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Formalism of quantum mechanics

States
Contains the whole description of the system: |ψ⟩ ∈ H
Example: |ψ⟩ = 1√

2
|↑⟩+ 1√

2
|↓⟩ ∈ H ∼= C2

Multipartite system

|ψ⟩ ∈ H1 ⊗H2 ⊗ . . . (Notation: |ψ1⟩ ⊗ |ψ2⟩ ≡ |ψ1ψ2⟩)
Example: |Ψ+⟩ = 1√

2
|↑↑⟩+ 1√

2
|↓↓⟩ ∈ H ⊗H ∼= C4

Measurement
Set of projective operators {|a⟩⟨a|}a

|ψpost-meas⟩ =
⟨a|ψ⟩√
P(a|ψ)

|a⟩ , P(a|ψ) = | ⟨a|ψ⟩ |2

2 / 22



Formalism of quantum information

States
Description of what is accessible (stat.mix.): ρ =

∑
i pi |ψi ⟩⟨ψi |

Example: ρ = 1
2 |↑⟩⟨↑|+

1
2 |↓⟩⟨↓|

Multipartite system

ρABC ... ∈ Endo(HA ⊗HB ⊗ . . . )

Example: ρ = 1
2 |↑↑⟩⟨↑↑|+

1
2 |↓↓⟩⟨↓↓|

Measurement
Set of positive operators {Fa}a satisfying

∑
a Fa = I (POVM)

ρpost-meas =
U
√
Faρ

√
Fa

†
U†

P(a|ρ)
, P(a|ρ) = tr(Faρ)

where U is a unitary operator.
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Formalism of quantum information - Remarks

Superposition

|ψ⟩ = 1√
2
|↑⟩+ 1√

2
|↓⟩

Mixed state

ρ =
1

2
|↑⟩⟨↑|+ 1

2
|↓⟩⟨↓|

|ψ⟩ and ρ don’t represent the same system!

|ψ⟩⟨ψ| = 1

2
(|0⟩⟨0|+ |0⟩⟨1|+ |1⟩⟨0|+ |1⟩⟨1|) ̸= ρ
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Multipartite states

Separable state

Use only local operations and classical communication (LOCC)

ρAB... =
∑

i pi ρ
(i)
A ⊗ ρ

(i)
B ⊗ . . .

Example: ρAB = 1
2 |↑⟩⟨↑| ⊗ |↑⟩⟨↑|+ 1

2 |↓⟩⟨↓| ⊗ |↓⟩⟨↓|

Entangled state

ρAB is not separable

Example: ρAB = 1
2
I4
4 + 1

2 |Ψ
+⟩⟨Ψ+|, with |Ψ+⟩ := |↑↑⟩+|↓↓⟩√

2
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Detect entanglement

Positive partial transpose (PPT) criterion1,2

ρAB separable ⇒ ρTB
AB =

∑
i pi ρ

(i)
A ⊗ ρ

(i)T
B ⪰ 0

K-symmetric extensions 3,4

ρAB separable ⇔ ∀k ,∃ρAB1B2...Bk
such that ρABi

= ρAB , ∀i

1
Peres, Asher. “Separability Criterion for Density Matrices.” Physical Review Letters 77

2
Horodecki, Micha l, Pawe l Horodecki, and Ryszard Horodecki. “Separability of Mixed States: Necessary and

Sufficient Conditions.” Physics Letters A 223, no. 1
3

Fannes, M., J. T. Lewis, and A. Verbeure. “Symmetric States of Composite Systems.” Letters in
Mathematical Physics 15, no. 3

4
Raggio, G. A., and R. F. Werner. “Quantum Statistical Mechanics of General Mean Field Systems”
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Mixture of entangled and noisy state

Werner state5

ρAB = λ |Ψ+⟩⟨Ψ+|+ (1− λ) I4
4

5
Werner, Reinhard F. “Quantum States with Einstein-Podolsky-Rosen Correlations Admitting a

Hidden-Variable Model.” Physical Review A 40, no. 8 (October 1, 1989)
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Limitations of the model

Thanks to Mio Poortvliet

What is ρ? What is the Hilbert space?
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Limitation of the model

Problem
Models assume ideal/simplistic setup and conditions
⇒ state we have is not the one we expect

Solution
Look directly at the correlations of the device
⇒ Bell tests
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Bell test

Device: x , y → a, b

Repeat experiment ⇒ P(a, b|x , y)
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Correlation types

Local hidden variable (LHV) correlations6

P(a, b|x , y) =
∫

Λ
dλ q(λ)P(a|x , λ)P(b|y , λ)

Quantum correlations

P(a, b|x , y) = Tr[(M
(a)
x ⊗M

(b)
y )ρAB ]

6
Bell, JS. “On the Einstein Podolsky Rosen Paradox” 1, no. 3 (1964)
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Bell inequality

Bell expression

I [P] :=
∑

a,b,x ,y

αabxyP(a, b|x , y)

For wisely chosen αabxy , we can find P ∈ Quantum s.t.

I [P] > max
P∈Local

I [P]

Example: CHSH inequality

1∑
a,b,x ,y=0

(−1)a+b+xyP(a, b|x , y) ≤ 2 (local bound)

Quantum bound: 2
√
2
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Sets of quantum states and correlations

Set of correlations
Set of quantum states
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Entangled is not enough!

Werner state

ρAB = λ |Ψ⟩⟨Ψ|+ (1− λ) I4
4
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Quantum information in HEP
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Bell inequalities - Loopholes

Locality loophole

Alice and Bob devices communicate

Detection loophole

Set of detected events is an unfair sample

Superdeterminism loophole

No free will. Everything (even the measurement choices) is
governed by the same random variable.
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Conclusion

Separable VS Entangled states

▶ PPT criterion, K-symmetric extension, ...

▶ Entangled but still admits LHV model

Local VS Nonlocal correlations
▶ Bell test

▶ LHV model is not enough to describe QM

▶ Loopholes: locality, detection, ”free will”,...
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Bell inequality in HEP - example 1
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Bell inequality in HEP - example2
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Quantum state tomography for HEP
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Key point: reconstructing the density matrix

Before doing anything, we need to get the density matrix.
Is there a way to bypass the density matrix reconstruction → to
discuss
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Quantum state tomography for HEP
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