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Abgract

Do any red experiments demongtrate "nontlocd™ correlations? |s gpparent “quantum
entanglement” evidence of fagter-thantlight effects? Asl shal attempt to show, there
are other possible explanations for the observations, and these involve nothing more
sensationd than cdlassicd ideas about the nature of light, shared information from the
source, and redigtic hypotheses as to how the gpparatus works.  The experts
themselves admit that there is o far no vdid evidence that the kind of entanglement
that seems to require non-loca actions ever actudly happens. Yes, “Bdl tests’ are
violated, but they are not valid versons of Bdll’ stest, so they do not rule out local
rediam.

| shdl atempt to explain whet the debateis dl about, and how the red experiments
can be modelled without any need to invoke quantum weirdness. The weakness of
the quantum theory caseisknown to thosein the fidld — one sees occasiond
references in the literature to “loopholes’. These, asit turns out, are the key to the
redig solutions. Faith in the universd success of quantum theory leads editors,
referees and the experimenters to believe that they will eventudly be closed, and thet
meantime stience is best served by choosing the quantum theory interpretation of the
results. But in my view they are perpetuating amyth, one that is undermining science
by the introduction of magic.

1 I ntroduction

| am not donein my discovery that the actud “Bell test” experiments, conducted
from about 1969 to the present, do not support quantum theory nearly as convincingly
asiscommonly stated. | proposeto try and explain afew of the ways of arriving at
thisconcluson. Thewaters are murky, though. We have to ded with severd variants
of the Bdll te, various different kinds of experiment, different ways of treating the
data, and various misconceptions held by prominent people. Thereisavast quantity
of confusing literature, mostly with little beering on my topic: the actud experiments.
| shdl try to tdl you what | think redlly hgppens, but thisis not something to be
undergood in five minutes! | hope, nevertheless, that the later sections of the paper



will convince even those who remain bemused thet the experimenta evidence should
not be taken on trugt.

In 1993, spurred on by abook review in New Scientist and with no formd training in
physics, only in maths and satistics, | began to study Alain Aspect’s experiments™ on
the EPR (Eingtein-Podolsky-Rosen) corrdations— experiments using Bell tests. Asit
turned out, my training in datisticswasinvauable. | had experiencein desgn and
andysis, having been employed for severd years asindependent advisor to
experimenters. Within afew weeks | had discovered for mysdlf some of the suspect
assumptions and consequent possible redist explanations, later finding out that dmost
al had been explored aready by people such as Marshdll, Santos and Selleri?, Gilbert
and Sulcs® and Wedey”.

In the course of the next few years | had consderable correspondence with many
peopleinthefidd. Though | faled to get my artides into the maingream journds, |
have not been entirely ignored. | have received encouragement to some extent from
those actively involved as wdl as from other “dissidents’ (some of thisis reported in
an atide® in “Accountability in Research”). It emerged that the “loopholes” were
well known to al concerned, including the editors and referees of Physicd Review
Lettersand Physicd Review A. They have fath, though, that the same results would
be obtained if dl were dosed. | have equd faith thet they are wrong, and that the
results that would prove this have so far been ignored, the investigations that could
have dlinched the argument either never done or |eft unreported.

There are plans to conduct “loophole-free” experiments using atoms® insteed of the
“photons’ that have mosily been used to date, but these are invariably very
complicated and highly dependent on theory. We might learn more by re-examining
the existing schemes, seeing if we cannot improve our whole experimental approach.
The exercise might, incidentally, help usto understand the neture of light, rejecting
(for low-energies a leadt) the concept of the “photon” and returning to amore
classcd purewavemodd .  Thosewho ingst on the “photon” will find some of my
ideas unacceptable. By thereby ruling out mogt redist explanations, however, they
will have little choice but to fal back on the action-at-a-distance interpretation of the
experiments— this despite the total absence of any proposd for its mechanism. This
mechanism, by the way, hasto act not only in the laboratory but dong severd
kilometres of fibre-optic cable’.

2 What are Bell tests all about?

For afull treetment of the subject, the reader is referred to books such as the recent
one by Afriat and Sdlleri®, which indudes, incidentally, afew pages on my own work.
Theorigind EPR argument® was intended as a chdllenge to mathematics and logic of
quantum mechanics (QM). It concerned the possibility that apair of particles, A and
B, that had once interacted might remain corrdaed in amanner that conflicted with
Heisenberg' s Uncertainty Principle. By measuring momentum on one and pogition on
the other, you might deduce both to high accuracy, which, of course, Heisenberg's
ruledisdlows. Thismay be of academic interest, but something much more
important isaso & stake. The authors were investigating the consequences of the
QM assumption that the system could be described by just one “wave function”,



which was not “ separable’ (see below). The system evolved — and the partickes
encountered various pieces of experimenta apparatus — as asngle sysem, not able to
be consdered as two independent parts. The unfortunate consequence of this, the
mathematics said, was that the setting of the gpparatus measuring A could affect the
result of the measurement on B. The effect would be ingtantaneous, “non-locad”.

[“Separable”, in the context of the actud experiments, means effectively the
same as “factorable”. It isthe consequence of the “locd redist” assumption
that the detections of the two separated particles are independent events and
any correlaion between them is fully accounted for by “hidden variables’, | ,
conveying shared information from the source. Once | isfixed you can
obtain the probability of detecting both “paticles’ (in practice, both light
sgnds) by multiplying the individua probahilities In other words, the joint
probability, pe(l , & b) “factors’ into pa(l , @ (Il , b), whereaand b
represent the settings of the two detectors.

Thus the basic redist modd says thet the expected average probability of a
joint detection can be expressed as.

Plab) =gl r(l) pa@l) pg(bl) (1)

Integration is performed over the complete “hidden variable’ space spanned
by | , which may be of any number of dimensons. The weighting factor, f,
represents the relative frequencies of the different “states’, | , of the source.
Note well thet it is the integrand thet factors, not the integrd.

In prectice, in the early EPR experiments &t leadt, there is nothing mysterious
about | . Itissmply the polarisation direction, with a possible second
component, the amplitude]

At the time, there was hested debate, opposition to EPR's chdlenge being led by
NidsBohr'®. The redligt, assumption is the common sense one, that the system is
separable. The verson of QM that Bohr was supporting (and he was very
influentid!) said that it was not. But there is no obvious reason for this. Few have
pretended to understand Bohr’s reasoning. Why should you not be able to assume the
Sandard result, thet independent probabilities are multiplied in order to get joint ones?

As Furry pointed™ out in a paper published in 1936, “the assumption that asystem
when free from mechanicd interference necessarily has independently red properties
iscontradicted by QM”. In (1) above, | represents these red properties, or those of
them that are relevant and were determined at the source. QM isincompatible with
their exigence. The theory implies that, however far apair are separated, they will
influence each other, inducing correlations that cannot be accounted for in this
manner.

Thisiswhat the EPR problem isdl about. Opinions differ asto whether we are
talking about red influences or only gpparent ones, but the fact remains that most
peoplein thefield go dong with the idea that the experiments back QM. QM’s

reputation for giving uniformly correct predictions has no exception.



[If you find the argument areedy confusing, you are in good company! A great
number of people with whom | have discussed it find thet they just cannot believe thet
the two statements;, that “the particles are corrdated” and “the detection events are
independent, so that you can multiply probabilities once you'vefixed ¢” can both be
true. Inthe abdract, there seemsto bea problem, epecidly if you are introduced to
the subject in terms of “deterministic” modds, and try and make | completely
determine the outcome.  This can be done but it mekes life more difficult. The
problem becomes considerably more managegbleif |  is defined 0 asto determine
only the probability. Look at the Sructure of the integrd in (1) or & thered
experiments and this begins to make sense]

The mgority of investigations into the EPR ctdlenge deviate consderably from the
origind idea. They do not mention pogition or momentum but, insteed, pairs of more
dosdy-rdated variables such as “spins’ of atoms measured from two different angles.
A great many have been thought-experiments only, evolving from a proposa of

David Bohm's* of around 1950. He suggested that something Similar to the EPR
hypothess could be tested using two “ SternGerlach” magnet setups to measure the
spins of two atoms thet had once been part of the same molecule (see Fig. 1'%).

Fig. 1: Schemefor a Stern-Gerlach EPR experiment. N.B. Thishasnever been
done!

Note that the diagram illustrates one of the important features of “quantum”
measurements. we do not meesure the direction of spin of each aom, only,
indirectly, the component of it when the detector magnets are st at some
chosen agle.

Now, & last, John Bell enters the story, and with him the possibility of redl
experimentd tests. Inthe mid 1960's he devised a Satistical test, soon to acquire his
name, for use in Bohm-type experiments. 1t would discriminate between separable
(factorable) and non-separable modd's, and hence between quantum theory and local
rediam. A st of experiments was needed, measuring coincidences — smultaneous
detections on A and B Sdes— for afew sdected pairs of settings. If Bell’stest
ddidic is exceeded, thisindicates that “nonlocdity” isafact of thisred world.



[When you read that the actud experiments can only be explained if there are
instantaneous influences between the two detectors, thisis by no means adirect
concluson! All that is actudly seen isthat the test Satistic seems regularly to come
out larger than it should, if formulae of type (1) above hold. Butitisonly atest
datidtic! It depends on the data, which depend on the gpparatus and on any
transformations and adjustments that may have made. In redlity, there are a great
number of free parameters available, and hence a number of other possible reasons for
that high “Bell test” datidtic, gopearing to support QM.]

To continue our sory: Bl tests evolved towards the end of the 1960'sinto “CHSH”
(Clauser, Horne, Shimony and Holt) tests™, and, more recently, into a deceptively
smpleone that of “vighility”. (Reeder beware: thereislittle agreement on
nomenclature for the various testd)

The modified tests were needed because nobody has been able to devise a satisfactory
way of conducting Bohm's experiment using atoms, so they have performed insteed
what they believe to be equivaent onesusing light. Thereisan important difference,
though. Whereas with atloms it might reasonably be supposed that you detect every
sngle one, with light it iswell known that we do not have “perfect” detectors, ableto
register every “photon”. (In apurdy wave modd of light, thisisinevitable, and there
is no progpect of ever achieving thiskind of perfection.) The variants of Bell’s test
devised by Clauser et al. dl required auxiliary assumptions. Neither the officialy-
recognised ones nor the many othersimplicit in the experimental schemes (many of
which are hinted at in footnotes to Clauser and Horne' s 1974 paper) have received the
attention they desene.

Some of the tests— the mgority of those used in practice — are not vaid unless one
knows the number of photon pairs emitted. It is possible to make a strong assumption
— that of “fair sampling” — that makes them usable, but thisis nat, unfortunately, as
ressonable asit sounds. Thekind of fair sampling that isinvolved is not something
under the experimenters control. It is associated with the inefficiency of those
detectgl%s, and with the “ detection loophol€’, which has been known since 1970, if not
before™.

Inthistak | shal concentrate on the two factors that are now widdy accepted as
potentidly invaidating the tests the ingfficiency of the detectors and the subtraction
of “accidentds’. | shdl not strain your patience by telling you about others, such as
the failure of “rotationdl invariance’ or possible problems with timing™**2,

3 The Chaotic Ball M odel

The principle behind the detection loopholeisillustrated in a paper | published in
1996". | shdll not go into details here, but just present enough to give you the flavour
of my argument.

It is based around the andogy of two assgtants looking & amoving bal (Fig. 2),in

which is embedded a magnet. “Detections’ correspond to the cases in which the
assstants can see one or other end of the magnet. They will not see quite thewhole

surface (Fig. 3)!
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Fig. 22 Anne, Bob and the moving ball

S marks the South end of the magnet (N isout of Sght). aand b are directions
in which the assgants are viewing the bal; F the angle between them.
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Fig. 3: Theregistered coincidences. Chaotic Ball with missing bands

Thefirg letter of each pair denotes what Anne records, the second Bab, when
the Sisin the region indicated. There is no coincidence unless both assstants
make arecord, S0 some data is thrown away.

Now the“gsandard” form of Bdl’stest (theoneof form - 2£ S£ 2) dependson the
difference in frequency between “SSor NN” and “SN or NS’ records. But how ae
we to estimate these frequencies? Inthissmple andogy it is dear thet, in the limit,
they will be proportiona to the shaded aress, but what do we divide by to convert
observed numbers to frequencies? If we knew (asindeed in the andogy we do!) the
number of pairs we sarted with, dearly thisis what we would divide by. 1t would be
equivdent to the totd surface area of the bal. But in practice this number is not
known. Experimenters divide ingteed by the tota number of olbserved coincidences,

or in other words by something equivaent to the total sheded area. And they manage
to infringe the “Bell text”!

The modd makesit very dear what has happened. They are dividing by a quantity
that istoo smdl. Infact it isnot hard to see that the datistic they are actudly using
has an upper limit of 4, not 2. Despite the fact that adightly different geometry is

needed to modd optical experiments, thisis equaly true here, and when dedling with



“detection efficiencies’ known to be of the order of only 5% thereis clear potentia
for trouble.

Ignoring the detection loophole, or making the fair sampling assumption, anountsto
affirming the belief that if there are non-detections they are spread evenly over the
surface of the bal. Although in opticad work thisis perhgps not quite as unreasonable
asinmy andogy, | can see no scientific judtification for it. The loophole invalidates
the test, yet it or its equivalent continue to be used, the results quoted as digproving
locd redism!

My chagtic bdl is based on SternGerlachtype experiments, which have never been
done. Itispossbleto adgpt it to cover the actud experiments using light, but perhaps
esser to seethe logicd fault in the tests used for these if we Start again.

4, An Actual Bdl Test

Let us consider one of Alain Agpect’ s experiments — hisfirg, reported in 1981 (see
Fg. 4). Thisexperiment differs from the setup discussed so far in that (@) it uses
light, so that it is not so reasonable to assume adeterministic modd, and (b) the
andysers (polarisers, Pa and Ps of Fg. 4) each have only one output channd. With
only the one channd, the gandard Bdll test is not gpplicable, but | shdll leave
discussion of the actual test used to my papers®, discussing here only the “visibility”
test, currently in vogue?.
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Fig. 4. Aspect'sfirst EPR experiment, 1981.

Light from the source, S, isfiltered so that wavelength n , can proceed to the
left, ng totheright.

L
h 4

COINCIDENCES

%

A

In this experiment, the hidden varidble is “polarisation”. Each pair of emitted light
sgnds has acommon polarisation direction, a angle | . When the Sgnds pass
through the polarisars, “Mdus Law” tdlsus, using dasscd theory, thet the intengity

is reduced by thefactor cos® (a- | ) or cos® (b- | ) asappropriate. If (but seelater!)
our photodetectors (Da, Ds) are obeying the laws of quantum mechanics, it follows

that the probabilitiesof detection will follow these same laws.

If (and again, thisis nat to be taken for granted!) dl | vaues are equdly likdy, we
can immediately trandate expression (1) into an actud prediction for the coincidence
rate:



b)=1/pg d cos?(a-1) cos(b- |
P(ab)=1/p@Q d cos"(a-1) cos(b- 1) @
=1/8(L+ 2cos® (a- b))

Asgpect himsdf used a“CHSH” Bell test on his data (see my paper, ref 20), but, for
smplicity, | shal tak here about the modern test, which usss the visihility ((max —
min)/(max + min)) of the coincidence curve®. Thisisatest that isamost equivalent
to the sandard Bell one, and it declares thet visihilitiesin excess of 0.5 cannot be
accounted for by redist models.

Congder, however, the properties of the modd represented by expression (1). It
trandatesinto (2) if we assume detectors obeying quantum theory, but whet if our
detectorsin the red Stuation do not? Thereisno logica resson for the probabilities
to cos? curves, and in fact there is good reason to suppose that they never obey
thent™. To have high visibility, the curve has to have alow minimum, and if we keep
to cos? laws, and assume uniform distribution of polarisation angles, then the
minimum isin fact 1/8, which leadsto the 0.5 figure in the test. If, however, we
replace the law by one that has a broader trough than cos?, we can get alower
minimum and higher vighility! Thetest isnot a al robug. Inmy view it istotaly
unreasonable to consder only redist modes thet involve perfect detectors and then,
when vishilities are observed to be high, dedlare that you have ruled out all of them!

B, in paint of fact, this 1981 experiment did not infringe either the Bell test actually
used or the visibility test until after adjustment of the data.

5. Data Adjugments

All Bdl tests induding the vishility test, are biased towards quantum theory if you
adjudt the data by subtracting an gpproximately equa quantity from every observed
coincidencerate®. Such an adjustment has frequently been performed, in the guise of
Subtraction of the “accidentd coincidencerae’. Thisisthe feature | have
concentrated on in severd of my papers, induding those of ref. 20. Partly, thisis
becauseit is of historica importance, Snce it was done by Alain Aspect (in his PhD
thesis® he goes to some lengths to try and justify if) but also because you do not need
to know much about the experiments or the Bell teststo be able to see that thereis
room for doubt here.

Themain datathat | discussin my papersisthat from an unsorted table (V11-A-1) in
Aspect’sthess. My summary isgivenin Teble 1. A grgphica representation (Fig. 5)
reveds dearly that with no adjustment the dataiis closer to the redlist prediction than
to the quantum theory one!

Though my attempts at getting a paper published on this subject in PRL or PRA have
faled, my campaign to get the practice stopped has had some success. | do not think
you will find future experimenters who use Bell tests or equivaent will be subtracting
accidentas without a least making it very clear that they have done so.



Angle One Bath
beween | 00° | 25 | 450 | 675 900 | polaiser ol
polarisers absent

Raw

coincidence | 960 | 868 | 638 |383 280 | 1260 2482
rae

Aofg[gm 26 | 228 | 230 | 225 233 | 455 900

A‘Jr“;t‘ged 734 | 640 | 308 |158 48 | 805 1582

Table 1. Raw and adjusted data for Aspect's 1981 experiment.
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Fig. 3. Realist and QM predicted coincidence curves, and Aspect’s 1981 data.

Curve 1 isthe QM, curve 2 the redist prediction, both for the ided case.

* indicatesraw data, ° adjusted.

6. How to Prove Realism is Right!
There are tests that could be done and have not been done, or, at least, not been

reported.

Aspect himsdif redlised thet if he had reduced his emission rate he ought to have been

ableto reduce his accidentd rate to negligible vaues without reducing his “true

coincidencera€’ so much. With low emisson rates he should have been able to

show the same infringements of Bell inequaitieswithout needing to do any
subtraction. This should have been done.

Aspect found some “anomalous’ results (afew are mentioned in my Chaotic Bdl

paper), and reported them in this PhD thesis but not dsewhere. | think they dl

deserve further invedigation.




Re the detection loophole: the response characterigtics of detectors should be
investigated, and EPR experiments repeated using arange of emission intensties and
detector settings o asto see how the curves and the test statistic vary. | would expect
to find that there are cases in which the supposedly snusoida curves produced are not
truly snusoidd. (There are hints of thisin some published graphs)

There are many parameters that can be varied, and the law of “causal inference’®
would, | beieve, show thet the quantum theory mode followed the wrong logic, the
redis modd the right one.

7. So what has gone wrong?

The scientific community seems to have gone off on the wrong track. Why? Why
have the experimenta checks not worked?

| could (and may in the near future) write awhole book on the subject. I'll just
suggest afew reasons here.

1. Thehuman mind is not wel-adgpted to understanding probabilities and the
kind of logic involved, especidly in this context that is so divorced from the
every-day world.

2. Most people accept dl too reedily that they have no hope of understanding
ather what the experiments are trying to do or the technica details of what
they redly do.

3. Hardly anyone redisesthat the different versons of Bell test involve different
assumptions and are not equivaent.

4. “Redigs’ can see a aglance that the subject has no relevance to the actud
world!

5. They therefore have not studied the experiments and hence have not redlised
that they should have been demanding to see more information — more raw
data and more results for different parameter settings.

6. Important contributors to the field, notably John Bell and Alain Aspect have
made mistakes, copied by others”.

7. Theliteraureis voluminous and confusing. Very littleisrelevant to the actud
experiments.

8. Theorigsredisethat quantum theory itsdlf isat risk. Regardlessof dl the
“conceptud difficulties’, it istoo “successful” to abandon without good
experimentd evidence.

9. “Quantum computing’” etc depends on quantum theory being right®, and the
computing industry is currently an important source of funds. (It has so far
tolerated the fact that nothing spectacular has been achieved. Hopefully the
research will produce useful results — advancesin optica computers, for
example— even if the origind idea is totaly misguided.)



8. Condusion

I hope | have told you enough to see that the scientific community has two choices.
dismiss the whole idea of (non-loca) quantum entanglement as obvious nonsense or
cary out the tests more carefully, reporting them in away thet dlowsfor afar
comparison between theriva theories.

If your own theory suggests that instantaneous action a a distance redly happens, so
beit. The Bdl test experiments, however, give no support for thisidea. At best, they
could give only indirect evidence, but my investigetions indicate thet they deserveto
be forgotten. No vaid test has ever been done.
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