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entanglement 
of the scattered state
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see talks by Navarro, 
Pelliccioli, Xu, Davis, 
Kang, Hindrisch, Jolly

QUANTUM TOMOGRAPHY
how to detect/reconstruct entanglement 

at colliders

ex. Afik, de Nova, EPJ Plus 136 (9) (2021) 907
     Barr, Phys.Lett.B 825 (2022)
     Aguilar-Saavedra, Bernal, Casas, Moreno, Phe.Rev.D 107 (2023)  
     Aoude, Madge, Maltoni, Mantani, JHEP 12 (2023)
     Altakach, Lamba, Maltoni, Mawatari, Sakurai, Phys.Rev.D 109 (2024)
     Maltoni, Severi, Tentori, Vryonidou, JHEP 03 (2024)
     and many more….
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see also talks by Wagner, 
Low, Chang, McGinnis, 

Cervera Lierta

entanglement 
GENERATED / TRANSFERED 

in a scattering event

connection between entanglement 
and fundamental properties of QFTs

 (e.g. symmetries)

this talk
ex. Cervera-Lierta et al.,’17, Beane et al, ‘19, 
Fedida, Serafini, ‘22, Low, Yin ‘24, Chang, Jacobo ‘24, 
Carena et al. ‘24,’25, Blasone et al. ‘24-’26, 
Thaler,Trifinopoulos ‘24, Busoni et al. ‘25,
McGinnis ‘25,’26, Garrido et al. ‘26,
and more….
 



Entanglement in scatteringEntanglement in scattering

Hilbert space: momentum + qubit

In perturbation theory:

The final-state density matrix:
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Perturbative density matrixPerturbative density matrix
Shao et al., ‘08; Seki et al., ‘15; Peschanski, Seki, ‘16, 
‘19; Carney et al., ‘16; Rätzel et al., ‘17; Fan et al., ‘17; 
Araujo et al., ‘19; Fan et al., ‘21; Fonseca et al., ‘22; 
Shivashankara ‘23; Aoude et al., ‘24
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optical theorem
unitarity of the S-matrix

(indeterminate normalization)

Properties:



Perturbative density matrixPerturbative density matrix

Properties:

optical theorem
unitarity of the S-matrix

Shao et al., ‘08; Seki et al., ‘15; Peschanski, Seki, ‘16, 
‘19; Carney et al., ‘16; Rätzel et al., ‘17; Fan et al., ‘17; 
Araujo et al., ‘19; Fan et al., ‘21; Fonseca et al., ‘22; 
Shivashankara ‘23; Aoude et al., ‘24

leads to different 
entanglement measures 

pure state

mixed state

(indeterminate normalization)
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How to extract entanglement between qubits?
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Tracing out 
momentum

unitarity guaranteed by the optical theorem

Tracing out momentumTracing out momentum
KK, E.M. Sessolo, JHEP 07 (2024) 156
KK, E.M. Sessolo, JHEP 04 (2026) 014 
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=0

order by order in 
perturbation theory
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linearized entropy:  (reduced state in general mixed:                  )
entanglement between momentum and qubits

λ: eigenvalues of
entanglement between qubits
concurrence:

=0

order by order in 
perturbation theory
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Separability momenta-qubitsSeparability momenta-qubits
Linearized entropy:
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Separability momenta-qubitsSeparability momenta-qubits
Linearized entropy:

Park, Seki, Sin,  Phys.Lett.B 743 (2015) 147
Peschanski, Seki, PLB 758 (2016) 89
Low, Yin, 2405.08056
Low,Yin, Phys.Rev.D 111 (2025) 6, 065027
Sou, Wang, Zhang, 2507.03555 the “area law”

Ian Low’s talk
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Linearized entropy:

Separability momenta-qubitsSeparability momenta-qubits

for an initial state in computational 
basis

relative entropy of coherence

KK, E.M. Sessolo, JHEP 04 (2026) 014
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Linearized entropy:

Separability momenta-qubitsSeparability momenta-qubits

relative entropy of coherence
for an initial state in computational 

basis
2HDM QED

no coherences at LO, O(e2)coherences at LO, O(λ)

KK, E.M. Sessolo, JHEP 04 (2026) 014
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Linearized entropy:

Separability momenta-qubitsSeparability momenta-qubits

small

KK, E.M. Sessolo, JHEP 07 (2024) 156

eg. an upper bound

maximal overlap of in/out wave packets
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Linearized entropy:

Separability momenta-qubitsSeparability momenta-qubits

small

KK, E.M. Sessolo, JHEP 07 (2024) 156

eg. an upper bound

Interesting consequences...

qubit state remains pure

no entanglement flow between momentum and qubit partitions
(initial Bell states)

maximal overlap of in/out wave packets
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Qubit entanglement Qubit entanglement 

concurrence: 
eigenvalues of

if only two non-zero eigenvalues:
S. Hill, W. K. Wooters, PRL ‘97
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Qubit entanglement Qubit entanglement 

concurrence: 
eigenvalues of

if only two non-zero eigenvalues:
S. Hill, W. K. Wooters, PRL ‘97

KK, E.M. Sessolo, JHEP 04 (2026) 014

given only by the amplitude and the initial state

in perturbative scattering:
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Qubit entanglement Qubit entanglement 
KK, E.M. Sessolo, JHEP 04 (2026) 014

for an initial 
product state

qubit entanglement generated by the 
FORWARD amplitude
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Qubit entanglement Qubit entanglement 
KK, E.M. Sessolo, JHEP 04 (2026) 014

for an initial 
product state

2HDM

11
12
21
22

isotropic:

QED

LL
LR
RL
RR

qubit entanglement generated by the 
FORWARD amplitude

cf. M.Blasone’s talk
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ConclusionsConclusions

● Coherences modify cross section dependence of the linearized 
entropy. 

● Qubit entanglement generated by inelastic forward amplitude 
at LO.  

● We derived a novel formula for concurrence of a scattered 
mixed state (in qubit space).  
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