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Quantum mechanics vs. local hidden variable theory

EPR (1935): Is the quantum-mechanical description of physical
reality complete? Could pre-existing “hidden variables” λ restore
locality and realism?
Bell (1964): Any local hidden-variable theory (LHVT) must satisfy
conditional factorization

P(a, b | λ) = P(a | λ)P(b | λ) , (1)

leading to Bell inequalities for measurable correlation functions.
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From p-Ps to Compton polarimetry

Pryce–Ward equation (1947): QFT prediction for the joint
angular distribution of the two Compton-scattered photons from
annihilation of spin-singlet para-positronium (p-Ps).
Bohm & Aharonov (1957): Annihilation of p-Ps at rest produces
two back-to-back 511 keV photons—an ideal physical realization
of the EPR scenario.

|Ψ⟩ = |XY ⟩ − |YX ⟩√
2

. (2)

No ideal polarization analyzer exists at 511 keV; Compton
scattering is the practical polarization filter.
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Wu’s experimrent and the Kasday–Bell no-go

Kasday–Ullman–Wu experimrent (1975): Symmetric Compton
polarimeters and fourfold coincidence plus energy-sum selection.
The results measured are in excellent agreement with the
quantum-mechanical prediction.
Kasday et al., Bell: Compton scattering is probabilistic. There is
no ideal ±1 polarization outcome, so a naive Bell binning does not
violate the Bell inequality.

W(θ1, θ2, ..., θn) =

∫︂
dλ1

∫︂
dλ2...

∫︂
dλnG(λ1, λ2, ..., λn)×

δ(λ1 − θ1)δ(λ2 − θ2)...δ(λn − θn) (3)
G(λ1, λ2, ..., λn) =W(λ1, λ2, ..., λn) (4)

Momentum-only Compton measurements, without extra
assumptions, are compatible with local realism; they cannot rule
out LHVTs.
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Entanglement at the LHC: top-quark pairs

Entanglement observable for t t̄ with leptonic decays:

D = −3⟨cosϕ⟩ . (5)

The condition D < −1/3 is sufficient to establish entanglement in
the t t̄ system.
ATLAS (2024),

√
s = 13 TeV, 140 fb−1, dilepton channel:

D = −0.537 ± 0.002 (stat.)± 0.019 (syst.) , (6)

more than 5σ away from the no-entanglement case.
Claimed as the first observation of entanglement in t t̄ and the
highest-energy entanglement observation to date.

Junle Pei Can Mirror Symmetry Challenge Local Realism? Probing Photon Entanglement from Positronium via Compton ScatteringOctober 25, 2026 5 / 23



The critique: colliders measure momenta, not spins

Collider detectors record momenta, not spins. Any extraction of
spin correlations from angular distributions may rely on quantum
mechanics or quantum field theory, which in turn leads to a
circularity problem.
In both QM and LHVTs (via different routes), for t t̄ , the angular
correlation matrix Q of the decay products and the spin correlation
matrix C of the t t̄ pair are related by

Q =
αᾱ

9
C . (7)

To infer C from the measured Q, one must know α.
Consequently, collider “entanglement observation” is, by itself, a
Standard-Model-frame verification of spin correlations, not an
LHVT exclusion.
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The Question: Can We Exclude LHVTs Without Bell
Inequalities?

A claim of Bell-inequality violation at colliders is logically
incompatible with the LHVT realization of the angular distributions
in Eqs. (3)–(4).
Central question of this talk:

Is there a physically motivated criterion—different from Bell in-
equalities and independent of QM parameters—that can ex-
clude local hidden-variable descriptions of entangled photon
pairs?

The rest of this talk explores one candidate: mirror symmetry of
single-photon Compton scattering, combined with
angular-momentum conservation and rotation invariance.
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QFT calculation

The polarization state of a photon pair in a pure state can be
expressed as

|γ1γ2⟩ =
∑︂

k1,k2=±1

αk1,k2 |k1⟩γ1 |k2⟩γ2 . (8)

Two back-to-back photons from p-Ps decay: γi : (me, 0,0,±me),
i = 1, 2.
Each photon scatters via γi + e−

i → γ′i + e−
i ; final-photon

kinematics:

γ′i :
(︁
meqi , meqi sin θi cosϕi , meqi sin θi sinϕi , meqi cos θi

)︁
(9)

with qi = 1/(2 ∓ cos θi).
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The entanglement witness: Compton-scattered
azimuthal correlations

The joint angular distribution:

W(θ1, θ2, ϕ1, ϕ2) =
1
Γ

∑︂
j1,n1

∑︂
j2,n2

⃓⃓⃓∑︂
k1,k2

αk1,k2M
1
k1;j1,m1,n1

M2
k2;j2,m2,n2

⃓⃓⃓2
(10)

Witness observable:

⟨cos(2ϕ1 − 2ϕ2)⟩ = C1δ , C1 = 648
(1 − ln 3)2

(40 − 27 ln 3)2 , (11)

⟨cos(2ϕ1 − 2ϕ2)⟩θ1,θ2 = C′
1(θ1, θ2)δ , (12)

C′
1(θ1, θ2) =

1
2
(2 − cos θ1) sin

2 θ1

2 + (1 − cos θ1)3
(2 + cos θ2) sin

2 θ2

2 + (1 + cos θ2)3 , (13)

δ = α−1,−1α
∗
1,1 + α1,1α

∗
−1,−1 . (14)
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A sufficient condition for entanglement

δ = α−1,−1α
∗
1,1 + α1,1α

∗
−1,−1

The normalized correlation observables:

O1 = cos(2ϕ1 − 2ϕ2)/C1 = δ , (15)
O′

1(θ1, θ2) = cos(2ϕ1 − 2ϕ2)/C′
1(θ1, θ2) = δ . (16)

Under the normalization condition of αk ,j , the predicted range of δ
is [−1, 1]. For separable γ1γ2 states, the corresponding range
narrows to [−1/2, 1/2].
Any observed ⟨O1⟩ or ⟨O′

1(θ1, θ2)⟩ in [−1,−1/2) ∪ (1/2, 1]
provides sufficient evidence for entanglement in the γ1γ2 system.
This entanglement criterion generalizes straightforwardly from the
pure γ1γ2 state to the mixed γ1γ2 state.
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p-Ps → γ1γ2: Production of a Maximally Entangled
State

p-Ps is a spin singlet; at leading order in the non-relativistic QED
limit,

|p-Ps⟩ ∝
∫︂

d3k⃗
(2π)3 ψ̃(k⃗)

(︁
|1
2 ; k⃗⟩|

1
2 ;−k⃗⟩+ | − 1

2 ; k⃗⟩| −
1
2 ;−k⃗⟩

)︁
. (17)

Decay amplitudes satisfy exact relations (Clebsch–Gordan
protected, not LO artifacts):

M1,1 = −M−1,−1 , M1,−1 = M−1,1 = 0 , (18)

→ α1,1 = −α−1,−1 =
1√
2
, α1,−1 = α−1,1 = 0 , (19)

→ δ = −1 . (20)

So, the p-Ps photon pair is a maximally entangled Bell state.
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Decoherence parameter ρ and the joint distribution

Without decoherence (ρ = 0):

W(θ1, θ2, ϕ1, ϕ2) =
5184π2

(40 − 27 ln 3)2

[︂2 + (1 − cos θ1)
3

2 − cos θ1

2 + (1 + cos θ2)
3

2 + cos θ2

− sin2 θ1 sin
2 θ2 cos 2(ϕ1 − ϕ2)

]︂
. (21)

With a decohered fraction ρ (mixed state):

W ′(ρ; θ1, θ2, ϕ1, ϕ2) =
5184π2

(40 − 27 ln 3)2

[︂2 + (1 − cos θ1)
3

2 − cos θ1

2 + (1 + cos θ2)
3

2 + cos θ2

− (1 − ρ) sin2 θ1 sin
2 θ2 cos 2(ϕ1 − ϕ2)

]︂
. (22)

The coherence of the azimuthal correlation is linearly degraded by
ρ; this is directly measurable.

⟨O1⟩ = ⟨O′
1(θ1, θ2)⟩ = −(1 − ρ) . (23)
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Building an LHVT: Angular-momentum conservation
and rotation invariance

p-Ps has spin 0, so the decay photons carry opposite spin angular
momenta:

S⃗1 = −S⃗2 , Ŝ1 = Ŝ = (sin x cos y , sin x sin y , cos x) . (24)

Hidden variables: x and y , with joint probability density

G(x , y) ≥ 0 ,
∫︂ 1

−1
d cos x

∫︂ 2π

0
dy G(x , y) = 1 . (25)

Single-photon response: for the y = 0 reference frame, a
normalized distribution F (x ; θ, ϕ) with

F (x ; θ, ϕ) ≥ 0 ,
∫︂ 1

−1
d cos θ

∫︂ 2π

0
dϕF (x ; θ, ϕ) = 1 . (26)

By rotational invariance:

F1(x , y ; θ1, ϕ1) = F (x ; θ1, ϕ1 − y) , (27)
F2(x , y ; θ2, ϕ2) = F (x ;π − θ2, π + y − ϕ2) . (28)
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Building an LHVT

The LHVT constraint matching QFT:

1
256π4 q2

1q2
2 W ′(ρ; θ1, θ2, ϕ1, ϕ2)

=

∫︂ 1

−1
d cos x

∫︂ 2π

0
dy G(x , y)F (x ; θ1, ϕ1 − y)F (x ;π − θ2, π + y − ϕ2) .

(29)

Hidden variables beyond x and y?
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Naturalness and simplicity
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Mirror Symmetry in QED: A single-photon Compton
scattering

Consider γ1 + e−
1 → γ′1 + e−

1 with incident photon spin pointing
along

n̂ = (sin x cos y , sin x sin y , cos x) . (30)

The polarization state |1⟩n̂ is obtained by rotating |1⟩ẑ and
dropping the unphysical |0⟩ component:

|1⟩n̂ =
1√︁

2(1 + cos2 x)

(︁
e−iy−iy ′

(1 + cos x)|1⟩ẑ + eiy−iy ′
(1 − cos x)| − 1⟩ẑ

)︁
.

(31)

The resulting final-photon angular distribution is

F(x , y ; θ1, ϕ1) =
9

2π(40 − 27 ln 3)

(︃
2 + (1 − cos θ1)

3

(2 − cos θ1)3

+
sin2 x

1 + cos2 x
sin2 θ1

(2 − cos θ1)2 cos(2(ϕ1 − y))

)︄
. (32)
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Mirror Symmetry in QED: A single-photon Compton
scattering

F(x , y ; θ1, ϕ1) =
9

2π(40 − 27 ln 3)

(︃
2 + (1 − cos θ1)

3

(2 − cos θ1)3

+
sin2 x

1 + cos2 x
sin2 θ1

(2 − cos θ1)2 cos(2(ϕ1 − y))
)︃

Key symmetries (verified in QED, experimentally well
established):

1 x → π − x : same angular distribution;
2 ϕ1 → ϕ′1 = dπ + y − (ϕ1 − y) with d = 0: mirror symmetry with

respect to the plane T spanned by ẑ and n̂;
3 d = 1: parity invariance F(x , y ; θ1, ϕ1) = F(π − x ,−y ; θ1, π − ϕ1).

Junle Pei Can Mirror Symmetry Challenge Local Realism? Probing Photon Entanglement from Positronium via Compton ScatteringOctober 25, 2026 17 / 23



Imposing mirror symmetry on the LHVT

Expand the single-photon response in spherical harmonics:

F (x ; θ, ϕ) =
1

4π
+
∑︂
l≥1

l∑︂
m=−l

al,m(x)Yl,m(θ, ϕ) . (33)

Spherical harmonics properties:

Y ∗
l,m(θ, ϕ) = (−1)mYl,−m(θ, ϕ) , (34)

Yl,m(θ,−ϕ) = (−1)mYl,−m(θ, ϕ) . (35)

F (x ; θ, ϕ) is a real function:

al,m(x) = (−1)ma∗
l,−m(x). (36)

Mirror-symmetry condition:

F (x ; θ, ϕ) = F (x ; θ,−ϕ) → al,m(x) = (−1)mal,−m(x). (37)

So, al,m(x) ∈ R.
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Imposing mirror symmetry on the LHVT

1
256π4 q2

1q2
2 W ′(ρ; θ1, θ2, ϕ1, ϕ2)

=

∫︂ 1

−1
d cos x

∫︂ 2π

0
dy G(x , y)F (x ; θ1, ϕ1 − y)F (x ;π − θ2, π + y − ϕ2) .

Test observable:
h =sin2 θ1 sin

2 θ2 cos(2ϕ1 − 2ϕ2) (38)

=
16π
15

(︁
Y ∗

2,−2(θ1, ϕ1 − y)Y ∗
2,−2(π − θ2, y + π − ϕ2)

+Y ∗
2,2(θ1, ϕ1 − y)Y ∗

2,2(π − θ2, y + π − ϕ2)
)︁

(39)

Using orthogonality, the LHVT gives

⟨h⟩(mirror)
LHVT =

16π
15

∫︂ 1

−1
d cos x

∫︂ 2π

0
dy G(x , y)

(︁
a2

2,−2(x) + a2
2,2(x)

)︁
. (40)

⟨h⟩(mirror)
LHVT ≥ 0 .
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The QFT prediction

Using the explicit joint distribution W ′(ρ; θ1, θ2, ϕ1, ϕ2), the QFT
average of the same h is

⟨h⟩QFT = −288 (1 − ρ)

(︃
10 − 9 ln 3
40 − 27 ln 3

)︃2

. (41)

For any 0 ≤ ρ < 1:

⟨h⟩QFT < 0 , ⟨h⟩QFT
⃓⃓
ρ=0 ≈ −0.42 . (42)

Only the fully decohered case ρ = 1 gives ⟨h⟩QFT = 0, consistent
with the disappearance of all polarization correlations.
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The criterion: Mirror-symmetric LHVTs cannot
reproduce QFT predictions

The two predictions are strictly incompatible:

⟨h⟩(mirror)
LHVT ≥ 0 , ⟨h⟩QFT = −288(1 − ρ)

(︂
10−9 ln 3

40−27 ln 3

)︂2
≤ 0 .

Therefore, for any partially entangled p-Ps photon pair
(0 ≤ ρ < 1), no LHVT that respects mirror symmetry can
reproduce the QFT angular distribution.
Logical structure of the argument:

1 Angular-momentum conservation + rotation invariance fix the LHVT
ansatz;

2 QFT single-photon Compton scattering exhibits mirror
symmetry—verified experimentally;

3 Imposing mirror symmetry on the LHVT forces ⟨h⟩(mirror)
LHVT ≥ 0;

4 QFT predicts ⟨h⟩QFT < 0 for any ρ < 1;
5 The mirror-symmetric LHVT is excluded without invoking Bell

inequalities and without using the spin-analyzing power α.
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Without mirror symmetry, LHVTs can still survive

If the mirror-symmetry condition is not imposed, an explicit LHVT
solution exists:

G(x , y) =
1

4π
, (43)

F (x ; θ, ϕ) =
9

2π(40 − 27 ln 3)

[︂2 + (1 − cos θ)3

(2 − cos θ)3

+
√︁

2(1 − ρ)
sin2 θ

(2 − cos θ)2 cos
(︁
2ϕ+ π

2

)︁]︂
. (44)

Non-negativity of F (x ; θ, ϕ) is guaranteed since

2 + (1 − cos θ)3

(2 − cos θ)3 >
√

2
sin2 θ

(2 − cos θ)2 , θ ∈ [0, π] . (45)
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Conclusions

We have derived the full joint angular distribution of Compton-scattered
p-Ps photons for a general partially decohered polarization state.

The normalized observable

⟨O1⟩ = ⟨O′
1(θ1, θ2)⟩ = −(1 − ρ)

provides a practical entanglement witness and a decoherence meter
directly from azimuthal correlations.

The central result: when the physically motivated mirror symmetry of
single-photon Compton scattering is imposed on the LHVT,

⟨h⟩(mirror)
LHVT ≥ 0 , whereas ⟨h⟩QFT < 0 for any ρ < 1 .

This provides a new, symmetry-based exclusion criterion for LHVTs
independent of Bell inequalities and of any QM parameter like α.

Without mirror symmetry, LHVTs can still reproduce the
distribution—consistent with the Kasday–Bell no-go and with recent
collider critiques.
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