
The Role of Statistical Science in Quantum 
Information - Theory and Application

• This introductory talk: discussion of loophole-free Bell 
experiments, esp. the Delft experiment of 2015 

• That experiment “settles” the debate between Einstein and Bohr 

culminating in Einstein, Podolsky, Rosen (1935) 

turned on its head by Bell (1964) 

confirmed by Aspect (1981,1982) experiment 

still open to some doubt… 

• and of more burning interest now than ever

John Stewart Bell (b.1928, d. 1990)
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Earth’s angular velocity ΩE, each velocity class is transversely shifted 
by an amount proportional to Ω ∕L vE

2 , resulting in blurred interfer-
ence fringes. Owing to the 1 m grating separation L, the Coriolis 
shift is significant compared to the grating period. We compensate 
this shift with the velocity-dependent phase shift caused by gravity. 
The gravitational shift is proportional to θ ∕g L vsin( ) 2 2, where θ is 
a common roll of the grating bars relative to gravity. Time-resolved 
measurements of fullerene interference confirm that the Coriolis 
effect was more than 95% compensated for the parameters of the 
interference measurements described here (see Methods for details).

An intense neutral beam of intact molecules is a prerequisite for 
our experiments, but soft neutral volatilization and post-ionization 
of complex molecules is an outstanding technical challenge. While 
matrix-assisted laser desorption and electrospray ionization are 
useful tools for molecular analysis, the charged beams they pro-
duce are incompatible with the stringent dephasing requirements 
of interferometry. Continuous effusive thermal beams, on the other 
hand, suffer from thermal fragmentation for masses beyond a few 
kilodaltons. This can be overcome via fluoroalkyl-functionalization 
of the molecules, which adds mass, reduces the polarizability-to-
mass ratio and increases volatility4.

Here we use matrix-free nanosecond pulsed laser desorption of 
a tailor-made library of functionalized oligoporphyrins (see Fig. 1 
and Methods). The molecules are coated on a glass slide that is con-
tinuously translated to expose a fresh molecular layer to the high-
repetition-rate desorption laser beam. Instability of the molecular 
flux, probably due to inhomogeneity of the molecular coating, is 
compensated by mechanically chopping the optical grating during 
an interference scan. The data are then divided into laser-on and 
laser-off bins, where the laser-off bins constitute control measure-
ments in which interference cannot occur. This technique is highly 
robust to the varying source intensity, as discussed in the Methods.

We verify the quantum nature of the observed fringes by mea-
suring their sinusoidal visibility as a function of the diffraction laser 
power. This enables us to rule out classical phase-space trajectories 
as the mechanism behind the observed fringes. The theoretical 
expectation of such a measurement is calculated by propagating the 
Wigner function through the interferometer, yielding the sinusoidal 
visibility V of the interference curves
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The exact form of the Talbot coefficients Bqm,cl can be found in the 
literature12. The effect of the first and third mechanical gratings 
are described by the sinc terms, which depend on the respective 
grating open fractions of the mechanical gratings, f1,3. The optical 
grating is described by the B coefficients, which can be modelled 
using the complete quantum mechanical treatment (Bqm) or using 
classical dynamics (Bcl) in which classical phase-space trajectories 
can also create sinusoidal fringes under certain conditions. The 
B coefficients contain the combined effects of photon absorption 
and phase modulation of the matter wave and depend on the laser 
power of the optical grating. The different dependence of Bqm and 
Bcl on laser power allows us to clearly differentiate quantum from 
classical dynamics.

Figure 2 shows a typical interference scan, as well as the observed 
visibilities of such scans as a function of laser power along with the 
classical and quantum predictions. A number of parameters enter 
the calculation of visibility, including the molecules’ polarizability 
and absorption cross-section, as well as the open fractions of the 
mechanical gratings (see Methods). We also take into account the 
experimental Gaussian velocity distribution (vo = 261 ± 9 m s−1, 
σ = 52 ± 7 m s−1) and the mass distribution of the molecular library. 
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Fig. 1 | Experimental schematic and molecule details. a, The molecular beam is created via nanosecond laser desorption (532!nm, 1!kHz, 
I!≈!1!×!108!W!cm−2), followed by collimation and TOF encoding via a pseudo-random chopper. The beam then enters the interferometer chamber, passing 
two SiN gratings G1 and G3 (266!nm period, 43% open fraction, 160!nm thick) and the optical grating G2 (λ!=!532!nm, vertical beam waist 690!µm), spaced 
by L!=!0.98!m. The third grating shifts transversely across the molecular beam to detect the presence of quantum interference fringes that manifest as a 
molecular density pattern of period d. The molecules are then ionized by electron impact and are mass-selected and counted in a customized quadrupole 
mass spectrometer that can resolve masses beyond 1!MDa. b, The molecules in this study consist of a tetraphenylmethane core with four zinc-coordinated 
porphyrin branches. Each branch contains up to 15 fluoroalkylsulfanyl chains. c, The MALDI-TOF spectrum of the molecular library after matrix-free 
desorption. The mass resolution in LUMI during interference experiments was lower to maximize transmission, as discussed in the Methods.
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Quantum mechanics and the general theory of relativity de-
scribe our world from completely separate perspectives. 
Though highly expected, a coherent interface between quan-
tum theory and the theory of general relativity remains elu-
sive (1–3). In response to this situation, new ideas have been 
conceived, particularly from the quantum optical approach, 
to test fundamentals of the interplay between quantum the-
ory and the gravity theory (4–13), among which event formal-
ism of quantum fields is particularly interesting by 
presenting a coherent description of quantum fields in exotic 
spacetimes containing closed timelike curves (CTCs) and or-
dinary spacetime. The exotic spacetimes are interesting both 
because they are a fundamental feature of general relativity 
and because such spacetime structures could be formed due 
to quantum fluctuation of spacetime itself, that is, originating 
at a deeper level from quantum gravity (14). 

The discussion of quantum mechanics in exotic 
spacetimes with CTCs that violate causality has attracted at-
tention (15–19). While many proposals have been discussed 
toward solving this problem, the approach that follows most 
directly from standard quantum field theory is the path-inte-
gral approach where coherent, action-weighted sums over all 
single valued (i.e., self-consistent) histories are evaluated (20, 
21). For exotic spacetimes, typically, a non-standard 

renormalization is required in order to preserve the probabil-
istic interpretation of the theory. Equivalently, this approach 
corresponds to teleportation models of CTCs (22, 23) where 
post-selection plays the role of the renormalization. Unfortu-
nately, these models violate a basic tenet of relativity by al-
lowing signaling faster than the speed of light. This happens 
because the unique quantum feature, entanglement allows 
acausal effects within the compact region containing the 
CTCs to spread into the surrounding spacetime (21, 24). 

An alternative approach which avoids this problem argues 
that inconsistent evolutions of quantum states in spacetimes 
with CTCs could be avoided for arbitrary initial conditions by 
taking the density operator describing the local quantum 
state as the fundamental object that is required to be self-
consistent within the CTC region (17). This has the effect that 
any entanglement between systems traversing the CTC and 
systems that do not, is erased, thus preventing acausal effects 
from spreading outside. Such a feature could arise in quan-
tum field theory, where it was suggested that this behavior 
could be understood as a differential decay of the commuta-
tor between field modes propagating in different metrics. A 
speculative new theory was established based on this obser-
vation, namely event formalism (11). As a nonlinear extension 
to the ordinary quantum theory, event formalism attempts to 

Satellite testing of a gravitationally induced quantum 
decoherence model 
Ping Xu1,2*, Yiqiu Ma3*, Ji-Gang Ren1,2*, Hai-Lin Yong1,2, Timothy C. Ralph4, Sheng-Kai Liao1,2, Juan Yin1,2, Wei-
Yue Liu1,2, Wen-Qi Cai1,2, Xuan Han1,2, Hui-Nan Wu1,2, Wei-Yang Wang1,2, Feng-Zhi Li1,2, Meng Yang1,2, Feng-Li 
Lin5, Li Li1,2, Nai-Le Liu1,2, Yu-Ao Chen1,2, Chao-Yang Lu1,2, Yanbei Chen3, Jingyun Fan1,2†, Cheng-Zhi Peng1,2†, 
Jian-Wei Pan1,2† 
1Shanghai Branch, National Laboratory for Physical Sciences at Microscale and Department of Modern Physics, University of Science and Technology of China, Shanghai 
201315, P. R. China. 2Chinese Academy of Sciences (CAS) Center for Excellence and Synergetic Innovation Center in Quantum Information and Quantum Physics, University 
of Science and Technology of China, Shanghai 201315, P. R. China. 3Theoretical Astrophysics, California Institute of Technology, Pasadena, CA 91125, USA. 4Centre for 
Quantum Computation and Communication Technology, School of Mathematics and Physics, The University of Queensland, St. Lucia, Queensland 4072, Australia. 
5Department of Physics, National Taiwan Normal University, Taipei 116, China. 
*These authors contributed equally to this work. 

†Corresponding author. E-mail: fanjy@ustc.edu.cn (J.F.); pcz@ustc.edu.cn (C.-Z.P.); pan@ustc.edu.cn (J.-W.P.). 

Quantum mechanics and the general theory of relativity are two pillars of modern physics. However, a 
coherent unified framework of the two theories still remains an open problem. Attempts to quantize 
general relativity have led to many rival models of quantum gravity, which, however, generally lack 
experimental foundations. We report a quantum optical experimental test of event formalism of quantum 
fields, a theory which attempts to present a coherent description of quantum fields in exotic spacetimes 
containing closed timelike curves and ordinary spacetime. We experimentally test a prediction of the 
theory with the quantum satellite Micius that a pair of time-energy entangled particles probabilistically 
decorrelate passing through different regions of the gravitational potential of Earth. Our measurement 
results are consistent with the standard quantum theory and hence do not support the prediction of event 
formalism. 
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Lecture 0. 

“Towards evidence-based physics” 
the Bell game, 

and the Delft Bell experiment

Rutherford: If you need statistics, you did the wrong experiment 

Hensen et al. (2015, Nature) Loophole-free Bell inequality violation  
using electron spins separated by 1.3 kilometres  

Hensen et al. prove that Einstein was wrong,  
with N = 245 and at significance level p = 0.039 

They need sophisticated statistics and probability theory



Hensen et al. (2015, Nature)

Loophole-free Bell inequality violation  
using electron spins (in Nitrogen-Vacancy defects in diamond) 

 separated by 1.3 kilometres 

Hensen et al. prove that Einstein was wrong,  
with N = 245 and at significance level p = 0.039 

They need statistics and probability theory
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Loophole-free Bell inequality violation using
electron spins separated by 1.3 kilometres
B. Hensen1,2, H. Bernien1,2{, A. E. Dréau1,2, A. Reiserer1,2, N. Kalb1,2, M. S. Blok1,2, J. Ruitenberg1,2, R. F. L. Vermeulen1,2,
R. N. Schouten1,2, C. Abellán3, W. Amaya3, V. Pruneri3,4, M. W. Mitchell3,4, M. Markham5, D. J. Twitchen5, D. Elkouss1,
S. Wehner1, T. H. Taminiau1,2 & R. Hanson1,2

More than 50 years ago1, John Bell proved that no theory of nature
that obeys locality and realism2 can reproduce all the predictions of
quantum theory: in any local-realist theory, the correlations
between outcomes of measurements on distant particles satisfy
an inequality that can be violated if the particles are entangled.
Numerous Bell inequality tests have been reported3–13; however,
all experiments reported so far required additional assump-
tions to obtain a contradiction with local realism, resulting in
‘loopholes’13–16. Here we report a Bell experiment that is free of
any such additional assumption and thus directly tests the principles
underlying Bell’s inequality. We use an event-ready scheme17–19 that
enables the generation of robust entanglement between distant
electron spins (estimated state fidelity of 0.92 6 0.03). Efficient
spin read-out avoids the fair-sampling assumption (detection
loophole14,15), while the use of fast random-basis selection and spin
read-out combined with a spatial separation of 1.3 kilometres
ensure the required locality conditions13. We performed 245 trials
that tested the CHSH–Bell inequality20 S # 2 and found
S 5 2.42 6 0.20 (where S quantifies the correlation between mea-
surement outcomes). A null-hypothesis test yields a probability
of at most P 5 0.039 that a local-realist model for space-like sepa-
rated sites could produce data with a violation at least as large as
we observe, even when allowing for memory16,21 in the devices.
Our data hence imply statistically significant rejection of the
local-realist null hypothesis. This conclusion may be further con-
solidated in future experiments; for instance, reaching a value of
P 5 0.001 would require approximately 700 trials for an observed
S 5 2.4. With improvements, our experiment could be used for
testing less-conventional theories, and for implementing device-
independent quantum-secure communication22 and randomness
certification23,24.

We consider a Bell test in the form proposed by Clauser, Horne,
Shimony and Holt (CHSH)20 (Fig. 1a). The test involves two boxes
labelled A and B. Each box accepts a binary input (0 or 1) and subse-
quently delivers a binary output (11 or 21). In each trial of the Bell
test, a random input bit is generated on each side and input to the
respective box. The random input bit triggers the box to produce an
output value that is recorded. The test concerns correlations between
the output values (labelled x and y for boxes A and B, respectively) and
the input bits (labelled a and b for A and B, respectively) generated
within the same trial.

The discovery made by Bell is that in any theory of physics that is
both local (physical influences do not propagate faster than light) and
realistic (physical properties are defined before, and independent of,
observation) these correlations are bounded more strongly than they
are in quantum theory. In particular, if the input bits can be considered
free random variables (condition of ‘free will’) and the boxes are

sufficiently separated such that locality prevents communication
between the boxes during a trial, then the following inequality holds
under local realism:

S~ x :yh i(0,0)z x :yh i(0,1)z x :yh i(1,0){ x :yh i(1,1)

!!!
!!!ƒ2 ð1Þ

where Æx ? yæ(a,b) denotes the expectation value of the product of x and y
for input bits a and b. (A mathematical formulation of the concepts
underlying Bell’s inequality is found in, for example, ref. 25.)

Quantum theory predicts that the Bell inequality can be significantly
violated in the following setting. We add one particle, for example an
electron, to each box. The spin degree of freedom of the electron forms
a two-level system with eigenstates j"æ and j#æ. For each trial, the two
spins are prepared into the entangled state jy{i~ j:;i{j;:ið Þ

" ffiffiffi
2
p

.
The spin in box A is then measured along direction Z (for input bit
a 5 0) or X (for a 5 1) and the spin in box B is measured along
{ZzXð Þ

" ffiffiffi
2
p

(for b 5 0) or {Z{Xð Þ
" ffiffiffi

2
p

(for b 5 1). If the mea-
surement outcomes are used as outputs of the boxes, then quantum
theory predicts a value of S~2

ffiffiffi
2
p

, which shows that the combination
of locality and realism is fundamentally incompatible with the predic-
tions of quantum mechanics.

Bell’s inequality provides a powerful recipe for probing fundamental
properties of nature: all local-realist theories that specify where and
when the free random input bits and the output values are generated
can be experimentally tested against it.

Violating Bell’s inequality with entangled particles poses two main
challenges: excluding any possible communication between the boxes
(locality loophole13) and guaranteeing efficient measurements (detec-
tion loophole14,15). First, if communication is possible, a box can in
principle respond using knowledge of both input settings, rendering
the Bell inequality invalid. The locality conditions thus require boxes A
and B and their respective free-input-bit generations to be separated in
such a way that signals travelling at the speed of light (the maximum
allowed under special relativity) cannot communicate the local input
setting of box A to box B, before the output value of box B has been
recorded, and vice versa. Second, disregarding trials in which a box
does not produce an output bit (that is, assuming fair sampling) would
allow the boxes to select trials on the basis of the input setting. The fair
sampling assumption thus opens a detection loophole14,15: the selected
subset of trials may show a violation even though the set of all trials
may not.

The locality loophole has been addressed with pairs of photons
separated over a large enough distance, in combination with fast set-
tings changes4 and later with settings determined by fast random
number generators5,9. However, these experiments left open the detec-
tion loophole, owing to imperfect detectors and inevitable photon loss
during the spatial distribution of entanglement. The detection loop-
hole has been closed in different experiments6–8,10–12, but these did not

1QuTech, Delft University of Technology, PO Box 5046, 2600 GA Delft, The Netherlands. 2Kavli Institute of Nanoscience Delft, Delft University of Technology, PO Box 5046, 2600 GA Delft, The Netherlands.
3ICFO-Institut deCiencies Fotoniques, TheBarcelona Institute ofScienceand Technology, 08860Castelldefels (Barcelona), Spain. 4ICREA-Institució Catalanade Recerca i EstudisAvançats, Lluis Companys
23, 08010 Barcelona, Spain. 5Element Six Innovation, Fermi Avenue, Harwell Oxford, Didcot, Oxfordshire OX11 0QR, UK. {Present address: Department of Physics, Harvard University, Cambridge,
Massachusetts 02138, USA.
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electron, to each box. The spin degree of freedom of the electron forms
a two-level system with eigenstates j"æ and j#æ. For each trial, the two
spins are prepared into the entangled state jy{i~ j:;i{j;:ið Þ

" ffiffiffi
2
p

.
The spin in box A is then measured along direction Z (for input bit
a 5 0) or X (for a 5 1) and the spin in box B is measured along
{ZzXð Þ

" ffiffiffi
2
p

(for b 5 0) or {Z{Xð Þ
" ffiffiffi

2
p

(for b 5 1). If the mea-
surement outcomes are used as outputs of the boxes, then quantum
theory predicts a value of S~2

ffiffiffi
2
p

, which shows that the combination
of locality and realism is fundamentally incompatible with the predic-
tions of quantum mechanics.

Bell’s inequality provides a powerful recipe for probing fundamental
properties of nature: all local-realist theories that specify where and
when the free random input bits and the output values are generated
can be experimentally tested against it.

Violating Bell’s inequality with entangled particles poses two main
challenges: excluding any possible communication between the boxes
(locality loophole13) and guaranteeing efficient measurements (detec-
tion loophole14,15). First, if communication is possible, a box can in
principle respond using knowledge of both input settings, rendering
the Bell inequality invalid. The locality conditions thus require boxes A
and B and their respective free-input-bit generations to be separated in
such a way that signals travelling at the speed of light (the maximum
allowed under special relativity) cannot communicate the local input
setting of box A to box B, before the output value of box B has been
recorded, and vice versa. Second, disregarding trials in which a box
does not produce an output bit (that is, assuming fair sampling) would
allow the boxes to select trials on the basis of the input setting. The fair
sampling assumption thus opens a detection loophole14,15: the selected
subset of trials may show a violation even though the set of all trials
may not.

The locality loophole has been addressed with pairs of photons
separated over a large enough distance, in combination with fast set-
tings changes4 and later with settings determined by fast random
number generators5,9. However, these experiments left open the detec-
tion loophole, owing to imperfect detectors and inevitable photon loss
during the spatial distribution of entanglement. The detection loop-
hole has been closed in different experiments6–8,10–12, but these did not
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Loophole-free Bell inequality violation using
electron spins separated by 1.3 kilometres
B. Hensen1,2, H. Bernien1,2{, A. E. Dréau1,2, A. Reiserer1,2, N. Kalb1,2, M. S. Blok1,2, J. Ruitenberg1,2, R. F. L. Vermeulen1,2,
R. N. Schouten1,2, C. Abellán3, W. Amaya3, V. Pruneri3,4, M. W. Mitchell3,4, M. Markham5, D. J. Twitchen5, D. Elkouss1,
S. Wehner1, T. H. Taminiau1,2 & R. Hanson1,2

More than 50 years ago1, John Bell proved that no theory of nature
that obeys locality and realism2 can reproduce all the predictions of
quantum theory: in any local-realist theory, the correlations
between outcomes of measurements on distant particles satisfy
an inequality that can be violated if the particles are entangled.
Numerous Bell inequality tests have been reported3–13; however,
all experiments reported so far required additional assump-
tions to obtain a contradiction with local realism, resulting in
‘loopholes’13–16. Here we report a Bell experiment that is free of
any such additional assumption and thus directly tests the principles
underlying Bell’s inequality. We use an event-ready scheme17–19 that
enables the generation of robust entanglement between distant
electron spins (estimated state fidelity of 0.92 6 0.03). Efficient
spin read-out avoids the fair-sampling assumption (detection
loophole14,15), while the use of fast random-basis selection and spin
read-out combined with a spatial separation of 1.3 kilometres
ensure the required locality conditions13. We performed 245 trials
that tested the CHSH–Bell inequality20 S # 2 and found
S 5 2.42 6 0.20 (where S quantifies the correlation between mea-
surement outcomes). A null-hypothesis test yields a probability
of at most P 5 0.039 that a local-realist model for space-like sepa-
rated sites could produce data with a violation at least as large as
we observe, even when allowing for memory16,21 in the devices.
Our data hence imply statistically significant rejection of the
local-realist null hypothesis. This conclusion may be further con-
solidated in future experiments; for instance, reaching a value of
P 5 0.001 would require approximately 700 trials for an observed
S 5 2.4. With improvements, our experiment could be used for
testing less-conventional theories, and for implementing device-
independent quantum-secure communication22 and randomness
certification23,24.

We consider a Bell test in the form proposed by Clauser, Horne,
Shimony and Holt (CHSH)20 (Fig. 1a). The test involves two boxes
labelled A and B. Each box accepts a binary input (0 or 1) and subse-
quently delivers a binary output (11 or 21). In each trial of the Bell
test, a random input bit is generated on each side and input to the
respective box. The random input bit triggers the box to produce an
output value that is recorded. The test concerns correlations between
the output values (labelled x and y for boxes A and B, respectively) and
the input bits (labelled a and b for A and B, respectively) generated
within the same trial.

The discovery made by Bell is that in any theory of physics that is
both local (physical influences do not propagate faster than light) and
realistic (physical properties are defined before, and independent of,
observation) these correlations are bounded more strongly than they
are in quantum theory. In particular, if the input bits can be considered
free random variables (condition of ‘free will’) and the boxes are

sufficiently separated such that locality prevents communication
between the boxes during a trial, then the following inequality holds
under local realism:

S~ x :yh i(0,0)z x :yh i(0,1)z x :yh i(1,0){ x :yh i(1,1)
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!!!ƒ2 ð1Þ

where Æx ? yæ(a,b) denotes the expectation value of the product of x and y
for input bits a and b. (A mathematical formulation of the concepts
underlying Bell’s inequality is found in, for example, ref. 25.)

Quantum theory predicts that the Bell inequality can be significantly
violated in the following setting. We add one particle, for example an
electron, to each box. The spin degree of freedom of the electron forms
a two-level system with eigenstates j"æ and j#æ. For each trial, the two
spins are prepared into the entangled state jy{i~ j:;i{j;:ið Þ
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.
The spin in box A is then measured along direction Z (for input bit
a 5 0) or X (for a 5 1) and the spin in box B is measured along
{ZzXð Þ

" ffiffiffi
2
p

(for b 5 0) or {Z{Xð Þ
" ffiffiffi

2
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(for b 5 1). If the mea-
surement outcomes are used as outputs of the boxes, then quantum
theory predicts a value of S~2
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, which shows that the combination
of locality and realism is fundamentally incompatible with the predic-
tions of quantum mechanics.

Bell’s inequality provides a powerful recipe for probing fundamental
properties of nature: all local-realist theories that specify where and
when the free random input bits and the output values are generated
can be experimentally tested against it.

Violating Bell’s inequality with entangled particles poses two main
challenges: excluding any possible communication between the boxes
(locality loophole13) and guaranteeing efficient measurements (detec-
tion loophole14,15). First, if communication is possible, a box can in
principle respond using knowledge of both input settings, rendering
the Bell inequality invalid. The locality conditions thus require boxes A
and B and their respective free-input-bit generations to be separated in
such a way that signals travelling at the speed of light (the maximum
allowed under special relativity) cannot communicate the local input
setting of box A to box B, before the output value of box B has been
recorded, and vice versa. Second, disregarding trials in which a box
does not produce an output bit (that is, assuming fair sampling) would
allow the boxes to select trials on the basis of the input setting. The fair
sampling assumption thus opens a detection loophole14,15: the selected
subset of trials may show a violation even though the set of all trials
may not.

The locality loophole has been addressed with pairs of photons
separated over a large enough distance, in combination with fast set-
tings changes4 and later with settings determined by fast random
number generators5,9. However, these experiments left open the detec-
tion loophole, owing to imperfect detectors and inevitable photon loss
during the spatial distribution of entanglement. The detection loop-
hole has been closed in different experiments6–8,10–12, but these did not
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To be more precise: this is Bell’s “four correlations” inequality, 
aka the “Bell – CHSH inequality”

Clauser, Horne, Shimony, Holt (1969) 

Bell (1964) “three correlations”: Special case <x⋅y>(0,0) = 1

Inputs (settings) a, b ∈ {0, 1} 
    Later in this talk: {1, 2} 
Outputs (outcomes) x, y ∈ {–1, +1} 
<…> = Expectation 
“⋅” = multiplication

Bell’s inequality
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FIG. 1. Bell test schematic and experimental realisation. (a) Bell test setup: Two boxes, A and B, accept binary inputs
(a, b) and produce binary outputs (x, y). In an event-ready scenario, an additional box C gives a binary output signalling that
the boxes A and B were successfully prepared. (b) Experimental realisation. The setup comprises three separate laboratories,
A, B and C. The boxes at location A and B each contain a single NV centre electron spin in diamond. A quantum random
number generator (RNG) is used to provide the input to the box. The spin is read out in a basis that depends on the input
bit and the resulting signal provides the output of the box. A third box at location C records the arrival of single photons that
were previously emitted by, and are entangled with, the spins at A and B. The detection of two such photons constitutes the
event-ready signal. (c) Detailed experimental setup at A and B. The electronic spin associated with a single nitrogen vacancy
(NV) centre in diamond is located in a low temperature confocal microscope setup (Obj). A fast switch (Sw) transmits only
one out of two di↵erent microwave (MW) pulses (P0 and P1), depending on the output of a quantum random number generator
(RNG). The microwave pulses are then applied via a gold strip-line deposited on the diamond surface (inset, scanning electron
microscope image of a similar device). The optical frequencies of the NV are tuned by a d.c. electric field applied to on-chip
gate electrodes (inset). Pulsed red and yellow lasers are used to resonantly excite the optical transitions of the NV centre. The
emission (dashed arrows) is spectrally separated into an o↵-resonant part (phonon side band, PSB) and a resonant part (zero-
phonon line, ZPL), using a dichroic mirror (DM). The PSB emission is detected with a single-photon counter (APD), whose
detection events are recorded together with the generated random numbers by a time-tagging device. The ZPL emission is
mostly transmitted through a beam-sampler (BS, reflection  4%) and two wave plates (�/2 and �/4), after which it is coupled
to a single mode fibre that guides the light to location C. (d) Setup at location C. The single-mode fibres from locations A and
B are connected to the input ports of a fibre-based beam splitter (FBS) after passing a fibre-based polarizer (POL). Photons
in the two output ports are detected using single photon counters, and detection events are recorded. (e) Aerial photograph
of the campus of Delft University of Technology indicating the distances between locations A, B and C. The red dotted line
marks the path of the fibre-connection.



50 Years Ago
It may not be generally realized 
that work is in progress on the 
colossal project of constructing a 
40-in. diameter, 300 miles long, 
Trans-Alpine oil pipeline to convey 
oil from the Adriatic to the heart 
of Germany … Among the many 
practical problems concerned with 
such a project, apart from tunnelling 
and mechanical excavation in the 
high Alps, are the necessity to dredge 
the harbour at Trieste so that it can 
eventually accommodate oil tankers 
of 160,000 dead weight tons; setting 
storage tanks there on piles because 
available land is a rocky hill site; 
construction of several thousand feet 
of piers in the Adriatic … Involved 
also in the scheme is the building of 
five separate pumping stations, each 
equipped with two 4,000-horse-
power electric centrifugal pumps 
required to lift hundreds of 
thousands of tons of oil from  
sea-level to one of the highest  
points of Felber Tauern.
From Nature 30 October 1965

100 Years Ago
‘Distances at which sounds of heavy 
gun-firing are heard’ — Referring to 
the correspondence on this subject, 
I have been collecting information 
as to places at which the sound of the 
firing in Belgium has been heard in 
this country … Here, at a distance 
of about 125 miles from Ypres 
(taking that town for convenience, 
as a known centre) I have heard 
firing quite unmistakably since the 
beginning of the war — often all day, 
and for many days in succession, 
and frequently at night too. So far 
as I have been able to ascertain, 
the greatest distance from Ypres 
at which the firing has been heard 
unmistakably is about 140 miles … 
Observations seem to show that the 
direction of the wind has less to do 
with the transmission of the sound 
than certain atmospheric conditions.
From Nature 28 October 1915

Q U A N T U M  P H Y S I C S

Death by experiment 
for local realism
A fundamental scientific assumption called local realism conflicts with certain 
predictions of quantum mechanics. Those predictions have now been verified, 
with none of the loopholes that have compromised earlier tests. SEE LETTER P.682 

H O W A R D  W I S E M A N

The world is made up of real stuff,  
existing in space and changing only 
through local interactions — this local-

realism hypothesis is about the most intuitive 
scientific postulate imaginable. But quantum 
mechanics implies that it is false, as has been 
known for more than 50 years1. However, bril-
liantly successful though quantum mechan-
ics has been, it is still only a theory, and no 
definitive experiment has disproved the local-
realism hypothesis — until now. On page 682 
of this issue, Hensen et al.2 report the first 
violation of a constraint called a Bell inequal-
ity, under conditions that prevent alternative 

explanations of the experimental data. Their 
findings therefore rigorously reject local  
realism, for the first time.

Bell inequalities are named after John Bell, 
the physicist who discovered in 1964 that 
the predictions of quantum mechanics are 
incompatible with the local-realism hypoth-
esis1. There are many different ways to make 
this hypothesis precise3, but Hensen and col-
leagues’ exposition basically follows Bell’s 
original formulation, which states it as the 
conjunction of two other hypotheses: realism 
(which Bell called predetermination), essen-
tially meaning that measurements reveal pre-
existing physical properties of the world; and 
locality, roughly meaning that any change 

Figure 1 | Violation of a three-party Bell inequality. A Bell inequality is a mathematical relationship 
regarding the statistics of measurement outcomes obtained by two or more parties. Under certain physical 
conditions relating to the timing of events, a violation of a Bell inequality proves that local realism — a 
hypothesis satisfied in all of science except quantum mechanics — is false. Hensen et al.2 have violated a 
Bell inequality in such a way that the requisite physical conditions were satisfied for the first time, using 
the scheme shown in this cartoon. a, At separate locations, Alice and Bob create entangled states of an 
electron and a photon, then send the photons to Juanita’s laboratory. b, Alice and Bob randomly choose 
a setting for measurements of their respective electrons. c, They obtain their measurement outcomes, 
and Juanita performs a joint measurement of the photons. Alice’s and Bob’s outcomes are purely random 
unless Juanita gets a rare successful outcome (as shown here) that indicates entanglement between Alice’s 
and Bob’s electrons. By collating the results over many runs, Hensen et al. showed that a Bell inequality 
had been violated by a statistically significant amount.
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Loophole-free Bell inequality violation using
electron spins separated by 1.3 kilometres
B. Hensen1,2, H. Bernien1,2{, A. E. Dréau1,2, A. Reiserer1,2, N. Kalb1,2, M. S. Blok1,2, J. Ruitenberg1,2, R. F. L. Vermeulen1,2,
R. N. Schouten1,2, C. Abellán3, W. Amaya3, V. Pruneri3,4, M. W. Mitchell3,4, M. Markham5, D. J. Twitchen5, D. Elkouss1,
S. Wehner1, T. H. Taminiau1,2 & R. Hanson1,2

More than 50 years ago1, John Bell proved that no theory of nature
that obeys locality and realism2 can reproduce all the predictions of
quantum theory: in any local-realist theory, the correlations
between outcomes of measurements on distant particles satisfy
an inequality that can be violated if the particles are entangled.
Numerous Bell inequality tests have been reported3–13; however,
all experiments reported so far required additional assump-
tions to obtain a contradiction with local realism, resulting in
‘loopholes’13–16. Here we report a Bell experiment that is free of
any such additional assumption and thus directly tests the principles
underlying Bell’s inequality. We use an event-ready scheme17–19 that
enables the generation of robust entanglement between distant
electron spins (estimated state fidelity of 0.92 6 0.03). Efficient
spin read-out avoids the fair-sampling assumption (detection
loophole14,15), while the use of fast random-basis selection and spin
read-out combined with a spatial separation of 1.3 kilometres
ensure the required locality conditions13. We performed 245 trials
that tested the CHSH–Bell inequality20 S # 2 and found
S 5 2.42 6 0.20 (where S quantifies the correlation between mea-
surement outcomes). A null-hypothesis test yields a probability
of at most P 5 0.039 that a local-realist model for space-like sepa-
rated sites could produce data with a violation at least as large as
we observe, even when allowing for memory16,21 in the devices.
Our data hence imply statistically significant rejection of the
local-realist null hypothesis. This conclusion may be further con-
solidated in future experiments; for instance, reaching a value of
P 5 0.001 would require approximately 700 trials for an observed
S 5 2.4. With improvements, our experiment could be used for
testing less-conventional theories, and for implementing device-
independent quantum-secure communication22 and randomness
certification23,24.

We consider a Bell test in the form proposed by Clauser, Horne,
Shimony and Holt (CHSH)20 (Fig. 1a). The test involves two boxes
labelled A and B. Each box accepts a binary input (0 or 1) and subse-
quently delivers a binary output (11 or 21). In each trial of the Bell
test, a random input bit is generated on each side and input to the
respective box. The random input bit triggers the box to produce an
output value that is recorded. The test concerns correlations between
the output values (labelled x and y for boxes A and B, respectively) and
the input bits (labelled a and b for A and B, respectively) generated
within the same trial.

The discovery made by Bell is that in any theory of physics that is
both local (physical influences do not propagate faster than light) and
realistic (physical properties are defined before, and independent of,
observation) these correlations are bounded more strongly than they
are in quantum theory. In particular, if the input bits can be considered
free random variables (condition of ‘free will’) and the boxes are

sufficiently separated such that locality prevents communication
between the boxes during a trial, then the following inequality holds
under local realism:

S~ x :yh i(0,0)z x :yh i(0,1)z x :yh i(1,0){ x :yh i(1,1)
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where Æx ? yæ(a,b) denotes the expectation value of the product of x and y
for input bits a and b. (A mathematical formulation of the concepts
underlying Bell’s inequality is found in, for example, ref. 25.)

Quantum theory predicts that the Bell inequality can be significantly
violated in the following setting. We add one particle, for example an
electron, to each box. The spin degree of freedom of the electron forms
a two-level system with eigenstates j"æ and j#æ. For each trial, the two
spins are prepared into the entangled state jy{i~ j:;i{j;:ið Þ
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.
The spin in box A is then measured along direction Z (for input bit
a 5 0) or X (for a 5 1) and the spin in box B is measured along
{ZzXð Þ

" ffiffiffi
2
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(for b 5 0) or {Z{Xð Þ
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(for b 5 1). If the mea-
surement outcomes are used as outputs of the boxes, then quantum
theory predicts a value of S~2
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, which shows that the combination
of locality and realism is fundamentally incompatible with the predic-
tions of quantum mechanics.

Bell’s inequality provides a powerful recipe for probing fundamental
properties of nature: all local-realist theories that specify where and
when the free random input bits and the output values are generated
can be experimentally tested against it.

Violating Bell’s inequality with entangled particles poses two main
challenges: excluding any possible communication between the boxes
(locality loophole13) and guaranteeing efficient measurements (detec-
tion loophole14,15). First, if communication is possible, a box can in
principle respond using knowledge of both input settings, rendering
the Bell inequality invalid. The locality conditions thus require boxes A
and B and their respective free-input-bit generations to be separated in
such a way that signals travelling at the speed of light (the maximum
allowed under special relativity) cannot communicate the local input
setting of box A to box B, before the output value of box B has been
recorded, and vice versa. Second, disregarding trials in which a box
does not produce an output bit (that is, assuming fair sampling) would
allow the boxes to select trials on the basis of the input setting. The fair
sampling assumption thus opens a detection loophole14,15: the selected
subset of trials may show a violation even though the set of all trials
may not.

The locality loophole has been addressed with pairs of photons
separated over a large enough distance, in combination with fast set-
tings changes4 and later with settings determined by fast random
number generators5,9. However, these experiments left open the detec-
tion loophole, owing to imperfect detectors and inevitable photon loss
during the spatial distribution of entanglement. The detection loop-
hole has been closed in different experiments6–8,10–12, but these did not
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First loophole-free experimental 
violation of Bell’s inequality

• Bell (1964) showed that according to quantum theory, 
quantum systems could exhibit correlations impossible 
under classical physics without faster-than-light 
communication 

• Such quantum correlations have since been observed in 
many laboratory experiments, but till now, always in a 
setting where there is a classical explanation without FTL 

• They could not quite do the right experiment, and had to 
make do with surrogates; e.g.: Aspect et al. 1981, 1982, 
Weihs et al. 1998, …



Example: Weihs et al. (1998)



Time

Setting a Setting b

Outcome x Outcome y

Bell (1981) “Bertlmann’s socks  
and the nature of reality”

Alice Bob



One trial of  

the Bell Game
• Alice and Bob make preparations 

• They are separated, and may no longer communicate 

• Each is given a setting: “1” or “2” 

• They must both now deliver an outcome: “red” or “green” 

• Their aim: their outcomes are equal unless both settings are “1”, when 
outcomes are different 

• i.e.: outcomes r,g or g,r with settings 11; outcomes r,r or g,g with settings 12, 
21, or 22 

• Note: for variables X, Y taking values +/–1,  

<X⋅Y> = E(XY) = Prob(X = Y) – Prob(X ≠ Y) = 1 – 2 Prob(X ≠ Y)



One trial of 

the Bell Game
• Alice and Bob make preparations 

• They are separated, and may no longer communicate 

• Each is given a setting: “1” or “2” (assume: fair coin tosses) 

• They must both now deliver an outcome: “red” or “green” 

• Their aim: their outcomes are equal unless both settings are “1”, when 
outcomes are different 

• Aim: outcomes r,g or g,r with settings 11; outcomes r,r or g,g with settings 12, 
21, or 22 

• Note: for variables X, Y taking values +/–1,  

<X⋅Y> = E(XY) = Prob(X = Y) – Prob(X ≠ Y) = 1 – 2 Prob(X ≠ Y)

Repeat N times 
Between trials, Alice and Bob may confer



Optimal play, per trial
• If Alice and Bob want to use any randomisation, they 

might as well perform all randomisations which they 
either might need, in advance, while they are still 
together 

• Given all results of any randomisations, their strategy 
specifies an “instruction set”: colours for Alice for 
settings 1 and 2, colours for Bob for settings 1 and 2 

• There are exactly 24 = 16 different instruction sets 

• Let’s take a look at some of them …

Their adversary, Caspar, will pick settings by fair coin tosses



❤❤

❤

☯

Question: can you colour the four balls green and red so that

the two on the bottom have the same colour ❤

the two on top have different colours ☯

the two on the  
left have the  

same colour ❤

the two on the  
right have the  

same colour ❤

Alice 
1

Bob 
1

Bob 
2

Alice 
2
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✗
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☯

✗

✓

✓

✓



❤❤

❤

☯

✓

✓

✗

✓



❤❤

❤

☯

✗

✓

✗

✗



❤❤

❤

☯

✗

✗

✓

✗



❤❤

❤

☯

✓

✗

✗

✗



❤❤

❤

☯

Question: can you colour the four balls green and red, so that   

Answer:  
No you can’t. 

Either one  
or three  
failures

the two on top have different colours ☯

the two on the  
left have the  

same colour ❤

the two on the  
right have the  

same colour ❤

the two on the bottom have the same colour ❤



Optimal play for Alice & Bob 
vs adversary Caspar

• 8 = 2 × 4 instruction sets deliver 3 successes, 1 
failure, as we run through the four setting pairs (11 
= top, 12 = left, 21 = right, 22 = bottom) 

• The other 8 deliver 3 failures, 1 success 

• Choosing 1 of the first 8 uniformly at random is 
optimal (“equalizer strategy”) 

• Caspar should choose settings uniformly at random 
(“minimax solution”)



Theorem
If Caspar supplies settings by independent fair coin tosses, 
then, whatever strategy is used by Alice and Bob, and for all x, 

Pr(#successes ≥ x )  

≤  Pr(Bin(N, ¾) ≥ x ) 

Note: This result is essentially equivalent to Bell’s inequality: 
per trial, conditional on the past, 

       ¼ Pr(“=” | 12) + ¼ Pr(“=” | 22) + ¼ Pr(“=”|21) 

              – ¼ Pr(“=” | 11)    ≤    ¾



Bell game results in Delft

• N = 245 

• Success rate: 80% 

• Optimal rate under “local realism” 75% 

• Optimal rate under “quantum mechanics” 85% 
(“Tsirelson bound”)

Why can’t QM do better? 
Marcin Pawłowski et al.: “Information Causality” 

½ + ¼√2 = 0.85



Delft Bell results in round 
numbers

• 75% of 240 is 180 

• 80% of 240 is 192 

• Binomial variance N = 240, p = ¾ is 240 × ¾ × ¼ = 
45 not far from 49 = 7 × 7 

• 192 – 180 = 12 = approx 2 standard deviations 

• Actual result: N = 245, # successes = 196 

• Pr( Bin(245, ¾) ≥ 196 ) = 0.039



Note: no gain in strategies 
which use memory and time

• First such results obtained by Gill (2001) using 
martingale theory; rewrite usual “combination of 
four correlations” as final result of a game 

• My aim: protocol for bet against someone who 
claims he can simulate the quantum correlations 
with (classically) networked classical computers

N = 2000 
Win/lose: success rate < > 80% 

If either is right, probability lose < 10–7



Martingale result

• The probability of at least 196 successes in 245 
trials is at most Pr( Bin(245, ¾) ≥ 196 ) = 0.039, 
whatever strategy is used (possibly time 
dependent, possibly dynamic) 

• What is essential: settings are chosen repeatedly 
completely at random



Delft innovation: use 
entanglement swapping

• Photons leave each spin system and (hopefully) 
reach central location and interact there 

• Sometimes they are both detected after interaction



Algebra (abracadabra?)
(00 + 11) (00 + 11) = 0000 + 0011 + 1100 + 1111 

= 0(00)0 + 0(01)1 + 1(10)0 + 1(11)1 

= 11 + 22 + 33 + 44 

11 + 44 = 1((1 + 4) + (1 – 4)) + 4((1 + 4) – (1 – 4)) 

=(1 + 4)(1 + 4) + (1 – 4)(1 – 4) 

(00 + 11) (00 + 11) 

= (00 + 11)(00 + 11) + (00 –11)(00 – 11) + (01 + 10)(01 + 10) + (01 – 10)(01 – 10)



source

source source

Traditional

New

Alice BobCaspar

Alice Bob
Caspar



More precisely

• Alice, Bob and Caspar each choose a setting and 
make a measurement.We investigate the 
correlations between Alice and Bob’s outcomes 
given their settings, conditional on Caspar’s setting 
and outcome.



Another experiment
Strong Loophole-Free Test of Local Realism*

Lynden K. Shalm,1,† Evan Meyer-Scott,2 Bradley G. Christensen,3 Peter Bierhorst,1 Michael A. Wayne,3,4 Martin
J. Stevens,1 Thomas Gerrits,1 Scott Glancy,1 Deny R. Hamel,5 Michael S. Allman,1 Kevin J. Coakley,1 Shellee D. Dyer,1

Carson Hodge,1 Adriana E. Lita,1 Varun B. Verma,1 Camilla Lambrocco,1 Edward Tortorici,1 Alan L. Migdall,4,6
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5Département de Physique et d’Astronomie, Université de Moncton, Moncton, New Brunswick E1A 3E9, Canada
6Joint Quantum Institute, National Institute of Standards and Technology and University of Maryland, 100 Bureau Drive,

Gaithersburg, Maryland 20899, USA
7Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive, Pasadena, California 91109, USA
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We present a loophole-free violation of local realism using entangled photon pairs. We ensure that all
relevant events in our Bell test are spacelike separated by placing the parties far enough apart and by using
fast random number generators and high-speed polarization measurements. A high-quality polarization-
entangled source of photons, combined with high-efficiency, low-noise, single-photon detectors, allows us
to make measurements without requiring any fair-sampling assumptions. Using a hypothesis test, we
compute p values as small as 5.9 × 10−9 for our Bell violation while maintaining the spacelike separation
of our events. We estimate the degree to which a local realistic system could predict our measurement
choices. Accounting for this predictability, our smallest adjusted p value is 2.3 × 10−7. We therefore reject
the hypothesis that local realism governs our experiment.

DOI: 10.1103/PhysRevLett.115.250402 PACS numbers: 03.65.Ud, 42.50.Xa, 42.65.Lm

But if [a hidden variable theory] is local it will not agree
with quantum mechanics, and if it agrees with quantum
mechanics it will not be local. This is what the theorem
says. –JOHN STEWART BELL [1].

Quantum mechanics at its heart is a statistical theory. It
cannot, with certainty, predict the outcome of all single
events, but instead it predicts probabilities of outcomes.
This probabilistic nature of quantum theory is at odds with
the determinism inherent in Newtonian physics and rela-
tivity, where outcomes can be exactly predicted given
sufficient knowledge of a system. Einstein and others felt
that quantum mechanics was incomplete. Perhaps quantum

systems are controlled by variables, possibly hidden from
us [2], that determine the outcomes of measurements. If we
had direct access to these hidden variables, then the
outcomes of all measurements performed on quantum
systems could be predicted with certainty. The 1927
pilot-wave theory of de Broglie was a first attempt at
formulating a hidden variable theory of quantum physics
[3]; it was completed in 1952 by Bohm [4,5]. While the
pilot-wave theory can reproduce all of the predictions of
quantum mechanics, it has the curious feature that hidden
variables in one location can instantly change values
because of events happening in distant locations. This
seemingly violates the locality principle from relativity,
which says that objects cannot signal one another faster
than the speed of light. In 1935 the nonlocal feature of
quantum systems was popularized by Einstein, Podolsky,
and Rosen [6], and is something Einstein later referred to as
“spooky actions at a distance” [7]. But in 1964 Bell showed
that it is impossible to construct a hidden variable theory
that obeys locality and simultaneously reproduces all of the
predictions of quantum mechanics [8]. Bell’s theorem

*This work includes contributions of the National Institute of
Standards and Technology, which are not subject to U.S. copy-
right.
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Yet another …

Significant-Loophole-Free Test of Bell’s Theorem with Entangled Photons
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Boltzmanngasse 3, Vienna 1090, Austria
2Quantum Optics, Quantum Nanophysics and Quantum Information, Faculty of Physics, University of Vienna,

Boltzmanngasse 5, Vienna 1090, Austria
3Max-Planck-Institute of Quantum Optics, Hans-Kopfermann-Straße 1, 85748 Garching, Germany

4Institutionen för Systemteknik, Linköpings Universitet, 581 83 Linköping, Sweden
5ICFO – Institut de Ciencies Fotoniques, The Barcelona Institute of Science and Technology, 08860 Castelldefels, Barcelona, Spain
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(Received 10 November 2015; published 16 December 2015)

Local realism is the worldview in which physical properties of objects exist independently of
measurement and where physical influences cannot travel faster than the speed of light. Bell’s theorem
states that this worldview is incompatible with the predictions of quantum mechanics, as is expressed in
Bell’s inequalities. Previous experiments convincingly supported the quantum predictions. Yet, every
experiment requires assumptions that provide loopholes for a local realist explanation. Here, we report a
Bell test that closes the most significant of these loopholes simultaneously. Using a well-optimized source
of entangled photons, rapid setting generation, and highly efficient superconducting detectors, we observe a
violation of a Bell inequality with high statistical significance. The purely statistical probability of our
results to occur under local realism does not exceed 3.74 × 10−31, corresponding to an 11.5 standard
deviation effect.

DOI: 10.1103/PhysRevLett.115.250401 PACS numbers: 03.65.Ud, 42.50.Xa

Einstein, Podolsky, and Rosen (EPR) argued that the
quantum mechanical wave function is an incomplete
description of physical reality [1]. They started their
discussion by noting that quantum mechanics predicts
perfect correlations between the outcomes of measurements
on two distant entangled particles. This is best discussed
considering Bohm’s example of two entangled spin-1=2
atoms [2,3], which are emitted from a single spin-0
molecule and distributed to two distant observers, now
commonly referred to as Alice and Bob. By angular
momentum conservation, the two spins are always found
to be opposite. Alice measures the spin of atom 1 in a freely
chosen direction. The result obtained allows her to predict
with certainty the outcome of Bob should he measure atom
2 along the same direction. Since Alice could have chosen
any possible direction and since there is no interaction
between Alice and Bob anymore, one may conclude that
the results of all possible measurements by Bob must have

been predetermined. However, these predeterminate values
did not enter the quantum mechanical description via the
wave function. This is the essence of the argument by EPR
that the quantum state is an incomplete description of
physical reality [1].
Bell’s theorem states that quantum mechanics is incom-

patible with local realism. He showed that if we assume, in
line with Einstein’s theory of relativity, that there are no
physical influences traveling faster than the speed of light
(the assumption of locality) and that objects have physical
properties independent of measurement (the assumption of
realism), then correlations in measurement outcomes from
two distant observers must necessarily obey an inequality
[4]. Quantum mechanics, however, predicts a violation of
the inequality for the results of certain measurements
on entangled particles. Thus, Bell’s inequality is a tool to
rule out philosophical standpoints based on experimental
results. Indeed, violations have been measured.
Do these experimental violations invalidate local real-

ism? That is not the only logical possibility. The exper-
imental tests of Bell’s inequality thus far required extra
assumptions, and therefore left open loopholes that still
allow, at least in principle, for a local realist explanation
of the measured data. (Note that empirically closing a
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Tiny violation, huge 
significance

• Giustina et al. (Vienna): success rate 75.00073%, N 
= 3503 million 

• Shalm et al. (NIST, Boulder, Co): success rate 
75.00142%, N = 177 million 

• p-values … 

• These are both “traditional” types of the experiment 



Novelty of NIST, Vienna?
• Use Eberhard inequality instead of Bell-CHSH 

• Use almost not entangled state, different 
measurements 

• Peter Biermann: at ≥ 75% detector efficiency it is 
just possible for QM to violate Bell’s inequality, 
provided we choose “best state and 
measurements” far from “usual” “optimal” choice.



Conclusion

• We need better experiments still … 

• They will certainly need statistics



Want to know more?

• http://www.math.leidenuniv.nl/~gill 

• Survey paper in Statistical Science
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Statistics, Causality and Bell’s Theorem
Richard D. Gill

Abstract. Bell’s [Physics 1 (1964) 195–200] theorem is popularly sup-
posed to establish the nonlocality of quantum physics. Violation of
Bell’s inequality in experiments such as that of Aspect, Dalibard and
Roger [Phys. Rev. Lett. 49 (1982) 1804–1807] provides empirical proof
of nonlocality in the real world. This paper reviews recent work on
Bell’s theorem, linking it to issues in causality as understood by statis-
ticians. The paper starts with a proof of a strong, finite sample, version
of Bell’s inequality and thereby also of Bell’s theorem, which states that
quantum theory is incompatible with the conjunction of three formerly
uncontroversial physical principles, here referred to as locality, realism
and freedom.
Locality is the principle that the direction of causality matches the

direction of time, and that causal influences need time to propagate
spatially. Realism and freedom are directly connected to statistical
thinking on causality: they relate to counterfactual reasoning, and to
randomisation, respectively. Experimental loopholes in state-of-the-art
Bell type experiments are related to statistical issues of post-selection
in observational studies, and the missing at random assumption. They
can be avoided by properly matching the statistical analysis to the ac-
tual experimental design, instead of by making untestable assumptions
of independence between observed and unobserved variables. Method-
ological and statistical issues in the design of quantum Randi challenges
(QRC) are discussed.
The paper argues that Bell’s theorem (and its experimental confir-

mation) should lead us to relinquish not locality, but realism.

Key words and phrases: Counterfactuals, Bell inequality, CHSH in-
equality, Tsirelson inequality, Bell’s theorem, Bell experiment, Bell test
loophole, nonlocality, local hidden variables, quantum Randi challenge.

1. INTRODUCTION

Bell’s (1964) theorem states that certain predic-
tions of quantum mechanics are incompatible with
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the conjunction of three fundamental principles of
classical physics which are sometimes given the short
names “realism”, “locality” and “freedom”. Corre-
sponding real world experiments, Bell experiments,
are supposed to demonstrate that this incompati-
bility is a property not just of the theory of quan-
tum mechanics, but also of nature itself. The conse-
quence is that we are forced to reject at least one of
these three principles.
Both theorem and experiment hinge around an

inequality constraining probability distributions of
outcomes of measurements on spatially separated
physical systems; an inequality which must hold if
all three fundamental principles are true. In a nut-

1

and freedom.

http://www.math.leidenuniv.nl/~gill


I cannot say that action at a distance is required in physics. But I cannot say that 
you can get away with no action at a distance. You cannot separate off what 
happens in one place with what happens at another – John Bell 

Nature produces chance events (irreducibly chance-like!) which can occur at 
widely removed spatial locations without anything propagating from point to point 
along any path joining those locations. … The chance-like character of these 
effects prevents any possibility of using this form of non locality to 
communicate, thereby saving from contradiction with one of the fundamental 
principles of relativity theory according to which no communication can travel 
faster than the speed of light – Nicolas Gisin

Postscript

Quantum Chance: Nonlocality, Teleportation and Other Quantum Marvels. Springer, 2014

https://www.youtube.com/watch?v=V8CCfOD1iu8 (video of a talk at CERN) 
http://www.quantumphil.org./Bell-indeterminism-and-nonlocality.pdf (transcript) 
https://www.informationphilosopher.com/solutions/scientists/bell/Bell-Davies.pdf 
(transcript of BBC radio interview)

https://www.youtube.com/watch?v=V8CCfOD1iu8
http://www.quantumphil.org./Bell-indeterminism-and-nonlocality.pdf
https://www.informationphilosopher.com/solutions/scientists/bell/Bell-Davies.pdf

