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Why is photonic implementation of quantum
information processing interesting?

It is important to prove that a Bell inequality violated, since this
makes it sure that hidden variable models cannot be used to
describe the world.

We have to exclude loopholes, such as detection loophole and
locality loophole to be fully sure.

We will now review the paper

W. Rosenfeld, D. Burchardt, R. Garthoff, K. Redeker, N. Ortegel,
M. Rau, and H. Weinfurter, Event-Ready Bell Test Using
Entangled Atoms Simultaneously Closing Detection and Locality
Loopholes, Phys. Rev. Lett. 119, 010402 (2017).

[link to Physical Review Letters, press ’pdf’].

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.010402
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CHSH Bell’s inequality
Let us imagine that we have a bipartite system with parties 1 and
2. We measure X1 and Y1 on party 1, and X2 and Y2 on party 2.
All Xk ,Yk measurements have an outcome +1 or −1.

The CHSH Bell inequality has the following form

X1X2 + X1Y2 + Y1X2 − Y1Y2 ≤ 2.

It is a bound for Local Hidden Variable (LHV) models. These
models assume that the measurement results exist locally before
the measurement, and we just read out the one we choose.

In practice, the bound can be obtained by substituting +1 and −1
into Xk and Yk , and looking for the maximum:

Bound = max
Xk ,Yk∈{+1,−1}

X1X2 + X1Y2 + Y1X2 − Y1Y2

Thus we we obtain Bound = 2.



CHSH Bell’s inequality II

Let us write now the CHSH inequality with operators
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Loopholes

Loopholes, in principle, could make it possible that Bell
inequalities seem to be violated, but in reality they are not violated.

The first loophole is the detection loophole. Many detectors cannot
detect all particles. Thus, part of the experiments are unnoticed.

This is the largest problem with photonic experiments, while with
atomic qubits or ions it is not a problem.

The other loophole is the locality loophole. If the two subsystems
are too close to each other, one subsystem can "know" what
operator is measured on the other. This way, the experimental
results could be obtained even with local hidden variable models.
This is problematic with trapped ions stored close to each other, or
atoms in the same trap.
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Lopphole-free test

Two Rb (Rubidum) atoms are the qubits, they are far away from
each other.

Each emits a photon and measuring these photons they entangle
the atoms.

Then, they measure the two atoms independently in a space-like
separated manner. At the first atom a circuit decides locally what
to measure, X or Y, and the second atoms is very far, it cannot
know about it.



CHSH inequality

In the paper, they write the CHSH inequality little differently. In the
first subsystem, they measure σα σα′ . On the other subsystem,
they measure σβ σβ′ .

The added absolute |...| value does not change the main point:
the bound comes from substituting +1 and −1 to the measured
quantities.



Qubits are stored in atoms

The two qubits are stored in Rb atoms, 398m from each other:



Entanglement generation between the atomic
qubits

Each atom is entangled with a photon. Then the two photons are
measured in the Bell basis, which entangles the atoms with each
other.



Entanglement generation between the atomic
qubits II

Remember, that the Bell basis is

|Φ±〉 =
1
√

2
(|00〉 ± |11〉),

|Ψ±〉 =
1
√

2
(|01〉 ± |10〉), (1)

Thus, even if the system was in a product state, it will be in an
entangled state after the measurement.



Entanglement generation between the atomic
qubits III

The relevant part is the central part of Fig. 2:



How to measure the Bell inequality on the two
qubits

Atoms in a given state are ionized, the orthogonal state remains
unaffected. The ionization fragments (Rb+ and electrons) are
detected.



How to measure the Bell inequality on the two
qubits II

The detection efficiency is very high (0.98 = 98%) which is
important to exclude the detection loophole.



How to measure the Bell inequality on the two
qubits II

At each qubit, there is the following unit, which can read out the
qubit.



Space-like separated setup

The two-qubits are far from each other. The process of (1)
selecting which observable to measure, and (2) measuring it, is
needs smaller time than the time needed for light to travel from
one qubit to the other.

Thus, they can exclude the locality loophole.



Conclusions

We discussed a loophole free Bell inequality experiment
described in the paper:

W. Rosenfeld, D. Burchardt, R. Garthoff, K. Redeker, N. Ortegel,
M. Rau, and H. Weinfurter, Event-Ready Bell Test Using
Entangled Atoms Simultaneously Closing Detection and Locality
Loopholes, Phys. Rev. Lett. 119, 010402 (2017).

[link to Physical Review Letters, press ’pdf’].

See the video with the presentation of Harald Weinfurter (Max
Planck Institute for Quantum Optics, Munich) at

[link to youtube video].

THANK YOU FOR YOUR ATTENTION!

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.010402
https://www.youtube.com/watch?v=PQszhK180kI
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