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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.

An opportunity to study Quantum Information at High-Energy
Colliders.

This talk is based on:
YA, J. R. M. de Nova, EPJP (2021).
YA, J. R. M. de Nova, Quantum (2022).
YA, J. R. M. de Nova, 2209.03969.
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The Standard Model is a QFT:
Special Relativity.
Quantum Mechanics.

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

An opportunity to study Quantum Information at High-Energy
Colliders.

This talk is based on:
YA, J. R. M. de Nova, EPJP (2021).
YA, J. R. M. de Nova, Quantum (2022).
YA, J. R. M. de Nova, 2209.039609.
Three parts are in the talk:
Basics: tt in hadron colliders.
Common Concepts: Entanglement and Bell Inequality.
Novel Concepts: Discord and Steering.
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First Part: Basics

First Part: Basics

tt in hadron colliders.
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Top-Quark

Top-quark:
The most massive particle in
the Standard Model.
Lifetime: 10 s
General:
Hadronisation: 10 #s.
Spin-decorrelation: 10 % s.
Spin information! decay
products.

Spin-correlations between a pair

of top-quarks can be measured. , _ ,
o ] . Figure: Di-leptonic decay of &t pair.
Considering di-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 of top-quarks and Quantum
Information until recently.

Spin-Correlations can be a classical property.
For example Spin-Correlations 6 Quantum Entanglement!
However, Quantum Entanglement Spin-Correlations.
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Collisions at the LHC

At the LHC, protons are being
collided at high energies.

Proton: quarks and gluons
(partons).

Parton distribution function
(PDF): the density of each

parton in the proton. ) _
Figure: Parton density at the proton.

Figure is from JHEP 2015, 40 (2015).
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Leading-order 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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Quantum Information meets High-Energy Physics

How does all of this related to Quantum Information?
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Second Part: Common Concepts

Second Part: Common Concepts

Entanglement and Bell Inequality.
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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+ B
- 2
Only 3 parameterd3; ! Quantum tomography is the measurement
of spin polarizationB:

Bi=h'i=tr(")
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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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Experimental Observables

Quantum Entanglement

Concurrence ([ ]. quantitative measurement of
entanglement.

0 C[] 1, ]160i the state is entangled.

Here,d ] =max( ;0); = -Gt 1
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Experimental Observables

Quantum Entanglement
Concurrence ([ ]. quantitative measurement of
entanglement.

0 C[] 1, ]160i the state is entangled.

,0)1 - Cnn+jclék+ Crrj 1

Here,d ] = max(

Bell Inequality

A violation of the CHSH inequality:

jajC(bs bz)+ 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: 2 1+ 2 2 2where

0 i 1 are the eigenvalues @' C.
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Loopholes in a Collider Experiment

Loopholes: experimental tests of Bell 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 Inequality!
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Loopholes in a Collider Experiment

Loopholes: experimental tests of Bell 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 Inequality!
) Can only detect aveak violation of CHSH (Bell) Inequality.

Bell-Inequality Quantum Entanglement .
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Entanglement and Bell Inequality Before Integration

a) gg! tt Concurrence. (b)
b) qq! tt Concurrence.
c) Full LHC (My;K)
Concurrence.
d) Full Tevatron (My;K)
Concurrence. © )

Solid line: entanglement
boundary; Dashed line:
Bell non-locality
boundary.

It is possible to control thegg=qq fraction by further selections (),
see Aguilar-Saavedra, Casas, EPJC (2022).
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Measurable Entanglement Witness

Integration only for [2n;; My].
For highpt see:
Fabbrichesi, Floreanini,
Panizzo, PRL (2021).
Severi, Boschi, Maltoni, Sioli,
EPJC (2022).

In particular:
18- =11 Decos )where

' is the angle between the
lepton directions in each one of
the parent top and antitop rest

frames.
tr[C] 1
>0, D= < -
3 3
Can be achieved by measuring-igure: Up: the value ofD; bottom: statistical
D close to threshold. deviation from the null hypothesis D =  1=3).
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Recent Related Measurement

Recently,D was measured with
no selection orM,; by the CMS
collaboration.

Results:
D= 0237 0011> 1=3;
D=D =4:6%.

No evidence of quantum

entanglement.

) We need a dedicated

analysis!
Figure: Distribution of co$ . Figure is
from Phys. Rev. D 100, 072002.
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Third Part: Novel Concepts

Third Part: Novel Concepts

Discord and Steering.
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What are Discord and Steering?

Completing the puzzle of
quantum information in
high-energy physics.
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What are Discord and Steering?

Completing the puzzle of
quantum information in
high-energy physics.
Quantum Discord:
The most basic form of
guantum correlations.

Asymmetric between di erent
subsystems.

Quantum Steering:

Measurements on one

subsystem can be used to

\steer" the other one.

A non-local feature that lies Figure: Schematic description of the
between entanglement and relation between the di erent concepts
Bell non-locality. discussed in the talk.
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What are Discord and Steering?

Completing the puzzle of
quantum information in
high-energy physics.

Quantum Discord:

The most basic form of
guantum correlations.
Asymmetric between di erent
subsystems.

Quantum Steering:
Measurements on one
subsystem can be used to
\steer" the other one.

A non-local feature that lies Figure: Schematic description of the

between entanglement and  relation between the di erent concepts
Bell non-locality. discussed in the talk.

Bell Nortlocality Steering Entanglement Discord SpinCorrelation
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Quantum Discord

Classically:l(A;B) = H(A)+ H(B) H(A;B)= H(A) H(A|B),
H(X) is the Shannon entropy.

QM \discord™: D(A;B) H(B) H(A;B)+ H(A]B) 60.

The condition for discord in a two-qubit system is:

Da=S(8) S()+minapaS( )+ p aS( n)60.

with S( )= Tr log,
the Von Neumann entropy.

Can be asymmetric:
D(A;B) 6 D(B;A).
I A test for CP-violation.

Figure: Schematic description of two
subsystems with mutual information.
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Measurement of how Alice can \steer" the quantum
state of Bob.

Original conception of Schredinger for the EPR
paradox, only well-de ned in 2007 (Wiseman, Jones,
Doherty, PRL (2007)).
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Measurement of how Alice can \steer" the quantum
state of Bob.

Original conception of Schredinger for the EPR
paradox, only well-de ned in 2007 (Wiseman, Jones,
Doherty, PRL (2007)).

Alice performs a spin measurement
and obtains the result =

Bob's resulting state is the
corresponding conditional stateqajx):

in uence his state, unless local hidden € Steering phenomenon:
Figure is from Uola, Costa,
state holds.

Nguyen, Gshne, Rev. Mod.
Can be asymmetric. Phys. (2020).
I A test for CP-violation.

Y. Ak, J. R. M. de Nova Quantum Tops 21.03.2023



Discord and Steering Before Integration

a) gg! tt Discord.
b) qq! tt Discord. @ ®
c) Full LHC (M;K)

Discord.

d) Full Tevatron (M;K)
Discord.

Solid, dashed-dotted, © ©)
dashed black lines are

the critical boundaries of

entanglement,

steerability, and Bell

non-locality, respectively.
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Discord and Steering Before Integration

a) gg! tt Discord.
b) qq! tt Discord. @ ®
c) Full LHC (M;K)
Discord.
d) Full Tevatron (M;K)
Discord.
Solid, dashed-dotted, © ©)
dashed black lines are
the critical boundaries of
entanglement,
steerability, and Bell
non-locality, respectively.

Full picture of quantum correlations in tt.
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Discord and Steering After Integration

Integration only for [2n; M¢]. @
a) Discord forC, ; C, (symmetry
around the beam axis).
Green: LHC trajectory;
Red: Tevatron trajectory.
Cross: =0; Circle: =1.
Quantum discord:C, 6 0.
Solid, dashed-dotted, dashed
black lines are the critical
boundaries of entanglement,
steerability, and Bell
non-locality, respectively.

b) Detailed trajectory of green line
in the upper panel.

(b)
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Experimental Measurement - Discord

The tomography is required fora.:s, , n, n:

Da=S(8) S()+minapaS(n)+ p aS( n)60.

! Can be done by measuring the di erential cross-sections.
One- qublt tomography of 4 from conditional Bloch vector8,

+ A+ F 1\+ C
( + )_ 1B ?4 )2

AN _ p(® m _ 18, "
p( J - n) (’\ = n) - 4ﬁ

Actual discord is evaluated from minimization ouer
I Measuring discord according to its very de nition.
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Experimental Measurement - Steering

Steering ellipsoid: the set of states to which
Bob can steer Alice.
Forms an ellipsoid in Alice's Bloch
sphere, containing her Bloch vecter
Fundamental object in quantum
information.
Contains most of the information about
system's quantumness.

Measurement oB, enables the N e
. - . li id Figure: Ellipsoid
reconstruction oft; t steering ellipsoids. o5 esentation of a

Highly-challenging measurements in two-qubit state. Figure is
conventional setups. from Jevtic, Pusey,

I Natural implementation in colliders. gzegl”i’)‘gs Rudolph, PRL
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Implementation of ABC in Quantum Information at colliders, in
particular at the LHC: interdisciplinary, huge potential and great
interest.

Quantum Information perspectivenew system to test quantum
foundations at the highest-energy scale so far. Genuinely relativistic
exotic symmetries and interactions, fundamental nature.

Discord (directly from its de nition) and Steering ellipsoid, challengin
measurements in conventional laboratory setups, can be measured
High-Energy perspectiveQuantum Information techniques have

inspired new approaches to test physics beyond the Standard Mode
- YA, J. R. M. de Nova, 2209.03969.
- Aoude, Madge, Maltoni, Mantani, PRD (2022).
- Severi, Vryonidou, JHEP (2023).
- Fabbrichesi, Floreanini, Gabrielli, EPJC (2023).
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Implementation of ABC in Quantum Information at colliders, in
particular at the LHC: interdisciplinary, huge potential and great
interest.
Quantum Information perspectivenew system to test quantum
foundations at the highest-energy scale so far. Genuinely relativistic
exotic symmetries and interactions, fundamental nature.
Discord (directly from its de nition) and Steering ellipsoid, challengin
measurements in conventional laboratory setups, can be measured
High-Energy perspectiveQuantum Information techniques have
inspired new approaches to test physics beyond the Standard Mode

- YA, J. R. M. de Nova, 2209.03969.

- Aoude, Madge, Maltoni, Mantani, PRD (2022).

- Severi, Vryonidou, JHEP (2023).

- Fabbrichesi, Floreanini, Gabrielli, EPJC (2023).
The rst measurements of entanglement between a pair of top-quarks are
ongoing within ATLAS and CMS.
The results are expected to be public soon - stay tuned!
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Thank You
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Backup Slides

Backup
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Intuition: Spin States at Threshold

The state is determined by the initial spins.

qqg: aq = (j" p" pl h" p" pj + j#p#pl h#p#pj) =2. b

99: 9 =j oih o, withj oi =(j"p#pi # p"pi)= 2.

qgq! correlated, not entangledgg! correlated, entangled.
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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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High-Energy Physics Example

At B-Factories,e” e collisions can be properly
adjusted in order to create (4S)(bb).

(4 S)(bb) decays toB® + BY, where we have
iB% = jbdi;jB% = jbdi.

We get an entangled state:

p%(jBOij BC% j BOijBY).
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Quantum Tomography

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

Spin polarizationdB and spin correlation matrixC can be extracted
from cross-section -- of di-leptonic decay:

h i
1 d - 1
1+ B+ {\+ B F A+ C F

~d.d (@)

Symmetry around beam axis:
2 spin correlation<; ; C,.
2 individual spin (longitudinal)
polarizationsB, .
No assumption on the particular
form of the quantum state:
9 spin correlationsC; .
6 individual spin polarizations
B.
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Physics Beyond the Standard Model: Examples

Change in the Change at NLO Asymmetric
concurrence (the from the SM value guantum
entanglement for spin correlations (e.g.
marker) with new observables for discord) imply
interactions: new interactions: CP-violating new
Aoude, Madge, Severi, Vryonidou, physics.

Maltoni, Mantani, JHEP (2023). YA, de Nova,
PRD (2022). 2210.09330.
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Physics Beyond the Standard Model: Examples

O = gs(Q TAt)~G" +h.c.; 1)

0P =(tr T¥r)aL T2q); @)
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