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region. The existence of E2 absorption in the
region of 20-30 MeV has been shown by the
earlier experiments of Sorokin et al." We there-
fore conclude that the theory is fully compat-
ible with the available experimental data, and
we also believe that the observed cross sec-
tion exceeding the value ascribable to the high-
energy tail of the giant dipole resonance is in-
deed the giant quadrupole resonance.
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Recent evidence for CP-invariance violation
in K,' decay' has spurred experimental tests
of CP and time-reversal invariance in several
other physical systems. ' In this note we sug-
gest another physical system for which it may
be fruitful to test for time-reversal invariance
and we report a crude experimental limit on
time-reversal invariance violation in this system.

The most general matrix element for m+~'y

decay of the K+ meson can be written as a sum
of three terms':

M (m+~'y) = n f, + ef, +m f„

state interactions leads to the substitutions

n- n exp[i(6, +y,)],
e - i exp[i(6, + y, )],

m -m exp[i (6, + y, ') ],

where 5, and 5, are the T = 2 and T = & mm scat-
tering phase shifts, respectively, and (y„y„y,')
are time-reversal noninvariance phases.

The positive-pion spectrum for m+m'y decay
is

dB(m )/dT(m ) = I [B+y coshI+(y +p )8], (2)

where the terms f, (i =1,2, 3) represent I orentz-
invariant factors consisting of products of the
four-vectors for the system and the terms n,
e, and m represent form factors correspond-
ing to inner bremsstrahlung, direct electric-
dipole transitions, and direct magnetic-dipole
transitions, respectively. n is also the off-
mass-shell amplitude for K+- m++m' decay.

Time-reversal invariance requires that the
form factors be relatively real except for final-
state interactions. Relaxing the requirement
of time-reversal invariance and including final-

where y = e/n, p =m/n, and & = (6,-62) + (p&-p2),
and where B, I, and F. are known functions of
the pion kinetic energy T(~+). The functions
B, I, and F. are tabulated in Ref. 3. I'„2 is the

K„2 decay rate.
In deriving Eg. (2) a summation over photon

polarization removes all cross terms involv-
ing the magnetic-dipole transition (m). In Eq. (2)
the rescattering of pions from inner bremsstrah-
lung decay has been neglected since the effects
are expected to be quite small. To test v+m'y

decay for time-reversal invariance the phase
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difference (y, —y, ) must be determined from a
fit to the experimental 7I+ spectrum. In addi-
tion y must obviously be nonzero. '

The basis for extracting time-reversal invari-
ance information from m+n'y decay rests on
two plausible hypotheses: (1) Since only T =2
and T =1 ~~ final states are involved, the effects
of final-state interactions are expected to be
neg»gibie (5,-5, & 10').' (2) The direct-emis-
sion terms (y, P) are of the order of magnitude
of unity since the inner bremsstrahlung process
comes about through a AT W ~ transition and
the direct processes can come about through
intermediate states that satisfy the 4T = —,

' rule. '
The second hypothesis can be directly checked

in m n y experiments. In addition, to relate
the results of a test of time-reversal invariance
in ~+m'y decay to other K-7I +m decay modes two
further assumptions must be made: (3) The
phase y2 (off mass shell) is the same as the
phase for K„2+ decay. (4) The phase y, comes
about mainly by hT =

~ processes and is thus
a measure of time-reversal noninvariance in
such processes. Thus cp, -y, measures the dif-
ference in phase between AT = ~ and LT c —, am-
plitudes.

We know of no way to justify assumption (3);
however, assumption (4) can be justified on
the basis of a simple model for the electric-
dipole direct-emission process. ' It should be
noted that independent of assumptions (3) and

(4), the observation of a nonzero phase differ-
ence (y, -y, ) is evidence for time-reversal
noninvariance in v+m'y decay. Note that even
if there are no time-reversal invariance vio-
lating effects in the radiative matrix elements
(y, =y, ' =0), the experiment is still sensitive
to time-reversal noninvariance in the nonra-
diative amplitude (y, e 0).

Experimentally we have collected a sample
of 63 m+~~y decays from a recent stopping K+
run in the Lawrence Radiation Laboratory heavy-
liquid chamber. In a previous report on the
first 18 events, ' it was shown that the branch-
ing ratio and spectrum were not consistent with
large values of y and P. The method used to
collect our present sample of events is the same
as reported in Ref. 8. A detailed report of the
experimental method will be presented elsewhere.

Only m+7t y events with m+ kinetic energy in
the range 55-90 MeV were detected in this ex-
periment. A detailed background study shows
that the sample has a background contamina-
tion of less than 15/&. In addition, the energy
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FIG. 1. Corrected x+ spectrum for 63 x+7I y events
for m+ kinetic energies between 55 and 90 MeV. For
reference the theoretical curves for y= ~0.6, P =0.0,
cosA = 1.0, and y = 0.0, P = 0.0, and cos4 = 1.0 are pre-
sented.

distribution of the observed background events
is uniform and therefore is not expected to change
the shape of the observed m+ spectrum appre-
ciably. The resulting spectrum with the cor-
rections folded in is shown in Fig. l. A three-
parameter likelihood-function fit to the data
was made using Eq. (2). The form factors y
and P were assumed to be independent of T(n+)
For all values of y and cosA for which the like-
lihood function is reasonably large, the param-
eter P is close to zero. Thus there is no evi-
dence for a direct magnetic-dipole contribution
to v+v'y, in agreement with some theoretical
calculations' and in disagreement with others. '
For simplicity P was set equal to zero for a
final likelihood fit to the data. A contour plot
of this likelihood function is shown in Fig. 2.

Table I gives the best values of y, P, and
cosh. for the cases of P =0.0 and cosh, =1.0.
The observed value of y is consistent with the
theoretical calculations of Pepper and Ueda'
but our statistics are clearly inadequate to de-
finitely prove that some direct emission pro-
cess is present in m m'y decay. " Within these
limited statistics there is also no evidence for
time-reversal invariance violation in v+m'y de-
cay.

The present sample of m+n'y events is clear-
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relations should also be sensitive to the pres-
ence of time-reversal noninvariance.
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ly too small to allow a detailed test of time-
reversal invariance; however, an increase in
the size of the sample by an order of magni-
tude should make it possible to test the hypo-
thesis of time-reversal noninvariance in the
nonleptonic decay using the method suggested
here. A study of the photon-pion angular cor-

Table I. Best values of y and P for cosA = 1.0 and
best values of y and cosA for P =0.0. The value of p~
—y2 in column 4 is obtained by assuming cosA =0.55
and 6&—62

——10'. The choice of 6&-62=10 is explained
in Ref. 6.

cosA

—0.6 p'g5
+p 4 0.0 + 0.27

—0.6+p'~5 Assumed to
be 0.0

Assumed to
be 1.0
&0.55 Less than 62'

FIG. 2. Contour plot of likelihood function as a func-
tion of y and cosA. The cross denotes the maximum of
the likelihood function. The solid and dashed lines indi-
cate the contour for a likelihood function reduced by the
factors of 8 ' and e times the maximum value, re-
spectively.
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