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In our experiments on a singlee2 ande1 we measured the cyclotron and spin-cyclotron differen
frequenciesv6

c andv6
a � v6

s 2 v6
c and ratiosa6 � v6

a �v6
c at vc�2p � 141 GHz ande2 values

also atvc�2p � 164 GHz. Here we do extract from these data a new figure of merit for violat
of CPT symmetry similar tojmKaon 2 mAntikaonj�mKaon & 10218 for the K mesonscomposed of two
quarks. That expression compares experimental relativistic mass energies of particle states bef
after theC, P, T operations have transformed particle into antiparticle. The figure for ournoncomposite
leptons was even smaller:jh̄�v2

a �2� 2 h̄�v1
a �2�j�m0c2 & 12 3 10222.

PACS numbers: 11.30.Er, 13.40.Em, 14.60.Cd
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In 1962 Dirac wrote, “Recently, new evidence has a
peared for the finite size of the electron by the discove
of the muon, having properties so similar to the electro
that it may be considered to be merely an excited sta
of the electron.” Finite physical size [1–3] of Dirac’s
supposed point particles of 1926 may prevent them fro
obeying [4–6] exactCPT symmetry simply because this
theorem has been proven only for mathematical fiction
true point particles. This has revived interest in the spa
CPT violation data currently available and their inter
pretation. In our experiments [7] on a singlee2 and
e1 essentially at rest in free space, and later [8] one2

alone, we measured the cyclotron and spin-cyclotron d
ference frequenciesv6

c andv6
a � v6

s 2 v6
c . Avoiding

the well-known problems of obtaining the small dif
ference between two large quantities with nonvanishi
errors we measuredv6

a directly. To this end we in-
duced spin flips by a spin-flipping rf field atv6

s synthe-
sized from the free electron-positron cyclotron motion
v6

c � eB�m6
0 and an applied rf field at a precisely mea

sured variable frequency. Spin flips thus produced we
observed with the help of the continuous Stern-Gerla
effect [9] and counted. A peak in the counting rate as t
applied rf field was swept in frequency overv6

a signaled
the resonance. To minimize the effects of unavoidab
small drifts of theB field we recorded the anomaly value
a6 � v6

a �v6
c . Our g value stood for the combination

of observed frequency ratiosg6 � 2�a6 1 1�, and we
used�g2 2 g1��2 � a2 2 a1, here now calledDa, as
a measure ofCPT symmetry violation, whereg2, g1 de-
note ourg ratios fore2 ande1.

To our experiments on “noncomposite” leptons Bluhm
Kostelecký, and Russell (BKR) [10] have recently applie
their impressive formalism that mildly extends the sta
dard model with the help of small, critically selectedCPT
breaking perturbations and a perhaps less mild postula
new cosmic axial vector field. In this effort, much ap
preciated by us, they have been more interested in call
for complex new experimental procedures to test the BK
model than in making full use of our long available da
0031-9007�99�83(23)�4694(3)$15.00
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for the purpose of extracting from them the sharpest p
sible bound onCPT violation. Stimulated by their work,
we do here extract from our data, as has not been done
fore, a new and very different figure of merit, one simila
to the widely recognized limit

jmKaon 2 mAntikaonj�mKaon & 10218 (1)

for the K mesons composed of two quarks [11].
Without reference to the BKR model, that expre
sion may be seen as comparing experimental re
tivistic mass energies of particle states before and a
the C, P, T operations have transformed particle int
antiparticle. Accordingly, in the same constant magne
field we let the symmetry operations transform an electr
in the lowest energy levelE2

n,s, n � 0, s � 21, into a
positron in the lowest energy levelE1

n,s, n � 0, s � 1,
wheren � 0, 1, 2, . . . , is the cyclotron quantum numbe
and s � 61 stands for spin up or spin down. Whe
CPT symmetry holds we have

E2
0,21 2 E1

0,1 � �m2
0 c2 2 h̄v2

a �2� 2 �m1
0 c2 2 h̄v1

a �2�
� 0 (2)

or

E2
0,21 2 E1

0,1 2 �m2
0 2 m1

0 �c2 � 2h̄�v2
a 2 v1

a ��2

� 0 . (3)

When the right side of the last equation is found not
vanish it becomes a measure ofCPT violation and as a
fraction of m0c2 a dimensionless figure of merit for the
symmetry violation,

jh̄�v2
a 2 v1

a �j�2m0c2, (4)

that on first sight appears to require the measurem
of v2

a , v1
a in more or less exactly the sameB field.

Actually, this turns out not to be the case.
Our later experiments [8] have shown that nume

cal values ofa2 measured atvc�2p � 164 GHz dif-
fered from those atvc�2p � 141 GHz by no more than
1.1 3 10211 compared to the measurement error ina6 of
© 1999 The American Physical Society
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�10212, and thus the anomaly value is practically con-
stant over a range of 23 GHz. Earlier [7], in the same
apparatus with only the trapping potential reversed and
therefore in nearly identical fields B�e2�, B�e1� with cy-
clotron frequencies for electron and positron differing by
less than 56 kHz, we had measured ja2 2 a1j & 2 3

10212 at vc�2p � 141 GHz. Since the B-field depen-
dent contribution to a2, if any, changed by no more than
1.1 3 10211 over 23 GHz, the effect of not using exactly
the same field could have changed the e2, e1 anomaly
values by no more than 3 3 10217, a totally negligible
amount. Therefore, substituting �a2

B�e2� 2 a1
B�e1��v2

c �
Davc for �v2

a 2 v1
a � in Eq. (4) is quite legitimate and

eliminated the need for the experimental feat of making
B�e2�, B�e1� more or less exactly equal as proposed in
Ref. [10]. Thus we arrive at the final numerical value of
the merit figure from our work,

jh̄�v1
a 2 v2

a �j�2m0c2 � jDajh̄vc�2m0c2

& 12 3 10222. (5)

Our result is now revealed as the sharpest published
bound on CPT breaking for a “point” particle. Here and
everywhere in the paper our error limits are quoted for 1
standard deviation.

Interpreting our result under the BKR model, the only
theoretical model currently available, yields the following
expression (6), applying exclusively to CPT violation.
Equation (5) is modified to

jE2
0,21 2 E1

0,1j�m0c2 � jDajh̄vc�2m0c2 & 12 3 10222,

(6)
as under the BKR model the small CPT symmetry
violating perturbations leave electron-positron cyclotron
frequencies v6

c and rest masses m6
0 identical to vc

and m0. While Eq. (6) is even more similar to Eq. (1)
than Eq. (5), it must be mentioned that the assumptions
underlying the BKR model and Eq. (6) are less general
than those underlying Eq. (1). Further, we must now
address the unpleasant fact that according to the model
the conditions of the 1987 experiment [7] may have been
less than optimal for detecting CPT violation. According
to Eq. (8) of Ref. [10] the e2�e1 anomaly frequency
splitting is not constant as one might expect naively, but
varies with sidereal time

�v2
a 2 v1

a � � 24bb̂ ? B̂ � 24b3 , (7)

where �b is a vector of length b and direction b̂ fixed
with respect to the fixed stars but otherwise unspecified.
This vector quantifies the degree of CPT violation and
thereby becomes the all-important parameter of the model
that experiment must determine. B̂ is a unit vector along
the magnetic field, which in our laboratory is directed
vertically upward. Obviously b̂ ? B̂ changes as the earth
rotates around its axis ê. To quickly orient ourselves
about the range of splittings produced in our laboratory
located at about latitude p�4 by a given �b vector we
discuss the three special cases of the angle between
�b and ê having the values 0, p�4, and p�2. The
corresponding value ranges of b̂ ? B̂ then are const � 1�p

2, 0, . . . , 1, 21�
p

2, . . . , 0, . . . , 1�
p

2. The more or less
blind zone where b̂ ? B̂ drops below 1

4 is not negligible,
perhaps 30% of the whole sphere. It is widest for the
angle between �b and ê having the value p�4, so we
focus on this angle in the following. All 1987 e2�e1

data were taken in solar not sidereal time over a 42
day period, daily from midnight 61 h to 5 a.m. 6 1 h
in which 16 days of e1 data taking were followed by a 5
day pause and then by 21 days of e2 data taking. Each
data period is roughly equivalent to one 2:30 a.m. point,
one for e1 at day 8 and one for e2 at day 33. Combined
they effectively yield one Da point taken at day 21. The
odd a.m. time slots were necessitated by conditions in our
laboratory. The unfortunate possibility that data taking
may have been limited to a partly blind time slot where
jb3j�b had dropped much below 1

4 may in future work
be eliminated by repeating an identical series 1

4 yr later
when it again has reached a large value. The latter occurs
because then the Earth has completed one-quarter of its
orbit around the Sun and, as seen from our laboratory, the
stars appear on the sky 6 h earlier at 8:30 p.m. where they
had been at 2:30 a.m. on day 1. We can achieve part of
this already with our 1987 data at the price of larger error
limits as follows. Combining only the first days of the
e1 and e2 data we find Da � �22.2 6 3� 3 10212 at
effectively day 12 while combining only the last days of
these data gives Da � �2.2 6 2.2� 3 10212 at effectively
day 29. For �b and ê making an angle p�4 this implies
that if on day 12 in a worst possible case scenario the ratio
jb3�bj had been 0, at 17 days later by day 29 it would
have grown to about 2.5% of its peak value 1. For all
possible orientations of �b against ê this value and Eq. (6)
now allow us to roughly bound b,

b & 50 rad�sec. (8)

By contrast, if our data had been taken when the orienta-
tion of �b was most favorable, namely, �B k �b, they would
have shown that it must be

b & 0.7 rad�sec (9)

as it escaped detection. Another result of the BKR model,
devastating on first sight, predicts g1 � g2 when g is
interpreted not as a ratio of measured frequencies but as
a correct theoretical gyromagnetic ratio. Obviously our
definition g � 2�a 1 1� is modified by the CPT violating
perturbations here which explains our shift of emphasis
from g to a values in the introduction.

One of us, H. D., enjoyed discussions with A. Kost-
elecký, D. Boulware, and M. Baker. Our colleague
I. Ioannou read the manuscript. The National Sci-
ence Foundation supported this work under Grant
No. 9530678.
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