Quantum Information with Top Quarks
LHC TOP WG Meeting

Based on EPJP 136, 907 (2021) and 2203.05582

Yoav Afik, Juan Ramén Munoz de Nova

16.06.2022

Yoav Afik Quantum Information with Top Quarks 16.06.2022 1/26


https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1
https://arxiv.org/abs/2203.05582

Overview

The Standard Model is a QFT:
Special Relativity.
Quantum Mechanics.

Fundamental properties of Quantum
Mechanics can be tested via the
Standard Model.

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

Fundamental Quantum Mechanics at the Frontier of known Physics.
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Overview

The Standard Model is a QFT:
Special Relativity.
Quantum Mechanics.
Fundamental properties of Quantum

Mechanics can be tested via the
Standard Model.

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

Fundamental Quantum Mechanics at the Frontier of known Physics.
Two parts are in the talk:

Theory: basic concepts.
Phenomenology: implementation for tf in hadron colliders.
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First part: Theory

First part. Theory

Basic concepts.
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Quantum State

Pure state: cap be described by
wave-functions ; i | ii.
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Quantum State

Pure state: cap be described by
wave-functions ; i | ii.

Mixed state: can he described by a

density matrix: = ;p; J iih jj.
Example: at the LHC we cannot control
the initial state.
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Quantum State

Pure state: cap be described by
wave-functions ; i | ii.

Mixed state: can he described by a

density matrix: = ;p; J iih jj.
Example: at the LHC we cannot control
the initial state.

Quantum Tomography : reconstruction of the quantum state from
measurement of a set of expectation values.
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Quantum Tomography: One Qubit

Qubit: quantum system with two states (e.g., spin-1/2 particle).
Most general density matrix for a qubit:

P .
1+ Bi'_ 1 1+B; B iB
2 T2 Bp+iB, 1 B3

Only 3 parameterd; ! Quantum tomography is the measurement
of spin polarizationB:

Bi=h'li=tr(")

Yoav A k Quantum Information with Top Quarks 16.06.2022



Quantum Tomography: Two Qubits

Most general density matrix for 2 qubits:

. P .
B" '+B '+ ;G ')

4

P
1+

15 parameters3; ;C;j ! Quantum tomography=Measurement of
individual spin polarization8 and spin correlation matrixC:

B"=h'i;B =h'i;G=h']
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Quantum Entanglement

Two di erent systems A and BH = H; H .

Separable: = pn @ B

ﬁ;b are quantum states ilA;B,  pn=1;pn O

Classically correlated state iH! can be written in this form.
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Quantum Entanglement

Two di erent systems A and BH = H; H .
Separable: = pn @ B
ﬁ;b are quantum states iA; B, P aPn=1;pn O
Classically correlated state iH! can be written in this form.

Non-separable state is called entangled and hence, it is a non-class
state.
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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.
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Hidden Variables

By EPR, each particle "carries" variables that knows the state befor
the measurement.

) There are some hidden variables that are missing in order to ha\
a full theory.

The Copenhagen Interpretation: superposition of states until a
measurement was done.

Bohr Vs. Einstein.

"God does not play at "Quit telling God what to
dice with the universe". do!"
Who is right?

Yoav A k Quantum Information with Top Quarks 16.06.2022



Bell's 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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Second part: Phenomenology

Second part: Phenomenology

Implementation fott in hadron colliders.
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Top-Quark

General:

Hadronisation: 10 23s,
Spin-decorrelation: 10 ?!s.

Top quark:

Lifetime: 10 25s,
Spin information! decay
products.

Spin-correlations between a pair
of top-quarks can be measured.

Considering leptonic decays.
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Spin-Correlations between Top-Quark Pairs

Studied extensively theoreticaly.
Measured by the DO, CDF, ATLAS and CMS collaborations.
No link between spin-correlations and quantum entanglement so far

Spin-Correlations 6 Quantum Entanglement!
However, Quantum Entanglement Spin-Correlations.
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LO Analytical Calculation
g t 9 t g t
i g t g t
g t
Analytical calculation at leading-order. The system is de ned by:
R: the direction of the top wah respect to the beam axis.
4 m?

The invariant masM,, = 1 S5t

tt

Each onel = qq; gg gives rise to ' (My;K) with probability
w; (M K), which is PDF dependent,
The spin density matrix: (M;;;K) =
Th :
e total ﬂthjﬂantunhstate _ Ry
(M) it dMd p(M;K) (M;R)= 5t dM p(M) (M)

2my

1= qqigg W (Mt K) (M5 K).
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LO Analytical Calculation

Analytical calculation at leading-order. The system is de ned by:

K: the direction of the top w&h respect to the beam axis.

The invariant massM;;, = 1 4Mn21t-

Each onel = qq; gg gives rise to '(Mtt; K) with probability
wi (M K), which is PDF dependen
The spin density matrix: (M;;K) =
The total guantumgstate:
M midM d p(M;R MQ_M“dMM M
(Mtr) p(M;K) (M;K) p(M) (M)

Wi (Mg ) '(M; K).

I=qg:;99
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Basis Selection

Helicity basis:fK; /; Ag:

Beam basisf%; §; 2g:
R - direction of the top in thett

2 along the beam axis.

M f_ram_e. R; ¢ transverse directions
p - d|£ecé|on of the beam. to the beam.

cos = 9. . After averaging:

A=(P cos K)=sin . —C=C

n=4% K. “=6=0C.

Figure: Helicity and beam bases.
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Experimental Observables

Quantum Entanglement

Concurrence CJ[ ]. quantitative measurement of
entanglement.

0 C[] 1,C[]60i the state is entangled.
Here,C[ 1=max( ;0).

Entanglement is equivalent to
— CntjCik+Crrj 1
= e > Q.
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Experimental Observables

Quantum Entanglement

Concurrence CJ[ ]. quantitative measurement of
entanglement.
0 C[] 1,C[]60i the state is entangled.
Here,C[ 1=max( ;0).
Entanglement is equivalent to
- Cnn+jCkk+Crrj 1 > 0
e :
Bell's Inequality
A violation of the CHSH inequality:
ja]C(by by)+ aJC(by+ by)j> 2.
C - spin correlation matrix.
ai; az (b1; by) - axes in which we measure the spin
of the top (antitop).
Maximization: 1+ 2 1whereO0 ; 1
are the eigenvalues @' C.
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Loopholes in a Collider Experiment

Loopholes: experimental tests of Bell's inequality may not ful Il all
hypotheses of the theorem.
Collider experiment:
Free-will loophole spin measurement directions should be free,
independent from hidden-variables.
Detection loophole only a subset of events is selected for the
measurement, which can be biased.

Collider experiments were not designed to test Bell's Inequality.
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Loopholes in a Collider Experiment

Loopholes: experimental tests of Bell's inequality may not ful Il all
hypotheses of the theorem.
Collider experiment:

Free-will loophole spin measurement directions should be free,
independent from hidden-variables.

Detection loophole only a subset of events is selected for the
measurement, which can be biased.

Collider experiments were not designed to test Bell's Inequality.
I Can only detect aveak violation of CHSH (Bell's) Inequality.

Bell's-Inequality Quantum Entanglement .

Yoav A k Quantum Information with Top Quarks 16.06.2022






	Appendix

