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SEMINAR II Introduction History Bell Inequalities Experiments Summary and Outlook

History

New theory: Quantum Mechanics

No interpretation of theory

Einstein was a vocal enemy of Quantum Mechanics

1935 Einstein, Podolsky and Rosen “Can Quantum-Mechanical
Descriptions of Physical Reality Be Considered Complete?”
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[www.thesacredscience.com/the-science-behind-shamanism-non-locality/]
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Motivation
1964 Bell responds to EPR: “On the Einstein-Podolsky-Rosen-Paradox”

) Laid groundwork for all presentations in this seminar

Experiments followed by Clauser and Aspect

) Nobel Price of 2022 after all Loopholes were closed in 2015
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of lanthanum is 7/2, hence the nuclear magnetic

moment as determined by this analysis is 2.5
nuclear magnetons. This is in fair agreement

with the value 2.8 nuclear magnetons deter-

mined, from La III hyperfine structures by the

writer and N. S. Grace. 9

' M. F. Crawford and N. S. Grace, Phys. Rev. 4'7, 536
(1935).

This investigation was carried out under the

supervision of Professor G. Breit, and, I wish to
thank him for the invaluable advice and assis-

tance so freely given. I also take this opportunity
to acknowledge the award of a Fellowship by the

Royal Society of Canada, and to thank the

University of Wisconsin and the Department of

Physics for the privilege of working here.

MAY 15, 1935 PH YSI CAL REVI EW VOLUM E 4 7

Can Quantum-Mechanical Description of Physical Reality Be Considered Complete' ?

A. EINsTEIN, B. PQDoLsKY AND N. RosEN, Institute for Advanced Study, Princeton, New Jersey

(Received March 25, 1935)

In a complete theory there is an element corresponding

to each element of reality. A sufFicient condition for the

reality of a physical quantity is the possibility of predicting

it with certainty, without disturbing the system. In

quantum mechanics in the case of two physical quantities

described by non-commuting operators, the knowledge of

one precludes the knowledge of the other. Then either (1)
the description of reality given by the wave function in

quantum mechanics is not complete or (2) these two

quantities cannot have simultaneous reality. Consideration

of the problem of making predictions concerning a system

on the basis of measurements made on another system that
had previously interacted with it leads to the result that if

(1) is false then (2) is also false. One is thus led to conclude

that the description of reality as given by a wave function

is not complete.

A NY 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 term

conzp/eEe, the following requirement for a com-

plete theory seems to be a necessary one: every

element of the physical reality must have a counter

part in the physical theory We shall ca. 11 this the

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, which we regard as
reasonable. If, without in any way disturbing a
system, we can predict with certainty (i.e. , with

probability equal to unity) the value of a physical

quantity, then there exists an element of physical

reality corresponding lo this physical quantity. It
seems to us that this criterion, while far from

exhausting all possible ways of recognizing a
physical reality, at least provides us with one
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Motivation
1964 Bell responds to EPR: “On the Einstein-Podolsky-Rosen-Paradox”

) Laid groundwork for all presentations in this seminar

Experiments followed by Clauser and Aspect

) Nobel Price of 2022 after all Loopholes were closed in 2015

[Alain Aspect Physics Viewpoint]

Lukas Jonda Introduction December 1, 2022 3/ 26



SEMINAR II Introduction History Bell Inequalities Experiments Summary and Outlook

Motivation
1964 Bell responds to EPR: “On the Einstein-Podolsky-Rosen-Paradox”

) Laid groundwork for all presentations in this seminar

Experiments followed by Clauser and Aspect

) Nobel Price of 2022 after all Loopholes were closed in 2015

[Spie.org 2022 Nobel price in physics]
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Physics in the late 19th century

“in this field [physics], almost everything is already discovered, and all
that remains is to fill a few unimportant holes.” by Phillip Jolly in 1878

Quantum Mechanics was discovered

! view changed drastically

Significant contributions
Planck 1900: Black Body Radiation

Einstein 1905: Photo Electrical E↵ect
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Two fronts

Initially no conventional interpretation of Quantum Mechanics

! a lot of interpretations existed

1927 Nils Bohr, Werner Heisenberg; In Agreement that Quantum
Mechanics is complete

Other Opinion
Einstein disagrees fundamentally

Quantum Mechanics can’t be complete
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EPR-Paradox

Einstein, Podolsky and Rosen “Can Quantum-Mechanical Descriptions of
Physical Reality Be Considered Complete?”

non commuting variables: Independent from each other

[x1, p1] = �i~
[p1 � p2, x1 + x2] = [p1, x1] + [x2, p2] = 0
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EPR-Paradox

𝑥𝑥 𝑝𝑝 𝑖𝑖ℏ

𝑆𝑆𝑖𝑖 �𝑆𝑆𝑖𝑖 𝑆𝑆𝑗𝑗� 𝑖𝑖ℏ𝜖𝜖𝑖𝑖𝑗𝑗𝑖𝑖 𝑆𝑆𝑖𝑖 𝜖𝜖𝑖𝑖𝑗𝑗𝑖𝑖

 

 

𝜓𝜓−〉

�𝜓𝜓 〉 1
√2

↑↓〉 ↓↑⟩

𝑎⃗𝑎 𝑏𝑏�⃗
𝑎⃗𝑎 ⋅ 𝑏𝑏�⃗

[Scientific Background on the Nobel Price in physics 2022]

EPR conclude there must be hidden variables that make Quantum Mechanics
complete

version Bohm (1952): Spins

[S
x

, S
z

] = �i~S
y
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Hidden variables
Assume hidden variables: expectation value is

P(~a, ~b) =

Z
d� ⇢(�)A(~a,�)B(~b,�)

~a, ~b angle of measurement, P between ±1 represent correlation and
A,B 2 �1, 1, ⇢ probability density

P(~a, ~b) =

Z
d� ⇢(�)A(~a,�)B(~b,�) = P(~a, ~b) = �

Z
d� ⇢(�)A(~a,�)A(~b,�)

since A(~a,�) = �B(~b,�) in case of ~a and ~b parallel so ~a = ~b
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consider

P(~a, ~c) = �
Z

d� ⇢(�)A(~a,�)A(~c ,�)

subtract both

P(~a, ~b)� P(~a, ~c) = �
Z

d�⇢(�)
h
A(~a,�)A(~b,�)� A(~a,�)A(~c ,�)

i

P(~a, ~b)� P(~a, ~c) = �
Z

d�⇢(�)A(~a,�)A(~b,�)
h
1� A(~b,�)A(~c ,�)

i

since |A(~b,�)|2 = +1
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Introduce Inequality by A(~a,�)A(~b,�)  1

P(~a, ~b)� P(~a, ~c)  �
Z

d�⇢(�)
h
1� A(~b,�)A(~c ,�)

i

|P(~a, ~b)� P(~a, ~c)|  1 + P(~b, ~c)

violated for ~a ? ~b and ~c at 45�

1p
2
 1� 1p

2
1  0.4
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Bell’s Gedankenexperiment and its problems
𝑥𝑥 𝑝𝑝 𝑖𝑖ℏ

𝑆𝑆𝑖𝑖 �𝑆𝑆𝑖𝑖 𝑆𝑆𝑗𝑗� 𝑖𝑖ℏ𝜖𝜖𝑖𝑖𝑗𝑗𝑖𝑖 𝑆𝑆𝑖𝑖 𝜖𝜖𝑖𝑖𝑗𝑗𝑖𝑖

 

 

𝜓𝜓−〉

�𝜓𝜓 〉 1
√2

↑↓〉 ↓↑⟩

𝑎⃗𝑎 𝑏𝑏�⃗
𝑎⃗𝑎 ⋅ 𝑏𝑏�⃗

[Scientific Background on the Nobel Price in physics 2022]

Near perfect anti-correlation needed

) Bell Inequalities are less suitable for experiments

Loopholes are present
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Locality Loophole

Entangled-
photon
source

T
im

e

Space

Alice Bob

a b

Ai Bj

i j

Result
a

Result
b

Measurement
Ai

Measurement
Bj

Choice of
basis

i

Choice of
basis

j

[Physics Today 69, 1, 14 (2016); doi: 10.1063/PT.3.3039]

How to prevent the Loophole
choice of basis after entangled particle send to Alice and Bob
) Photons better suited than Spins
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Detection Loophole

Low e�ciency creates sample bias

How to prevent the Loophole
High detection e�ciency is needed
) Spins are better suited: easier to detect
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Di↵erent variants of the Bell inequality

Bell inequalities are less suited, thus new versions were made

2 � |E (a, b)� E (a, b0) + E (a0, b0) + E (a0, b)|
with
E (a, b) = N++�N+��N�++N��

N+++N+�+N�++N��

for a = 0, a0 = 45, b = 22.5, b0 = 67.5

�1 � pi,j + (a, b) + pi,j(a, b0) + pi,j(a0, b0)� pi,j(a0)� pi,j(b) � 0
p are the probability of coincidences and i and j are the results + and �
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Experiment of Clauser (1972)

ϕ

�𝑅𝑅�22½
0�

𝑅𝑅0
− 𝑅𝑅�67½0�

𝑅𝑅0
� − 1

4
≤

[Scientific Background on the Nobel Price in physics 2022]
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Creating entangled Photons

| ±i =
1p
2
[|++i± |��i]

→

〉 −〉
𝜓𝜓+〉

1
√2

〉 − −⟩

ϕ

[Scientific Background on the Nobel Price in physics 2022]

Created a Bell state
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Results of Clauser (1972)

δ
ϕ ϕ

                 
ϕ 𝜙𝜙[Scientific Background on the Nobel Price in physics 2022]

With the new equation, Bell Tests are possible

Loopholes make the results untrustworthy
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Experiment of Aspect (1982)

→

 
 

1 ≤ ≤ 0, whereas the 

[Scientific Background on the Nobel Price in physics 2022]
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Results of Aspect (1982)

The inequality used required �1  S  0

The measurements gave S = 0.101± 0.020

It gained a lot of attention of the scientific community and started a lot
more experiments

Locality Loophole was closed!*
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Loophole free experiment (2015)

λ
λ

818 m818 m

1,280 m1,280 m

NN

493 m
493 m

A B

C

[nature15759 682..686 https://doi.org/10.1038/nature15759]

Fr

λ
λ

e

b

RNG
A

C

B
RNG

[nature15759 682..686 https://doi.org/10.1038/nature15759]

Large experimental set-up

clever combination of Photons and Spin to close the Loophole
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How to entangle NV (nitrogen-vacancy) centrums
Consider

| 1i =
1p
2
[|+1 "1i+ |�1 #1i]

| 2i =
1p
2
[|+2 "2i+ |�2 #2i]

Fr

λ
λ

e

b

RNG
A

C

B
RNG

[nature15759 682..686 https://doi.org/10.1038/nature15759]

multiplication of both gives

1

2
[|+1+2i |"1"2i+ |+1�2i |"1#2i+ |�1+2i |#1"2i+ |�1�2i |#1#2i]

1p
2
[|+1�2i |"1#2i+ |�1+2i |#1"2i]
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Results of the Loophole free experiment (2015)

Violation of Bell Inequalities

Detection e�ciency of 75% of reached

The final goal has been achieved after almost 100 years

All Loopholes are closed
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Summary
No interpretation for Quantum Mechanics

Bell proofed theoretically hidden variable can’t explain EPR-Paradox

Experiments by Clauser and Aspect laid groundwork

2015 all Loopholes were closed

[https://www.wellsreserve.org/blog/fools-russian]
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Outlook

Now everything can begin, the basics and the beginning are established

Every future presentation is only possible because of the work of Bell,
Clauser and Aspect

Next presentation will be about Quantum Teleportation

Quantum information/cryptography
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Thank you!
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NV-Centrum energy levels

[Nitrogen-vacancy center Wikipedia]
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