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Starting from a &-odd Lagrangian involving the nucleon, meson, and electromagnetic
fields interacting at a point, we calculate the one-meson-exchange diagram and obtain
the longest-re~pe part of a two-nucleon electromagnetic operator. Even if this interac-
tion were present with "maximal" strength, we would not expect T-invariance violation
to have been seen in any of the existing E2-M interference experiments including 36Cl

which has the smallest gap between model and experiment.

Following the suggestion that the electromag-
netic interaction of hadrons may not be invariant
under time reversal, ' several experiments have
been performed to look for this effect. The re-
sults of these experiments are summarized in a
fine review by Henley. ' Although two medium-
energy reciprocity experiments" involving a
photon appear to show a violation of time-rever-
sal invariance, none of the low-energy nuclear-
physics experiments do. We shall be concerned
primarily with y-ray transitions in nuclei and
will show that the present experimental upper
limit' of approximately 3X10 ' on the T-invari-
ance-violating relative phase in E(2)-M(1) inter-
ference is larger than what would be expected
even if the T-invariance-violating interaction
were "maximal. "

When exploring the question of where electro-
magnetic T-invariance violation can be intro-
duced theoretically, there is an obstacle coming
from the fact' that the matrix elements of the
electromagnetic current between any pair of
states which contain just one physical nucleon
each cannot be odd under time reversal if they
are even under space inversion. One possible
place to introduce T-invariance violation is at an
NNy vertex where one of the nucleons is off shell,
and this has been studied by Huffman' who used
it to calculate a T-invariance-violating nucleon-
nucleon potential generated by the exchange of
one photon and one n meson. An estimate was
made of the amount of reciprocity violation to be
expected in direct nuclear reactions, ' and this
turned out to be somewhat smaller than the ex-
perimental upper limits. '

Another possible place to introduce T-invari-
ance violation is at an NNQ vertex, and this has

been used' to estimate reciprocity violation in

y +d —n+p. The experimental situation is de-
scribed in Ref. 4.

We introduce T-invariance violation in a man-
ner which appears to have a better chance of
showing up in low-energy nuclear physics, name-
ly, at a four-particle vertex, a%My with M a
meson, as shown in Fig. 1(a). This will be done
via an explicit term in the Lagrangian which

(c)

(a)

FIG. 1. (a) The basic T-invariance-violating inter-
action, (b) the two-body electromagnetic operator,
(c) contribution to a T-invariance-violating nucleon-
nucleon potential, (d) contribution to a three-nucleon
T-invariance-violating potential.
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—xcept for the coupling constant~s unique for
the m meson provided the number of derivatives
is kept to the minimum. By this procedure we
avoid the high-energy requirement associated
with the N*, and the off-shell factors of (pion
mass/nucleon mass)' in Huffman's method. ' In
fact the initial and final nucleon can be on shell
and still give rise to T-invariance violation.
There will also be a direct T-invariance-violat-
ing contribution to the photomeson production
process. "

In nuclear processes at energies below meson
production, the meson is virtual and attached to
a second nucleon as in Fig. 1(b). There are still
two distinct possibilities according to whether
the photon is (A) real or (B) virtual. In the form-
er case we insert the radiation field into Fig.
1(b) and obtain a taboo-body electromagnetic opera
tor. In the latter case we could, as in Fig. 1(c),
attach the photon to one of the same nucleons as
the meson, thereby obtaining a T-invariance-
violating nucleon-nucleon potential. This proce-
dure would be similar to that of Ref. 6 except
that no virtual nucleon is involved (on the T-in-
variance-violation side).

There is the additional possibility of attaching
the virtual photon to a third nucleon as in Fig.
1(d) and taking advantage of the long range of the
Coulomb potential by summing over all the third
nucleons. Thus we expect the dominant T-invari-
ance-violating potential to be three-body in na-
ture. The summation over the third nucleon re-
duces it to an effective two-body potential with
coordinates referred to the center of mass of the
other charged nucleons. Again we expect this re-
sult to be very general. "

Initially one might expect larger T-invariance-
violating effects in electromagnetic (EM) transi-
tions than in nuclear wave functions. This is be-
cause the extra photon vertex in a nuclear poten-
tial diagram introduces the extra small factor
e/Rc in addition to the small T-invariance-violat-
ing vertex in both diagrams. However, our sum-
mation over Z third nucleons mostly removes
this disadvantage in heavy nuclei by replacing e
by Ze. Qn the other hand, the forms of our re-
sults appear to show that we can expect little or

no coherence when we take matrix elements of
the sum over pairs of nucleons. We should there-
fore look for relatively large violations where
the normal nuclear processes are greatly inhibit-
ed. This is difficult to do with nuclear reactions,
and the optimum place to look may be at EM
transitions which are inhibited owing to the small-
ness of the matrix element of the normal one-
body operator.

Before proceeding to the details, it is neces-
sary to discuss the isospin properties of that
part of the interaction which is odd under T. For
an interaction NNMy, with M a scalar or pseudo-
scalar meson, it is necessary to make the La-
grangian the third component of an isovector if
T invariance is to be violated (see below). For
a vector meson the T-invariance-violating inter-
action can be isoscalar or isotensor. Two pro-
cesses limit the size of isovector matrix ele-
ments which violate T invariance (or C invari-
ance}, one from the failure to observe"' qo

-r'e'e, and the other' fromm +P —y+n. To
decide just what these limits imply for the size
of the coupling constant in a particular T-invari-
ance-violating isovector interaction requires
good models for the processes and detailed cal-
culations which have not yet been performed.
Since this isospin question is not clear-cut we
have not rejected any possibilities and now show
the results for a pseudoscalar meson. Detailed
formulas for all three meson types will be given
elsewhere. The Dirac matrices of Bjorken and
Drell" are used and we take units with S = c =1.

Since the pseudoscalar isovector meson field
is taken to interact strongly with the nucleon
field through the pseudoscalar coupling

time-reversal invariance of &y requires that y,
~ iy, and y, change sign under the operation.
The same is true for the equivalent pseudovector
coupling. A T-odd interaction involving the nu-
cleon, meson, and electromagnetic fields which
is Lorentz and gauge invariant and conserves
parity and electric charge has a unique (quadri-
linear) form if the number of derivatives is kept
to a minimum:

Z,(x}=km, '4( )x[7xy( )xjiy'cr""+( )xF„,( )x,

where the mass m, has been introduced to make the coupling constant ~ dimensionless and y' is Hermi-
tean. The isospin factor is odd under charge symmetry as well as T. The equation of motion for the
nucleon field has the form of a Dirac equation H(x)4 (x) = ta 4 (x)/at with the extra term H'(x) coming

546



VOLUME 27, NUMBER 8 PHYSICAL REVIEW LETTERS 23 AUGUST 1971

from S,(x),

ff'(x) = —Xm, 'Pxy(x)], j&'&'a['"F„,(x). (3)

(4)

In the full field-theory Hamiltonian density the term of order A is precisely expression (3) sandwiched
between 11 '(x) and 4'(x). '~

Evaluating Fig. 1(b) gives the longest-range part of the two-body electromagnetic operator. In the
nonrelativistic limit in coordinate space this becomes

V(r„r,)=, (T, xv, ),{[cr,~ E(r,)](a, V, ) —[&x, E(r,)](cr,~ V,)]

where we have included the contribution with vertices 1 and 2 interchanged. The pseudovector cou-
pling constant E and meson mass p. have been used and the gradient operators act only on the function
shown, not on the wave function. E is the electric field vector, and r —= ) r, —r, ).

We first consider the radiation of a real photon and obtain the EM transition operator by taking E
in Ecl. (4) to be the radiation field, and perform the multipole expansion in the long-wavelength limit.
Also because of the short range in r of the operator, we keep only the leading term in an expansion
in r/R„, where R„=—,(r, + r, ) De. tails will be given elsewhere. We give here explicit expressions
for the lowest-multipole operators. For the pseudoscalar-meson case which we are considering, the
ratio of successive multipoles for the T-invariance-violating operators is the s~e as for the normal
operators. We have

(r,„(E1)=—,—Q (irxrr), ")[ir, irrY, „(rr)+(-,')' '[Y (r,,)x[irxir ]'j„' ),3jj mph, j(J'Yjjf'jj
2rmo' p. f( j drff rjj

rj&[a—jx—cr&]~j*+2Rjzg[5(2L'+I)]'~'
1 [[Y,(Rj&) &&Y,(r;j)] x[ajxa&]']jj *, (6)

4& fj j j N
L I

where the square brackets" denote vector cou-
pling, a 6-j symbol is used, and K is the photon
energy.

These operators are to be compared with the
normal operators

@jjj(&I)=ZjePjFjjj*(rj)
1

@jjj(MI)=
4 [ejlj+&j«]jj *

The T-invariance-violating operators only af-
fect neutron-proton pairs and can initiate transi-
tions with 68=2. The M1/El ratio is of the or-
der KR, where R is some typical nuclear size,
whereas the normal ratio is (MR) '. Other things
being equal the maximum violation occurs in
high-energy strongly inhibited M1 transitions,
whereas for low-energy transitions E1 is favored,
the crossover point being about 1 MeV for light
nuclei.

For a pair of particles, Q' gives the strongest
transition between a relative S and a relative P
state, and an estimate of the space matrix ele-
ment is obtained by integrating (d/dr)[r exp(- jjr)]
between such states normalized over the nuclear
volume. This introduces a factor p 'R ', where
R is the nuclear radius. To obtain a numerical
estimate of the magnitude of the ratio of a T-odd

two-nucleon matrix element to the T-even single-
nucleon matrix element requires a statement
about the magnitude of the coupling constant X/
mac. We take A. =e and mo' equal to the product
of the meson mass and nucleon mass. " At best
this must be considered a rough guess which
gives for the ratio of corresponding electric ma-
trix elements

(M/mo'jib'R')/eR =0 3/R', .
where jj =140 MeV, E'/4w =0.08, and R is in
femtometers. For magnetic transitions the ra-
tio is

(jcFK/mo')jjj, 'R')(e/M) '=6X10 'Ez/R, (8)

where E& is the transition energy in MeV. The
corresponding ratios for the vector mesons are
much smaller.

From the estimates in Eels. (I) and (8), we find
that the 7.79-MeV y ray in 36Cl has the largest
expected effect of all the transitions which have
been measured, ' the E2 ratio being 3@10 ' and
the M1 being 8x10 '. Furthermore the experi-
mental" upper limit on the T-invariance-violat-
ing E2-M1 relative phase in "Cl is the smallest
of all those which have been measured, being
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(0.8+ 2.3) &&10 . Even in this case it is seen that
the normal matrix element mould have to be sup
pressed or the T-invariance-violating matrix
element enhanced compared saith our estimates,
for T-invariance violation to have been observ
able at the accuracy of the experiment ". Anyone
proposing to do another experiment of this type
should put the appropriate radius and y energy
into Eqs. (7) and (8) and compare those estimates
with the expected accuracy to see if the results
are likely to be more significant than for "Cl.
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We calculate the vf —q~m decay rate, assuming that SU(3) 8SU(3) symmetry is of the
Goldstone-Nambu type and that the symmetry-breaking Hamiltonian belongs to the (3 3*)
8 (3*,3) representation of SU(3) SSU(3). It turns out that the rate is anomalously small
and indicates that the pure (3, 3+)(3*, 3) symmetry brea1dng is unlikely.

It appears reasonable to regard the SU(3)
@SU(3) symmetry of strong interactions to be
of the Nambu-Goldstone type. '~ That is, one
adopts~ a picture of strong interactions in which
the strong-interaction Hamiltonian is written
as

H= Hc+ eH' = fHo(x, 0)dsx+ e(H'(x, 0)d x, (1)

where Hc is invariant under SU(3)IRSU(3) sym-

metry and &H' breaks the symmetry and takes
care of corrections not only to the hypothesis
of partial conservation of axial-vector current
(PCAC) and soft-pion theorems but also to SU(3)
itself. In the limit ~-0, the vacuum is taken
to be an SU(3) singlet but not an SU(3)SSU(3) sin-
glet, and the symmetry manifests itself through
SU(3) multiplets and an octet of massless pseudo-
scalar mesons. The pseudoscalar mesons ac-


