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EPR-Steering History

Three Notions of Nonlocality

1 May 1935, Einstein, Podolsky & Rosen (EPR correlations):
“. . . as a consequence of two different measurements performed
upon the first system, the [distant] second system may be left in
states with two different [types of] wavefunctions.”

2 November 1935, Schrödinger’s “entanglement of knowledge”:
“Maximal knowledge of a total system does not necessarily
include total knowledge of all its parts, not even when these are
fully separated from each other.”

3 December 1964, Bell (Bell nonlocality):
“In a theory in which parameters . . . determine the results of
individual measurements, . . . there must be a mechanism whereby
the setting of one measurement device can influence the reading
of another instrument, however remote.”
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EPR-Steering History

Why EPR-Steering?
EPR introduce a general pure state held by (say) Alice and Bob:

|Ψ〉 =
∞∑

n=1

cn|un〉|ψn〉 =
∞∑

s=1

ds|vs〉|ϕs〉. (1)

If Alice measures in the {|un〉} (resp. {|vs〉}) basis, she would instantly
collapse Bob’s system into one of the states |ψn〉 (resp. |ϕs〉):

[A]s a consequence of two different mea-
surements performed upon the first sys-
tem, the [distant] second system may be
left in states with two different [types of]
wavefunctions.

Schrödinger (1935) called this steering or
piloting the remote state, and generalized it
to arbitrarily many measurements by Alice.
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EPR-Steering Formal Definition

Formalizing EPR-Steering, 2007

HMW, Jones & Doherty (PRL, 2007) formalized and generalized
EPR-steering: to demonstrate EPR-steering is to demonstrate
that a Local Hidden State assumption for Bob cannot hold.

The LHS assumption is that Bob has a local hidden state |φξ〉
(hidden to him, but perhaps known to Alice) with probability ℘ξ.

No assumptions at all are made about Alice, except that, being
distant, she cannot alter Bob’s state.

That is, different measurements for Alice can only mean different
processing of her potential information (ξ).

In analogy with Bell inequalities, one can construct EPR-steering
inequalities (bipartite correlation functions), the violation of which
demonstrates the failure of the LHS assumption.
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EPR-Steering Formal Definition

Quantum Information Approach
Consider a quantum information lab with PhD student Alice, Postdoc Bob,
and Professor Charlie. Charlie wants proof that Alice and Bob can create a
shared entangled state. There are three cases to consider:

entanglement entanglement entanglement

T
R
U
S
T T
R
U
S
T

T
R
U
S
T

a) b) c)

Black arrows show classical communication, forbidden between Alice & Bob.

Bell nonlolocality =⇒ EPR-steering =⇒ entanglement.
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EPR-Steering Loop-hole-free Experiment

Loop-hole-free EPR-Steering
Entanglement witnessing has no loopholes ∵ Alice & Bob are trusted.

Bell-nonlocality has the three well-known loopholes:
efficiency, freedom of choice, and separation.

EPR-steering has the same loopholes, but asymmetrically. We need
efficiency for Alice, freedom of choice for Bob, and separation.

Still only one experiment that closes all the loopholes (2012):

T h e  o p e n – a c c e s s  j o u r n a l  f o r  p h y s i c s
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Abstract. Tests of the predictions of quantum mechanics for entangled systems
have provided increasing evidence against local realistic theories. However, there
remains the crucial challenge of simultaneously closing all major loopholes—the
locality, freedom-of-choice and detection loopholes—in a single experiment. An
important sub-class of local realistic theories can be tested with the concept
of ‘steering’. The term ‘steering’ was introduced by Schrödinger in 1935 for
the fact that entanglement would seem to allow an experimenter to remotely
steer the state of a distant system as in the Einstein–Podolsky–Rosen (EPR)
argument. Einstein called this ‘spooky action at a distance’. EPR-steering has
recently been rigorously formulated as a quantum information task opening it up
to new experimental tests. Here, we present the first loophole-free demonstration
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New Journal of Physics 14 (2012) 053030
1367-2630/12/053030+12$33.00 © IOP Publishing Ltd and Deutsche Physikalische Gesellschaft

8

Figure 3. Space–time diagram illustrating the conditions to close the locality
and freedom-of-choice loopholes (illustration not to scale). Firstly, Alice creates
a photon pair and sends a photon to Bob before she receives Bob’s setting choice.
In our experiment, we enforce freedom-of-choice by space-like separating
the generation of the entangled photon pairs (red dot) and QRNG’s choice
(gray dot). They happen 48 m apart at the same time (t = 0) in the laboratory
frame. The second condition is to exclude any causal influence of Alice on
Bob’s measurement once she can know the setting. This setting information
independence is enforced in our experiment by Bob’s measurement taking place
in a region (orange area) that is space-like separated from the event (yellow
dot) marking the time at which Alice could in principle know Bob’s setting.
Lastly, we also ensure that Alice cannot know Bob’s measurement outcome
before reporting hers, since reproducing any arbitrary correlation would then
become a trivial task for her. This outcome independence is guaranteed by the
event of Alice’s outcome report (blue dot) being space-like separated (blue area)
from Bob’s measurement event (left green dot). Timing Bob’s measurement such
that setting information independence and outcome independence are enforced
simultaneously (green area) closes the locality loophole. For simplicity the
different events are illustrated with a dot, not with the actual time they need
in the experiment.

New Journal of Physics 14 (2012) 000000 (http://www.njp.org/)
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EPR-Steering Loop-hole-free Experiment

Closing the Loopholes
3

Figure 1. Top: In a steering experiment, Alice sends a system to Bob that he
assumes to be an unknown local quantum state [5–7]. Next Bob chooses freely
in which setting (X, Y or Z) to measure. Then he sends his choice of setting to
Alice and records secretly his measurement result. Bob now challenges Alice,
who claims that she can steer his state from a distance, to predict his result
(+1, −1). Provided the correlation between her prediction and his result is
above the steering bound, Bob is forced to conclude that Alice indeed remotely
steered his state (spooky action at a distance), or give up his assumption of a
local quantum state. Bottom: Using entangled pairs of photons produced by an
EPR source Alice can demonstrate steering. She measures her photon with the
same setting Bob announced. Entanglement ensures (anti)-correlations between
Alice’s and Bob’s outcomes for all measurement choices and allows to violate
the steering bound. To close the fair-sampling loophole one must also account
for Alice’s inconclusive (0) results when she detects no photon and include these
results when calculating the steering value.

loophole [9–11] and a specific form of the freedom-of-choice loophole [12, 13] (explained in
detail in the experimental section) and by simultaneously detecting a large enough sub-ensemble Q3

to close the fair-sampling loophole [14–18]. Thus our experiment provides, for the first time,
a loophole-free test of quantum steering using entanglement.

In an EPR-steering experiment (see figure 1, top), Alice delivers a state to Bob, who only
trusts in local quantum mechanics. Alice claims to be able to remotely steer Bob’s state, but he
is skeptical and requires Alice to prove this.

Upon receiving a state from Alice, he chooses a measurement setting and announces this
to Alice. He then challenges Alice to predict the result of his measurement (which he keeps
secret). Bob can work out how well-correlated Alice’s prediction can be with his outcome, given
the assumption that he holds a local quantum state [5]. Bob’s local quantum state is represented
by a density matrix, which can be unknown to him, although perhaps known to Alice. It is local

New Journal of Physics 14 (2012) 000000 (http://www.njp.org/)
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Figure 2. Experimental setup. The loophole-free steering experiment was carried
out between two buildings: the University of Vienna and the Austrian Academy
of Sciences (IQOQI). A polarization-entangled photon pair is generated by Alice
using an entangled photon source [20, 21]. For each entangled pair, one photon
is kept in an 80 m long, coiled optical single-mode fiber (red line) on Alice’s
side, located next to the source. The other photon is sent to Bob via another
optical fiber. On Bob’s side, one of three measurement settings is chosen by his
fast home-made quantum random number generators (QRNGs) based on [22]
and sent to Alice’s side via the classical link. The setting choice is stored locally
and also sent to Alice via a low-dispersion coaxial link and subsequently applied
to both photons (solid black lines). Alice’s polarization analyzer implements the
different settings with two electro-optical modulators (EOMs) realizing ultra-fast
switchable half- and quarter-wave plates (HWP, QWP), as well as a polarizing
beam splitter (PBS) and two home-made photon detector modules based on
silicon avalanche photo-diodes (Di). On Bob’s side there is an equivalent
polarization analyzer. The results are then collected (dashed black lines) in Bob’s
laboratory and compared in a logic circuit.

linear polarization and R(L) right-hand (left-hand) circular polarization. Alice carries out the
corresponding polarization measurement using two electro-optical modulators (EOMs) and two
single-photon detectors monitoring the outputs of a PBS. Alice’s result (the prediction which
she makes for Bob’s result) is immediately sent back to Bob via coaxial cables. If Alice detects

New Journal of Physics 14 (2012) 000000 (http://www.njp.org/)

To demonstrate EPR-steering we violate
the LHS prediction

S ≡ TX + TY + TZ ≤ 1,

where

TX = EAX

{(〈
σ̂Bob

x
〉AX

j

)2
}
.

where the ensemble average EAX is the
average over Alice’s result j ∈ {−1, ∅,1}
when she measures X .

Experimentally we observed

S = 1.049± 0.002 > 1.
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Testing the Subjectivity of Quantum Jumps Quantum Jump Theory

Quantum State Confusion (1992)

When I began my PhD there were (at least) four schools of thought:

There are no quantum jumps. The atom’s state is described by a
density operator or state matrix ρ which evolves smoothly under
the master equation ρ̇ = Lρ.

There are measurement-induced quantum jumps in which the
atom collapses to the ground state at the (retarded) time at which
a photon is detected. e.g. Cohen-Tannoudji

There are quantum jumps but they occur regardless of whether
there is any photon detection; they are caused by randomly
occurring photon emission as in the Old Quantum Theory.

Maybe there are no quantum jumps but rather an individual atom
undergoes quantum state diffusion. e.g. Gisin & Percival (1992)
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Testing the Subjectivity of Quantum Jumps Quantum Jump Theory

The Modern Understanding: Open Quantum Systems

Open = continuously coupled to an environment or bath.
This creates entanglement between the system and environment.
If we ignore the bath then even if both system and bath are initially
pure, the system state will decohere:

|Ψ(0)〉 = |φ(0)〉env ⊗ |ψ(0)〉sys → |Ψ(t)〉 = exp
(
−iĤtott

)
|Ψ(0)〉

(pure) |ψ(0)〉sys → ρsys(t) = Trenv[|Ψ(t)〉〈Ψ(t)|] (mixed)

For many atomic, optical, and (increasingly) solid-state systems,
this can be described by a Markovian quantum master equation
(of the Lindblad form):

ρ̇(t) = Lρ(t) ≡ [−iĤ, ρ] +
∑L

l=1ĉlρĉ†l −
1
2{ĉ

†
l ĉl , ρ}.
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Testing the Subjectivity of Quantum Jumps Quantum Jump Theory

Unravelling Quantum Master Equations

It is not always appropriate to ignore the bath — often it can be
measured, yielding information about the system.
If a Markovian master equation can be derived
then
the bath can be measured repeatedly (monitored), on a time scale
which is short compared to the interesting system evolution,
without invalidating the master equation.
For perfect monitoring the conditioned system state is pure |ψj(t)〉.
Carmichael (1993) called this unravelling the ME into an ensemble
of stochastic quantum trajectories for |ψj(t)〉:

E[|ψj(t)〉〈ψj(t)|] = ρ(t) = exp(Lt)|ψ(0)〉〈ψ(0)|.

e.g. monitoring the bath photon-number causes the system to
undergo a quantum jump when a new photon is detected.
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Testing the Subjectivity of Quantum Jumps Quantum Jump Theory

Detection, or Emission — Who Cares?

If there were only one way to detect a field, no-one should care.

But there isn’t. For an atom (or any Markovian system) the
average system dynamics ρ̇ = Lρ is unchanged by any
processing of the system output fields prior to detection.

e.g. we can add a local
oscillator field β.

Mathematically, this
amounts to ĉ → ĉ + β,
Ĥ → Ĥ − i

2(β∗ĉ − βĉ†).

We can even do this
adaptively, making β(t)
depend on prior clicks.
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Testing the Subjectivity of Quantum Jumps Quantum Jump Theory

Example: Stochastic Decay of Excited State Atom
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Detection.

QSD (1992) =
Heterodyne
Detection (HMW
& GJM, 1993).

Adaptive
Homodyne
Detection
(HMW, 1995).
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Testing the Subjectivity of Quantum Jumps Quantum Jump Theory

Example: Ensemble Average Decay

Direct
Detection.

QSD (1992) =
Heterodyne
Detection (HMW
& GJM, 1993).

Adaptive
Homodyne
Detection
(HMW, 1995).
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Testing the Subjectivity of Quantum Jumps Testing the detector-dependence

Are dynamical quantum jumps detector-dependent?

Yes!
In theory.
But has the theory ever been tested?
Can we be sure that a two-level atom does not actually

Emit a photon and jump to the ground state as in Bohr’s model?
Undergo Quantum State Diffusion (QSD), the detector-independent
model introduced by Gisin and Percival in 1992?
Undergo stochastic evolution according to some other objective
pure-state dynamical model (OPDM)?

Question
Can we derive realistic experimental tests that would rule out all
OPDMs, including objective quantum jumps, and QSD?

Realistic means not assuming efficient detection.
We also want to avoid any special preparation of the atom or field.
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Testing the Subjectivity of Quantum Jumps Testing the detector-dependence

2-setting EPR-steering Inequality for a Qubit

If Bob has a qubit (2LA) then for any |φ〉, 〈σ̂x〉2 + 〈σ̂y 〉2 + 〈σ̂z〉2 ≤ 1.
Say that Alice can perform two different measurements A1 and A2.
Then under the LHS assumption it follows that (for example),

S ≡ EA1

{(
〈σ̂x〉A1

j

)2
}

+ EA2

{(
〈σ̂y 〉A2

j

)2
+
(
〈σ̂z〉A2

j

)2
}
≤ 1.

where j (Alice’s “result”) is the index for the ensemble, so

e.g. EA1

{(
〈σ̂x〉A1

j

)2
}
≡
∑

j

℘A1
j

(
Tr
[
ρA1

j σ̂x

])2

is an average property of Bob’s state conditioned on Alice’s j .
If this inequality is violated, that demonstrates EPR-steering.
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Testing the Subjectivity of Quantum Jumps Testing the detector-dependence

EPR-steering for a continuously monitored system

If Bob’s atom evolved according to an objective pure-state
dynamical model (OPSDM) then at all times t it would be in some
pure state |φξ〉, and Alice’s best knowledge would be if she knew ξ.
We can disprove every OPSDM if Alice can implement two
different monitoring schemes on the atom’s fluorescence, A1 and
A2, which allow her to violate an EPR-steering inequality.
Waiting until steady-state allows time for entanglement to grow.
Thus to test the EPR-steering inequality Bob should:

1 Randomly choose α = 1 or 2, and tell Alice to implement A1 or A2.
2 Randomly choose the time t (� the system relaxation time) and

measure σ̂x or σ̂y or σ̂z at this time.

3 Ask Alice which state (from a set {ρAα

j } nominated earlier by her)
pertained to his atom at time t .

4 Store his data in different files for different α and j .
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Testing the Subjectivity of Quantum Jumps Testing the detector-dependence

What types of monitoring schemes?

Presently, the best efficiency is with homodyne measurement.
This uses a strong local oscillator with a choice of phase Φ.

Bob’s 

atom

Alice’s 

measurement

J(t)

!

det.eff.="

The index j defining the state ρAα
j will depend on the complete

photocurrent record Jα(s) for 0 ≤ s < t .
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Testing the Subjectivity of Quantum Jumps Testing the detector-dependence

Homodyne x versus Homodyne y
In the strong driving limit (Ĥ = Ω

2 σ̂x ; Ω & γ) these two monitorings with
η = 1 should give distinctly different atomic-state trajectories:

A1: homo-x (Φ = 0).

ρj tends to localize
at longitude φ = 0
or φ = π, near the
states: 〈σ̂x〉 = ±1.

A2: homo-y (Φ = π
2 ).

ρj is confined to the
σ̂x = 0 great circle
(φ = ±π/2) where
〈σ̂y 〉2 + 〈σ̂z〉2 = 1.
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Testing the Subjectivity of Quantum Jumps Testing the detector-dependence

Applying the Steering Inequality1

Recall: LHS =⇒ S ≡ EA1

“
〈σ̂x〉A1

j

”2
ff

+ EA2

“
〈σ̂y 〉A2

j

”2
+

“
〈σ̂z〉A2

j

”2
ff
≤ 1.

The above behaviours of
the 2LA under unravel-
lings A1 (homo-x) and A2
(homo-y) suggest this is
a good inequality to try to
violate.

As a function of η (as-
sumed the same for A1
and A2), we need a total
efficiency η > 73%.
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1H. M. Wiseman & Jay M. Gambetta, Phys. Rev. Lett. 108, 220402 (2012).
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Testing the Subjectivity of Quantum Jumps Testing the detector-dependence

Can we do better?

By considering non-homodyne schemes, Yes!
To maximize EA2{(〈σ̂y 〉A2

j )2 + (〈σ̂z〉A2
j )2}, y -homodyne seems best.

But to maximize EA1{(〈σ̂x〉A1
j )2}, in the limit Ω� γ, scheme ‘s’ — a

spectrally-resolving scheme (invented by us) using an adaptively
controlled weak local oscillator — is better than homodyne x.
For equal efficiencies, the threshold is then 58%, much closer to
the two-measurement minimum of η > 0.5.

What about more than two different homodyne schemes e.g.
Φ = 0, Φ = π/2, Φ = π/4 ... ?
We have shown that for any quantum system with a single decay
channel, no matter how many different homodyne (and
heterodyne etc.) schemes are implemented it is impossible to
demonstrate EPR-steering unless η > 0.5.
So η > 0.73 for two homodyne schemes is not bad.
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Application to Quantum Cryptography Standard and Bell-nonlocality-secured QKD

Standard Quantum Key Distribution

Enables distant parties (Alice & Bob) to establish a key (a shared
string of random bits), guaranteed unknown to any eavesdropper.
The key can then be used by Alice to encode a message for Bob.
Standard protocol is prepare and measure (P&M):

1 Alice sends a sequence of qubits, each randomly prepared in one
of 4 states: |↑〉, |↓〉, |→〉, |←〉 with unambiguity µA.

2 Bob randomly measures in basis Z (l) or X (↔) with efficiency ηB.
3 Bob publicly reveals which basis in each case, and Alice publicly

reveals for which of these she could hope to predict Bob’s answer.
4 They publicly determine the error rate Qps 2 in a randomly chosen

subset of these cases, which enables them to lower bound how
much information the eavesdropper Eve may have.

5 If Q is low enough, they can extract (by public communication) from
n� 1 qubits a key of length ` > ηBµA[1− h(Qps

X )− h(Qps
Z )]n.

We call r = ηBµA[1− h(Qps
X )− h(Qps

Z )] the key rate.
2post-selected on unambiguous qubit preparation by Alice and detection by Bob.
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Application to Quantum Cryptography Standard and Bell-nonlocality-secured QKD

Assumptions of Standard QKD

1 Quantum physics is the correct description of the world.
2 No information (quantum or classical) can leave Alice’s or Bob’s

lab which is not under their control.
3 Alice and Bob have secure random number generators.
4 Alice’s preparation device, and Bob’s detector are trustworthy.

Note that no limitation is put on Eve’s ability. She may use a coherent
attack: intercept all n of the qubits Alice sends, process them using a
huge quantum computer, and send them on to Bob.

Alice’s preparation can be replaced by an untrusted, external source of
entanglement. In this case the last assumption is weakened to

4 Alice’s and Bob’s detectors are trustworthy,
and the key rate becomes r = ηBηA[1− h(Qps

X )− h(Qps
Z )]
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Application to Quantum Cryptography Standard and Bell-nonlocality-secured QKD

Device-Independent QKD

1 Quantum physics is the correct description of the world.
2 No information (quantum or classical) can leave Alice’s or Bob’s

lab which is not under their control.
3 Alice and Bob have secure random number generators.
4 Alice’s and Bob’s detectors are trustworthy.

3

This protocol [Acín et al., PRL (2007).] again uses an (untrusted,
external) entangled source, and the best key rate4 is

r = ηAηB[1− h(Qps
Z )]− log2

[
1 +

√
2− (S/2)2

]
,

where S is the non-post-selected CHSH parameter. i.e. Bell
nonlocality (S > 2) is necessary, but not sufficient, for a secure key.

3But one does need the technical assumption that the detectors are memoryless.
4Branciard, ... , Wiseman, Phys. Rev. A (Rapid Comm.) 85, 010301(R) (2012).
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Application to Quantum Cryptography Steering-secured QKD

Three types of Entanglement-based QKD

(i)

(ii)

(iii)
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Application to Quantum Cryptography Steering-secured QKD

1-sided Device-Independent QKD

1 Quantum physics is the correct description of the world.
2 No information (quantum or classical) can leave Alice’s or Bob’s

lab which is not under their control.
3 Alice and Bob have secure random number generators.
4 Bob’s detector is trustworthy. 5

Our protocol [Branciard, Cavalcanti, Wallborn, Scarani & Wiseman,
Phys. Rev. A (Rapid Comm.) 85, 010301(R) (2012)] has a key rate

r = ηB{ηA[1− h(Qps
Z )]− h(Qps(B)

X )}.

Note that EPR-steering requires only the standard (X and Z ) QKD
measurements, and it can be shown that EPR-steering is necessary,
but not sufficient, for a secure key.

5Again for coherent attacks we must assume Alice’s detector is memoryless.
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Application to Quantum Cryptography Steering-secured QKD

Comparison of Key Rates and Thresholds
Type AD C S C BD Efficiency Thresholds
P&M T T T U T none
P&M U T T U T [µA > 65.9%]
P&M U U T T T ηA > 65.9%
P&M U U T T U µB = 100% =⇒ ηA > 83.3%

Entang. T U U U T none
EPR-S U U U U T ηA > 65.9%

Bell U U U U U ηA = ηB = η =⇒ η > 91.1%

0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
0.0

0.2

0.4

0.6

0.8

1.0

Alice's detection efficiencyΗA

B
o
u
n
d

o
n

th
e

se
cr

et
k
ey

ra
te

r

Dotted: Best rate for DI-QKD,
perfect visibility.

Solid: Best rates for 1sDI-QKD,
visiblity = 1,0.99,0.98,0.95.
Note r ∝ ηB, here set = 100%.
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Application to Quantum Cryptography Steering-secured QKD

Related Papers and Future Possibilities
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Quantum steering allows two parties to verify shared entanglement even if one measurement 
device is untrusted. A conclusive demonstration of steering through the violation of a steering 
inequality is of considerable fundamental interest and opens up applications in quantum 
communication. To date, all experimental tests with single-photon states have relied on post 
selection, allowing untrusted devices to cheat by hiding unfavourable events in losses. Here 
we close this ‘detection loophole’ by combining a highly efficient source of entangled photon 
pairs with superconducting transition-edge sensors. We achieve an unprecedented ~62% 
conditional detection efficiency of entangled photons and violate a steering inequality with 
the minimal number of measurement settings by 48 s.d.s. Our results provide a clear path to 
practical applications of steering and to a photonic loophole-free Bell test. 
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Conclusive quantum steering with superconducting 
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Arbitrarily Loss-Tolerant Einstein-Podolsky-Rosen Steering Allowing a Demonstration over
1 km of Optical Fiber with No Detection Loophole
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Demonstrating nonclassical effects over longer and longer distances is essential for both quantum

technology and fundamental science. The main challenge is the loss of photons during propagation,

because considering only those cases where photons are detected opens a ‘‘detection loophole’’ in security

whenever parties or devices are untrusted. Einstein-Podolsky-Rosen steering is equivalent to an

entanglement-verification task in which one party (device) is untrusted. We derive arbitrarily loss-tolerant

tests, enabling us to perform a detection-loophole-free demonstration of Einstein-Podolsky-Rosen steering

with parties separated by a coiled 1-km-long optical fiber, with a total loss of 8.9 dB (87%).

DOI: 10.1103/PhysRevX.2.031003 Subject Areas: Quantum Physics, Quantum Information

I. INTRODUCTION

In quantum mechanics, when two particles are in a pure
entangled state, a measurement of one (say, Alice’s) in-
duces an apparent nonlocal collapse of the state of the other
(Bob’s), as first discussed by Einstein, Podolsky, and Rosen
(EPR) [1]. Schrödinger realized that with a maximally
entangled state, for any given observable Bob chooses to
measure, Alice can, by an appropriate choice of her own
measurement, ‘‘steer’’ Bob’s state into an eigenstate of his
observable and thus predict its outcome [2]. The recent
formalization [3] of ‘‘EPR-steering’’ [4] as a quantum-
information task further generalizes Schrödinger’s notion
by allowing for mixed states and imperfect measurements.

In the EPR-steering task, Alice tries to convince Bob,
who does not trust her, that they share pairs of entangled
quantum particles [5]. The protocol requires Alice and Bob
to compare results from rounds of local ‘‘measurements’’
on each pair of particles. Bob’s measurement is always
genuine, but he cannot assume that Alice’s is—a dishonest
Alice may instead try to cheat. The only way for an honest
Alice to distinguish herself is by demonstrating her ability
to steer Bob’s state. A dishonest Alice may employ power-
ful cheating strategies which to Bob would appear indis-
tinguishable from loss, opening the ‘‘detection loophole.’’
For this reason, Bob cannot simply ignore cases when
Alice does not (or claims not to) detect a photon. Thus
there is a great challenge in verifying entanglement sharing

with an untrusted party over a long distance. Using high-
efficiency detectors can compensate only for moderate
transmission losses. For high losses, what is required is a
more sophisticated theoretical and experimental approach.
In this paper, we demonstrate theoretically and experi-

mentally that EPR-steering can be rigorously performed
even in the presence of arbitrarily high losses. Other pho-
tonic protocols have been implemented in parallel with this
work [6,7] using high-efficiency sources and detectors;
however, they are not arbitrarily loss tolerant—both use
at most three measurement settings and hence are limited
to losses of less than 67%. (We note that Ref. [6] also
closes the locality and freedom-of-choice loopholes [8],
which is of interest in fundamental tests of quantum me-
chanics.) Our experiment uses up to 16 settings, in con-
junction with completely new, maximally loss-tolerant
tests, allowing the first demonstration of Einstein’s
‘‘spooky action’’ [1,9] over a long (1 km), lossy (87%
loss) channel. As such, it opens the door to using
detection-loophole-free EPR-steering inequalities as tools
in quantum-information science, such as guaranteeing
secure one-way entanglement sharing.

A. EPR-steering and the detection loophole

The formal procedure Bob implements to be certain he
has observed EPR-steering is as follows (Fig. 1): (1) Bob
receives his quantum system; (2) Bob announces to Alice
his choice of measurement setting (labeled k) from a
predetermined set of n observables; (3) Bob records his
measurement outcome and Alice’s declared result, Ak;
and (4) steps 1–3 are reiterated to obtain the average
correlation between Alice’s and Bob’s results, known as
the steering parameter Sn. If Sn is larger than a certain
EPR-steering bound Cn, i.e., if it violates the EPR-steering
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Conclusion

Summary, and Other Work
EPR-steering:

Only formulated rigorously in 2007.
First loop-hole-free experiment in 2012.

Subjectivity (detector-dependence) of quantum jumps
An attribute of quantum jump theory never rigorously tested.
We have proposed a realistic experiment to prove the subjectivity
of quantum jumps on a resonantly driven 2LA.
This generalizes EPR-steering to a continuously monitored system.

1-sided Device-Independent Quantum Key Distribution
We have developed this new asymmetric protocol.
More secure than standard QKD, more feasible than DI-QKD.
Inspired by, and requires, EPR-steering.

New work: Showing that Buscemi’s [PRL, 2012] “semi-quantum
games” are actually quantum-refereed entanglement witnesses,
and generalizing them to quantum-refereed steering tests.
[Cavalcanti, Hall, & Wiseman, arxiv:1210.6051].
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