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Positronium
e+
Positronium (Ps) — Ge' O

the lightest purely leptonic bound state Ps

Depending on the total spin (S) Ps can be in one
of two states — para and ortho
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the lightest purely leptonic bound state Ps

In matter ortho-Ps mean lifetime can be shorten mainly due to the pick-
off proces and ortho-para conversion
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Positronium
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Motivation

Pushing the limits for the test of the discrete
symmetries on leptonic systems

e+
Positronium (Ps) — 6
o

the lightest purely leptonic bound state >
Positronium physics — almost entirely QED >

Assuming CPT conservation up to 1012 |evel

Some deviations from QED were found in positronium
fine structure — L. Gurung et al., Phys. Rev. Lett. (2020)

Precision

Phys. Rev. Lett, 10!
91 (2003)

Phys. Rev. Lett. 10

104 (2010) \\\\§_€>
103 |

6 orders still
unexplored



Motivation

The focus was on t

Using such
operators requires
determination of
the photons
momenta and
spin of the o-Ps

ne study of angular correlations with positronium decays

Operator

C

+

P

T

+

CcP

CPT

+

+
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W. Bernreuther et al., Z. Phys. C41 (1988) 143
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Other operators

Using photon
polarization

Operator T CP CPT
§ ¢ ]_él + o
S - (ky x k) ; +
(s I_c>1) (_>. (I_él X I_EZ)) - : +

W. Bernreuther et al., Z. Phys. C41 (1988) 143

—

+

+

+

P. Moskal et al., Acta Phys. Polon. B47 (2016) 509
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Motivation

Phys. Rev. Lett. (§ & ) (§ (,;1 v ,;2)) Phi/;;ll?;\glﬁtt.

S (ky x k3) 91 (2003)

Polarized o-Ps using
external B field
Inclusive measurement
Only certain angular
configurations

Limiting positron emission direction Ccp = (1.34£2.110.6)x10-3

1 Mbq B+ emitter activity
411 detector but low angular resolution

Cepr = (2.6+3.1)x10-3

v 1
Py~ —- —(cosa+1
Effective polarization depends Fops = §P&+
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on o-Ps—3vy vertex resolution




J-PET detector

-
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S=a—"

Device for detection of the photons from
positronium annihilation (~0.5 MeV) and
nucleus deexcitation (~1 MeV)

Detection based on Compton effect in long
plastic scintillator

Energy estimated as a Time-over-Threshold | it e =
value _ ‘

P. Moskal et al., IEEE Trans. Instrum. Meas. 70 (2021) 2000810
S. Niedzwiecki et al., Acta Phys. Pol. B 48 (2017) 1567
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J-PET detector
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Energy estimated as a Time-over-Threshold
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J-PET detector

Device for detection of

e
the photons from B S
positronium annihilation §= -~

(~0.5 MeV) and nucleus 3=
deexcitation (~1 MeV) £4 /

Energy estimated as a b
Time-over-Threshold [ oo ™™ = ™

value

-—
-
——

m—e

P. Moskal et al., IEEE Trans. Instrum. Meas. 70 (2021) 2000810
S. Niedzwiecki et al., Acta Phys. Pol. B 48 (2017) 1567
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J-PET detector

Both energy and position of the hit
reconstructed based on the measured
times (resolution ~350 ps in FWHM?)

Annihilation position reconstruction
based on multi-photon coincidences

K. Dulski et al., NIM A 1008 (2021) 165452
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P. Moskal et al., IEEE Trans. Instrum. Meas. 70 (2021) 2000810
S. Niedzwiecki et al., Acta Phys. Pol. B 48 (2017) 1567
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J-PET detector — image reconstruction
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J-PET detector — image reconstruction

e+
?
)

Image from the 2-photon annihilation can e | g

be reconstructed using specific algorithms ar
v /T X Medical Image
- T TOF kernel huur() (2021) 102199

TOF profile h % hy(2) =N

annihilation
point

Figure from L. Raczynski et al., Physica Medica 80 (2020) 230

TOF-BPTV
(TOF Back Projection Total Variation regularization) Yo

Non-zero intensity is
inside ROR ellipsoid

TOF-FBP
(TOF Filtered Back Projection)

Figure from RY. Shopa et al,

Analysis 73
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J-PET detector — image reconstruction

We have also developed our own image reconstruction algorithms
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J-PET detector — image reconstruction

Image reconstruction for NEMA IEC phantom
KDE — Kernel Density Estimator, RP — Reprojection, MPF — Median Post Filter

KDE MLP FBP 3DRP FBP 3DRP + MPF TOF FBP TOF FBP + MPF
(dscalar) (ramp) (ramp) (min. MSE) (min. MSE)

FWHM, = 230 ps, FWHM, = 2 cm
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Figure L. Raczynski et al., Physica Medica 80 (2020) 230

SiPM

Ideal + WLS

Figure from R.Y. Shopa et al., Medical Image Analysis 73 (2021) 102199
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J-PET detector — image reconstruction

Their performance was compared with the most commonly used
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Trilateration method @

It is also possible to reconstruct annihilation

position based on the annihilation of the ortho-Ps

into 3 photons — trilateration method (like in GPS) |
A. Gajos et al., NIM A 819 (2016) 54-59 :

: < 0-Ps
... annihilation

o
.
* .
Q“ te, 5
. .
.
o ,‘ l
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Trilateration method @

position of the

3 signals co-planarity source on the
. . + * decay plane
XF" !
O 3 equations (xX.y)
3 variables .. -
time of emission
t
X =X+ -y )P = vt —t)? vV —
— X=X+ -y =v(t'—t,)? velocity of
the signal

—
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Experimental details

Large cylindrical chamber with walls from the mesoporous silica -> high
fraction of the o-Ps production

Vacuum inside the chamber — 103 Pa -> reduction of the positron
scatterings before entering walls of the chamber

b ortho-positronium
production

T ¢

*
22Na—?°Nee*v

22Ne + v

Figure from P. Moskal, A. Gajos et al., Nature Comm. 12 (2021) 5658
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JPET vs previous measurements

L Phys. Rev. Lett. S kNS (k. x Kk Phys. Rev. Lett,
S (ky x k3) 91 (2003) ( 1)( (ks 2)) 104 (2010)

Qure

Side View

Polarized o-Ps using
external B field
Inclusive measurement

Only certain angular
configurations

P_. = 0,686 v/c

Limiting positron emission direction Ccp = (1.34£2.110.6)x10-3

1 Mbq B+ emitter activity
411 detector but low angular resolution

Cepr = (2.6+3.1)x10-3

. Multiple geometrical

& configurations

@ e+ spin estimated event-by-event
‘8 Plastic scintillators = fast timing

'@ Recording all 3 annihilation

& photons

P..~ 0,98 v/c

A. Gajos et al., NIM A 819 (2016) 54-59 25



Analysis procedure

Extensive medium in which o-Ps is formed and annihilated, along with the
position reconstruction algorithm, allowed for the formulation of the
positron polarization (spin) estimation on the event-by-event basis

Knowledge of the o-Ps annihilation position and the hit positions allows for
the determination of the annihilation photon momenta

j\‘”tn.
v 1
P, ~—- 5((%05 a+ 1)

& .
3

Effective polarization depends
on o-Ps—3vy vertex resolution
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Analysis procedure

Extensive medium in which o-Ps is formed and annihilated, along with the
position reconstruction algorithm, allowed for the formulation of the
positron polarization (spin) estimation on the event-by-event basis

Knowledge of the o-Ps annihilation position and the hit positions allows for
the determination of the annihilation photon momenta
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Data

Analysis procedure

Main requirements for an event:
Only 3 Hits in the 2.5 ns event time window
All hits with TOT such, that 15 ns < TOT < 55 ns

0.0 0_ “Ne™* de-excitatign
: 511 keV
Compton
0.015F edge
[ 1274 ke ]
()()l() / Compton B .

edge

0.005 |

Fraction of recorded vy interactions /0.5 n

0.000 L Aiiziabiats s o 1 o o 10N
0 20 40 60 80 100 120

TOT [ns]
Figure from P. Moskal, A. Gajos et al., Nature Comm. 12 (2021) 5658

B* (90.4%) 0.545 MeV
EC (9.5%)

22Ne” (3.7 ps)

B* (0.1%)

1.82 MeV i v 1.275 MeV

ZZNe
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Analysis procedure

Main requirements for an event:
Only 3 Hits in the 2.5 ns event time window
All hits with TOT such, that 15 ns < TOT < 55 ns

Proof of measuring o-Ps -> 3G
Data from another measurement

| Entries 2746 |

¥

10° &

3T tprompt ]
o-Ps

10° b

i

-200 -150 -100 -50 0 50 100 150 200
Atns]

t3, - Time of o-Ps annihilation into 3 photons

22Na (2.602 y)

B* (90.4%) 0.545 MeV
EC (9.5%)

22Ne” (3.7 ps)

B* (0.1%)

1.82 MeV i v 1.275 MeV

ZZNe

tprompt
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Analysis procedure

B* (90.4%) 0.545 MeV
EC (9.5%)

] _ 22Ne” (3.7 ps)
Main requirements for an event: B (0.1%

1.82 MeV i v 1.275 MeV

Only 3 Hits in the 2.5 ns event time window
All hits with TOT such, that 15 ns < TOT < 55 ns

Annihilation position (O) —>
Trilateration

ZZNe

Position (O) -> l_c)l X Ez K,
Adding position of the
source (O) -> S
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Treatment of the background events

Possible
configurations
of events

2y annihilation with secondary Compton
scattering

d i1l
R\l 7

C

2y annihilation with two secondary scatterings 2y annihilation in the B* source setup

and only one detected primary photon accompanied by a prompt de-excitation photon

Figure from P. Moskal, A. Gajos et al., Nature Comm. 12 (2021) 5658
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Treatment of the background events

Rejection of
the scatterings
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e
=1}
h

Fraction of events
S 2
3 E

&
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o

For a given pair of hits i-j

2y annihilation with secondary Compton 0.01
6l]- = |d CAtl] | scattering 0.00 £
- 5min [Cm]
Omin = Min 4;;
2y annihilation with two secondary scatterings 2y annihilation in the B* source setup
and only one detected primary photon accompanied by a prompt de-excitation photon 32

Figures from P. Moskal, A. Gajos et al., Nature Comm. 12 (2021) 5658



Treatment of the background events
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Treatment of the background events
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Figures from P. Moskal, A. Gajos et al., Nature Comm. 12 (2021) 5658
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Treatment of the background events

Data

7000

Rejection of
the 2G decays
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and only one detected primary photon accompanied by a prompt de-excitation photon
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p-Ps contamination fraction
<2-10% Data

Treatment of the background events
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Results of the CPT test

Simulation data were generated in order to estimate efficiencies:

geometrical and analysis
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Results of the CPT test

Simulation data were generated in order to estimate efficiencies and to
check how induced assymetry will affect observable
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Results of the CPT test

Data Total number of events ~2x10°

30000 -

20000 N

Events

10000 |- -

Copr = 0.00067 + 0.00095

Statistical uncertainty = 0.00033
Systematic uncertainty = 0.00014
Analyzing power P =37.4%
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Results of the three-photon imaging

The first 3G image of the 0-Ps from the extensive-size object
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Figure from P. Moskal, A. Gajos et al.,
Nature Comm. 12 (2021) 5658
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Positronium Imaging

Different type of the image that also focuses on o0-Ps is positronium image.
It is based on the mean o-Ps lifetime studies in every voxel.
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Positronium Imaging

Different type of the image that also focuses on o0-Ps is positronium image.
It is based on the mean o-Ps lifetime studies in every voxel.
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Positronium Imaging

Different type of the image that also focuses on o0-Ps is positronium image.
It is based on the mean o-Ps lifetime studies in every voxel.
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Positronium Imaging

Different type of the image that also focuses on o0-Ps is positronium image.
It is based on the mean o-Ps lifetime studies in every voxel.
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Positronium Imaging — event selection

There can be different background events for such events (2+1)
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Positronium Imaging — event selection

Set of selection criteria were applied to reduce background from the data
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Positronium Imaging — event selection

Additional geometric cuts were applied to limit potential annihilation

positions inside the detection chamber
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Positronium Imaging

In every voxel positron lifetime spectrum can be collected and decomposed
onto different component — p-Ps, o-Ps, direct annihlation
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Positronium Imaging — final result

It resulted in the first positronium image of biological samples
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Positronium Imaging — final result

It resulted in the first positronium image of biological samples
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Future developments
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Conclusions

* The first test of the CPT symmetry with angular correlations in ortho-
positronium annihilations at prevision below per-mil level was performed
by J-PET.

* The first image of an object extensive in size was obtained using three-
photon annihilations of ortho-positronium. Properties of the 3y
reconstruction are being studied further in view of multi-photon imaging.

* Positronium imaging proof of concept was presented by the J-PET
detector. The first positronium image shown visible differences between
two types of the tissues — Cardiac Myxoma and Adipose tissue.

52



Acknowledgment

Work was supported by the Foundation for Polish Science through the
TEAM POIR.04.04.00-00-4204/17 Programme the SciMat and DigiWorld

Priority Research Area budgets under the programme Excellence Initiative -
Research University at the Jagiellonian University

European j European Union
Funds F N P Fnulndatlr:rn for European Regional
Smark Growth Polish Science Development Fund

53



)
4 _p
) 4

g Y

Thank you ‘

AN

attention




