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o Quantum entanglement primer

o Entanglement in positron annihila2on gamma

o New entangled GEANT-4 simula2on

o CZT demonstrator system

o Results from demonstrator and benchmarking of 
simula2on

o Future plans

Talk outline



Entanglement  - a primer

Observe interference paFern - P12

SLIT 2

SLIT 1



Entanglement  - a primer

● Observe pattern P1



Entanglement  - a primer

● Observe pattern P2



Entanglement  - a primer

● This is the combination P1 + P2 not P12



Entanglement  - a primer

● This is also the combination P1 + P2



Entanglement  - a primer

If we do not observe which path is taken,  we must sum the y for each path first: 

ytotal(x,t) = y(x,t)1 + y(x,t)2

| ytotal (x,t) |2

If we observe which path we simply sum the probabilities for each path separately:

|ytotal (x,t)|2 = | y1(x,t) |2 + | y2 (x,t) |2

And then calculate:
Wave function
Is entangled

Wave func2on
is separable



Entanglement  - a primer

• A quantum system can be described by the SUPERPOSITION  of two or more states, 
each described by a different wave function:

y(x,t) = p y1(x,t) + q y2(x,t) + …

• p and q are just the "amount" it is in each state.

• e.g. 2 slits in the 2-slit experiment,
2 spin states of electron (spin up and spin down),     
2 polarisation states of a photon.



Entanglement  - a primer

• If you make a measurement (assume the apparatus detects 1 or 2) then the system is 
forced into one state or another: 

y(x,t) ®y1(x,t)  with probability p2

or
y(x,t) ®y2(x,t)  with probability q2

This is is often referred to as "collapsing" of the wavefunction.



Positron annihilation   𝑒 − + 𝑒+ → 2𝛾

Annihilation at rest dominant (L=0, negative parity)

g polarisations perpendicular (conservation of momentum)

1 entangled combination of directions (-,+) and polns. (x,y) 
also conserves parity. 

Entanglement in positron annihila8on gamma

e.g.  Yang,  Amer Phys Soc 77 242 (1950)
Bohm and Aharonov, PRC 108 1070 (1957))
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Compton sca:ering c.s depends on g polariza<on (polarized Klein Nishina prop sin2F)

Entanglement  - influences magnitude of cos(2Df) modula<on

-> Implemented into GEANT4 simula<on

Entanglement in double Compton scattering
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Incorporate
polarised KN

e.g.  Snyder et. al. , Phys Rev 73 440 (1947)
Pryce and Ward, Nature 160 435 (1947)
Bohm and Aharonov, PRC 108 1070 (1957)
Caradonna et. al., JPC 3, 105005  (2019)

Duarte EPJ H 37 311 (2012)  - historical overview



Non-entangled

Comparison of entangled GEANT4 with analytic theory

𝑬𝒏𝒕𝒂𝒏𝒈𝒍𝒆𝒅

| 𝝍 > =
𝟏
𝟐
(|𝒙 > −|𝒚 > + − |𝒚 > − 𝒙 > + .
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This entangled wavefunction (Bell state) is the ONLY allowed state from gs positronium annihilation

But what about other possibilities?:

-> Annihilation in flight at the few percent level – neglected

-> Annihilation from excited positronium state – no evidence when using different media (glass, metal, ..)
(e.g Bruno, M., D’Agostino, M. & Maroni, C..Il Nuovo Cimento B40, 143–152 (1976) )

Assumptions in the theory

| 𝝍 > =
𝟏
𝟐
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CZT Demonstrator apparatus

High density semiconductor (CZT) 
Highly pixelated (121  0.8 x 0.8 x 10mm  pixels)
Double-head system

-> Track Compton scattering with high acceptance and efficiency



CZT – Compton scatter reconstruction

High density semiconductor (CZT)
Thick (1cm3) 
Highly pixelated (121   0.8 x 0.8 x 10mm  pixels)

8.8 mm

8.8 mm

10 mm

160 
mm



Comparison of entangled GEANT4 and data (22Na )

G4 simulation of CZT setup

Analysed with same code and 
cuts as the experimental data

Agreement with entangled prediction

Clear disagreement with standard G4
(a separable state - orthogonally polarised)

Unpolarised ~flat -> uniform acceptance
(a mixed state)

q1,2 = 70-110o



Entanglement loss – a first measurement

q1,2 = 60-140o

1st measurement of residual DF following an intermediate scatter

Consistent with “collapse” approximation incorporated in the G4 model

More data needed..

polythene
scatterer

● Expt - with intermediate scatter
⏤ Entangled Geant4
● Expt - no scatter (back-to-back)
⏤ Entangled Geant4 (back-to-back)



Only the correlations in Compton scatter planes have been measured
- the predicted cross section has never been confirmed!

New Geant4 developments  - important step on the road to achieving this

Backgrounds, non Compton scatter processes, detector acceptance, source simulation, 
detector resolutions ✓

Work in progress…

Well known to be a missing piece for 
fundamental tests (e.g Bells inequalities)

The missing cross sec8on…



Already highlighted how lack of s affects inferences on tests of Bell’s inequalities
(e.g. Kasday, Ulmann and Wu, Il Nuovo Cimento B 25 (1971))

QM: A given state of a quantum system cannot specify with certainty the result of all possible measurements that 
can be made on a system

Hidden variable: EPR argued that associated with physical system was a set of variables which determine with 
certainty all possible measurements (hidden variables)

Bell’s inequality:  Two measuring instruments A and B. 
A and B have “knobs” which are set to positions a and b respectively. 
Locality implies the knob setting a has no effect on measurement B (and vice versa)

e.g. a and b output of 2 detectors, a and b angle of detectors.  Measure terms. e.g

The missing cross section - Bell’s inequalities



Unfortunately  - experiment cannot be directly realized in Double Compton scattering 
-> No ideal polarization detectors

Although Pa measurements cannot directly rule out hidden-variable theories 
– provided the initial strong evidence against them

Assumptions:     1) It is in principle possible to construct an ideal linear-polarisation analyser
2) The results obtained in an experiment using ideal analysers and the results obtained in 

Compton scattering experiment are correctly related by quantum theory

-> Cross section measurement is important to put future fundamental tests on a firmer footing 

-> Also an important check for applications (e.g. PET)

EPR tests and Bell’s inequality



Fundamental tests – why bother at MeV scale ??

Optical and MeV photons have different properties -> synergy cannot be apriori assumed

1) The wavelengths are 6 OOM smaller (more cycles of wf for given distance)

2)  Higher energy -> Stronger interaction with the vacuum,
MeV g have magnetic moment, ..
Larger gravitational redshift – proportional to  Egh/c2

1012 larger coupling to hypothetical graviton than optical

Breaks new ground  - Null results are still important....!

MeV measurements are virtually noise free, offer a clear entanglement witness



MeVQE - Distance measurements

Record (optical photons) 1200km at l~10-6m corresponding 
to 1012 wavelengths

Entangled gamma sent from satellite to separated ground stations

MeV scale -> Data sparse & contradictory, limited to ~1m separation
Entanglement witness - Df correlation at limited q1,2

CZT : Benchmark measurements out to 10’s m possible
Exceed current record (in terms of wavelengths) by orders of magnitude.
Measure for wide range of scatter angles q1,2 simultaneously
Examine constancy of Df correlation and cross section with distance
Acceptance and backgrounds under control – GEANT4
Also obtain first measurement vertically (gravitational field)



MeVQE – entanglement in accelerating frame

Has been suggested that gravity and motion can have
observable effects on QE 
e.g. Aisling, Classical Quant Grav. 29 224001 (2012)

First measurement for optical photons in 2017 

Entanglement witness measured measured from 30mg up to 30g
on a centrifuge

Plans for similar measurement at MeV scale

Also possibilities for QE in accelerating frame 
– laser-plasma acceleration



MeVQE – Other possiblities

Cascade transitions -> Widely used entangled optical photon source (J= 0->1->0 transition)

-> Nuclear transitions – largely unexplored field

Energy frontier  -> Photon QE – max energy is 0.511 MeV

-> p0 decays – Lifetime 10-16 s, 70 MeV in rest frame,
GeV’s decay from relativistically boosted frame.  

-> Measuring polarisation is challenging at higher energies

-> Measure polarization from nuclear reactions ?

g + A  -> A + p0 (100% analyzing power!)
g + A  -> A + p+ (Easier to detect)



Summary

Quantum entanglement of positron annihilation photons included in Geant4

Double headed CZT system benchmarked – quality data

QE-G4 -> excellent description of measured scatter plane correlations in double 
Compton scattering

Immediate application in PET imaging (Ruth Newton’s talk)

Next steps: More detailed measurements of wavefunction collapse at MeV scale
First entangled cross section measurement
Fundamental tests, further applications,..

A new regime to challenge fundamental quantum physics


