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Charge Conjugation Invariance

Charge-Conjugation Invariance (C-invariance) is a fundamental symmetry in particle physics,
stating that the laws of physics remain unchanged if all particles are replaced by their antiparticles.

The strong, electromagnetic(EM), and gravitational interactions preserve C symmetry.

e Maximally violated in weak interaction
e Violation of C, P and CP in weak interaction already considered in Standard Model (SM)

Does that explain the abundance of matter over antimatter??

Sakharov conditions

To generate baryon asymmetry, three necessary conditions should
be met at the same cosmological epoch:

® B-violation
One of the fundamental motivation for

® (- and CP-violation s .
C-Invariance test

#® Thermal inequilibrium



Charge-Conjugation Invariance (C-invariance) is a fundamental symmetry in particle physics,
stating that the laws of physics remain unchanged if all particles are replaced by their antiparticles.

The strong, electromagnetic(EM), and gravitational interactions preserve C symmetry. These
forces do not differentiate between particles and their antiparticles.

How to test this in EM interaction? o

Positronium (Ps) is an ideal testing ground for C-invariance since it is composed of an electron and
a positron(anti-electron)

Orthopositronium (0-Ps), the triplet state (spin
S=1, C=-1), should decay predominantly into 3
photons, as per Quantum Electrodynamics (QED)



Lifecycle of Positronium
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Positronium in J-PET: a lab for discrete symmetry studies

Angular correlation between Spin of Ps and

Operators C |\p T CP CPT
momentum vector of outgomg photons are used
for testing these symmetries Sk I
S . (kﬂ x k ) + |+ - o+ -
S k)S-(ky xk)} + |- - - +

Certainly this angular relation method is not

useful for C symmetry studies
P. Moskal et al., Acta Phys. Pol. B 47, 509 (2016)

Alternative idea

e Search for forbidden number of photons in
the final state - repeating the same ideas as

: . For details on CPT:
previous experiments

Talk by Dr. Neha Chug



FDG;;. Possible tests for C-invariance

pdglive Home > TESTS OF DISCRETE SPACE-TIME SYMMETRIES > CHARGE CONJUGATION (C) INVARIANCE

CHARGE CONJUGATION (C) INVARIANCE

T'(7® — 3y) / T(total) < 3.1 x 10~® CL=90.0% . .
T'((ete™) =0 = 37)/T((e*e™) jmo = 2v) <1 x 107 CL=90.0% . C'lnva”ance
I'((ete ) =1 = 47)/T((ete ) =1 — 3v) <1 x107° Cl=90.0% tests With Ps
7 C-nonconserving decay parameters
mtw 70 left-right asymmetry 0.0009 “5:0011
mtn n® sextant asymmetry 0.0012 *2.0010
7 quadrant asymmetry (=9 +9) x1074
7 left-right asymmetry 0.009 +0.004
n "~ parameter 3 (D—wave) —0.02 £0.07 (S=1.3)
T'(n — 37%) / I'(total) < 6 x107° Cl=90.0%
I'(n — 7%y) / T(total) 11 < 9 % 1075 C1=90.0%
T'(n — 27%) / T(total) < 5x107* Cl=90.0%
T'(n — 3v) / T'(total) < 1.6 x 107° CL=90.0%
I(n — n°u*p) / T(total) [2] < 5% 107° CL=90.0%
I(n — we*e”) / T(total) [2] < 8% 107° CL=90.0%
T'(w(782) — 27°) / T'(total) < 2.2 x 107* CL=90.0%
T'(w(782) — 37°) / T(total) < 2.3 x 107* CL=90.0%
I'(w(782) — nn°) / T'(total) < 2.1 x 107* CL=90.0%
n'(958) — w7y decay asymmetry parameter —0.03 £0.04
T'(n'(958) — 37) / T'(total) < 1.0 x 107* CL=90.0%
T(n'(958) — '~ 7°) / T(total) [2] < 6.0 x 105 C1=90.0%
T'(n'(958) — ' n) / T(total) (2] < 1.5 % 107° CL=90.0%
T'(n'(958) — m°p°) / T(total) < 4% Cl=90.0%
(' (958) — nete) / T(total) (2] < 2.4 x 10°* C1=90.0%
T(n'(958) — n%e*e~) / T'(total) (2] < 1.4 x10°% Cl=90.0%
T'(J/4(18) — ~¢) / T'(total) < 1.4 x 107° CLl=90.0% .
T w; F e httpsi/pdg.lbl.gov/index.htmi




Positronium

Ps is an eigenstate of Charge conjugation(C) discrete symmetry

As per selection rule:

(-1)*Seigen value of Ps = (-1)" eigenvalue of photon
For 0-Ps —> (2n+l)y, & p-Ps —> (2n)y

C violation can be studied in 0-Ps by looking at the forbidden decay mode of 0-Ps —> 4y

Allowed Decays: According to QED, o-Ps can only decay into an odd
}f 44\‘\” number of photons (3, 5, ...).
«~"\N\N/\\ Forbidden Decay (o-Ps — 4y): A direct observation of this decay would
I I" be evidence of C-invariance violation.
PLI/L\ Standard Model Implications: The Standard Model does not predict such
3S a violation in electromagnetic interactions, making this an important test

of fundamental physics.

S. D. Bass et al., Rev. Mod. Phys. 95, 021002 (2023)



What history tells so far???

Previous limits on branching ratio of 0-Ps - 4y wrt 0-Ps - 3y

1974: BR <1 x 107 (90 % C.L.) doi.org/10.1103/PhysRevLett 33 980

1996: BR < 2.6 x 1076 (90 % C.L.) yatsumoto et al, Phys. Rev. A56, 1947 (1996)

2002: BR < 2.0 + 1.0(stat.) + 7.7(sys.) x 107(90 % C.L.) P A vetter et al., Phys. Rev. A66, 052505 (2002)

What these experiments have in common?
e Crystal based photon detector

e Event selection based on photon energy
sum and momentum sum

10



What history tells so far???

Previous limits on branching ratio of 0-Ps - 4y wrt 0-Ps - 3y
1974: BR < 1 x 107 (90 % C.L.) doi.org/10.1103/PhysRevLett 33.980

1996: BR < 2.6 x 107 (90 % C.L.) yiatsumoto ot ol Phys. Rev.A 54, 1647 (1696)
2002: BR < 2.0 + 1.0(stat.) + 7.7(sys.) x 107(90 % C.L.) P A vetter et al., Phys. Rev. A66, 052505 (2002)

What these experiments have in common?

Crystal based photon detector

Event selection based on photon energy
sum and momentum sum

Search for Orthopositronium Decay into Four Photons as a Test
of Charge-Conjugation Invariance®

Kenneth Marko and Arthur Rich
Physics Depavtment, University of Michigan, Ann Avbov, Michigan 48104
(Received 15 July 1974)

We report the preliminary results of an experiment designed to search for the C-non-
conserving decay of ground-state orthopositronium (1351) into four photons. In terms of
the branching ratio Fp'Y=R,"Y(S;—~4v) /R, y(351——3“y), where R,'Y(S;—4y) is the C-non-
conserving four-photon decay rate and R; 7(56“# 3y) is the C-conserving three-photon de-
cay rate of free orthopositronium in our sample, we find I«‘,."7<8><10'G (68% confidence).

We report the preliminary results of a search
for the C-nonconserving decay of orthopositro-
nium (0-Ps) 135, into four y rays. This annihila-
tion mode is forbidden by C invariance only.! Qur
experimental results will be discussed in terms
of an upper limit on the branching ratio F,*?
=R,* V/RS,7 of the C-nonconserving 4y decay to
the C-conserving 3y decay of o-Ps.

The branching ratio may be related to a C-non-
conserving interaction Hamiltonian

Hi:O\/mea)eqarxpBFaéF(SBFpuva (1)

developed by Mani and Rich.? This is the sim-

nlact Mnannnncarvine Hamiltaninon that naeld a1_

Evaluating the decay rate from the above inter-
action we find

R 7=1/7,47=88)% sec”?, ()

where R;*? is the C-nonconserving decay rate
into four A’s. The branching ratio is

Fr7=R* /Ry, =1.2X10"9)2, 3)

where we have used Rg, =7.25X10°%

Previous experiments on C nonconservation in
Ps have searched for the C-nonconserving 3y de-
cay of the 1'S, states (parapositronium). The
most recent of these* compared the threefold

fninnidanna nannt rata fram Do danaw intn diffan-
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Why the tetrahedral geometry matters??

In the allowed decay of p-Ps->4y,
the four photons must share total momentum = 0 (system at rest).

e The most symmetric momentum configuration satisfying this is a regular tetrahedron —
each photon emitted toward a vertex, all at 109.5° from each other.

e pPsisrotationally invariant (spherically symmetric, spin 0), so the final state of the four photons must also be
rotationally invariant.

e Mani & Rich check whether the 4y state can satisfy both rotational invariance and the symmetry constraints from
photon polarizations. 4

12



.-ly the tetrahedral geometry matters??

In the allowed decay of p-Ps->4y,
the four photons must share total momentum = 0 (system at rest).

e The most symmetric momentum configuration satisfying this is a regular tetrahedron —
each photon emitted toward a vertex, all at <109.5° from each other.

e pPsisrotationally invariant (spherically symmetric, spin 0), so the final state of the four photons must also be
rotationally invariant.

e Mani & Rich check whether the 4y state can satisfy both rotational invariance and the symmetry constraints from

photon polarizations.
RRRR Rotate 120 deg. About axis Gains phase 2™ Forbidden (violates rotational
through a vertex invariance)
LRRR/RLRR/RLRR/RRRL Same 120 deg. rotation Gains phase e2™3 Forbidden
RRLL Rotate 90 deg. + reflection Returns to itself (w/ phase Forbidden (odd parity initial
+1) state) 13




trahedral geometry matters??

RRRR Rotate 120 deg. About axis Gains phase e?™? Forbidden (violates rotational
through a vertex invariance)
LRRR/RLRR/RLRR/RRRL Same 120 deg. rotation Gains phase e2™3 Forbidden
RRLL Rotate 90 deg. + reflection Returns to itself (w/ phase Forbidden (odd parity initial
+1) state)

pPs is not allowed in the regular tetrahedral configuration - Major background excluded

14



Repeating history of 1974

Aim : To detect 0-Ps — 4y in a small spatial region by locating them in the corners of a tetrahedron centered at Ps source

2

m Gamma detection system T
PHOTOMULTIPLIER (DS) to detect the emitted A
r \ ! “ / ) ACT Detectors (6)
Fe SHIELD gamma based on an energy — T ¢

S~ DS Detectors (4)

time window

\, \
N
A\

4

Pb collimator on each N

detector to minimize e

counter-counter AUXI|IaI'y SYStems
backscattering for noise control

4

Gamma anticoincidence(ACT)\ If si It
timing arrangement - To Simultaneous )
determine the time between |/ counts recorded in all

ACT DETECTOR

FILOE S Ps formation and triple decay counters possible C:5 )/
4 breaking event s
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-ine: look for needle in the haystack -

Photons flying out in a Tetrahedral configuration

4

Question is where to look??

16



JPET - the photon stack / photon hay stack

F. Tayefi Ardebili et al., Bio-Algorithms
and Med-Systems 20, 1 (2024)

24 modules - 13 plastic scintillators
each(50 x 24 x 6 cm?)

Electronics readout by matrix od
SiPMs

Easy to transport (~ 60 kg)
Operational in medical physics tests
Reconfigurable

Triggerless DAQ

17



e Caters to the dream of
accessible & affordable

Medical imaging

e Varieties of

Fundamental physics

AROAEN

¢ Quantum Entanglement

- Talk by Deepak Kumar

S

The xplrer scanner at UC Davis 18
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-er threshold (TOT) - the energy prox-

4

>

Thr1
Thrz

Amplitude

Thrs -

Thr,

v

TOTsignal = TOT1°Thr1 + TOTz'(Th ry - Thrl) +

TOTs'(Thrs - Thrz) + T0T4°(Thl'4 v Thl"3)

S. Sharma et al., EJNMMI Phys. 7, 39 (2020) 20



The Ps factory

21
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So far so good??

Detector
Positronium source
Theory

Now, Can we look for the signal ??

23



Into the data(0.15 % of data)

® Select the annihilation photons from the data taken using a Sodium-22 source of 1.209 MBq

e Available energy for each photon: 255.5 keV

Counts

Step 1

80
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40

20

x10°

- e Prompt photons

i e Annihilation photons

i e X106
0 5 10 15 20

Time over Threshold [ps*mV]

24



® Look for 6 angles in a 4 hit event within the range of 100 - 120 degrees

Step 2

Opening
/QF{. angles
" ¢ | Do

2 3 O

25
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My p|an
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Conclusion and outlook

e No sign of possible signal
e Could be detector constraint or consistent result with SM
e Monte carlo simulations are underway

So overall conclusion:

e Promising idea
e Brainstorming phase for better understanding of the processes

29



Thank you for your attention!!!

CENTER FOR THERANOSTICS

(/j: N

NARODOWE
CENTRUM
NAUKI
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Detector details

Let me boast here a bit about the detector we have W
Its a table top experiment.....depends how big your table
If its the size of a half of the room then yes ....we have got a table top experiment

Other details

Triggerless daq

Spatial resolution leading to 1- 2 degree of angular resolution

Cheap - plastic scintillator, bigger goal of portable

31



* Four photons are emitted symmetrically toward the four corners.

 Para-Ps is rotationally invariant — final 4y state must also respect this symmetry.

» Each photon can have Right (R) or Left (L) circular polarization.

Symmetry Argument

Configuration Symmetry Operation Effect
RRRR Rotate 120° about axis through vertex 1
LRRR/RLRR/RRLR/ RR:RL Same 120° rotation Gains same phase _
RRLL Rotate 90° + reflection Returns to itself (phase +1)

Result

Gains phase e”\(i2n/3) Forbidden (violates rotational invarianc

Forbidden
Forbidden (odd parity initial state)

Conclusion

No combination of photon polarizations and tetrahedral geometry satisfies both rotational and parity symmetries.

Therefore, the 1S — 4y decay is forbidden under C- and P-conserving electromagnetic interactions.



Polarization model for ¢ symmetry

Explanation:

Further question: 2 fold question
Can we test bose einstein statistics—> inspired from vip experiment

Or we can assume BES to be true to test C symmetry

33



