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J-PET: a new experimental facility
for studies of discrete symmetries
In charged leptons sector
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Positrionium \) J-PET

e POSITRONIUM - the lightest purely leptonic object

Para—positronium (p - Ps), T = 125ps, 1S,

150 1 )
4/\/\/\/\@’\/%/‘9 _Slnglet state

e e'
Wﬁ@'\—»/\;j\s} Ortho - positronium (o - Ps), T = 142ns, 35,
1 I l 1 l 1 --Triplet state
due to Charge Conjugation C

- symmetric under the exchange of particles - ‘

anti-particles -> is eigenstate of the charge 1 3

conjugation op. C ‘ SO> 24 Y0 ‘ Sl> = 3769 Wsee

ClPS > = (_1)L+S|PS > even number of photons odd number of photons
eigenvalue of n photons (-1)" We can study positronium decay to 3y

with the Dalitz Plot 3

Ann. Rev. Nucl. Part. Sci 30,453 (1980)
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Charge Conjugation Symmetry Test (l J-PET

Study the C symmetry in the leptonic system searching for the C-forbidden decays of the POSITRONIUM

v T
b7, 2

P- Ps -> 3V
Imago crodit: Mike Ponnington

C-symmetry:
v, ——V,

Left handed antineutrino does not exist!

e (C-symmetry is violated in weak interactions

<3.1x107% 90% cl

[PDG] P.A. Zyla et al., Prog. Theor. Exp.
Phys. 2020, 083C01 (2020)

0
e the best limit of the C-symmetry violation in the T — 37
system of quarks (EM interactions) 7m0 — 27

e according to the SM predictions, y-y interaction or weak interaction can mimic the symmetry violation of

the order of 107 and 107, respectively
Phys. Rev. A 37, 3189 (1988), Z. Phys. C 41, 143 (1988), M. S Sozzi “Discrete Symmetries and CP violation”
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Charge Conjugation Symmetry Test (l J-PET

Study the C symmetry in the leptonic system searching for the C-forbidden decays of the POSITRONIUM

) [* =7
A

P- Ps -> 3V
Imago crodit: Mike Ponnington

C-symmetry:
G —
e (C-symmetry is violated in weak interactions Vi >V

Left handed antineutrino does not exist!

0
e the best limit on the C-symmetry violation in the T — 37

_ f <3.1x107% 90% cl
system of quarks (EM interactions) 0 — 27

[PDG] P.A. Zyla et al., Prog. Theor. Exp.
Phys. 2020, 083C01 (2020)

e p-Ps ->3y can proceed through weak interactions - calculations with W-boson contribution to the
p-Ps >3V decay IA. Pokraka, A. Czarnecki, Phys Rev. D 96, 093002 (2017)/
['(p-Ps — 3~: W-loops only)

Br(p-Ps — 3~: W-loops) = 0 A BT
ﬁ S , r(p-Ps — 34 00ps) T(pPs = 27)
o " S 5
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Charge Conjugation Symmetry Test \/l J-PET

e experimental tests of C-symmetry in Ps decays

BR(0-Ps — 47/0-Ps — 3y) < 2.6 x 107 at 90% C.L. []J. Yang etal., Phys. Rev. A 54, 1952 (1996)
the best limit for p-Ps -> 3y

BR(p-Ps — 3v/p-Ps = 2v) < 2.8 X 107 at 68% C.L.| [2]P. Mills, S. Berko, Phys. Rev. Lett. 18, 420 (1967)

BR(p-Ps — 5 p Ps = 2y) < 2.7x10™ T at 90% C.L. [3]P. Vetter, S. Freedman, Phys. Rev. A 66, 052505
(2002)

Cu®* source (in gas chamber)

6 Nal(Tl) scintillators, multiple coinc. electronics

NO quenching to suppress o0-Ps-3y

the C forbidden p-Ps->3y decay separated from the
allowed o-Ps->3y decay by studying angular distribution of

3 photons:
1 | Nal . o |symmetric configuration (120°,120°,120°) |

o 60°,150°,150°
@ o 90°120°,150°
due to Bose statistic assumption
C-nonconserving p-Ps->3y must vanish
6
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J-PET detector overview

Small annihilation chamber used for
production of positronium:
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J-PET detector overview
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192 BC420 scintillators
7x19x500 mm?3
85 cm radius
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384 R9800 photomuiltipliers
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J-PET detector overview

192 BC420 scintillators
7x19x500 mm?3
85 cm radius

384 R9800 photomuiltipliers

1536 channels
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Detector performance: (\l J-PET
Time Over Threshold =

<

~ Thresholds

2
: ok
=
45 m  Exp. data
—_ — = Fitting fun.1 .
w 40 -+ Fitting fun.2 s e
c !
;' 35 T TOTmodel }r«,‘!‘
u “;::\"\\
g 30 ,««‘F\
o 25 }f
4
":: 20 A
g 15 f-
B f
= F g
: : : P : - Courtesy of 1 "."'
0 s obede v b v
)10 20 30 40 50 60 70 80 80 100 S Sharma L -
Energy deposition [ keV ] 10

Time Over Thresholds [ns]  EJNMMIPhys. 7. 39 (2020) i



https://doi.org/10.1186/s40658-020-00306-x

RUN 5: Sigma TOF vs. Slot ID for Layer 1

Detector performance: 7z
: : o 08F
time resolution (p-Ps) oot
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Detector performance: 3 o0
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J-PET detector overview
(&)

J-PET - large acceptance and higher angular resolution , = P E T

e can cover whole phase space - for the first time ever entire Dalitz plot for Ps->3y decay
e more precise investigation of the C-symmetry

“J-PET will push these limits. With a 10 MBq positronium source and upgraded 4 layer detector geometry, one expects to
measure 9.4x10° 0-Ps to 3 photon decays and 3x10"" p-Ps to two photon decays in 365 days of data taking”
/S. D. Bass, Acta Physica Polonica B 50, 1319 (2019)/
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J-PET detector overview
(&)

J-PET - large acceptance and higher angular resolution , - P E T

e can cover whole phase space - for the first time ever entire Dalitz plot for Ps->3y decay
e more precise investigation of the C-symmetry

“J-PET will push these limits. With a 10 MBq positronium source and upgraded 4 layer detector geometry, one expects to
measure 9.4x10° 0-Ps to 3 photon decays and 3x10"" p-Ps to two photon decays in 365 days of data taking”
/S. D. Bass, Acta Physica Polonica B 50, 1319 (2019)/

Rough estimation of 0-Ps->3 photon decays gathered up to now:
231 days of measurement
28.2x10° o0-Ps - from online monitoring spectra in period 22.06.20-1.03.21

for 231 days -> 10"° o-Ps

14



Search for forbidden p-Ps -> 3y decay

Simulations:
3 Pu 3 2 1 3 2
dF'S’Y o (w1w2w3)' (252‘) Z (5 — wg) (wl — OJQ) d912d913d91d@1,
8a (2) 13033

1/2 1/2
2
3y QQFS’Y

Lol =———— [ idw
57 6402 (1) 0/

1/2—w;

forbidden p-Ps->3y

1 2
(5 = w3> (w1 — wg)Ql dwo

(wlwgw;z,)Q (Esi)2 [ Z

1—-2—3

N

0,, k| (/

¥ il E -

" 8al'? " 1 .
dle — 5 (w1w2w3)_ w2 (— — w-) d@lgd(glgdﬁldg&l
i i i ; s
3a2 (27r)4 1_§_>3 2
allowed o0-Ps->3y
2y 1/2 1/2 5
4al’y il 3
I3 = - /dw / >, (5—0«'1) / (waws)? duwy = 0.898 - 1073g2T'2
0 1/2—wy 1—=2—=3

P. Mills, S. Berko, Phys. Rev. Lett. 18, 420 (1967)
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Search for forbidden p-Ps -> 3y decay ( :, J-PET

Simulations: 3.0
25 .
> 3 4.448x 1077
2727 | 2.0 3.872x10"
drsl = PO (wiwaws)® (Bs;)? [ Z (5 - w3> (w1 — w2)2] df12df13dQdp, o 3.296 x 10’;
802 (2) S &15] 2.720x1077
. 2.144 x 10~
forbldden p'PS'>3Y 1.0 1568 X 10—;
z 3 o
I‘?”y L dw (wiwaws)? (Ts;)? =, ws ) (w1 —wa)?| duwsy - _J X
64a2 (r)* 2 0.0L
0 1/2-wn Sk 00 05 10 15 20 25 30
8al? _ 1 2 ,
dl"gj s % (wlewg) 1 Z w? (5 — wi> d912d913d91dg01, it
302 (2m) 152-33 2.5 0.9224
allowed o0-Ps->3y 2.0 0.1936
P S : 3
= M / * / (5 - w1> / (waws)? dun = 0.898 - 103g202) = 0.1072
B iy T2 1.0 0.0784
f2—wn 0.0496
0.5} = 0.0208
0.0L.
00 05 10 15 20 25 3.0
612
SIMULATIONS 16

J. Chhokar



Search for forbidden p-Ps -> 3y decay (:, J-PET

1. Z-Position of all hits in the detector - to consider the scintillator
‘ MC: 108 active region only. (|Z|<23cm)
d 2. Al hits must be on different scintillators(3 hits — 3

different Scintillator)

3. Time Over Thresholds of all Hits - to separate the annihilation and
de-excitation photon (1<TOT<17 ns)

Monte Carlo :p — Ps - 3y

§‘: 2003 ReconstructedMC .......... ........ o

= wu' ; ‘ S ; IR
10 : - ' T e | Energy deposition of each photon - to select the annihilation
bl B! candidate (20<E<340 keV) (MC)

4. On distance between annihilation plane and the source - (d<5cm)
5. Difference between the third and first hit --

Pooi (corrected with TOF) (<1.5ns)
signalpP Srebin

.| Entries 7102 [N Rt 00 6. Sumof the two smallest angle of 0-Ps decaying into 3y >
Mean x 1204 [: - 190°--  due to conservation of momentum

T .. . e

,llIIIIIIIIIIIIIIIIIIIIII

J0F—...| Mean y 1199 [ W Y

Std Dev x 39.99 | : _ :
1] — S’dDe'.",' 4008 3 3 3 O DO R
2 : ; i N :
I K P T PR . D L.
0 20 40 60 80 100 120 140 160 180 200

8,, [deg] 17



Search for forbidden p-Ps -> 3y decay (:1

Experimental Data Run9 Simulated Monte Carlo , -PET
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SdDev _ 1384]: |[: woef—..i.| Entries 2639921 : G piL Riy. Mear 2445 | ‘
T : T ; H : i | Mean 2429 | : -{ Std Dev 1435 }-3.. N Jom by e
20009~ T Hi | i 113 oofl-i-| Std Dev 1418 | i gl i) : : |
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Summary =

e One can study C-symmetry in charged lepton sector by measurement of
Dalitz plot for positronium decay

e J-PET group is working on studying p-Ps->3y decay using data from custom
made annihilation chamber

e |Initial results are promising, advanced data
analysis IS in progress Experimental Data Run9

10° |

Counts

10° |

0,, (deg)

-200 -150 -100 -50 0 50 100 150 200

Lifetime of Positronium [ns]
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Eur. Phys. J. C (2016) 76:445 22
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Detector performance:
energy resolution (0-Ps)

Events/0.5 keV
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A feasibility study of ortho-positronium decays
measurement with the J-PET scanner based on

plastic scintillators

Eur. Phys. J. C (2016) 76:445 23
DOI 10.1140/epjc/s10052-016-429



Detector performance:
spatial resolution (0-Ps)
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»
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Trilateration-based reconstruction of
ortho-positronium decays into three photons with

the J-PET detector

Nuclear Inst. and Methods in Physics Research A 819 24

(2016) 54-59



Counts

-2 1800; Constant 1820 £ 9.6
g 1 600; M-ean 1.024 +0.051
(&) - Sigma 11.38 +£0.03
Detector performance: 1400}
. . 1200]
spatial resolution (p-Ps) 1000/
800
600
1800~ 400
1600[ 200
B TN ETRTIN MR [ IR R BRI A B PR BT
1400 Y00 80 60 40 20 0 20 40 60 _80 100
1200} - Z [mm)]
1000
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600— source size (2-3 mm)
400; Resolution inZ~ 1.2 cm
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http://przyrbwn.icm.edu.pl/APP/PDF/132/app132z5p47.pdf

Transmission of gammas through aluminium

Acta Phys. Pol. B 51, 293 (2020)

Transmission [%]
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https://doi.org/10.5506/APhysPolB.51.293

Search for forbidden p-Ps -> 3y decay

Simulations:

dFS’y _ QQFE’Y
s = 2 6
8a? (27)

1/2 1/2
3y QQFE’Y
64a? ()

0 1/2—w1

(w1w2w3)3 (Zsi)2 [

(W1LU2¢U3)2 (Zsi)Q [

] 2
Z (5 - w3) (w1 — w2)2} df12df13d 0 depr,

1—2—3

forbidden p-Ps->3y

Z (% - ““'3)2 (w1 — WQ)Q} dws

1—52—3

P. Mills, S. Berko, Phys. Rev. Lett. 18, 420 (1967)

(27T)2 |]\’ffz'|2

sy Al

5(l€1 + ko +k3)5(w1 + wo + w3 — 2m)

Pk dPkod? ks
(27)° 2w12wa2ws

assuming that the decay rate I'SS’Y and the cross-section are proportional...

amplitude for p-Ps->3y

| M ;|2

[ = wa)? (w1 = w2)? + (m — w1)? (w2 — wa)? + (m — wn)? (w3 — w1)?]

= C (wiwaws)? (s1 + s2 + s3)*

E-p conservation laws

p3 — v} — p3

o =

—pi = pj cos Ui + pi cos ;g
FEi1+ Ey + E3 = 2m.

D o0t 0
cosflaz = pi a0 2;221)3 PH7



