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P-odd nuclear forces—a source of parity violation in atoms
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We consider the electromagnetic P-odd interaction produced between an electron and a nucleus by parity-
violating nuclear forces. New information on these forces can be obtained even now by experimentally

investigating the optical activity of heavy atoms and diatomic molecules. In the case of the deuteron, the P-
odd vector potential is expressed in terms of parameters that characterize parity violation in np scattering.

PACS numbers: 31.90. + s, 21.30. +y, 11.30.Er

1. The discovery of the weak electron—nucleon in-
teraction due to neutral currents, which was made in
Novosibirsk' by observing the optical activity of atom-
ic-bismuth vapor, is undoubtedly only the first positive
result in the study of the structure of weak interactions
by atomic-spectroscopy methods. The subsequent in-
crease of the accuracy of this experiment? makes it
quite realistic to obtain qualitatively new results in this
field. We have in mind, in particular, the measure-
ment, in atoms® and in molecules,* of the constant that
characterizes the weak interaction of the electron with
the nuclear spin. The natural scale of this effect is
-1/Z of the already measured one, since it receives
contributions not from all the nucleons of the nucleus,
but only from the one valence nucleon. It is realistic
to expect to measure an effect of this order of magni-
tude even at present. However, within the framework
of the Weinberg-Salam model, at the mixing-parameter
value sin%0 =0. 23 which follows from the available ex-
perimental data, the constant of the interaction in ques-
tion is numerically very small,

We wish to note in the present article that parity-
violation effects that depend on the spin of the nucleus
can be produced in atoms not by neutral currents only.
They are induced also by P-odd nuclear forces. These
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forces produce in the electromagnetic vector-potential
of the nucleus an increment of incorrect P-parity, and
this increment acts on the electron. The contribution
of this mechanism can be noticeably larger than that of
the neutral currents. Thus, experiments aimed at ob-
serving the effects in question are already realistic at
present. They can yield valuable information on parity
violation in a nucleus.

Effects peculiar to u-mesic atoms and due to P-odd
nuclear forces were considered earlier by Grechukhin
and Soldatov.® Parity violation in the interaction of an
electron with a nucleus, induced by P-odd nuclear for-
ces, was discussed from a general point of view in a
recent paper by Henley et al. ®

2. The cause of the considered phenomenon is easier
to understand by starting from the fact that violation of
spatial parity in the nucleus produces in it a spiral spin
structure”® and toroidal currents.” It is the resultant
contribution to the vector-potential of the nucleus which
leads to the P-odd electron-nucleus interaction of in-
terest to us. We shall show that this electromagnetic
interaction must of necessity be of the contact type.
This result is contained in essence in a number of pap-
ers. According to a private communication from P.
Sandars, it was known already to N. Ramsey. None-

© 1981 American Institute of Physics 835



theless, to make the exposition comprehensive, we deem
it advisable to present here a proof of this fact.

It is convenient to expand the matrix element J, of the
electromagnetic-current operator between states with
given spin I and momenta k and k’ in terms of the four
independent vectors of the problem:

=R Gu=(K—k)y Su Tu=iCumaPrdsshs (n
where s, is the four-dimensional spin operator which
is specified, e.g., for the state with momentum k and
satisfies therefore the condition ks, =0:

se=Ik/m, s=I+(kI)k/m(E+m).

In this case, of course, ks, #0.

Taking into account the electromagnetic-current con-
servation law ¢,J , =0, this matrix element takes the
following form®°:

=, kllpn ﬁ+rupﬁ+[qzsu_qu(q3) ]F:”. k). (2)

The invariant functions F; depend on scalars that can
be constructed from the vectors (1). Since pg=0 and
sk =0, there are only two such invariants. For the
arguments of F, it is convenient to choose the Hermit-
ian quantity 7=ig,s, and the usual variable t=¢*. Sub-
stitution of the operator function F,(¢,7) in expression
(2), to satisfy the hermiticity condition, must be ac-
companied by symmetrization of the noncommuting op-
erators. In the expansion of F,(¢,7) in powers of T

Ny
F(t, )= Y fun(t)e" 3)
the maximum power of N, is obviously determined by
the spin I:

N=2I, N,=N,=2I-1.

Thus, the total number of electromagnetic form factors
fi, is 6I+1,

The operator T=is,q, reverse sign not only under
space reflection, but also under time reversal. There-
fore the T-invariance requirement restricts the summa-
tion in (3) to even powers of 7. But then all the func-
tions F,(¢,7) turn out to be P-even, and the entire par-
ity nonconservation in the electromagnetic current (2)
is due only to the structure of ¢4°s, —g,(gs). The term
proportional to g, corresponds to the gradient of the
scalar function in the vector-potential of the particle.
This contribution is eliminated by a gauge transforma-
tion. The factor g? in the remaining term of the cur-
rent cancels out the propagator 1/4¢* of the particle
field. Thus, a P-odd electromagnetic interaction is
indeed of necessity a contact interaction. We note that
the term with n=0 in the expansion (3) for the function
F,(t, 7) corresponds to the well known anapole moment
first considered by Zel’ dovich.”

As for the T-odd part of the electromagnetic current,
the contact terms here are not only those that conserve
the P-invariance. As a result, the contact part of the
current is the one with incorrect C-parity.

The total number of invariant form factors f,; that
conserve (+) and violate (-) the P, T, and C invar-
iances are obtained for a given spin I without difficulty
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TABLE L
Number of
P T e form factors
+ + + oI +1
- + - 1 I+,
+ - - I I —1/,
- - + 1

and is listed in the table. If two quantities are con-
tained in one line of the table, the left-hand and right-
hand quantities pertain to integer and half-integer spin,
respectively. This classification of electromagnetic
form factors was first presented by Kobzarev et al. 1o
using a transition into the annihilation channel.

In concluding this section we note that in those cur-
rent matrix elements that are not diagonal in the inter-
nal state the T-invariance requirement no longer for-
bids non-contact P-odd terms. This is attested to by
the circular polarization of the radiation in the presence
of parity nonconservation. The physical cause of this
difference is quite clear. The already mentioned tor-
oidal currents’ produce a field only inside a system
that has no definite P parity. Therefore the diagonal
matrix element of the interaction is of the contact type.
And only when the system is restructured, i.e., in the
case of an off-diagonal matrix element, does this field
emerge to the outside.

3. We proceed now to a direct calculation of the
parity-violating electromagnetic field of the nucleus.
It is natural to regard the nucleus as nonrelativistic,
so that the P-odd part of J,(g) takes the form

jo(@)=0, j(q)=(q*T—(ql)q)F. (4)

The first of these equations has a simple physical
meaning: the P-odd interaction does not influence the
charge distribution in the system. From the second
equation it follows, in particular, that

jj(r)d’r=j (q=0)=0. (5)

Since the characteristic atomic momenta q are small

compared with the nuclear ones, the dependence of F on

¢° and on q - I can be neglected. In other words, we as-

sume the nucleus to be pointlike. In this case the vec-

tor potential can be represented in the form
A(r)=j'-d—|'—’i,'—l-=[(bV)v—hA]1—. (6)

r—r’| r

To find the constant vector b, it suffices to integrate

(6) with respect to r, taking (5) into account. As a re-

sult we arrive at the following expression for the vec-

tor -potential:

A(R)=—nb(r) j & (F)§(r). "

We have left out here the term V(b V)r™, which is
eliminated by a gauge transformation.

Thus, neglecting the dependence of F on q, we con-
sider only the lower of the P-odd multipoles—the ana-
pole moment of the nucleus

a=—mn Sd’rr‘j (r). (8)

Its calculation is generally speaking a very complicated
task. We confine ourselves here to the simplest shell-
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model approximation: one nucleon in excess of the com-
pletely closed shells, The anapole moment is the result
of the mixing of single-particle levels of different par-
ity with one and the same total angular momentum., We
express the resultant state in the form

16> <kl Hol0)
+
10> Z T E

= Ro(1)Quin (m)+1 ), By (1) Quirm (), ©)

where R; and R, are the radial wave functions, Q,,,
are spherical spinors, 1’=2/~1, andn=r/7. The
mixing coefficient

iny=<k|Ho|0>/ (Eo—E,) (10)

is under the customary definition of spherical function
a pure imaginary quantity by virtue of the T-invariance
of the weak-interaction operator H,.

We begin with calculation of the contribution made to
the effect by that current term which is connected with

the spin magnetic moment of the nucleon. Using the
identity
Quim=— (Gn) Qum,

we represent the spin-current axial part of interest to
us
(11)

()= —rot(\l?“mp)

in the form

€

-mlrot {Z MBRQimi[m, a]Q"...“ . (12)
)

Here e and m are the charge and mass of the proton,

and U is the magnetic moment of the nucleon. Sub-

stituting (12) in (8) and integrating by parts, we obtain

without difficulty

= 1(1+1) m Z o

- (13)
ra=[drPRR, %= (IH) (<D

We proceed now to calculate the contribution connect-
ed with the orbital motion of the proton (there is of
course no such contribution for the neutron). The in-
tegral f d*r7*j(r) can be conveniently represented with
the aid of the substitution r =i[H,r] ([a,b] is a commu-
tator) in the form

‘ie<PLH, r]+H, 1], (14)
where the mean value is taken over the perturbed state
10>+ Y malkd. (14a)
X

We break up the total nonrelativistic Hamiltonian of the
valent nucleon into three terms

H=H,+H+He. (15)
Here
11, ‘ i
- Hy=—
H, om 1 arr+U(r), 3 2mr

and H, is the weak-interaction Hamiltonian, which takes
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the form

Ho= (o] (1) +1(r)op). (16)
m

The matrix element

ie<r* [ H,, rin+[H,, rlrn+2r[H, n]+2r[H,, ]

obtained by substituting (15) in (14) is transformed with
the aid of the identity

Pl H,, r1+{H,, rlr=*/s(H,, r]

in the following manner:

ie ('/s[H—H,—H,,r’r]+[H, r'r]+ r*[Hy,r]>
=—§ie<ﬁ-[ﬁ,r]+r“"[II,,,r]—r(r[H.,,r])>. (17)

The mean value of the commutator [22 ,r] over the state
(14a) is easy to calculate. It is equal to

1) — I 1) xI
t—arn ! Z"""’" Ty Z‘ ok

I1(I+1)
The terms in (17) that contain the operator of the so-
called contact current

(18)

- G €
)4=Le[H.,,r]=—27‘;0f("). (19)
reduce to the form
2 G e .
~ 57w T 010, (20)

We ultimately obtain the following orbital contribution
to the anapole:

2ne xl

orb
R Ay Wy {2"* o

Direct calculation, not based beforehand on the con-
tact character of the interaction, is incomparably more
laborious but leads, naturally, to the same results for
the vector potentials AS and A°™®,

- £ ol |0>}. (1)

The resultant P-odd electron-nucleus interaction
Hamiltonian is
H™ = ea(A*+A"")

e e (s ) D e

m I(I+1)
where « is the Dirac matrix for the electron and g is the
charge of the external nucleon in units of e.

=5(r) <0|Ff(r) xo>} (22)

We present for comparison the Hamiltonian of the
weak interaction due to the nucleon-axial and electron-
vector neutral currents,

G (x~/2) I

—6(1‘)2—%1(2——-1(1“) . (23)

Here K, is a dimensionless constant that characterizes
this interaction. In the Weinberg-Salam model

Kop=—Ksn=—1/»(1—4sin?0) - 1,25~ —0.05. (24)

The Hamiltonian (22) can be rewritten in similar form

»la (25)

H""—~=6(r)G—,K—-.
2 U T(I+1)

To estimate the dimensionless constant K, we retain in
it only the term containing K, recognizing that u,»%.
Then

K=2" napm-10° Z Nl or-

13

(26)
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Putting 7, ~ A'/*/m, and 1,~107-10"° we get

K~0.1-1. 27
This quantity can thus turn out to be much larger than
the constant K, in the Weinberg-Salam model.

We do not take into account here the contribution
made to the anapole moment of the nucleus to the intrin-
sic anapole moment of the nucleon, due to the radia-
tive corrections for weak interactions. This contribu-
tion to the constant K amounts to approximately 1072,

Atomic calculations with the electromagnetic Hamil-
tonian (25) do not differ in any way with the earlier®’
calculations with the Hamiltonian (23).!’ For the tran-
sition in bismuth with wavelength A =648 nm the dif-
ference in the degree of circular polarization of the
radiation for different hyperfine components of the line
reaches 4% at K=1, a value sufficiently close to the
accuracy 149 already attained at the present time.? A
unique possibility of measuring anapole moments of
different nuclei can be afforded in principle by the stay
of the optical activity of a gas of diatomic molecules,
an activity due precisely to the interaction (22) in (23).

Thus, atomic and molecular experiments are a pos-
sible source of new information on the parity violation
in nuclei.

4. We would like to dwell separately on the calcula-
tion of the anapole moment of the deuteron, inasmuch
as in the approximation of a zero radius of action of
nuclear forces it can be expressed in terms of param-
eters that characterize parity violation in np scattering.

In this approximation, the wave function of the deuter-
on, with allowance for the P-odd effects, was obtained
in the brilliant paper of Danilov*®:

®

A e
v= (o) (1+1e(@+0) e (0,-0) 1 (=)} 1,

o (28)

Here r=r,-r,, %= (mg,)'’?, €, is the deuteron binding
energy, and x is the triplet spin function of the two nu-
cleons. The constant ¢ determines the P-odd part of
the np-scattering amplitude, which changes the iso-
topic spin T of the system, but conserves the usual
spin S. The constant A, corresponds, on the contrary,
to conservation of T and to a change of S. The den-
sities of the proton and neutron currents are calculated
in accordance with the usual formulas with the aid of
the wave function (28). Substituting the expressions ob-
tained in this manner in (8), we arrive to the following
results for the anapole moment of the deuteron:
a=%‘l{c (Pr‘un——.;—)"'}w(llp'*'}in)}- (29)
The contribution of the contact current to the anapole,
as well as the contribution of the structural electromag-
netic vertex, can be neglected in the zero-radius ap-
proximation. In fact, since the weak-interaction radius
certainly does not exceed the radius 7, of the nuclear
forces, all these terms should be proportional to the
small factor |(»,) %75~ %r,. On the other hand, the ab-
sence of the indicated quantity from (29) is due to the
fact that the corresponding vector potential is described
in terms of perturbation theory by pole diagrams with
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small energy denominators. Thus, the result (29) is
essentially a low-energy theorem of sorts. Unfor-
tunately, the real accuracy of the employed approxima-
tion is low. It is known that for the deuteron the pa-
rameter ®r,~3.

From the analysis in Sec. 2, it follows that the deu-
teron has only one P-odd form factor even in the gen-
eral case (i.e., without assuming it to be pointlike).
We take the opportunity to note that the two P-odd
structures cited by Henley et al.® for the electromag-
netic vertex of the deuteron (see also Ref. 16), can be
reduced to each other by means of the identity

E,{E.—EV’E.F—‘/ ZEnvapeamEu. EA

We write down the P-odd electromagnetic interaction
of the electron with the deuteron in the form

Hm=6(r) -2~"GKla (30)

(of course, the nonrelativistic approximation for the
operator a is perfectly sufficient in the case of the
deuteron). Even at the optimistic estimate of the np-
scattering parameters ¢~ A~ 107%™, the dimensionless
constant is here K~ 10”. Nonetheless, the contribu-
tion of the anapole to the P-odd effects that depend on
the spin of the nucleus may turn out to be substantial

in the deuterium atom. The point is that in the Wein-
berg-Salam model the axial current of the—-adrons is an
isovector and is therefore absent from the isoscalar
deuteron. The discussed effect in deuterium are there-
fore due, apart from the calculated anapole moment of
the deuteron, only to the isoscalar part of the radiative
corrections.

The authors are sincerely grateful to L. M. Barkov,
A.I. Vainshtein, M.S. Zolotorev, and O.P. Sushkov for
helpful discussions.

DWe note only that an accurate allowance for the finite dimen-
sions of the nucleus lead in the atomic problem to corrections
that do not exceed Z2a?/2,
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