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Polarized triplet positronium, formed in the ground state with a polarized slow-e * beam, is used
for an experlmental test of CPT (charge-conjugation—parity—time-reversal) invariance. The angular
correlation §- k, X kz was measured (where S is the positronium spin angular momentum and
|ky| > | ky| > | k3| are the momenta of the three decay y rays). It is expected to have zero ampli-
tude if CPT is conserved. No effect was found in the experiment at the 2.3% level of uncertainty in
the coefficient of the angular correlation. Information gained from a study of the systematic effects,
along with straightforward improvements in the apparatus, would allow a 0.1% measurement. Oth-
er possible angular correlations using polarized and aligned positronium, including tests of CP in-

variance, are discussed.

I. INTRODUCTION

Since the prediction' and discovery? of parity violation
in 1956 and 1957, investigations of discrete symmetries
have assumed an important role in physics. Along with
the parity-inversion (P) tests just mentioned, charge-
conjugation (C) and time-reversal (T) tests have present-
ed many interesting and sometimes unresolved problems.
These tests>* can investigate the discrete symmetries ei-
ther individually or in various combinations such as CP
or CPT; the latter being the topic of this paper.

The invariance of CPT is the subject of an important
theorem in quantum field theory. First proved over thir-
ty years ago by Bell,’ the theorem simply states that CPT
is a good symmetry for all spin-0, -1, and -1 field theories.
The assumptions required to prove the CPT theorem are
all quite fundamental: locality, as well as Lorentz invari-
ance of the field theory. Any observed violations of CPT
invariance would have profound consequences for
modern theoretical particle physics.

All previous experimental tests of CPT invariance have
been concerned with the equality of various properties
between a particle and its antiparticle.*® These proper-
ties include the masses of the particles, the decay life-
times, and the magnetic moments (g factors).* Some very
precise and important tests include the comparison of the
g factors of the electron and positron and also of the
muon and antimuon. Another important CPT test is in
the system of neutral kaons where a mass difference be-
tween K° and K ° would lead to a difference in the phases
(¢, _ and ¢y of the CP-violating parameters 7, _ and
Moo for K decay.” Present measurements® of this effect
show a two-standard-deviation CPT-violating signal:
b, —Poo=(12.616.2).

Our experiment is concerned with an angular correla-
tion in the 3y decay of spin-polarized positronium (Ps) as
a test of CPT invariance.” This is the first direct search
for CPT violation with angular correlations; it is also the
first explicit use of polarized trip}et (S =1) Ps. Although
there have been many studies'®'! using polarized posi-
trons (e *) from B decay to form Ps, in fact, all these pre-
vious investigations have measured only the asymmetry
of formation rates into the various Ps substates (ground-
state singlet and triplet). No explicit use was made of the
fact that the triplet Ps is itself polarized.

We employ polarized triplet Ps in the ground state to
measure a particular angular correlation of its annihila-
tion radiation, as first suggested by Bernreuther and
Nachtmann.!? This angular correlation is

§"k\lxﬁ2 y (1)

where S is the Ps spin and k,k,,k; are the momenta of
the three annihilation y rays in the decay of triplet Ps,
with the requirement

k| > [ko| > | ks - @)

Notice that the quantity ﬁl Xﬁz, which appears in Eq. (1),
defines a normal to the decay plane of the three y rays.
Hence, Eq. (1) can be simply thought of as a correlation
between the spin and the decay plane.

The CPT properties of Eq. (1) can be seen as follows.
The angular correlation shown in Eq. (1) contains three
vectors all of which change sign under the T operation;!?
hence it is T odd (i.e., if the angular correlation is
present, then T is violated.) Equation (1) is P even since
only the two momenta change signs under P; S being an
axial vector does not change sign under P. This therefore
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renders Eq. (1) as P even (i.e., if the angular correlation is
present, then P may or may not be violated.) Finally,
triplet Ps (3S,) is an eigenstate of C with an eigenvalue'*
of —1. Also, the photon has C= —1. Therefore, in the
3y Ps(®S;) decay C is conserved, which allows us to con-
clude that the angular correlation is C even.!* Combin-
ing these results gives an overall CPT-violating sensitivity
for the term shown in Eq. (1).

There are two restrictions on using Eq. (1) as a CPT
test. First, there are normal electromagnetic interactions
among the particles in the final state that can mimic the
CPT-violating signal. This effect, in the absence of un-
known interactions, will be shown later in this paper to
be very small. Second, an interaction that causes an
anomalous mixing of Ps states could also mimic a CPT
violation. Such an interaction would be CP violating and
quite interesting in its own right.

II. THE EXPERIMENT

The Ps needed for our CPT test is produced using a
“slow”-e* beam as shown!' in Fig. 1. High-energy
(~200 keV) “fast” e are obtained from a ??Na source
and thermalize in a tungsten vane moderator.!! About 1
in 103 of all e * diffuse to the surface, where they are ex-
pelled by the negative work function into the vacuum
with an energy of order 2 eV. These slow et are then ac-
celerated and focused to form a beam.

The experiment depicted in Fig. 1 measures the polar-
ization of the slow-e * beam.!! The e* from the source
are initially longitudinally polarized (P, =B=v/c) due
to parity violation in nuclear 8 decay. This initial polar-
ization is, by and large, retained in the moderation pro-
cess.!! A low-Z, 30-mg/cm? absorber placed between the
source and moderator reduces the beam intensity by a
factor of 4 while increasing the beam polarization. The
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FIG. 1. Polarized slow-e * beam. Polarized positrons from a
radioactive source are moderated to about 2 eV. A slow-e™
beam is formed by accelerating and focusing the 2-eV positrons.
Spin reversals are performed by a Wien-filter spin rotator. The
slow-e * beam is then focused into a positron polarimeter after
being bent by a cylindrical mirror analyzer (CMA).

ARBIC, HATAMIAN, SKALSEY, VAN HOUSE, AND ZHENG 37

spin rotator shown in Fig. 1 is a Wien filter that allows
the periodic reversal of the slow-e * spin during the ex-
periments. The slow-e® polarization measurement is
based on Ps formation in a magnetic field.'""!® The result
of the measurement for our beam and the source used in
the CPT experiment is

?,,=0.3910.02 . (3)

This polarization was selected by choosing the absorber
thickness to maximize 7*I (the standard quality factor),
where I is the et beam intensity.!” For the angular-
correlation experiment described next, the intensity is
I=10%e*/sec.

In the CPT-invariance experiment, the e * polarimeter
was removed from the slow-e ¥ beam. A 50-G magnetic
guiding field directed the slow-e* beam at 450 eV into
the Ps confinement cavity shown in Fig. 2. The beam
enters through a 5-mm-diameter hole in one end of the Ps
confinement cavity. At the other end, the beam strikes
an MgO-fumed CEMA detector (channel electron multi-
plier array),'® which performs three functions: First, the
CEMA provides a timing signal derived from secondary
electrons to mark the arrival of an e*. Second, in con-
junction with a phosphor screen,'” the CEMA permits
viewing and analysis of the spatial distribution of the e *
beam when striking the CEMA front surface. Finally, Ps
is formed on the CEMA surface with an efficiency of
27% and is emitted into the vacuum in the cavity where
it is reflected by the MgO lining when striking the walls.
It is estimated that approximately five wall collisions
occur during one Ps lifetime.?’ A lack of spin-exchange
quenching during the wall collisions has been observed in
previous experiments,'""?! indicating that if Ps is polar-
ized when it is formed, it will remain polarized when
confined in the cavity. The formation of polarized Ps
occurs when the initial e * are polarized, even if the e~
are unpolarized. The degree of triplet Ps polarization is
calculated (see Appendix) to be
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FIG. 2. Ps confinement cavity. The slow-e* beam enters the
cavity through a hole on the left and strikes the CEMA on the
right where Ps is formed and diffuses into the cavity. The MgO
lining prevents the Ps from quenching during collisions with the
walls. The camera, phosphor, and a computer digitization sys-
tem permit viewing and analysis of the shape and position of the
slow-e* beam. Video images are digitized and stored in an
IBM-PC computer for later analysis.
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Pp, =3P, 4)

when there are no large external magnetic fields greater
than ~1 kG. The 50-G field in our experiment changes
this relationship by less than 10~3

Three Nal detectors, 5.08 cm diameter X 5.08-cm crys-
tals coupled to Amperex XP-2020 photomultiplier tubes,
are arranged outside the vacuum pipe which surrounds
the Ps cavity, as shown in Fig. 3. The Pb shielding im-
proves the peak-to-Compton ratio in the Nal detectors.
The holes in the shield permit each detector a solid angle
of about 2.5% of 4 sr. Standard fast-slow electronics is
used to process the Nal detector outputs. Fast timing
signals select coincident ¥ events in two (one on the left
and either one on the right in Fig. 3) of the Nal detectors.
The time resolution is 4 ns full width at half maximum
(FWHM). The slow energy signals further require one
scintillator to detect the highest-energy y ray (400-500
keV) while the other detector must detect the second
highest-energy y ray (300-400 keV). The lowest-energy
v ray (<300 keV) is not observed. The average energy
resolution (AE /E) for our Nal detectors is about 11% at
511 keV. The angle between the centers of the two detec-
tors is 145°. This geometry was chosen on the basis of the
normal QED 3y phase space for the energy windows that
are used.”? However, decays mediated by a symmetry-
violating interaction can possess phase-space distribu-
tions constrained only by momentum and energy conser-
vation, which could be unlike that of QED. Coincidences
between the detector on the left and the upper detector
on the right (Fig. 3) imply the normal to the decay plane
(2 ~k, X k,) points into the page in Fig. 3. A coincidence
between the left detector and the lower one on the right
makes the normal point out of the page. Reversals of the
normal to the decay plane occur randomly while running,
depending on which detector on the right gets a signal.
Thus, the decay-plane normal is effectively reversed in a
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FIG. 3. Nal detector array. Three Nal scintillators, situated

in the plane perpendicular to the e* beam direction, detect ¥
rays from the 3y decay of Ps. The highest-energy y ray is
detected on the left, the second highest by one of the detectors
on the right. The lowest-energy y ray is not observed. The
photomultiplier tubes are denoted PM Tube.

random manner at half the data rate on the average dur-
ing a typical run.

The fast-timing signal from the CEMA is used with the
Nal fast-timing coincidence signals to select decay events
due to triplet Ps(r=135 ns), as opposed to singlet Ps
and direct annihilations of et(7g=74 =120 ps). By
selecting ¥ events that are delayed with respect to the
CEMA signal, the longer-lived triplet Ps can be isolated.
The delay time is selected to be between 20 and 200 ns.
The lifetime of the triplet Ps in the confinement cavity is
measured to be 135(2) ns, very close to the vacuum life-
time of 142 ns.

This experiment incorporates frequent reversals of the
Ps spin and the normal to the decay plane. These fre-
quent flips are intended to average out any effects due to
drift instabilities, e.g., electronics, detector gains, or e *
beam position. The Ps polarization is reversed every four
minutes during a typical one-day run, with a 30-second
waiting period after each flip to allow the spin rotator
fields to stabilize prior to the next 3.5 minutes of data ac-
quisition. One further reversal is also routinely used in
these measurements. At approximately daily intervals,
the two detectors on the right side of Fig. 3 are physically
interchanged to average out any differences in their
efficiencies, resolution, etc. In addition, the previously
mentioned random reversal of the decay-plane normal is
used, making a total of three independent flips.

III. RESULTS

Data were taken over a period of eight weeks which in-
cluded setting up, systematic tests, and other related ex-
periments. A typical data run involves counting delayed
coincidence events N, with the energy cuts, for the detec-
tor pairs that give the normal to the decay plane parallel
(+4) and antiparallel (—) to the spin direction. From
these simultaneous measurements, an asymmetry is
defined:

N, —-N
A=——"" (5)
N,+N_

Separate counters record events for the opposite spin
direction and another asymmetry is so generated.
Averaging the asymmetries from the two spin directions
tends to cancel out systematic effects due to instrumental
asymmetries. The final measured asymmetry, appropri-
ately averaged to eliminate systematics, is found to be
A =+40.00171£0.0017. The average coincidence count-
ing rate is about 0.5 Hz, and the total number of coin-
cidences is 3.5%10°. Accidental random coincidences,
due to finite detector time resolution, are present at the
level of 1073 of the true coincidences, a negligible effect.
The most important systematic effect that was
identified is the effect upon A4 due to a difference in the
e *-beam position between the two spin directions when
striking the CEMA. This positional difference is due to
differences in the magnetic fringing fields of the Wien
filter when reversing field directions. The systematic
effect on A4 is caused by changes in the geometrical solid
angle for the various Nal detectors when the beam shifts
position. This effect does not cancel during the averaging
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process described above. A set of electrostatic deflection
plates, in combination with the phosphor screen and im-
age analysis system, allows us to adjust the location of the
centroid of the e * beam with better than 0.02 mm uncer-
tainty.

To quantify the systematic effect, we performed several
runs where the difference in beam location for the two
spin directions was intentionally made large by means of
the electrostatic deflection, with a maximum of 2 mm
difference in the beam centroids. The results are shown
in Fig. 4. Clearly, a large effect is indicated by these
tests, but during our normal running conditions position-
al shifts were adjusted to be <0.1 mm so that the sys-
tematic effect on the asymmetry is < +1X 1073, The size
of the systematic effect roughly corresponds to the calcu-
lated change in the geometrical solid angle of the Nal
detectors with the change in beam location. Other sys-
tematic effects appear either very small in comparison to
the above and/or are canceled out by the system of multi-
ple reversals. Slow secular drifts in the beam positions,
typically of order 0.1 mm/day were observed. These
drifts are believed to have their origins in long-term insta-
bilities in the magnetic guiding field and have a negligible
effect on our results.

Several tests and calculations were done to determine
the relation between the measured asymmetry and the
coefficient of the angular correlation in Eq. (1) which we
call, following Nachtmann,?’C, :
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FIG. 4. Systematic effect of ¢ *-beam position. An instru-
mental asymmetry, due to e *-beam position differences for the
two spin directions, is clearly present. By ensuring that the e *
beam has the same spatial distribution and centroid location for
both spin directions, the systematic uncertainty in the asym-
metry [Eq. (5)] due to this effect can be reduced to below
1 1073, The horizontal axis on this graph, Ay, corresponds to
relative vertical displacements in Fig. 3. The indicated horizon-
tal error bars in this figure are the rms spread due to drifts in
the beam position.
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C,(Sk,xk,) . (6)

We define an analyzing power S,, that relates the mea-
sured asymmetry to the angular-correlation coefficient
A

SanEEn— . ¢)

One test measured the occurrence of two back-to-back
511-keV annihilation photons (from, e.g., singlet decay)
mimicking a true triplet event. If one of the 511-keV y-
rays compton scatters and deposits only part of its energy
in the scintillator that is used to detect the second
highest-energy y ray from triplet decay (300-400 keV), it
can pass the energy cuts. The delayed coincidence re-
quirement can be met by either insufficient e *-y timing
resolution or quenching of a triplet Ps atom during a wall
collision. (The lifetime measurement implies this occurs
in a maximum of 4% of the triplet decays.) We find that
8% of the events are due to two 511-keV y rays and have
so corrected the results. The finite solid angle of the Nal
detectors, the polarization of the Ps, the finite size of the
Ps confinement cavity, the average angle between the Ps
spin and the normal to the decay plane, and the degree of
overlap in the energy windows for the y rays are addi-
tional factors that enter into S,, and have been calculat-
ed. Another calculation was done to account for the
difference in the y-ray directional angular correlation
from the m =0 and m ==+ 1 states of triplet Ps.?

Putting all these effects together, we find for this exper-
iment that the analyzing power is given by

S,,=0.085+0.012 . ®)

Combining this with the asymmetry corrected for the sys-
tematic effect of beam position yields our value for the
angular correlation coefficient

C,=+0.020+0.023 . 9

This final result includes both statistical and systematic
uncertainties and is consistent with CPT invariance.?*

IV. DISCUSSION AND CONCLUSIONS

One final correction involves the effect of final-state in-
teractions, so-called radiative corrections that can mimic
a true CPT-violating signal, as mentioned previously.
Since there are no charged particles in the final state,
electromagnetic radiative corrections can appear only
through the virtual creation of pairs of charged particles
(e.g., e*, e™). This implies these correction terms will
appear in a high order of @. Nachtmann?? has calculated
the radiative corrections using standard perturbative
QED and finds

2

2 1 6x107*=9x%10"1°, (10)

ED
CRP= 27

a number far below our experimental sensitivity.

It could be argued that our 2% null result for C, [Eq.
(9)] is not very precise in light of the sensitive tests of
CPT (e -et and pu~-u*g factors, or neutral kaons).*
However, this comparison should be made with respect
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to a CPT-violating model, which is not practical since
such theories are rarely, if ever, discussed. As noted be-
fore, the assumptions required to prove the CPT theorem
are Lorentz invariance and locality. Theories construct-
ed to violate these assumptions frequently are not gauge
invariant.?> The use of specific models that violate CPT
to calculate observables is beyond the scope of this paper.
Hence, we cannot directly compare our result with previ-
ous CPT tests.

One theoretical observation can be made about our re-
sult that is not applicable to the previous experiments.
Our experiment is the first to use an angular correlation
and, in particular, a T-odd angular correlation. All T-
odd angular correlations are the result of the interference
of the matrix elements of two separate interactions hav-
ing the same final state. The use of interference effects is
widely utilized to enhance symmetry-violating behavior
by measuring the product of a symmetry-forbidden ma-
trix element with an allowed and thus large matrix ele-
ment instead of measuring the direct symmetry-violating
effect given by the square of its matrix element. This ar-
gument makes it possible that our experiment has
enhanced or even unique sensitivity to CPT-violating
effects compared with the previous CPT tests. To be-
come sensitive to these possible effects, we will have to in-
crease the accuracy of our experiment.

Much more accurate versions of this experiment are
easy to envision. The most obvious place for improve-
ment is in the Nal detector array. There are a number of
detector arrays used for high-energy or heavy-ion physics
that are based on multiple ( > 100) independent Nal crys-
tals.?® These arrays feature nearly 4 sr of coverage and
flexible computer control for choosing triggers to store
events. Recently, one such array (the Darmstadt-
Heidelberg “crystal ball”’) has been used off line for low-
energy positronium studies.?’” Application of such an ar-
ray to this experiment would enable several improve-
ments, starting with a 20-fold increase in the Ps rate, vir-
tually 100% efficiency in reconstructing the decay plane
of the annihilation y rays, and better information on the
effects due to y-ray scatterings in the Nal detectors with
only partial energy deposition. Overall, a factor of 30
reduction in the present uncertainty for C, is a realistic
goal. The effects of the beam position systematic (Fig. 4)
could be reduced by a factor of at least 30 by continuous
monitoring of beam position while running rather than
just observing the position at the beginning and end of
day-long runs, as done with our experiment.

There are other interesting angular correlations that
could be measured using the polarized Ps technique
developed here. For example, the P-violating and CPT-
violating angular correlation

Sk, , (11

or the T-violating and P-violating, but CPT-conserving
angular correlation

(S-k,)(8k, xk,) (12)

could be measured in straightforward extensions of the
experiment presented here. Since Eq. (12) contains two
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Ssit requires aligned as opposed to polarized Ps. Experi-
mentally, aligned triplet Ps can be obtained by magnetic
quenching using an external field of a few kG. With the
addition of a circular polarization (€) measurement of
one of the decay y rays, one could search for the 7-
violating and P-violating, but CPT-conserving angular
correlation

§‘,€1Xﬁ2 . (13)

In addition, there are a number of allowed angular corre-
lations that are expected to appear in polarized and
aligned Ps decay*®?® which have never been experimen-
tally measured and can serve as tests of bound state
QED.

In conclusion, we have performed the first measure-
ment of a CPT-violating angular correlation, and at the
same time, made the first use of polarized Ps. The
coefficient of the angular correlation was found to be zero
at the 2.3% level, indicating no CPT violation. Prospects
are excellent for improving this measurement by more
than an order of magnitude in the near future. Other in-
teresting experiments, using the angular-correlation and
polarization techniques developed here, are also possible.
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APPENDIX

In this appendix we calculate the polarization of triplet
Ps which was formed from polarized positrons and unpo-
larized electrons. The assumption is made that there is
no external magnetic field.

The spin states of Ps formed in the ground state may
be written as

. 1
| S| =0(singlet) m,=0: ¢S=—‘7§(l¢—ﬁ) ,
(A1)

1
m;=0: ¢¥r(m =0)=“7-2-—(l¢+Ti)

| S| =1ltriplet) |m;=1: ¢Yr(m=+1)=1%

m=—1: Yyrim=—-1)=14%,

where T(]) is the electron spinor for spin up (down) and
a bar through the arrow denotes the positron. For unpo-
larized positrons and electrons, each of these four states
is equally populated. Now consider using completely po-
larized positrons (4) and unpolarized electrons (11 +11)
to form Ps. In this case, two states are equally populated:
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P+t

(A2a)
(A2b)

State (A2a) is an eigenstate of Ps, the m =41 triplet
state. However, state (A2b) is an equal combination of
singlet and m =0 triplet states. Therefore, the fraction of
m = +1 triplet states (f,) is + and the fraction of m =0
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triplet states (f,) is +. The polarization of triplet Ps

formed from completely polarized positrons is then

P f]ms(+l)+f0ms(0) %+O
P fi+fo i+t

This argument for partially polarized positrons carries
over to give Eq. (4).

=1, (A3)
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