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Standard Model is a Relativistic Quantum Field Theory = Special
Relativity + Quantum Mechanics.

Quantum Mechanics can be tested via Standard Model.

Implementation of canonical techniques of Quantum Information ¥
Quantum Information Theory at High-Energy Colliders.

Highest-energy study at the frontier of the known Physics!

Interest: Genuinely relativistic environment, exotic interactions and
symmetries, fundamental nature...

J. R. M. de Nova Top QI - CKM 2023 21/09/2023 2/33



Part |I: Quantum Information
Theory
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Quantum vs. Classical

Quantum Mechanics: Particles are in superposition of stdtes
Probabilistic description of measurements.

Classical Mechanics can also describe random outputs using classi
probability distributions (noise, experimental variations...).

Something genuinely quantum? Yes: Wave nature of quantum
mechanics!

Quantum Correlations=Correlations not
accounted by classical theories.
Quantum Discord
Entanglement
Steering
Bell nonlocality
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Quantum State

Quantum descriptions:

Pure statg ! Wave function! Coherentmixture of quantum states
'] 1=, n ] nl, nareamplitudes

Mixed state s Density matrix! Incoherentmixture of quantum
states! = ,Pn Jj nih nj, pn are probabilities

Density matrix: Most general quantum state.
Classical descriptions accounted by density matrices.
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Qubit: Two-level quantum systenii ;j#i! Most simple quantum
system.
General density matrix (2 2) for 1 qubit! 3 parametersB;:

Two qubits! Most simple example of quantum correlations.
General density matrix (4 4) for 2 qubits! 15 parameters; ;C;
P . , P . .
1+ ;B ' 1+B;1 '+ Gt
4
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Quantum Discord

Classically, two equivalent expressions for mutual information of
bipartite system A and B (Alice and Bob):

I(A;B) = Hg@)+H(B) H(A;B) = H(A) H(AB)
H(A;B) pP(x;y)log, p(x;y)
X3y

P(Y)H(AIB = y)
y

X

H(A|B)

Ollivier, Zurek PRL 88,

t hani introd
Quan um mechaniCs can Introauce a 017901 (2001)

\discord" between both expressions:
D(A;B) H(B) H(A;B)+ H(AjB)60

Most basic form of quantum correlations!

Quantum Discord is asymmetric
D(A;B) 8 D(B;A)
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Quantum Discord: Two qubits

How do we translate classical into quantum?
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Quantum Discord: Two qubits

How do we translate classical into quantum?
Shannon entropy Von Neumann entropyf, 0, eigenvalues)

X
H(A;B) ! H()= Pn 10g; pn

n

H(A) ' H(a) H(B)! H(B) ap=Trea

Conditional probability! Conditional state 5z = One-qubit state
after Bob's spin measurement alonfg

H(AIB) = paH( n) + p aH( n)
B B 1+By _, B*+CnNn __1+n B

" m 2 " T 1vag M 2
Genuine quantumneds Minimization over all spin directions:

D(A;B) = H( B) H()+mri\nan( n)+ P aH( n) 60
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Entanglement

Entanglement: Most genuine feature of Quantum Mechanics. Key

resource for quantum technolo%ies.
Separability: = _pn @ 8 pn=1;pn O
Classically correlated state iH !  Separable.

Non-separability=Entanglement ! Non-classical state.

R. F. Werner, PRA 40, 4277 (1989)
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Entanglement: Two qubits

Two qubits: Separability=PositiveP-representationP(na; ng) 0:
z z

= d ad g P(na;ng)jnangihnangj; d ad g P(na;ng)=1

Classical spins pointing at directioms; ng!
Separability=Purely classical correlations
z
Gi=h' Ji= d ad s P(naine)myny

Entanglement=NO probability distribution Genuine non-classical!
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Steering: Two qubits

Measurements of Bob can \steer" quantum state of Alice.
Steering: Original conception of Schredinger of EPR paradoxOnly
well-de ned in 2007! (Wiseman, Jones, Doherty, PRL 98, 140402

(2007))
Alice post-measurement stat% described by local-hidden states:

= & a= d p@n)p() s()

If not, quantum state issteerable.
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Steering: Two qubits

Alice post-measurement state: same as for quantum discord.

_w _1+Bf ., _B*+Can
C Trw 2 " 1+n B

fn

Set of conditional polarizationsg describes an ellipsoid.

Steering ellipsoid: Fundamental QI object, containing all information
about the system.

Similar for Bob! Steering: also asymmetric between Alice and Bok

Jevtic, Pusey, Jennings, Rudolph
PRL 113, 020402 (2014)
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Bell inequality: Two qubits

Local realism: Joint Alice and Bob measuremeMs ; Mg accounted

by local hidden-variable model
z

p(a;bjMaMg) = d p(aMa )p(bjMs )p( )

Local realism holds if Bell inequality is satis ed. Two qubits
CHSH inequality (a;; b; spin axes of measuremeniéa; Mg)

jalC(by bp)+ alC(bi+ by)j 2

Stronger condition than entanglement "Spooky action at distance"
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