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Motivation: discrete symetry tests with o-Ps — 3y decays

* Positronium — lightest purely leptonic bound state How can we test discrete symmetries

« Eigenstate of C and P in the positronium system?

e Searches for prohibited positronium annihilations

Para-positronium _ -4 Ortho-positronium . -3
singlet state triplet state J/ \  SME-based searches for CPT violation proposed

/
T =125 ps g T = 142 ns ) with positronium spectroscopy
¢ -7 [Phys. Rev. D92 (2015) 056002]

p_PS_>2ﬁ/: 4“/3"' O'PS—>3”/¢ 5"}’,...

e Searches for non-vanishing symmetry-odd correlations
C.. = (12:2130010°
PRL 104 (2010) 083401 . etre |
YY Interactions in the final state

I I I I I I I I I —
i i i i i i i i 1 I . .
101 102M103\10* 10° precision

cpr = (2.64£3.1)x10° /‘| J-PET Cepr = (6.7+£9.5)x 10
PRL. 91 (2003) 263401 Nat. Commun. (2021)12:5658
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Testing discrete symmetries in ortho-positfronium annihilations

A\ 2 I . o . .
<O> =0 for an odd operator /‘ Usmg ortho pgatromum spin
R requires either:
< CPT(0) =-1 * polarization
A e spin estimation
< T(0)=-1 g
p—— c 5 T o | ot If polarization direction of the photons (€)
S can be estimated, a new class of operators
qSL t _ + _ _ becomes available for measurement!
- b: Uf} Xﬂk2) - i i - . - e Never measured before J-PET
(S k1)(S - (k1 X k2)) + — — — +
732 X_€] _I_I_I_I I
S- € B B H B 3
S (k2 % €1) i 1 B 1 1

[ W. Bernreuther et al., Z. Phys. C41 (1988) 143 |
[P. Moskal et al., Acta Phys. Polon. B47 (2016) 509
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The Jagiellonian PET (J-PET) tomographic detector

Concelved at the Jagiellonian University as the
1%t Positron Emission Tomograph based on plastic scintillators

At the same time a robust photon detector for fundamental research!

192 scintillator strips (50 cm long )
arranged in 3 concentric layers

Photons interact via Compton scattering

e (ascades of subsequent scatterings
can be recorded
— estimation of ¥ polarization
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[J-PET: NIM A 764 (2014) 317-321]

| [J-PET: NIM A 764 (2014) 186-192]
[J-PET: NIM A 786 (2015) 105-112]
PM PM [J-PET: NIM A 775 (2015) 54-62]
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Ortho-positronium spin estimation for the S(kixkz) measurement

- g Event-by-event spin estimation
ete” — 0-Ps —

37 f e Extensive-size chamber, R=12 cm
|5 (k1 x k)]

k1| > |ko| > |ks)

Walls coated with porous silica enhancing o-Ps formation

« 10 MBqg B*emitter (**Na) placed in the chamber center

e 0-Ps — 3y annihilation point reconstructed
using trilateration

[A. Gajos et al., NIM A 819 (2016), 54-59]
2

B+ source Fops = let

porous silica
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J-P

= | vs previous measurements

Yamazaki et al.
PRL 104 (2010) 083401

C, = (1.3+2.1%0.6)x10

Gammasphere
PRL. 91 (2003) 263401

C,. = (2.6%3.1)x10-
S (k1 x k)

P =2 -0.686
C

—

(S k1)(S - (k1 x k2))

Silica aerogel

Side View

Plastic scintillator

* Limiting e+ emission direction
1 Mbq B* emitter activity

e 41 detector but
low angular resolution

* Polarized o-Ps using
external B field

* |nclusive measurement

* Only certain angular
configurations
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/l )-PET

S

* Recording multiple
geometrical configurations

* e+ spin estimated event-by-event

P.~2.091
C

* Plastic scintillators = fast timing
— using high B* emitter activity
(tested up to 10 Mbq)

* Recording all 3 annihilation photons

* Angular resolution at 1° level



ldentification of o-Ps — 3y events in J-PET

L +L T T
gttty t

y—

Using total Time Over Threshold (TOT)
of PMT signals from a scintillator strip
— a measure of y deposited energy

S
=
o
S

" 2Ne* de-excitatign

[ 511 keV
0.015F Compion | o |
- edge : Confirming o-Ps presence with
I ] positron lifetime distribution
0.010 | / 1274 keV - 10° £ t ot Entries 2746 3
N Compton - i 37 prompt .
edge 1 ; o-Ps

UUUS__ 0:Ps .%3‘Y
I
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CPT test with S(kixkz): Main background sources

Secondary Compton ‘\‘ -
scatterings &

 Secondary Compton-scattered C:: /’1
photons may be recorded -
by J-PET again -

- For each pair of annihilation '
photon candidates "
iand j (iy=1,2,3) we compute: ﬁ'

Y 4 N
5757;3' = ‘dw — CAt,,;j‘ "'lll“‘

...........................................

2y from the B+ source setup

* Using angular topology of the event
in XY detector plane

 Considering all hypothetical back-to-back 2y
pairs (tomographic “Lines Of Response”)
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Evaluation of the CP T-asymmetric observable

A

S (k1 x k2)/|k1 x ka| = cosb

/\§

Standard asymmetry:

Ny - N_
N, +N_

Is generalized by the
mean value of cosO:

[ N(cosb)cost
[ N(cos#)

Ny & cost > 0
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cosO

Expected effect with
CPT-asymmetric simulations
(exaggerated violation)

[Symmetry 12 (2020) 8, 1268]
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Results of the 15t CPT test with J-PET

Using 2 x 10° of identified o-Ps — 3y annihilations g . (El % ]22)/|E1 > E2| — c0s0
3y image of the o-Ps production chamber —

In the tranverse view of the detector
40

-
e -
e

30000 - et -

20000F LR

Events

I Y [cm]
o

10000 - -~ - -

F<Ocpr> = 0.00025 £ 0.00036

0 AR S ST SO SR RS T
-1.0 —0.5 0.0 0.5 1.0

cosO

Cepr = <Ogpr>/P = 0.00067 £ 0.00095

—40
-40-30-20-10 0 10 20 30 40
X [cm]

The first image of an extensive-size object
obtained with o-Ps— 37 annihilations

Nature Commun. 12, 5658 (2021)

37.4% (polarization-dominated)
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Efficiency ~ 11
w.r.t present J-PET

New J-PET with dense geometry &
digital SIPM readout

Spherical annihilation chamber to
enhance e+ utilization

n  2.4e+08
S Result reported in this talk J-PET Run 13 1
T
O 2.3e+08 1} p, Moskal, A. Gajos et al., Measurements with :
_8 _~1 Nature Communications spherical chamber '
S A 12, 5658 (2021) Activity ~ 4 MBq .
= 8 months I
v J-PET Run 6 '
> 5.0e+07 A I
o Measurements with J-PET Run 12 '
& aocesroy | cylindrical chamber Measurements with :
T Activity ~ 10 MBq spherical chamber -
n Activity ~ 1 MB
O 3.0e+07 A Limofith v a Future Run
. 6 months ,
O Measuremepts with
o i
% 2.0e+07 A Longest J-PET 24 Modular|J-PET
= measurement 4 months
9 1.0e+07 A with point-like o-Ps chamber
p -
g 0.0e+00 "( T T T T T T T T T
I\ o 0 o> o o> .0 T SR o>
W @ @ @ T Y Y P
date
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Test of the CP symmetry using y polarization

Experiment:

* Using a small positronium production chamber in the center of J-PET
* 22Na positron source and XAD-4 porous material

Source

V\‘Mf %““”Uﬁiy

MY,
* Three primary photon interactions @ =
from o-Ps—3y = ~ "2
e Observable of the test: — Signal Event k
(8| ) =) g
* Using events where . — i
an additional secondary ,1 fmmmmmmmmmmoo oo ' C; =

Compton scattering
was recorded

v

* Polarization most
probable perpendicular

to scattering plane v« "2 [_ _______________ ;
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CP test with y polarization — data analysis

Selection of 0-Ps — 3¢ + 7’ events:
 Time-Over-Threshold (TOT) of photon interactions

—@— Experimental Data
* Angular event topology 15000

Signal [Monte Carlo]

messes Background [Monte Carlo]

« Common emission time of 3 photons

8 Total Monte Car
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0-Ps source L -
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CP test with y polarization — preliminary result

0.0015[—

J-PET result: : 0_3:

 Using MC simulations of the entire experiment

Cer= (& - k;) =0.00052 + 0.00067 stat o | o ool
1%t measurement of an angular correlation operator .§ A 2
. . . . . - . © s
Involving photon polarization in o-Ps annihilations! g £ o2
<Q_)0.0005* w [

0.15|

04

e Probing the full spectrum of the operator values B T Ty s ;
* Result uncertainty dominated by statistical error e Cos () Cos ()
e Publication in preparation |_ —s | —e— Experimental Data
L . . . E== Background [Monte Carlo]
e Future: more statistics already available! Preliminary o S
= Total Monte Carlo

40000¢

T. Yamazaki et al.,

Entries

previous most p-recise result,
Cep= ( ( S-k: )( S'(klka) ) )

[Phys. Rev. Lett. 104 (2010) 083401 | 20000

Preliminary |/, pgT

-0.01 -0.005 ) g . 0.005 0.01 3 0.5 0 0.5 1
Cos (o)
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Summary

* The J-PET detector, originally conceived as a tomographic scanner,
has demonstrated its capability as a photon detector for studies of ortho-positronium annihilations
with a high acceptance and angular resolution

* J-PET measured the S(kixk:) angular correlation o-Ps — 3 annihilations
sensitive to CPT-violating effects reaching sub-permil precision

e Estimation of 0-Ps spin on an event-by-event basis
 The first image of an extensive-size object otained solely with o-Ps annihilations

 Recently, J-PET performed the 1st measurement of a CP-violation-sensitive angular correlation
involving photon polarization in o-Ps — 37 annihilations

Thank you for your attention!

This work is supported in the framework of the Opus grant N NATIONAL SCIENCE CENTRE
no. 2019/35/B/ST2/03562 of the National Science Centre of Poland. AN POLAND
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Evaluation of the experiment’s sensitivity

 MC-simulating same statistics as experimental data
e Artificially inducing different levels of CPT violation

* Applying identical analysis as used on data 0.006
» Testing observed level of violation (Ccpr)

Different colors denote
iIndependent simulations

30.08.2022 A. Gajos, SSP 2022
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107 1072
Asymmetry level induced in MC
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Testing discrete symmetries with ortho-posifronium

operator C P T CP | CPT
Aa hd k,—i
If polarization direction of the S . (kX ko) + B + B B
photons (€) can be estimated, (- BN - (B x ) + + = + _
a new class of operators becomes Zo + — — — +
available for measurement! /.:2 - €} " - - - N
S - €
S - (ks x &) A I I O A
+ — + - —
[W. Bernreuther et al., Z. Phys. C41 (1988) 143]
[P. Moskal et al., Acta Phys. Polon. B47 (2016) 509]

J-PET can determine the scattering plane
iIn events with secondary Compton scatterings!

30.08.2022

|E1| = |’Z2| = |EB|
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na

Compton scattering angle 6[rad]
o

Eur. Phys. J. C 78 (2018) 970

0.25

0.2

0.15

0.1

0.05

0 = b
2 yrad]

Angle between € and the scattering plane
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https://link.springer.com/content/pdf/10.1140%2Fepjc%2Fs10052-018-6461-1.pdf

The J-PET Detector

 Constructed at the
Jagiellonian University

 Fist PET device using strips
of plastic scintillators

e At the same time:
a robust photon detector
for fundamental research!

30.08.2022
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The J-PET Detector

 Constructed at the
Jagiellonian University

 Fist PET device using strips
of plastic scintillators

e At the same time:
a robust photon detector
for fundamental research!
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O-Ps creatfion and decay

30.08.2022

T time .
. -
) <3 <t oo

5
= e” thermalization Positronium lifetime @

time <=10ps [1] pPs lifetime oPs lifetime

range - depends on tissue pPs is observed to decay  depends on [2]:

and e” energy [2,3] in liquids with its vacuum - tissue
|E| lifetime 125 ps [2] - external fields
Positronium :;i;;i:gns oPs
formation decay

[1] P. Kubica and A. T. Stewart, Phys. Rev. Lett. 34 (1975) 852 _
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Distinguishing o-Ps—3y and ete -2y

30.08.2022
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Figure 9. (Left) Simulated distributions of differences between detectors ID (AID) and differences of hit-
times (At) for events with three hits registered from the annihilation et+e- — 2v (gold colours) and 0-Ps — 3y
(green colours). (Middle) Disribution of relative angles between reconstructed directions of gamma quanta.
The numbering of quanta was assinged such that 0,5 < 0,; < 05;. Shown distributions were obtained requiring
three hits each with energy deposition larger than Eth = 50 keV. Gold colour scale shows results for
simulations of ete- — 2y and green scale corresponds to o-Ps — 3y. Typical topology of
0-Ps — 3v and two kinds of background events is indicated. (Right) Detection efficiency of the J-PET
detector for registration of one, two and three gamma quanta from o-Ps — 3y decay. The efficiency is shown
as a function of threshold energy applied in the analysis to each gamma quantum.
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(b) ortho-positronium Ll LT
production

*» L)
.'.llllll|“‘

Schematic cross section of the J-PET detector
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Time-Over-Threshold as a measure of deposited y energy

Using total Time Over Threshold (TOT)
of PMT signals from a scintillator strip

L ¢+ L T T
Rt oty

L
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Time Over Thresholds [ ns ]

St

06 i s0 80 1000
Energy deposition [ keV ]

PMTB [ puTA

Y
TOT(B) TOT(A)

The relation between TOT and energy deposited by
a photon in Comton scattering
Is under an extensive study right now.

asf- ®m Exp. data
— [ == Fitting fun.1 )
w 0 Fitting fun.2 s e
& F wnnTOT ., ,J--ﬂ""
w B o
2 45
(o] 30:— ;!5“‘
3 [ e
® o5 »
E 20f- f‘/
> F F
O 15 j\‘
g 10:_ 3
FF oA
5F- [S. Sharma et al.,
E & EJNMMI Phys. 7, 39 (2020)]
' 200 200 500 8007000
A. Gajos, SSP 2022 Energy deposition [ keV ]
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Angular topology of the 3y events

Angles defined in the transverse plane only

S T s f =
E E § F
‘ % 200 3 200
2 o 2 r
] - 10° E r 10°
9 - & = & i
2 450 — 8 50—
m BT s T
] m L
E E 8 10
. g 100 E
o - ]
= -
N : | 2
o - 8 10
’ [ 3] 50— 0w
- Du_ 1

*Q 10’
( 10*
10°
12{ 3 102 -.-
U 101 r=12em :-
' 0, 1 e
) E, =50keV | 10 . i
9, 019 <03 <03,
0 S L10% Hi10°
0 30 60 90 120150180
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[D. Kaminska et al., Eur. Phys. J. ‘e, +s*

[M. Mohammed, PhD thesis, 2020]
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Signal & background events

30.08.2022

(b) 2~ annihilation with secondary Compton
scattering.
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Detector improvements
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Expected sensitivity

50 X103 | |
' 7
%MC’ Cepr=0 _
or —MC,C,,.=1 ]
g 30F ]
E I 4
2 I
=20 ) ]
10 | ]
0
-1.0 0.5 0.0 0.5 1.0
S (& %y
No. Operator C P T CP CPT
L S:k # = % _
2 B § (ky ><:2) B + -
3 (S-k)S-(kxk)) + -
30.08.2022 [Symmetry 12 (2020) 8, 1268]
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Registration efficiency

107 g

_
=
b

107

1077

cylindrical chamber, th=40 keV
cylindrical chamber, th=100 keV
cylindrical chamber, th=140 keV
spherical chamber, th=40 keV
spherical chamber, th=100 keV
spherical chamber, th=140 keV

-8
10
E P E S ST S B S .
-1.0 -0.5 0.0 0.5 1.0
S-(k xky
10—4 | —— cylindrical chamber, th=40 keV
——— cylindrical chamber, th=100 keV
———— cylindrical chamber, th=140 keV
———— spherical chamber, th=40 keV
10—5 L ———— spherical chamber, th=100 keV
E spherical chamber, th=140 keV
A e
-6 L _
10 ¢ 3
a=u —
=7
107" E
:“—._.________‘___ [ ——
[ —
-8 L |
107 E
£ T M I
-1.0 -0.5 0.0 0.5 1.0

Asymmetry

Asymmetry

0.01 —
0.005;:“%22;;,&&”3

—001F i,

5 tty
002 Hi
~0.03F

Lo
i

C i
—0.04 ——— cylindrical chamber, C =0 i
[ CPT ?

—-0.05 _+ cylindrical chamber, CCFT=0.1

I —s=— gpherical chamber, C___=0

~0.06 _ crr E

r —— spherical chamber, C::Pr=0'l 1

_00’? L v vy P R TR |
0.0 0.2 0.4 0.6 0.8 1.0

S. (Elxﬁz)

—— cylindrical chamber, C_=0
CP

0.00 _I' ———— cylindrical chamber, CCP=0.1
~0.02 _ i ' s —=—— spherical chamber, CCP=0
l _ ! i ; ., spherical chamber, CCP=[).1
0045 L, ew .
L . i ¥ [
~0.06 R T .
~0.08 - ety
~0.10 - : C A
~0.12 ¢ L]
—0.14 F ]
0.0 0.2 0.4 0.6 0.8 1.0

28



Control of detector asymmetries

—_ — —

(S-k1)(S - (k1 x k2))
x10°

Insensitive to CPT violation in absence 100
of 0-Ps tensor polarization

No B field used in the current experiment 80

=> we expect <0> unless
spurious asymmetries originate 60
from detector/chamber geometry

40

20

Ulllll

T I ! !
04 0.2 0 0.2 0.4
(ISle [k )(IS]e [k x k)

<0> = (. 0.99 +/- 1.7 ) x 104
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0-Ps — 37y operators involving spin

Presently studied with J-PET:

ety s (S k1)(S - (k1 x k2))
S - (kl X kZ) T & CPT-violation sensitive T & CP-violation sensitive but

~ 1 _ _ o requires o-Ps tensor polarization
S - kl CP-violation sensitive

— not available with the current

Event-by-event spin estimation J-PET approach

Using an extensive-size o-Ps production and
annihilation medium
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on 0-Ps—3y vertex resolution

30



Reconstruction of o-Ps—3vy decays in J-PET

1. Find the decay plane containing the 3 hits in the J-PET barrel

2. Transform the hit coordinates to a
2D coordinate system in the decay plane

(Xia Yia Zz‘a T’i) — (Xz/7 Yilv 07 Ti)

\“‘\lllllllj’?"
)

4,
N S %
$\\ z,“;
(Al }Hﬂ@\‘: ’:
_ = " em-t) =
3. For each of the recorded v hits, = =
define a circle of possible origin points 2 s \\\\\\\}“""“m -
. . . . ”, ~ . ?
of the incident y assuming o-Ps decay at time t %, \\@“ & B “
(4 ~ i
% 1;,”"“.\\\“ (X;.)q'.n? . %
L
4. The decay point (x',y') in the decay plane and time t is an - ‘ 2
intersection of 3 such circles: - s
, N
2 2 / "\ 2 / 2 . % &
(I —t)y*c"=(X;—2 )+ —vy)°, i=1,2,3 Yty o
30.08.2022

A. Gajos, SSP 2022 [A. Gajos et al., NIM A 819 (2016), 54-59]
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