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The magnetic moment us; arising from spin-orbit
forces will contribute to the hfs anomaly,’ namely that
part of the hyperfine separation beyond the amount
calculated on the basis of a point nucleus, using the
experimental magnetic moment of the deuteron. Since
psz arises from proton motion in the presence of a
magnetic field, the moment is “orbital” in nature®®;
that is, the electron moving rapidly inside a radius R
will be able to follow the proton motion with a conse-
quent relative change in the hfs,
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where uq is the magnetic moment of the deuteron, and
ao is the Bohr radius of hydrogen. An approximate
formula for R is”
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where mc? is the rest energy of the electron, Wy is the
binding energy of the deuteron, and « is the fine
structure constant. For magnetic moments which are
distributed over a distance of the size of the deuteron,
k=1.9," but for the short-range spin-orbit force,
explicit evaluation indicates that % is close to unity.
Thus one obtains with £=1, for the deuteron,

ASL/,USL= —0.0039 (nm)‘l. (3)

The comparison between theory and experiment for
the hfs of the deuteron has recently been reviewed.®?
When nucleon size effects are included,® one finds
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where Acxp =170.3=40.5 ppm, and A¢peor= 210450 ppm.
The theoretical value for A [Eq. (4)] does not include
relativistic and mesonic effects; these have been studied
most recently by Sugawara,'’® who estimates on the
basis of field theory that the effects are of the order of
one to two percent of the deuteron magnetic moment.
The uncertainty in A does not include this possibility,
but simply refers to computational uncertainties in the
terms included.? The noncovariant result of Greifinger®
may also not contain all the important terms of a fully
covariant treatment.

As a typical example, the Gammel-Thaler potential?*
yields us,=—0.036 nm and Agz=140 ppm. While one
cannot exclude the possibility of interaction moments
which would compensate this large term, this appears
unlikely. It should be noted that even if the interaction
moments and/or the percentage of D state are adjusted
to compensate ugsz and give the correct deuteron mag-
netic moment, it is still unlikely that Agy, will also be
compensated. This is because the spin-orbit moment
makes its contribution as an ‘“‘orbital” term and hence
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contributes more than the usual “Bohr” term.® The
latter, which comes from distributed magnetism of
moment u and average radius d, contributes a relative
correction to the hfs,

Ap=— (u/na)(2d/av). ©)

For most interaction moments one would expect a
“Bohr” term with d rather less than the deuteron
radius, so that for the same magnetic moment Agz, will
be approximately 20 times as large as Ap. The con-
tribution of the D state of the deuteron, although an
“orbital” effect, gives an anomalously small contri-
bution” so that for the same magnetic moment, Agy,
will be approximately 7 times as large as the D-state
contribution.

It is of course possible that there are no spin-orbit
forces present in the ground state of the deuteron.!* In
any case it is clear that the hfs of deuterium is an
experimental datum distinct from the magnetic moment
of the deuteron, and the requirement that both of these
numbers be predicted correctly will be useful in deter-
mining the nature of the spin-orbit force in the deuteron.
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N the assumption of the usual'? (V-4) weak
coupling it is well known that the # — u+4» decay
proceeds only through the axial vector current
/Gy, ysTi. Apart from the coupling constant factors,
the divergence of this current is identical to the nucleon
source current of a PV-coupled pion field; i.e.,

(4m) fouvuvsrdh) = (O°—w?) pit-du’er.
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This observation allows the matrix element for the
m— u+v decay,?

(u|Hr|m) = (W G)F (=) iby -kr
X[(1+75)/2:]uy53.(P"+17y—k,.-), 1

to be related to the pion mass correction du? by the
expression
F(—uh)=

Ol (0)[m). (2)

(6;42 )\/G
(6eB BN\ i) f
The quantity F(—u?) can be obtained directly from the
experimental = lifetime and the matrix element
0| 0, (0)|7) is (16m3E,)"*Z3}, where Z; is the pion
wave function renormalization coefficient. If the
equality Z3(0)=u?Ap(0)=pu?/u® is now employed to
rewrite Eq. (2) in terms of the measured, renormalized
coupling constants,

fr=Z2Z1_1Z3%f
and
VG, =272, (0)\/G=1.15\/G,

there results
i (W ) (2321(0))x/Gr 3
16m2(E-ELE,)} \ ug? Z3(0)Z,7 f, ’

F(—p)=

which relates the bare pion mass to experimentally
measured quantities and the finite ratio of rencrmali-
zation coefficients [Z32:(0)/Z3(0)Z,]. This ratio is of
the order of one and differs from this value by an
amount which represents the variation in the pion-
nucleon form factor over the range of nucleon four-
momentum transfer, k, for which —u?<k?<0. An
explicit calculation of this ratio is now being undertaken
by means of dispersion theory so that a value for w,
may be obtained. Preliminary estimates based upon
perturbation theory indicate a bare pion mass in the
neighborhood of 200,
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It should be emphasized that the validity of these
remarks depend entirely upon the pseudovector nature
of the pion-nucleon coupling. In addition, the exactness
of our conclusions would be marred if it is found that
the above analogy [Eq. (1)] between the nucleon-
lepton axial vector coupling and the nucleon-pion
interaction cannot be extended to include the hyperons.
If this requirement on the weak decay of the hyperons
is not borne out by experiment, our determination of
wo would then be in error to the extent that the pion
mass arises from virtual hyperons and to the extent
that our required analogy is not fulfilled. At present,
no positive statement can be made concerning the form
of the axial-vector hyperon current, but in the case that
the vector current is found not to be renormalized by
virtual pions' we can conclude that this current is
essentially the same as the isotopic-spin current. In
this case, assuming the axial-vector hyperon current
to be identical to the isotopic-spin current except for a
factor of v;, there would be no contribution from the
A field. Our required analogy would then break down
if we assume that a direct m-A-nucleon interaction is
needed to explain the large binding energies of hyper-
fragments in nuclei.

To avoid confusion it should perhaps be added that
although the renormalization procedure applied to a
theory with gradient coupling does not eliminate all the
divergences, it is nevertheless meaningful to discuss the
renormalization constants Z;, Z», and Z; in the conven-
tional manner. It is felt that this obvious need for a
cutoff in the pseudovector theory does not eliminate it
from interest, since in the eventual theory containing
a fundamental length such a cutoff must appear.

IR. P. Feynman and M. Gell-Mann, Phys. Rev. 109, 193
(129%8)E Marshak and E. C. G. Sudarshan, Nuovo cimento (to
be published).

3 The normalization of the fermion spinors are chosen so that
the projection operator takes the form m—~vy-p.



