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The measurement problem

— |al> |MI1>

(a |al>+ b |a2> ) |M0> — a |al> |V

d N n nto it n s O 3o it ~ BE .
['he detection apparatus 1S entangled as well!!



“About your cat, Mr. Schriodinger—I have

good news and bad news.”




(a[H>+Db |V>) |M0> |cat>




Shhh, non dire un solo "miao”




Hidden variable Theories
Collapse models

Many worlds

[ Qubism (2) ]




Ghirardi — Rimini- Weber

a~107m, rate ~ 1017



Upper bounds on A

Laboratory Decades above the
experiments conventional value

Fullerene diffraction

: 13
experiments

Decay of
supercurrents

Spontaneous x-ray
emission from Ge

Proton decay

Mirror cantilever
interferometric experiment

Cosmological Decades above the
data conventional value

Dissociation of

cosmic hydrogen L

Heating of intergalactic
medium (IGM)

Heating of interstellar
dust grains



Is QM a complete theory?

11) No action at distance /

|H> [V>- | V> | H>
V2

45> [-45>-|-45> 145>
\2
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Wi — Wi, =) P'Wy, P! The reduced trace is:

Wg = T‘I‘l [W{Q] = TT1|Z P,:lepz] = ZT‘H [P,:WQP,:}
k k

By using trace properties:

Wg = ZTTI {P,}WHP,CI] = ET’I’l |P,:W12] = TT1 IZ P,:Wml = T’T1 [Wm]
k k k




entangled

=

Bell inequalities



Example : the CH inequality

P(H1>92)+P(H'1»9'2)+P(9'1992)_
_P(glae'z)_P(9'1)_P(92)SO

P(Q ) — Probability of finding a single particle in detector i
‘ with a certain property 6. (e.g. spin/polarization
direction with respect to a selected axis);

P( 01‘ : Hj ) — Joint probability of observing both one partiele in ;

with a property 6. and the other in j 76



In a Local HVT:

xy+x' y+x'y-—xy=x-y <0 ?7

x2x' = ypx-D+x'(y-1)+p'(x-x)<0 /

x<x' = y(x'—1)+x'(y'—1)+x(y—y')Sx'(y'—1)+x(y—
U

P(0,),P(0.,0;) € [0,1] = The CH inequality holds




but
CH>0

For certain values of parameters in SQM

Variou

Many experimental tests :

A. Aspect et al., PRL. 49 (1982) 1804;

J. P. Franson, PRL 62 (1989) 2205; J. G. Ra
P. R. Tapster,

PRL 64 (1990) 2495; J. Brendel et al., EPL 20 (1992) 275; P. G. RKwiat et al.,

PRA 41 (1990) 2910; T.E. Kiess et al., PRL 71 (1993) 3893; P.G. Kwiat et al., PRL 75 (1995)
4337; ..




Entangled photons from J=0 B J=1 P
Addressed to detectors separated of 6 m

Space-like separation through acousto-optic switches




Other systems?

i) Toms: Experiment with Berillum ions
High efficiency (98%), but subsystems are not separated during measurement (rowe

(11 [Monroe et al., gph 0801.2184]
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Nonlinear

crystal
sl

® Energy conservation: Mp-Ms T+ ;i

- ® Momentum conservation: Ep = ES -+ Ei

®* (D5 and (D ; are emitted at the same time




type I PDC

type | crystal

type 11 PDC

type Il crystal




Brilliant sources:

Type I1 PDC

Th: A. Garuccio
EXP: Zeilinger,
Sergienko, Kwiat et al. PRL 75 (95) 4337

type Il crystal

[P. Kwiat et al., ]

7

Two type 1 PDC
Th: Hardy

Exp: P. Kwiat et al., PRL 83 (99) 3103
G. Brida, M.G., C. Novero and E. Predazzi, PL

00) 12




PHOTODETECTORS:DETECTION LOOPHOLE
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Bell violation using entangled photons without the
fair-sampling assumption

Marissa Giustina®?#, Alexandra Mech"?*, Sven Ramelow"?*, Bernhard Wittmann"?*, Johannes Kofler™?, Jérn Beyer?,
Adriana Lita®, Brice Calkins®, Thomas Gerrits®, Sae Woo Nam”, Rupert Ursin' & Anton Zeilinger™?

week ending

PRL 111, 130406 (2013) PHYSICAL REVIEW LETTERS 27 SEPTEMBER 2013

£

Detection-Loophole-Free Test of Quantum Nonlocality, and Applications

B. G. Christensen,'™ K. T. McCusker,' J. B. Altepeter,! B. Calkins,” T. Gerrits,” A. E. Lita,> A. Miller,>® L. K. Shalm,?
Y. Zhang,>* S. W. Nam,” N. Brunner,”® C. C. W. Lim.” N. Gisin,” and P. G. Kwiat'

Experimental loophole-free violation of a Bell inequality using entangled electron
spins separated by 1.3 km

B. Hensen,''? H. Bernien,':? * A.E. Dréau,"»? A. Reiserer,"»? N. Kalb,!»? M.S. Blok,":? J. Ruitenberg,!+?
R.F.L. Vermeulen,!;? R.N. Schouten,!:? C. Abellin,® W. Amaya,* V. Pruneri,®> M.W. Mitchell 4
M. Markham,® D.J. Twitchen,” D. Elkouss,'! S. Wehner,! T.H. Taminian,"? and R. Hanson' 2:




The two measurements must be set independently (locality loophole).
The choice of the setting must be truly random (freedom-of-choice loophole)
One should be able to detect all the pairs involved in the experiment or, at least, a sufficiently large

fraction of them (detection loophole).

the presence of a co ¢
at which the local event happens (co

an eventual memory of previous measurements must be considere
and identically distributed (memory loophole).

the two measurements clearly space like separated (keeping in to account delays in transmission etc.) of setting choi
and measurements is done. Thus, locality loophole is overcome

the use of high detection efficiency TES together with non-maximally entangled states (as suggested by Eber
allowed a detection loophole free experiment.

Independent random number generators based on laser phase diffusion guarantee the elimination of fr
choice loophole (except ,as mentioned, in presence of superdetermininsm or other hypotheses that
not allow a test through Bell inequalities).

A perfect random choice of settings, as realized, does not permit production rate loophole.
The use of a pulsed source eliminates coincidence loophole.
An involved statistical analysis does not leave room for memory loophole.



Is determinism excluded?

A physical system can evolve determir ;
Planck scale, but a probabilistic theory can derlve at
larger spatial scales due to loss of information (a /

quantum state 1s defined as a class of equivalence of
states all having the same future).

Nowadays Bell inequalities do not involve the r1
degrees of freedom.

[Elze, Biro’, Blasone et al., ...]



Let us consider a discrete system with four states e,; e,; e,
e, whose deterministic evolution is after every step

After a short lapse of time only the states survive/
Thus one can simply erase the state e, and considering /

with a



This system may therefore be described in three equivalence
classes:

Ey = {er}, By = {es, €4}, E3 = {es},

with unitary evolution operator

This simple model shows how, if information is allowed to

dissipate, one has to
, where two states are equivalent if, some

time in the future, they evolve into one and the same st




Quantum Technologies

Quantum INFORMATION

qubit

Many particles: entanglement
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quantum parallelism

a,|00...0>+.. +ayl..1>







101002 - 1010 = 1040 seconds (universe life time= 1018 s)

No with a quantum PC!!!!




ELEMENTS OF A QUANTUM COMPUTER

Different logical gates are necessary, both operating on single qubits
and on more qubits (two).

An interaction among different qubits 1s needed for realising multi-
qubits gates.

controlled not



A linear Paul trap forms
a quantum register

Theory
T'heory >eriment




Solid State: Quantum dots, Superconductors etc.

- qubit representation: charge

atic gates, Coulomb interaction

Josephson junction

Quantum Dots
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- QED cavity

photon — atom interaction in cavity
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qubit

analysis




Quantum communication

&

OH AL/CE.. YOURE BUT B28- N A
THE ONE FOR ME QuAaNTumM WORLD
e HOW CAN WE BE SURE




key =010001110 1110011110000 key =010001110 11100111100
_|_
Message = 1110101010101010011111 .



a|0>+b|1>

a|0>+b|1>

Salit.com.ph

- Eavesdropping adds noise




<y |y > = <y, >

= <y;ly,> =0 or <y |y,> =1



Open space QKD

Source and transmitter -~ ) ‘,_ ‘ Optical Ground Station

Tracking laser

Transmitter

fibre

DC source

Tenerife

La Gomera

Polarisation
compensation

&
Classical internet connection

»

™

Polarisation analyser ¢ Polarisation analyser

Over140 km (Tenerife-L

e-La
Palma) /




- BB84
( <n>=0.27 signal, <n>=0.39 decoy states)

Rate: 28 bit/s
QBER =6.77 %

BB24p = 1 o0
Decoy u=0.3
Single Photons
Our Results




ALICE
LEQ Satelits

BOB

Albequercue
Hew IMexico




Over 200 km 1n telecom fibre




- Some groups are selling plug and play QKD systems.

Id Quantique

MagiQ QPN"'Security Gateway

t Uncompslng VPN Securitym

“TQUSAtM Cryptography: when your link
has'to be very, very secure.”
By Bill Schweber, EDN, 12605




is a protocol where an unknown state is measured in a

laboratory (Alice) together with a member of an entangled state; then, by
applying a unitary operation on the other member of the entangled

state according to the result of this measurement (communicated by a classical
channel) it is reconstructed in the second lab

o#]1> 72( [00>[a [0>+b [1>] +
|01>[a |1>+b |0O>] +
|10>[a |0>-b |1>] +
|11>[a |1>-b |0>




Classical
Information
"Coincidence"

teleported

10712 cold atoms




Quantum Imaging
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FAR FIELD

Gaussian Pump

qpump = O * &1




Classical differential measurement With PDC correlation

- RDiroct(F=1 )
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Ancilla Probe
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goal-oriented

curiosity-driven
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