar coupling iSFerms through M. This resulting momentum-spaqe current
zero to this order inyPT. However, the vector mesons 'S then Fourier transformed to produce a coordinate-space

greatly enhance the isovector AM. An evaluation using DDHIWO-Nucleon current,
best values shows thaf (0)~ 7a¢(0). That is, the inclusion
of the vector mesons enhances the AM and qualitatively px/¢ ¢ < \—

. . K . J (X1X1 1X2) J
changes its isospin character, with the proton and neutron
AMs opposite in sign. The HRPT calculation included non- .
Yukawa-type 7NN couplings (defined ash!s andhjs in fd(p'z—pz) (=P

. . . . . . . X —e 2 F2)°72

[37]) associated with derivative interactions. Here we include (2m)3
only the standard DDH contributions, omitting the rest. Us-
ing “best values” for the neglected terni87], this omission X jH(K,p'y—P1,P = Pa), (57)
is estimated to generate a 3% error in the dominant isovector ) R )
coupling and 100% irag(0). Thereason for the omission is wherex is the field point,x, andx, the source points.
consistency: such derivative couplings are absent in the In Appendix A we give the two-body charge and current
DDH PNC NN potential, the parameters of which are con-operators in momentum space. In Appendix B we give the
strained by experiment. A consistent treatment of the derivanonvanishing three-current coordinate-space operators to
tive coupling would require not only their propagation O(1/M), the forms needed for the AM calculation. The
through the polarization and exchange current calculationsontribution, which turns out to dominate numerically, is

B. Exchange currents

dk ”;,;J d(5,1_|51)

e ei(ﬁ']_*ﬁl)'il
(2m)° (2m)°

J(X,Xq ,X2) = [ToRV (X, X1, Xo) + ] TRV (X,Xq , X) + [T (X, X ,X5)

OO ) 2) - (1)sm(2)5)] (1) 8D Ry) + (2) K R)— S[HD) - Ty 6(2) - ]
8\2mM 38 ! 273 1 2
I I - - 1 [X1—Xol - . s . e*mﬂ\;r;ﬂ
x[5<3>(x—x1>+5(3>(x—x2)](x1—x2>+5' ! 2'V[5<3>(x—xl>+a<3><x—x2>]] i

™ Xl_X2
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TABLE IV. A comparison of anapole moment estimates from a one-body Fermi gas average with full
two-body shell-model results. DDH best-value couplings are used, and no short-range correlation function
corrections are included in either set of results. The labels PC and PNC denote whether the nucleon absorbing
the photon has a PC or PNC meson-nucleon coupling.

(|lal[)/ex 10" o pair p paifc p pailne @ paihc @ paine 7Ty ppy PTYPC

35cs FGA 110  13.0% —19.0% —0.4% 8.1% —34.9% 6.6% 0.5%
SM 67 12.9% —18.2% 8.6% —24.0%

2057 FGA -75 12.8% -182% —0.3% 7.8% —355% 7.8% 0.0%
SM -27 154% —21.5% 12.8% —29.4%

Note that this expression is valid in the long-wavelengthwhered,, is the projection operator of protgneutron and
limit, where the three-momentum transfer associated wittp denotes the nuclear density.
the photon is small. The one-body estimate of the exchange current contribu-
Even with the complete exchange currents in hand, evaluions to the AM can be obtained by plugging the averaged
ating their shell-model matrix elements is a formidable taskcurrents into Eq(20). The Fermi-gas-averaged AM results
(The one previous AM exchange-current calculation treatedre tabulated in the FGA columns of Table IV. The results
only = exchangg9].) For example, the form of?*” is far ~ are given as a fraction of the pair current contribution, as
more involved than any of the pionic contributions. The pro-this is the dominant term. These results are compared to full
cedure we follow is to first identify which currents are nu- two-body SM results, similarly normalized to the Sipair
merically significant by averaging the currents over thecurrent AM value. The absolute pair current results are
nuclear core. Once identified, full two-body evaluations arealso given for both calculations.

then performed for these cases. We see from the table that, while the Fermi gas average
The one-body average, first performed for PNC potential¢ends to overestimate the AM contribu_tion by a factor of
by Michel[24], involves direct and exchange terms ~2-3, compared to the SM, the Fermi gas and SM agree

very well on the relative values of the various contributions.
(a]ODBY=2 (ay|0@|By)—(ay|0P|yp), (59)  (The comparison is less impressive for Tl than for Cs, but the
Y Fermi gas parameters used for both nuclei were tailored to
where the sum extends over all single-particle core state§S) This suggests that the one-body average AM values
cause spin, isospin, and spatial averages can be perform&#utions are important. _ _
independently. The nucleus is viewed as a single particle 1ne Fermi gas model is an independent particle model.
outside a spin-pairedbut isospin asymmetricFermi sea. The SM, while incorporating certain correlations, omits the
The one-body average operators are obtained in closed forfligh-momentum components of the Hilbert space necessary
though the average done over the spatial functions producel9r describing the short-range hard core. While the @id
in general, a complicated but smooth function of the single2Ssociated Fermi gashortcomings could in principle be
particle initial and final momentéthe Y and W functions ~ corrected by introducing effective operators and wave func-
below). The smoothness allows us to replace this functiorfion renormalizations, in practice this is never done. Instead,
with an average value, with little loss of accuracy. AppendixMost frequently the omitted short-range physics is mocked
C contains an example of this averaging procedure, while théP Py @ correlation function which, in SM PNC studies, is
full results for the various currents are listed in Appendix D.Often taken from Miller and Spencg43],

In the case ofr exchange the result is f(ryp) = 1_(1_br%2)efar§2, (61)
J ) = T2 (%) + TR (%, x0) + T (x,%) with a=1.1 fm ? and b=0.68 fm 2. This correlation
function reduces two-body matrix elements b25% —30%
= 8gminf~ 0.+0)+(0.—6 for 7 currents, 75%—-80% fop and w currents,~80% for
2 [(6, p) (0 p)7'3]
2\2M mZ. a7 currents, and-90%—-95% forpp andpr.

No short-range correlation corrections have been included
Xp[ (W (M) g 63 (x—x,) ip the reiults of Table IV. It is thus apparent that the true
J58¢", JPP7 (the most complicated currgntand j°77
exchange-current contributiongvith short-range correla-
(Y3)p2as®(x—x)— (Y1) tions included would be ~1% of the dominantr pair re-
sult. It is then reasonable to ignore these unimportant but
complicated exchange currents, evaluating all others with the
full two-body SM density matrix, modified by the Miller-
Spencer correlation function. While a complete list of the
] : (60)  two-body AM operators is too long to list here, the dominant
7 operator is found to be

T2
mﬂ'

X[o-V,[V,68(x—x)1]

Y 6T T OO R
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(I |aV|n)<n|H(P2,\),C|I)+(I |Hf;,2,\),c|n><n|av|l>

> egﬂ'NNfﬂ'M - - _
A= oy LT 72~ 7s(L)75(2)] 2 AE.
) N N 1 v 2)
x| x26(1) +x35(2) + 2w {X[Y2( Q) @ (1) ] ——\3E 2 (laY[m}{n[HEK 1)

) i +{IHE Jn)(nla|l
+X%[Y2(Qg)®0'(2)]l}_E[U(l)'vl_o-(z).vﬂ ( |1 PNCl X | | )
(& ©

X| (C+ X)X+ 2w { X Y,(Q) ©x]4

While in principle the anticommutator generates a three-
, (62 body term, this term does not contribute in the shell-model
X spaces we employ. Such a term necessarily involves an dis-
connectedE1 operator, the matrix element of which vanishes
oL in the model space(For example, in the case of Cs, the
where x=X; —X,. The numerical results for the sum of all lowest-rank odd-parity transition is quadrupole, involving
exchange-current contributions to the Cs and Tl AMs arahe transition h;,,, to 1g;,.) It follows that the anticom-

e~ Max

5 N 3 x .
+X5[ Yo( Qo) ®xX]q}+ 2 mX

given in Table VI. mutator effectively contracts to a two-body operator, which
can be evaluated from the ground-state two-body density
matrix.
C. Nuclear polarization contributions The closure approximation can be considered as an iden-

As illustrated in Fig. 6, the two-body PNEN potential tity, clearly, if one knows the corregtl/E), that is, how to
perturbs the ground state, mixing it with excited states ofParametrize the relationship between th&-t/eighted and
opposite parity. The resulting odd-parity ground-state comnon-energy-weighted sums. In practical terms, this means
ponent allows the ordinarvecton E1 current to couple to demonstrating that a systematic relationship exists between

the ground state. The first-order perturbation theory AM is{1/E) and some experimentally known quantity, such as the
thus position of theE1 giant resonance. Note that tB& operator

is closely related to the anapole operaadr

(HaYIn)(nHEJ1Y  (HHZ dn)(nlaY|1) To investigate the systematics we completed a series of
> . (63) ions in - and light-251d- i fLi
- Eqs—E, Eys—E, exact calculations in - and light-21d-shell nuclei (Li,
9 9= Hp, 17192k 21.2q), evaluating both thé1/E) and non-
energy-weighted sums. First, the ground states are deter-
dﬂined from full 0h  diagonalizations. The polarization sum
involves the complete set ofily states that connect to the

angular momenturh and opposite parity. The operat@Y is ground state through the anapole operator. The summation

obtained by plugging the ordinary electromagnetic currentV@s performed by exploiting a variation of the Lanczos al-
into Eq. (20), gorithm to evaluate the effect of the nuclear propagator

1/E4s—H (see Sec. VI The algorithm efficiently com-
pletes the sum via moments, even though the dimensions of
Me A (1 the 14w bases ranged up te 500 000. The appropriate clo-
SV _ (i i CliVe (i i sure energies were found not only for the anapole polariza-
aj=——= —=r (i) 73(i) +[r()®1(i)]1[1+ 73(i) g y poie p
Yos241 [ NA 1)+ rH @1 L[+ 75(0)] tion sum, but also for th&1 operator. This allowed us to
compare theg1/E) appropriate for the AM calculation with

where|l) is the unperturbed ground state of good parity an
the sum extends over a complete set of nuclear statafs

3 . - . that appropriate for photoexcitation. As photoexcitation re-
* E[r(')®a(l)]1[“5+ 'U““T?’(')]} (64) sponse functions have been mapped in many nuclei, this in
turn allows us to relate the anapdI®E) to an experimental
observable.
where us=0.88 andy, = 4.706. The results show that the anapole and photoexcitation av-

The summation over a complete set of intermediate SMPrage excitation energies track each other very well, pro-
states for'3Cs or 2°°T| is impractical either directly or by vided one takes into account the three isospins contributing

the summation-of-moments method discussed in Réind  t0 HElc. Measured as a fraction of theEkiveighted giant
below. However, because no nonzefd transition exists dipole average excitation energy, which iSLE) "
among the valence orbit.g., theh,,,, and gy, orbitals ~ ~(22—26) MeV for these nuclei, the appropriate effective
have opposite parity but cannot be connected by a dipolgnergies for the anapole closure approximation are 0.604
operato}, an alternative of completing the sum by closure, *0.056 forh) andh?, (isoscalar channgl0.899+0.090 for
after replacing E,, by an average valu€l/AE), is quite  f, (isovector channgl and 1.280.14 for hi (isotensor
attractive: channel. The largex 1/E) for hg andh? enhances the isos-
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TABLE V. Nuclear systematics found in light odd-proton nuclei: The second column shows the functional dependences of SM results for
the direct anapole polarization sums, and the third column shows the forms for sums by closure approximation using the closure energy
(1/E)g, which is derived from the H-weightedE1 sum rule(also evaluated in the SMThe same normalization has been applied to the
second and third columns. By comparing these two columns, it is apparent that in order for the closure approximation to be correct, the
anapole closure energi€d/E)ayt—o,1,2) Should be different from(1/E)g;. In columns 4-6 we expres(sl/E);hﬁ(Tzoylyz) in units of
(1/E>g11: thus a value less than 1 means that the appropriate anapole average excitation energy is lower than the corresponding average ovel
the photoexcitation peak. Note the closure result faithfully reproduces the cb Fb%tcombination. We omit the dependencem;mndh}u
because the net isovector contribution is almost entirely figmin the case of°F, the lowest, nearly degenerate 1/@ate was removed
from all sums.

Nucleus Direct pol. sum Closure Wit1/E)g, 1B amoy  (Bamay  (UE)ame
L f,—0.34(>+0.5en7) +0.05h? 0.80f ,—0.20h%+0.62n7) +0.05n? 0.59 0.80 1.0
g f,—0.53(, +0.52n7) +0.05? 0.8% ,—0.37(h,+0.5)) +0.07, 0.70 0.89 1.4
YE f,—0.60(,+0.4en?) +0.0h° 1.02f ,—0.40(n)+0.46n2) +0.05h? 0.66 1.02 1.2
19 f,—0.33() +0.5en?) +0.0h? 0.90f ,—0.19(h,+0.5%)) + 0.0, 0.58 0.90 1.5
A f,—0.41()+0.559) +0.0’ 0.97f ., —0.24(h)+0.547) +0.0h° 0.60 0.97 1.3
2INa f,—0.57()+0.517) + 0.0’ 0.77,—0.31(h,+0.4%2) +0.03, 0.54 0.77 1.5
XNa f,—0.67(h)+0.537) +0.05n’ 0.95,—0.38(h)+0.52n0) +0.07? 0.57 0.95 1.4

calar contribution to the anapole polarizability. The small~7(1—-4 sirf4,)~N~—N and independent of the nuclear
variation in (1/E), once the isospin dependence is recog-spin direction. It is widely recognized that these atomic mea-
nized, supports the notion that we can connected the closuigrements are important tests of the standard electroweak
result to the true polarization sufsee Table V. model and its possible extensions, complementing what has
Inspired by the nuclear systematics we found above, Ween |earned at high-energy accelerators that directly probe

estimateT=0,1,2 closure energies from knovial distribu- é)hysics near th&® pole[46,47.
tions; that is, we fix the anapole closure energy as 0.6, 0.' ' In heavy atoms the weak electron-nucleus interaction will
and 1.28 .Of thE% cI_osu_re e“ergg’ evaluated f_rom_ the experi-jy g ,ce a smalP-wave parity admixture in an atomis or-
mental dipole distribution. For*Cs [44], this gives 9.5, bital on the order of parts in & This will produce, in a
14.1, and 20.2 MeV, respectively. The correspondfig| . . ’

tfransition that is normallyM 1, a smallE1 component. The
values are 8.7, 12.9, and 18.5 MeV. The ground-state expe SNG sianal will b ier to detect if th itv-all :
tation values for the contracted two-body effective operato signal wiit be easier o detect It the parity-allo

transition is hindered, as the observable depends on the

{a¥,H@) o are then evaluated from the SM two-body den- ) : .
sity matrices for Cs and TI. The Miller-Spencer correlation_El/'vI 1 ratio. The forbpderM 1 transitions of Cuz—7Sue
function is again included in the two-nucleon matrix ele-N €S and ®1,,—7Py,; in Tl are two examples of this sort.

ments ofH®). The resulting polarization contributions are MOreover, the structure of these atoms is comparatively
given in Table VI. simple, allowing theorists to extract the underlying weak

couplings from the PNC observables.
One popular atomic technique exploits the linear Stark
V. EXPERIMENTAL CONSTRAINTS, RESULTS, response to an applied static electric field. A coordinate sys-
AND UNCERTAINTIES tem in the atom is established by mutually perpendicular

In this section we discuss atomic PNC experiments thapt@'k, magnetic(for producing the Zeeman spectrum of
determined(or limited) the AMs of 133Cs and2%°TI, other ~ States that can be populated by optical pumpirgd laser
experimental tests of the PNC hadronic weak interaction, angftimulating theEl transition fields. The “parity transfor-
the consistency of the AM results with these other tests. wéhation” is accomplished by inverting these fields. The PNC

also discuss nuclear structure uncertainties in the interpret&ignal is associated with any difference seen in the interfer-
tion of the AM measurements. ence between the Stark, PNE1, and hindered1 ampli-

tudes after various reversals of the coordinate system. The

A. Constraints from the nuclear anapole moments of%Cs e_Iimination of spurious signals associated v_vith imp_erfect
: 4 2957 field reversals and other sources of systematic error is a te-

an dious task. A recent review of the Cs and Tl experiments can

A 30-year program to study atomic PN@5] has yielded be found in[48].

in the past few years exquisitely precicmb 1% results. The dominant axigklectron-vectofnucleus atomic PNC

The primary focus of these studies has been to obtain accunteraction is independent of the nuclear spsee Fig. 7.

rate values of the strength of direZf exchange between There is also a tree-level contribution to atomic PNC that is

electrons and the nucleus. The PNC effects are dominated byclear spin dependent, where thg° exchange is

the exchange involving an axi@’ coupling to the electron vectofelectron-axialnucleusg. This contribution is highly

and a vector coupling to the nucleus. The nuclear coupling isuppressed because the vector electron weak coupling is

thus coherent, proportional to the weak vector chaf@g, small, gﬁ,e)z —(1—4 sirfé,)~—0.1, and the nuclear cou-

045502-15



W. C. HAXTON, C.-P. LIU, AND M. J. RAMSEY-MUSOLF PHYSICAL REVIEW &5 045502

Spin-indep. Spin-dep. G

NSD F > P

e Nu e Nu Hpne=—=kKot- 1 p(1), (66)

J2
Ktot= Kz0t Kntt Kam (67)
P\ P — v + vk--------- A where | and p(r) are the nuclear spin and density, the
Z() Z0 . . . .
usual Dirac matrix of the electron, and a dimensionless

constant which characterizes the strength of the P(NIGte
that our definition ofx is different from the one given by
Khriplovich and others by a factor —(1)'"¥2"!(I
+1/2)[1(1+1)], wherel is a single-particle orbital angular

e Nu e Nu momentum. The Khriplovich definition thus assumes a
single-particle picture, though there are examples of nuclei
where the dominant single-particle orbital is characterized by
an| that is naively inconsistent with the many-bobye.g.,
pling is no longer coherent. But given sufficiently accurate| | +1/2) The « subscripts denote contributions fro&?
(=1%) measurements, this suppressed signal can be cleardychange, the hyperfine interaction correction, and the AM.
extracted by studying the hyperfiiand thus nuclear spin  From the 3Cs (extracted by Flambaum and Murrf$9])

FIG. 7. Atomic parity mixing induced bg® exchange.

dependence of the PNC measurements. and 2%TI results[7,8], one finds
In Sec. Il we noted that the nuclear AM will also generate
a nuclear-spin-dependent weak interaction between the elec- Kkiot(F33Cs) =0.112+0.016,
tron and the nucleus, thus contributing in combination with
tree-levelV(electron)A(nucleus)Z® exchange. Furthermore Kot 2°TI)=0.29+0.40 Seattle,
other O(Gr«) radiative corrections also contribute to that
spin dependence, with the hyperfine interaction between the Kior(?°Tl)=—0.08+0.40 Oxford. (68)

electron and nucleugsee Fig. 8 of particular importance
because of the cohereri? coupling. While the naive expec- Henceforth we will focus on the Seattle Tl result, as this
tation is that radiative corrections will indeed be correctionsproves to be more restrictive than the Oxford result in the
of strenth ~a relative to the tree-level contribution, the parameter space of PNC hadronic couplings favored by other
small vector coupling of th&® to the electron combined experiments(The Oxford AM result is quoted with opposite
with the A?® growth of the anapole moment leads to a sur-signs in different sections dfg8] and the accuracy of the
prise. The AM becomes the dominant source of nuclear-spinspin-independent measurement is considerably less than that
dependent atomic PNC fax=20[3,9]. This guarantees not Qf the corr_esponding Seattle_ measurement. These observa-
only that the nuclear spin dependence is signifcant for hea\i)Ons contributed to our decision to focus on the result of
atoms, but also that the AM contribution might be deduce 2?)]') We treat the Tl constraint as one onothe principal isotope
from the measurements. 5Tl (70.5%. The other stable isotop&®3TI (29.5%, dif-

The nuclear-spin-dependefNSD) PNC electron-nucleus fers in struc_tur_e only by a pair of neutrons, and thus should
contact interaction which generates the parity mixing can b&@V€ Very similar properties.

expressed as The Z° contribution is
A
e Nu e (X o)1)
9a . i=1
Kz0=— 5 (1-4 Sirf6y) ~ , (69
Nu Qi
AN UK A
M1 with the axial-vector couplingg,=1.267 and siff
VR 2 1A =0.2230. Herd| denotes a matrix element reduced in angu-
El ! lar momentum. The reduced matrix element bfis
JI(I+1)(21+1). The Gamow-Teller matrix elements, taken
Ar---- 0KV from the SM studies, are- 2.305 (3%Cs) and 2.282%°°T1),
Nu not too different from the corresponding single-particep)
values of —2.494 (unpaired b, proton and 2.449 (3,
e Nu e proton. This yields
Anapole Int. Hyperfine Corr. K70( 133 9 =0.0140, (70)
FIG. 8. Radiative corrections in atomic parity mixing due to the
nuclear AM and hyperfine interactions. k70(?%°TI)=—0.127. (71)
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TABLE VII. PNC observables and corresponding theoretical predictions, decomposed into the designated

weak-coupling combinations.

Observable Expt.X10") f,—0.12h;—0.1&;, hJ+0.7)  h! h? h? hl
APP(13.6) —0.93+:0.21 0.043 0.043 0.017 0.009 0.039
APP(45) —1.57+0.23 0.079 0.079 0.032 0.018 0.073
APP(221) 0.84+0.34 —-0.030 -0.030 -0.012 0.021

AP“(46) —3.34+-0.93 —0.340 0.140 0.006 —0.039 -0.002
P(**F) 1200+ 3860 4385 34 —44
A(*F) —740+190 —94.2 34.1 1.1 -45 -0.1
(|All|)/e, Cs  80Q-140 60.7 -15.8 3.4 0.4 1.0 6.1
(IAL|[ye, TI  370+390 ~18.0 3.8 -18 -03 01 -20

Note that the inclusion of one-loop standard-model elecpolarized nuclear reactiofe.g.,np—dy,nd—ty).

troweak radiative corrections modify these results, reducing (i) Measurement of the degree of spin rotation for polar-
the isovector contribution substantially and inducing a small;eq neutrons through various targéesg., p,d,*He).

isoscalar component.

For the hyperfine correction, from the measured nuclear
weak charge and magnetic moment, Bouchiat and Pikett

[11] find

kn(133C9)=0.0078, (72

kni(2°°T1)=0.044. (73

Note that the conversion of the notation of Rfl] to ours
is

<|||0'p|||>s.p.
(il

By subtractingxzo and «ps from «,; we obtain the AM
contribution

kn=c{2(hf) (74)

kam(33Cs)=0.090+0.016, (75)
kam(2%°T1)=0.376+ 0.400. (76)
These values are related to the nuclear AMs by
N RUIETING
Kam™— (77)

IR YERRTIRI

wherea is the anapole operator. As our results fttal|l)/e

It is unfortunate that only a singlBIN PNC scattering

bservable, the longitudinal analyzing powsr for |5+ p,

as been successfi#t9-51. (Experiments have been done

at 13.6, 45, and 221 MelVThese results have been supple-
mented by a number of PNC measurements in nuclear sys-
tems, where accidental degeneracies between pairs of
opposite-parity states can produce, in some cases, large en-
hancements in the PNC signal. Unfortunately not all of these
results are readily interpretable because of nuclear structure
uncertainties. Those that can be analyzed with confidgsice

include A, for p+a at 46 MeV/[52], the circular polariza-
tion P, of the y ray emitted from the 1081 keV state tiF

[53], andA, for the decay of the 110 keV state in polarized
19F [54]. These examples involve either few-body systems,
where quasiexact structure calculations can be done, or spe-
cial nuclei in which the PNC mixing matrix elements can be
calibrated from axial-charg@ decay[55]. An analysis of
these results, which have been in hand for some time, sug-
gests that the isoscalar PN\ interaction—which is domi-
nated byp and o exchange—is comparable to or slightly
stronger than the DDH “best value,” whereas the isovector
interaction—dominated byw exchange—is significantly
weaker (1/3) [5]. Because one expects the isovector chan-
nel to be governed by neutral currents and to receive poten-
tially significant light sea-quark contributions, there is con-
siderable interest in testing this result. The Cs and Tl AM
results provide one possible cross-check.

are expressed in terms of the PNC meson-nucleon couplings

in Table VII, we have the needed AM coupling constraints.

B. Constraints from nuclear PNC experiments

C. Results

The constraints on PNC meson-nucleon couplings of
Table VIl are displayed graphically in Fig. 9. Although there

The nuclear experiments measuring an interference beare six independent couplings, two combinations of these,
tween PC and PNC amplitudes generally fall into four typesone isoscalar and one isovector, dominate the observables:

(i) Measurement of the longitudinal asymmety in a
scattering experimer(e.g., pp, pd, or pa).

(i) Measurement of the circular polarizatiéh, of pho-
tons emitted in a nuclear decég.qg., %, ?!Ne) or reaction
(e.g.,np—dy).

(iii) Measurement of the asymmetay, of photons emit-
ted in the decay of a polarized nucle(esg., %) or in a

f,—0.1h!—0.1&; andh’+0.7h? . The decomposition of
Table VII thus uses these two degrees of freedom along with
h2 and the residual contributions i} ,h?,, andh;, . The 1o
error bands of Fig. 9 are generated from the experimental
uncertainties, broadened somewhat by allowing uncorrelated
variations in each of the four minor degrees of freedtmat

is, h2 and the residuals in ih}, h, andh}) over the DDH
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Oppory T T T T T ith this suggestion is its inconsistency wih,(8F), a mea-
2N e wi 99 y Wi,
%% 1\ 1 surement that has been performed by five groups. The con-
25 %%% RN [ . straint from this measurement is almost devoid of theoretical
Z{; //%% > o uncertainty:
20 X //%//// e N 1 1
o /4///////;////// - ~0.6<f,—0.1h}-0.1}=<1.2, (79)
=1s- - %//// 7 If one allowsh} andh, to vary throughout their DDH rea-
i’ - //////////////// : AT sonable ranges, one finds1.0=f_=<1.1, clearly ruling out
o 10FF %/ﬁ% T f~9. There is also S(l)gme tension between the Cs band and
S LNOY - those forp+ « andA.(*F).
' sk %//// _ Thus, unfortunateyly, the hint of a consistent pattern of
Lo //////// i weak meson-nucleon couplings that was emerging from
0 L //Z ' /////////////// b nuclear tests of the weak hadronic current is disturbed when
v ¢ // the Cs and Tl results are added.
2 0 2 4 6 8 10 12 14 D. Operator renormalization
£-.012h)-0.18h " and other nuclear structure issues
T g P . w

It thus appears that the calculated value of the Cs AM,
FIG. 9. Constraints on the PNC meson couplingsl(’) that  using weak meson-nucleon couplings determined fioh
follow from the resylts in Table VII. The error bands are one stan-agnd nuclear experiments, is significantly smaller than the
dard deviation. The@p band is the union of 13.6, 45, and 221 MeV measured value. While there are several questions that could
results. be raised about this conclusion, perhaps the most difficult
one is the quality of the nuclear structure calculations for Cs

broad “reasonable ranges.” Note that only a fraction of the@nd TI: what error bar should we assign because of the in-
region allowed by the Seattle Tl constraint is shown: the tota[1€réNnt uncertainties in such calculations?

width of the Tl band is an order of magnitude broader than Despite the rather extensive theoretical literaiure on AMs,
the width of the Cs allowed band, with most of the Tl al- " would be fair to characterize the general quality of the
lowed region lying outside the DDH *reasonable rangles,,assouated nuclear structure work as unsoph|§tlcated. Much
(i.e., in the region of negative,—0.12h'—0.16h! and posi- of the previous work is ba_sed on extreme smgle-pgrﬂcle
tive h%+0.7m%). That is, the bulk ofpthe Se;ttle Tl band moqlels and employs effective one-_body PNe potentials, a
corre;ponds (tvo an AM value opposite in sign to that expecte hmcge (t)ha;t terf1ds t(:t Obsiuf thebd|screpz(aan|tes a? partentthm
theoretically, given what we know experimentally about 0. =, Drily a 1ew atlemprs nave hesn mage fo estmate the

X . ffects of correlations, even in schematic ways. [Iri
PNC meson-nucleon couplings. The corresponding Oxforfs ys. (1]

TI band (not illustrated includ | t all of th ‘ uenching factors were introduced as a phenomenological
and (not illustrated includes almost all of the parameter correction to single-particle estimates. Solid motivation for

space in Fig. 9, as well as a substantial region outside thfhis approach can be found in classic studies of magnetic

haunds of the figure, to the lower left. moments and Gamow-Teller transitions in nuclear physics.

TT\? Weal;-co[l;g:_rilgbrange;% coveregl by Fig. 9"c_c|)_rhrespcr>]n% [15] single-particle calculations were corrected for core
roughly to the . road “reasonable ranges. us t'e olarization effects, employing a realistigmatrix interac-
anapole constraints are not inconsistent with the theoreticgl "\t 4 very simple set of particle-hole excitations. De-

ballpark estimates. However, the detall_ed I_ack of consis- spite the highly truncated model space, this may be the only
tency among the various measurements is disconcerting. B aper, other than our work here and in earlier pap@ys0]

fore the anapole results are included, the indicated solution use a realistic interaction in calculations of the Cs and Tl
a smallf, and an isoscalar coupling somewhat IargerothanAMS. Finally, in Ref.[13] core polarization effects were
but consistent with, the DDH best valuei-(h,  eyaluated in the random phase approximation, but with a
+0.7h¢)p,,. ~12.7. But the AM results agree poorly with schematic zero-range spin-spin residual interaction.

this solution, as well as with each other. In particular, the ©One factor limiting what can be done is the challenge of
precise result fof**Cs tests a combination of PNC couplings completing the polarization sum: apart frg@10], the work

quite similar to those measured (%) and inAP“, but  referenced above performed this sum state by state. Such a

requires larger values for the weak couplings. summation technique rules out a sophisticated ground-state
Despite substantial differences between our work and that
of Flambaum and Murray19], the predicted AMs from TABLE VIIl. Magnetic moments of**Cs and?%°T| measured

these two calculations are in relatively good agreement. Th# nuclear magnetons.
corresponding interpretations, however, are quite different:

Flambaum and Murray adopted the viewpoint that the S-P- SM exp.
Cs AM result could be accommodated by a vafye-9.5,  133¢g 1.72 1.65 258
about twice the DDH best valugP5" ~4.6. (The DDH 205y 2.79 258 1.64

reasonable range is 0—11.4, in units of 10 The difficulty
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TABLE IX. Comparison of calculated s.p. polarization anapole this way. Unfortunately, given the complexity of od#Cs
moments(||a||)/e in the °Pb region with results for a fitted phe- ground-state wave function, the dimension of the negative-
nomenological effective operator. parity space required to saturate & sum is substantially
larger than 18. Thus this technique, while exceedingly pow-
erful, cannot be applied to a case lik&Cs, at least at the
Calc. Fit Calc. Fit present time.

Because we felt it was important to use a realistic large-

Nucleus No s.o. With s.o.

zz:: (231_/51) _%g _579(’; _5:;9 _5282 scale SM wave function in describing tfi&Cs ground state,
201 (2d3’/§) 80 _a89 o1 _eos anoth_er method was needgd to evaluate the polarlzatlon sum.
207Pb( 512) a1 g 130 193 We did this .by closure, which was trgctable in part because
oo (3313) e s o o of an attractive property of the canonldé_FCs SM space: no
2071 (:;fog/lz) 180 190 184 1oa nonzero matrix elements_ a. In our view thgre are two _
20957 (2f5/2) 970 o ag1 830 worrisome features of th|§ calculatlon. The. first is thg reli-
ZOQB! (2f5/2) 010 o012 a1 o4 ab|I_|ty of the average.excnanon energy estlmate,_wh|ch we
2098! ( hwz) 1154 1108 990 1057 defined as the ratio of the non-energy-weighted to
ZOQP' (Lhep) 1/E,-weighted sums. We performed a large set of calcula-
b (2992 224 232 212 220

tions in lighter nuclei, using the exact Lanczos Green’s func-
tion method described above, to calibrate the method. The
average excitation energies, normalized to the photoexcita-
Sion E1 peak and evaluated for each isospin channel, proved
to be very stable. One cannot prove that the extrapolation to

tion have come from our studies. 18] summation to a com- <’j}1eavy nuclei like Cs and Tl is valid, clearly: perhaps there is
plete set of Lo states for'% was carried out by a Lanczos some systematic evolution with neutron excess. On the other

algorithm moments method. In this approach one recognized@nd. the naive expectation is that the method should im-
that the quantity of interest is the distribution of the vectorProve WithA, as theE1 profile tends to become more col-
aY|l) over the full set of Lo eigenstates: if that distribution €Ctive in heavier nuclei and as the spin-orbit force tends to
is known, it can be weighted by E{—E,) and dotted remove E1 s_trength from onv excitations: tht_e glqsure ap-
with (1|H) to generate the polarization sum. Instead of di-Proximation is clearly exact in the limit of an infinitely nar-
agonalizing a very large matrix of dimensidh whereN is ~ row E1 resonance. Because the measured Cs AM is large,
the number % eigenstates, to get the eigenvaliigsand  ©one would need a substantial amount of strength quite low in
eigenstates needed to do this sum state by state, the LancAb€ Cs spectrum to enhance th& 15um and thus “fix” the
method maps the large matrix into a series of smaller matriSM calculation: this is unexpected and, while thé and

ces of dimensiolN’'=1,2,3 ..., whereN’<N. This map- photoexcitatiorE1l operators are somewhat different, there is
ping extracts exact information from the original large ma-no evidence in the photoexcitation distribution for such
trix, the 2N’ —1 lowest moments of the vecta”|l) over  strength[44].

the 14w eigenspectrum. It is readily seen that the distribu- The second question is the adequacy of our ground-state
tion must be very well determined after a modest number ofvave function: though the Cs and TI SM calculations are
iterations,N" ~50. There is a variation of this algorithm that serious efforts, numerical limitations forced restrictions on
uses the information in the Lanczos matrix to construct thehe proton and neutron occupation numbers. The unrestricted
effect of the Green’s functiofi9]: it is obvious physically  1g,-2ds/,-3S;/,-2d3-1h;1, SM calculation was not at-
that one can obtain the Green’s function from the detailedempted. Furthermore, it is well known that even full-shell
moments constructior{The algorithm develops the Green’s calculations often must be renormalized phenomenologically.
function acting on a vector as an expansion in the Lanczo$wo operators closely related to the AM, the Gamow-Teller
vectors, with the the coefficients of the vectors updated wittand M 1 operators, are well-studied examp|&3]. In Table
each iteratior]56]. The method is thus exact in a numerical VIIl our Cs and TI SM magnetic moment values are com-
sense, allowing one to evaluate the converggntieis was  pared to the experimental and s.p. values. The SM and un-
the method used in the present studypefandsd-shell nu-  correlated s.p. values are not that different and both differ
clei, to assess average excitation energies. We have applisiyjnificantly from experiment. The conclusion is that poten-
this method in cases wheié~10°, and it is possible with tial important physics is absent in our truncated SM calcula-
modern machines to tackle problems of dimensieh®® in  tions.

wave function: the number of opposite-parity eigenstate
connecting to the ground state by thé& operator would be
enormous. The two attempts to move beyond direct summ

TABLE X. The fitted parameters iR°%b region.

al(0) al(1) agO) agl) aE)O) aél)
No s.o. 0.990 1.458 —95.838 —146.159 —243.094 —366.696
With s.o. —-0.721 0.432 —84.580 —134.308 —224.986 —348.570
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TABLE XI. The single-particle reduced matrix elements used?8Pb region fits.

> > -

[ 73 o T30 [Y,®0] Y@ 0],
2077 (3s13) 0.000 0.000 2.449 2.449 0.000 0.000
2077 (2dg3 4.648 4.648 —1.549 —1.549 —0.618 —-0.618
2077 (2dgp3) 5.797 5.797 2.898 2.898 0.330 0.330
27Ph (3p,3) 1.633 -1.633 -0.816 0.816 —0.651 0.651
207Ph (3p3) 2.582 —-2.582 2.582 —2.582 0.206 —0.206
27ph (2f3) 8.281 -8.281 —-2.070 2.070 -0.661 0.661
2098 (2fg) 8.281 8.281 —-2.070 —2.070 —0.661 -0.661
209Bi (2f,p) 9.621 9.621 3.207 3.207 0.426 0.426
2098 (1hgyp) 17.162 17.162  —2.860 —2.860 —-0.761 —-0.761
20h (294 13.984 —13.984 3496  —3.496 0.507 —0.507

The deviations of magnetic moments from the SchmidtThe fit of [57] gives the following quenching for the spin
line (or s.p. valuesaround the Pb region have been exten-matrix elements near Pb:
sively studied by Arimeet al. [57]. The deviations from the
s.p. predictions can be described as a set of corrections to the ([ ren=0.86]] | |)s p.» (81)
bare gyromagnetic factors

<|||5'7'3|||>ren:0-54<||5'73||>s.p.- (82

Although there exists no such large body of data on the
anapole moment operator, we now explore whether some

(el 1) n=

1 . 1
E"' 5g|(0)><||| ||>s.p.+(§+ 5g|(1))

r 0 - . . ..
X(|[T73][)s.p. + (0.88+ 5g) (|| o] s p. tentative conclusions can be drawn about effects of missing
= correlations on that operator. We begin with the observation
+(4.70+ 595 )<||‘”3||>S-p- (79 that the effects of correlations on a many-body operator are

These factors represent the operator and wave function noe_xpected to be quite similar to their effects on the one-body
o P P . équivalent of that operatofOne specific illustration of this
malization corrections that would result from a faithful treat-

. ; : is detailed in[55].) Thus we start by looking for the one-
ment of the omitted parts of the Hilbert space. Equwalentlybody equivalc[ant] ())f the anapole po){arizatio% operator. The
(and perhaps more appropriatebne can quote this result in §

; . most general spin-isospin form for a rank-1 operator is
terms of renormalized matrix elements

N . e o o N N
qsauw ——(a,‘o)l + a|(1)7'3| + ago)(r+ ag1)7'30'

1. 1 _
(M1l =5 (T Drent 5 HIT7s][Dren pol - ~(E)

- - +a® piY,0a]+alPrY,00],). (83
+0.88(1[|11)rent 4701|571 ren. -PlYo@0litag"rdYo20l). (63
(80)  As the average excitation energy is measured in unitsagf
_ o the bare couplingagﬂ*sly)p) are dimensionless. We then evalu-
TABLE XII. Comparison of calculated s.p. polarization anapole ate matrix elements of this one-body operator and of the full

moments(||a||)/e in the 1*25n region with results for a fitted phe- polarization sum (chosing DDH “best-value” meson-

nomenological effective operator. nucleon couplingsin a single-particle model for a variety of
nuclei in the Pb and Sn regions, fitting the coefficients of the

Nucleus No s.o. With s.o. one-body operator to reproduce the polarization results. The

Calc. Fit Calc. Fit results for TI(Pb region are pr_es_ented in a §eries of three

tables, Tables IX, X, and Xl, giving, respectively, the com-

¥4n(2py3) 433 422 409 429 parison of the calculated s.p. polarization results with those

Bn(1fg; 641 644 567 636 generated by the effective operator, the best fit values found

34n(2pgk —484 — 450 —440 —449 for the coefficients of the effective operator, and the matrix

1315 (35,0 103 93 102 89 elements of the various terms in the effective one-body op-

1315 (2d;,2) —124 -109 -125 -106 _ - _

131502 ) 137 144 127 136 TABLE XIIl. The fitted parameters ift*2Sn  region.

1333h(1g-) 788 751 684 736 o 1 0 1 o 1

1335 (2 ) ~610  -534  —549  —539 a” a a?  al 2 2

13351 (2f ) 169 168 158 157 No s.0. 3.284 2.327-52.990 —0.790 —182.832 —271.131

13350 (1hgy,) —-169 —-159 -171 -160 With s.0. 1.807 1.315—44.608 —80.981 —176.206 —260.346
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TABLE XIV. The single-particle reduced matrix elements used f&6n region fits.

- >

| ’T3| C; 7'30" [Yz@(;']l 73[Y2®5']1
34n(2py3) 1.633 1.633 —-0.817 —-0.817 —0.652 —0.652
BYn(1f;3) 8.281 8.281 —2.070 —2.070 —-0.661 —-0.661
134n(2p53) 2.582 2.582 2.582 2.582 0.206 0.206
13150 (3s,,7) 0.000 0.000 2.449 —2.449 0.000 0.000
1815n(2d,,7) 4.648 —4.648 —-1.549 1.549 -0.618 0.618
18i5n(2d; 5 5.797 —5.797 2.898 —2.898 0.330 -0.330
1333h(1g7)) 12.470 12.470 —2.494 —2.494 -0.711 -0.711
1335p(2ds)0) 5.797 5.797 2.898 2.898 0.330 0.330
1335 (2f4,) 9.621 -9.621 3.207 —3.207 0.427 —-0.427
1335n(1hg),) 17.160 —17.160 —2.860 2.860 —-0.761 0.761

erator. The following three tables, Tables XlI, XIll, and XIV, the rug issues like exchange currents,)eta. Table XVI we

give the analogous results for €Sn region. Calculations make a similar comparison of s.p. and SM AM operator ma-

were done with no spin-orbit potential as well as with atrix elements. The pattern of significant quenching of spin

spin-orbit potential of strength-0.1wo-I: the results matrix elements again emerges from this purely theoretical

show little sensitivity to the spin-orbit contribution. comparison. In the case of the spin-tensor operator, the
The tables show that the orbital contributions to the effec€N0rmalizations do not seem very large; nor do they appear

tive operator are neglible: the dominant terms are the spit110 follow a simple pattern. While there are cases of modest

and spin-tensor operators, with the fornéslding the re spin-tensor matrix element enhancement when the full-shell
- ' " correlations are turned on, these enhancements are smaller
sults of Tables X and X| and of Tables XlII and X]J\ac-

) ) than the quenching that occurs in the spin matrix elements.
counting typically for about 70% of the AM strength. FUr- te oerall tendancy of the correlations is to suppress the
thermore, the spin isoscalar and spin isovector operatorgy prediction.

contribute with the same relative sign, with the isovector —\ypile these arguments are of a hand-waving nature, they
contribution larger. It follows for?°Tl, where the single- favor the conclusion that better SM calculations will produce
particle assignment iss3,, eliminating both the spin-tensor a somewhat smaller, not larger, predicted Cs AM. The domi-
and orbital contributions, that the effective AM operator is nant missing physics appears to be insufficient quenching of
very similar to the magnetic moment operator and thughe spin matrix elements. This will clearly exacerbate the
should be renormalized in a very similar way. From Tablediscrepancies apparent in Fig. 9. As a full-shell calculation
VIl one concludes that our SM estimates are not sufficientlyfor *Cs will likely become feasible within the next few
guenched, overestimating the TI AM by about a factor 1.6years, there may soon be an opportunity to demonstrate that
The consequence of this would be to broaden the allowed Timproved calculations will produce a smaller AM.
band(only partially shown in Fig. 9 proportionately.

The case of*Cs is more difficult in that the spin-tensor VI. CONCLUSIONS
operator now plays a significant role: the s.p. assignment is
1g4,. This operator does not arise as a bare operator i
Gamow-Teller,M1, or other familiar responses. Our ap-
proach is somewhat unsatisfactory, but perhaps of some help. TABLE XVI. The renormalization of single-particle matrix ele-
In Table XV we compare s.p. and fullpt and 21d-shell ~ ments in light oddA nuclei.
SM calculations of magnetic moments with the experimentat - - - - - -
values for a series of light nuclei. This seems to establish | 73l T 0 [Y®@c]y 7[Y®0];
that, in these nuclei, the bulk of the needed renormalization;
of s.p. estimates does come from the $8dveeping under

Recent atomic PNC measurementsfCs reached a new
fbvel of precision that led, for the first time, to detection of

s.p. 2,582 2582 1.291 1.291  0.206 0.206
SM 3.100 3.100 0.773 0.773  0.309 0.309
BN s.p 1.632 1.632-0.408 —0.408 —0.651 —0.651

TABLE XV. Magnetic moments of light odé: nuclei. SM 1.657 1.657-0.432 —0.432 —0598 —0.598

sp. SM exp. ZIAl s.p. 5.787 5.787 1.449 1.449  0.330 0.330

SM 6.164 6.164 1.080 1.080 0.321 0.321

] 3.790 2.872 2.689 2P sp 0.000 0.000 1.225 1.225  0.000 0.000

BN —-0.263 —-0.307 -0.322 SM 0.910 0.910 0.314 0.314 0.246 0.246

27p| 4.790 4.207 3.642 8p  s.p. 0.000 0.000 1.225 1.225  0.000 0.000

2%p 2.790 1.088 1.235 SM 0.822 0.822 0.402 0.402  0.190 0.190
sip 2.790 1.252 1.132 %Cl s.p. 4.648 4.648—0.775 —0.775 —0.618 —0.618
33Cl 0.126 0.634 0.752 SM 4.361 4.361-0.488 —0.488 —0.695 —0.695
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the hyperfine dependence of the signal. New measurements New AM measurements could also help clarify matters. A
in Tl have also imposed important constraints on nuclearmore accurate TI AM measurement could define the sign of
spin-dependent atomic PNC. This progress has inspired théis quantity: while the current band includes zero, it favors a
calculations reported here. In our work we employ a PNCsign opposite that predicted by theory. New AM measure-
nucleon-nucleon interaction derived from @, p-, and  ments in odd-neutron nuclei would have great impact, defin-
w-meson-exchange model, providing sufficient degrees oing a band in the weak meson-nucleon coupling plane
freedom to describe fully the five independeé® ampli-  roughly perpendicular to the Cs and Tl bands. There are pro-
tudes. The single-nucleon, exchange-current, and nuclear ppesals for AM measurements on Dy, Fr, and'Ba
larization AM contributions are then evaluated with this The accuracy of the Cs AM results sets it apart from any
choice of potential. The end result is an analysis of AMother atomic PNC result: it has produced a constraint on a
constraints that is fully consistent with the existing analysisweak radiative correction that, when translated into meson-
of A_(p+p) and other hadronic tests of PNC. nucleon weak couplings, is as accurate as any direct probe of
Our results show that the weak meson-nucleon coupling§adronic PNC. Thus the challenge of understanding this spe-
favored by nuclear experiments are not compatible with thé&ial measurement should motivate more theoretical work.
large AM value extracted from the Cs measurement. The TFurthermore, the implications of this measurement are not
AM limit also favors a sign disfavored by theory. Our quali- Necessarily limited to the issues discussed in this paper. Our
tative arguments about the effects of correlations missinginderstanding o¥(e)-A(N) interactions also affects the in-
from the SM calculations suggest that improvements in thderpretation of electron-nucleus scattering experiments like
nuclear structure are likely to lead to smaller values for theSAMPLE [60], where a similar discrepancy between theory
predicted Cs AM, exacerbating the current discrepancy. ~ and experiment exists and where theoretical predictions also
The nuclear constraints favor a small value for and depend on a proper treatment of the hadronic weak interac-
isoscalar PNC couplings near the DDH “best values.” Thistion. Unraveling the puzzles presented by these measure-
pattern is puzzling and suggests that strong interactiong1€nts constitutes an important challenge to both theory and
modify the isospin of weak meson-nucleon couplings in aéXperiment.
nontrivial way. The Cs AM result now has produced a more
confusing situation, one where no one solution satisfies all ACKNOWLEDGMENTS

constraints. Hopefully new experiments will provide the re-  Thjs work was supported in part by the U.S. Department
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APPENDIX A: TWO-BODY EXCHANGE-CHARGE AND -CURRENT OPERATORS IN MOMENTUM SPACE

The total Lagrangian density we are considering is
L=Lereet Lpct Lonct Lem, (A1)

with

N’ (i L - [ 1 2,2 1-)(0) =(p) v 1 20 1 (o) (@) uv 1 2
Liree=N'(id—M)N+ E((?MW)'((? 7T)—§m7T7T _ZFMV'FPM +§mppﬂ'p”——FMVF ® +§mwwﬂw"“, (A2)

4
. - = = — . My A — . Ms v ou
Lpc=ignnN"y57- mN—g,nnN Y Iy T TP N—g,nnN Yl oy Oud” | @ N, (A3)
_ _ h? _
Lonc=— EN'(T>< 77)3N+N’( o7 p#+h ph+ ﬁ(:%rg,pg— T-p’“)) Y, ¥sN+N'(h)w*+h} 130) v, ysN+O(h?),
(Ad)
— 1 T 1 1 T
—_aN - M8 i~ vV EOZ LW 3 el -
Lem=—¢€N yM<F1 2+F1 2) oM ch,,k(F2 2+F2 2) NA*—e(mXd,m)zA"
_)V = g o a s e gww a
—e(p XFS,‘;L))3A“—e 2pMyeaBy5F(7) B(p?-d°m)—e ZMyEaMﬁF(Y) Blw?d%m3). (A5)

Note that we use the Bjorken-Dr¢b1] metric exclusively and the DDH definition of weak couplings. In these expres§ipns
5“, o*, andA* denote the pion, rho meson, omega meson, and photon ﬂ‘eﬂ{ﬂgg;” is the field tensor for the designated
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field; andg* andk* are the four-momenta carried by the outgoing meson and phléﬁajf) denotes the isoscalar or isovector
EM form factors, withF{®(0)=F{"=1, F{®(0)= us=—0.12, andF{"’(0)= u,=3.70.
After applying the procedure descrlbed in Sec. V, we obtain the following results.

1. Pair currents

Pair current diagrams are generatedmyyp, or o exchange, and the nucleon coupling to the photon has either a PC or PNC
meson-nucleon coupling. Thus there are six cases. For charge densifi¢$/k?) we obtain

pyAe"= m(lJr//«s,)(T(l)XT(Z))gcf(l) kﬂﬂb—@), (A63)
" 42M? (pYy—P2)2+m?
prENc=0, (A6h)
ir _1€0oNN ; - -
phc"= 4“; | (14 po)| hO7(1)- 7(2) +hirs(1)+ . \76[373(1)73(2)—7(1)-7(2)])
h2 . . 7(2)- .
+(1+ ) h273(2)+h;+—f’73(2)> [k.o(l)xJ(z)+M (1) X (p’ pz)]
V6 ;
ha | - - L. a2 P2) . o, - || 2RO
1 ho— —2 1 2 k-o(2)+ ————k-(p’,— ————— +t(1<2),
+(1+pu,)| h, 206 [7(1) X 7(2)]3| k- 0(2)+ i (P%—P2) (p’z—p2)2+m§+( )
(A6C)
—i 2 353)
p pair_ 1€gpnN (ho_h_) 2 *( m) o) w9
PYPNCT 2 (1+up,)| hy NG [7(1)X 7(2)]s0(1)-K (Pa—parmi 2)2+mp+(1 ), (A6d)
w pair_ €JuNN| | o 1
Py.pC IVE ———[hy+thyra(2) [ (1+ ue) +(1+ p,) 73(1) ]
.. . 7(2)- . 213503
X |<-a(1)><a(2)+M a(1)X(p—pa) Mﬂlﬁz), (A6e)
mw ( 2 p2) +mw
py.BNc=0. (ABT)
For current densities t®(1/M?) we obtain
P opair _ egﬂTNNfﬂ' > 1). > 2)— 1 2 -> 1 (277)35(3)() 12 A7
J'yPC 2\/§M [T( ) T( ) T3( )7-3( )]0-( )(5’2—62)2+m127+( )1 ( a-)
i7.5NE=0, (A7b)
€goNN 2 -
'3/33” ZK/I h[ 7(1)- 7(2)+T3(2)]+h [1+73(1)]+ \/—[373(1)T3(2) 7(1)- 7(2)+275(2)]
L a(2)-(phP) -, h2 ) . -
x| a(2)+ m—f,z( -p2) (hg— ﬁ)[T(l)XT(Z)]\e
. . 7(2)-(p'y—Pa) - L 2m)38G)(. ..
x| a(1) X a(2)+ #a(l)x(p’z—pz) ]%+(1<—>2), (A70)
m, (Po—p2)°+my
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—e N >
7o BRIE= I 9 7(1). 52)+ 75(2) ]+ WY 73(2) + 75(1) 75(2)]
+h§3 1)75(2) = 7(1)- 7(2) + 274(2 1( 250 )+12 (A7d)
2\6[ 73(1) 73(2) — 7(1) - 7(2) +275(2)] | o ( )(a R (1-2),

a(2)-(ph=P2) -, (2m)38(- - )

o pair _ ngN >

jo.88"= [h+hl73(2)][1+ m5(1)]| 0(2)+ m—fu(pz_DZ) mﬂle), (ATe)
o —€0, 353)
jo palr= Zf/l“”(h%h )[1+T3(1)]a(1)w—()+(1H2). (A7)

( P~ p2)2+mw

2. Transition currents

The transition currents can haverary, ppy, pmy, or oy vertex. In the last two cases, the heavier megoasdw can
have either a PC or PNC coupling. Thus there are six possibilities. For charge dens@ieEN?) we obtain

TTYy_ g'n’NN T

P 2 2M

[73(1)75(2)— 7(1)- 7(2)[Ej— E;— (E{—Ey)]a(1)- (p'y—Pa)

(2m)358)(- - )
[(p"+ P12+ m2][(p,—p2)?+m2]

+(1-2), (A8a)

2

pPPY= iegpNN( ho 2\/_
(27,.)35(3)(...)

[(py— P12+ M2 (p,—po)?+m?]

. a(2)-(ph—pa) -,
7(2)- (P~ p1>+”m—22< —B)- (P~ Pa)

p

T(l ) X 7(2)]3

+(12), (A8b)

f7T TY 2 - g g = g g = . > =
P QZ’JJ;M?”’;’[r<1>><r<2>13{<p1—pl>-(p2—p2>x<p1+pl>+|<1+uv>[a<1>'<p1 51)(By—Pa)- (B~ Py)

(2m)*6%(---)
1= P+ M2I[(pY—py)°+m3]

o(1)-(p—p2)(py— pl)z]} +(1-2), (A8c)

2

ROr(L)- 72+ jrs(2)+ S l375(1)75(2) = 71)- 72)] | 5(2)- (B~ P2) (1) (BB

ppﬂ';ch_ egpNngﬂ'y
p-
2Mm,

(2m)383)(- - )
[(py—P1)?+m2][(p,—po)?—m?]

X(p’,—Pa) +(1-2), (A8d)

Pupc=0, (A8e)

T ieg“’ g“’ﬂ' e g >\ ~ = ~ g
PUNC= g N0 75(2) + i 7(1) 75(2)10(2) - (B~ B2) (1) (B~ P1) (B~ o)

(2m)358)(- - )
[(p"— P12+ m2][(p— p2)?+m2]

+(12). (A8Bf)

For current densities t®(1/M?) we obtain
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egﬂ'NNfﬂ'

7= L 7s(2) = 7L 721~ P2) = (Ba=Pu)]o(D): (B =Py

(277)35(3)(. )

X ——— - +(12), (A9a)
[(p"—Ppy)2+m2][(p,— p2)?+m2]
. e 2 O 7(2)-(ph—P2) - -
joor =S| o L 1>xT<2>]3[[(p1 B1)~ (P> P2)] o<2>+0m—;2<p’2—p2>
TP+ P2) = (P1+Py) —i(1+ 1) a(1) X (P’ — P 1+ (P’ + P1) +i(1+ ) (1) X (py—p1) (P’ — Pa)
N 7(2)-(p’,— Pa) 7(2)-(py=P2) -,
-(a<2>+“—22< —Bo) | +| 62+ T (5B (= Pa) [(By+ Ba)— (B + Po)
mp mp
(14 1,)o(1) X (p )]] (2m)° ) 1 (152) (A9b)
_I v o p 7 g 7 g - ’
# Y 1P =Py mEIL(P Y~ po) 2+ me]
cpr 7 gpNNfng’TT’y - - 2 =, (277)3 (3)( )
—EE T (1) X 7(2) ] )X ( ) +(1-2), (A9
PR G, X TP Py (PR PG \— P02+ MEI[(p— pa)2+ m2]
o =—_iegP“Ng””(h02(1>-;(2>+h1 M a2~ H1)- 72)]
Ip-PNC 4M2mp p p 26 3 3
X[a(2)- (PP UL(PZ—P3) (P —P1)— (PE—P(Pr—P2)]1X (1) —a(1)- (p'y+P1)(P1— P1) X (Ps—Pa)}
x (2m)°5™ ) +(12) (A9d)
[(py— P02+ m2I[(p,—p2)2+m2] ’
jome=0, (A9€)
Tomy :_iengNgw”V 0 1 - (n —n 12 D2\ (Al o~ N (2 2N At~
JorPne=————>——[h,m3(2)+h,73(1)73(2)]o(2) - (P, — P2){[ (P —P2)(P1—P1) — (P —PD(P—P2)]

4M?m,,
(277)35(3)(. o)
[(p",— P12+ M2I[(p—pa)2—m?2]

o(1)—a(1)- (P +p)(P1—P1) X (Pr—P2)} +(1-2). (A9f)

APPENDIX B: TWO-BODY EXCHANGE-CURRENT OPERATORS IN POSITION SPACE TO ORDER OF 1 /M

Only the three-current operators are needed for the AM calculation. We keep te@(%/kd). The following results follow
from Fourier transformations of selected terms in Appendix A:
—m

g

P opair _ engqu-;

iypc 8\27M

N N N . - e
————[7(1)- 7(2)— 73(1) 73(2) ] (1) 8P(x—xy) +(1<2), (B1)

L h? L
hOL7(1) - 7(2) + 73(2) ]+ ha[ 1+ 75(1) ]+ —=[375(1) 75(2) — 7(1) - 7(2) +275(2)]

2\6

5| [Y2(Q)@a(2)]

f pair _ €g,NN
PC " 127M

3
1+ —+
m,r

. h2 | . .
x| o(2)+\2m ) +(h2— ng)[T(l)XT(Z)]s

(1) X 7(2)— \/E<1+i+ 3
g a( 2 m.r (mpr)2

p

3
1+ —+

3
X
M (m,r)?

Yo(Q)e[a(1) X o(2)]+iV37

—mr

X[Yo(Q)®[a(1)®a(2)]5]1

+(1+2), (B2)

} 5B®)(x— xl)
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°p pair _ _egpNN
v-PNC 87M

o[ 7(1) - 7(2) + m3(2) 1+ [ 75(2) + 75(1) 73(2)]

2

h N N N LooLoe mr
+ﬁ[?)Tg(l)Tg(Z)—T(l)'T(2)+27’3(2)] o (1) 63(x—xy) —+(1-2), (B3)
Pw i €JunN
I8 = et huma(2)][1+ 75(1)]
- 3 - @)z 2 e Mol
X[ 0(2)+2m| 14+ —— & ——— | [Y5(2)©(2)]; | 8 (x—Xp) ——+(1-2), (B4)
m,r (mwr) r
2w pair_ 9NN 0 g > v e
yBNC= 2 (Mo Tho)[1+ m5(1)]o(1) 8P (X—Xxy)——+(1=2), (B5)
> _e97'rNNfﬂ' - - - s> > - f dSk oS 12 - “Lar
Y= 7(1)- 7(2) ~ 73(1) 73(2) ]0(1) - Vi(V1 = V) | ——— e R’f dae'*"——+(1<2), (B6
1602 [7(1)- 7(2) = 73(1) 73(2) Jo (1) - Vi (V1= V) 2m)? 0 L (1-2), (B6)
. 2 - —
- iegun| o o - - - a(2) Vo |\ & = > 2 s s
VP =T hp—% [7(1)X7(2)]3| | 0(2)— 7 Vo | [Vi= Vot i(1+p,)o(1)XV](V1=Vy)
N N - 2 V_) . =3 N . . = = . R
—Vi- cr(2)—g(ni2 2V, | [VaHi(1+ ) (1) X Vi ]+ Vo [Vy = Vot i (14 1) (1) X Vi
P
. 7(2)-V,.. dk oo (12 el
X(U(Z)—G( )2 %y, f 3e'k‘<X—R>f dae'”‘k'rL—+(1<—>2), (B7)
m; (27) -1/2 0
o= SO eGumy 2 ) 22) 1y (Fux ) f LU f N daeiaa.;e__L"”rHle) (B8)
p-PC 8\/§7Tmp 3LViA V2 (27r)3 1 L. )
where  R=(X1+X,)/2, r=X1=Xp, =1, Lyp=[mi,+k(i-a?1"2 L, =[(m+m2)/2+ a(m’—m?)

54

. hd —
+k?(3 - a?)]*2 and the operation o should be understood &F (- --)=F(---)V—VF(---). For transition currents, the
full Fourier transformation is not easily evaluated in the general case, so we leave the integration undone.

APPENDIX C: e 1 1
AN EXAMPLE OF FERMI GAS ONE-BODY AVERAGES |a)=[p(a))®|zmy(a)) @ |3m(a)),

Here we describe how effective operators are obtained igyys the wave function factors, allowing the space, spin, and
the Fermi gas model by one-body averages. Most of the di§sospin sum to be performed independently.
cussion is general, though we use the simpleair current The spin and isospin averages for common operators are

when specific examples are needed. ~ easily done. The results are displayed in Tables XVII and
An effective one-body operator is obtained by performingxyi|.

a mean-field-like sum over the direct and exchange terms

(C2

TABLE XVII. One-body averaged spin operators.

(a]ODBY=> (ay|O®)|By)—(ay|0P@|yp), Two-body One-body direct One-body exchange
Y
(CY 1 2 1
o(1)+o(2) 20 20
where the sum extends over occupied core states. In the nom¢1)— a(2) 20 0
relativistic Fermi gas each s.p. state is a direct product ofr(1)x ¢(2) 0 Jio

space, spin, and isospin components:
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TABLE XVIII. One-body averaged isospin operators.

Two-body One-body direct One-body exchange
1 (6,+6y) T
P " (0p+ en)%'i'(ep_ 0n)73
1) 0,— 6,
7(1)-7(2) (6p= 0n) 73 (0,+ an)%_(ep_ an)g
1 2 0,— 6
73(1)73(2) (0p= 0n) 73 (0,+ an)%+(9p_ Hn)g
73(1)+ 73(2) (ap_ en)+(0p+ 0n) 73 (ep_ 0n)+(9p+ 0n) 73
73(1)— 73(2) _(0p_ en)+(0p+ 0n) 73 0
[7(1)x7(2)]5 0 —i(p= 60) +i(8p+ 6) 73
373(1)73(2)— 7(1)- 7(2) 2(0p= 6n) 75 2(6p= 60) 75
Turning to spatial averages, we first consider pair cur- e Mr  Ax
rents. The spatial parts of these operators take one of the f d3r = (C7)
generic forms(i) f(r)s®(x—x,) or (i) f(r)s®(x—x,), Mz
wheref(r) is a function ofr=|r|=|x,—X,|. Therefore, the
direct average is L A
dore P '—= > (C8
r o ps+mg

2 (Pa Py F(1) 8F(X=X1)|Pg P
Py
o After performing the sum over the protdar neutron Fermi
=g 1(Pa=Pp) X fd3rf(r), (C3 sphere by using the quasicontinuum Iimitz,g7
p7

— [EFdp,[¢7dQ(p,), we find

> (Pu P, F(1) 6B (X—X2)|Pg.P,) 2,
Py 2 1=— =22 (C9

o o p® _6772 2’
:efi(pafpﬁ)‘xz J‘dSrefi(pafpﬂ)'rf(r), 7
Py

(C4 1 Pz o~ =
4 - = 2 2 = 2 W (pa(ﬁ’) 1m77)1 (Clo)
p(yp) (pa(,B)_ py) + mz 2m7T

and the exchange average

where theW'’ function represents the full result after the

0.0, F(1) 8®(X=X,)|p,p
2 (PPN 59—z [P, . P) volume integration,

p7
—e 1(PamPp XY f d3re= (PP TE(r), !
Py I ]
(CH 08 |
3 (Pa Byl (1) 8D (X—X)[ BB} = -
Py = _
I oL '3 ne i
:e_i(pa_pﬁ)'XE J dsre_i(pa_l)y)'rf(r). 04
P, \(
(CG) 021
Now e~ I(Pa=Pe) X gives a6C)(x—x,) for a first-quantized N T —
operator in_ position space, i.e.(pa|5(3)(x—xi)|pﬁ> 5
=e (Pa=Pa) X We specialize the remaining integration to
the 7 pair current wheré(r) has the Yukawa forne™"/r, FIG. 10. The smoothness ¥’ (™ as a function of,, .
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- - 3m? 5 1+p eg,nnf
W (p,.m,)=——1{ 2—2m,| arctan ——— TR = = T (0 + 0n) — (60— Op) T
(p ) 4'2:| ’(mw J3-pC 8\/§7TM[(p n) — (0p— 0,) 73]
1-p 1 22w .-
+arctar< _Pe +—[1 P2 ><o-m—zp(W’(")>5(3)(x—xi)+(1<—>2)
m7T pa w
m2]In (1-% 212 (C1y
(1-pg)?+m2
. . -, . . egﬂ'NNfﬂ'
with all the tilded quantities normalized by the Fermi mo- ZW[(0n+ 0n)+(0,—0,) 73]
mentum, i.e.X=X/pg . As shown in Fig. 10, th&V' func-
tion varies very slowly ap,, runs from 0 to 1. Therefore, it Xp(W’("))(;é(g’)()Z—)Zi), (C13
is reasonable to replace this quantity by its average value

(w(my,

Combining the spatial result with the spin and isospinwhere 6, is the projection operator of protofmeutror),
factors from the tables the yields thepair current one-body andp denotes the nuclear density.
averaged form Other currents are similar, though generally more tedious.

APPENDIX D: ONE-BODY FERMI GAS AVERAGED CURRENT OPERATORS

We list the relevant one-body Fermi gas averaged operators in momentum space:

S pair _ g'n'NN T

= o Tomm? (G0 0p) +(0,— 0,) T3]p(W' () g7, (D1)
. 2egnn hz) . 151 . . .
PR =—= Wit | O+ —L=| 73| Opp] o+ \| TS [[K®K],® 0
J'yPC 3Mm§ p ( o 2\/6 3| UpP 4 mi[[ ]2 ]l
g,nN 2 h2 h2
- == hi+ —2|+| 2%+ ht+ —=| 75| 6,— 3| hO— —= | (14 75) 6, ( 2p(W' P))or
GMth) p2\/€ p p2\/63p p2\/€( 3) 0 p< >
+ (3h°+h1)—(h°—h1— Z—h’%)T 0p\/£5<W"(p)>i[[|Z®|Z]2®&]l (D2)
pp p p \/g 3|Yn 4 D,Z: )
”p pair _ gpNN< htZJ (1+73)(0,— 6,) . €gonn
-PNC™ 73){Un— Up)po 2
p 2‘/6 2 p
0, pt hi 1 3h/§> 0 /3 (s
X4l 2h+h+ ——+| h+ —= | |6,+| h — —— ]| (1+73)0 W' Ph g, D3
p p 2\/6 p 2\/6 3(Yp p 2\/6 ( 3) n p< > ( )
o pair= ngN(ho+th3)0pp[0+ \f—[[l@k]z@a]l]
g”’“”(h"+h ><1+rg>epp|2<W"“’>>o \f<w “) Z[UZ@K]z@&L]. (D4)
F
Pw pair _ €gunNN o 1 ()
5P = (h®+hi)(1+ 75)[(6,+ 0 )pO' 0pp(W Yol (D5)
2Mm?
> - g'n'NN T > T > 27
T =———[(0,+0,)+(6,— 0,) T Y (o-KKk+{Y5) (o K)K+(Y o D6
2Mm? [( p) T (0h = 0p) T3] p{{Y1) (o K)K+(Y2)( (Ys)(pR)a}, (D6)
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TABLE XIX. Average weighting functions(Note that the first number refers to the proton part and the

the second the neutron part.

(Wmy - (wreedy (Wtm) (Wrieey (Y1) (Y2) (Ys3)
0.30/0.26  0.90/0.88 0.99/1.02 0.19/0.23 0.0039/0.0033 0.0173/0.0111 0.0144/0.0103
(1) (I2) (I3) (12 (Is) (Jo) (J2)
2.25/2.18 10.09/9.58 —1.53/-1.46 21.30/19.61 10.18/9.56 0.42/0.39 1.10/1.02
(J3) (Ja) (Js) (Je) (J7) (Js) (Jo)
411/3.91 1.43/1.32 —-0.83~0.77 —2.682.48 2.57/2.40 4.25/3.89 —8.21/~7.56
(J10) (J1p) (J12) (2)
2.53/2.32 3.26/3.03 —11.16/10.42 1.43/1.15
—e h?2
frov=—SINN [0 0 11 (g o)+ (By+ B 7alp] (1) (KD)o+ (1) (p2)o+(15) (o KIK+(15) (6 K)R—i(1 gk x K
2\2mm? 26

1 I oo I - e - S,
+E[<Jl>(k4)0+<32>(k~K)2<f+<Js>(|0§k2)ff+<J4>(Dé)0+<35)(0'k)(kz)k+<Je)(0'K)(k-K)k+<J7>(P§)

P

X(a-K)K+{Ig)(a-K)(KD)K+(Ig)(pE) (o K)K+(I10) (0 K) (k- K)K =i (1) (kD) kX K—i(J10)(pE)kX K]}, (D7)

2o _iz\/zegpNNfﬂn'gpﬂ'y = 2
Jg-PyC: mp(mi+mi)2 [(0n_0p)+(0n+‘9p)73]p<z>kXKv (D8)
|
where rho dce_qotes the nucle@e., the sum of proton and k= 53—5aﬂ—i[Vé.5(3)(>z—>§)], (D10)
neutron densities.
0o is @ projection operator: whel,, acts on{p s 2
(nuclear density pe (Fermi momenturn) (X) (averaged s_PsTPe s o3y
weighting function such a@nv' (™))}, the results should read K 7 W ey (D1D

{ppmy» PE™, (Xpm)}. The conversion rules from momen-
tum space to position space are simple,

1— 8@ (x—x,), (D9)

For 13%Cs, pP(W~260(300) MeV. The average weighting
factors are given in Table XIX. Fof°°TI, these numbers are
almost the same. We do not distinguish betweerpthad »
masses in evaluating the weighting functions.
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