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Outline  Outline  

● Entanglement and symmetries  - recap from Enrico’s talk last year

● New developments: the role of forward amplitude 
● entanglement between momenta and qubits

● qubit entanglement

● Conclusions
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Entanglement bit by bit Entanglement bit by bit 

entanglement = non-separability

Example 1: a qubit two-qubit state

1. separable (non-entangled)

2. non-separable (entangled)

Kamila Kowalska                                              National Centre for Nuclear Research, Warsaw       3



Entanglement bit by bit Entanglement bit by bit 

entanglement = non-separability
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Example 2: one particle, different partitions

1. separable 

2. non-separable

eg. free particle with spin in 1D

same wave function for 
spin components

two different wave functions



Entanglement - applicationsEntanglement - applications
Measured experimentally (Bell inequalities violation)
for linear polarization of low-energy photons
Clauser et al., ‘72;  Aspect et al., ‘82; Zeilinger et al., ‘98;  

… also at colliders
for spin of the top quarks
ATLAS ‘23;  CMS ‘24 

Quantum computing 
 dense coding (Bennett, Wiesner, ‘92), teleportation (Bennett et at., ‘93), key distrubution (Ekert, ‘91)

Emergence of space and time 
 Moreva et al., ‘13; Van Raamsdonk, ‘10, Ryu and Takayanagi, ‘06; Maldacena, Susskind, ‘13

Scattering theory this talk
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Entanglement in scatteringEntanglement in scattering

entanglement of the 
scattered state
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Entanglement in scatteringEntanglement in scattering

QUANTUM TOMOGRAPHY
how to detect entanglement 

at the LHC

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….

NEW PHYSICS
use entanglement to enhance 
sensitivity of the NP searches
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Entanglement in scatteringEntanglement in scattering
entanglement 

GENERATED / TRANSFERED 
in a scattering event

Connections between entanglement 
and fundamental properties of 

quantum field theories (e.g. symmetries)
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Emergent symmetriesEmergent symmetries

Symmetries arising from entanglement extremization 
in scattering processes

non-relativistic baryon-baryon scattering  
                            

quantum electrodynamics

Two-Higgs-doublet model  

Beane, Kaplan, Klco, Savage, 
PRL 122 (2019) 102001 

SU(4) and SU(16) global symmetries 
from minimizing entanglement among spins

Cervera-Lierta et al., SciPost Phys 3 (2017) 036
Fedida, Serafini, PRD 107 (2023) 116007

U(1) gauge symmetry 
from maximizing entanglement among helicities

Carena, Low, Wagner, Xiao
PRD 109 (2024) L051901

indications of SO(8) global symmetry 
from minimizing entanglement among 
Higgs boson “flavors”
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Enrico’s talk last year



Entanglement in scatteringEntanglement in scattering

Hilbert space: momentum + qubit

In perturbation theory:

The final-state density matrix:
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entanglement bewteen
 qubits?



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

(indeterminate normalization)
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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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1 2

1 2

Tracing out 
momentum

unitarity guaranteed by the optical theorem

= 0

Quantifies entanglement generated by a unitary operator (S-matrix)

Traced-out momentumTraced-out momentum
KK, E.M. Sessolo, JHEP 07 (2024) 156
KK, E.M. Sessolo, 2510.04200
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linearized entropy:  (reduced state in general mixed:                  )
entanglement between momentum and qubits

λ: eigenvalues of
entanglement between qubits
concurrence:



Entanglement in 2HDMEntanglement in 2HDM

scalar potential:

inert SU(2) doublets:

contact interactions
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Enrico’s talk last year



no initial entanglement:

linearized entropy concurrence

post-scattering entanglement:

reduced density matrix
(tracing out the momentum)
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KK, E.M. Sessolo, JHEP 07 (2024) 156

Enrico’s talk last year

Entanglement in 2HDMEntanglement in 2HDM



no initial entanglement:

reduced density matrix
(tracing out the momentum)
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KK, E.M. Sessolo, JHEP 07 (2024) 156

Repeating for |12>, |21>, |22> (all channels):

couplings that generate entanglement
different from

Carena et al. ‘24

No symmetry from 
entanglement minimization

Enrico’s talk last year

Entanglement in 2HDMEntanglement in 2HDM

linearized entropy concurrence

post-scattering entanglement:



no initial entanglement:

reduced density matrix
(tracing out the momentum)
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KK, E.M. Sessolo, JHEP 07 (2024) 156

Repeating for |12>, |21>, |22> (all channels):

couplings that generate entanglement
different from

Carena et al. ‘24

No symmetry from 
entanglement minimization

Enrico’s talk last year

Entanglement in 2HDMEntanglement in 2HDM

upper bound on Delta different power dependence

linearized entropy concurrence

post-scattering entanglement:
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Separability momenta-qubitsSeparability momenta-qubits
Linearized entropy:

KK, E.M. Sessolo, JHEP 07 (2024) 156
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Separability momenta-qubitsSeparability momenta-qubits
Linearized entropy:

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

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”
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Separability momenta-qubitsSeparability momenta-qubits
Linearized entropy:

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

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”

2HDM QED
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Some observationsSome observations

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

an upper bound on ∆

eg.

modification of the area law

Linearized entropy:
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The role of coherencesThe role of coherences
KK, E.M. Sessolo, 2510.04200

real part only in off-diagonal

reduced density matrix:

coherences

relative entropy of coherence

for an initial state in 
computational basis
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The role of coherencesThe role of coherences
KK, E.M. Sessolo, 2510.04200

real part only in off-diagonal

2HDM

coherences 
present

QED

no coherences

O(M) 

reduced density matrix:

coherences

relative entropy of coherence

for an initial state in 
computational basis

FORWARD amplitude 
modifies the “area law”
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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, 2510.04200

given only by the amplitude and the initial state

… as in perturbative scattering
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Qubit entanglement Qubit entanglement 
KK, E.M. Sessolo, 2510.04200

for an initial 
product state

2HDM
11
12
21
22

isotropic:

qubit entanglement generated by the 
FORWARD amplitude
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Qubit entanglement Qubit entanglement 
KK, E.M. Sessolo, 2510.04200

for an initial 
product state

2HDM
11
12
21
22

isotropic:

QED
LL
LR
RL
RR

qubit entanglement generated by the 
FORWARD amplitude



Entanglement transformationEntanglement transformation
maximal initial flavor entanglement:

entanglement “flows’’ 
from qubit to full Hilbert space

concurrence

post-scattering entanglement:

C<1, entanglement is reducedS>0, entanglement increases

Kamila Kowalska                                              National Centre for Nuclear Research, Warsaw      19

KK, Sessolo, JHEP 07 (2024) 156
KK, Sessolo, 2510.04200

linearized entropy

2HDM



Entanglement transformationEntanglement transformation
maximal initial flavor entanglement:

entanglement “flows’’ 
from qubit to full Hilbert space

concurrence

post-scattering entanglement:

C<1, entanglement is reducedS>0, entanglement increases
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KK, Sessolo, JHEP 07 (2024) 156
KK, Sessolo, 2510.04200

linearized entropy

2HDM

QED



Entanglement transformationEntanglement transformation
maximal initial flavor entanglement:

entanglement “flows’’ 
from qubit to full Hilbert space

concurrence

post-scattering entanglement:

C<1, entanglement is reducedS>0, entanglement increases
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KK, Sessolo, JHEP 07 (2024) 156
KK, Sessolo, 2510.04200

linearized entropy

Discrete 2HDM symmetries? 
cf. Ferreira, Grządkowski, Ogreid, Osland ‘23 

Spherical symmetry of the 
initial wave packet (s wave)? 

Unless:

2HDM

Is conservation of 
 entanglement related 

to a symmetry?
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ConclusionsConclusions

● Coherences modify the simple cross section dependence of the 
linearized entropy. 

● Qubit entanglement generated by the inelastic (real) part of the 
forward amplitude.  

● New entanglement flow formula for maximally entangled initial 
states?
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