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  Lorentz and unitarity and locality => CPT   

 

  ~CPT => ~Lorentz  
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G. L¿ders, Ann. Phys. 2 (1957) 1.; Ann. Phys. 281 (2000) 1004 ĂProof of the TCP theoremò 



     

1595 ? 1604 ? 1609 ? 

Michelangelo Merisi da Caravaggio, self-portraits 

 



 

chandra.harvard.edu 

             
CHANDRA 

SATELLITE 

                          Discrete symmetries  

 

  P       reflection in space     (x,y,z  Ÿ  -x,-y-z) 

  C       charge conjugation   (particles Ÿ anti-particle) 

  T        reversal in time         (A Ÿ B => B Ÿ A) 

  CP 

  CPT 

  Lorentz and unitarity and locality => CPT   

 

  ~CPT => ~Lorentz  

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

G. L¿ders, Ann. Phys. 2 (1957) 1.; Ann. Phys. 281 (2000) 1004 ĂProof of the TCP theoremò 



     

Ÿ 
time 



 
             
CHANDRA 

SATELLITE 

Violation of  CP   and   T   

confirmed experimentally 

for mesons only 

   s    anti-d    d    anti-b 

  meson K   meson B 



 
             
CHANDRA 

SATELLITE 

   s    anti-d 

+ 

- 
   d    anti-b 

  meson K 

    1964 

  meson B 

    2012 

positronium 

       ? 

Violation of  CP   and   T   

confirmed experimentally 

for mesons only 



 

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

 

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 * 10-10) 

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. 

  

10-9    vs    upper limits of 3 10-3  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 

 

 

10-9    vs    upper limits of 3 10-7  for  C 

  
For neutrinos there are indication to maybe see something for CP ??? 

On the level of 2sigma for delta_cp phase connected to Theta13  

M. Gosh et al., PR D89 (2014) 011302(R) 

 

+ 
- 

                    ODE TO POSITRONIUM   



Positronium size is similar to the size of the hydrogen atom 

Production probability and life-time depends on the size of the  

free volumes between moleculesé 

p-Ps -> gg 

o-Ps -> ggg 

 

P(o-Ps) = 3 P(p-Ps) 

Process kick-off   and  o-Ps -> p-Ps     

(Probability for this processes depends  on the size of the free volumes) 

ĄMost of o-Ps anyhow will decay to gg 

Tu TEZ POWIEDZIEC O BEZPOSREDNIEJ PRODUKCJI  

I CZASIE okoğo 300-400ps 

Direct annihilation P(gg) = 370 P(ggg) = 10^6 P(gggg) etcé 

But in medium this is not  

 

 

 

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

 
 

 CP = - Ortho-positronium  tau(o-Ps)  å   142 ns 

   

   s    anty-d 

+ 
- POSITRONIUM 

KS 

KL 

 

 CP ~= +       tau(KS)  å   90 ps 

 

 
 

 CP ~= -        tau(KL)  å   52 ns 

MESON K 

 ́ ́

 ́
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 ́
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T symmetry violation 

ÅA Ÿ B        B Ÿ A 

ÅT symmetry odd operators 

ÅParticle mixing 



Operator C P T CP CPT 

╢Ͻ▓  + ï + ï ï 

╢Ͻ▓ ▓  + + ï + ï 

╢Ͻ▓ ╢Ͻ▓ ▓  + ï ï ï + 

▓ Ⱡ + ï ï ï + 

╢ϽⱠ + + ï + ï 

╢Ͻ▓ Ⱡ  + ï + ï ï 

|k1| > |k2| > |k3| 

Operators for the o-PsŸ3ɔ process,  

and their properties with respect to  

the C, P, T, CP and CPT symmetries.  

 
CPT = 0.0071 Ñ 0.0062    P.A. Vetter and S.J. Freedman, Phys. Rev. Lett. 91, 263401 (2003). 

 

-0.0023  < CP < 0.0049  at 90% CL T. Yamazaki et al., Phys. Rev. Lett. 104 (2010) 083401 

T 

So far best accuracy for  tests of CP and CPT violation was reported by 
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J-PET: D. KamiŒska et al., Eur. Phys. J. C76 (2016) 445 
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~60 articles and 17 international patent applications 
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                         Ortho-positronium life-time tomography 



Rozmiary, pokaz przenikania  

 na modelu skarpetkowym 

- 

- 

- 

- 

+ 

22NaŸ 22Ne* + e+  + ve  
               
                       22Ne +  ɹ 
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First cylindrical porous target by Prof. J. Goworek from UMCS in Lublin 
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J-PET:  

A. Gajos et al., NIM A819 (2016) 54 
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                                 e+ + e- Ÿ ɹ ɹ  (511 keV)  
 

22NaŸ 22Ne* + e+  + ve  
               

                       22Ne +  ɹ (1270 keV) 

  



Reduction by factor 109 

ɗ12 < ɗ23 < ɗ31        

ɗ23 = 180 ï ɗ12         ɗ23  < 180 ï ɗ12         ɗ23  > 180 ï ɗ12         



Reduction by factor 109 

ɗ23 = 180 ï ɗ12         ɗ23  < 180 ï ɗ12         ɗ23  > 180 ï ɗ12         



EXPERIMENTRun-1  

     analysed by K. Kacprzak 

 

Simulations 

ɗ23 = 180 ï ɗ12         ɗ23  < 180 ï ɗ12         ɗ23  > 180 ï ɗ12         

          Eur. Phys. J. C76 (2016) 445 
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SM 10-9    vs    upper limits of 3 10-7  for  C 



historical entanglement 

Jagiellonian University 

1364 

Collegium Maius at the University since 1400 



                         Jagiellonian PET 

                   Collegium Maius  2015 



historical entanglement 

Collegium Maius at the university since 1400 

Jagiellonian University                          Jagiellonian PET 

Cracow, July 2016 



J-PET:  First PET 
based on plastic scintillators 

                                Aim: 
ÅCost effective whole-body PET 
ÅMR and CT compatible PET insert  

 

Jagiellonian-PET Collaboration: 
P. Moskal1, D. Alfs1, T. Bednarski1Σ tΦ .ƛŀƱŀǎ1, C. Curceanu2Σ 9Φ /ȊŜǊǿƛƵǎƪƛ1, K. Dulski1, A. Gajos1, 
.Φ DƱƻǿŀŎȊ1, M. Gorgol3, B. Hiesmayr4Σ .Φ WŀǎƛƵǎƪŀ3Σ 5Φ YŀƳƛƵǎƪŀ1, G. Korcyl1, P. Kowalski5, 

T. Kozik1Σ ²Φ YǊȊŜƳƛŜƵ5, E. Kubicz1, M. Mohammed1, M. Pawlik-bƛŜŘȋǿƛŜŎƪŀ1Σ {ȊΦ bƛŜŘȋǿƛŜŎƪƛ1, 
aΦ tŀƱƪŀ1Σ [Φ wŀŎȊȅƵǎƪƛ5, Z. Rudy1, O. Rundel1, N. Sharma1, M. Silarski1, J. Smyrski1, 

A. Strzelecki1, A. Wieczorek1Σ ²Φ ²ƛǏƭƛŎƪƛ5Σ .Φ ½ƎŀǊŘȊƛƵǎƪŀ3Σ  aΦ ½ƛŜƭƛƵǎƪƛ1 
1Jagiellonian University, Poland; 2LNF INFN, Italy; 3Maria Curie-{ƪƱƻŘƻǿǎƪŀ University, Poland; 

4University of Vienna, Austria; 5National Centre for Nuclear Research, Poland;  
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         THANK YOU  

FOR YOUR ATTENTION 
SM 10-9    vs    upper limits of 3 10-3  for  T, CP, CPT 

 
 

SM 10-9    vs    upper limits of 3 10-7  for  C 

+ 
- 



 



P. Moskal et al., NIM A 764 (2014) 317. 

P. Moskal et al., NIM A 775 (2015) 54. 

L. Raczynski et al., NIM A 764 (2014) 186.  

L. Raczynski et al., NIMA 786 (2015) 105. 

16 International Patent Applications  

                         Jagiellonian PET 

           AFOV: 50 cm ;   TOF < 500 ps (FWHM)     

+ 
- 22Na 

file:///C:/Users/admin/Desktop/PET/ANIMACJE_ZDJECIA/PET_lego_final4.mp4


     

Å Jagiellonian PET 

  

Å Positronium 

 

Å Discrete symmetries 

 

Å First J-PET runs 
 



     

Å Jagiellonian PET 

  

Å Positronium 

 

Å Discrete symmetries 

 

Å First J-PET runs 
 



OBRAZ TOMOGRAFICZNY 

RADIOACTIVE SUGER 
Fluoroïdeoxy-glucose 

(F-18 FDG) 

~200 000 000  

gamma per second 

7 mSv PET/CT 

~ 2.5 mSv PET  
~3 mSv natural 

background  in Poland  

 



OBRAZ TOMOGRAFICZNY 

RADIOACTIVE SUGER 
Fluoroïdeoxy-glucose 

(F-18 FDG) 

~200 000 000  

gamma per second 

7 mSv PET/CT 

~ 2.5 mSv PET  
~3 mSv natural 

background  in Poland  

 



OBRAZ TOMOGRAFICZNY 

RADIOACTIVE SUGER 
Fluoroïdeoxy-glucose 

(F-18 FDG) 

~200 000 000  

gamma per second 

7 mSv PET/CT 

~ 2.5 mSv PET  
~3 mSv natural 

background  in Poland  

 





A B 

D C 

X 

Y 

                   crystals                    Ÿ                        plastics 

 



A B 

D C 

X 

Y 

                   crystals                    Ÿ                        plastics 

 



P. Moskal et al., NIM A 764 (2014) 317. 

P. Moskal et al., NIM A 775 (2015) 54. 

L. Raczynski et al., NIM A 764 (2014) 186.  

L. Raczynski et al., NIMA 786 (2015) 105. 

16 International Patent Applications  

                         Jagiellonian PET 

           AFOV: 50 cm ;   TOF < 500 ps (FWHM)     

+ 
- 

file:///C:/Users/admin/Desktop/PET/ANIMACJE_ZDJECIA/PET_lego_final4.mp4


Positronium size is similar to the size of the hydrogen atom 

Production probability and life-time depends on the size of the  

free volumes between moleculesé 

p-Ps -> gg 

o-Ps -> ggg 

 

P(o-Ps) = 3 P(p-Ps) 

Process kick-off   and  o-Ps -> p-Ps     

(Probability for this processes depends  on the size of the free volumes) 

ĄMost of o-Ps anyhow will decay to gg 

Tu TEZ POWIEDZIEC O BEZPOSREDNIEJ PRODUKCJI  

I CZASIE okoğo 300-400ps 

Direct annihilation P(gg) = 370 P(ggg) = 10^6 P(gggg) etcé 

But in medium this is not  
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Figure taken form the presentation of  P. Vetter, INT UW Seattle, November, 2002 

      Operator             C    P   T  CP  CPT 

 S Å k1 x k2                 +     +   -    +      - 

SM  10-10 ï 10-9  
photon-photon interactions 

P.A. Vetter and S.J. Freedman,  

Phys. Rev. Lett. 91, 263401 (2003). 

C_CPT = 0.0071 Ñ 0.0062 



      Operator             C    P   T  CP  CPT 

 

(S Å k1) (S Å k1 x k2 )   +     -    -    -      + 

 

 1S0    Para-positronium   tau(p-Ps)  å   125 ps 
 

  
 

  3S1    Ortho-positronium  tau(o-Ps)  å   142 ns 

So far best accuracy for  

CP violation was reported by 
T. Yamazaki et al., Phys. Rev. Lett. 104 (2010) 083401 

-0.0023  < C_CP < 0.0049  at 90% CL 

vs 
  

SM  10-10 ï 10-9  
W. Bernreuther et al., Z. Phys. C 41, 143 (1988) 

This is due to photon-photon interactions in the final state  

caused by the creation of virtual charged particle pairs) 



V.L.Fitch, R.Turlay, J.W.Cronin , J.H.Christenson 
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