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An experiment on the photoproduction of mu-
on pairs from carbon has been performed at
the Cambridge Electron Accelerator using a
5.2-BeV bremsstrahlung beam. Earlier results
of the experiment gave the branching ratio for
the decay of rho mesons into muon pairs. ' In
the present note we compare a considerably
expanded selection of the data with the predic-
tions of quantum electrodynamics (QED).

In this experiment muons were identified by
their ability to penetrate iron. Muon pairs were
detected in coincidence, with one member on
each side of the y beam. Each muon had an
energy between 1.8 and 2.4 BeV, measured in
five equal intervals; a polar angle between 4.2'
and 10.9', measured in nine equal intervals;
and wa, s in a,n azimuthal interval of 42', mea, —

sured in 7 equal intervals, centered about the
horizontal plane. The experimental equipment
has been described previously. '&'

Experimental data were corrected for target-
out rates, chance rates, geometrical and elec-
tronic efficiencies, dead-time losses, Coulomb-
scattering losses, and background due to 7t-pair
production. The backgrounds originating from
v pairs were assumed to arise mainly from
p production as is indicated by previous mea-
surements & and by data in this experiment. '&'

The uncertainty in the correction for backgrounds
due to the m pairs is a major source of our error.

The theoretical expressions used for the v-
pair backgrounds and for the p.-pair yield from
p decay are those described in an earlier Let-
ter. ' The Bethe-Heitler theory used has also
been previously discussed. '

The theoretical yields can be shown to have

the form Ytheory = YBH + BYp, under the assumP-
tion that charge conjugation is a good quantum
number, ~ where B is the p branching ratio for
muon pairs compared with pion pairs, and Yp
is the p -to-two-muon yield for a branching
ratio of 1. 8 is treated as an adjustable param-
eter because there is as yet no external mea-
surement of B. Early simple models of break-
downs in QED8 suggested deviations from the-
ory linearly proportional to q&', where q& is
the four-momentum transferred to the virtual
muon. Hence, we include a, term p Iq& I'FHH
in the theory, where P is an adjustable param-
eter which, if different from zero, indicates
a breakdown to QED. Also in order to allow
for a difference in normalization between ex-
periment and theory, we include an adjustable
constant A. This puts the theory in the form
I theor =A((1+81q I)I BH B+Y ). Finally,
it is convenient for comparison with other work
to express the theory as a ratio, Rtheory& to
the Bethe-Heitler theoretical yields. Thus

R =A(1+Plq 'i+B(Y/I' )). '

theory p BH

In this expression A and 8 are constants which

are directly meaningful only if a linear break-
down model is assumed. Since in a least-squares
fit the resulting value of A is strongly model
dependent, we will refer to A as the "extrap-
olated normalization constant" in order to dis-
tinguish it from a model-independent normal-
ization measur ement.

We compare the theory of Eq. (1) with the
experimental yields, where the latter are al-
so divided by YBH theory This latter ratio
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I IG. 1. Upper energy data and best theoretical fit. The best fit of Eq. (1) and the values of Rexpt are shown for
the case in which both muons are restricted to 2040&X& & 2400 MeV. The errors shown as solid lines are statisti-
cal errors. The errors shown as dashed lines are total errors.

is denoted as Rexpt The adjustable parame-
ters A, P, and B are determined by a best fit
of experiment to theory.

All of our comParisons of Rtheory to Rexpt
in this note are restricted to events such that
0.0& Iq&l &0.4 F ', and a Iq&'I/Iq&'I &0.4.
q& is the four-momentum transferred to the
nucleus. The restriction on q& reduced the
uncertainty in Rexpt due to the inelastic and
pion backgrounds. There are two possible val-
ues of q

' when the event is asymmetric, de-
pending upon which muon has scattered from
the nucleus. 6 )q

'
~

is the difference between
these two ways of calculating q& . The restric-
tion on 6 ~q &' ~

insured that q &' was fairly well
defined. These preselections utilize approx-
imately 50% of our data.

The best fit of Rtheory and the values of Rexp
are shown in Fig. 1. This plot includes only
events in which each charged particle stops
in one of the last three of our five observed
energy intervals. Hence, the energy of each
muon is in the range 2040 &F. (2400 MeV. We
denote this range as upper energy, EU, and
the range in which each of the muons stops in
one of the first two energy intervals (1800&8
& 2040 MeV) as lower energy, Ei . Data in which
either muon stops in any of the five energy in-

tervals is denoted by "sum E." Restriction
of the data to EU reduces the effect of back-
grounds due to n pairs and their decay products.
Results based on Ei. and sum E will also be
reported here, but these have significantly larg-
er errors.

In Fig. 1 each value of Re»t is shown with
two errors, one purely random, and the other
the total error compounded from random and
systematic errors. It is evident that the exper-
imental error is dominated by systematic er-
rors. The various contributions to the total
error of Fig. 1 are given in Table I. e, is the
random error due to counting statistics, e2 is
the error due to the uncertainty in the form
factor and in the inelastic yields, '

e~ is the
error in the pion background, '

q4 is the error
due to correcting the data for particles which
multiple scatter in the iron and are not detect-
ed by trigger counters, and etotal'= ~1'+ ~2'
+E3 +64 ~

2 2

In order to get a best fit, we weighted the
experimental points according to the errors
etotal since these errors more accurately weight-
ed the relative importance of each value of Rexpt
than did the random errors alone. In order
to obtain the best fit, we assumed that the er-
ror in each value of Rexpt was uncorrelated
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Table I. Values of Atheory Aexpt and associated exPerimental errors. Symbols are defined in the text.

(p
—2)

1.530
1.794
2.224
2.665
3.106
3.581
4.132
4.704
5.406
6.043
6.850

&expt

1.195
1.222
1.165
1~137
1.108
1.092
1.065
1.074
1.089
1.207
1.394

0.019
0.015
0.013
0.025
0.017
0.020
0.028
0.032
0.057
0.084
0.298

0.009
0.011
0.010
0.009
0.013
0.020
0.022
0.018
0.021
0.022
0.023

0.001
0.001
0.002
0.005
0.011
0.023
0.047
0.080
0.122
0.143
0.151

C4

0.053
0.033
0.025
0.018
0.013
0.011
0.011
0.011
0.013
0.016
0.020

~total

0.057
0.038
0.029
0.033
0.027
0.038
0.060
0.089
0.137
0.169
0.336

+theory

1.221
1.201
1.170
1.139
1.110
1.085
1.065
1.073
1.127
1.212
1.303

with the error in neighboring values of Rexpt,
and did a least-squares fit. The resulting best
values of the parameters for the fit of Fig. 1

(Ep data) are A =1.34, P= —0.056 F', and B
=0.33x10 4.

Because of the large effect of systematic er-
rors, the final calculated errors in the param-
eters might have been underestimated if they
had been determined by the usual methods for
analyzing random errors. Instead we used a
procedure which allowed what we considered
to be reasonable systematic correlations in
the errors. In order to get a measure of the
effects of correlations in the errors, we made
additional least-squares fits to values of Rexpt
which had been perturbed from their actual
values in a correlated manner which represent-
ed the systematic effects. We took the result-
ing perturbed values of the parameters as a
measure of the systematic errors in the param-
eters. We considered several possible error
correlations in order to obtain a measure of
the effect they had upon the data. We found
that the errors in the fitted parameters were
fairly insensitive to the exact model chosen.
We chose, finally, error correlations which
seemed most reasonable to us in the light of
the physical sources of the errors and our tech-
nique of measurement. These will be described
fully in a later publication. The allowances
for correlations in the errors increased the
total errors in the measured parameters by
factors varying from 1.2 to 1.5 for various en-
ergy sorts of the data.

In addition to the systematic errors already
mentioned, there was an over-all normaliza-
tion error of 8.6% in the muon pair rate and

an underestimation of P by 0.005 F due to ap-
proximations made in calculations of Coulomb-
scattering corrections to FBH.'

The final random errors in the parameters
A, P, and B were determined by making an ad-
ditional fit of Rtheory to Rexpt using only the
random errors, &„ as the error in Re»t. The
random errors in the parameters were then

computed by the usual techniques for making
a fit to data points which have uncorrelated er-
X'OX'S ~

Including all known sources of errors, the
resulting values of A, P, and B ~o for the upper
energy data are'.

A =1.34+ 0.14 (+0.03),
U

P =-0 051 ' ", (+0.007) F',

B & 10' = 0.33 ~ 0.15 (~0.08), (2)

where the systematic errors are given first,
and the random statistical errors are enclosed
in parentheses. The statistical errors corre-
spond to one standard deviation, and the sys-
tematic errors correspond to our best estimate
of one standard deviation. As discussed ear-
lier, A is an extrapolated normalization, as-
suming a linear breakdown model. We have
also calculated an "average experimental nor-
malization" from those points of Fig. 1 which
have less than a 2%%u~ (p-2p) contamination, as
independent measures of the normalization.
This average normalization is 1.14+0.10.

If the negative value of g is to be assigned
to an error in our backgrounds, we note that
the only known background which is possibly
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large enough to produce such an effect is the
background due to ~ pairs. A measure of the
sensitivity of the slope to an error in this back-
ground is given by the result that a zero slope
is produced when the fit is made with the as-
sumption that there is no background due to
pion pairs. In making the v-pair background
correction in the actual fit, we have used the
measured cross sections for pion pair produc-
tion and have assumed a somewhat larger er-
ror then appears in the literature' (-25%). We
feel that an error in this background cannot
account alone for the negative slope.

Since inelastic effects are often a concern,
we note that the inelastic cross sections used
are about 8% of oBH at the highest values of
tq ~

and are negligible at the lowest values.
If we assume that there is no inelastic cross
section, the experimental value of

~ P ~
in Eq. (2)

would be reduced by about 4. If we have under-
estimated the inelastic cross sections, then
the slope of P becomes more negative than that
given by Eq. (2). We do not believe, therefore,
that an error in the inelastic contributions can
account for the value of P.

For the case in which each muon stops in one
of the lower two of our five energy intervals,
the results are

A = 1.10+ 0.15 (+0.03),L

P +P P29+O.o70 (~0 0] 6) F2

The data in the lower energy interval include
few events in the region of the rho mass, and
hence B is not well determined. Fits to the
data with B as an undetermined parameter pro-
duced negative values of B with, however, er-
rors which leave these results in agreement
with the results from our other data. In order
to determine the values of Al and gl, we fixed
8 to be our best value of 0.33 x10 ~. The er-
rors in AL and 9L quoted above include the ef-
fects of the uncertainty in B. The result for
the lower energy data is consistent with a zero
value for P, but has a large error compared
with the upper energy result for Q. The results
for the upper and lower energy sorts are rea-
sonably consistent internally as shown by the
differences

A -A = 0.24+ 0.21,

8 -p =(o.oso+o.o5s) F'.

It should be noted that the average photon en-
ergies corresponding to the two batches of da-
ta, differ by about 15%.

The results from the data which included events
from all of our energy bins are

A =1.15~'4 (+0.01)
sum

P =+0.002 ' (+0.005) F
sum

B x 10'=0.06~ " (+0.06).
sum

These data, which include EU and EL data,
also include events in which one member of
the pair falls into E~ and the other into EL.
This latter type of event accounts for an amount
of data comparable with the EL and Ep data
put together. Events in which at least one mem-
ber of the pair falls into EL account for about

4 of the data used in the sum-E fit. Note that
the error in the Ep fit is smaller than in the
fit utilizing all energies, despite the fact that
the latter sort contains much more data. This
is simply a reflection of the dominance of the
systematic errors which are smallest in the
E~ data.

We may compare the results of Eq. (2) with
previous experiments. The comparison for
experiments not very similar to this one is most
easily done in terms of the "breakdown distance, "
1/A&. For the E&data of this experiment,
11/A&' I

= (0.16 o'o,' F)' for two standard devia-
tions. The Frascati experiment" on muon pair
production gave ~1/A& ~ &(0.23 F)' for two stan-
dard deviations, which is consistent with the
present work. The g-2 experiment~ yields
11/A& ~

& (0.1 F)' for two standard deviations,
if the deviation from theory is entirely attrib-
uted to the muon propagator. " This is consis-
tent with our results. The previous experiment
on the photoproduction of muon pairs in this
energy range' gave a result of I 1/A&'

~
& (0.16

F) for two standard deviations. It should be
noted that the analysis of that experiment was
based upon theoretical estimates &'~ that the
p -2 p, contribution would be unobservable.
It was later demonstrated that this p decay
requires a sizable correction. We cannot ac-
curately reanalyze the earlier experiment with
our present programs because of the different
geometry of the two experiments. However,
approximate corrections of that data for a p
branching ratio of 0.33 x10 4 yield 8= (-0.03
+ 0.02) F, or ~ 1/A ~' ~

= (0.12+oo'O54 F)2 for one
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standard deviation, in good agreement with the
present work.

Following the earlier muon-pair-production
experiment, an experiment was done by a Har-
vard group on electron pair production' in ap-
proximately the same angular and energy re-
gion as the present muon work. The results
of a, more recent experiment on e pairs done
at Cornell are in agreement with the Harvard
experiment. Both of these experiments indicate,
relative to the Bethe-Heitler theory, a rapid
rise of 0'expt versus either qe' or k', where
k is the gamma-ray energy. If the deviations
in the electron data relative to the Bethe-Heit-
ler theory are interpreted as a slope versus
qe ("q fit"), the results are~s

= 0.67 [(1.00+ 0.04) + 0.397~",„' i ~
'

i ],

where qe' is in units of F '; if interpreted as
a slope versus k' ("k' fit"), the results are"

~ = O.62[(1.OO~ O.O5) +k2/(4. 31*O.17)'],

where k is in BeV.
Considering first the qe' fit of the electron

data, we note that the results are in marked
disagreement with the present muon results.

Consider next the k fit. We cannot present-
ly compare the slope of the muon experiment
with that of the electron experiment interpret-
ed as a function of k', because of the limited
range of k which we probe. Nevertheless, in
a narrow energy region we can compare our
data with the k' fit of the electron data. In or-
der to be mutually consistent, Rk of the elec-
tron data, and Rexpt of the muon data must be
equal at the same photon energy and in the same
angular range, where Rexpt is the ratio of mu-
on experimental yields to the predictions of
Bethe-Heitler. The published electron pair
data gives a ratio of 1.27+0.08 in the energy
and angular region of our experiment and a ra-
tio of 0.62+ 0.03 in the low-energy limit. How-

ever, the Cornell data ' on electron pair pro-
duction give a ratio consistent with 1.0 in the
low-energy limit, and the Harvard data are re-
ported to be consistent with this result' if sys-
tematic errors are assigned. On the assump-
tion that this is the case, i.e., that the electron
data agree with QED in the low-energy lim-
it, the electron ratio Rk in our energy region
is raised to (1.0/0. 62) x1.27 =2.05 with an er-
ror of about 10%. Our average experimental
normalization of 1.14+ 0.10, which is equiva-

lent to the experimental value of Rk for muon

pair production in this energy and angular range,
is in striking disagreement with this. (Our
extrapolated normalization is also in ma.rked
disagreement with this. However, this is less
meaningful, since the extrapolated normaliza-
tion is, in effect, an extrapolation to 0 = 0, while
the average experimental normalization com-
pares muon with electron data in approximate-
ly the same angular interval. )

We conclude from the present experiment
that the behavior of muon pair production is
not compatible with the electron-pair results
interpreted as a, function of qe', nor is it com-
patible with the electron-pair results interpret-
ed as a function of k', if the Harvard ratio,
Rk, is set equal to 1.0 in the low-energy lim-
it, in agreement with the Cornell data. The
electron and the muon appear to be behaving
differently in these experiments, and the pr es-
ent experiment indicates that the muon is bet-
ter described by QED, or at least by the Bethe-
Heitler theory, ' in this kinematic range. There
is, nevertheless, an indication in the muon
results of a deviation from Bethe-Heitler the-
ory which is about eight times smaller than
the deviation in the electron experiments and
of opposite sign.
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It is well known'&' that all two-pion decay
modes of the K meson are forbidden in the lim-
it of exact SU(3) symmetry if the decay Ham-
iltonian is of the current-current form, and
if octet dominance is assumed. We shall show
in this brief note that these decay modes remain
forbidden if the requirement of octet. dominance
is relaxed, and the decay Hamiltonian is allowed
to contain a part that transforms like the 27-
dimensional representation. Thus both the K,
-2m and K -2v decays occur through SU(3)
breaking, and the small K decay rate can per-
haps be accounted for by a small 27 part. Since
both decay modes are suppressed, an octet
enhancement relative to the 27 on the order
of a factor 25 is required to explain the ratio
of the two decay rates rather than the much

larger factor that would be required if the 27
were not also forbidden in the exact symmetry

limit. We should like to note that the observed
decay rates may be attributed principally to
the large K-m mass difference, which can give
rise to a large kinematical SU(3) breaking of
otherwise symmetr ical amplitudes.

We assume that the nonleptonic decay Ham-
iltonian has the current-current structure

where the current, J, transforms likes

j = (x'+ iz') cose+ (z'+ iz') sine,

and its adjoint, J j, transforms like jj =jT.
Since J and J t occur symmetrically in the de-
cay Hamiltonian, the SU(3) invariants that rep-
resent its matrix elements must be invariant
under the interchange of j and j . This restricts
K~ to transform as a combination of a unitary


