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Spin Singlet — Measurements Along Same Axis

|‘Pn) =

L
V2
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p=1

Spin Up: |T,), L)k

SpinUp: P=0

Spin Down: P =1

P=1

Spin Down: |1,),|T,)r

Spin Up: P=1

Spin Down: P =0

Probability of anti-correlation = 1
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Spin Singlet — Measurements Along Different Axes
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SpinUp: P = cos?(9/,)

SpinUp: P =sin?(?/,)

Spin Down: P = sm:(H/z}

Spin Down: P = COS“‘(H/Z)
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Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?
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1.

ANY serious consideration of a physical
theory must take into account the dis-
tinction between the objective reality, which is
independent of any theory, and the physical
concepts with which the theory operates. These
concepts are intended to correspond with the
objective reality, and by means of these concepts
we picture this reality to ourselves.

In attempting to judge the' success of a
physical theory, we may ask ourselves two ques-
tions: (1) “Is the theory correct?” and (2) “Is
the description given by the theory complete?”
It is only in the case in which positive answers
may be given to both of these questions, that the
concepts of the theory may be said to be satis-
factory. The correctness of the theory is judged
by the degree of agreement between the con-
clusions of the theory and human experience.
This experience, which alone enables us to make
inferences about reality, in physics takes the
form of experiment and measurement. It is the
second question that we wish to consider here, as
applied to quantum mechanics.

Whatever the meaning assigned to the t = "o

complete, the following requirement for a ¢  CloseMen

condition of completeness. The second question
is thus easily answered, as soon as we are able to
decide what are the elements of the physical
reality.

The elements of the physical reality cannot
be determined by a priori philosophical con-
siderations, but must be found by an appeal to
results of experiments and measurements. A
comprehensive definition of reality is, however,
unnecessary for our purpose. We shall be satisfied
with the following criterion, w z rard as
reasonable. |If, without in any way disturbing a
system, we can predict with certainty (i.e., will
probability equal to unity) the value of a physical
quanl:'ty then tl:erc cx-:'sl.s an clemcnt of physical

SCC
e.\haustmg all po:,sable ways o[ recognizing a
physical reality, at least provides us with one

EPRZ
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EPR Argument
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FIG. 4. Average normalized colncidence rate as a
function of the relative orientation of the polarizers.
Indicated errors are + 1 standard deviation, The dashed
curve is not a fit to the data but the predictions by quan-
tum mechanies for the actual experiment

Two runs have been performed in order to test
Bell’s inequalities. In each run, we have chosen
a get of orientations leading to the greatest pre-
dicted conflict between quantum mechanics and
Bell’s inequalities [(a,b) =(b,3’) =(@',b’) =22.5°%
@,b')=67.5°]. The average of the two runs yields

Seypr =0.101£ 0,020,

violating the inequality S <0 by 5 standard devia-
tions. On the other hand, for our solid angles
and polarizer efficiencies, quantum mechanice
predicts Sqm =0.112,

We have carried out another run with different
orientations, for a direct comparison with quan-
tum mechanics. Figure 4 shows that the agree-
ment is excellent.
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Experimental loophole-free violation of a Bell inequality using entangled electron Com le }‘¢ /
A— spins separated by 1.3 km 7
B. Hensen,"? H. Bernien,"*[] A.E. Dréau,"? A. Reiserer,"? N, Kalb,"? M.S. Blok," 2 J, Ruitenberg {“fL “e’ ‘F"QJ
R.F.L. Vermeulen,m # R.N. Schouten."? C. Abellan,® W. Amaya,* V. Pruneri,* M.W. Mitchell, ™

M. Markham.® D.J. Twitchen,® D. Elkouss,'! S. Wehner,! T H. Taminian,? and R. Hanson' H ﬂ!‘ u&l (r SQQ
"QuTech, Delft University of Technology, P.O. Box 5046, 2600 GA Delft, The Netherlands -
*Kavli Institute of Nanoscience Delft, Delft University of Technology,
P.0. Box 5046, 2600 GA Delft, The Netherlands
YCFO-Institut de Ciencies Fotoniques, Av. Carl Friedrich Gauss, 3, 08860 Castelldefels, Bareelona, Spain
YCREA-Institucid Catalana de Recerca i Estudis
'Element Sie Innovation, Fermi Avenue, Harwell Ozford
Dideot, Oxfordshire OX110QR, Uni

anals, Liuis Companys 23, 08010 Barcelona, Spain

I Kingdom

For more than 80 years, the counterintuitive predictions of quantum theory have stimulated de
1

bate about the nature of reality’. In his seminal work®, John Bell proved that no theory of nature
that obeys locality and realism can reproduce all the predictions juantum theory, Bell showed
that in any local realist theory the correlations between distant measurements satisfy an inequality
and, morcover, that this inequality can be violated according to quantum theory, This provided a
recipe for experimental tests of the fundamental prineiples underlying the laws of nature. In the
past decades, numerous ingenious Bell inequality tests have been re ported® ', However, because of
experimental limitations, all experiments to date required additional assumptions to obtain a contra
diction with local realism, resulting in loopholes'*'®, Here we report on a Bell experiment that is fres
of any such additional assumption and thus directly tests the principles underlying Bell's inequality

We employ an event-ready scheme® "™ ' that enables the sation of high-fidelity entanglement

ssumption (deted

between distant electron spins, Efficient spin readout avoids the fair sampling

tion loophole 111 Cwhile the use of fast random basis selection and readout combined with a spatial
separation of 1.3 km ensure the required loeality conditions'™. We perform 245 trinls testing the
CHSH-Bell inequality'™ § 2 and find § 2,42 4 0.20. A null hypothesis test yvields a probability
of p 0.039 that a local-realist model for space-like separated sites produces data with a violation
at least : wrved, even when allowing for memory'™ '™ in the device I'his result rules
out large of local realist theories, and paves the way for ll|\|v¥"|\|-'||IH=" device m~|--|u-\=~|w-m
quantum=-secure comimunication " and randomness certification i
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For more than 80 years, the counterintuitive predictions of quantum theory have stimulated de

1 ] 1
bate about the nature of reality’. In his seminal work®, John Bell proved that no theory of nature
I

that in any local realist theory the correlations between distant measurements satisly an inequality

that obeys locality and realism can reproduce all the prediction juantum theory, Bell showed

and, morcover, that this inequality can be violated according to quantum theory, This provided a
recipe for experimental tests of the fundamental principles®underlying the laws of nature. In the
past decades, numerous ingenious Bell inequality tests have been reported™ '™, However, because of
experimental limitations, all experiments to date required additional assumptions to obtain o contra

" wriment that is free

diction with local realism, resulting in |~-|-]>'||-i| Here we re port on a “\-H-‘\|
ol any such additional assumption and thus directly tests the principles underlying Bell’s inequality

We employ an event-ready scheme® ™' that enables the generation of high-fidelity entanglement

between distant electron spins Efficient spin readout avoids the fair '~-\||1;|||||:' issumpLion detes

), while the use of [ast random basis selection and readout combined with a spatial
12

13
tion loophole

separation of 1.3 km ensure the required locality conditions'?, We perform 245 trinls testing the
CHSH-Bell inequality'™ § 2 and find § 2,42 4 0.20. A null hypothesis test yvields a probability
of p = 0,039 that a local-realist model for space-like separated sites produces data with a violation
at least large s observed, even when allowing for memory'™ '™ in the devices, This result rules
out large classes of local realist theories, and paves the way for implementing device-independent
quantume-secure communieation ' and randomness certification®!#?
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ANOTHER LoOPHOLE: NOT YET (Fuuv) (CLOSED

Schematic standard Bell experiment

coincidence [j
counter If we take the view that

quantum theory involves a transition
from potential (wave function) to

R actual (measurements) at some
uncertain scale, standard Bell
experiments don't necessarily
establish quantum nonlocality,
because of ....

filters and —

& photomultipliers

source of
S & entangled

photons
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The collapse locality loophole
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The collapse locality loophole collapse induced by

| measurement takes place only
coincidence here (or later) and so involves no
OLRtar = space-like separated events

L_ filters and -R-,

{ photomuiltipliers —
Mrce of

S & entangled

photons

Pirsa: 16070010

Page 36/44



The Salart et al. experiment

Space-like Separation in a Bell Test assuming Gravitationally Induced Collapses

D, Salart, A. Baas, J.A.W. van Houwelingen, N. Gisin, and H. Zbinden
Group of Applied Physics, University of Geneva, 20, Rue de I'Ecole de Médecine, CH-1211 Geneva Suitzerland

4

February 11, 2013

We report on a Bell experiment with space-like separation assuming that the measurement time
is related to gravity-induced state reduction. Two energy-time entangled photons are sent through
optieal fibers and directed into unbalanced interferometers at two receiving stations separated by
18 km. At each station, the detection of a photon triggers the displacement of a macroscopic mass
['he timing ensures space-like separation from the moment a photon enters its interferometer until
the mass has moved. 2-photon interference fringes with a visibility of up to 90.5% are obtained
leading to a violation of Bell inequality

Space-like Separation in a Bell Test assuming Gravitationally Induced Collapses
D. Salart, A. Baas, J.A.W. van Houwelingen, N. Gisin, H. Zbinden
Journal-ref: PRL 100, 220404 (2008)
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Key experimental ideas

He-Ne Laser

@ Piezo crystal responds very fast
to pulse from photodetector

@ attached mirror

Mirror == \ allows deformation of
crystal to be measured
BS very precisely and fast

via interferometry

J

Single-photon

Photodiode

detector ' 4V
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He-Ne Laser

Time from photons
entering detector to
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for a displacement of
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Time from photons —_

entering detector to Whether and how quickly a superposition
mirror displacing is of the relevant gravitational fields collapses is
model-dependent. But at least a couple of

M well known (albeit arguably ad hoc and incomplete)
=~ = models, due to Penrose and Diosi, predict

for a displacement of

m /'(Co”?u. w 3h Ve ubne o l/os

W|th a mirror of mass 2 &t 0‘{(_
P

MITY™ Mass

making the total time from entering the detector

until collapse At < g )/us =< éo/ug
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Time from photons s,

entering detector to Whether and how quickly a superposition
mirror displacing is of the relevant gravitational fields collapses is
model-dependent. But at least a couple of

M well known (albeit arguably ad hoc and incomplete)
= = models, due to Penrose and Diosi, predict
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The Salart et al. experiment was a beautifully designed first test of causal
quantum theory and the collapse locality loophole, but still falls short of
the ideal in various ways:

1) The Penrose-Diosi collapse criterion is somewhat ad hoc even in the context of
gravitationally-induced collapse ideas. It's a guesstimate: it doesn't follow from any
complete consistent model. There could be factors >100 missing, even if it's
roughly right. (Recall the Salart et al. experiment has PD collapse time estimate of
1 microseconds, separation 60 microseconds.)

2) More importantly, Penrose and Diosi's ideas about gravitationally induced collapse
are just one of a variety of interesting ideas about physical measurement and
collapse.

Hypotheses that collapse depends on particle number/mass (GRWP), complexity
(Leggett), macroscopic apparatus (Copenhagen variants), consciousness (Wigner)
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Perhaps the ultimate goal would be an experiment that produces spacelike Bell
correlations among "uncontroversially" macroscopic events (like moving large
masses to different locations) AND also directly verifies, in spacelike separated
regions, the measurably distinct gravitational fields associated with these events

O @ ] 3{ ; SO® O
mz ﬁ'_e - ?(‘k) &rmss Mool
fi""\ﬂ:\h' /_’ R to (ocatan
vobion 7 E (¢, %(k)
x(g,ﬂ(g)) 7 _,'@JP)
I This would

(1) close the collapse locality loophole completely

(2) give direct evidence for quantum correlations in the macroscopic
gravitational field -- which quantum theory plus ordinary intuition suggests
must be there, but which directly conflict with the locality principles of GR.
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