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In connection with previously revealed disagreement of theoretically cal-
culated and measured orthopositronium decay rate in vacuum we suggest
the experiment to clarify which of the positronium annihilation amiplitudes
Rm,m = 0,%1 causes this disagreement. The developed for this purpose
experimental procedure can also be used as the basis for the new area of
positron spectroscopy, connected with the investigation of the anisotropic
(spin dependent) interaction of positronium in the media.

PACS numbers: 36.10.Dr

1. Introduction

Positronium atom (Ps) is an ideal object for testing of quantum electrody-
namics (QED) of bound state. (see review [1] and cited literature). It is caused
by the particular role of hydrogen-like atoms which became traditional objects for
the development of concepts and methods of quantum theory. Besides, there is no
nucleus in Ps atom that is why this system can be calculated with any accuracy
by QED. The measurements of orthopositronium decay rate, carried out in last
ten years, have revealed the disagreement with the theory (0.2% [2]). Different
hypothesis as well as the assumption about the existence of mirror Universe [3] or
about a new channel of positronium decay (photon + axion [4]) were proposed to
explain this disagreement.

Ilowever, up to now the reasons of disagreement are not revealed. The un-
derstanding of the reasons of this disagreement requires detailed investigation of
positronium decay, in particular, possible manifestation of anisotropic effects in
this process.

In the positronium rest reference system the set of the three decay photons
has the angular momentum equal to 1 and can have definite momentum projection
to the quantization axis and to the normal of the decay plane simultaneously. (As
well as molecule can have definite projection on the quantization axis and on
the symmetry axis [5].) Therefore, the probability of polarized positronium decay
on the three photons is described by three complex amplitudes R, [6], which
correspond to m = 0,41 projections of angular momentum to the normal of the
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decay plane. The difference in magnitude of the amplitudes R,, will result in the
anisotropy of angular distribution of decay photons. The difference in magnitude
of one of the decay amplitudes in comparison with its theoretical value would
result in the variation of orthopositronium decay rate compared to the theoretical
prediction of QED. This difference can manifest itself also in the change of the
angular distribution of three-photon decay of polarized positronium. In the present
work we suggest the experiment allowing to investigate anisotropic phenomena
under orthopositronium annihilation and to measure decay amplitudes R,,.

2. Theoretical background

It should be noted that the number of parameters which describe orthopositro-
nium decay are less than six (three complex amplitudes). This is a result of the
restriction imposed by invariance relative to P-, CP-, T-transformations, and the
rotational group and also by photons equivalence. The restrictions imposed by
these symmetries have been theoretically investigated in Ref. [7]. The fulfillment
of the C-, P-, CP-, CPT- invariance has been verified in experiments [8-10].
The P- (particularly T-) violation in positronium calculated -on the basis of the
Weinberg-Salam model [7] is much smaller than the modern experimental accu-
racy. Below let us assume the conditions imposed by these restrictions be fulfilled.
In particular, this leads to the identity of angular distribution of photons produced
by orthopositronium in m = 1 states. Therefore, to observe the anisotropy of an-
gular distributions of decay photons the population of the state with m = 0 spin
projection must differ from the average population of m = X1 states. It means
that we can use the aligned positronium.

The applications of polarized positrons in the fundamental theories test-
ing involves several problems connected with a low accuracy of measurements of
positron (and, therefore positronium) polarization in the matter (= 10% [11}).
Hence, in proposed experiment we suggest to use unpolarized positron beam. The
orthopositronium alignment required for the observation of anisotropic effects is
produced by an external magnetic field. It is well known [12] that magnetic field
reduces the lifetime of m = 0 state of positronium but does not influence the
m = %1 states. The ratio of m = £1 and m = 0 state population is proportional
to their lifetimes

_PO_O _ _Poo — Yqt + Tp _pLS — Vgs + Tp (1)

pii poi-1 Mt P Mt
where p11 and p_1-1 are populations of m = %1 states, correspondingly; poo, 74t
and pss,7,s are populations and decay rates of states transforming in the absence
of magnetic field B = 0, to the state with m = 0 and singlet state, correspondingly,
7p is the pick-off annihilation rate,

Yet = Cg')'t + Clz7sa Ygs = 0127t + 03%,
1
Ci=3[+(+2)7),  Ci=1[1-(+s7)7)

Co and C) are the coefficients of splitting of singlet and triplet positronium
states [12], ¢ = 4uB/AW = 2.75 x 10~3B [T}, p is the Bohr magneton, AW
is_the energy of the hyperfine splitting in a positronium atom.
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The annihilation amplitude squared |T'|? of positronium in the state de-
scribed by the spin density matrix p can be written in the form

IT|? = Sp(pQ),

Qmn = (37|T|m)(n|T137), ()
where the amplitude (37|7'|m) describes three-photon decay of positronium in a
stationary state | m).

It is best to analyze the spatial anisotropy of positronium decay in the Carte-
sian basis. In this basis the decay matrix @ is a symmetrical Cartesian tensor.
Really, if the tensor Qs had an antisymmetrical part equivalent to some vector,
it would change sign in P- (T-) transformations [7], thus, the angular distribution
of decay photons also would change.

QED-calculated squared amplitude of positronium annihilation is [13]:

(87r) €8

|M|? = *—=—Sp(pF). ' ®)

e, m are the electron charge and the mass correspondingly, the symmetrical tensor
F in the Cartesian basis has the form [13]:

Fix = (8ir, = nuinaz)(1 — ng -m3)? + (fsik — ngingg)(l — ny - ng)?

+(8ir, — naina)(1 - n1 - na)?, (4)
where m; is the unit vector along the momentum direction of I-th photon. A
comparison of Egs. (3), (4) and Eq. (2) shows their equivalence.
Substituting the density matrix (1) rewritten in the Cartesian basis to the
expression for the annihilation amplitude (3) we obtain

87)3e [F. F, Cc? C? '

|M|2 - ( 7l') 26 [ cz + ¥y +Fn ( 0 + 1 . (5)
, 2m T+ Y Yoo+ Yes + '

Even although, it is necessary to use exact expression (5) for the measure-

ment interpretation, we shall analyze this expression in the simple case of a weak

magnetic field 22 < 1. Taking also into account that y; < v, we obtain
M = (47)3e" < F., + Fyo +Fyy) . (6)
2m?  \ vy + 0.25227, 7 .
It is significant that the restriction # < 1 does not influence the conclusion reached

below. ,
According to (3) and (6) the angular distribution of decay photons is defined

by the tensor F'. The eigenvalues A; and the principal axes e; of the symmetrical
tensor F' depend only on the emission direction of photons n;,i=1,2,3:

Ay = %(33—20), 4y = %(—R+2C), As=M+4 =R

R:(l—n1-n2)2+(1—n1~n3)2+(1—n2-ﬂ3)2, (7)
C:(l—m-ng)(l—nl-ng)-l-(l—nl~n2)(1—n2-n3)

+(1 = ny - ng)(1 — n2 - nz).
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1

Fig. 1. The direction of the principal axes of the symmetrical tensor F (Eq. (4)) when
the detectors 2, 3 are placed symmetrical relative to the detector 1. The €2 axis is
directed to center of detector 1, the e3 axis is normal to the detector plane.
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Fig. 2. A dependence of (1) A1/(A1 + A2 + A3), (2) A2/ (A1 + A2 + A3), (3) A2/(A1 +
Az + A3), as a function of angle ¥ between the detectors.

If the detectors registering the three-photon decay are small, n; coincide with the
directions of the detector centers. In the special case of symmetrical position of
detectors 2, 3 relative to the detector 1 the principal axis directions are shown
in Fig. 1. The dependence of the eigenvalues on the angle ¥ between detectors is
shown in Fig. 2.

It is necessary to explain the term of “anisotropy of angular distribution
of decay photons formed by aligned positronium” before we start to describe the
geometry of experiment. The decay anisotropy under consideration is not deter-
mined by the variation of coincidence count rate of detectors due to detectors
displacement relative to each other on the plane, because the latter phenomenon
also takes place for the nonaligned positronium. Here we consider the change of
coincidence count rate of detectors as a function of the position of the detector
plane as a whole relative to the external magnetic field direction.

3. The geometry of the proposed experiment

It can be shown that the cross-section (5), (6) and, therefore the coincidence
count rate has an extremum if one of the principal axes e; of the tensor F is
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directed along the magnetic field direction. If, for example, the es-akis is directed
along the magnetic field, we should substitute the following values in Eq. (5), (6):

F,, =A3, Fa:a:+Fyy = A1 + Aa. (8)

According to Eq. (5), (6) three eigenvalues of the tensor F should be mea-
sured for the reconstruction of the decay photons angular distribution. We need
to measure the coincidence rate only for three directions of the external mag-
netic field: B is directed along e;, ¢ = 1,2, 3 (see Fig. 1). The positronium decay
amplitudes can be easily calculated using well known expressions for the angular
distribution of the products of the three-particle decay of the system with spin
S =116

To suppress errors because of inhomogeneity of a magnetic field or inaccurate
measurements of that we are going to measure the following quantity:

Ni—No _ |M|F—MJ§ .
v — - = k
WS NN, ME=JME TR )
where N; and |M|[? are the coincidence rate and squared annihilation amplitude
for the magnetic field direction along e; (see Fig. 1), respectively, Ny and |M|3 are
those in the absence of magnetic field B = 0. v
According to Eq. (6) the anisotropy degree 7 is determined by

A;
ik = Z'; (10)

First of all let us note that the numerator as well as the denominator of the
expression (9) tend to zero if the magnetic field falls down. Therefore, although
the anisotropy degree (10) does not depend on the magnetic field strength, the
statistics being necessary for precision measurements 7;; essentially decrease with
the increase in the magnetic field.

Independence of anisotropy degree (10) on the pick-off annihilation rate and
on the magnetic field strength (therefore, on the magnetic field inhomogeneity)
permits to exclude corresponding systematic errors. As a result, in our experiment
the errors caused by the presence of pick-off annihilation and, as is easy to see,
by the presence of Van der Waals interactions of positronium, are much smaller
than those in the decay rate measurements. Thus, the precision of measurement
of anisotropy degree will be determined dominantly by the counting statistics.

By the contrast with pick-off annihilation, the ortho-para conversion may
have an appreciable effect on the measurements of anisotropy degree because the
ortho—para conversion changes the polarization and alignment of positronium in
a magnetic field. This leads to the change in anisotropy degree. The equations
describing the ortho—para conversion of positronium atom were considered in
Refs. [14-17]. We do not conduct the solution of these equations in detail. The
result is :

pom [ ) (1 1)) ay

k T+ Y A Ay
where v is the ortho-para conversion rate. The expression (11) is obtained under
the ‘condition of v < 71 + 7p, 22 <K 1.
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Thus, in the proposed experiments as well as in the measurements of ground
states hyperfine splitting of positronium [18], the ortho-para conversion rate must
be small and previously measured. On the other hand, the dependence of anisotropy
degree on v allows to use experimental procedure suggested in this work to inves-
tigate the ortho—para conversion process. In conclusion we note that proposed
procedure is applicable for the investigation of anisotropy (spin dependent) in-
teraction of positronium as well as for spin-exchange interaction with polarized
media [17], and interaction with crystals and others.

The research described in this publication was made possible in part by grant
No. MWUOQO00 from the International Science Foundation.
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