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Abstract: Quantum theory predicts a whole class of non-local phenomena, observable via coincident
detection of EPR-type systems. An important feature of these observations is their non-signaling
character. Technically, non-local phenomena should only be observable for post-selected sub-en-
sembles, rather than for complete projections. Otherwise, superluminal telegraphy becomes possi-
ble. Yet, a couple of recent Bell experiments reported the observation of quantum non-locality for
100% of the detected events. Does it follow that signaling non-locality is possible? If so, was quan-
tum theory falsified? This puzzle is solved by revisiting the interpretation of the spin projection
operator, with special focus on its dual nature (combining spectral decomposition with spectral
transformation). “Component switching” is not a loophole, but rather a requirement of quantum
mechanics in this context, because sharp spin projections are partial (as well as partially overlap-
ping). Surprisingly, it is possible to pre-select incompatible statistical sub-ensembles with heralded
detection and to reveal the same behavior as in post-selected observations. Therefore, Bell experi-
ments confirm the predictions of quantum theory without violating the non-signaling principle.
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1. Introduction

Quantum Bell experiments have been at the cutting edge of scientific innovation for
the past five decades [1, 2]. Given the risk of interpretive ambiguity, they need to be de-
signed in highly constrained ways, with no room for reasonable “loopholes” [3, 4]. As a
rule, these tests are expected to either confirm the validity of quantum theory by violating
a Bell-type inequality, or to undermine its foundations with a negative result. However, a
third outcome is also possible. Namely, an experiment can both violate a Bell-type ine-
quality and falsify quantum theory. After all, some aspects of quantum theory might seem
“strange”, but not everything that is “strange” is part of quantum theory. For example,
superluminal telegraphy is a topic of high interest in the science fiction community, but it
has no support in quantum theory. Yet, it is precisely this possibility that was apparently
confirmed by two recent loophole-free Bell experiments [5, 6]. Thus, it is necessary to un-
derstand: was quantum theory falsified, or —if not — what else can explain these outcomes?

Quantum non-locality is a complicated concept, and it is still a topic of heated de-
bates. To this day, there is no consensus as to what exactly it is. However, it is quite
straightforward to specify what itis not, at least in one regard. Namely, it is not a platform
for superluminal messaging. Quantum non-locality is non-signaling [7-9]. Though, what
is the physical meaning of this? Does quantum non-locality require physical interactions
between entangled quanta, or is it just a consequence of their strong correlation? The an-
swer depends on whether quantum theory predicts Bell violations for identical sub-en-
sembles, or whether it requires “component switching” between alternative measure-
ments. If we assume that the first alternative is correct, then we get interpretive paradoxes
and the unexpected implication that quantum non-locality is signaling. Unfortunately,
this assumption is widely perceived as correct, and even inspired the design of numerous
“loophole-free” experiments [5-6, 10-13]. The goal of this essay is to explore the subtleties
this topic, and to identify the interpretive misconceptions that lead to this dramatic dis-
tortion of quantum theory.
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When it comes to Bell experiments, the main source of confusion can be traced to the
unusual features of spin Y2 quantum variables. On the one hand, spin vectors are super-
posed with each other. If so, complex profiles should allow for decomposition into well-
defined components, just like other quantum properties (such as, frequency spectra) [14-
16]. Accordingly, every sharp measurement should target a different ensemble of quanta
from a common input projection. On the other hand, spin vectors do not commute with
each other [17, 18]. If so, different observables should correspond to different profiles of a
single wave-function (as seen, for example, in the case of momentum and position spec-
tra). In this case, every measurement should target one and the same group of quanta. Yet,
how is it possible for both of these conclusions to be true? It makes no sense for a meas-
urement to target a single component and the full projection at the same time. As a matter
of established practice, this apparent contradiction is removed by re-interpreting quantum
superposition. Instead of describing a system as being in all the component vectors at the
same time, it is described as if it is fluctuating randomly between them. For example, in
the case of photon polarization, the usual assumption is that alternative quantum meas-
urements divide the full population 50-50 between two orthogonal vectors. The implica-
tion is that spin %2 measurements sample complete input projections, which is a gross dis-
tortion of the quantum formalism, and is in flat contradiction with the experimental evi-
dence. Not surprisingly, this interpretation produced the expectation of Bell violations for
identical sub-ensembles, allowing for signaling non-locality. In contrast, it is more plausi-
ble to suggest that spin projections are both partial and partially over-lapping, because
quantum non-commutativity is variable for this type of observables [19]. As will be shown
below, this step eliminates the paradoxes that otherwise emerge both in theoretical and in
experimental studies.

In quantum experiments with unrestricted measurement schemes, non-local phe-
nomena become possible when small sub-ensembles of coincident events are post-selected
from larger ensembles of single events. This statement was apparently falsified by two
recent experiments [5, 6], because they achieved Bell violations for 100% of detected
events, apparently without shortcuts. Though, does it follow that quantum theory is
wrong and that signaling non-locality is possible? As will be shown below, the answer is
negative, because these experiments adopted a restricted measurement scheme. They
used heralded detection to perform partial scanning of temporal distributions. This ena-
bled them to manipulate the range of detectable events for each joint measurement. In
essence, this is a demonstration that “loophole-free” experiments can have loopholes. Yet,
these are not loopholes around quantum theory. Instead, they are loopholes required by
quantum theory to produce the false appearance of signaling non-locality. The build-up
to this conclusion is presented below. Section 2 reviews the background for the established
interest in “fair sampling” for Bell experiments, explaining the connection between the so-
called “detection loophole” and the drive to avoid post-selection in loophole-free Bell ex-
periments. Section 3 explores the nuances of quantum superposition, with emphasis on
the link between the virtual components of an input projection and the statistical ensem-
bles at the output of sharp measurements. The main bottleneck for the study of quantum
entanglement is discussed in Sections 4-6. In the case of spin %2 variables, there is a major
gap between facts and opinions in the physics community. The theory describes partial
measurements; the experiments are carefully designed to isolate relevant components; yet
both the critics and the supporters of non-locality believe that these measurements are
complete. Hence, the “strangeness” of quantum theory is a result of its distortion in prac-
tice, rather than a fundamental ontological problem. With this in mind, Section 7 ad-
dresses the appearance of signaling non-locality in loophole-free experiments and ex-
plains their underlying mechanism. Finally, section 8 is a discussion of the concept of non-
locality in its theoretical context. In retrospect, it seems to have worked as a distraction,
diverting research away from the challenge to reconcile the basic principles of quantum
theory, especially as they relate to various aspects of quantum superposition.
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2. Fair sampling and Bell experimentation

A typical Bell experiment is performed by conducting four alternative joint measure-
ments [15-18, 20]. The goal is to obtain four coefficients of correlation and to determine if
they can belong to a single population or not. When multiple coefficients of correlation
are compatible with each other, they obey a corresponding Bell inequality (such, as the
CHSH inequality [21]). When they are incompatible (and therefore belong to different
populations), they can violate such inequalities. In the context of quantum entanglement,
Bell experiments are meant to serve as tests of locality. If one and the same population,
measured in four different ways, produces incompatible pairwise correlations, then it
must be true that quanta change properties from measurement to measurement. Yet,
when a single quantum (say, in Geneva) changes its properties because another quantum
(say, in Vienna) was measured differently, then some kind of non-local influence is re-
quired to explain the observation. Accordingly, Bell tests are designed and carried out
with the intention to verify the reality of non-local interactions at the quantum level.

The first indisputable confirmation of Bell violations in quantum mechanics was pro-
duced by Aspect and his collaborators, in a series of experiments in the early 1980’s [22-
24]. Those tests revealed conclusively that Bell inequalities are violated by entangled
quanta. Unfortunately, they couldn’t offer sufficient proof that non-local interactions were
real. The problem was that joint measurements were post-selected at a very low rate [25].
Roughly speaking, only one in a million quanta at each detector had a coincidentally de-
tected partner at the other detector. Therefore, it was very hard to argue that one and the
same one-millionth of the output projection was post-selected in each of the four joint
measurements. (This would be like winning the lottery four times in a row with the same
number). If the sampled (sub)populations are not necessarily identical, then the observed
behavior is not necessarily non-local. To account for this possibility, Aspect and collabo-
rators insisted that non-locality is still verified, under the assumption that quantum theory
is non-local and the obvious agreement between theory and experiment in their demon-
strations. Yet, they had to add an additional assumption, known as “fair sampling”, sug-
gesting that different iterations were indeed targeting the same population, even though
the rate of post-selection was so low.

This discrepancy between detected and post-selected quanta became known as the
“detection loophole” and attracted a lot of attention. As the name implies, the problem
was blamed on experimental shortcomings, and the priority was to solve it with techno-
logical improvements. Over time, progress was made with the advent of detectors with
higher efficiency, improved coatings for optical devices, and by replacing free-space set-
ups with fiber optic channels and solid-state devices [18, 20]. The benefit of these devel-
opments is undeniable. However, insofar as the goal is to unveil the nature of quantum
reality, this project was a red herring, because the specified effect was too large to be ac-
counted for by experimental losses. For instance, if we assume that 99% of all the photons
were lost in transit between source and detector, and if we also assume that detector effi-
ciency is 1%, we still expect a maximal mismatch of only 1x10000 between single and co-
incident events. Even with these ridiculous assumptions, the signal would have to be 100
times smaller than the background noise to explain the observed rates of coincidence,
which would make it impossible to observe any quantum effect with a reasonable meas-
ure of consistency. More importantly, the rates of coincident detection would have been
dramatically higher, if all the entangled quanta were indeed targeted for detection. After
all, Bell experiments are designed to test for correlations between fixed points from wide
projections. Most of the detected single quanta in the “Alice” path have matching partners
in the “Bob” path, but these partners land on other points (not the single point selected
for analysis). In other words, the low rates of coincidence are obtained by design. They
are expected even in ideal lossless experiments, as will be shown in greater detail below,
because they are required by quantum theory.

The necessarily partial nature of Bell measurements is conspicuously absent in public
debates about quantum non-locality. Nonetheless, this problem was addressed in narrow
expert circles. What we know today from private conversations at conferences is that the
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possibility of “component switching” was perceived as incompatible with quantum the-
ory, where “no sub-ensembles are possible”. Furthermore, as shown by Larsson in 1998,
any concern about fair sampling could be removed if the ratio of coincident to single
events was raised enough to reach a predictable threshold [26]. Namely, if this ratio was
82.8% or higher, it did not matter if the losses were at the detector, in transit, or even by
design. Significant violations of the CHSH inequality would automatically rule out local
explanations, because the four coefficients of correlation would necessarily belong to a
common population.

For the sake of clarity, consider an experimental context, in which Alice and Bob de-
tect entangled quanta, but their rate of coincidence is 50%. If Alice detects four quanta,
then only two of them produce coincidences. If Bob makes measurement b, quanta #1 and
#3 might be post-selected. If Bob makes measurement b’, quanta #2 and #4 might be in
play instead. Hence, it is possible to obtain incompatible coefficients of correlation with-
out non-locality if every joint measurement isolates a different sub-population. In con-
trast, if the rate of coincidence is 100%, then it is always the same set of quanta that gen-
erates observables (i.e., all of them). In this case, incompatible correlations would indicate
a change in the physical profile for non-local reasons. Moreover, an intermediate scenario
is also possible, where the rate of coincidence is not 100%, and still — given the strength of
achievable Bell violations — the outcome is reducible to a single population. Consequently,
it should be possible to prove the reality of “fair sampling” with experimental settings
that are achievable in practice.

For several generations, Bell experiments were regularly repeated, every time a new
technological breakthrough enabled detection improvements. This meant that progress
was incremental and slow. Yet, the pinnacle of this long project was a flurry of loophole-
free Bell experiments in the recent hears [5, 6, 10-13]. More importantly, two of these ex-
periments achieved the ideal level of 100% coincidence with the CHSH protocol, while
also closing other loopholes as well. In one experiment, this was achieved by entangling
nitrogen vacancies in diamond crystals [5]. In another, rubidium atoms were used [6].
Nonetheless, the CHSH inequality was violated significantly. Thus, any possible experi-
mental shortcoming became irrelevant. Once the rate of coincidence is perfect, fair sam-
pling must be assumed. Therefore, all the theories that might predict Bell violations for
non-identical sub-ensembles are falsified. Ergo, quantum behavior should be interpreted
as non-local. There is just one problem: this sort of behavior automatically allows for sig-
naling non-locality, contrary to the known features of quantum theory. Consequently,
these experiments appeared to falsify classical mechanics and quantum mechanics in
equal measure. Instead, they appeared to support a separate class of theories that support
superluminal signaling. After all, if every quantum is part of a coincidence, then it is not
necessary to post-select anything. Raw data can exhibit these phenomena directly, at least
for some types of quantum phenomena. For example, “ghost imaging” [27, 28] would al-
low for superluminal image and video broadcasting, while “quantum erasure” [29] would
enable communication into the past, or even into the future. Bell experiments are more
subtle in this regard because they test for indirect effects (coefficients of correlation). How-
ever, these settings would also allow for superluminal messaging when scaled up to sys-
tems with 3 or more entangled quanta [30]. So, how can it be that an experiment designed
to verify the predictions of quantum theory ended up with a result that both confirms and
falsifies it? The best assumption is that something must be missing in this description. The
goal of this essay is to explore this problem and to propose a simple solution.

3. Physical and statistical sub-ensembles in quantum mechanics

Quantum superposition may sound counterintuitive, from a classical point of view,
but it is nonetheless conceptually straightforward. This can be seen already in the textbook
example of the double-slit experiment. Classical intuitions might suggest the reality of
two well-defined projections, one from each slit. These projections should interact with
each other and produce interference fringes. Yet, quantum experiments show
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unambiguously that single quanta, propagating one at a time, can produce the same pat-
terns, once enough of them are recorded on a screen. Ergo, quanta cannot belong to mean-
ingful sub-ensembles that correspond to individual paths for propagation (Fig. 1a). In-
stead, the context of observation determines the parameters of the relevant wave-function,
and only the net state of this wave-like process can explain the observable properties of
single quanta. In short, single quanta are always in the net state of the whole system to
which they belong, and they can only have observable properties that reflect such states
at any chosen coordinate for observation.

The difference between quantum superposition and classical superposition has re-
markable statistical implications. For example, in the classical systems, superposition is
described as a collective effect in which every microscopic component is represented by a
well-defined “sub-ensemble” of detectable objects. In the quantum case, every single ob-
ject is expected to be in the net state of the whole system. In other words, there are no
physical sub-ensembles in quantum mechanics in this sort of contexts. Accordingly, to
study the relationships between the components of a classical superposed system, it is
necessary to isolate and to sample the corresponding physical sub-ensembles. Therefore,
classical measurements of this sort are presumed to be statistically and physically partial.
In contrast, it is impossible to isolate any physical sub-ensemble for the study of quantum
systems. Instead, it is necessary to sample the net state of the full quantum projections.
Thus, sharp quantum measurements are presumed to provide information about com-
plete statistical profiles. For visual illustration, consider a mixed classical beam with nu-
merous polarization components (vertical, horizontal, and every value in-between). A
sharp measurement of polarization would isolate a narrow slice of the input beam, effec-
tively filtering out all the photons that are not in the selected state. In contrast, a quantum
beam contains only quanta in the net state of the projection. It does not matter which value
is chosen for observation, since every quantum is a potential candidate for observation.
Thus, it seems reasonable to presume that every sharp spin %2 measurement should divide
the input projection 50-50, in full. The implicit assumption of Bell’s Theorem is that sharp
quantum measurements express full population statistics. Consequently, they should be
compared with classical joint distributions that are possible in complete populations, and
not with disjoint distributions that apply to classical sub-ensembles. Presumably, if there
are no physical sub-ensembles in quantum projections, there can be no statistical sub-en-
sembles. Yet, this is not the full picture.

Consider an optical beam, created by mixing three types of frequencies: reg, green
and blue (Fig. 1b). The three components are indistinguishable, and therefore we have a
beam that is observable as “white” light. According to the rules that govern quantum su-
perposition, no single quantum can be described as red, or green, or blue in this projection.
Every one of them should express the net state of the whole system. Therefore, every sin-
gle quantum should be described as “white”. However, it is possible to pass the beam
through a roof prism, decomposing the projection back into the three component colors.
At the output, some photons will “collapse” to the red output, others will become green,
and the rest will be become blue. How is this possible? The simple explanation is that
every quantum is white before the prism, but it has a partial probability of collapsing to
either one of the three output bins. Suppose, for example, that a quantum detector is
placed in the path of the red projection, while the other two output projections are dis-
carded. Can we expect 100% of the input quanta to land on the “red” detector? For that to
happen, the input beam would have to be 100% red, which is impossible by design. There-
fore, a sharp component measurement is necessarily partial. Furthermore, if we moved
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Figure 1. Statistical sub-ensembles in quantum mechanics. (a) In the case of coherent two-
beam superposition, the interference volume (red box) has no physical sub-ensembles. In-
terference fringes can be recorded by detecting single quanta, one at a time. Yet, this quan-
tum state has two virtual components that can be resolved in a sharp complementary meas-
urement (green box). The absence of physical sub-ensembles does not preclude the existence
of corresponding statistical sub-ensembles. (b) A white beam of light can be described as a
superposition of three colors. Prior to entering the prism, every single quantum must be
described as “White” and presumed to express the net effect of all the colors at the same time.
At the output, a quantum can only collapse into one statistical sub-ensemble. It is impossible
for all the quanta to collapse into a single color, and it is impossible for one and the same
group of quanta to collapse in all the colors. Thus, different virtual components of the input
state are associated with different statistical sub-ensembles at the output.

the detector from the red output to the blue output, can we expect the same exact quanta
to be detected? The answer is again negative. The total sum of the output distribution
must be equal to 1. If it was the same 1/3 of quanta that landed in each alternative meas-
urement, then 2/3 of quanta would magically vanish. To sum up, it is impossible for all
the quanta to end up in just one output channel, and it is impossible for one and the same
subgroup to be detectable in every output channel. Ergo, different partial measurements
necessarily observe different sub-ensembles from the total output projection. On the other
hand, if the mixed input beam was passed through a frequency convertor, it would be
able to transform the full beam into a monochromatic projection. Yet, this would be a rad-
ical transformation, erasing all the information about the input beam. Ergo, transfor-
mations (that are complete) should not be confused with sharp measurements (that may
be partial).

This is a very instructive conclusion. On the one hand, complex quantum states do
not have physical sub-ensembles. The only correct way to predict quantum behavior is by
assuming that every particle is in the net state of the prepared system (as prescribed by
the corresponding wave-function). On the other hand, a quantum net state must have a
set of virtual component vectors. In the event of a sharp quantum measurement, each of
those vectors corresponds to a different statistical sub-ensemble. Sharp measurements
provide information about “collapsed” individual components. Therefore, different sharp
outputs have different statistical properties, and should be treated as different sub-popu-
lations. In plain language, when a quantum is in the net state of a projection, it must ex-
press all the components at the same time. Yet, when the measurement is designed to
probe individual components, it can only have a fractional probability of producing such
information, via random collapse. The only reason to expect 100% detection is in the event
of a transformative “conversion” of the input state into a chosen state. Yet, such a trans-
formation — if real — would destroy the necessary entanglement for a Bell measurement.
To sum up, it is sound to maintain that “quantum theory has no physical sub-ensembles”
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in discussions about complex profiles. However, it is unsound to extend this principle to
complementary “collapsed” configurations with observable statistical sub-ensembles.

4. Is fair sampling possible in Bell experiments?

The popular opinion in the physics community is that Bell measurements always tar-
get one and the same population in full (or, at least, sample it without bias). In practice,
large N quantum behavior is almost always analyzed in terms of single entities (as in “let
us consider two entangled particles”). Given that every quantum is governed by the full
wave-function at the input, this may seem appropriate. However, as shown in the previ-
ous section, sharp measurements involve partial observations, entailing conditional prob-
abilities of detection. If every input particle is treated as detectable, then normalized out-
put probabilities end up interpreted as if they apply to one and the same population by
default. The outcome is a set of alternative predictions that cannot be reconciled in a phys-
ically meaningful way (either with each other, or with the formalism that predicted them).
For example, Santos made a very interesting analysis in 1991 [31], explicitly suggesting
that Bell violations are non-physical in quantum theory. The quantitative and qualitative
aspects of this argument are equally instructive, as summarized below.

Following the well-known analysis of Clauser and Horne [32], Santos began with the
general case of two systems, measured separately for two dichotomic (“yes”/"no”) ob-
servables at a time. Four different experiments are required, where p(as,b2), p(c1,d2), p(a1,dz),
and p(c1,b2) are joint probabilities of getting the answer “yes” in both measurements, for
each iteration. A condition of this analysis is that single probabilities p(a1) and p(b2) remain
constant, regardless of the choice of joint measurement. Under these constraints, the fol-
lowing Bell-type inequality applies to any local hidden-variable model:

p(a;) + p(by) = p(ay, by) + p(ay, dy) + plcy, by) — p(cy, dy). 1)

As it is known, quantum theory entails contradictions with this inequality, but the
physical significance of these predictions is up for debate, as shown by Santos. The prob-
lem starts with the definition of quantum probabilities. For instance, if p(a1) is defined as
the ratio of detected “yes” events to the total emitted particles in the first arm of the ex-
periment, then quantum theory does not predict a violation. To prove this, Santos calcu-
lates the expected probabilities in the classical Aspect experiments [22-24], noting that en-
tangled photons with zero total angular momentum are in a state of spherical symmetry.
This means that the photons are not localized but spread in the form of a spherical wave.
Hence, the ideal probabilities of detection (without polarizers) are constrained by the solid
angle () covered by the apertures of the lens systems and by the quantum projection op-
erator Ui corresponding to the observable localization of the photon in the given solid
angle. Thus, for two perfect detectors in the direction of the unit vectors u: and uz, the
individual probabilities of observation (one at a time and two in coincidence) become:

P(uy) = WIU ) =Y, )

P(uy,u) = WU, U 1) = (Yy) (6, 0), ®)

where | 1) is the Hilbert space vector corresponding to the two-photon state,
(cos @ = uy - uy), @ is the half-angle of the cone covered by the corresponding apertures,
and a(6, ¢) is a correlation function that is explained in the source text. Notably, in the
event of measurement with ideal polarizers, the single and joint probabilities become:

p(uiay) = (Y|U A |[Y) = Q/gn ’ 4)

p(uiaq, uxby) = (Y|U A U, By [Yh) = (0/87-[)205(9: ®)[1+F (6,p)cos2(a—b)], ®)

where F(6, ¢) describes changes in polarization correlation when the angle between the
relevant wave vectors is different from 7. (Incidentally, this function F is defined by
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Santos only for the case of atomic cascades, but it can be extended to all types of EPR
experiments with singlet states. In this case, the relevant aspect is that angular dependence
is not a consequence of measurement imperfection. It is a fundamental property of elec-
tromagnetic waves that linear polarization is only defined in directions perpendicular to
the corresponding wave vector).

The crucial element of this analysis is that expressions (4) and (5) correspond to “cor-
rect quantum probabilities, obtained by means of the standard quantum rules for the cal-
culation of expectation values” [op. cit]. However, if they are plugged into expression (1),
then it turns out that they cannot violate the inequality. As it is well known, Bell violations
are predicted for the following expressions:

p(ay) = WlAlp) =3, ©)

pas, by) = (Yl4;Bolp) = [1 + cos2 (a - b)] . 7)

In order to obtain such a profile, it is necessary to divide expressions (4) and (5) above by
expressions (2) and (3) respectively. This is unusual because the presented derivation ap-
plies to ideal experiments and ideal preparations. According to Santos, the ratio between
the rate of expected events and the rate of prepared quanta is the physically meaningful
definition of probability (with fair sampling). Instead, Bell violations are obtained by nar-
rowing down the analysis to “the ensemble of photon pairs, such that both members of
the pair enter the corresponding apertures”. This description is contested by Santos as
non-physical, on the grounds that it contradicts the essence of quantum theory. The prob-
lem is that quantum mechanics forbids any consideration of hypothetical transit coordi-
nates of photons prior to measurement, given that such positions are not subject to meas-
urement. Furthermore, Santos notes that “the two-photon state with zero angular momen-
tum is a pure state according to quantum mechanics and, therefore, should not be consid-
ered as composed of several distinguishable subensembles”. Thus, we have a set of pre-
dictions that neither apply to the full input beam (because they are conditional), nor can
they apply to possible components, because such components appear to be ruled out by
quantum theory.

At first sight, Santos’ conclusion sounds counterintuitive. How can it be “non-phys-
ical” to consider the apertures of an optical system, if such devices are part of the meas-
urement preparation? Even if the quanta cannot have classical trajectories, they must obey
the net state of the wave-function. Yet, filtering devices necessarily affect the profile of the
wave-function, with corresponding influence on the expected probabilities of detection.
Nonetheless, this analysis must be evaluated in the context of its own scientific tradition.
The relevant social fact here is that Bell violations are widely perceived as if they apply to
complete input projections. For several decades, the theoretical basis for “fair sampling”
in Bell experiments has gone unchallenged, which is why “component switching” was
only deemed relevant as a possible loophole around the predictions of quantum theory.
However, if these theoretical predictions only apply to identifiable sub-ensembles, and
different experiments target different sub-ensembles, then it is indeed non-physical to de-
scribe Bell violations as properties of the whole input two-photon state. As it is known,
Bell violations emerge from statistically incompatible distributions, and it is impossible to
reduce them to common populations without abstract concepts (such as negative proba-
bilities) that can aptly be described as non-physical.

Another important issue is Santos’ concern about the possibility of sub-ensembles in
the context of quantum theory. Indeed, the absence of physical sub-ensembles is the de-
finitive feature of superposed quantum projections. However, quantum theory also in-
cludes complementary configurations for sharp measurements. Whether quanta “evolve
to” or “collapse into” such output spectral components, the point remains that well de-
fined sub-ensembles exist in quantum theory. The caveat is that quantum sub-ensembles
cannot be interpreted as classical physical sub-ensembles. Individual quanta must express
the “full state” of the wave-function at the input, yet they also have fractional probabilities
of detection in any one of several spectral components after wave-function
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decomposition. Consequently, the correct interpretation is not that quantum states con-
tain physical sub-ensembles, but rather that they contain virtual spectral components with
corresponding statistical sub-ensembles at the output. In other words, detected quanta do
not reveal their individual history (as one might presume in the case of classical trajecto-
ries). Instead, they produce information about corresponding spectral components of their
governing wave-functions. Therefore, it is perfectly “physical” to have such predictions
in quantum theory. Though, with respect to quantum non-locality, the relevant implica-
tion is that different measurements isolate different statistical sub-ensembles. Therefore,
there is no basis for expecting alternative partial measurements to produce fair samples
of the full input population.

5. Spin 72 measurements are partial in quantum theory

As shown earlier in this text, it is incorrect to interpret Bell measurements as opera-
tions that split a full projection 50-50. This type of measurement would correspond to a
destructive transformation of the input profile, erasing any information about its spectral
structure. Instead, Bell correlations must be interpreted as relationships between virtual
components of quantum states, corresponding to output statistical sub-ensembles. For in-
stance, if we assume a coarse division of an input beam into 12 virtual components with
equal magnitude, then every output ensemble must contain 1/12 of the input number of
quanta. However, alternative measurement preparations do not commute. Therefore, the
same pool of quanta must be redistributed at the output, with the implications that small
sub-ensembles from each output ensemble can produce coincident detection events. This
is not possible in classical models, where physical ensembles are presumed to be real. In
such contexts, either alternative sharp measurement target different sub-groups with dis-
joint distributions, or they target the same sub-group in full expecting joint distributions.
In both cases Bell violations are impossible unless some sort of “spooky action at a dis-
tance” is invoked. Consequently, established misconceptions regarding the possibility of
Bell violations for identical sub-ensembles do not follow from the known features of quan-
tum theory, but rather from their unsuspected distortion, under the influence of precon-
ceived “classical” notions.

As a corollary, the main reason to question the reality of quantum non-locality is not
that quantum theory could be false (ontologically speaking), but rather that the meaning
of the quantum formalism is distorted in a fundamental way. Mathematically, the out-
comes of spin %2 measurements are predicted as projections from a single orthonormal
basis in the corresponding Hilbert space (rather than the average of every possible projec-
tion from all the relevant orthonormal bases). As shown above, this means that spin meas-
urements are partial. The established practice of interpreting them as complete is in at
odds with the principles of quantum mechanics and the details of real experiments (see
the next section of this text). Yet, a more direct criticism is that such a practice results in
paradoxical conclusions. In other words, the formalism of quantum mechanics appears to
contradict itself, even though in fact it does not. This feature came to the surface with fresh
force in a recent study by Cetto, Valdés-Hernandez and de a Pefia regarding the physical
meaning of the spin projector operator in quantum mechanics [33]. As noted by the au-
thors, the concept of spin in quantum mechanics has always been treated as intuitively
inaccessible, and therefore it is accepted as an abstract quantity that only inhabits its own
Hilbert space [34]. Nonetheless, they argue that it is possible to extract revealing clues
about its physical essence by examining the algebraic scaffolding behind the better-known
aspects of this operator. Namely, if the entangled singlet state of two spin V4 particles is
defined with the familiar expression

[99) = Z(+1=) = =)+ ®

then the quantum correlation Co between their spin measurement ¢ in two arbitrary di-
rections a and b are given by:
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Cola,b) = (¥°|(G-a) ® (G- b)|¥°) . )

In order to expose the physical content behind this expression, Cetto et all proposed to
look at this problem from a different angle. Hence, it is possible to construct a new or-
thonormal basis for this bipartite system:

16%) = 1+a) |=5), (10)
19%) = |=a) I+5), (11)
19°) = 1+a) [+5), (12)
19%) = 1=a) I=b), (13)
with the eigenvalue equations
Gralty) =alty), a= i1, (14)
G-b|ty)=p%y), B= £1. (15)

This basis can then be used to derive an alternative expression for the quantum correlation
equation (9):
CQ(ar b) = ZkAk(a: b)Ck(a! b) ’ (16)

where
A = Py , (17)
with a; and B denoting the corresponding eigenvalues of bipartite state |¢*), and
Cre = P PO)* . (18)

The advantage of this reformulation is that the two coefficients of expression (16) have an
explicit physical meaning. A, is the eigenvalue of the operator (¢-a ® @ - b) for the bi-
partite state |¢*), while C, is the relative weight of the eigenvalue 4. Furthermore, C;
are nonnegative and their sum is

Zie Cie = Ti(WOL @ N [¥°) = 1. (19)
Therefore, as shown by Cetto et al. in the quoted text, C; is the joint probability of A:
Ci(a,b) = Pgy(a, ) - (20)

The important nuance here is that the coefficients A, and C, are explicitly anchored to
the chosen basis {|¢¥)} that, in turn, is constructed from the individual eigenvectors |+,)
and |%,). Because of their dependence on a and b, every new joint measurement would
be associated with its own eigenvalues and relative weights. Therefore, any two non-iden-
tical joint measurements must have incommensurable coefficients. For instance, even
when a single direction is part of two different joint measurements — such as (a,b) and
(a,b") —it will be associated with two different types of coefficients, which cannot be mixed
together.

The authors further explain that Cy(a, b), as defined in equation (16), corresponds to
a partitioning of state vector |¥°) into four mutually exclusive and complementary sub-
ensembles with the outcomes (+,—), (—,+), (+,+) and (—,—), but only for the specified
basis vectors |¢¥), k=1, 2, 3, 4. Accordingly, the corresponding partitioning of the proba-
bility space A must be expressed as

Cola,b) = X J,, Ax (@b, 1) p(Dda , (21)
with
Ay = Ae(a, b, ayfy) , (22)
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and
Ck(aﬂ b) = fAk p(/’l)d/’l . (23)

The significance of this exercise becomes evident when expression (21) is plugged into the
CHSH equation [21] (since it is the one most frequently used in Bell-type experiments):

CQ(a, b) + CQ(a, b,) + CQ(a,, b) - CQ(a,, b,)

= Zk f/\k akﬁkpdl + Zl fAl alﬁ,lpdl + Zm fAm a’mﬁmpd/l - Zn fAn a’nﬁ’npdl . (24)

As explained above, each joint measurements partitions the probability space A according
to its own parameters. Therefore, it would be incorrect to group these four terms under a
single integral sign, as it is done in the analysis of Bell correlations Cp:

Cg(a,b) + Cg(a,b’) + Cz(a’',b) — Cz(a’,b")
= J-[aﬁ +ap’ +a'B—a'Blp(A)dA
A

= [la@B+B)+a'(B—p)lp(DdA<2 . (25)

As a corollary, quantum correlations are naturally able to violate Bell-type inequalities
due to the statistical incompatibility between the corresponding probability spaces. There
is no need to stipulate some sort of mysterious quality (such as non-locality) for the expla-
nation of quantum behavior. However, if we try to identify the source of this incompati-
bility, then we get a paradox. According to Cetto and collaborators, {A.}, {A;}, {An}, and
{A,}, represent exhaustive subdivisions of the probability space A into relevant sectors. In
other words, one and the same probability space is broken down in alternative ways with-
out “losses”. If that was the case, then we would get physical incompatibility between
measurements, but not statistical incompatibility. After all, independent exhaustive meas-
urements result in joint distributions, and it is a mathematical fact that joint distributions
cannot violate Bell-type inequalities [35]. So, how is it possible that a correct mathematical
demonstration produces an outcome that is mathematically impossible?

When there is a paradox, the most likely reason is that some important piece of in-
formation is either missing or distorted. In this case, the paradox vanishes if spin meas-
urements are assumed to be partial, rather than complete. Therefore, the culprit is the
established tradition to deny the possibility of sub-ensembles in quantum mechanics. A
single quantum must be described as if it is in the full state of the wave-function. However,
sharp measurements unavoidably entail fractional probabilities of collapse. As seen in the
preceding analysis, the singlet state is spherically symmetric, but spin measurements are
well-defined only for individual wave-vectors. Indeed, a single quantum is in the full state
of the wave-function at the source, but it can only collapse to a single point from a wide
projection on a screen. Accordingly, there is a physical difference between “measuring a
quantum state in four alternative ways” and “measuring a single quantum in four alter-
native ways”. The subtle but important difference is that conditional measurements have
partial probability of manifestation. Therefore, it cannot be the case that one and the same
quantum particle is always detectable in any spin measurement.

To sum up, Cetto et al. arrived at a paradoxical conclusion because they respected the
established tradition and assumed that the same space A is exhaustively partitioned in
incompatible ways by different joint measurements. Yet, just because an eigenbasis can
form a complete and orthonormal set, it does not follow with necessity that it can be used
to describe the complete profile of the input quantum state |¥°). Absent any proof that
such an assumption is correct, a more plausible explanation is that every eigenbasis de-
fines a different sub-space that, in turn, is partitioned as described. In other words, differ-
ent joint measurements produce different partitions that — together — define non-identical
probability sub-spaces from a larger global probability space. The precursor to such an
outcome is that every single measurement must delineate a slice of the global probability
space associated with it, and the overlap between any two such slices is what allows for a
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joint measurement to be predicted. For instance, the slice associated with a sharp meas-
urement in direction a must have different volumes of overlap with corresponding slices
for b and b’. Accordingly, different joint measurements correspond to different volumes
of overlap. It is the spatial inconsistency between these post-selected volumes that ex-
plains their statistical incompatibility. The bottom line is that a projection in a single or-
thonormal basis must correspond to a component measurement from a complex input
quantum state. In contrast, a full measurement (or, rather, a full transformation of the
input state) would have to correspond to the weighted average of all the projections from
every valid orthonormal basis into a single direction. As it is now, conditional quantum
measurements are described as complete, with paradoxical implications. In the same vein,
loophole-free Bell experiments are designed to “confirm” the fair-sampling assumption,
only to discover that such a demonstration would require signaling non-locality.

6. Spin 72 measurements are partial in quantum experiments

Another popular opinion in the physics community is that non-commuting variables
always apply to one and the same population. Accordingly, spin measurements should
always target the same population because they probe non-commuting variables. At first
sight, this belief has merit, especially if one considers canonical conjugates, such as posi-
tion and momentum. All the momentum vectors are superposed with each other, and all
the position vectors are superposed with each other, as part of a wave-function profile,
but they are nonetheless alternative spectra. Each spectrum exhausts the physically pos-
sible values of a complete system for each variable. Passing from one distribution to the
other requires a physical transformation (mathematically expressed by a Fourier trans-
form). However, spin 4 vectors are superposed directly with each other, as part of a wave-
function profile (much like the colors of a rainbow). Therefore, they form a quantum sys-
tem together, and none of them can exhaust a full profile individually. The curious feature
is that spin %2 variables also do not commute, and therefore cannot be separable from each
other. Still, their non-commutativity follows from their limited distinguishability, propor-
tional to the angle between any two vectors. Thus, spin ¥ projections have variable de-
grees of commutativity [19]. The implication is that binary spin ¥ measurements target
two orthogonal sub-ensembles (the only ones that are distinguishable), rather than split
the full population 50-50. Unfortunately, this feature is overlooked in numerous theoreti-
cal studies on this topic, as shown in the preceding two sections of this text.

Typical examples of spin V2 variables include electron spin and photon polarization.
For example, a depolarized optical beam contains every possible state of linear polariza-
tion in superposition. This means that every single quantum is simultaneously expressing
the net effect of all those vectors. Accordingly, every single quantum has a fractional prob-
ability of collapsing to any component. Yet, this property is often overlooked, because of
the perception that linear polarization is measured directly with polarizing beam-splitters
(PBS), as it is done in classical mechanics. In other words, 100% of quanta are presumed
to be split 50-50 at any possible PBS angle of alignment. Consequently, alternative meas-
urements are presumed to sample one and the same complete projection. On closer in-
spection, this belief is not supported at all by the details of actual quantum experiments.
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Figure 2. Component selection in optical Bell experiments. (a) A collimated quantum beam
(top image) can be focused onto a single point in the focal plane of a lens, just like a classical
plane wave. If arrays of phase delays are introduced for various sub-components (bottom
image), the beam can no longer be focused onto a single point. (b) Top image: a single-mode
depolarized beam is split by a non-polarizing beam-splitter (NPBS). Each output projection
is focused onto a single corresponding point. Bottom image: in contrast, a similar beam must
suffer a different fate if split by a polarizing beam-splitter (PBS). Because of birefringence,
different polarization components of the governing wave-function are delayed relative to
each other. This effect adds new components to the momentum spectrum. Each output pro-
jection is linearly polarized, but each momentum component carries information about a
corresponding polarization vector from the input projection. Relevant statistical sub-ensem-
bles can be isolated with pinholes. (c) Modern experiments use optical fiber tips, instead of
pinholes, to isolate relevant spatial modes. Top image: it is a common misconception that
multi-mode beams can be focused onto a single point, to be collected by a single mode optical
fiber (SMF). Bottom image: instead, the combination of lens and SMF works as a spatial filter.
Each momentum component projects to a different point in the focal plane. The SMF isolates
only one such component for measurement.

To keep things simple, let us consider an optical projection that is produced by mix-
ing only three coherent components. These components are linearly polarized in three
different planes: vertical, horizontal, and diagonal. Given their state of superposition, the
three components are now indistinguishable. According to the principle of quantum su-
perposition, 100% of the quanta are in the net state of the projection. None of them is just
diagonal, or vertical, or horizontal. Still, it should be possible to make a sharp measure-
ment that decomposes the net state back into its virtual components. Therefore, it should
be possible to design a measurement set up in which individual components are sampled
in pure form, but how? If the beam is passed through a PBS, it will be split in only two
projections, but there are three components. For example, if the PBS is oriented with the
fast axis in the vertical plane, then the vertical component will be transmitted; the hori-
zontal component will be reflected, but the diagonal component will be split 50-50. There-
fore, either output will sample two virtual components of the net state. If the PBS is rotated
to any other angle, the output mixture becomes different in each channel, but no setting
is possible in which only one component of the input spectrum is isolated in pure form.
In short, polarizing beam-splitters cannot isolate individual component vectors. They can
only erase the input state, transforming it into a double projection.

How do quantum measurements isolate individual polarization components? The
answer is that they combine the properties of beam splitters with the properties of spatial
filters [36, 37]. If a single mode (collimated) optical projection passes through a birefrin-
gent medium, then different polarization components are likely to experience different
velocities of propagation. For instance, a vertical component might take the fast axis, while
the horizontal component takes the slow axis. In a PBS, these two components are directed
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into different channels, but what happens to the intermediate states of polarization? The
most obvious explanation is that the diagonal component is going to be split 50-50, but it
will have to experience a rotation before it is either transmitted or reflected. Hence, the
diagonal component may be transmitted with a delay, relative to the fast channel, or it
can be reflected faster than the slow component. In both cases, there is a polarization-
dependent phase delay at the output (Fig. 2). If the whole projection was in phase, it would
be focused on a single focal point. When some components are out of phase, the output
projection is no longer in a single optical mode of propagation. It must generate several
focal points, if passed through a lens. Therefore, a pinhole can be used to isolate a single
mode of propagation, which can provide information about a single virtual component
from the input polarization profile. This is why successful Bell experiments with photons
always employ PBSs and lenses, before isolating a single point for detection from a much
wide projection. In the past, these points were isolated with pinholes. Modern experi-
ments use single-mode optical fibers that can isolate such components with higher de-
grees of purity (Fig. 2¢). In short, quantum spin measurements are not intended to erase
input profiles and to transform them into 50-50 projections. They are intended to isolate
two orthogonal components from a long list of component vectors. Consequently, differ-
ent measurements target different sub-ensembles from a wider output projection.

To sum up, there is a major gap between quantum behavior as commonly described
and quantum behavior as it can be inferred from known theoretical and experimental
facts. Bell correlations are predicted and confirmed for virtual wave-function components
but are described as if they apply to complete wave-function transformations. The princi-
ple that “there are no sub-ensembles in quantum theory” appears to prevent the acknowl-
edgement of statistical sub-ensembles, even in the face of strong theoretical and experi-
mental evidence to the contrary. An important implication of this conclusion is that loop-
hole-free Bell experiments are misguided, insofar as they try to prove the reality of non-
locality and the validity of quantum theory at the same time. The two concepts are funda-
mentally incompatible, as seen in the paradoxical outcome that Bell violations and signal-
ing non-locality must be real at the same for such expectations to be confirmed.

7. Pre-selected quantum coincidences

Signaling non-locality is impossible in quantum theory. Accordingly, coincident sub-
ensembles must be smaller than the ensembles of single events, as argued above. Yet, this
leads to the question: how do loophole-free experiments confirm quantum predictions
without post-selection? In particular, how is it possible violate the CHSH inequality when
100% of the detected events are coincident? The answer is that such experiments are con-
ducted by extracting photons from correlated atomic systems. As will be shown below,
this method enables the pre-selection of coincident events via “temporal compression”
without ever recording unpaired events. In a nutshell, these experiments cheat by using
heralded detection schemes to preselect coincidences in a biased way. Single events are
excluded from detection, but this does not reveal anything new about the ontological fea-
tures of our Universe.

For an intuitive grasp of this type of contexts, consider an optical projection detected
on a screen. The observable pattern can be expressed as a distribution, with a probability
value for each coordinate. Every possible value corresponds to a fraction of expected de-
tection events in a fixed unit of time. The number of registered photons at each point is
proportional to the magnitude of the corresponding component vector in the input pro-
jection. Coincident events can be downselected from the data generated with two such
screens, by choosing relevant points of detection (one on each screen). Each coordinate
receives a large set of single events, enabling the post-selection of a relevant coincident
subset. Let us suppose, for the purpose of the argument, that it is possible to violate the
CHSH inequality without post-selection in such a context, with unconditional detection.
Every single event at a point on detector A has a matching partner at a point on detector
B. This would satisfy the Larsson criterion, suggesting that different measurements
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sample the same population. It is important to point out that this criterion is very powerful
in this context, removing any concern about “hidden variables”. For example, suppose
that quantum measurements are perturbative. Changing the polarization settings modu-
lates the input beam, and we can take it for granted that a different wave-function com-
ponent will hit the chosen point of detection for each measurement. This would be irrele-
vant if all the photons (or at least 82.8% of them) have matching partners at both points of
detection [26]. After all, Bell experiments require Alice to keep a fixed detection set-up,
while Bob switches between two possible variables (and vice versa). The only way to ob-
tain a violation is if resulting correlations require changes in the distribution of Alice pho-
tons. This would require the photons registered by Alice to “know” what happens to the
photons registered by Bob. No plausible mechanism for “component switching” is avail-
able in this context. Accordingly, violations of the CHSH inequality without post-selection
in such optical projections would necessarily confirm the possibility of signaling non-lo-
cality and falsify quantum theory.

Though, an important aspect of this description is that it presumes unrestricted sam-
pling of spatial distributions. Quantum systems also allow for experimental settings in
which temporal distributions are observable. To clarify the difference, consider a single
photon propagating as part of a complex optical projection. In a sharp spatial measure-
ment, the quantum must collapse to one possible value in the output distribution. The
probability of it landing at any point is fractional, but the total probability of it landing
somewhere on the screen is unitary. In contrast, consider an atom with a single electron
on the outer shell. A polarized laser can be used to pump it into a higher energy state,
causing the emission of a photon with predetermined linear polarization. However, the
spin state of the electron is undefined. Ergo, it is not always available for excitation in the
chosen plane. Essentially, the electron must first “collapse” into the chosen spin state (at
an unpredictable moment in time). Only then it can become excited enough to eject a pho-
ton. Thus, at any chosen time coordinate, within the interval of excitation, there is a frac-
tional probability of y-emission, while the total probability in a predictable time window
is 100%. This analogy can be extended to joint measurements. Hence, if Alice and Bob
were to make instantaneous measurements from two correlated atoms, they would get
many null events, a large number of single events, and a small number of coincident
events, just like in the experiments with spatial distributions. The crucial difference is that
Alice and Bob can increase the time-window of detection, effectively detecting all the
pairs. This would be like using a bucked detector, instead of a pinhole detector, in a spatial
experiment. All the pairs are detected in coincidence. Ergo, it seems that Bell violations by
local means should be impossible. Notably, they are also impossible in quantum theory.
Incompatible sharp measurements correspond to incompatible component vectors from
the input state. Measuring all the events lumps all the components together. Thus, it ap-
pears that only signaling non-locality can produce incompatible distributions for pairwise
measurements in this arrangement. Yet, there is a way to avoid this constraint.

The curious thing about temporal distributions is that they allow for measurement
schemes in which the window of coincidence is remotely manipulated, by taking ad-
vantage of quantum entanglement. Hence, a single atom has an unpredictable moment of
photonic emission in the chosen plane of excitation. However, if two atoms are entangled,
then they acquire the ability to “collapse” in synch. Individual moments of collapse are
still associated with fractional probabilities, but the conditional probability can be certain.
In other words, if Alice and Bob choose to do the same exact measurement, they should
expect simultaneous detection events. Accordingly, it is possible to prepare a detection
scheme in which detection events in Allice’s apparatus trigger a heralded detection in
Bob’s apparatus (Fig. 3). For clarity, an event in Alice’s terminal triggers a “Start record-
ing” instruction at Bob’s terminal, followed by a “Stop recording” instruction as soon as
a detection event has occurred. This can be described as “temporal pinhole”, given that
the window of detection can be reduced in the same way in which a spatial region of
detection is reduced by an actual pinhole. Furthermore, if Alice and Bob make non-iden-
tical measurements, their required average window of detection will gradually increase
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Figure 3. Heralded detection dilutes quantum entanglement. When Alice detects a quan-
tum, Bob is very likely to have an entangled partner in his set-up. However, Bob’s quantum
is not necessarily detectable. This explains the large proportion of single events in typical
Bell experiments. (The effect of background noise and detector inefficiency is relatively
small). Heralded detection aims to mimic the conditions for “fair sampling” by eliminating
single events. Every time Alice detects a quantum, Bob receives a “start recording” instruc-
tion, followed by a “stop recording” instruction upon detection. If Alice’s quantum partner
is detectable, then a true entangled pair is registered. Otherwise, Bob must wait until any
other quantum is detected, as shown. This results in a hybrid sample, with a small number
of entangled pairs and a large number of spurious coincidences. It is still possible to achieve
statistically significant Bell violations, but the magnitude is dramatically reduced by the ad-
dition of non-entangled pairs. Heralded detection can only achieve perfect “fair sampling”
if entangled pairs are eliminated entirely, in which case Bell violations become impossible.
This is why “loophole-free” experiments do not falsify quantum theory.

(up to a limit) in direct proportionality with the difference in their chosen angles of meas-
urement. If Alice makes a measurement a, then Bob can make an adjacent measurement
b in a very narrow coincidence window, with high probability. Getting a coincident event
in this scheme is a compression of numerous possible combinations, including null events
and single events. However, this is a partial compression, because the “start” - “stop”
recording instructions for Bob begin when Alice has a detection event and have a very
high probability of stopping shortly after that. Consequently, every joint event is a partial
and biased scan of the corresponding probability space. Even if Bob keeps a fixed meas-
urement setting, his events will belong to different “temporal slits”, depending on Alice’s
choice. For example, imagine that Alice has a choice between pumping her atom at +45°
or -45°, while Bob’s laser is fixed at 0°. Bob’s detector will be heralded by different types
of events in each case. If Alice chooses +45°, Bob’s detector will start scanning the temporal
space from a matching time coordinate. Given the entangled nature of the pumped atoms,
Bob can expect an event with high probability in a very short segment of time, as soon as
Alice records an event. If Alice chooses to pump her atom at -45°, then Bob’s detector will
start scanning the corresponding temporal space from the opposite direction. Hence, Bob
keeps fixed measurement settings, but does not make neutral measurements. The best
way to visualize this is by assuming that Bob’s atom is constantly pumped and constantly
emitting or not emitting photons, but only heralded compressed events from partial tem-
poral windows are selected for analysis. Thus, Alice and Bob can pre-select coincident
ensembles of detections with the same statistical properties as post-selected events from
spatial distributions. Heralded detection can also be used in regular Bell experiments with
photons, with the same effect (Fig. 3). The only problem is that such a scheme is not as
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pure as the detection protocols with post-selection, because it dilutes the correlations.
Thus, it cannot produce maximal violations of the CHSH inequality, but it allows for suf-
ficient bias to ensure “statistically significant” violations. In short, this method produces
variable coincidence windows, stretching the interval of observation as long as necessary
to filter out single events (i.e., just enough to produce the false appearance of fair sampling
in “loophole-free” Bell experiments).

To sum up, atomic systems can be subjected to sharp stimulation, in which case they
have fractional probabilities of instantaneous y-emission. This entails very small proba-
bilities for temporally coincident detection of photons from correlated systems, especially
in the case of non-identical measurements. Yet, it is possible to force the exclusive detec-
tion of double events by extending the temporal segment of detection. In the case of her-
alded detection schemes for non-commuting observables, this allows for biased pre-selec-
tion. By switching her measurement setting, Alice can manipulate the temporal segment
in which Bob is scanning for coincident events. Thus, it is not the quanta that “know”
what Alice chooses to observe. It is Bob who knows when to scan for events that are tem-
porally adjacent to Alice’s choice, given the correlation between their atomic systems. Ac-
cordingly, quantum experiments can satisfy Larsson’s criterion for fair sampling without
actually performing fair sampling. This is a loophole around the requirements for physical
non-locality, but not a loophole around quantum theory. On the contrary, this is a loop-
hole that is needed by quantum theory to satisfy an otherwise impossible expectation. As
shown above, Bell experiments with true fair sampling can only produce violations if sig-
naling non-locality is real. As a corollary, “loophole-free” Bell experiments that obtain Bell
violations without post-selection do not demonstrate signaling non-locality and do not
produce any evidence that can falsify quantum theory. They are simply designed to sat-
isfy the appearance of non-locality, on the basis of mistaken interpretive assumptions about
the reality of statistical sub-ensembles in quantum systems.

8. Discussion

The concept of non-locality has grown into a major source of confusion about the
nature of quantum behavior. While it was motivated by real problems in quantum theory,
it evolved in the context of meta-theoretical discussions that left quantum theory behind.
Thus, it might be helpful to disambiguate the meanings of this concept that relate and do
not relate to known facts in quantum mechanics. On the one hand, entangled quanta dis-
play patterns of behavior that can only be described as non-local. This can be seen in ex-
periments with non-local interference [38, 39], where one beam passes through an inter-
ferometer and another one reveals the interference pattern. Likewise, “ghost-imaging” is
a process in which one beam interacts with an object, and another beam reveals the image
[27, 28]. This behavior is non-local because predicted patterns emerge without any local
interaction between the detected quanta and the corresponding objects. On the other
hand, it is incorrect to describe this sort of non-locality as a non-classical feature, because
similar patterns are possible in classical mechanics as well. For example, a rigid mecha-
nism with two machine guns can be used to spray two targets with bullets. If one stream
of bullets interacts with an object, a shadow of the same object can be found in the other
stream, via post-selection [15, 16]. What makes quantum behavior different from classical
bullets is not “non-locality”. The obvious difference is that classical behavior results from
particle correlations, while quantum behavior does not. In other words, classical patterns
can be explained in terms of bullets that have rectilinear trajectories. This is why they
produce shadows. In contrast, single quanta reflect global interference patterns that re-
quire wave-like interactions for their explanation. The central mystery of quantum me-
chanics (if not the only mystery, as argued by Feynman [40]) is that single quanta some-
how reproduce complex wave-function profiles, with numerous component vectors in su-
perposition, while propagating one at a time. In the case of EPR systems, non-locality re-
sults from point-by-point correlations between the cross-sections of such evolving inter-
ference patterns. Unfortunately, the physics community was seduced by the non-local
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aspect for several generations, and this “central mystery” is still insufficiently explored.
To be clear, Bell experiments inspired numerous technological and theoretical break-
throughs. The problem is not that such a project enjoyed attention. The problem is that it
evolved by grossly distorting the essence of quantum theory and all the relevant experi-
ments. Thus, its success had a detrimental effect on the study of other topics with high
scientific value.

For practical purposes, the main consequence of this “central mystery” is the meas-
urement problem. Every single quantum must be described as if it is in the net state of the
whole system. However, it can only “collapse” to one component value in the event of a
sharp measurement. The probability associated with any one component vector is frac-
tional. Therefore, not every quantum is detectable after collapse in the case of a sharp
measurement. On the one hand, there are no physical sub-ensembles in complex quantum
states. On the other hand, every virtual component of such a state is associated with a
statistical sub-ensemble in a complementary preparation. In the case of spin %2 variables,
this means that non-identical sharp measurements target non-identical statistical sub-en-
sembles. Ergo, sharp measurements of electron spin or photon polarization are necessarily
partial. Somehow, this nuance was “lost in the math” and hasn’t been noticed until loop-
hole-free experiments produced the appearance of impossible signaling non-locality, as
explained above. Theoretically, sharp component measurements cannot be complete in
quantum mechanics. Yet, the predictions for Bell measurements are too often described
as complete, fueling speculations about superluminal interactions. Experimentally, it is
known that accurate data requires careful isolation of various sub-ensembles (either in
space, or time) in relevant tests. Yet, these observations are again presented as complete.
In short, there is a strong agreement between theory and experiment, but there is a strong
disagreement between fact and opinion in the interpretation of quantum entanglement.
This debate has been going on for generations, while both sides (pro and contra non-local-
ity) share the same misconceptions. Granted, it would be helpful to explore the partial
nature of Bell measurements with new theoretical studies and new experiments (and
hopefully this essay will encourage more of them). However, the real obstacle is interpre-
tive. For a meaningful breakthrough in this area, it is simply necessary to call a spade a
spade. Partial measurements are not complete measurements.
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