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Quantum information paradox (gravity+quantum mechanics):

• Does spacetime emerge from entanglement?
• Do black holes have interiors?
• Does the universe exist outside our horizon?
• What is the information-theoretic structure of quantum field theories?
• Can quantum computers simulate all physical phenomena?
• How does quantum information flow in time?

10−35 m

It from Qubit: 

10−10 m 1 m10−20 m10−30 m

Introduction
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10−35 m 10−10 m 1 m10−20 m10−30 m

*Io stimo più il trovar un vero, benché di cosa leggiera, che 'l disputar lungamente delle massime questioni 
senza conseguir verità nissuna.

Introduction
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What can we learn on Fundamental Interactions from quantum  
information ideas/methods/techniques/results?

https://aforismi.meglio.it/aforisma.htm?id=5a83
https://aforismi.meglio.it/aforisma.htm?id=5a83
https://aforismi.meglio.it/aforisma.htm?id=5a83
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 This is not a new question in HEP:  B-flavour oscillations
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𝐵0𝑠 → 𝐷−𝑠 𝜋+ 𝐵0𝑠 → 𝐵0𝑠 → 𝐷−𝑠 𝜋+ Untagged

1-leg: Leggett-Garg K3 2-leg : Leggett-Garg K4 (like Bell)

Belle : Υ(4S) → BB̄

BIV

What can we learn on Fundamental Interactions from quantum  
information ideas/methods/techniques/results?
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Introduction
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Neutrino oscillations as bi- and tri-partite systems [Blasone et al.] to more recent analyses of 
neutrino oscillations [Banerjee et al.]. See also [Kumar et al.].  Possibility of using quantum 
observables to access the mass hierarchy [Dixit et al.], distinguishing between Majorana vs Dirac  
[Richter et al.]. For a very interesting proposal to use Leggett-Garg violations at different energies 
was made [Formaggio et al.].

This is not a new question in HEP:  neutrino-flavour oscillations

What can we learn on Fundamental Interactions from quantum  
information ideas/methods/techniques/results?

https://inspirehep.net/literature/585719
https://inspirehep.net/literature/1388022
https://inspirehep.net/literature/1793605
https://inspirehep.net/literature/1680846
https://inspirehep.net/literature/1633666
https://inspirehep.net/literature/1418827
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•Recent and growing interest in the high- collider 
community with ~100 papers in the last few years. 

•Broadening of interests in more formal and pheno aspects.


•First experimental results appeared starting Nov 2023! 


Q2

Citations to the 

Afik & de Nova paper

Introduction
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What can we learn on Fundamental Interactions from quantum  
information ideas/methods/techniques/results?
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My personal motivations:


•Community pride:   


•Meaning: A plethora of fundamental results 
(theorems!) for QI : what do they mean for HEP? 


• Impact: And viceversa, what can be learnt on QI 
from particle physics?


•Value:  Opportunity to elaborate (and communicate) 
what is important/interesting in our field:

ℚ𝕄 ⊂ ℚ𝔽𝕋

Introduction

10

New Physics  Uncharted SM physics + BSM≡



Particle Physics and the quantum — Fabio Maltoni —  Invisibles - Bologna 5 July 2024

My personal motivations:


•Community pride:   


•Meaning: A plethora of fundamental results 
(theorems!) for QI : what do they mean for HEP? 


• Impact: And viceversa, what can be learnt on QI 
from particle physics?


•Value:  Opportunity to elaborate (and communicate) 
what is important/interesting in our field:

ℚ𝕄 ⊂ ℚ𝔽𝕋

Introduction

10

p e-

γ
Vs

New Physics  Uncharted SM physics + BSM≡



Particle Physics and the quantum — Fabio Maltoni —  Invisibles - Bologna 5 July 2024

My personal motivations:


•Community pride:   


•Meaning: A plethora of fundamental results 
(theorems!) for QI : what do they mean for HEP? 


• Impact: And viceversa, what can be learnt on QI 
from particle physics?


•Value:  Opportunity to elaborate (and communicate) 
what is important/interesting in our field:

ℚ𝕄 ⊂ ℚ𝔽𝕋

Introduction

10

p e-

γ
Vs

 
SM 
known

BSM


SM 

Uncharted

New Physics  Uncharted SM physics + BSM≡



Particle Physics and the quantum — Fabio Maltoni —  Invisibles - Bologna 5 July 2024

• Crash course on QI tools


•  production at the LHC


• Searching for New Physics


• Conclusions

tt̄

Plan
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10%

10%

20% 60%

2 qubits 2 qutrits
Flavour Theory

This talk!

https://arxiv.org/pdf/2402.07972.pdf

For a nice review:
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Basics
Density matrix : pure versus mixed

iℏ
d
dt

|ψ(t)⟩ = H |ψ(t)⟩

Schrödinger wave function (pure)

|ψ⟩ = ∑
n

αn |ϕn⟩

⟨A⟩ = ⟨ψ |A |ψ⟩

⟨ψ |ψ⟩ = 1

|⟨ϕ |ψ⟩ |2 ≥ 0
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Density matrix : pure versus mixed

iℏ
d
dt

|ψ(t)⟩ = H |ψ(t)⟩

Schrödinger wave function (pure)

|ψ⟩ = ∑
n

αn |ϕn⟩

⟨A⟩ = ⟨ψ |A |ψ⟩

iℏ
dρ
dt

= [H, ρ]

Pure

ρ = |ψ⟩⟨ψ |

⟨A⟩ = Tr[Aρ]

ρ = ∑
j

pj |ψj⟩⟨ψj |

ρ = ρ2

Tr[ρ] = 1

Generic (mixed)

Tr[ρ2] = 1 Tr[ρ2] < 1 ρ ≠ ρ2

⟨ψ |ψ⟩ = 1

|⟨ϕ |ψ⟩ |2 ≥ 0

(∑
j

pj = 1, pj ≥ 0)

13
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The properties are different for pure and mixed states 

|ψ⟩ = |a⟩ ⊗ |b⟩

Product pure state

|ψ⟩ = ∑
ij

pij |ai⟩ ⊗ |bj⟩

Generic state (entangled)

pij ∈ ℂ , ∑
ij

pijp*ij = 1
 orthonormal bases|ai⟩, |bj⟩

Separable Non-separable (generic)

ρ = ∑
i

pi ρi
A ⊗ ρi

B

pi ≥ 0 , ∑
i

pi = 1

ρ = ∑
ijkl

pijp*kl |ai⟩ ⊗ |bj⟩⟨ak | ⊗ ⟨bl | = ∑
ijkl

pijp*kl |ai⟩⟨ak | ⊗ |bj⟩⟨bl |

ρA = TrB [ρ] = ∑
ijl

pijp*kj |ai⟩⟨ak |

ρB = TrA [ρ] = ∑
ijl

pijp*il |bj⟩⟨bl |

Composite systems

14
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Entanglement

|ψ⟩ = ∑
i

λi |wi⟩A ⊗ |zi⟩B

Theorem: 

If  is a pure state of the AB system, then two bases exist such that (in A and B) |ψ⟩

ρA = ∑
i

λi |wi⟩A A⟨wi |

ρB = ∑
i

λi |zi⟩B B⟨zi |

∑
i

λi = 1, λi ≥ 0

⇒ •The states of the subsystems are mixed-states!

•They have the same eigenvalues => they are equally impure

with

15
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1.One can always think of a mixed state as the trace out a subsystem in a large system (purification). 

2.Two subsystems that partition a pure state are entangled IFF their reduced states are mixed. 

Consequences:

Basics
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Concurrency

ℋ = ℋA ⊗ ℋBTake an entangled pure state between the two subsystems A and B.


 As a result, the states in A and B must be mixed and 

Tr [ρ2
A] ≤ 1 Tr [ρ2

B] ≤ 1and 

0 ≤ C2
A|B = 2(1 − Tr[ρ2

A]) = C2
B|A ≤ 1

The concurrency CA|B    is defined as 

C2
A|B = 2S2(ρA) Tsallis-2 linear entropy 

For mixed states, things are in general more complicated. 

Basics
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Peres-Horodecki criterium 

ℋ = ℋA ⊗ ℋB

This is a necessary (and for two qubits sufficient) criterium for separability of a 
mixed state of two subsystems A and B. Consider a generic state: 

ρ = ∑
ijkl

pijp*kl |ai⟩ ⊗ |bj⟩⟨ak | ⊗ ⟨bl |

ρTB = (I ⊗ T)[ρ] = ∑
ijkl

pijp*kl |ai⟩⟨ak | ⊗ ( |bj⟩⟨bl | )T = ∑
ijkl

pijp*kl |ai⟩⟨ak | ⊗ |bl⟩⟨bj | = ∑
ijkl

pilp*kj |ai⟩⟨ak | ⊗ |bj⟩⟨bl |

And the partial transpose on B

The criterion states that if   is separable then all the eigenvalues of are non-negative. 

In other words, if  has a negative eigenvalue, is guaranteed to be entangled. 

ρ
ρ

17
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A = ± 1
A′￼ = ± 1

B = ± 1
B′￼ = ± 1

E(AB) + E(AB′￼) + E(A′￼B) − E(A′￼B′￼) ≤ 2

Assuming: 

1] Measurements reveal element of reality, physical properties present beforehand.

2] Alice and Bob are separated by a space-like distance


Then:

Bell (Clauser, Horne, Shimony, and Holt) inequalities

18
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Bell (Clauser, Horne, Shimony, and Holt) inequalities

Proof: 

E(AB) + E(AB′￼) + E(A′￼B) − E(A′￼B′￼)

= E(AB + A′￼B + A′￼B − A′￼B′￼)
= E(A(B + B′￼) + A′￼(B − B′￼))

Now  and viceversa.  SoB + B′￼ = 0 ⇒ B − B′￼ = ± 2

AB + A′￼B + A′￼B − A′￼B′￼ = ± 2

So for the expectation value

E(AB) + E(AB′￼) + E(A′￼B) − E(A′￼B′￼) = ∑
a,a′￼,b,b′￼

p(a, a′￼, b, b′￼)(ab + ab′￼+ a′￼b − a′￼b′￼) ≤ 2

Comments: 


i) Bell inequalities have nothing to do with 
quantum mechanics.


ii) In the last 40 years experiments have proven 
them over larger and larger distances.


iii)Discussions on possible loopholes have 
heated and continue to keep the community 
of experts busy. 

19
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Grading quantum correlations

20

Tr[ρ2] = 1 Tr[ρ2] < 1

Basics
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Quantum tops @ LHC

Y. Afik and JRM de Nova: 2209.03969 [quant-ph]

Y. Afik and JRM de Nova: 2203.05582 [quant-ph]

Y. Afik and JRM de Nova: 2003.02280 [quant-ph]

M. Fabbrichesi, R. Floreanini. G. Panizzo: 2102.11883 [hep-ph]

C. Severi, C. Boschi, FM, M. Sioli : 2110.10112 [hep-ph]

R. Aoude, E. Madge, FM, L. Mantani: 2203.05619 [hep-ph]

J.A. Aguilar-Saavedra, J.A. Casas: 2205.00542 [hep-ph]

C. Severi, E. Vryonidou: 2210.09330 [hep-ph]

Z. Dong, D. Gonçalves, K. Kong, A. Navarro: 2305.07075 [hep-ph]

J.A. Aguilar-Saavedra : 2307.06991 [hep-ph]

J.A. Aguilar-Saavedra, J.A. Casas: 2401.06854 [hep-ph]

T. Han, M. Low, TA Wu: 2310.17696 [hep-ph]

Stephen J. Parke, Yael Shadmi hep-ph/9606419 
G. Mahlon, S. J. Parke, hep-ph/9412250 
G. Mahlon, S. J. Parke,hep-ph/9512264 
G. Mahlon, S. J. Parke, ,hep-ph/9611367
G. Mahlon, S. J. Parke, hep-ph/9706304

Many other papers on (H )WW,ZZ,ZW, , tW,…→ τ+τ−

®Rafael Aoude

21

C. Severi, FM, S. Tentori, E. Vryonidou: 2404.08049[hep-ph]

K. Cheng,T. Han, M. Low: 2407.01672[hep-ph]

C. Severi, FM, S. Tentori, E. Vryonidou: 2401.08751[hep-ph]

On the shoulders of 

https://arxiv.org/abs/2209.03969
https://arxiv.org/abs/2203.05582
https://arxiv.org/abs/2003.02280
https://inspirehep.net/authors/1010482
https://inspirehep.net/authors/1009800
https://inspirehep.net/authors/1423728
https://arxiv.org/abs/2102.11883
https://arxiv.org/abs/2110.10112
https://inspirehep.net/authors/999053
https://arxiv.org/abs/2203.05619
https://inspirehep.net/authors/1231884
https://inspirehep.net/authors/1014357
https://arxiv.org/abs/2205.00542
https://inspirehep.net/authors/1077733
https://arxiv.org/abs/2210.09330
https://inspirehep.net/authors/1988581
https://inspirehep.net/authors/1078269
https://inspirehep.net/authors/2660806
https://arxiv.org/abs/2305.07075
https://inspirehep.net/authors/1231884
https://arxiv.org/abs/2307.06991
https://inspirehep.net/authors/1231884
https://inspirehep.net/authors/1014357
https://arxiv.org/abs/2401.06854
https://inspirehep.net/authors/1006825
https://inspirehep.net/authors/1061156
https://inspirehep.net/authors/2724147
https://arxiv.org/abs/2310.17696
https://inspirehep.net/authors/994213
https://inspirehep.net/authors/989192
https://arxiv.org/abs/hep-ph/9606419
https://inspirehep.net/authors/994213
https://arxiv.org/abs/hep-ph/9412250
https://inspirehep.net/authors/994213
https://arxiv.org/abs/hep-ph/9512264
https://inspirehep.net/authors/994213
https://arxiv.org/abs/hep-ph/9611367
https://inspirehep.net/authors/994213
https://arxiv.org/abs/hep-ph/9706304
https://inspirehep.net/authors/1077733
https://arxiv.org/abs/2404.08049
https://arxiv.org/abs/2407.01672
https://inspirehep.net/authors/1077733
https://arxiv.org/abs/2401.08751
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๏ LHC: a top factory.


๏ Top decay: The decay occurs in two steps, t→Wb is the first 
one: 


๏ Due to the structure of weak interactions, it “magically” 
turns out that the direction of the lepton is 100% correlated 
with that of the spin of the top. 

⇒ The charged lepton is the best proxy for the spin  

αℓ = 1(100 % correlated)

10%

90%

Why looking at tops?

22

αd = 1, αu = − 0.3, αb = − 0.4, αW = 0.4

τhad ≈ h/ΛQCD ≈ 2•10-24 s

τtop ≈ h/ Γtop =1/(GF mt3 |Vtb|2/8π√2) ≈ 5•10-25 s (with h=6.6 10-25 GeV s)


τspin-flip ≈ 
(
Λ2

QCD

mt )
−1

≫ τhad
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Quantum tops

𝑡
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💥

💥

💥

ℓ+

ℓ−
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 “The devil is in the details” :   pair is not in a pure state.
𝑡𝑡

๏ The qubit-qubit system is described by the following density matrix


which, for    can be approximated by B1 = B2 =0, and C is symmetric (CP conservation) and  
almost diagonal in the helicity basis.


𝑡𝑡

24

J
H
E
P
0
1
(
2
0
2
3
)
1
4
8

The spin state of a tt̄ pair is described by the density matrix:

ρ = 1
4

(
⊗ +

3∑

i=1
Bi σi ⊗ +

3∑

i=j

B̄j ⊗ σj +
3∑

i=1

3∑

j=1
Cij σi ⊗ σj

)
, (3.1)

where the first term in each tensor product refers to the top and the second term to
the anti-top. The parameters entering (3.1) have the physical interpretation of being the
expectation values of individual spins and spin correlations,

〈Si〉 = Bi, 〈S̄i〉 = B̄j , 〈SiS̄j〉 = Cij . (3.2)

The parameters entering (3.1) have well defined C, P, and CP transformation proper-
ties [27], listed in table 1. In particular, the linear combinations Bi − B̄i and Cij −Cji are
CP violating, and will not be considered further in this work.

Spin analyzing power. The measurement of the t t̄ spin state may be considered to be
very challenging, as measuring a particle’s spin traditionally requires careful measurements
of its trajectory in a rapidly changing magnetic field. However, provided that the particle
one is interested in decays electroweakly, and that its decay products are fully recovered,
the reconstruction of the spin state becomes experimentally possible even in the difficult
environment of a hadron collider. In fact, thanks to the fully chiral nature of weak inter-
actions, the momenta of daughters X = b,W, #, q, ν emerging from the decay of tops are
correlated with the spin of the initial top, with the decay width given at LO by:

1
Γ

dΓ
d cos θX

= 1 + αX cos θX
2 , (3.3)

where αX is a parameter known as spin analyzing power of particle X, and θX is the angle
between the original top spin and the direction of the emitted X in the top rest frame.

Assuming for concreteness that αX > 0, the direction of flight of particle X then
follows a cosine distribution around the initial top’s spin, with the most likely trajectory
being aligned to the spin itself, and the least likely being opposite to it. As a result
of this effect, individual decay products can be considered as proxies for the spin of the
corresponding top quarks, and correlations between different decay products as proxies for
those between the top quark spins.

At leading order in the SM, the spin analyzing power of prompt W bosons and charged
leptons emerging from the W decay is given by:

αW = m2
t − 2m2

W − m2
b

(m2
b − m2

t )2 + (m2
b +m2

t )m2
W − 2m4

W

×

×
√
(mb − mt − mW )(mb +mt − mW )(mb − mt +mW )(mb +mt +mW ) ≈ 0.394,

(3.4)
α! = 1. (3.5)

It is curious that the charged lepton has a larger spin-analyzing power than its mother,
the W boson. This is due to the constructive and destructive interference between am-
plitudes with intermediate W bosons of different helicities; this information is lost when
considering the direction of flight of the prompt Wb pair.

– 6 –

_


Quantum tops
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Kinematics

25

𝑡

𝑡

💥

💥

ℓ+

ℓ−

𝑛̂

𝑟̂

𝑘̂

💥
t̄ : {− ̂k, − ̂r, − ̂n}

𝑡:

xij = cos θai cos θbj
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`+<latexit sha1_base64="Sp77k94cfYfTFIeU4UAaliQDymk=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBEEoSRS1GPRi8cK9gOaWDbbSbt0s4m7m0IJ/R1ePCji1R/jzX/jts1BWx8MPN6bYWZekHCmtON8Wyura+sbm4Wt4vbO7t5+6eCwqeJUUmzQmMeyHRCFnAlsaKY5thOJJAo4toLh7dRvjVAqFosHPU7Qj0hfsJBRoo3ke3TAupmHnD+eT7qlslNxZrCXiZuTMuSod0tfXi+maYRCU06U6rhOov2MSM0ox0nRSxUmhA5JHzuGChKh8rPZ0RP71Cg9O4ylKaHtmfp7IiORUuMoMJ0R0QO16E3F/7xOqsNrP2MiSTUKOl8UptzWsT1NwO4xiVTzsSGESmZutemASEK1yaloQnAXX14mzYuKe1mp3lfLtZs8jgIcwwmcgQtXUIM7qEMDKDzBM7zCmzWyXqx362PeumLlM0fwB9bnD69Jkg4=</latexit>�`+
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Quantum tops

26

−Ckk − Crr − Cnn ≡ − 3D(1) > 1
−Ckk + Crr + Cnn ≡ − 3 D(k) > 1

+Ckk − Crr + Cnn ≡ − 3 D(r) > 1

+Ckk + Crr − Cnn ≡ − 3 D(n) > 1

⇒ Entanglement 

We can write four sufficient conditions for entanglement: 

Where D=-   and in the limiting case of  we have the four Bell states:η η = 1
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⇒ Bell condition (with axis choice) 

Kinematics
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Summary

−Ckk − Crr − Cnn ≡ − 3D(1) > 1
−Ckk + Crr + Cnn ≡ − 3 D(k) > 1

+Ckk − Crr + Cnn ≡ − 3 D(r) > 1

+Ckk + Crr − Cnn ≡ − 3 D(n) > 1

⇒ Entanglement 

We can write four sufficient conditions for entanglement: 

28



Particle Physics and the quantum — Fabio Maltoni —  Invisibles - Bologna 5 July 2024

Summary

−Ckk − Crr − Cnn ≡ − 3D(1) > 1
−Ckk + Crr + Cnn ≡ − 3 D(k) > 1

+Ckk − Crr + Cnn ≡ − 3 D(r) > 1

+Ckk + Crr − Cnn ≡ − 3 D(n) > 1

⇒ Entanglement 

We can write four sufficient conditions for entanglement: 

28



Particle Physics and the quantum — Fabio Maltoni —  Invisibles - Bologna 5 July 2024

Summary

⇒ Bell violation (with axis choice) 

−Ckk − Crr − Cnn ≡ − 3D(1) > 1
−Ckk + Crr + Cnn ≡ − 3 D(k) > 1

+Ckk − Crr + Cnn ≡ − 3 D(r) > 1

+Ckk + Crr − Cnn ≡ − 3 D(n) > 1

⇒ Entanglement 

We can write four sufficient conditions for entanglement: 
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White regions: zero-entanglement

Maximal entanglement points/regions:

�2 ! 1, cos ✓ = 0

�2 = 0, 8✓At threshold:

high-E:

SM Entanglement
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pp
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�2 ! 1, cos ✓ = 0High-E:

�2 = 0, 8✓At threshold:

(singlet)

(triplet)

30

gg

Maximal entanglement points/regions:

SM Entanglement
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�2 ! 1, cos ✓ = 0High-E:

�2 = 0, 8✓At threshold:

mixed but separable

(triplet)

31

Maximal entanglement points/regions:

qq̄
SM Entanglement
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Entanglement “easily” observable at the LHC!

𝐶𝑘𝑘 + 𝐶𝑟𝑟 − 𝐶𝑛𝑛  > 1

−𝐶𝑘𝑘 − 𝐶𝑟𝑟 − 𝐶𝑛𝑛  > 1

32

Severi et al. 2110.10112 

SM Entanglement
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First measurements

Entanglement observation by ATLAS
ATLAS-C

O
N

F-2023-069

Entanglement observation by CMS

TOP-23-001-pas

TO
P-23-001-pas

Dilepton channel at threshold

33
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Bell inequalities violation

34

Challenging!!

Semileptonic

Dilepton

Better statistics, use of boosted top tagging 

Z. Dong et al. 2305.07075Severi et al. 2110.10112 

Low statistics…

https://inspirehep.net/authors/1988581
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First measurements
Semileptonic channel
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Measurements going towards testing BIV (with many loopholes…)

https://indico.cern.ch/event/1403076/
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Two model-independent approaches: 


1] BSM resides beyond the scales directly explored by the experiment 

 Effective Field Theory


2] BSM resonances can be directly produced

  Simplified models 

⇒

⇒

Is there a Quantum Advantage in the search for New Physics?

36
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SM EFT UV

ℒSMEFT = ℒ(4)
SM +

1
Λ2

𝑁6

∑
𝑖

𝑐𝑖𝒪(6)
𝑖 +

1
Λ4

𝑁8

∑
𝑗

𝑐𝑗𝒪(8)
𝑖 + …

 SMEFT

37
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Quantum Advantage for SMEFT 

•New interactions modify both conventional and quantum observables

•Dimension-6 operators can modify the degree of entanglement between top quarks

•SMEFT introduce new structures, thus probing new linear combinations between coefficients

•QI observables can break degeneracies between operators when combined with standard observables  

New sensitivity!
38

J
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(a)

(b) (c)

(d) (e)

Figure 1. Change from the SM value for spin observables for the operators OtG (1a), O(8,3)
Qq (1b),

O(1,3)
Qq (1c), O(8,1)

Qq (1d), O(1,1)
Qq (1e), inclusive in tt̄ phase space. Dashed lines indicate results at LO,

continuous lines indicate NLO. The shaded region around each curve represents the combination of
scale and MC uncertainty. The MC uncertainty is always sub-leading compared to scale variation.
Only curves that deviate appreciably from zero are shown.

– 14 –

C. Severi, E.Vryonidou : 2210.09330 Aoude et al.  2203.05619

https://arxiv.org/abs/2210.09330
https://arxiv.org/abs/2203.05619
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BSM resonances
Scalar                                Z’                              Stops

‘

Sequential Z’

It interferes with SM EW top production. 

39
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Quantum Advantage for BSM resonances 

Not adding much…
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Promising!

Quantum Advantage for BSM resonances 
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First measurements

ATLAS-C
O

N
F-2023-069

More entanglement than predicted by NLO+PS QCD! 

TOP-23-001-pas

TO
P-23-001-pas

Dilepton channel at threshold

42
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New SM Physics: Toponium
• Quasi-Bound State of top and antitop

• Energy states obtained by solving Schrödinger equation 

with QCD potential

• Described by NRQCD

• Ground state n=1 S-wave

• Spin-singlet vs spin-triplet depending on production 

mode


• spin singlet for pp and spin triplet for e+e−

vectorscalar

S. Tentori

Bachelor thesis

43
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Fully differential NLO+LL, Coulomb Resummation 


Ki
yo

, K
üh

n,
 S

te
in

ha
us

er
, M

oc
h,

 U
w

er
 a

rX
iv

: 0
81

2.
09

19
 e+e− predictions

Coulomb Resummation 

Needs matching between below threshold, toponium region, continuum

LHC predictions

44

New SM Physics: Toponium
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Toponium modelling
We can approximate the impact in the Monte Carlo 
by introducing a toy model with a resonance


• vector resonance for lepton collisions 

• psedoscalar resonance for proton collisions 


Peak of resonance fitted to match the results 
obtained by the resummed computation


FM et al. 2404.08049

45
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Toponium modelling
We can approximate the impact in the Monte Carlo 
by introducing a toy model with a resonance


• vector resonance for lepton collisions 

• psedoscalar resonance for proton collisions 


Peak of resonance fitted to match the results 
obtained by the resummed computation


FM et al. 2404.08049

45

Significant impact on entanglement markers, hence 
improvement of measurement agreement with theory

Pseudoscalar resonance leads to different spin 
correlations compared to QCD
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First measurements

Tantalising indication of New (SM) Physics!

46
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Conclusions
❖ Quantum information and computing is hyped up. It promises a quantum 
advantage that, while not yet proven, could bring to transformative 
applications. 


❖ The current status builds upon a number of theoretical and experimental 
advances in the last 30 years that have changed the way we think about 
quantum mechanics. 


❖ Our current description of fundamental interactions, based on QFT, has 
QM at its core. Theoretically, it is embedded in our formalism so deeply that 
(sometimes) we do not even notice. Experimentally, however, most of our 
measurements are not correlations, but just counting experiments. 


❖ A novel interest in looking at fundamental interactions at TeV scale with QI 
glasses has started since two/three years ago and has quickly lead to a 
variety of studies and interesting results, …

47
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®Rafael Aoude

And all collaborators on QI:


Claudio Severi, Christian Degli Esposti Boschi, Max 
Sioli, Federica Fabbri, Rafael Aoude, Eric Madge, 
Luca Mantani, Eleni Vryodinou, Simone Tentori, 
Kentarou Mawatari, Kazuki Sakurai, Priyanka 

Lamba, Mohammad Altakach.
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…raising new ideas and questions every day !
❖  Is there a relation between symmetries and entanglement? 1812.03138, 2210.12085

❖  What is the best frame for making quantum measurements? 2311.09166

❖  How is decoherence happening for collider final states?

❖  When is the actual measurement of spin really happening? 2401.06854

❖  Is there an optimal way to do quantum tomography? 2311.09166

❖  Is there a general approach to quantum measurements at colliders? 2201.03159

❖  Are there quantities in colliders that can be entangled beyond spin and flavour? Color?

❖  Is the information entropy a useful quantity in collider physics?

❖  Are SM interactions minimal in with respect to alternative theories? 2307.08112

❖  Can multi-partite systems be studied at colliders? 2310.01477

❖  Is entanglement conserved/augmented/lost in SM interactions? 1703.02989,2209.01405

❖  Is there a relation between scattering in QFT and computing in IS? 2312.02242, 2310.10838

❖  Can entanglement be used to do model building? 2307.08112

❖  What is the analogue of purification at collider processes?

❖  Can we test Bell-inequalities on an event by event basis?

❖  What is the analogue of distillation?  2401.06854

❖  What is the most general constraint on non-locality from scattering processes? 2401.01162

❖  Entanglement in neutrino oscillations?  Many papers, see 2305.06095

❖  Entanglement and Bell in B0/B0-mixing? Several papers, see 2106.07399

❖  How should we think about virtual particles? 2211.05782

❖  Maximal or minimal entanglement as a guiding principle? 1703.02989 vs 2307.08112
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https://arxiv.org/abs/1812.03138
https://arxiv.org/abs/2210.12085
https://arxiv.org/abs/2311.09166
https://arxiv.org/abs/2401.06854
https://arxiv.org/abs/2311.09166
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Quantum correlations
Y. Afik and JRM de Nova: 2209.03969 [quant-ph]

50

https://arxiv.org/abs/2209.03969
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Basics

E(AB) = ⟨A(a)B(b) > =
1

2

E(AB′￼) = ⟨A(a)B(b′￼) > =
1

2

E(A′￼B) = ⟨A(a′￼)B(b) > =
1

2

E(A′￼B′￼) = ⟨A(a′￼)B(b′￼) > = −
1

2

A(a′￼) = ̂Sz ⊗ I

A(a) = ̂Sx ⊗ I

B(b) = −
1

2
I ⊗ ( ̂Sz + ̂Sx)

B(b′￼) =
1

2
I ⊗ ( ̂Sz − ̂Sx)

E(AB) + E(AB′￼) + E(A′￼B) − E(A′￼B′￼) = 2 2

Bell (CHSH) inequalities : QM
|�±i = |""i± |##ip

2

51



Particle Physics and the quantum — Fabio Maltoni —  Invisibles - Bologna 5 July 2024

Basics
Grading quantum correlations

® Yoav AfikEntanglement rests on the difference between 

separable and non-separable sates. Is this the boundary

of quantum and non-quantum effects?

Quantum discord is an asymmetric measure of nonclassical 

correlations between two subsystems of a system, based 

on the difference between two different quantum definitions 

of mutual information. 
Quantum steering (proposed by Schrödinger) differs from 
entanglement for mixed states and it is also asymmetric (and 
base dependent).
Bell non-locality needs a strong quantum correlation. For 
pure states it just amounts to entanglement again. 

Mixed states
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