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New twist on PET scans unlocks
hidden signals for diagnosing disease
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The family portrait
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Unfolding
the

history........

FIRST
PATENT

https://koza.if.uj.edu.pl/pet/ modular J-PET
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JPET: P. Moskal et al. Nucl. Instr. and Meth. A 764 (2014) 317-321 J-PET: P. Moskal et. al., Science Advances 10 (2024) eadp2840

JPET: G. Korcyl et al. Acta Phys. Polon. B 47 (2016) 491
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In-vivo positronium image of human brain using
J-PET

https://koza.if.uj.edu.pl/pet/ J-PET: P. Moskal et. al., Science Advances 10 (2024) eadp2840
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Positronium

S.D. Bass et al., Rev. Mod. Phys. 95, 021002 (2023)

Bound
state of

electron &
positron
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/ Para-Positronium (pPs) \

Spin state: Singlet (S=0) — spin

antiparallel o

C quantum number: C = +1 \HH
Lifetime: ~125 picoseconds

Dominant decay: p-Ps > 2y (97.8¢,,

\_ )

/ Spin state: Triplet (S=1) — spins parallel \
C quantum number: C=-1
Lifetime: ~142 nanoseconds
Dominant decay: 0-Ps > 3y (via QED)

Positron Source — Sodium 22

22Na (2,58 a)

10 2 /o 2"’:’(2 = 1,022 MCV

89,8% p*
0,544 MeV

MESON 2026 B. Jasinska, et al., Acta Phys. Polon. B47(2016) 453 6



Importance of oPs

Bound
state of

electron &
positron

Cleanest
system for
testing
QED

MESON 2026

/Spin state: Triplet (S=1) — spins paralle\l

C quantum number: C=-1
Lifetime: ~142 nanoseconds
Dominant decay: o-Ps > 3y (via QED)

e
e

\ Ortho-PositrEpium (oPs)

/
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JPET: P. Moskal et al. Acta Phys. Polon. B 47 (2016) 509

Discrete symmetries in leptonic system with J-PET

n

Measurement
the expectation

value of the
symmetry odd-
operators

CP & CPT tested to a level

of 10 precision

CPT Study
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J-PET: N. Chug et al., Phys. Rev. D 113 (2026) 032003

JPET: P. Moskal et al. Nature Communications 12 (2021) 5658
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CP Study
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Motivation: Charge conjugation invariance test

Decay channels for test:
F Meson

* To--> 3y (highly suppressed 1037)
* pPs-->3y
* OPs-->4y

2s
YStems . Same f
ate

And many more......

4 N

In EM decay, no. of
photons in the final
state — consequence of

pPs . .
e C-conjugation
. \ symmetry / OPs --> 4y

Deviation from the allowed no. Of
Lepton photons in final state - an indication of

C symmetry violation

D. A. Dicus, Phys. Rev. D 12,2133 (1975) MESON 2026
S.D. Bass et al., Rev. Mod. Phys. 95, 021002 (2023)
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Additional aid from Bose statistics

Mani and Rich. Phys. Rev. D, 4:122,1971

Direct Consequence of C-symmetry in pPs
- Candecay in even number of photons
* PPs-->4ypossible

BUT
Not in a symmetric configuration of regular
tetrahedron

The final state photons have inconsistent
polarization state w.r.t pPs.

Configuration
(photon
polarization
states)

RRRR

LRRR/RLRR/RLRR/R
RRL

RRLL

MESON 2026

Symmetry
operation

Rotate 120 deg.
About axis
through a vertex

Same 120 deg.
rotation

Rotate 90 deg. +
reflection

Effect

Gains phase e2™3

Gains phase e2™3

Returns to itself (w/
phase +1)

Result

Forbidden
(violates
rotational
invariance)

Forbidden

Forbidden (odd
parity initial
state
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Additional aid from Bose statistics

Mani and Rich. Phys. Rev. D, 4:122, 1971

Configuration
(photon
polarization

Direct Consequence of C-symmetry in pPs
- Candecay in even number of photons
* PPs-->4ypossible

BUT
Not in a symmetric con
tetrahedron

The final state photons
polarization state w.r.t pPs.

RRLL

MESON 2026

Symmetry
operation

Rotate 90 deg. +
reflection

Effect

ains phase e2™3

ains phase 23

Returns to itself (w/
phase +1)

Result

Forbidden
(violates
rotational
invariance)

Forbidden

Forbidden (odd
parity initial
state
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Forbidden search with J-PET — Main goal

* 4 photons
* Photon energy: 255.5 keV

‘: * Interangle: 109.5 deg.

(

Ortho-Positronium
(0-Ps)
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axis

Direction of 4th photon w.r.t the z(0,0,1)

Geometrical Constraint

37.5cm

IUs
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Alternatives!!

AECENIECICAUERS o Simulation study
detector (Reduce ongoing

the detector
radius)

e Total Body J-PET on
the way

User a longer
Detector

e Plan under
consideration

MESON 2026

0, + 0, [deg]

At present doable
Working with 3 photons instead of 4

i lation - Signal 3500
ol ~+13000
[ 2500
200 2000
: 1500
I 500
%0-3020-10 0 10 20 30 40 °

DOP [cm]
Distance of plane formed by 3 photons w.r.t

annihilation point 15



Signal vs other dominant decay channels

0, + 9, [deg]

0, + 6, [deg]
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109.5 deg. - not the only
characteristic of the signal

Distance of plane from the

annihilation pointis also a distinct
feature for signal selection
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After reduction of major
background sources

Simulation studies

oPs->3 gamma
pPs->2gamma
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Events/(2)

Teston pseudo-data

T N__ =674.47
100 Nsie +S+B MC

i Nyyq = 526.99 s

80__ ¥2/ndf = 0.958
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Sample composition: signal (1%) &
background (99%)

Fit looks reasonable BUT
Overestimation in signal and
underestimation in background
Improvements in background
estimation ongoing "



Summary

* J-PET is a multi-Purpose detector which can be used in medical
Imaging as well as discrete symmetries.

* We have tested CP & CPT in pure leptonic system to the precision
of 10 level.

* The detector can also be used to test the Charge conjugation
Invariance.

* Results from recent simulation studies are presented.
* Further development in background reduction is ongoing!!

MESON 2026 18



Thank you for your attention!!
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C symmetry test with J-PET

Mani and Rich. Phys. Rev. D, 4:122, 1971

Decay into 4 Photons PHOTOMULTIPLIER

Fe SHIELD

DS DETECTOR
LEAD COLLIMATOR

SOU'RCE

o Lo
FT "-R;s;?--lo Xl A. .

Ortho-Positronium

(0-Ps)
b B '
FT=EgT'|7-=1-2X10 A F*7<8x1078 a<0.8.
- 4 photons

) No. of measurement days: 24
- Photon energy: 255.5 keV * No. of candidates found: 4

- Interangle: 109.5 deg. MESON 2026 27



Results from CP tests
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Evolution of Positron

Positron emitter Surrounding molecules (H,O etc.) Direct annihilation (2y)

(B* decay) ®
@ &' Interactions 4 @
~ - -
Positron slow down h g
l Ps formation ~ )
<&
Prompt y-ray (Eq.1)
‘ Self-annihilation
Self-annihilation > Interactions W
(2y,Eq. 2) ' > @ 4
n Pick-off annihilation @
p_Ps o-Ps (2Y: Eq. 4) ‘O'PS

(§=0) (S=1)

7, =125ps 7, =142ns ; .' @@

Spin-exchange
interaction (Eq. 5)

Interactions

_ Prompt y-ray Annihilation y-ray
Radicals (O, etc.) (start signal) (stop signal)

Lifetime measurement

MESON 202é(. Shibuya et al.,Commun Phys 3, 173 (2020) .



PMT : £ PMT
A I
tA Z=0 E 'tE3

t'l’

This opens up plethora of physics programs!!

J-PET: S. Sharma et al., EJNMMI Phys. 7 (2020) 39

x10?

Counts

I &5 { 1

100 150 200
Time over Threshold [ns]

Precision study of oPs decays with J-PET
—Talk by J. M. Sowa
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