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Score:	

Quantum	mechanics	holds	
entangled	states:	

	Local	realism/causality	holds		
+	random	inputs	and	final	outputs	

	

!!(λ|!, !) = !!(λ)!

Bell’s	theorem	(CHSH	game)	

Local	Realism	and	Quantum	Mechanics	are	mathema=cally	incompa=ble		

One	rule:		
no	communicaYon		
during	a	round!	
	



From	Bell’s	theorem	to	a	Bell	test:		
definiYon	of	“loophole	free”	

A B

Testable	local	realis=c	theories:	
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1-	Random	
	inputs	

2	-	Final		
outputs	

Loophole-free	Bell	experiment	=		
test	theories	with		

this	minimal	set	of	assumpYons	

Extra	assump=ons	!	loopholes:	
	
For	example:		
1.	Assume	fair	sampling		
				(detecYon	loophole)	
	

2.	Assume	no	communicaYon		
				(locality	loophole)	
	

3.	Assume	no	memory		
				(memory	loophole)	
	
Why	close	loopholes?	Exclude:		
1.	Local	realist	theories	(Nature)	
2.	SystemaYc	errors	(Physicists)	
3.	Hacking	(Adversaries)	



Experimental	Bell	inequality	violaYons	

Aspect	(1982),	Zeilinger	(1998),	Gisin	(1998)	

Distant	photons	
(assuming	fair	sampling)	

Nearby	ions,	superc.	qubits,	photons	
(assuming	no	communicaYon)	

Wineland	(2001),	Monroe	(2008),	Mar<nis	
(2009),	Weinfurter	(2012),	Zeilinger,	Kwiat	(2013)	

For	a	recent	review	on	Bell	nonlocality	see	Brunner	et	al.,	RMP	86,	419	(2014)	

ConflicYng	requirements	for	loophole-free	test:	
	

•  Efficient	state	detec=on	
	ideally	the	boxes	yield	output	values	on	each	trial	

	

•  Large	separa=on	
	distance	should	ensure	no	communicaYon	occurs	during	a	trial			



Bell’s	own	soluYon:	an	event-ready	detector	
J.S.	Bell,	Bertlmann’s	socks	and	the	nature	of	reality	(1981)	

“We	are	only	interested	in	the	“yes”s,	which	confirm	
that	everything	has	got	off	to	a	good	start”	



Bell’s	own	soluYon:	an	event-ready	detector	
J.S.	Bell,	Bertlmann’s	socks	and	the	nature	of	reality	(1981)	

Proposals	using	
entanglement	swapping:	
Zukowski	et	al.,	PRL	(1993)	
Simon	&	Irvine,	PRL	(2003)	



NV	centers	in	diamond:	the	toolbox	
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Pioneering	work	by	Stu[gart,	Harvard,	Chicago,	Ulm,…	



NV	centers	in	diamond:	our	toolbox	

High-fidelity	electron	spin	control	

Science	330,	60	(2010)	
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High-fidelity	spin	iniYalizaYon		
and	single-shot	readout	

Nature	477,	574	(2011)	



NV	centers	in	diamond:	our	toolbox	

Spin	coherence	≈	a	second	

unpublished		

High-fidelity	spin	iniYalizaYon		
and	single-shot	readout	

Nature	477,	574	(2011)	

14N (I =1) 

13C(I =1/2) 

Nature	Physics	9,	29	(2013)	
Nature	Nano.	9,	171-176	(2014)	

Nuclear	spin	control	&	readout	

Many	related	works	by	Stu[gart,	Chicago,	Harvard,	HP,	…	

High-fidelity	electron	spin	control	

Science	330,	60	(2010)	



IniYalizaYon	and	readout	by	resonant	excitaYon	
Nature	477,	574	(2011)	

IniYalizaYon	

fidelity		>	99.5%	

Single-Shot	Readout	

best	fidelity	
so	far	≈	98%	

ms=0 
<n>=8.5 

ms=±1 
<n>=0.06 



Click!	

Entanglement	of	remote	NV	electron	spins	

Click!	

Bell	test	proposals	using	entanglement	swapping:	
			Zukowski	et	al.,	PRL	(1993)	
			Simon	&	Irvine,	PRL	(2003)	
Our	entanglement	scheme:	Barre;	and	Kok,	PRA	2005	

Experiments	with	other	systems:		
Monroe	group,	Nature	2007	(ions)	
Weinfurter	group,	Science	2012	(atoms)	
Rempe	group,	Nature	2012	(atoms)	
Imamoglu	group,	Nat.	Phys.	2015	(QDs)	

Remote	spin-spin	entanglement	

We	use	entanglement	swapping	to	realize	an	event-ready	scheme	

CreaYng	entanglement	between	distant	electrons	



scale	bar	

Heralded	remote	entanglement	

Nature	497,	86	(2013)	

State	fidelity	
F	(Ψ-)	≈	73	% 		

Success	probability	
	≈	10-7;	one	event	per	10	minutes 		

F	(Ψ-)	≈	87	%	

≈	3*10-7;	one	event	per	100	seconds
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UncondiYonal	remote	qubit	teleportaYon	

“every	<me	Alice	inserts	her	qubit	in	the	teleporter,	it	ends	
up	at	Bob’s	site”	-	Science	345,	532	(2014)	

theory:	Benne[	et	al.,	PRL	(1993)		

	 		



Fall	2014:	loophole-free	Bell	setup	ready	



December	2014:	entanglement	over	1.3km!	

EsYmated	state	fidelity	=	(84±6)%						=>				

ENTANGLEMENT!!!	

Z-basis	correlaYons	
60	events	

X-basis	correlaYons	
52	events	
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May	2015:	correlaYon	measurements	on	new	Alice/Bob	

•  state	fidelity	>	(83±5)%	(strict	lower	bound):	proves	entanglement	

•  our	best	esYmate	for		state	fidelity	=	92%	

•  using	this	data	we	fixed	parameters	for	Bell	test	
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•  Event-ready	signal	space-like	separated	from	RNG		

•  A	and	B	space-like	separated	during	the	trial	 							
		(i.e.	from	RNG	up	to	output	recording)	

•  AddiYonal	Yming	buffer	of	230ns	

Experimental	scheme	



June/July	2015:	first	loophole-free	Bell	test	

Figure 4
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0,0	 0,1	 1,0	
1,1	

S	=	2.42	>	2		

Null	hypothesis	test:	
p-value	=	0.039		
	
the	probability	that	the	observed	
data	or	more	extreme	could	result	
under	the	assumpYon	that	the	
experiment	is	ruled	by	a	local	
realist	model.	

Hensen	et	al.,	arXiv:1508.05949	(August	2015)	
Nature	526,	682	(2015)	
	
	 Top	10	Breakthroughs	of	the	Year	

	
One	of	the	“10	science	events	that	shaped	2015”	
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Unlimited	
Gbit/s	

Unlimited		
compuYng	power	

DemonstraYon	of	quantum	superiority	



Results	corroborated	by	4	more	recent	Bell	tests	

second	Bell	test	@Del2	(december	2015)	
S	≈	2.35	on	300	trials,	in	agreement	with	our	first	result	

	arXiv:1511.03190	(Nov	2015);	PRL	115,	250401	

arXiv:1511.03189	(Nov	2015);	PRL	115,	250402	

Weinfurter	group	@Munich	(december	2015)	
“Showing	viola<ons	but	setup	not	yet	fully	stable”	–	Harald	Weinfurter	



Electron	
spin	

13C	Nuclear	spins	
(1.1%	abundance)	

Towards	quantum	networks	

Photons	

Nitrogen-vacancy	center	



Quantum	network	node	



Goal	1:	modular	quantum	compuYng	architecture	

Similar	to	ion	trap	quantum	compu<ng	architectures,	
pursued	by	e.g.	Monroe/Kim	groups,	Lucas	group	

•  4-10	qubits	per	node	
•  Modular	opYcal	connecYons	

Taminiau	group	



electron	
spin	

13C	nuclear	spins	 Long-range	opYcal	links	

Photons	

MulY-qubit	nodes	

Goal	2:	long-range	quantum	networks	

•  Fundamental	tests	
•  Quantum	Internet	(for	e.g	device-independent	crypto)	



Recent	Del2	results	on	quantum	network	nodes	

Each	NV	is	a	5+	qubit	register		

Nature	Nanotech.		9,	171	(2014)	

Nuclear	spin	coherence	>	3	seconds	

Taminiau	group,	unpublished	
Time	(s)	

0.1	 1	 10	

1	

0	

Stabilizer	
measurements	

Real-Yme	feedback	

Repeat	
Detect	 Correct	

Taminiau	group,	arXiv:1508.01388	2015		
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AcYve	quantum	error	correcYon:	logical	qubit	with	improved	dephasing	Ymes	



Summary	&	outlook:	towards	quantum	networks	

Alice

3 m

|ˍ�

Bob

Remote	entanglement,		
teleportaYon	&	loophole-free	Bell	test	

Control	and	readout	of	
nuclear	spin	qubit	registers	

+	

Nature	Nano	9,	171	(2014);	
arXiv:1508.01388	(2015)	

=	

Quantum	repeater	
Remote	entanglement	purificaYon	
MulY-node	quantum	network	
	

	
	

…	
Global	quantum	Internet	

Nature	497,	86	(2013);	Science	345,	532	(2014);	
Nature	526,	682	(2015)	



Thank you! 


