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Quantum information: pure states

Information: vectors in a Hilbert space

Classical bits Quantum bits (qubits)
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Information: probability distributions



Quantum information: pure states

Special feature:
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Quantum Entanglement

Separable Entangled

[A. Einstein, B. Podolsky, N. Rosen, 1935]



Quantum information: pure states

Different computation rules:                                    Quantum Advantage
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• Secret key distribution

• Search unstructured data

• Factor integers

• Device-independent security

• Random number generation

[A. Eckert (1991)]

[L. Grover (1996)]

[P. Shor (1997)] 

[A. Acín et al (2007)]

[S. Pironio et al (2010)]
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390 508 145 271 285                       
= 7 838 009 × 49 822 365

1 0 1 1 1 1 0 0 1 1 0 1 0 1 0  ? 50%
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Nonlocality
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Nonlocality

Local Correlations

Non-Local Correlations [J. Bell 1964]
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Nonlocality

Local Correlations

Non-Local Correlations [J. Bell 1964]

Example: classical communication
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[Toner & Bacon, 2003]
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Space-like separated

Time
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Nonlocality

[J. Bell 1964]Space-like separated
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How to reveal structure of states?

[J. Bell 1964]

Time
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How to reveal structure of states?

Correlations States[J. Bell 1964]

Time
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How to reveal structure of states?

Some entangled states are local 
[Werner, 1989]

Time
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How to reveal structure of states?

Werner state

Some entangled states are local 
[Werner, 1989]

Time
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How to reveal structure of states?

Some entangled states are local 
[Werner, 1989]

Werner state

All entangled states are “nonlocal” 
[Buscemi, 2012]

Time Time
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Mixed states

State: describes a physical System 
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Mixed states

State: describes a physical System 

Channel: describes evolution of a physical System A
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Mixed states

State: describes a physical System 

Channel: describes evolution of a physical System A

Bipartite: happens on two Systems A and B

time
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Mixed states

State: describes a physical System 

Channel: describes evolution of a physical System A

Bipartite: happens on two Systems A and B

time
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Example: SWAPExample: SWAP



Nonlocal structure of quantum channels

[T. Eggeling et al, 2001]

[D. Leung et al, 2015]
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Nonlocal structure of quantum channels
• Channels (CPTP)

• No-Signalling (qNS)

• Local Oper. & Shared 
Entanglement (LOSE)

• Local Oper. & Shared 
Randomness (LOSR)

Given a channel 
How to reveal structure?

[T. Eggeling et al, 2001]

[D. Leung et al, 2015]
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Nonlocal correlations

States

States
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Nonlocal correlations

Channels

States

States
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Nonlocal correlations

Channels

States

States

Channels
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How to reveal structure of channels?
Time
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[M. Hoban et al, 2018]      [D. Schmidt et al, 2020]      [A. R. et al, 2025]
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[M. Hoban et al, 2018]      [D. Schmidt et al, 2020]      [A. R. et al, 2025]



How to reveal structure of channels?
Time

Input labels

Prepare
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[M. Hoban et al, 2018]      [D. Schmidt et al, 2020]      [A. R. et al, 2025]



How to reveal structure of channels?
Time

Input labels

Prepare

Measure
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[M. Hoban et al, 2018]      [D. Schmidt et al, 2020]      [A. R. et al, 2025]



How to reveal structure of channels?
Time

Input labels

Prepare

Measure

Output labels

Criteria: 
If correlations out of set, channel out of set
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[M. Hoban et al, 2018]      [D. Schmidt et al, 2020]      [A. R. et al, 2025]



How to reveal structure of channels?
Time

Criteria: 
If correlations out of set, channel out of set
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[A. R. et al, 2025]
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Decoherence
Classical bitsQuantum bits (qubits)
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Decoherence
Classical bitsQuantum bits (qubits)
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Environment

Coherences (off-diagonal terms) vanish



Decoherence of states
SeparableEntangled

Environment
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Decoherence of channels
Time
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Decoherence of channels
Time

Environment
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Decoherence of channels
Time

Environment
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Decoherence of channels
Time

Environment

Nonlocality can 
remain!

E.g. classical 
communication
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Decoherence of channels (technical slide I)

Channel from A to A: Choi-Jamiolkowski isomorphism
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Where
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Decoherence of channels (technical slide II)

Just like states: Choi matrix loses the coherences (off-diagonal terms)
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Just like states: Choi matrix loses the coherences (off-diagonal terms)

Time
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Decoherence of channels (technical slide II)

Just like states: Choi matrix loses the coherences (off-diagonal terms)

The result is isomorphic to probability distribution.

Interpretation: environament “measures” 
in local basis. Probabilistic outcome.

Time
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Decoherence of channels

Two-qubit example: Controlled-Not (CN) gate.
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Two-qubit example: Controlled-Not (CN) gate.
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Decoherence of channels
States:            Classical = Local,                                             Quantum = Non Local 
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Decoherence of channels
States:            Classical = Local,                                             Quantum = Non Local 

Channels:     Classical Nonlocality Quantum Nonlocality

Nonlocality can still be certified and quantified, after full decoherence.
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Much richer structure than states
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Composition of LOSR + classical

Bound classical communication

[S. Pironio, 2003]



Classical action: state interconversion

Gate error occurred with some probability

[A. R. et al, 2026]
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Outlook

• Reveal nonlocality (NL) with nonlocal games

• NL of channels can be quantum or classical (dephasing)

• Classical nonlocality has an effect of quantum protocols

Future research line:
Nonlocality of scattering

Thanks!
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Further details
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Measurement protocols (Bell-type):

[AR, M. Bermejo, F. Shahbeigi, K. Życzkowski (2025)].
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Dephasing noise

• Degrees of freedom are coupled with environment. Example:

• In general: Schur product with a Gram matrix.             [Puchała et al, 2021]
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Dephasing on quantum channels
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The role of dephasing

Dephasing with memory: [AR, M. Bermejo, F. Shahbeigi, K. Zyczkowski (2024)].
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The role of dephasing
Dephasing without memory: [AR, M. Bermejo, F. Shahbeigi, K. Zyczkowski (2024)].
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The role of dephasing decoherence

CERN 22/04/2026 Albert Rico 101



CERN 22/04/2026 Albert Rico 102



Bounding the set of LOSR

• LOSR is a constrained separability problem in the Choi matrix.
• A hierarchy for this type of problems is known [Berta et al, 2021].
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Protocol: Maximizing Bell functionals
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