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1Faculty of Physics, Astronomy and Applied Computer Science, Jagiellonian University, Cracow, Poland
2INFN, Laboratori Nazionali di Frascati, 00044 Frascati, Italy
3Institute of Physics, Maria Curie-Skłodowska University, 20-031 Lublin, Poland
4Faculty of Physics, University of Vienna, 1090 Vienna, Austria
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Abstract. Discrete symmetries such as parity (P), charge-conjugation (C) and time

reversal (T) are of fundamental importance in physics and cosmology. Breaking

of charge conjugation symmetry (C) and its combination with parity (CP) constitute

necessary conditions for the existence of the asymmetry between matter and anti-

matter in the observed Universe. The presently known sources of discrete symme-

tries violations can account for only a tiny fraction of the excess of matter over

antimatter. So far CP and T symmetries violations were observed only for sys-

tems involving quarks and they were never reported for the purely leptonic objects.

In this article we describe briefly an experimental proposal for the test of discrete sym-

metries in the decays of positronium atom which is made exclusively of leptons. The

experiments are conducted by means of the Jagiellonian Positron Emission Tomograph

(J-PET) which is constructed from strips of plastic scintillators enabling registration of

photons from the positronium annihilation. J-PET tomograph together with the positron-

ium target system enable to measure expectation values for the discrete symmetries odd

operators constructed from (i) spin vector of the ortho-positronium atom, (ii) momentum

vectors of photons originating from the decay of positronium, and (iii) linear polarization

direction of annihilation photons. Linearly polarized positronium will be produced in the

highly porous aerogel or polymer targets, exploiting longitudinally polarized positrons

emitted by the sodium 22Na isotope. Information about the polarization vector of ortho-

positronium will be available on the event by event basis and will be reconstructed from

the known position of the positron source and the reconstructed position of the ortho-

positronium annihilation. In 2016 the first tests and calibration runs are planned, and the

data collection with high statistics will commence in the year 2017.
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1 Introduction

The violation of the combined symmetries of charge conjugation and spatial parity (CP) was discov-

ered 52 years ago in the decays of neutral K mesons [1]. CP symmetry is connected with the time

reversal symmetry (T) via the CPT theorem [2, 3]. Time reversal concept is exceptionally attrac-

tive epistemologically [4] and its description is challenging [5], but nevertheless it took almost half

a century till it was seen in a way independent of CP and CPT symmetries [6]. The T symmetry

violation was observed in decays of the quantum entangled neutral B mesons [6, 7] using a method

proposed in references [8, 9]. At present mesons, which are systems of quark and antiquark bound via

strong interaction, remain the only objects in which violations of T and CP symmetries were observed.

Therefore, it appears natural to ask a question about the degree of the violation of these symmetries

in systems made of leptons. An ideal object for this kind of studies is the positronium atom: a system

of lepton and antilepton bound via electromagnetic interaction. A test of the discrete symmetries in

the decays of positronium into photons is limited by the photon-photon interaction which is expected

to mimic the symmetry violation at the level of about 10−9 only [10, 11]. This is still about six orders
of magnitude smaller than the present experimental limits equal to about 3×10−3 [12, 13].

In this article we briefly describe a new proposal for tests of the T, CP as well as CPT symmetries

in the decays of the positronium. The experiments are conducted using the Jagiellonian Positron Emis-

sion Tomograph (J-PET). For the detailed description of the motivation to perform such experiments

the interested reader is referred to the recent article [15].

2 Experimental method

J-PET tomograph consists of three cylindrical layers of plastic scintillator strips. The diameter of the

inner layer is equal to 85 cm and the length of the scintillators amounts to 50 cm. Results of the first

tests of single and double module prototypes are described in references [16–19]. For further details

about the data acquisition system and analysis, simulation of the detector response, as well as hit-

time and hit-position reconstruction methods the interested reader is referred to references [20–26].

Finally, the details about detector geometry along with its properties relevant for the registration of

photons from the decays of ortho-positronium atoms are described in the recent article [27].

Ortho-positronium atoms will be produced by the positrons thermalised in the porous aerogels or

polymers [28]. Positrons will be emitted by the 22Na isotope positioned in the center of the cylinder

covered with the porous material. Due to the parity violation by the weak interaction, positrons

emitted in the decay of sodium: 22Na →22 Ne∗ e+ νe →22 Ne γ e+ νe, are longitudinally polarized

with the average polarization equal to about 67% [13, 14]. This value decreases only by about 8%

during the thermalisation process [29, 30] and enables to produce ortho-positronium atoms polarized

along the direction of the positron emission with the polarization degree of about 41% when using

sodium 22Na [13, 31]. The polarization axis varies from event to event, but it can be determined

from the known points of the positron emission and positronium annihilation. The annihilation place

will be reconstructed based on the trilateration method [32]. The positronium target will be inserted

inside the J-PET detector. Photons from the ortho-positronium decay and from the deexcitation of
22Ne are detected predominantly via the Compton interaction in the scintillator strips. A typical event

useful for the studies of the discrete symmetries will include four or more signals: three signals from

photons originating from the decay of ortho-positronium atom, one signal from the photon emitted

by the excited 22Ne isotope, and possibly signals from the secondary scattering in the detectors. The

measurement of energy loss of photons, their time of interaction, as well as their relative angles will

allow to disentangle signals from annihilation, deexcitation and secondary photons. The measurement

of the time difference between the registration of annihilation and deexcitation photons will enable to
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disentangle the annihilation of ortho-positronium from the direct electron-positron annihilation and

from the annihilation of para-positronium.

In the case of the Compton scattering there is no unique relation between the energy loss and the

energy of the interacting photon. Nevertheless, in the case of the registration of three photons from the

ortho-positronium decay, their energies may be reconstructed based on the measurement of relative

angles between the photons and the application of the energy and momentum conservation [27]. The

angular resolution of the J-PET is equal to about 0.4 degree. This results in the energy resolution

of about 5 keV for the registration of photons originating from the decay of ortho-positronium [27].

Based on the tests of prototype detector with the 30 cm long scintillators [17, 18] and simulations [19],

the expected hit-time resolution of the J-PET detector is in the range from about 100 ps(σ) to about

250 ps(σ) for deposited energy range from 340 keV to 50 keV, respectively. High time and angular

resolution enables to suppress by nine orders of magnitude the background due to the electron-positron

annihilation into two photons followed by the secondary scatterings in the scintillator strips [27]. The

secondary photon scattering in the detector can be turned into advantage since it allows to determine

a linear polarization (�ε) of the primary photon at the moment of the scattering [15].

The above brief description shows that the J-PET tomograph, equipped with the dedicated

positronium target, enables to measure photons momenta, their polarizations and the spin of ortho-

positronium. This opens possibilities to test discrete symmetries in the decays of ortho-positronium

via measurement of the expectation values of the various symmetry odd operators which may be

constructed from the spin polarization vector of ortho-positronium (�S ) as well as from momentum

vectors (�k) and polarization directions (�ε) of photons originating from the decay of ortho-positronium.

Exemplary operators are shown in Tab. 1.

Table 1. Operators for the o−Ps → 3γ process and their properties with respect to the C, P, T, CP and CPT

symmetries. New operators (including �ε) not explored before are shown in the last three rows. The decay plane

is oriented by the ordering of photons according to the descending momentum: k1 > k2 > k3. The table is
adapted from reference [15].

Operator C P T CP CPT
�S · �k1 + − + − −

�S · (�k1 × �k2) + + − + −
(�S · �k1)(�S · (�k1 × �k2)) + − − − +

�k2 × �ε1 + − − − +

�S · �ε1 + + − + −
�S · (�k2 × �ε1) + − + − −

3 Summary

Jagiellonian Positron Emission Tomograph is a multi-purpose detector which enables broad interdis-

ciplinary investigations including, among others: (i) medical imaging [19], (ii) studies of discrete

symmetries in the decays of positronium atoms [15, 27], (iii) quantum entanglement of high energy

photons originating from the decay of ortho-positronium, as well as (iv) research in the field of life-

and material-sciences [33–35]. In this article properties of the J-PET detector relevant for the studies

of the discrete symmetries were briefly described.
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