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P reflection in space (X,y,z — -X,-y-Z)

C charge conjugation (particles — anti-particle)
T reversal in time (A—-B=>B—> A)
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Discrete symmetries

P reflection in space (X,y,Zz — -X,-y-2Z)

C charge conjugation (particles — anti-particle)
T reversal in time (A—-B=>B— A)

CP

CPT

Lorentz and unitarity and locality => CPT

G. Luders, Ann. Phys. 2 (1957) 1.; Ann. Phys. 281 (2000) 1004 ,Proof of the TCP theorem”

~CPT => ~Lorentz

O. W. Greenberg Phys. Rev. Lett. 89 (2002) 231602.
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ODE TO POSITRONIUM

Eigen-state of Hamiltonian and P, C, CP operators e

The lightest known atom and at the same time anti-atom >
which undergoes self-annihilation as flavor neutral mesons

The simplest atomic system with charge conjugation aigenstates.

Electrons and positron are the lightest leptons so they can not decay
into lighter partilces via weak interactiom ...

effects due the weak interaction can lead to the violation at the order of 10-14,
M. Sozzi, Discrete Symmetries and CP Violation, Oxford University Press (2008)

No charged particles in the final state (radiative corrections very small 2 * 10-19)

Light by light contributions to various correlations are small
B. K. Arbic et al., Phys. Rev. A 37, 3189 (1988).
W. Bernreuther et al., Z. Phys. C 41, 143 (1988).

Purely Leptonic state !
Breaking of T and CP was observed but only for processes involving quarks.
So far breaking of these symmetries was not observed for purely leptonic systems.

10° vs upper limits of 3103 for T, CP, CPT

P.A. Vetter and S.J. Freedman, Phys. Rev. Lett. 91, 263401 (2003)
T. Yamazaki et al., Phys. Rev. Lett. 104 (2010) 083401



g POSITRONIUM

CP = + Para-positronium tau(p-Ps) = 125 ps

MA/@f/_ﬂ CP = - Ortho-positronium tau(o-Ps) = 142 ns

€S -8 MESON K
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M\/@V\/\Eﬁ CP~=+ tau(Kg) = 90 ps
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T symmetry violation

- A>B B—oA ’

« T symmetry odd operators = -
 Particle mixing
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and their properties with respect to
the C, P, T, CP and CPT symmetries.

[ operstor 1€ [PIFIICRIIGRT] Overators for theo-Psoy process

+ - + -

B kq| > |Ks| > [Ks

K, T . oy
K -— (=
K, K,

So far best accuracy for tests of CP and CPT violation was reported by

-0.0023 < CP <0.0049 at 90% CL T. Yamazaki et al., Phys. Rev. Lett. 104 (2010) 083401
CPT =0.0071 £ 0.0062 P.A. Vetter and S.J. Freedman, Phys. Rev. Lett. 91, 263401 (2003).
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Library of signals; Principal Component Analysis; Compressive Sensing;
J-PET: L. Raczynski et al., Nucl. Instr. Meth. A786 (2015) 105

J-PET: P. M. et al., Nucl. Instrum. Meth. A775 (2015) 54 Reconstruction
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J-PET: W. Krzemien et al., Acta Phys. Pol. B47 (2016) 561
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J-PET: P. M. et al., Nucl. Instrum. Meth. A764 (2014) 317
- J-PET: L. Raczynski et al., Nucl. Instrum. Meth. A764 (2014) 186
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& ﬁﬂmbemﬁ J-PET: L. Raczynski et al., Nucl. Instrum. Meth. A786 (2015) 105
J-PET: P. M. et al., Phys. Med. Biol. 61 (2016) 2025
J-PET: A. Gajos et al., Nucl. Instrum. Meth. B 819 (2016) 54
Library of signals J-PET: P. M. et al., Acta Phys. Pol. B 47 (2016) 509
J-PET: L. Raczyn: J-PET: D. Kaminska et al., Eur. Phys. J. C76 (2016) 445

J-PET: P. M. et al. J-PET: J. Smyrski et al., Nucl. Instrum. Meth. A851 (2017) 39

J-PET: L. Raczynski et al., Phys. Med. Biol. 62 (2017) 5076
J-PET: M. Patka et al., JINST 12 (2017) P08001
~60 articles and 17 international patent applications

nage

J-PET: W. Krzemien et al., Acta Phys. Pol. B47 (2016) 561
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First cylindrical porous target by Prof. J. Goworek from UMCS in Lublin
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AFOV:50cm: TOF < 500 ps (FWHM)
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upper limits of 3 103 for T, CP, CPT
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(®) J-PET: First PET (&)
J-PET based on plastic scintillators J-PET

Jagiellonian-PET Collaboration:
P. Moskal*, D. Alfs?, T. Bednarski, P. Biatas', C. Curceanu?, E. Czerwinski', K. Dulski', A. Gajos®,
B. Gtowacz', M. Gorgol3, B. Hiesmayr?, B. Jasiriska3, D. Kamiriska®, G. Korcyl*, P. Kowalski®,
T. Kozik!, W. Krzemier>, E. Kubicz', M. Mohammed*, M. Pawlik-NiedZwiecka®, Sz. NiedZwiecki®,
M. Patka®, L. Raczyniski®, Z. Rudy?, O. Rundel*, N. Sharma?, M. Silarski‘, J. Smyrski®,
A. Strzelecki', A. Wieczorek', W. Wislicki®, B. Zgardziriska3, M. Zielifski'

Jagiellonian University, Poland; 2LNF INFN, Italy; 3Maria Curie-Sktodowska University, Poland;
“University of Vienna, Austria; >National Centre for Nuclear Research, Poland;

Aim:
* Cost effective whole-body PET
* MR and CT compatible PET insert

40
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Positronium

Discrete symmetries

First J-PET runs
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AFOV:50cm: TOF < 500 ps (FWHM)
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3S, oOrtho-positronium tau(0-PS) = 142 ns

~ 2

Operator C P TCPCPT
> =
S kg Xk + + - + -

P.A. Vetter and S.J. Freedman,
Phys. Rev. Lett. 91, 263401 (2003).

C_CPT =0.0071 £ 0.0062

SM 1019 -10°

photon-photon interactions

Figure taken form the presentation of P. Vetter, INT UW Seattle, November, 2002
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V.L.Fitch, R.Turlay, J.W.Cronin , J.H.Christenson
Phys. Rev. Lett. 13 (1964) 138.
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V.L.Fitch, R.Turlay, J.W.Cronin , J.H.Christenson
Phys. Rev. Lett. 13 (1964) 138.

53 years later ....
Breaking of T and CP observed but only for processes involving quarks
So far breaking of these symmetries was not observed for purely leptonic systems.
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53 years later ....
Breaking of T and CP observed but only for processes involving quarks
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V.L.Fitch, R.Turlay, J.W.Cronin , J.H.Christenson
Phys. Rev. Lett. 13 (1964) 138.

53 years later ....

Breaking of T and CP observed but only for processes involving quarks
So far breaking of these symmetries was not observed for purely leptonic systems.
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T symmetry violation
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 Particle mixing
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Pairs of quantum entangled neutral mesons
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J. Barnabeu et al., JHEPOS8 (2012) 064
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Results of BABAR experiment
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CPLEAR: A. Angelopoulos et al., Phys. Lett. B 444 (1998) 43
L. Wolfenstein, Phys. Rev. Lett. 83 (1999) 911
J. Barnabeu et al., JHEPOS (2012) 064

BABAR: J. P. Lees et al., Phys. Rev. Lett. 109 (2012) 211801
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It IS an open question whether or not the three-photon entanglement can be reduced il
to the two-photon entanglement and decoherence of the two-photon states does imply

__decoherence in photon triplets. This hypothesis can be tested by comparison of measured
—

two- and three-photon correlation functions. There exist three-photon states maximizing
the Greenberger-Horn-Zeilinger (GHZ) entanglement and they can be used to test quantum
local realism versus quantum mechanics.

D.M. Greenberger et al., Am. J. Phys. 58(1990)1131

A. Acin et aI Phys Reuv. A63(2001) 042107; N.D. Mermin, Phys. Rev Lett. 65 (1990)1838
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Figure of Merit for whole body imaging (FOM):

(detection effi.)? - (selection effi.)? - acceptance

FOM =

CRT - Number_of_bed_positions

J-PET: P.M. et al., Phys. Med. Biol. 61 (2016) 2025; arXiv:1602.02058
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J-PET: P. Bialas, J. Kowal, A. Strzelecki et al. Acta Phys. Pol. A127 (2015) 1500
Adam Strzelecki, PhD thesis, 2016

384 strips, diameter 85 cm, 50 cm AFOV, 10”8 events, 50 iterations,

J-PET: image reconstracted from simulated data
rotated (coronal) axially arranged

Conventional PET Digital PET

Figure from P. Slomka, T. Pan, G. Germano, Digital PET, courtesy of Jun Zhang (PhD),
. ichael V. K MD, PhD), The Ohio S
Semin. Nucl. Med. 46 (2016) 46 sy e e
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PET-TOF Ax=(t2—t1)c/?2

tl resolution
= - 600ps







signal/noise 40cm/600ps ~ czterokrotna poprawa
~D /At

J. S. Karp et al., J Nucl Med 2008; 49: 462
M. Conti, Physica Medica 2009; 25: 1.
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PET: P.M. et al., Phys. Med. Biol. 61 (2016) 2025

J-

-PET

Limit of the J

\

0.45

[su]

'_ 0.4

0.35—

0.3

0.25

0.2

0.15
0.1

100

80

60

40

20

Scintillator length [cm]



) 1-PET Jagiellonian PET \ml -PET

?_\ e i—

—— -~ Y e \ y b
—— N — \\ \ "1 h
— — \§\ ?\ N R ‘\“-‘- A0 N\ '
' SN g ! A s\
] = ,i\\. 1} 4 s \ N2 2 ’ L4 = )t /P'
f ~.,y' »‘ / 4 B
] < L ol (‘ ‘ - ’ o 7 8
WL’ @ Yot
RO S & °, @.2¢
S > ® @ <. oo
MO $@ 27
[ORO @@,
), & & G .\
o T
‘_‘. oy =
N -
» ] :
.
L s
7 . @ ®.
E L4 ” @ s'@ >‘a
N ohhy ™ ﬂ
P 3.@' & ‘ O}
X, '@a @s N
o CSP AT SRR
» -
w Lol TR ]

"~ AFOV: 17c¢cm —50cm :  TOE < 500 ps






positronium

@e

i

Y.H. Wang et al., PRA89 (2014) 043624+
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n—o>nnee

tamanie CP bez zmiany zapachu ?

symetria CP implikuje N(¢) = N(180 — ¢)

A = stnmcﬂscp}l) - Nsimpmsn:p{ﬂ
o =

stmpcnﬁcp::-l) + Nsimr,rmsn;p-::ﬂ



Prof. Neelima Kelkar
24.07.2017

,,Yes, you can talk about J-PET”
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