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One of the features of the triplet state of positronium (ortho-positronium)
atoms is its relatively longer lifetime when compared to the singlet states of
positronium (para-positronium) atoms. The most probable decay of ortho-
positronium is into three annihilation photons. In order to test the discrete
symmetry using the time-reversal symmetry odd-operator, it is important
to identify ortho-positronium decay. Identification of the decay of ortho-
positronium atoms by measuring the positronium annihilation lifetime with
the Jagiellonian-Positron Emission Tomograph (J-PET) is presented in this
article.
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1. Introduction

Positron Annihilation Lifetime Spectroscopy (PALS) is one of the most
recognised tools for micro-structure investigation and its applications [1, 2].
This spectroscopy technique has been a foundation for identifying the long-
lived radiative processes from the short-lived components in the decay of
positronium atoms [3]. Recently, a method combining PALS and Positron
Emission Tomography was proposed and elaborated for the application in
medical diagnostics [4, 5]. This technique also aids the study of various
physics phenomena such as: quantum entanglement [6, 7], search for mir-
ror photons [8, 9] and test for discrete symmetries in the charged leptonic
sector [11]. Time-reversal symmetry is one of the most intriguing and chal-
lenging discrete symmetries and has not been observed in the charged lep-
tonic sector so far [10, 12]. The Standard Model predicts photon–photon
interaction or weak interactions to mimic the symmetry violation in the
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order of 10−9 (photon–photon interaction) and 10−13 (weak interactions),
respectively [9, 12–15]. There is 6 orders of magnitude difference between
the present experimental upper limit and the Standard Model predictions
[16–18]. Hence, the time-reversal symmetry was proposed to be tested with
the ortho-positronium (o-Ps) system by determining the expectation value
of the operator constructed with the polarization (~εi) and momentum di-
rection (~kj) of the annihilation photons originating from the decay of o-Ps
atoms, as listed in Table I [11] using the J-PET detector. The observation
of a non-zero expectation value of this operator would imply non-invariance
of these symmetries [11, 17].

TABLE I

Discrete symmetry odd-operator constructed using the polarization (~εi) and mo-
mentum (~kj) directions of the annihilation photons from the decay of o-Ps. The
polarization direction (~εi) is constructed as the cross product of the momentum
direction of the primary photon (~kj) and its corresponding secondary scattered
photon (~k′j). The descending momenta of the three primary annihilation photons
are denoted by |~ki| > |~kj | > |~kk|. Symmetries for which the given operator is
odd (marked −) can be tested with the J-PET system, namely P, T and CP.

Operator C P T CP CPT

~εi · ~kj + − − − +

2. Lifetime of ortho-positronium atoms

The J-PET detector is the first PET-scanner constructed using plastic
scintillator strips to make the tomograph cost-effective and portable [19–22].
The fast signal creation and propagation with plastic scintillators allows to
time stamp the start and stop of various radiative processes. This helps the
selection of signal events with one prompt de-excitation photon and three
primary annihilation photons from the decay of ortho-positronium as shown
in the left panel of Fig. 1.

At the beginning of this year, the J-PET Collaboration conducted a test
experiment of producing the ortho-positronium signal candidates by using
a 22Na source placed in the center of the detector geometry covered with
a porous polymer (XAD-4). The lifetime of the produced positronium in
XAD-4 for each event is measured as the difference of emission time of the
de-excitation photon and an average emission time of the three annihilation
photons as shown in the right panel of Fig. 1 [3]. The spectrum shows a
sharp maximum corresponding to the annihilation of para-positronium and
direct e+e− annihilations. The long tail corresponds to the decays of ortho-
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Fig. 1. Left panel: Scheme of the J-PET scanner registering signal candidates, de-
excitation photon(γde-excitation) represented using dashed blue line and three pri-
mary annihilation photons (|~k1| > |~k2| > |~k3|). Right panel: positronium lifetime
(τ) distribution in the XAD-4 porous polymer, obtained from the measurement
with the J-PET detector. The lifetime distribution is obtained by identifying and
time stamping the de-excitation photon and the corresponding three annihilation
photons from the decay of ortho-positronium.

positronium atoms. The existence of ortho-positronium signal candidates in
the data sample acts as a foundation for testing the time-reversal symmetry.

3. Conclusion

The relatively long lifetime of ortho-positronium atoms acts as a promi-
nent feature for their identification. The J-PET detector is a novel PET
scanner made of plastic scintillators that offer fast timing properties in order
to identify the decay of ortho-positronium atoms by estimating its lifetime.
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