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PARITY-VIOLATING NUCLEON-NUCLEON

INTERACTIONS: WHAT CAN WE LEARN

FROM NUCLEAR ANAPOLE MOMENTS?
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Knowledge about parity-violating effects both from theory and experiment is

reviewed. Further information that could be obtained from measurements of

nuclear anapole moments is discussed.
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1. Introduction

In the present contribution, we are concerned with hadronic weak in-

teractions and, more specifically, with the strangeness-conserving compo-

nent. This one, contrary to the strangeness-violating one, is masked by

strong (and electromagnetic) interactions. It can be disentangled through

its parity-violating (pv) component, which leads to effects of order 10−7

for low-energy NN interactions of interest here. Its experimental study is

therefore expected to be difficult. It is however necessary to complement the

knowledge from strangeness-violating processes. Until now, only the sector

of nuclear interactions has been the object of experimental studies.

Similarly to the NN strong interaction, the pv interaction is supposed to

occur at the two-nucleon level in first place. Various approaches have been

considered with different emphasis depending on time: more ambitious ones,

based on meson exchange (see Refs.1,2 for instance), alternating with more

phenomenological ones, devoted to the consistency of effects observed at

low energy.3–6 In any case, the description of pv NN interactions involves

a minimal set of 5 pieces of information corresponding to the pv elementary

S − P transition amplitudes.

Looking at nuclear pv effects observed up to now, it is found that, for
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a large part, they individually agree with expectations within a factor 2.7,8

This is not however sufficient to get a consistent description and, thus, a

reliable determination of pv NN forces. Further studies are required to

provide the missing information. With this respect, we intent to review

here some benchmark results, make comments partly in relation with recent

works and show in what measurements of nuclear anapole moments could

be useful. We largely refer to Ref.8 for omitted details.

The present paper is organized as follows. In Sec. 2, we review the de-

scription of the pv NN forces in terms of meson exchanges. This includes

a discussion of the numerous uncertainties pertinent to this approach. Sec-

tion 3 is devoted to the phenomenological approaches considered in the past

and recently. A possible hint for the failure of the single-meson exchange

picture is described in Sec. 4. Presently known information is reviewed in

Sec. 5. The conclusion describes in what the knowledge of nuclear anapole

moments could be useful for getting a better determination of pv NN forces.

2. Meson-exchange description of pv NN forces

π ρ ω, ,pncV

N N

N N

=

∆N,

π π

ρπ π

∆,N
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π π

∆,N
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Fig. 1. Graphical representation of single-meson and some two-meson exchanges

Diagrams representing contributions to the pv NN forces considered up

to now are shown in Fig. 1. They involve the exchange of a single meson

(π, ρ, ω) where the pv vertex (squared box) is described by a constant to

be determined while the circle represents the strong-interaction vertex, in

principle known. As the weak interaction does not conserve isospin, many

couplings are possible in some cases. They are usually denoted as:

h1
π : ∆T = 1 (long range, a priori favored),
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h1′

ρ : ∆T = 1 (short range),

h0,1,2
ρ : ∆T = 0, 1, 2 (short range),

h0,1
ω : ∆T = 0, 1 (short range).

The π0 contribution is absent (Barton’s theorem9) as well as that one due

to other spin-0 mesons such as η0, σ0 (or two pions in a S state10).

Two-pion exchange contributions shown in Fig. 1 were considered in

the 70’s, within a covariant approach.10–13 Some were recently considered at

the dominant order within an effective field-theory framework. The dots in

Fig. 1 stand for contributions due to heavier-meson, multi-meson or excited-

baryon exchanges. These contributions, which are expected to have a quite

short range, were discarded in the 70’s on the basis of a large repulsion in

the NN strong interaction models at these distances. This feature appears

to be now a consequence of the local character of the models then used.14

The effect is much less pronounced with non-local models such as CD-

Bonn15 or some Nijmegen ones.16 As a consequence, the support to neglect

the above short-range pv contributions is now much weaker. On the other

hand, these extra contributions could involve new parameters, making more

complicated the description of pv NN forces. One can only hope they are

not too large.

From examining NN strong interaction models, there are hints that the

approximation of a single-meson exchange should be considered with cau-

tion. It has thus been shown that the combined effect of π and ρ exchange

could provide some sizable repulsion.17 In its absence, the ωNN coupling

has to be increased from an expected value of g2
ωNN/4π ≃ 9 to a value of

about 20. On the other hand, a model like Av18,18 which, apart from one-

pion exchange, is entirely phenomenological, fits experiments with a χ2 of 1

per data. This shows that the relevance of a single-meson exchange is far to

be established. Thus, apart from h1
π, pv couplings entering a single-meson

exchange model based on π, ρ, ω could be quite effective.

Estimates for pv meson-nucleon couplings have been made by many

authors. Most of them can be shown to be part of the DDH ones.1 We

therefore rely on this work for a discussion. Some detail is given in Table 1

of Ref.,8 the most important couplings being h1
π, h0

ρ, h0
ω. They are obtained

from an effective qq interaction, which depends on the factor K ≃ 1 +
25

48 π2 g2(µ) log
(

M2

W

µ2

)

, which accounts for QCD strong-interaction effects.

Part of the contributions is based on the SU(6)W symmetry and knowledge

from non-leptonic hyperon decays. Another part is based on a factorization

approximation. The original range assumed 1 ≤ K ≤ 6, possible SU(6)W

symmetry breaking and some weight for the neutral-current contribution.
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The best-guess values were obtained by weighting the various ingredients,

in particular with respect to SU(6)W symmetry breaking and qq̄-pair role.

The update, which takes into account the fact that some ingredients are

better known now, mainly affects the coupling h1
π (see Table 4 of Ref.8 ).

Results from a quite different approach based on a soliton model (KM)2

can also be found in Table 1 of Ref.8 Instead, results for h1
π obtained from

QCD sum rules19–21 are not shown.

Examination of various results suggests many remarks. The comparison

of DDH and KM results evidences interesting similarities despite differences

in the approaches. In both cases, the contribution to h1
π due to non-strange

quarks is suppressed, most of the estimate involving strange quarks. The

estimates for h0
ρ and h0

ω differ but rough agreement could be obtained by

weighting differently the various contributions in DDH (notice that KM

provides couplings at q2 = 0 while DDH give them at the meson pole). On

the basis of DDH estimates, the contribution of h0
ω has often been neglected

but KM results show it should not be. On the other hand, the upper limit for

this coupling in DDH has not been reproduced. Its range should be mostly

negative. As for the h1
π estimates from QCD sum rules,19–21 we notice that,

as far as we can see, they do not correspond to any of the expected results

shown in Table 4 of Ref.8). They are obtained from non-strange quarks

only and involve a coherent sum of two contributions while cancellations

are observed in DDH and KM. It is not clear at the present time whether

they represent a new contribution or whether their relation to other results

has not been found yet.

It has been mentioned that predictions for couplings should be corrected

for various effects22 (rescattering, vertex corrections). These ones could af-

fect the factorization part of DDH estimates but should not change the

other parts which, being based on experimental non-leptonic hyperon de-

cays, already account for them. The problem in this case is whether SU(6)W

symmetry breaking effects are correctly accounted for.

3. Phenomenological approaches to pv NN forces

For a part, phenomenological approaches have been motivated by the failure

of single-meson-exchange approaches to provide a consistent description of

various data. Less ambitious than the potential ones, they were originally

limited to the five S − P transition amplitudes.3,4 The important point is

that their energy dependence in the few MeV range is completely deter-

mined by well-known strong-interaction properties. Thus, five parameters

are required for their description.3,4 The approach was extended to higher
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energies, motivated by the fact that most effects known at that time were

involving complex nuclei.5 In this aim, a 6th parameter, chosen as the h1
π

coupling, was added. Due to its long range, the π-exchange force induced

by this coupling indeed provides an extra sizable energy dependence for the
3S1−

3P1 transition amplitude beyond a few MeV. Moreover, it contributes

significant 3P1,2 −
3D1,2 transitions in complex nuclei, with a sign opposite

to the 3S1 −
3P1 one. The configuration-space expression of the interaction

can be found in Refs.5,8

The approach was considered again recently but within the framework

of an effective-field theory.6 This one involves a chiral expansion in terms of

a quantity Λ−1
χ . The number of parameters to describe the pv NN interac-

tion is the same as above. However, the part of two-pion exchange induced

by the h1
π coupling at the first possible order, Λ−3

χ , is separated out with

the motivation it is a medium-range interaction. At the same order, a spe-

cific contribution to the electromagnetic interaction appears, hence a 7th

parameter in the approach. The momentum-space expression of the two-

pion exchange contribution can be found in Refs.6,23 It only contains two

terms that correspond to the local ones of a more general expression con-

sidered in the 70’s.10–13 Apart from some mistakes in the original work, the

comparison with earlier works shows that:23 i) the leading-order approxi-

mation overestimates the results at finite distances, ii) the non-local terms

that appear at the next order are not negligible, iii) in comparison to a ρ

exchange, the two-pion exchange has a longer range as expected from the

two-pion tail but also a shorter range. In this case, the result is due to the

fact that the two pions are exchanged in a P state. The exchange in a S

state, which dominates at intermediate distances in the strong-interaction

case, does not contribute here.10

For the purpose of analyzing experimental data, we introduce dimen-

sionless quantities which are more closely related to the isospin properties

of the system under consideration.5 They are Xpp and Xnn, which involve

the pp and nn forces, and X+
pn(+5.5h1

π), X−

pn(−5.5h1
π), X0

pn, which involve

the pn force. The strengths X+
pn and X−

pn are appropriate for the descrip-

tion of the pn force in odd-proton- and odd-neuton-nucleus forces while X0
pn

does not contribute to them. The π-exchange contribution, is put between

parentheses for the case it would be considered explicitly. We also introduce

the combinations: Xp
N = Xpp + X+

pn(+5.5h1
π), Xn

N = Xpp + X−

pn(−5.5h1
π),

which determine the strengths of the proton- and neutron-nucleus forces

(for a nucleus with spin and isospin equal to 0).

The X parameters are closely related to the Danilov ones.5 We stress
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that they account for a lot of short-range unknown physics (NN short-

range correlations, heavy- and multi-meson exchange, relativity, · · · ). If

necessary, they can be calculated in terms of the h couplings entering a

meson-exchange description of the pv NN interaction, allowing one to check

the underlying model.8,24

4. Possible failure of the single-meson exchange model

It has been proposed that the study of pv effects in pp scattering at differ-

ent energies could allow one to disentangle contributions due to ρ and ω

exchanges. There are measurements at 13.6 MeV25 and 45 MeV,26 which

mainly involve a 1S0 −
3P0 transition, and at 221 MeV,27 which is sensitive

to the 3P2 − 1D2 transition. The analysis has been performed by Carlson

et al., with the results:28 107 hpp
ρ = −22.3, 107 hpp

ω = +5.2.

The ρ coupling agrees with DDH expectations while the ω one is at the

extreme limit of the proposed range but disagrees if one notices that the

range is now restricted to negative values. In short, it is found that the con-

tribution to the 3P2 −
1D2 transition is too small, roughly by a factor 2. It

has been thought that a longer-range force could enhance the contribution

to the 3P2 − 1D2 transition relatively to the 1S0 − 3P0 one.29 While this

is verified for the undistorted Born amplitude, it is not for the distorted

one. Due to the effect of a strong short-range repulsion for the 1S0 −3 P0

transition amplitude, the effect is the other way round, making the problem

more severe. There are different issues: i) the measurement at 221 MeV is

too large (by a factor of about 2), ii) estimates of pv coupling constants

miss important contributions, raising some doubt about present ones, iii)

besides the single-meson exchange contribution, there are important extra

contributions (multi-meson exchange, · · · ). For this last issue, there would

be no other choice than to adopt an effective approach, in which case, the
3P2−

1D2 and 1S0−
3P0 transition amplitudes are described by independent

parameters.

5. Presently known information

The first information we want to consider concerns the strength of the pv pp

force, Xpp. It can be obtained from measurements of the pv asymmetries

AL in pp scattering at 13.6 and 45 MeV (AL = −0.10 and − 0.17Xpp

respectively30). The fitted value:8

Xpp ≈ 0.9 × 10−6, (1)
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provides a very good description of the measurements,25,26 leaving little

space for a 3P2 − 1D2 transition, which is expected to be small in any

case. It is stressed that the coefficients 0.10 and 0.17 are determined by

well-known properties of the strong NN interaction, while the unknown

physics is incorporated in the quantity Xpp. The above value provides an

unambiguous benchmark for the strength of pv NN forces.

The second information is obtained from the strength of the proton-

nucleus force, Xp
N , mostly determined by pv effects observed in odd-proton

systems such as p − α scattering or radiative transitions in complex nuclei

(19F, 41K, 175Lu, 181Ta).8 While the dependence of most effects on Xp
N

results from the underlying nuclear model used in the estimate,31 this is

not so in 19F where the estimate was based on a shell-model calculation.32

Examination of the detailed calculations in the last case nevertheless shows

that the result has the structure of a single-proton transition in an aver-

age field determined by the strength Xp
N , evidencing the role of two effects

that were accounted for in the heavier nuclei (pairing and deformation).

Another calculation33 however suggests that correlations could affect dif-

ferently isovector and isocalar contributions to Xp
N (see also below). A good

description of the observed effects assumes the fitted value:8

Xp
N ≈ 3.4 × 10−6. (2)

Examining the whole fit (within experimental errors), we are inclined to

think it is too good however. At this point, we simply notice that the

contribution of the pp force to the proton-nucleus force is relatively small,

pointing to a large contribution of the pn force which could be due either

to the isoscalar part of the pv force or to the isovector one.

The third available information concerns this isovector part of the force.

It is obtained from the analysis of pv effects in the transition 18F (0− →

1+). An extensive analysis of the effect in this process has been done.32

It essentially involves the difference of the pv proton- and neutron-nucleus

forces and results in the following upper limit:

|Xp
N − Xn

N | ≤ 1.4 × 10−6, (3)

from which we can derive a range relative to the neutron-nucleus force:

2.0 (2.6) × 10−6 ≤ Xn
N ≤ 4.2 (4.8) × 10−6. (4)

Assuming that the isovector contribution is dominated by the single-pion

exchange force, one would get: |h1
π| ≤ 1.3 × 10−7. To some extent, the

absence of effect in 21Ne supports the above limit, which could even be

smaller if the isoscalar contribution tends to be suppressed.34 To a lesser

extent, results for 75Tc35 lead to a similar conclusion.8
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Concerning the other pieces of information, Xnn and X0
np, one could

rely on little details in the theoretical estimates to determine them from

the analysis of pv effects in various processes. The comparison of these

estimates, especially in complex nuclei, however shows that these details

are somewhat uncertain, preventing one to get reliable information. The

strength Xnn would be best determined from measurements involving neu-

trons in light systems. The strength X0
np does not play much role in

complex nuclei.8 The most favorable process for its determination is the

measurement of the photon circular polarization in the radiative capture

n+p → d+γ. Determining the 6th parameter, h1
π, introduced to get a better

description of the pv NN interaction at low energy, supposes to disentangle

its long-range contribution from a short-range one. As the first contribution

is expected to dominate the other one however, h1
π could be best determined

from the measurement of the pv asymmetry in ~n + p → d + γ where the

effect is maximized (see Refs.8,23,36 and references therein). Determining

the short-range part could be quite difficult in practice.

Though the information is incomplete, one can nevertheless have an in-

teresting discussion relative to the strength of the pp force, Xnn ≃ 0.9×10−6

and its contribution to the proton-nucleus one, Xp
N ≈ 3.4× 10−6. The rela-

tive sign is encouraging but the relative size supposes that a large contribu-

tion to Xp
N comes from a pn force. This is questionable in absence of a large

pion-exchange contribution, as constrained from 18F (0− → 1+). In usual

potentials models, the isoscalar pn contribution to Xp
N is at best of the order

of the pp one. Thus, its strength could be larger than expected by a factor

from 2 to 3. This failure could indicate that the usual potential models

miss some contribution, supporting for a part findings from pp scattering.

Interestingly, the analysis of pv effects in this process (see Sec. 4), with a

positive ωNN coupling, tends to enhance the strength of the pn force with

respect to the pp one.28,29 Another explanation supposes medium effects

that could enhance the strength of the proton-nucleus pv force in heavy

nuclei. Some mechanisms, in relation with an attraction in the isoscalar 0−

channel8,33,37 (RPA correlations) or relativity,38 have been discussed in the

literature but the size of the effect depends on poorly known ingredients.

6. What from nuclear anapole moments? Conclusion

In first approximation, nuclear anapole moments involve the strengths of

the proton- and neutron-nucleus forces, Xp
N and Xn

N .39 Until now, there is

no direct determination of the last one. Measurements of anapole moments

in odd-neutron nuclei could therefore provide a valuable information on the
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strength Xn
N . This information could also be obtained from pv effects in

n − α scattering (see Ref.40 and references therein), unless there are sizable

medium effects. In such a case, the two measurements will complement each

other and their comparison could allow one to determine the size of these

corrections for which there is some hint in odd-proton nuclei.

The measurement of anapole moments in odd-proton nuclei has already

been performed. In the most accurate case however (133Cs41), the strength

of Xp
N required to account for the measurement is roughly twice as much

as that one given in Eq. (2), obtained from other odd-proton systems.42,43

A factor 2 is typical of theoretical nuclear uncertainties in estimates of pv

effects in nuclei but, looking at different calculations, it sounds that the

uncertainty is smaller in the case of 133Cs, hence some serious concern.

Noticing that the strength of the proton-nucleus force could be larger than

expected on the basis of its contribution due to the pp force (see previous

section), the result in 133Cs could simply be explained by an enhancement

effect that is already at work in other complex nuclei. If so, one could won-

der why effects in heavy nuclei have not required such an effect, especially

in 41K and 175Lu, where previous calculations were relatively stable. An

explanation could be as follows. These calculations assumed that initial and

final states are described by very simple configurations with some correla-

tions (pairing, deformation) preserving the single-particle character of the

pv transition. More detailed calculations, made later on in lighter nuclei

on a similar basis, have shown that the weight of such a contribution is

often decreased by the consideration of further correlations.32 In this case,

some enhancement of the strength of the proton-nucleus force could also

be required in 41K and 175Lu. Having shown that the anapole moment in
133Cs does not necessarily contradict other pv effects in nuclei, provided

that some medium effect is invoked, we believe that the measurement of

anapole moments in other odd-proton complex nuclei could be helpful in

clarifying the present understanding of pv effects in complex nuclei.

By looking at anapole moments of nuclei with different numbers of

protons and neutrons, one could imagine to also determine the separate

contributions to Xp
N (Xn

N ) due to Xpp (Xnn) and X+
pn (X−

pn). Involving

smaller contributions, this program would however suppose that both mea-

surements and theoretical estimates are very accurate. This could be an

interesting program for a much further future, once strengths, Xp
N and

Xn
N , are unambiguously determined.
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