ACTA PHYSICA POLONICA A No. 6 Vol. 148

2nd Symposium on New Trends in Nuclear and Medical Physics, Poland, September 2/-26, 2025

Systematic Study of Positronium Production Medium
in the J-PET Experiment for the CPT Symmetry Test

NEHA CHUG*"* AND P. MOSKAL®?
(ON BEHALF OF THE J-PET COLLABORATION)

@Faculty of Physics, Astronomy, and Applied Computer Science, Jagiellonian University,
ul. Lojasiewicza 11, 30-348 Krakow, Poland
bCenter for Theranostics, Jagiellonian University, Kopernika 40, 31-501 Krakéw, Poland

Doi: 10.12693/APhysPolA.148.5119 *e-mail: neha.chug@uj.edu.pl

The Jagiellonian positron emission tomograph (J-PET) is a novel technology employed to detect mul-
tiple photons from positronium annihilation. It employs plastic scintillator strips optimized for the de-
tection of photons in the sub-MeV energy range. The experimental setup consists of a positron-emitting
source surrounded by chambers coated with porous materials to facilitate positronium formation. Ow-
ing to its large geometrical acceptance and high angular resolution, J-PET enables the reconstruction
of various kinematic configurations of positronium annihilations, allowing for precise measurements of
angular correlations in ortho-positronium decays. The detector has already demonstrated high sensitiv-
ity in charge-parity and charge-parity-time symmetry tests based on such correlations. In the present
work, we report a systematic study of the effects of non-uniformity in porous materials used for positro-
nium production in the J-PET setup, performed in the context of a charge—parity-time symmetry test.
The systematic uncertainty obtained from this study is 0.59 x 10~°, and contributes negligibly to the
total uncertainty of the charge—parity—time symmetry test.
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1. Introduction

This work concerns charge-parity—time (CPT)
symmetry tests using the Jagiellonian positron
emission tomograph (J-PET) scanner — a table-
top detection system [1-3]. The Standard Model
(SM) of particle physics rests upon the foundational
principles of CPT and Lorentz symmetry. Any vi-
olation of CPT symmetry would imply a violation
of Lorentz invariance, as predicted by the Standard
Model extension (SME) [4, 5]. Therefore, investigat-
ing potential CPT-violating effects provides a sensi-
tive probe into physics beyond the Standard Model.

CPT symmetry, a product of charge conjuga-
tion, parity, and time reversal, is one of the fun-
damental symmetries and has been preserved in
all physical processes observed to date. Numerous
experimental approaches have been and continue
to be developed to test its validity across differ-
ent particle systems [6]. Despite the lack of a di-
rect violation, these tests have established stringent
experimental limits. Most CPT symmetry tests in-
volve precise comparison of fundamental properties

of particle—antiparticle pairs, such as mass, lifetime,
electric charge, and magnetic moment [7]. In addi-
tion to these direct comparisons, CPT symmetry
can also be probed by studing particle interactions.
One of such tests is electromagnetic interactions in
the three-photon decays of the positronium [1, §|.

Positronium (Ps), a purely leptonic bound state
of an electron and a positron, presents a unique
investigative tool for precision tests of quan-
tum electrodynamics (QED) and discrete symme-
tries [9, 10]. Recent high precision measurements of
the fine-structure of positronium have revealed dis-
crepancies between experimental results and QED
predictions [11]. These discrepancies highlight the
importance of further investigations into the struc-
ture and interactions within the positronium [12].
The triplet state, ortho-positronium (o-Ps), decays
predominantly into three photons, offering a model-
independent framework to probe CP and CPT in-
variance through angular correlations between the
0-Ps spin and photon momenta [1, 8, 13]. Any
deviation from the expected symmetry conservation
would manifest as a non-zero expectation value of
CPT-odd operators.
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Fig. 1. Spherical annihilation chamber used for
positronium production in the J-PET experi-
ment [22]. (a) Two hemispheres coated with a layer
of porous silica on their inner walls, joined to form a
sphere-shaped chamber. (b) Spherical chamber as-
sembled inside a cylindrical tube.

Within QED, CPT symmetry is preserved
in positronium decays, though higher-order ef-
fects, such as photon final-state interactions, may
mimic apparent violations at the precision level
of 1079 [14]. While the weak interaction ampli-
tude in Ps due to parity mixing and weak decays
of its state may mimic CPT violation at the pre-
cision of 10712 [8, 14]. Experimental investigations
of such tests have so far verified CPT invariance
with a precision of 0.00067 £ 0.00095 [2]. Further
advancements in experimental techniques are im-
perative to achieve even higher precision level for
such tests [15].

2. Experimental details

In this study, we report a systematic check
for the measurement that was conducted for
the CPT symmetry test in the years 2021-2022
with the Jagiellonian positron emission tomograph
(J-PET) [16-21]. The measurement data were an-
alyzed in view of testing the CPT symmetry in
three-photon annihilations of the o-Ps atom us-
ing the angular correlation operator. The CPT-odd
angular correlation operator is studied, defined as
S - (k1 x k2) between the spin of ortho-positronium
(0-Ps) and the normal to the decay plane of its
annihilation photons. Here, k; and ks represent the
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Fig. 2. Two-dimensional (2D) angular map con-
sisting of azimuthal angle ¢ and the polar angle
for the ortho-positronium annihilation points recon-
structed from (a) experimental data and (b) Monte
Carlo simulations. Panel (c) shows the angular dis-
tribution of the ratio between experimental data
and MC simulations.

momentum vectors of the two most energetic anni-
hilation photons from the o-Ps decay. The measure-
ment was performed with the J-PET detector and
a spherical-shaped annihilation chamber. The final
results from these CPT symmetry measurements
using J-PET have been reported in an article [3].
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Fig. 3. Distribution of azimuthal angles associated
with identified o-Ps annihilation points on XY de-
tector plane for (a) experimental data and (b) MC
simulations.

The spherical chamber, used as the medium for
positronium production, consisted of two hemi-
spheres that had been joined to form a sphere
(R = 10 c¢m), as shown in Fig. 1 (see also [22]).
There is a layer of porous silica coating (~ 2 mm)
on the inner walls of the chamber. As the measure-
ment lasted for one year, the coating of porous ma-
terial became non-uniform over time. We studied
the effect of non-uniform thickness of porous layer
on the CPT-odd angular correlation operator using
J-PET.

3. Systematic check on porous silica
uniformity

Any potential asymmetry that might arise from
the non-uniform thickness of the porous silica used
in the annihilation chamber was investigated. The
polar (0) and azimuthal (¢) angles of the re-
constructed annihilation points of the identified
0-Ps — 3y decays were analyzed to access the
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Fig. 4. The distribution of azimuthal angles from

Monte Carlo simulations after rescaling with the
correction weights. The weighted MC distribution
is consistent with the one from experimental data,
as shown in Fig. 3a.

uniformity of porous material and to model the ef-
fect of the target material thickness on positronium
formation. The annihilation points of the identified
0-Ps events were reconstructed using the trilatera-
tion method [23]. The distributions from these an-
gular variables, termed as two dimensional angu-
lar map, are shown in Fig. 2a (for the experimental
data) and Fig. 2b (for the Monte Carlo simulations).
Note that 6 denotes the angle with respect to the
detector axis Z, while ¢ is the azimuthal angle in
the XY plane measured from the X axis. The ex-
perimental data exhibit more annihilation events in
the region of 6 angles from 60° to 120°, whereas
the MC distribution is uniform across these angles
range. This localized excess is also visible in the
data-to-MC ratio map in Fig. 2c.

To further investigate this effect, the ¢ angles for
the data and simulations are compared in Fig. 3.
A uniform ¢ distribution would indicate uniform
coating thickness, whereas the data reveal notice-
able non-uniformity, shown in Fig. 3a.

Correction weights were derived from the 2D an-
gular map by calculating bin-by-bin the ratio of
the event counts in the data to the simulations
(with a bin size of 4°). These weights were ap-
plied to the MC sample to reproduce the observed
non-uniformity, as shown in Fig. 4, and to evalu-
ate its impact on the final CPT-odd angular cor-
relation. After applying the 2D angular weights,
the Monte Carlo distributions reproduce the an-
gular structures observed in the data. To quan-
tify the systematic uncertainty associated with the
non-uniformity of porous silica, the unweighted and
weighted MC distributions of the CPT-odd opera-
tor were compared, and their corresponding ratios
were evaluated, as shown in Fig. 5a and b, respec-
tively.
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Fig. 5. (a) Distribution of the CPT-odd angular
correlation operator S - (k1 x k2) for weighted and
unweighted MC simulations. (b) The corresponding
ratio of weighted to unweighted Monte Carlo distri-
butions as a function of angular correlation.

4. Conclusions

In this work, we investigated the impact of the
non-uniform thickness of target material used for
positronium formation on CPT-odd observables
measured with the J-PET detector. The estimated
systematic shift due to spatial non-uniformity in the
MC sample amounts to be 0.0000059, which is neg-
ligible compared to the final statistical uncertainty
of the measurement [3]. After applying the correc-
tion weights, no statistically significant change in
the expectation value of the CPT-odd operator is
observed.

It is important to note that the non-uniformity
of the target material affects the production of o-Ps
annihilations in the experimental setup. The con-
centration of o-Ps annihilations is not uniform over
the entire spherical chamber, as shown in Fig. 2.

Nevertheless, this uneven production of o-Ps events
in the J-PET detector has an insignificant impact
on the distribution of CPT-odd observables.

These results are particularly relevant in the con-
text of future high-precision CPT symmetry stud-
ies with the modular J-PET detector, as described
in [24-27]. Using modular J-PET detector, data
for CPT studies with four-fold higher statistics
compared to previous J-PET measurements have
already been collected.
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