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The main aim of this research is to test the charge�parity discrete symmetry in the ortho-positronium
(o-Ps) atom decay using the modular Jagiellonian positron emission tomography (J-PET) detector.
The J-PET is distinguished by its ability to determine the polarization plane of photons emitted during
positronium annihilation. The J-PET detector can investigate discrete symmetry by examining the non-
zero expectation values of the symmetry-odd operators constructed from the momentum and direction
of polarization plane of gamma (γ) quanta coming from o-Ps annihilation. In positronium decay, the
photon�photon interactions in the �nal state due to vacuum polarization may mimic a charge�parity
symmetry violation at the level of 10−9, according to the Standard Model prediction. Currently, with
the help of the 192-strip J-PET detector, the experimental limits on charge�parity symmetry violation
in o-Ps decay are set at a precision value of 0.0005 ± 0.0007. Using the modular J-PET detector, we
aim to improve this value by at least an order of magnitude. This article focuses on developing analy-
sis criteria towards improving the sensitivity level for charge�parity-discrete symmetry studies in o-Ps
decay using the modular J-PET detector.
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1. Introduction

A novel approach is being developed using the
Jagiellonian positron emission tomography (J-PET)
detector to test discrete symmetries in orto-
positronium (o-Ps) decays using the polarization of
annihilation photons [1�8]. The angular correlation
operator (ϵi ·kj) � which is odd under the charge�
parity (CP), parity (P), and time-reversal (T) trans-
formations � has been used, hence making possible
to test CP symmetry in positronium decays [1�12].
The CP symmetry is investigated by determining
the expectation value of the operator calculated as
a mean of the cos(θij) spectrum, de�ned as

cos(θij) =
ϵi · kj

|ϵi| |kj |
, (1)

where θij is the angle between ϵi and kj [1�7].
The vector ϵi is constructed as the cross product
of the momentum vector direction of one annihila-
tion photon before (ki) and after Compton scatter-
ing (ki

′) in the detector, i.e., ϵi = ki × ki
′. The

momentum vector direction of another annihilation
photon in the same o−Ps → 3γ decay event, �

other than a photon with momentum vector (ki)
� is represented as kj [1, 4�8]. The non-zero ex-
pectation value of the operator refers to a viola-
tion of the studied symmetry. Recently published
J-PET studies performed, based on data collected
with the 192-strip J-PET detection system, gave
a mean expectation value of 0.0005 ± 0.0007 for
this operator [4]. The goal of using the modular
J-PET detector is to attain a 5-fold improved pre-
cision level in the expectation value of the CP odd
operator [4�8].

2. Measurements and analysis

The modular J-PET detector is a newly devel-
oped, �exible, and portable variant of the J-PET
detection system [13�21]. Measurements for the CP
symmetry study were carried out using the modular
J-PET detector that has 20 times higher sensitiv-
ity for o−Ps → 3γ signal registration compared to
the 3-layer prototype detector [21�27]. The arrange-
ment of plastic scintillators in the modular J-PET
detector is shown in Fig. 1a [13�18, 24, 26].
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Fig. 1. (a) Modular J-PET detector [13�18,24,26].
(b) 22Na point source embedded in XAD-4 porous
polymer placed at the center (red line) of the small
annihilation chamber. (c) The small annihilation
chamber is placed at the center of the modular
setup, and the schematic (red) shows o−Ps → 3γ+1
Compton-scattered signal event [4�8].

A small annihilation chamber (PA6 material)
containing a sodium source with an activity of
5.541 MBq was placed at the center of the de-
tector (Fig. 1b and c). The superimposed arrows
(red) in Fig. 1c indicate the momentum vector
directions of the primary photons from the o-Ps
decay (k1,k2,k3) and the secondary Compton-
scattered photon (ki

′). Using this modular exper-
imental setup, a total of 138 days of measurement
was performed. As a part of developing analysis cri-
teria for the CP symmetry study, we present here
the results from a preliminary analysis of one hour
of the modular experimental data. In the coming
month, Monte Carlo simulation studies will be con-
ducted for the optimization of signal selection cri-
teria, and after that, we will perform a full experi-
mental data analysis.
Analysis of the experimental data was performed

using the J-PET Analysis Framework software,
which consists of several modules [1�8]. Each of
them corresponds to a particular computing task,
such as calibration procedure and reconstruction
algorithm [1�8]. This analysis requires hits in the
scintillators, which are grouped into clusters within
a de�ned time window (200 ns). Such grouped hits

Fig. 2. Red dot indicates a photon hit in the scin-
tillator strip, and signals are read by two photomul-
tipliers (PMT A and PMT B) placed at two sides
of the scintillator strip [1�8].

Fig. 3. Experimental TOT spectrum for all hits
(black line). The black dashed line at 8ns V indi-
cates the Compton edge for annihilation photons.
Hits with TOT values between 3 ≤ TOT ≤ 8 ns V
are selected as annihilation candidates (red region).

are referred to as `events'. For this study, the signal
hits of interest originate from o-Ps → 3γ accompa-
nied with one Compton-scattered photon [1�8]. In
order to minimize contributions from the photons
scattering in the detector housing, signals from the
edges of the scintillators were excluded. So, as the
�rst analysis step, hits are chosen only if their recon-
structed Z coordinate falls between −23.0 cm and
+23.0 cm along the scintillator strips. This restric-
tion decreases the chances of getting background
hits from the region outside the active scintillator
area [1�8]. When the condition |Z| ≤ 23 cm is met,
events with a hit multiplicity ≥ 4 are selected. For
each hit read by the photomultiplier tube (PMT),
the time-over-threshold (TOT) value is calculated
by the rectangular method on all available thresh-
olds (30 mV and 70 mV) applied to PMT (Fig. 2).
The TOT parameter is considered as the measure
of energy deposited by a photon once it hits on the
scintillator strip [1�8]. The TOT values for the sig-
nal read by the PMT and from the photon hit are
given, respectively, by

TOTsignal =

2∑
i=1

TOTi ∆Thri, (2)

TOThit = TOTA
signal +TOTB

signal, (3)
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Fig. 4. ETS vs DOP plot before (a) and after (b)
selecting the best triplet hit that gives the smallest
R value in an event.

where ∆Thri = Thri − Thri−1 and Thr0 = 0. Both
TOTi and ∆Thri are shown in Fig. 2. The parame-
ter TOTi is the di�erence between the trailing time
and the leading time of the signal at threshold i.

Figure 3 shows the experimental TOT spec-
trum, with the red shadowed area corresponding to
the time-over-threshold of the annihilation photon
and the secondary hits of the scattered photons.
Throughout the analysis, the annihilation point is
assumed to be at the center of the detector, and the
annihilation photons are expected to lie in a sin-
gle plane [4�8]. The distance of annihilation plane
(DOP) is the distance between the annihilation
point and the reconstructed plane formed by the
three detected hits [1�8]. Also, for each triplet, the
di�erence between the emission times of the third
and �rst hit in an event is calculated, which is de-
�ned as the emission time spread (ETS) [1�8], where
the emission time is the di�erence between the pho-
ton travel time and the registered hit time [1�8].
For each event, all possible triplet hit combinations
are considered, and the ETS vs DOP plot is shown
in Fig. 4a. The best triplet hits are chosen by min-
imizing the parameter R given by [4�8]

R =

√(
DOP

σDOP

)2

+

(
ETS

σETS

)2

. (4)

Fig. 5. Sum of the two smallest relative angles
(θ1 + θ2) versus their di�erence (θ2 − θ1) plot. o-
Ps candidates are visible in the region marked by
dashed lines with pointing arrows (θ1 + θ2 > 210◦

and θ2 − θ1 < 70◦).

Fig. 6. Preliminary cos(θij) plot obtained at a pre-
cision level of 0.0002±0.0007 from one hour of mod-
ular experimental data analyzed.

Those selected triplet hits for which the value of R
is closest to zero are true candidates for the photon
hits from o-Ps → 3γ decay (Fig. 4b).
The relative angles between the hits in the best

triplet chosen are calculated; they are ordered from
the smallest to the largest [1�8]. In the 2D rela-
tive angle plot (Fig. 5), the events corresponding to
o-Ps → 3γ decay are clearly visible in the regions
(θ1+θ2) > 210◦ and (θ2−θ1) < 70◦ [1�8]. To assign
a secondary scattered hit to a primary annihilation
hit, a scatter test was performed between each pair
of hits, and the hit pair that gives the smallest scat-
ter test value (STV) was chosen [4�8].
After applying all the signal selection criteria,

three independent CP odd operators (ϵ1 · k2),
(ϵ2 · k3), (ϵ3 · k1) are constructed, and their expec-
tation values are calculated using (1). The cos(θ)
plot for all the operators is shown in Fig. 6.

3. Conclusions

Using the 192-strip J-PET detector, the statisti-
cal precision achieved so far in studies of CP dis-
crete symmetry in o-Ps decay is 0.0005±0.0007 [4].
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The preliminary results from one hour experi-
mental data analysis shows a precision level of
0.0002± 0.0007 obtained using the modular J-PET
detector. The modular J-PET detector [28] is aim-
ing to improve the mean expectation value of the
CP-odd operator by an order of magnitude after
analysing 100% of the experimental data sample.
Monte Carlo simulation studies will be conducted
to optimize the signal selection criteria for the con-
struction of the CP symmetry odd operator and to
evaluate their expectation value precision.
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