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Can mirror symmetry challenge local realism? Probing photon
entanglement from positronium via Compton scattering
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This study investigates photon entanglement generated from parapositronium decay by analyzing
azimuthal correlations after the double Compton scattering with stationary electrons. We introduce a
normalized correlation observable O = cos(2¢, — 2¢,)/C, to witness entanglement. In the absence of
decoherence, (O;) = —1, corresponding to a maximally entangled Bell state. With decoherence para-
metrized by p, the expectation becomes —(1 — p), allowing direct experimental quantification of coherence
loss. A prior symmetry analysis of the Compton scattering process within the quantum field theory (QFT) is
provided, which establishes the mirror-symmetric nature of the single-photon angular distribution. We
further examine a local hidden-variable theory (LHVT) under the angular-momentum conservation and the
rotation invariance. Imposing the mirror symmetry with respect to the plane defined by the photon spin and
momentum leads to a non-negative LHVT prediction for (sin? @, sin> @, cos(2¢, — 2¢,)), contradicting the
negative QFT prediction value for any p < 1. Thus, mirror symmetry serves as a novel criterion to exclude
LHVT descriptions of the entangled state, whereas without preserving this symmetry, LHVTSs can reproduce

the correlations.
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I. INTRODUCTION

Quantum entanglement, a hallmark feature of quantum
mechanics, has been at the forefront of foundational studies
since the seminal debates between Einstein and Bohr [1-4].
Its nonlocal correlations challenge classical intuition and
impose stringent constraints on any theory that seeks to
preserve local realism—the idea that physical properties are
defined prior to measurement and that influences cannot
propagate faster than light. Bell inequalities [5], derived
under the assumptions of locality and realism, provide a
powerful empirical criterion to test quantum mechanics
against local hidden-variable theories (LHVTs). Violations
of these inequalities in experiments [6—28] have consistently
favored quantum predictions, offering strong evidence
against local realism. Despite these successes, the search
for new and complementary ways to probe the limits of
local realism remains active [29-34]. In particular, scenarios
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that do not rely directly on Bell inequalities can offer fresh
insights and may expose different facets of the quantum-
classical divide.

Among the earliest and cleanest sources of entangled
photon pairs is the two-photon decay of parapositronium
(p-Ps). A positron annihilating at rest with an electron
produces two back-to-back photons in a maximally
entangled polarization state. Because ideal polarization
analyzers do not exist for 511 keV gamma rays, measure-
ments of the relative linear polarization have historically
been performed via Compton scattering. Wu and Shaknov
[35] first demonstrated good agreement with quantum
mechanics [36], and later Langhoff [37] refined the meas-
urement. A particularly thorough experimental and theo-
retical analysis was carried out by Kasday, Ullman, and Wu
[38] (see also Kasday’s thesis and subsequent review [39]).
Using a carefully designed Compton polarimeter, they
confirmed the quantum predictions for the angular corre-
lation of scattered photons.

Crucially, Kasday et al. also examined the implications of
their experiment for LHVTs. They observed that with
Compton scattering alone—without additional assump-
tions—no direct test of Bell’s inequality is possible, because
one can explicitly construct a local hidden-variable model
that reproduces all quantum predictions for the momentum
distributions of the scattered photons. In fact, Bell himself
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provided such a counter-example (reproduced in Appendix I
of Ref. [39]), and Kasday presented an even simpler one.
The essential message of those works is: a Compton-
scattering experiment on annihilation photons, analyzed
without extra assumptions, does not rule out LHVTs. Since
then, the recognized wisdom has been that only ideal, or
nearly ideal, polarization measurements (e.g., in optics with
high-efficiency detectors) can close the locality loophole.
However, even in optical Bell tests, auxiliary assumptions
(such as fair sampling) are often required.

In recent years, Compton-polarimetry studies of p-Ps
annihilation photons have explored decoherence [40],
quantum entanglement [41], and nonmaximal entanglement
[42], as well as detection using plastic positron emission
tomography (PET) [43], cadmium zinc telluride PET [44],
and gadolinium aluminum gallium garnet-based Compton
polarimeters [45,46]. In this work, we revisit the test of local
realism from a theoretical perspective, asking a different
question: Can physically motivated symmetry conditions,
beyond those implicitly assumed in previous LHVT con-
structions, exclude local hidden-variable descriptions of the
Compton-scattered photon pair? Our analysis proceeds as
follows. First, we derive the full joint angular distribution of
the two Compton-scattered photons for a general polariza-
tion state of the back-to-back photon pair from p-Ps decay,
including a phenomenological parameter p that character-
izes decoherence. This extension to partially coherent states
is itself beyond the scope of the earlier studies [38,39],
which focused on pure states. Second, we attempt to
construct an LHVT that can reproduce this distribution.
Guided by angular-momentum conservation (the decay
produces a spin-0 state), we parametrize the hidden vari-
ables as the directions of the photon spins, respecting
rotation invariance. We show that without any further
restriction, such an LHVT can indeed be built and it
closely resembles the Bell-type counterexamples discussed
in Ref. [39].

The central new result of our paper is the following: when
we additionally impose mirror symmetry with respect to the
plane spanned by the photon momentum and its spin
direction (a symmetry that holds in QED and is exper-
imentally well established for single photon Compton
scattering), the LHVT construction fails to reproduce the
quantum correlation. More precisely, the expectation value
(sin @, sin® @, cos(2¢h; — 2¢p,)) becomes non-negative
under the LHVT with mirror symmetry, whereas quantum
mechanics (for any p < 1) predicts a negative value. This
provides a new, symmetry-based criterion to challenge
local realism, one that was not discussed in the earlier
works [38,39] and is not captured by their Bell-type
counterexamples.

Thus, the present paper does not claim to perform a
better experiment or to circumvent the known ‘“no-go”
result of Kasday et al. Instead, we offer a novel theoretical
insight: the compatibility of Compton-scattering data with

local realism depends crucially on whether the hidden-
variable theory is required to respect mirror symmetry.
Because mirror symmetry is implied by the parity and
rotation invariance of QED and has been verified in single-
photon Compton scattering, its violation by an LHVT
would render such a theory physically unnatural. Our work
therefore opens a new direction for testing local realism
using symmetry principles, independent of the detection-
efficiency or fair-sampling loopholes.

The paper is organized as follows: In Sec. II, we
introduce the entanglement witness based on Compton-
scattered azimuthal correlations. Section III details the
production and decoherence of photon pairs from p-Ps
decay. Section I'V examines the feasibility of a local hidden-
variable description, with emphasis on the role of mirror
symmetry. We conclude in Sec. V.

II. ENTANGLEMENT WITNESS VIA COMPTON-
SCATTERED AZIMUTHAL CORRELATIONS

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

r172) = Z akl,k2|k1>71|k2>72’ (1)

ki do=%1

where k; (i =1, 2) denote the spin projection quantum
numbers of photons y; along their respective momentum
directions. The coefficients a, 4, are subject to the nor-
malization condition of

Z |ak1,k2|2 =1 (2)

kyky==%1

We consider back-to-back photons y; and y, produced
from the decay of p-Ps at rest in the laboratory frame. The
photons propagate with equal magnitudes of momentum
(py, = py, = m,) in opposite directions. Their four-
momenta are parametrized as

yii (m,,0,0,£m,), i=12. (3)
When photons y,; are scattered via Compton processes
with stationary electrons in the laboratory frame, i.e.
yi+e; — v+ e, we parameterize the four-momenta
of the initial electrons e; and final-state photons y; as
e;: (m,,0,0,0), (4)

1

.. . ) .
vi: (m.q;,m,q;sin@;cosp;, m,q,;sinb;sing;, m,q;cos0;),

(5)

where 0;€(0,7z], ¢;€[0,2z], and the dimensionless
energy parameters g; are given by
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B 1 iZ 19 (©6) quantum numbers of y;, e, y;, and e;’ along their
9% =3 T cosd;’ T respective momentum directions. Direct calculations yield
the scattering amplitudes
The four-momenta of the recoiling electrons e;’ are
determined via four-momentum conservation in the scat- o
tering processes. The differential phase space volume };;j.m.,l :47meme"(ikﬂ_")"ﬁ"M}(;Lm.n, i=12, (8)
elements for final-state particles are given by

where «,,, denotes the electromagnetic fine-structure con-

stant. The real-valued functions M}( ;.mn €xhibit angular

dependence only on 6; (not ¢;), whose explicit expressions
We denote the scattering amplitudes for the processes  are provided in the Appendix. For the pure y,7, state

viter »yite (i=1,2)as M, . where k = £1,  described by Eq. (1), the joint angular distribution of 7,7},
=+1 m==1, and n==+1 are the spin projection  denoted W(0,,6,. ;. ¢,), is

|

dny = 2d cos 0;dg;. (7)

1
16727

2
W(0,. 0. 1. ) = Z S D @M M - 9)
”"'f{ G
To enforce the normalization condition
/dﬂfl/d”.fzw(91’927¢1:¢2) =1, (10)

I' is defined as

FZ/dﬂfl/dﬂf2rw(91792’¢17¢2)

1
= d4n’al, <|ak1.k2|2/ dcos0,qiH| - / dcos@zngk , kz>’ (11)
ki dy==+1 -1
where
kk’ ZMk]man’]mn (12)
jin= i%
m==1

Using the expressions of /\~/l§( jmna 10 the Appendix, we obtain

2+ (1 F cos 6;)*
2 F cosb;

Hi 1 =H , =4 H, _ =H",, = 4sin% 0, i=1,2. (13)

So, we get
4
r=at, g—1ﬂ2(40 —271n 3)%. (14)

For any angular observable O(0;, 6,, ¢, ¢,), the statistical average is

(06102, 1. ) = / d;, / i}, 00,62, b1 $2)W(6r. 0. 1. )

— *
= E Okl,kz;k’l K Oy e B, (15)
ky ey K Ky ==
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where

187 2
Ok b, = (m) / 9y, / 42,0

For example, for the observable cos(2¢, — 2¢,), we obtain

(cos(2¢p1 —2¢,)) = Ci(a_y —ya ) +ay e, ) (17)

with

(1-1n3)?

Cr=648—— ——
! (40 — 27 In 3)2

(18)

Similarly, for fixed 0, and 6,, the statistical average of
cos(2¢; — 2¢,) is

(cos(2h1 =2¢h2))g, 9, = C1(01,0,) (a_y ] | +ay )
(19)

with

C/(0,,6,) _ 1(2—cos ;) sin? 0, (2 + cos 6,) sin” 6,
10 02) =75 2+ (1-c0s6,)° 2+ (1 +cosy)
(20)

We introduce the normalized correlation observables

O, = cos(2¢, —2¢,)/Cy, (21)

01(01,60,) = cos(2¢; —2¢,)/C1(6,.6,).  (22)
When expanded in terms of ay, , (ki k, = 1), both O,
and O/ (0, 6,) share identical expressions (denoted as &)

d=a_j0]; +a a5 . (23)
The predicted range of 6 under the normalization condition
in Eq. (2) is [—1, 1]. For separable states of y,y, without
quantum entanglement, the coefficients can be factorized as
ki, ky = £1,

Ak, ky = ﬂklakz’ (24)

pps) =" [ Lk o0

(91’ 92’ ¢1’ ¢2)el<kl_k1>4)l e_i(kz_kg)(/)ZH]lCl’k/l H%Z,k/z'

(16)

where f; and oy, describe the polarization states of y; and

72, respectively, each satisfying its own normalization
constraint of

(25)

DBl = D lon =1
K==+l k==+1

The predicted range of & for separable y;y, states is
[-1/2,1/2]. Therefore, any observed deviation from this
range in either O; or O)(0,6,) provides sufficient
evidence for quantum entanglement in the y;y, system.
This entanglement criterion generalizes straightforwardly
from the pure y,y, state to the mixed yy, state [47].

III. PRODUCTION AND DECOHERENCE
OF PHOTON PAIRS

This section provides a comprehensive treatment of the
generation and possible degradation of photon-pair entan-
glement from p-Ps decay. We begin by deriving the explicit
form of the two-photon quantum state resulting from the
annihilation of spin-singlet p-Ps, establishing its maxi-
mally entangled Bell-state character. We then introduce a
joint angular distribution that encodes the polarization
correlations after both photons undergo Compton scatter-
ing, and we examine how decoherence, modeled as a
partial loss of quantum coherence, modifies these distri-
butions. The analysis allows us to connect measurable
azimuthal correlations directly to the degree of entangle-
ment and to quantify decoherence effects in a experimen-
tally accessible way.

A. Photon pair production from
para-positronium decay

Since the QED scattering matrix is crossing symmetric,
the p-Ps decay and Compton scattering are related by
crossing. At the leading order (LO) level (v = 0) in the
nonrelativistic limit of QED, we can consider p-Ps as a
bound state of e”e™. The momentum-space quantum state
of p-Ps can be expressed as

(26)
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where 17/(/?) represents the wave function in momentum space, k (—I_c') is the three-momentum of e~ (e™) in the rest frame of

p-Ps satisfying the condition |l: | < m,,and A, (4,+) is the spin projection quantum number of e~ (e ™) along the direction of
k (—k). The amplitude for p-Ps to decay into |ky), |k2),, (ki, ky = £1) is given by

Mkl,kz ~ m
e

with

.. (28)

e

ile— At sky ko = \gm()}/] <k1 |}/2 <k2| Me_; k>e’ |/18+; _k>

To obtain Eq. (27), we approximately treat e~ and e™ as

static since v =0 (|12| =0) at the LO level in the non-
relativistic limit of QED. And we also use the approxima-
tion 2m, & myp.. In Eq. (27), 1//(6) represents the wave
function of p-Ps at the origin (6), obtained from the Fourier

-

transformation of (k) as

37 - -
| G = w6) (29)

Direct calculation yields the following amplitude rela-
tions of

Ml.l = _M—l,—lv Ml,—l = M—l,l =0. (30)

W(91702’ ¢1’¢2) =

1 -
VO (M gy s, + M,

-=-La, =Lk .k2> (27)

It is noteworthy that although the relations in Eq. (30) are
derived at the LO level in the nonrelativistic limit of QED,
they remain exactly valid due to the constraints imposed by
Clebsch-Gordan coefficients. For the y,y, system produced
through p-Ps decay without decoherence, the coefficients
@, x, in Eq. (1) are proportional to M, , . This gives

1
Nex

resulting in 6§ = —1. This explicitly demonstrates that the
Y17, System maintains quantum entanglement in the
absence of decoherence, specifically forming a maximally
entangled Bell state.

A = —0_1,-1 = A1 = a_y1 = 0, (31)

B. Joint angular distribution and decoherence effects

For the double Compton scattering of the y,y, pair
produced in p-Ps decay, under decoherence-free conditions,
the joint angular distribution of the final-state photons y} 7}
is given by

(40-271n3 2 —cos b,

which is obtained by substituting the results of Eq. (31) into
Eq. (9). We note that Eq. (32), is closely related to the
Pryce-Ward equation [36]. The apparent sign difference in
front of cos 8, arises from our choice of a common polar
axis along the momentum of y, whereas Pryce and Ward
choose the momentum of each photon as its own polar axis.
For y,, the scattering angle relative to its incident direction

518472 2+ (1 =cos)*2+ (1 +cos6,)?
)2

2+cosb, sin’0;sin’0; cos(2(¢h; — 4’2))) . (32)

this into Eq. (32) yields the standard Pryce-Ward form, up
to an overall normalization factor.

If decoherence occurs, the y;7, system collapses into
either the [1), [1), or|[—1), [—1), states. Assuming the
fraction of decohered y,y, pairs is p, the joint angular
distribution becomes W (p; 6, 60,, ¢, ¢,), which can be
expressed as

is 8V = 7 — 0,, so that cos 6, = —cos 05V, Substituting
|
5184x? 2+ (1—=cos6,)*2+ (1 +cosb,)? . .
"(p:0,,0 = — (1 —p)sin®0;sin0, cos(2(¢; —
W (p;01,0.¢1.$) (40—271n3)? ( 2 cos, 2+ cost, (1-p)sin®0;sin°0, cos(2(¢h; — 1)) |, (33)
giving
(01) =(01(61.6)) = =(1-p). (34)

Therefore, in practical measurements, the fraction of decohered y,y, pairs can be quantified from the observed values of

(O) and (O} (0,,6,)).
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IV. FEASIBILITY OF A LOCAL HIDDEN-
VARIABLE DESCRIPTION

This section addresses the central question of whether the
quantum correlations predicted in Sec. III can be accom-
modated within a framework of local realism. As a
foundation for this analysis, we first establish the symmetry
properties of single-photon Compton scattering within QFT.
Then, we try to construct an LHVT designed to replicate the
joint angular distribution W (p; 0, 0,, ¢, ¢,) in Eq. (33),
taking angular-momentum conservation, which is a funda-
mental constraint from the spin-0 nature of p-Ps, and the
rotation invariance as the guiding principles for the hidden-
variable ansatz. The analysis then pivots on examining the
physical constraints that can be imposed on such a theory.
We demonstrate that the demand of mirror symmetry with
respect to the plane spanned by the photon spin and
momentum vectors serves as a decisive, physically moti-
vated criterion.

A. Symmetry analysis of single-photon
Compton scattering in QFT

In this subsection, we analyze single-photon Compton
scattering under QFT, determining how the angular distri-
bution of the final-state photon depends on the spatial
orientation of the incident photon spin, and we examine the
symmetries satisfied by the angular distribution of the final-
state photon. For convenience, we continue to denote the

1

process as y; + e] — 7} + e7’, and the parametrization of
the four-momenta of all particles still follows Egs. (3) to (5).

We denote the three-momentum direction of y; by
2=1(0,0,1). We define the unit direction vector 7 as
(sin x cos y, sinxsiny,cosx), so that

fi’(y,x, )z =h. (35)

Here, R(y, x,y') denotes a spatial rotation specified by the
Euler angles y, x, and y'. Assume that the spin of y; points
along 7; that is, its spin projection along 7 equals 1,
corresponding to the polarization state |1),. The relation
between \1) and the polarization state with spin projection
1 along Z, [1);, is

1), = R(y.x.y")[1): Zley,xy k. (36)

k=1
with
D%,k(yvx’ y/) = e_iky_iy/d%,k(x)’ (37)
1 +cosx sin x
d}il( )= ) , d%.o(x) = \/—7 (38)

Since photons are massless, the polarization state |0), does
not exist. Dropping the |0). component in |1); and
renormalizing, we obtain

11); = ————=(e""""(1 + cosx)|1); + ¥ (1 = cosx)| — 1);) (39)

2(1 + cos? x)

= > wlk)..
k=+1

So, for an incident photon y, prepared in the polarization state |1)

(40)

the angular distribution of the final-state photon 7} is

ne

F(x, 301, 1) :7 Z ’Zk ilukMkll .
ium=+}
9 2+ (1 =cos®,)? sinZx sin’6,
201 - y)) ). 41
27(40 =27 In 3) < (2 —cos6,)? 1 + cos?x (2 — cos 6, )? cos(2(¢ —y)) (41)
which satisfies
1 27
/ dcosel/ dpF(x,y;0,,¢,) = 1. (42)
-1 0

We now discuss the transformation invariance of F(x, y; 8y, ¢;). It is instructive to first consider the special case y = 0.
In this case the spin direction 7 lies in the x-z plane, and the plane spanned by the photon momentum and 71 coincides with
the x-z plane. Reflection about this plane reverses the sign of the azimuthal angle ¢;, and the angular distribution is
invariant, i.e., F(x,0;0,,¢;) = F(x,0;60,,—¢;). This is the mirror symmetry with respect to the plane spanned by the
photon momentum and 7. More generally, for arbitrary y, the mirror plane is obtained by rotating the x-z plane about the z
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axis by y, which leads to the corresponding azimuthal
reflection. With this intuitive picture in mind, we now turn
to a more precise and complete treatment. It can be shown
that F(x,y;0;,¢,) is invariant under the following
transformations:
(1) x » x' = 7 — x. This implies that the angular dis-
tribution of the final-state photon induced by the
spin orientation (x, y) is identical to that induced by
(=X, y).
(i) ¢ > @), =dr+y—(¢;—y), where d=0 or I.
Since the direction specified by (6, ¢;) and that
specified by (6,,¢)) with d =0 are related by a
reflection with respect to the plane defined by Z and
i, F(x,y;6,,¢;) exhibits mirror symmetry.
Moreover, parity invariance of the QED process requires

F(x,y:01.¢1) = F(r—x.—y;0.m—¢y), (43)
which is already ensured by the invariance of
F(x,y;0;, ;) under the transformations x — x" and ¢p; —
¢, with d = 1.

B. Hidden-variable ansatz based
on angular-momentum conservation

Since p-Ps has spin 0, angular-momentum conservation
implies that the spin angular momenta of the decay photons
y; (i =1, 2), denoted §;, satisfy §; = —S,. We denote the
|

unit direction vectors of §,» by 3, and parametrize them as

A

S, = -8, = 8§ = (sinxcosy,sinxsiny,cosx). (44)

Here, x and y serve as the local hidden variables. We denote
their joint probability distribution by G(x,y), which sat-
isfies
1 2
G(x,y) >0, / dcosx/ dyG(x,y) =1. (45)
-1 0
For y = 0 and a given x, we denote the joint distribution

of 0, and ¢, by F(x;0,, ¢), and we require this function to
satisfy

F(x;0,¢) > / dcos@/ dpF(x;0,)=1.  (46)

For given x and y, we denote the joint angular distribution
of 6; and ¢; by F;(x,y;0;,¢;). Then, by rotational
invariance, we have

Fl(x’y;gl’(pl) =

Fy(x,y:0,, ) =

F(x;917¢1 _y>’ (47)
Fx;m—0y,m+y—¢). (48)

Thus, within the local hidden-variable framework,
W (p; 0,05, ¢, d,) satisfies

1 1 2z
2567 4611‘12W (061,05, 1. 9,) = / dCOSXA dyG(x,y)F(x;0,, ¢, = y)F(x;m = 05, w+y — ¢b,). (49)

C. Mirror symmetry as a criterion for the
constructibility

We expand F(x;0,¢) in spherical harmonics as

e

=1 m=-I

(X9¢ Yln19¢) (50)

Here, a(x)Y00(0.¢) is fixed as ;- due to the normali-
zation condition of F(x;60,¢). Since F(x;0,¢) is real
valued, it follows that

al,m(x) = (_l)ma}i—m(x)' (51)
We choose
= sin’ 0, sin® 6, cos(2¢, — 2¢h,). (52)

Since

167
h = F(YE,-z(Hlvfﬁl V)Y (=6 y+ 71— )
+Y5,(01,¢1 = )Y5,(n =0,y + 7 — 1)), (53)

within LHVT the right-hand side of Eq. (49) yields

(h)Lavr = 11%”/_: dcosx
x / T dyG(x, ) (@ (x) + (). (54)

We have used the orthogonality of spherical harmonics in
obtaining Eq. (54). In QFT, the left-hand side of Eq. (49)
yields

_ 2
10 9ln3> (55)

e = ~288(1 =7) <m

The mirror symmetry analyzed in Sec. IV A is not merely
a property of the QFT scattering amplitude but can be
elevated to a physical principle. We now examine its role in
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constructing an LHVT to replicate the joint angular
distribution W (p; 6, 0,, ¢y, ¢,). Let T denote the plane
spanned by the two vectors, Z and S. Depending on whether
the distribution function F;(x,y;6;, ¢;) is symmetric with
respect to the plane 7', we consider the following cases:
(i) When the distribution functions F;(x,y;0;, ¢;) are
symmetric with respect to the plane 7', we have
F(x;60,¢) = F(x;60,—¢). This further requires that
a;,(x) be real valued. In this case, (h); yyt > 0. By
contrast, for 0 < p < 1, (h)qpr < 0. Since (h); gyt
and (h)qer cannot be equal, an LHVT cannot
|

F(x;0,¢) =

reproduce W (p; 0,6, ¢, $,) as long as the en-
tangled photon pairs have not completely deco-
hered (0 <p < 1).

(il)) When no symmetry with respect to the plane
T is imposed on the distribution functions
Fi(x,y;0;, ¢;), we find a set of solutions to Eq. (49),

Glry) =4 (56)

27(40 — 27 In 3)

Clearly, F(x;0,¢) is not identically equal to F(x;0,—¢).
Since

sin? 6

2+ (1 —cos@)?
\/_(2 —cos 0)?

for 0e€(0,x|, (58
(2 —cos6)? or € 0,x],  (38)
the non-negativity of F(x;6,¢) is guaranteed. It is note-
worthy that Bell’s LHVT construction given in Appendix I
of Ref. [39] can be obtained from the solution in Eq. (57)
via the substitution,]

y=a+2. (59)
4
We emphasize that the solutions are not unique. So, in the
case that no symmetry with respect to the plane 7T is
imposed on the distribution functions F;(x, y; 0;, ¢;), there
exist LHVTs that reproduce W (p; 61,605, ¢y, ¢»).
Therefore, under the indisputable fundamental principles
of angular-momentum conservation and the rotation invari-
ance, a measurement of (k) with sufficient precision,
combined with an independent verification of mirror
symmetry in Compton scattering, would rule out any
LHVT that respects this symmetry.

V. CONCLUSION

In this work, we have proposed and analyzed a scheme to
probe photon entanglement originating from p-Ps decay
using Compton scattering azimuthal correlations. The
correlation observable O; provides a clear signature of
entanglement and a quantitative measure of decoherence.

Our primary theoretical finding addresses the feasibility
of a local hidden-variable description. Our analysis started
by establishing, within QFT, the mirror symmetry inherent
to the Compton scattering of a single photon. We showed

'By comparing the definitions, we identify 6, = O,
62 =T — @2, and ¢1’2 = q)l,Z'

9 2+ (1—-cosé
(2 —cos)?

VA e (045)) e

(2—-co

l

that an LHVT based on angular-momentum conservation
and the rotation invariance can, in principle, reproduce the
measured joint angular distribution W (p; 0y, 0,, ¢, P,),
provided no specific symmetry constraints are imposed on
the underlying distribution F(x; @, ¢»). However, when the
physically motivated mirror symmetry condition is
enforced, the LHVT prediction for a key correlation term
becomes strictly non-negative. This stands in direct contra-
diction to the negative value predicted by QFT for any
partially entangled state (0 < p < 1). Consequently, the
demand for mirror symmetry within the LHVT framework
acts as a powerful criterion: it precludes a local realistic
description of the entangled photon pair correlations unless
the state has completely lost its quantum coherence.

Our work does not claim to close the LHVT loophole in
all possible models, but rather shows that symmetry
principles can serve as novel, physically motivated con-
straints in foundational tests. This result underscores that
the failure of local realism can manifest not only through
violations of Bell inequalities but also through the incom-
patibility of observed correlations with natural symmetry
constraints imposed on putative hidden-variable models.
Our analysis, centered on a fundamental QED process like
p-Ps decay, suggests that Compton scattering of entangled
photons, coupled with symmetry-based reasoning, offers a
viable and alternative pathway for testing the foundations
of quantum mechanics. Future experimental measurements
of the azimuthal correlations studied here could directly
confront the mirror-symmetry-restricted LHVT predic-
tions, providing a fresh test bed for local realism.
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