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Quantum states

State described by a density operator ρ

tr[ρ] = 1, ρ = ρ†, 〈φ|ρ|φ〉 ≥ 0 ∀|φ〉 ∈ H

A state completely described by a single vector
|ψ〉 is a pure state

ρ = |ψ〉〈ψ|

A statistical ensemble of pure states (|ψi〉 with
probability Pi) is a mixed state

ρ =
∑

i

Pi|ψi〉〈ψi| =
∑

i

Piρi
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Qubits

Qubit, 2-level quantum system

Bipartite qubit (Alice and Bob), H = Ha ⊗Hb
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Entanglement

State ρab not separable into a (mixture of) product states ←→ Entangled

Use quantum observables to quantify
entanglement
(e.g. concurrence, negativity, entanglement
entropy...)

C [ρab] =


1↔ maximally entangled
1 > C > 0↔ entangled
0↔ separable

Leonardo Satrioni Supervisors: Fabio Maltoni, Rafael AoudeNLO decoherence effects for Quantum Observables at colliders 4 / 17



Quantum Universe Attract.Workshop Hamburg, 23–25 Nov 2025

Quantum state and correlations

For a bipartite qubit

ρab = 1
4

I4 +
3∑

i=1
Ba

i (σi ⊗ I2) +
3∑

i=1
Bb

i (I2 ⊗ σi) +
3∑

i,j=1
Cij(σi ⊗ σj)



Ba
i : Alice’s spin polarization

Bb
i : Bob’s spin polarization

Cij : spin correlation (matrix) ← entanglement
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Top quark properties

Heaviest known elementary particle

mt ≈ 173GeV

Short-lived, decays before hadronizing

τt ≈ 5× 10−25 s

tt̄ polarization state is a bipartite qubit

|λtλt̄〉 ∈ C2 ⊗ C2

ρtt̄ can be entangled
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Top quark properties

One main decay channel

t→ bW+ → bud̄/bν``
+

Info about spin polarization passed to the decay
products

1
Γ

dΓ
d cosχi

= 1
2 (1 + αi cosχi) α`+ = αd̄ = 1

tt̄ spin correlations ↔ `+`−/dd̄ angular correlations

1
σ

dσ

d cosφ = 1− 1
3tr(C) cosφ

Entanglement in tt̄ spin can be probed experimentally
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New strategy
Use entanglement observablesa to test the SM at colliders (and look for New
Physics)

aFor bipartite qubits only concurrence is independent

Predict concurrence, QI+SM
e.g. in a tt̄ at LHC

Measure concurrence from LHC data
via quantum tomography
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Comparison

Entanglement prediction for
pp→ tt̄

Tomography performed at LHC

First ever detection of entanglement at these energies!
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Closed System VS Open System

QFT QI Evolution
LO Closed Schrödinger

NLO, NNLO, … Open Lindblad

Prediction done at LO, system is closed

Closed system is unphysical, background of
undetected interactions = environment

Incorporate higher-order corrections to
study tt̄ as open system
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Objectives

Project goal
Describe decoherence effects at colliders, starting with the tt̄ production

Why decoherence?

Loss of quantum properties due to interaction with
environment

It’s an issue in all the applications of QM

Decoherence at colliders is a new topic

We are collaborating with experimentalists to
propose a measurement
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Previous Work

First article about decoherence at colliders
Aoude, Barr, Maltoni, Satrioni, arXiv:2504.07030v1

Heavy scalar boson decay φ→ tt̄

Established the formalism to describe decoherence

Decoherence as quantum maps to relate ρLO and
ρNLO

E : ρLO 7→ E [ρLO] = ρNLO

For open systems we need Kraus operators Ki

E [ρLO] =
∑

i

KiρLOK
†
i
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Previous Work

First article about decoherence at colliders
Aoude, Barr, Maltoni, Satrioni, arXiv:2504.07030v1

Heavy scalar boson decay φ→ tt̄

Environment reduces entanglement, quantum
decoherence
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φ→ tt̄g

At LO the tt̄ is in a Bell singlet state

ρtt̄ = 1
2


0 0 0 0
0 1 −1 0
0 −1 1 0
0 0 0 0

 = |Ψ−〉〈Ψ−|

maximally entangled C[ρtt̄] = 1

At NLO the state is a function of the
gluon phase-space

ρtt̄g = ρtt̄g(Eg, cos θg)

Leonardo Satrioni Supervisors: Fabio Maltoni, Rafael AoudeNLO decoherence effects for Quantum Observables at colliders 14 / 17



Quantum Universe Attract.Workshop Hamburg, 23–25 Nov 2025

Ongoing work

Ongoing work: e+e− → tt̄

Realistic system (e.g. FCC-ee)
Intermediate step for pp

Adding 1-loop correction

Leonardo Satrioni Supervisors: Fabio Maltoni, Rafael AoudeNLO decoherence effects for Quantum Observables at colliders 15 / 17



Quantum Universe Attract.Workshop Hamburg, 23–25 Nov 2025

Future plans

Next step: pp→ tt̄

Technical challenges:
Mixed initial states and multiple production channels (qq̄, gg)
Radiation couples to the initial state

Next-to-next step: further developments
Extend the formalism to all orders (resummation, dealing with logs)
Generalize to other systems (e.g. qutrits, quitrit⊗quibit, ...)
Explore extensions BSM (e.g. effective theories like SMEFT)
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Thank you for your attention!
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Bell states

Bell states
Bell states are maximally entangled
states of a bipartite qubit system:

|Ψ±〉 ≡ 1√
2

(|01〉 ± |10〉) ,

|Φ±〉 ≡ 1√
2

(|00〉 ± |11〉) .

|Ψ−〉 is a singlet

|Ψ+〉, |Φ±〉 are triplets

|Ψ±〉〈Ψ±| = 1
2


0 0 0 0
0 1 ±1 0
0 ±1 1 0
0 0 0 0



|Φ±〉〈Ψ±| = 1
2


1 0 0 ±1
0 0 0 0
0 0 0 0
±1 0 0 1


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Generalized spin sums

Useful spinor identities: Michel-Bouchiat formulae

Phh′
u ≡ uh′(p)ūh(p) = 1

2
(
δh′hI + γ5/sa[σa]h′h

)
(/p+m),

Phh′
v ≡ vh(p)v̄h′(p) = 1

2
(
δh′hI + γ5/sa[σa]h′h

)
(/p−m).

Generalization of the completeness relation∑
i

uh(p)ūh(p) = (/p−m)

Leonardo Satrioni Supervisors: Fabio Maltoni, Rafael AoudeNLO decoherence effects for Quantum Observables at colliders 2 / 14



Quantum Universe Attract.Workshop Hamburg, 23–25 Nov 2025

Density matrix for tt̄

Consider the scattering from an initial state ”in” to final state tt̄ (with momenta pi

and helicities hi)

R
h1h2,h′

1h′
2

tt̄
= 1
Nin

∑
in.dof

Ah1h2
in→tt̄

Āh′
1h′

2
in→tt̄

in
{

...

t(p1, h1)

t̄(p2, h2)

Normalize to find the quantum state

ρtt̄ = Rtt̄

tr[tt̄]
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Density matrix for tt̄

Start from amplitude
A ∼ Kµ︸︷︷︸

in. state

(ū(p1, h1)Tµv(p2, h2))

The R matrix is

Rh1h2,h′
1h′

2 ∼ KµK̄ν

(
ū(p1, h1)Tµv(p2, h2)v̄(p2, h

′
2)T̄ νu(p1, h

′
1)

)
Apply Michel-Bouchiat formulae

Rh1h2,h′
1h′

2 ∼ KµK̄ν tr
[
Ph1h′

1
u TµPh2h′

2
v T̄ ν

]
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Decay of a massive scalar boson φ with p2 = m2
φ

[RLO]h1h2,h′
1h′

2 = 4NCy
2
tm

2
tβ

2

1− β2


0 0 0 0
0 1 −1 0
0 −1 1 0
0 0 0 0

 φ

t(p1, h1)

t̄(p2, h2)

LO is a Bell singlet ρLO = |Ψ−〉〈Ψ−| which is maximally entangled C[ρLO] = 1
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Add real emission corrections (e.g. vector radiation)

Collinear reduced density matrix

Rcol =


R11

col 0 0 0
0 R22

col −R22
col 0

0 −R22
col R22

col 0
0 0 0 R11

col


a = 1− R11

col
R11

LO +R11
col +R22

col
∼ 1−O(αv)

φ(p) γ(p3)

t(p1)

t̄(p2)

gvγ
µ

Full state is different from LO

ρNLO = RLO +Rcol
tr[RLO +Rcol]

= a|Ψ−〉〈Ψ−|+ 1− a
2

(
|00〉〈00|+ |11〉〈11|

)
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Build a quantum map to reproduce the NLO emission

ρLO = |Ψ−〉〈Ψ−| ?−−→ ρNLO = a|Ψ−〉〈Ψ−|+ 1− a
2

(
|Φ+〉〈Φ+|+ |Φ−〉〈Φ−|

)

Look at K00, K10, K20 with P00 = a and Pi0 = 1−a
2

K00 : |Ψ−〉〈Ψ−| K00−−→ P00|Ψ−〉〈Ψ−|

K10 : |Ψ−〉〈Ψ−| K10−−→ 1−a
2 |Φ

−〉〈Φ−|

K20 : |Ψ−〉〈Ψ−| K20−−→ 1−a
2 |Φ

+〉〈Φ+|

 ENLO[•] =
∑

i=0,1,2
Ki0 •K†

i0
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Kraus operators

Basic Kraus operators transform a Bell state into another one

K00 =
√
P00 σ

0 ⊗ σ0 :

|Ψ−〉〈Ψ−| 7−→ P00|Ψ−〉〈Ψ−|

K10 =
√

1− P10 σ
1 ⊗ σ0 :

|Ψ−〉〈Ψ−| 7−→ (1− P10) |Φ−〉〈Φ−|

K20 =
√

1− P20 σ
2 ⊗ σ0 :

|Ψ−〉〈Ψ−| 7−→ (1− P20) |Φ+〉〈Φ+|

K30 =
√

1− P30 σ
3 ⊗ σ0 :

|Ψ−〉〈Ψ−| 7−→ (1− P30)|Ψ+〉〈Ψ+|
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Kraus operators

There are also linear combinations of the Pauli matrices

σ± = 1
2(σ1 ± iσ2) σL/R = 1

2(σ0 ± σ3)

These Kraus operators transform a Bell state into a separable state

K+0 : |Ψ−〉〈Ψ−| K+0−−−→ 1−P+0
2 |11〉〈11|

K−0 : |Ψ−〉〈Ψ−| K−0−−−→ 1−P−0
2 |00〉〈00|

KR0 : |Ψ−〉〈Ψ−| KR0−−−→ 1−PR0
2 |01〉〈01|

KL0 : |Ψ−〉〈Ψ−| KL0−−−→ 1−PL0
2 |10〉〈10|

Leonardo Satrioni Supervisors: Fabio Maltoni, Rafael AoudeNLO decoherence effects for Quantum Observables at colliders 9 / 14



Quantum Universe Attract.Workshop Hamburg, 23–25 Nov 2025

φ→ tt̄

Virtual correction EV [ρLO] = pV IρLOI

Contains UV divergencies, removed via renormalization

Contains IR divergencies, cancelled by those in the I operator from the Real map

Real correction ER[ρLO] = (psoft
R + phard

R )IρLOI + qhard
R

∑
j 6=IKjρLOKj

No collinear divergencies due the top mass mt

Contains IR divergencies in psoft
R , cancelled by those in the Virtual map

Additional IR finite terms (from σ3) for parity odd radiation q5
R

∑
j KjρLOK

†
j

Full map Efull[ρLO] = pIIρLOI +
∑

j qjKjρLOKj

pI = pLO + pV + psoft
R + phard

R

qj = qhard
R + q5

R
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Concurrence for gg → tt̄
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Concurrence for gg → tt̄ (left) and qq̄ → tt̄ (right)

polar coordinates: radius is β =
√

1− 4 m2
t

m2
tt̄

, angle is the scattering angle θ
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Concurrence for e+e− → tt̄ (both γ and Z)

polar coordinates: radius is β =
√

1− 4 m2
t

m2
tt̄

, angle is the scattering angle θ
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Concurrence for e+e− → tt̄ (only γ)

polar coordinates: radius is β =
√

1− 4 m2
t

m2
tt̄

, angle is the scattering angle θ
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