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Discrete symmetries tested at 10−4 precision
using linear polarization of photons from
positronium annihilations
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Discrete symmetries play an important role in particle physics with violation of
CP connected to the matter-antimatter imbalance in the Universe. We report
themost precise test of P, T and CP invariance in decays of ortho-positronium,
performed with methodology involving polarization of photons from these
decays. Positronium, the simplest bound state of an electron and positron, is
of recent interest with discrepancies reported between measured hyperfine
energy structure and theory at the level of 10−4 signaling a need for better
understanding of the positronium system at this level. We test discrete sym-
metries using photon polarizations determined via Compton scattering in the
dedicated J-PET tomograph on an event-by-event basis and without the need
to control the spin of the positronium with an external magnetic field, in
contrast to previous experiments. Our result is consistent with QED expecta-
tions at the level of 0.0007 and one standard deviation.

Positronium, Ps, is a bound state of an electron and positron with its
physics governed by quantum electrodynamics, QED. For describing
Ps one commonly uses non-relativistic QED bound state theory. While
this approach is mostly successful, recent hyperfine structure, HFS,
spectroscopy measurements have revealed a 4.5 standard deviations

anomaly between experiment and theory at the level of one part in 104

(see ref. 1) prompting new thinking about Ps structure and interactions
—for recent discussion see refs. 2,3.

Here, we investigate the properties of the ortho-positronium, o-
Ps, spin with respect to discrete symmetries. As a bound state, o-Ps
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should respect the symmetries of its constituents, including discrete
symmetries involving parity P, charge conjugation C and time reversal
T invariance4. Fundamental QED respects P, C, T symmetries as well as
the combinations CP and CPT. This paper presents the world’s most
precise test of T, P, andCP invariance in o-Ps decays. Themeasurement
is realized by a method using the polarization of photons from o-Ps
decays.

For a single electronor positron, C andCPTare seen tobeworking
to 1 part in 1012 in their anomalous magnetic moments ae = (g − 2)/2
(see refs. 5,6). The symmetry between electrons and positrons is also
manifested in comparison of their masses ðme+ �
me� Þ=maverage<8 × 10�9 and electric charges jqe+ +qe� j=e<4× 10�87.
CPT is a general property of relativistic quantum field theories beyond
these charged leptons. A further recent test is themeasurement of the
antiproton-to-proton charge-mass ratio resulting in a 16-parts-per-
trillion fractional precision in CPT invariance8.

For CP, important information comes from electron electric
dipole moment (eEDM). The tiny value ∣de∣ < 4.1 × 10−30 e cm9 (see also
refs. 10–12) constrains the scale of any new CP violating interactions
coupling to the electron. If such interactions couple with similar
strength to StandardModel particles, then onefinds constraints on the
heavy particlemasses similar to the constraints from the LargeHadron
Collider at CERN. If, instead, the new interactions should involve ultra-
light particles, then one finds that their couplings to the electron
should be less than about αeff ~ 5 × 10−9 (see ref. 4). Some new CP vio-
lation from beyond the Standard Model is needed to explain
baryogenesis13—hence the interest in looking for such couplings. There
are hints for possible CP violation in the neutrino sector though con-
servation is still allowed at the level of 1–2 σ7,14,15.

Based on the EDM constraints, one expects CP to be working in Ps
decays down tobranching ratios at least about 10−9 (see ref. 4). This has
been explored in studies of CP-odd correlations16, e.g., between final
state photonmomenta and the spin of the Ps. These experiments used
ortho-positronium which decays into three photons with a lifetime in
vacuum of 142 ns17, and measured the correlation

O1 = ðS � k1ÞðS � ðk1 ×k2Þ ð1Þ

with S the o-Ps spin vector and ki themomenta of the emitted photons
defined with magnitude k1 > k2 > k3, and found the result
〈O1〉 =0.0013 ±0.0022 (see ref. 18)—consistent with zero at the level
of 2 × 10−3. Since Ps freely decays in vacuum to massless photons, it is
not an eigenstate of T. This means that one can get CP, T and CPT
violation mimicking final state interactions with magnitudes only
detectable at the prevision level of about 10−9-10−10 (see ref. 19), beyond
the scope of the present experiments.

In this paper, we develop amethodologymade possible using the
J-PET tomograph in Kraków using polarizations of the emitted pho-
tons, which are determined from Compton rescattering in the
detector20. No magnetic field to control the o-Ps spin is needed in the
experiment. The maximal cross-section of the Compton scattering is
for the direction perpendicular to the electric field and polarization
axis ϵ of the incident photon21,22. This leads todefining thepolarization-
related quantities

ϵi =ki ×k
0
i=jki ×k

0
ij, ð2Þ

where ki and k0
i are the momenta of a photon from the positronium

decay before and after Compton scattering in the detector,
respectively20. These ϵi vectors are most likely to be along the axis of
the incident photon polarization vector and are even under P and T
transformations.

One may then consider new correlations. Taking the polarization
vector of one of photons ϵi and momentum vector of another photon

kj, we construct the momentum-polarization correlations20

O2 = ϵi � kj = cosðωijÞ ð3Þ

for all three independent combinations of these vectors, (i, j) = (1, 2),
(1, 3), (2, 3) with ωij being the angle between the ϵi and kj vectors. This
correlation O2 is odd under P, T and CP transformations. If the
expectation value of O2 does not vanish, then each of T, P, and CP
symmetries would be violated in the o-Ps decay. Measurement of the
correlation O2 can be performed without an external magnetic field
and without control of the o-Ps spin.

Here, we present an investigation of discrete symmetries in the
o-Ps system based on the momenta and polarizations of the emitted
photons Eq. (3) in o-Ps decays over the entire range of ωij:

hO2i= hcosðωijÞi= hϵi � kj=kji: ð4Þ

We calculate 〈O2〉 from a distribution which is the sum of all inde-
pendent combinations of ωij. We find a value consistent with zero at
68% confidence level, as expected from the underlying QED with a
threefold precision improvement over the previous measurements of
the CP-odd correlation, Eq. (1), where the o-Ps spin was used to define
the correlation. Thebound state o-Ps decays obeys theCP symmetry of
the underlying QED dynamics. Here one is probing the discrete
symmetry properties of QED. Weak interaction effects are character-
ized by a factor GFm

2
e≈10

�11 with GF the Fermi constant, and would
only be manifested with very much enhanced precision.

Results
Detector
The strategyweusehere is to study thediscrete symmetries associated
with the operator correlation, Eq. (3), involving the momenta of pho-
tons from the o-Ps decay and the photon polarization-related vectors
ϵi, which are measured using the Jagiellonian Positron Emission
Tomograph (J-PET)22–25. The J-PET detector is based on plastic scintil-
lators and is designed for total body scanning26 in medicine25,27,28 as
well as biomedical studies29,30 and fundamental physics research4,20,22.
The J-PET detector is described in more detail in “Methods”. For the
measurement reported here, the positrons are emitted from a
radioactive 22Na source placed at the center of the detector (Fig. 1a).

The source is coated with a porous polymer material to increase
the probability of o-Ps creation31 and inserted in the small vacuum
chamber to decrease the background contribution from positron
annihilation in the air. The annihilation photons from o-Ps→ 3γ are
registered in three layers of scintillator strips forming a barrel shaped
detector (Fig. 1a). Detection of annihilation photons in a given scintil-
lator is based on registration of a light pulse at both ends of the scin-
tillating strip. The light is collected by means of attached
photomultipliers and the interaction, later on referred to as hit, is
confirmed if signals at both ends of the strip are over a 30mV
threshold within a coincidence time of 6 ns. Figure 1b presents an
example of a signal event of o-Ps→ 3γ annihilation for the CP symmetry
test. The novelty of the reportedmeasurement is in the determination
of the polarization plane of annihilation photons and the experimental
coverage of the whole angular range of the tested correlation. In
addition, application of data acquisition system based on a fast, trig-
ger-less, field-programmable gate array (FPGA)32,33 and good timing
properties of the plastic scintillators used in the experiment34–36 (short
light signalswith 1 ns rising and 2 ns falling edges) and a high activity β+

radioactive source allowed us to register the highest number of o-
Ps→ 3γ annihilations for discrete symmetry studies so far recorded.

In addition, the achieved high data throughputmake it possible to
use high granularity of the active detector elements. As a consequence
the angular resolution in theplaneperpendicular to thedetector axis is
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0.5°, which is important for the determination of the momentum
direction.

Signal and background
In order to construct the operator correlation defined in Eq. (3), three
vectors of photonmomenta are required: the momentum vectors of a
Compton scattered photon before and after scattering, and an arbi-
trarily chosen one of two remaining photons from the o-Ps annihila-
tion. However, for proper o-Ps→ 3γ event identification and k1 > k2 > k3
ordering, the momenta of all photons from o-Ps decay must be
reconstructed. In this work we consider the expectation value of the
distribution of the sum of three independent operators constructed
with the aforementioned vectors. The momentum vector of a photon
is reconstructed on the basis of its origin point and point of interaction
with the scintillator. The origin point is common for photons emitted
from the o-Ps decay and is equivalent to the source position. The point
and time of interaction with the scintillator are calculated on the basis
of thedifference and sumof times, respectively, of registered signals at
both ends of the scintillator strips23. The main experimental back-
ground to o-Ps→ 3γ signal events (described in detail in “Methods”)
consists of (i) p-Ps→ 2γ events with single scattering registered, (ii)
events with multiple scattering of a single photon between active
elements of detector, and (iii) cosmic rays.

Analysis scheme
A signal event consists of four depositions of energy inside scintillating
strips: three from o-Ps→ 3γ and one from registered Compton scat-
tering. Hits with energy deposition of at least 31 keV are registered by
the data acquisition system, DAQ. Background interactions from p-
Ps→ 2γ and cosmic radiation with high energy depositions are sup-
pressed by the requirement of time-over-threshold, TOT, less than
17 ns. Hits from o-Ps→ 3γ decays (for each combination of three hits
within an event) are identified based on the angular correlation
between annihilation photons, comparison of their emission time and
coplanarity of themomentumvectors of the annihilationphotons. The
energy of the annihilation photons is calculated from the angular
dependence between all three photons from the o-Ps decay37 and the
momenta are ordered as k1 > k2 > k3. Finally, the assignment of one of
the remaining hits in the event to one of the photons originating from
o-Ps→ 3γ is based on the smallest value of the difference between

calculated and measured time of flight of photon between ki and k0
i

interactions. The detailed description of the applied selection criteria
is in “Methods”. After the aforementioned selection", the final sample
consists of 7.7 × 105 events. The angular correlation betweenmomenta
of annihilation photons for the final sample is presented in the Fig. 2a.

Expectation value of the correlation O2

The distribution of the reconstructed correlation defined in Eq. (3) is
presented in the Fig. 2b. For the first time, the whole range of the CP
asymmetry operator is measured. For the distribution of O2 operator,
the background expected on the grounds of performed Monte Carlo
simulations is subtracted from the experimental distribution. The
resulting distribution is corrected for the detector acceptance and
analysis efficiency. The expectation value of the operator correlation
O2 is determined to be

hO2i=0:0005±0:0007stat:: ð5Þ

The systematic error contributions to this result are estimated fromhit
spatial, temporal and energy resolutions. The possible influence of
cosmic rays is tested on the basis of a dedicatedmeasurement without
the positron source, but with an identical data processing scheme to
that used for the 〈O2〉 determination. No significant systematic error
from any contribution is found. The expectation value of the operator
O2 is consistet with zero within achieved accuracy, therefore no P, T,
and CP asymmetry is observed.

Discussion
Ourmethodology using the polarization of photons from positronium
decays has allowedus tomake theworld’s presentlymost accurate test
of CP symmetry in o-Ps decays. The experiment uses the polarizations
of photons emitted in the decay measured through the non-local
correlation in Eq. (3), which is independent of the o-Ps spin. It involves
the o-Ps decay and rescattering in the detector. Previous tests of CP-
odd18 and CPT-odd38 decays of o-Ps were conducted by measuring
angular correlations between momenta of the annihilation photons
and the spin of the ortho-positronium only at specific fixed angles.
Recently the J-PET group improved the test of CPT symmetry by
measuring a momentum-spin correlation with full angular coverage39.
The CP result reported here is also obtained using the full kinematic

Fig. 1 | The J-PET detection system. The orange dot indicates the position of the
sodium source. The superimposed solid red arrows indicate momenta of annihi-
lation photons (k1 > k2 > k3) originating from the decay of ortho-Positronium. The
dashed red vector represents the momentum of the secondary scattered photon
(k0

2). Photomultipliers registering signals from these four photons are marked with
yellow rectangles. a Photograph of the J-PET detector with the annihilation cham-
ber installed at the center. Strips of plastic scintillator wrapped in black foil are
mounted between two aluminum plates. Photomultipliers reading optical signals
from these strips are inserted in aluminum tubeswithmu-metal insert for optic and

magnetic isolation. b Scheme of the J-PET detector where scintillators are drawn as
green rectangles. For every selected event the directions of themomentum vectors
for the three annihilation photons are reconstructed between the known position
of radioactive source and the reconstructed hit point. Due to momentum con-
servation these three vectors are co-planar (annihilation plane). In the presented
example the photon with medium energy (k2) interacts with the detector material
and scatters as k0

2 (forming the scattering plane). The angles between photon
momenta are indicated such asθ1 < θ2 < θ3. Note that ordering of these angles is not
directly related to the ordering of the momenta.
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range of photons appearing in the correlation O2. With our method,
the CP test is performed without the need to control the o-Ps spin
using an external magnetic field. It is the first simultaneous test of P, T,
and CP symmetries using the angular correlation betweenmomentum
of one of the annihilation photons and the polarization plane of
another annihilation photon. The result reached the precision of
Oð10�4Þ, which represents a threefold improvement in the search for
CP-odd decays of o-Ps (Fig. 3). The use of polarization of photons for
correlations like ϵ ⋅ k or ϵ ⋅ S, where S is the spin of the positronium,
opens a new class of discrete symmetry tests in positronium decays20.

The new result might be further improved using the methods
introduced here together with upgrades in the J-PET detector. These
experiments will be conducted with a modular J-PET detector having
about 20 times higher sensitivity for the registration of ortho-
positronium. The modular version of the J-PET system40 with
increased acceptance is currently being used for ameasurement of the
P, T, CP, and CPT symmetries with a goal of reaching 10−5 accuracy.

Methods
Experimental setup
The J-PET shown in Fig. 1, is a multi-purpose, axially symmetric
detector in the formof a barrel constructed with three layers of plastic
scintillator strips23,41,42. Two inner layers consist of 48 strips each,
placed at 425-mm and 467.5-mm radius, respectively, with the second

layer rotated by 3.75° with respect to the first one. The outer layer is
composed of 96 strips at radius 575mm. A single strip of J-PET is
500 × 19 × 7mm3 and made of fast-timing plastic scintillator23,34,41,42

wrapped with two kinds of foils: external (for optical isolation) and an
internal one to reflect the light from the scintillator. The position of a
photon interaction along a scintillator strip is derived from the time
difference of signals from two photomultipliers attached to a given
strip, whereas the time of interaction is calculated from a sum of times
of these signals. Each 19 × 7mm2 side is optically connected to the
R9800 Hamamatsu photomultiplier23,24. Signals from 192 photo-
multipliers are probed in voltage domain at four different amplitude
thresholds (Fig. 4). In total, up to eight measurements of time (leading
and trailing edges) are performed allowing for precise signal start time
derivation and time-over-threshold measurement equivalent to the
photon deposited energy determination32,43,44. In the reported mea-
surement, the amplitude thresholds are equal to 30, 80, 190, and
300mV. All Time-to-Digital Converter (TDC) channels are distributed
on the eight Trigger Readout Boards (TRBs) in the trigger-less
manner33. Large amounts of data are registered due to the trigger-
less data acquisition system DAQ33, namely for the 1MBq source there
are 105 hits per second collected, which translates into 28 MBps of
recorded data. The Lempel–Ziv–Markov chain algorithm45 is used to
compress the data. The 122 days of data taking reported here resulted
in 100 TB of archived data. For long-term storage, data were recorded
onmagnetic tapes in Linear Tape-Open version 7 (LTO-7). Data analysis
of J-PETfileswasperformedwith adedicated analysis framework46,47. In
the reportedmeasurement, four data campaigns were carried out: two
with 22Na source of 5 MBq activity and two with activity of 1 MBq. The
source was inserted between two 3-mm thick pads of XAD-4 porous
polymer48 and placed in the center of PA6 polyamide cylindrical
chamber of inner diameter of 10mm located on the axis of the J-PET
detector (Fig. 1a). A vacuum system connected to the source holder
ensured a pressure at a level of ~1.5 × 10−4 Pa inside its volume. Taking
into account the density of the chamber material (1.14 g/cm3), the
thickness of the outer wall (1mm), and mass attenuation coefficient49,
the attenuation of photons from o-Ps annihilation is estimated to 1%.

For Monte Carlo simulations, the geometry and material of the
annihilation chamber and active detector elements (scintillator strips)
are implemented in the GEANT4 toolkit50. The experimental resolution
of the whole experimental setup is introduced as Gaussian smearing
with standarddeviation σ. For the deposited energy σE=14 keV, for time
of the hit σT = 225 ps and for Z-position of the photon interaction
σZ = 2.4 cm. The values of the above-mentioned smearing parameters
are obtained from the fit of Monte Carlo distributions to data points
shown in Fig. 5.

Fig. 3 | Summary of searches for CP-odd ortho-Positronium decays. The two
upper results18,53 are performed for the operator correlation O1 defined in Eq. (1),
whereas J-PET is using the new correlation O2 constructed with the polarization
vector in Eq. (3). Theblue vertical line indicates noCP symmetry violation, while the
green bars for eachmeasurement correspond to the total uncertainty calculated as
statistical and systematic uncertainties combined in quadrature.

Fig. 2 | Composition of the experimental data sample. a Distribution of the sum
and difference of the two smallest angles between photon momenta (θ1 < θ2 < θ3).
The superimposed black pictographs present three different orientations of the
momentum vectors for multiple scattered events (bottom left region), p-Ps→ 2γ
events with single scattering (vertical band around θ1 + θ2 = 180°) and o-Ps→ 3γ
signal events (bottom right region). The red vertical line corresponds to a
θ1 + θ2≥190° cut applied for the signal selection. b Measured distribution of

asymmetry operator Eq. (4) for experimental data (black circles) and simulated
histograms for signal (green), background (blue) and combined signal and back-
ground (red). The discrepancy between simulated distribution and data points for
the two central binsmay be explained by the rapid change of efficiencydistribution
in that region, but this effect is negligible comparing to the achieved accuracy of
the final result.
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The X and Y coordinates of photon interactions are generalized to
the center of a given scintillator strip. In order to reduce the statistical
fluctuation of simulated samples of events the generated signal and
background events are 3.5 and 2.4 times bigger than the contributions
found in the experimental data, respectively.

Signal candidates selection
A signal event is an o-Ps→ 3γ decay with one of the annihilation pho-
tons undergoing Compton scattering. Therefore a signal candidate
consists of four registered hits of photons in scintillator strips: three
coming directly from annihilation of o-Ps and one as a secondary
scattered photon.

The selection of signal candidates is a three-step process:
1. Selection of at least four candidate hits within one event (Fig. 6),

where each hit fulfills the following conditions:
the energy deposited in the scintillator must not be smaller than
31 keV to rejectmultiple scattered hits (this value corresponds in
fact to the lowest threshold set at DAQ);
the position of the hit at the scintillator strip must be within ±
23 cm window around the center point to suppress hits at the
ends of scintillators due to scatterings from aluminum plates
holding scintillator strips (Fig. 1a);
the registered TOT valuemust be ≤17 ns to reject hits originating
from cosmic radiation (tested with separate data-taking cam-
paignwithout the radioactive source) and to reduce the p-Ps→ 2γ
background component (Fig. 7a), as well as the deexitation
photon from 22Ne*;

2. The identification of hits from o-Ps→ 3γ decay was performed as
follows:
the emission time was calculated for each hit as a difference
between the registered time (hit time) and a travel time (ratio of
the distance between source and hit position and speed of light);
the emission time spread (ETS) was calculated as a difference
between last and first emission time of three candidates; this ETS
must be less than or equal to 1.4 ns to ensure that hits originate
from the same o-Ps decay (Fig. 7b);
for a source position of (sx, sy, sz) a distance between annihilation
plane (spanned by the annihilation photons’ momenta and
defined as Ax+ By +Cz+D =0) and the source was calculated as
DOP= jA � sx +B � sy +C � sz +Dj � ðA2 +B2 +C2Þ�

1
2; the DOP con-

structed with three candidate hits must be less than or equal to 4
cm to reject hits from multiple scatterings (Fig. 7c);
at the decay plane the sum of the two smallest angles between
photon momentum vectors from o-Ps→ 3γ decays must be
greater than or equal to 190∘ (Figs. 2, 5, and 8) to reject main
contribution from p-Ps→ 2γ events with multiple scattered
photons;
for events with more than three hits a combination with the
smallest (ETS)2 + (DOP)2 value was selected;

3. After the above-mentioned selection of three photons from o-
Ps→ 3γ decay, the assignment of one of the remaining hits in the
event as the interaction of a scattered photon from the o-Ps→ 3γ

Fig. 5 | Distribution of the sumof the two smallest relative azimuthal angles (θi
and θj) between the registered annihilation photons (projection on the hor-
izontal axis of experimental data from Fig. 2a and simulation of background
and signal events (Fig. 8b, c, respectively). Experimental data points are marked
with black circles, while histograms represent the results of reconstructed Monte
Carlo simulations for signal (green), background (blue), and combined signal and
background simulated distributions (red). The experimental histogramcontains all
the events after the analysis. Visible multiple maxima and minima are due to dis-
tances between scintillating strips (Fig. 1b). The main maximum at 190° is in fact a
remaining tail of background component of the p-Ps→ 2γ process where
θi + θj = 180° and one of the photons undergoes a single scattering.
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Fig. 6 | Exemplary distribution of hit multiplicity within events.
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Fig. 4 | The idea of a TOTmeasurement for constant thresholds thri, where i =1,
2, 3, 4. A negative electric signal (black line) is probed in the voltage domain U at
four voltage thresholds allowing for determination of crossing time t, with leading
tiL and trailing tiT edge of the signal. The energy carried by the signal is therefore
proportional to the area under the signal, which is estimated as a sum of areas of
rectangles limited by neighboring thresholds and registered times. The energy
deposited by a photon is proportional to the light collected by photomultipliers at
both ends of the scintillator strip. The TOT for a given deposition (hit)32,43,44 is
calculated as the normalized sum of products of a difference of consecutive
thresholdswith respect to the baseline thr0 = 0mV andTOTmeasurements at both
ends of the scintillator strip for each threshold. The normalization factor is the
difference between two highest thresholds, namely
TOT=

P2
j = 1

P4
i = 1 TOT

j
i � ðthri � thri�1Þ=ðthr4 � thr3Þ, where j counts TOT measure-

ments at both ends of the scintillator strip.
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decay was based on the smallest time difference
Δij= (tj − ti) − ∣rj − ri∣/c between the reconstructed and expected
time of flight of the scattered photon, where the measured time
and position of interactions are ti, ri for the ith selected

annihilation photon and tj, rj for jth candidate for scattering of
the ith photon, respectively (i = 1, 2, 3 and j = 4, . . . , multiplicity),
where multiplicity is the number of registered hits per event,
see Fig. 7d.

Fig. 7 | Exemplary spectra for the selection criteria with the superimposed red
line of the applied cut value. The definition of each variable is given in the text.
a Time-over-threshold TOT for each hit for events with multiplicity greater than 4.
The o-Ps→ 3γ candidate is constructed out of 3 hits with the smallest value of

(ETS)2 + (DOP)2. The final candidates are selected after surviving cuts on ETS (b) and
DOP (c).d The assignment of the scattered photon to one of o-Ps→ 3γ candidates is
based on the smallest scatter test value.

Fig. 8 | Identificationofbackground to o-Ps→ 3γ signal events. θ1 and θ2 indicate
two smallest relative angles between momentum vectors of photons. The super-
imposed black pictographs at the first plot present three different orientation of
momentum vectors for eventswithmultiple scatterings (bottom left region of each
plot), p-Ps→ 2γ events with a single scattering (vertical band around θ1 + θ2 = 180

∘)

and o-Ps→ 3γ signal events (bottom right region). The red vertical line corresponds
to a θ1 + θ2≥190

∘ cut applied for signal selection. a Full sample of MC simulated
events. b Background events within the Monte Carlo sample. c Simulated signal
events.
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The main background contributions to o-Ps→ 3γ events are p-
Ps→ 2γ events with the registration of additional scatterings, partially
reconstructed o-Ps→ 3γ decaysmixedwith different hits, and o-Ps→ 3γ
decays with wrong assignment of hits to photons from annihilation
and scattering. As an example, a composition of different background
events is presented in Fig. 9. Differences between signal and back-
ground events were identified in the two-dimensional distribution of
difference and the sum of relative angles betweenmomentum vectors
of photons (Fig. 8a for the full Monte Carlo sample, Fig. 8b for simu-
lated background events, and for simulated signal events in Fig. 8c)20.

All the values of the applied cuts were optimized for the best
Monte Carlo to data agreement of the distribution of the sum of two
smallest relative azimuthal angles between the annihilation pho-
tons (Fig. 5).

The number of generated Monte Carlo events exceeds the num-
ber of experimental events. Therefore, the normalization of Monte
Carlo contributions was performedwith two independent parameters:
one for o-Ps→ 3γ signal events and a second scaling parameter for
remaining background events. The histograms in Fig. 5 are shownafter
the normalization procedure.

The geometrical acceptance of the J-PET detector is determined
usingMonte Carlo simulations. It is estimated as a ratio of the number

of simulated signal events to the number of generated events with the
o-Ps decay into three photons and one scattered photon. The signal
events are those in which three photons from the o-Ps to 3γ decay
interacted in the detector, and at least one of them scattered a second
time. The selected Monte Carlo signal events after the entire analysis
chain are used for the determination of analysis efficiency as a ratio of
the number of signal events surviving selection cuts over a number of
registered signal events. The combined distribution of acceptance and
analysis efficiency is presented in the Fig. 10a.

Determination of expectation value
Having three hits assigned to an o-Ps→ 3γ decay and a fourth hit
correlated as a scattering to one of the annihilation photons, cos(ωij)
is determined for each event after the analysis selection chain. The
energy of annihilation photons from o-Ps decay is calculated in the
basis of their relative angles37, and the momenta are ordered
accordingly k1 > k2 > k3. Then cos(ωij) is calculated according to Eq.
(4) while ϵ is derived from Eq. (2). From the experimental distribution
of cos(ωij) (Fig. 2b) the normalized background spectrum is sub-
tracted. The obtained distribution is finally divided by Monte Carlo-
derived distributions of the total efficiency (Fig. 10a) and a mean
value of the distribution is calculated as the expectation value of the

Fig. 9 | Topology of background events. Scintillators of J-PET are schematically
presented as green rectangles. Scintillators registering the photons in presented
events are indicated as yellow rectangles. Solid lines denote photons originating
from Ps annihilation, while dashed lines represent scattered photons. Momenta of
signalphotons are drawnwith red color, while incorrectly reconstructedones -with
blue. The following convention is used: θ1 < θ2 < θ3. a An exemplary event of p-
Ps→ 2γ decay with the registration of both annihilation photons and two scatter-
ings. The one with direction of k0

2 is correctly recognized during analysis as a
scattered hit, while the scattered k0

1 is wrongly assigned ask3.bAmisreconstructed
o-Ps→ 3γdecaydue towrong assignment of the scattered hit. The photon fromo-Ps

annihilation marked as k3 (red) is not detected, while k2 scatters as k
0
2 and is

properly reconstructed. The annihilation photon with momentum direction
marked as k1 also scatters. It is not reconstructed as k0

1, but incorrectly recon-
structed as annihilation photon k3 (blue). Both events presented in the top row
would be rejected by the θ1 + θ2≥190° criterion, while events from the bottom row
would be incorrectly accepted. c p-Ps→ 2γ decay with registration of both annihi-
lation photons and two scatterings, but only one of the hits is correctly assigned
(k1).k

0
1 ismisidentified ask3 (blue),whilek

0
2 (red) ismisidentified ask2 (blue) and k2

(red) ask0
2 (blue).dAn event similar to the one presented in the top right panel, but

with a topology immune to the θ1 + θ2≥190
∘ cut.
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correlation O2, Eq. (3), along with the statistical error of the expec-
tation value.

Estimation of systematic uncertainties
Contributions from all selection criteria to the systematic uncertainty
were calculated by changing the given cut value by its resolution and
performing the whole analysis chain again. Following the approach
proposed by Barlow51,52 the statistical significance of the systematical
contribution from each cut was calculated as the difference between
the expectation value of operator O2 obtained this way and the final
result normalized to the uncertainty. The resolution of the distance to
the annihilation plane (DOP) is estimated to be 1.1 cm. The position of
the energy deposition by a photon along the scintillator strip Zhit is
known to the accuracy of 2.4 cm. The angular resolution for θ1 + θ2
determination (Fig. 5) is 1.5°. The emission time spread ETS of photons
originating from the o-Ps decay is about 0.5 ns. The TOT is measured
with 1.2 ns resolution,while theDAQ registration threshold is knownup
to 14 keV. The position of the annihilation measured from p-Ps→ 2γ
decays is known to 0.5mm accuracy in the X–Y plane and 0.4mm
resolution along the Z axis. It is worth to mention that the annihilation
place (source position) is continuously monitored with p-Ps→ 2γ
events, as an intersection of lines formed with two monoenergetic,
back-to-back annihilation photons. Two-dimensional distribution of
reconstructed annihilation points in the XY plane is presented in the
Fig. 10b. Possible influence of binwidth at cos(ωij) spectrum (Fig. 2b) to
the final result is testedwith double and twice reducedwidth of the bin.
Finally the contributionof pure cosmic rays is estimatedwith a separate
measurement without positronium source for which registered data is
analyzed the same way as in case of o-Ps→ 3γ decays. The resulting
distribution of cos(ωij) is subtracted from the experimental spectrum.
In addition, for conservative consideration the cosmic rays distribution
is added to the experimental spectrum. The result showsno statistically
significant contribution from any of the aforementioned parameters.

Data availability
The datasets collected in the experiment and analyzed during the
current study are available under restricted access due to the large
data volume. Direct access to the data can be arranged on request by
contacting the corresponding author.
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