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Entangled States

Product state \¥) = |polarization) ® |location)

1
Entangled state W) = —(|left,vertical) + |right, horizontal)

V2

Spin entanglement for
two particles A and B

W) = %(llATB)Z — |Talg),

left eye right eye
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Entangled States

Entanglement in n degrees of freedom:

Definition 1.1 (PURE ENTANGLED STATE). A pure state in two degrees of freedom (A and
B) is entangled in a basis |a,) 4, |Bn) p, if its basis representation is given by

N

W) = Z Cn |a'n>A ® |ﬁn>3 , N>1

n

where |) must not reduce to N = 1 with any separate basis transformation in A and B.

Evertz, https://itp.tugraz.at/~evertz/QM/gm_2017.pdf (20.07.2020)
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EPR Paradox

Spacetime configuration
considered by EPR

Assumptions
* Locality

time

Alice
A(a, Q)

/Bob\

B(b, A)

space

The result of a measurement in one system is unaffected by operations in a distant
(spatially separated) system.

* Reality

A physical quantity is real if it can be predicted without disturbing the system.

Einstein, Rosen, Podolsky https://doi.org/10.1103/PhysRev.47.777
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B EPR Paradox
Bohm's example of spin %2 particles

) = %(lTAlB)z —1aTB);)

If Alice measures |{4),, Bob’s result|Ts), can be predicted.
This is also true if Alice and Bob are spatially separated.

Since no information could be exchanged, Bob’s result must
have been predetermined, but it can not be predicted by QM
in Bob’s system

= QM is incomplete

A possible completion is offered by Hidden Variable (HV) theories.
Local HV theories are a subclass where the hidden variable is localized
— EPR locality assumption

Wolf, Hornberger (p 138) https://www.yumpu.com/de/document/view/21137009/quantum-information-theory-coqus
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EPR Paradox
Bohm's example of spin %2 particles

) = %(lTAlB)z —1aTB);)

If Alice measures |{4),, Bob’s result|Ts), can be predicted.
This is also true if Alice and Bob are spatially separated.

How does this differ from probability theory, e.g. a coin flip?
— Spin states allow measurements in arbitrary directions.

If Alice measures |} 4), , Bob’s result in another direction a

can not be predicted!
When Bob measures in g (and there are no interactions),

the spin would be defined in two directions which is again
incompatible with QM as [S-d,S,] #0 Va # ¢,

Wolf, Hornberger (p 138) https://www.yumpu.com/de/document/view/21137009/quantum-information-theory-coqus
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. Contradiction between EPR assumptions and
QM using GHZ States

Three particle spin state:  |[¢) = %(”ATBTC)Z - lalslc);)

1 fi
Measurement in x: (oa=4_ ITa)
-1 for |[la)

) = 5 (TaTsle)s + Talsle)s + WasTed + llalalcd)

Product of possible outcomes in x:  {ox}{ox}p{ox}c = -1

In QM the outcome of {0}, depends on {ox}g{ox}s .

Greenberger, Horne, Zeilinger https://doi.org/10.1119/1.16243
Bell, Gao (p195 ff) https://doi.org/10.1017/CBO9781316219393
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. Contradiction between EPR assumptions and
QM using GHZ States

Measurement in x for A and y for B, C:
) = %(lTA)x ITeTc)y +1Ta): UBle)y + La)y UBTe)y + [La), TBlC)y

Product of possible outcomes: (oY o Y oy}

{O_y}lll{o_x}lll{o_y}lll -1

Equivalent for the other permutations:
{O'y} {O'y} {o'x}lv =1

EPR assumption: {0z}, = {ox}} | etc. (locality)
since results in A, may not depend on B and C

({ox}a{on}s{ontcloyyaloy}ploye)® = -1 %

Greenberger, Horne, Zeilinger https://doi.org/10.1119/1.16243
Bell, Gao (p195 ff) https://doi.org/10.1017/CBO9781316219393
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Bell Inequality (1964)

Definition 2.1 (PREDETERMINATION). The result of an individual measurement is prede-

termined by the parameter A.

Definition 2.2 (LOCALITY). The result of a measurement in one system is unaffected by

operations on a distant system.

Vb,A,d,A P(A|a,b,S,A)=P(A|a,sS,A)

time

Expectation value for Alice’ result:

P(A|4,5,5,2) = / dp(DAG,B, S, 1)

Locality

Alice ~ Bob )
A(a, ) B(b, 1)

space

Bell https://doi.org/10.1103/PhysicsPhysiqueFizika.1.195,
Wiseman, Cavalcanti (p 122 ff) https://doi.org/10.1007/978-3-319-38987-5
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Bell Inequality (1964)

B(t)

‘\@l/ ; miﬁem 1 \i@/\

Setup considered by Bell for spin ' particles

Theorem 2.3 (Bell-1964). A model satisfying PREDETERMINATION and LOCALITY must com-
ply with the inequality . N

|P(a,b) — P(a,c)| <1+ P(b,0).
P@G,b)= P(A,B|a,b,S,A) = / dAp(1)A(@,)B(b, )

Bell https://doi.org/10.1103/PhysicsPhysiqueFizika.1.195,
Wiseman, Cavalcanti (p 122 ff) https://doi.org/10.1007/978-3-319-38987-5

Figure from Bertimann https://arxiv.org/abs/1605.08081
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Violation of the Inequality in
Quantum Mechanics

Entangled state to maximize the violation: [¥7) = 35(ITals) = 1l4T5))

QM expectation value  P(@,b) = (Y |Ss-d®Sp-bly~y=—a-b

Chosen settings a-c=0 i-b=b-2=-L

S

— Violation of the inequality
P@.B) - P@.8) - P(B.&) =V2<1
There exist QM phenomena, for which there is no model satisfying these assumptions.

Bell https://doi.org/10.1103/PhysicsPhysiqueFizika.1.195,
Wiseman, Cavalcanti (p 122 ff) https://doi.org/10.1007/978-3-319-38987-5
Bertimann https://arxiv.org/abs/1605.08081
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Loopholes - Overview

« Detection / Efficiency
« inefficiencies in the experimental setup

« Locality

* spacelike separation

 Freedom of Choice
«  choice of measurement settings

« Memory

* outcome of a measurement depends on the previous
measurement(s)

A theory satisfying the EPR assumptions can exploit a

loophole to produce outcomes which violate the inequality.

Myrvold et.al. https://plato.stanford.edu/archives/spr2019/entries/bell-theorem/ (20.07.2020)
Giustina et.al. https://doi.org/10.1103/PhysRevl ett.115.250401
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Detection Loophole

Count rate normalization — CH Inequality
N12(a9 b) - N12(aa b,) + N12(a,9 b) + N12(a,9 b,) - Nl(a,) - NZ(b) <0

Detector efficiency — CH-Eberhard Inequality

100

(&)
o
T
|

- N
o O
T
|

CHSH-Inequality: the detection
.o |~ efficiency must be > 82.8%

(&}
T
(e J

- N
T
(]

Background { (%
o o
N (4]
1 T
°
\o
| |

0.01
0.05 - -]

CH-E-Inequality: for low backgrounds the
detection efficiency must be > 66.7%

0.02 - < =

GIE 70 715 810 815 9I0 9l5 100
Efficiency n (%)
Clauser, Horne https://doi.org/10.1103/PhysRevD.10.526
Figure from Eberhard https://doi.org/10.1103/PhysRevA.47.R747
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Locality Loophole

Space-Time Configuration
« Spacelike separation of the v
measurement interval
LA B
a n d measurement measurement
interval interval
« Spacelike separation of setting
choice generation
] . 1) a b
— No information exchange at the ]semngchoice setting choice r
speed of light can produce the 1 N
measurement outcomes
1 . lemissionlE | | .
-30 -20 -10 0 10 20 30

space (m)

Figure from Giustina et.al. https://doi.org/10.1103/PhysRevLett.115.250401
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Freedom of Choice Loophole

Measurement settings are assumed to be free parameters.

... What really matters is that the hidden variable
and the local parameters do not share a common cause.” (Larsson)

TNG - Telescope

Alice @

o . Color S

8| Detector L 500 m - 534 m (= Detector | &7,
‘ ' Tx-B Tx-A Rx-A | settings

Bell test with entangled photons

is
ngs
red/blue red/blue

RET 4

___________ \j 1\t a l\&:‘l(‘({ k"“(‘t()xw\

Larsson https://doi.org/10.1088/1751-8113/47/42/424003
Figure from Rauch et.al. https://doi.org/10.1103/PhysRevLett.121.080403
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Overview

Year | Author(s) [Ref.] Bell Ineq. | System closed loopholes® violation

1972 | Freedman and Clauser [24] CHSH-F’ | Ca cascade photons, UV excitation 6.30

1973 | Holt [34] CHSH-F? | Hg cascade photons, electron-beam excitation None

1976 | Clauser [17] CHSH-F’ | Hg cascade photons, electron-beam excitation 410

1982 | Aspect, Dalibard, and Roger [4] | CHSH Ca cascade photons, laser excitation locality S5.10

1988 | Shih and Alley [52] CHSH-F? | parametric down conversion (PDC) photons 30

1998 | Weihs et al. [55] CHSH Type II PDC photons locality (> 400 m), 370
memory, coincidence

1998 | Tittel et al. [53] CHSH PDC photons, Franson Energy-Time entanglement | locality (> 10 km) > 160

2001 | Rowe et al. [45] CHSH Induced entanglement of 2 Be ions® detection 8.30

2004 | Go [27] CHSH KB meson decay (flavour entanglement) detection > 30

2007 | Ursin et al. [54] CHSH Type II PDC photons locality (144 km), 140
coincidence

2008 | Matsukevich et al. [40] CHSH Induced entanglement of trapped Yb ion detection > 3.10

2009 | Ansmann et al. [2] CHSH Induced entanglement of Josephson phase qubits detection 2440

2012 | Hofmann et al. [33] CHSH Induced entanglement of 2 trapped Rb atoms detection 2.10

2013 | Giustina et al. [25] CH-E PDC photons (non maximally entangled) detection, coincidence | 690

2015 | Hensen et al. [31] CHSH electron spin in diamond chip (event ready scheme) | ’loophole free’® p =0.039

2015 | Giustina et al. [26] CH-E¢ PDC photons (non maximally entangled) ’loophole free’® 11.50

2015 | Shalm et al. [51] CH PDC photons (non maximally entangled) "loophole free’® p<23-1077

2017 | Yinet al. [57] CHSH PDC photons locality (1200 km) 4o

2018 | Abelldn et al. [1] multiple | multiple (ions, photons, atoms, solid state) "loophole free’“# 9.30 to 1400

2018 | Rauch et al. [44] CHSH Type 0 PDC photons (non maximally entangled) ’loophole free’¢” 9.30

References as listed in the BSc-thesis.
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,Loophole Free' Experiments

« Hensen et.al. (2015)

nitrogen vacancy in a diamond chip
,heralding’ approach

245 trials over 220 h

« Shalm et.al. (2015)

parametric down conversion photons
12,127 trials over 30 min

 Giustina et.al. (2015)

paramtric down conversion photons
approx. 12,300,000 trials over 58.5 min

Hensen et.al. https://doi.org/10.1038/nature15759
Shalm et.al. https://doi.org/10.1103/PhysRevlLett.115.250402
Giustina et.al. https://doi.org/10.1103/PhysRevLett.115.250401
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Parametric Down Conversion (PDC)

a
& =
ke

BBO-Crystal \_/

Cones

UV-Pump

Decay of a single photon into two photons:
kp = k1 + k2,

Wp = W1 + w3.

Type |. photons have the same polarization

Type |l: photons have different polarization Type Il PDC with artificial colour

for different wavelengths

BBO ... barium borate
Figures from Zeilinger https://doi.org/10.1103/RevModPhys.71.5288
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Experiment performed by Giustina et.al. (2015)

ppKTP (periodically poled
potassium titanyl phosphate)

crystal excited by 405 nm laser

produces type Il PDC photons

(a) Alice Bob
7\ “Om < ‘Source ————2m
(b) Source (c) Measurement Station (Alice/Bob)
(G [a Ny e
20 ==
WASER - =& IO Y Clk
P o s Clkb-| RNG QY
L - L u yl I | DIGITIZER
A |- 4 clk»-| FPGA ™ PC
BPF—‘_:E//Q-\ to Bob & APD
Y oM || - § C
o a
to Al & E -~ HWP from g EOM TL L 100mK
oAlice ¢ OO0 e . I < E M source U, 2 ’/ o Ly ’I,r _u\.. TES
PBS —>—-p H S R Rt - |sQuID
R L—— pBS
&
Q
N
ha, \ :
\

electro optical modulator (Plockels
cell) changes the polarization based

random number generator

Figure from Giustina et.al. https://doi.org/10.1103/PhysRevLett.115.250401
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Experiment performed by Giustina et.al. (2015)

300

250

200

150

time (ns)

100

50

timestamps

Experimental Data 2
histogram of detection z

-1 A

measurement
interval

latest arrival at detector
photon arrival
at polarizer
margin 6.7 ns (0.3 n{:

setting choice fixed

™ margin 4.1 ns (0.3 ns)

a
setting choice

Space-Time Configuration

B

measurement
interval

b1

setting choice

Experimental Data

margin 7.0ns (0.3 ns)

- margin 3.7 ns (0.3 ns)

emissionlE

1 1 1 1 L 1 1 1
detector counts -30 -20 -10 0 10 20 30 detector counts
(arbitrary units) space (m) (arbitrary units)

Figure from Giustina et.al. https://doi.org/10.1103/PhysRevLett.115.250401
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Experiment performed by Giustina et.al. (2015)

CH-E type inequality p++(a1, b1) — p+o(ai1, b2) — po+(az, b1) — p++(az,b2) <0

4
Result 2x10 “W ,
1

p++aiby)  piolaiby)  poilazby)  piilazby)

Figure from Giustina et.al. https://doi.org/10.1103/PhysRevLett.115.250401
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Summary

« Bell's Theorem shows a contradiction between the EPR
assumptions and Quantum Mechanics.

 Experiments performed show a contradiction between the EPR
assumptions and nature.

. Further loopholes have been proposed where nature conspires against the
experiment.

. Some options (e.g. Superdeterminism) are untestable

* If one believes the experimental evidence, one of the EPR
assumptions can be rejected. Different philosophies exist which to
reject.

 Bell's Theorem does not exclude all Hidden Variable Theories as a
completion to QM!
. Functioning HV Theories exist (Bohmian Mechanics).
. Bell's Theorem only excludes Local Hidden Variable Theories.
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Les chavssettes
de M. Bertlmann
¢t Lla natuyre
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