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Quantum Tomography: Two Qubits

Most general density matrix for 2 qubits:
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Quantum Entanglement

Quantum state of one particle cannot be described independently
from another particle.

) Correlations of observed physical properties of both systems.

) Measurement performed on one system seems to be in
uencing
other systems entangled with it.

Observed in photons, atoms, superconductors, mesons, analog
Hawking radiation, nitrogen-vacancy centers in diamond and even
macroscopic diamond.Recently it has been observed in t �t pairs.
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EPR Paradox
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EPR Paradox

Entanglement: "spooky action at a distance" (A. Einstein).

Assuming two particles with spacial distance.
When a measurement is done on one of the particles, the other one
"knows" about it immediately.
Information travel faster than light?
Contradicts the theory of relativity.
Conclusion: the theory of Quantum Mechanics is incomplete.
By EPR, each particle "carries" variables that know the state before
the measurement.
) There are some hidden variables that are missing in order to have
a full theory.
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Bell Inequality

If local hidden variables hold, they should satisfy some inequality.
C(x; y) are the correlations between di�erent measurements at
di�erent detectors.
The parameters a,b,c are di�erent directions for the measurement.
Original form: 1 + C(b; c) � j C(a; b) � C(a; c)j.
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The Nobel Prize in Physics 2022

The Nobel Prize in Physics 2022 was awarded
jointly to Alain Aspect, John F. Clauser and Anton
Zeilinger "for experiments with entangled photons,
establishing the violation of Bell inequalities and
pioneering quantum information science". (link)

Figure: Alain Aspect, John F. Clauser and Anton Zeilinger.
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Top Quark

Top-quark:
The most massive particle in
the Standard Model.
Lifetime: � 10� 25 s.

General:
Hadronisation:� 10� 24 s.
Spin-decorrelation:� 10� 21 s.

Spin information! decay
products.

Spin-correlations between
top-quark pairs can be
measured.

Considering di-leptonic decays.
Figure: Di-leptonic decay of at �t pair.
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Experimental Observables

Quantum Entanglement:

Concurrence C[� ]: quantitative measurement of
entanglement.

0 � C [� ] � 1, C[� ] 6= 0 i� the state is entangled.

Here,C[� ] = max(� ; 0); � = � Cnn+ jCkk + Crr j� 1
2 .

Bell Non-locality:
A violation of the CHSH inequality:
jaT

1 C (b1 � b2) + aT
2 C (b1 + b2) j > 2.

- C - spin correlation matrix.
- a1; a2 (b1; b2) - axes in which we measure the spin

of the top (antitop).

Maximization: 2
p

� 1 + � 2 � 2
p

2 where
0 � � i � 1 are the eigenvalues ofCT C.
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Entanglement Observable
Bottom plot is shown with integration
only for [2mt ; Mt �t ].

Single observable:
1
�

d�
d cos' = 1

2(1 � D cos' );

D = tr [C]
3 = � 3 � hcos' i , ' is the angle

between the leptons measured in the
parent top/antitop rest frame, andC is
the spin correlation matrix.

D < � 1
3 ) entanglement.

Can be achieved by measuringD close
to threshold at the LHC.
Theory framework:

YA, de Nova, EPJP (2021).
Severi, Boschi, Maltoni, Sioli, EPJC
(2022).
YA, de Nova, Quantum (2022).

Figure:Up: t �t entanglement
strength at the LHC; bottom: the
value of D.
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Recent Measurements

So far, three related measurements were done by ATLAS and CMS.
Entanglement int �t pairs close to the production threshold:

ATLAS: ATLAS, Nature (2024).
CMS: CMS, Rept. Prog. Phys. (2024).

Entanglement int �t pairs with boosted tops:
CMS: PRD (2024).

Toponium?
CMS: CMS, 2503.22382.

Many more are currently at work.
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