
 Fabio Maltoni — MSU-on-line-seminar — 14 April 2026

Quantum Observables for Collider Physics: 
Exploring Higher-Order Effects

Fabio Maltoni 
Università di Bologna 
Université catholique de Louvain

1

Thanks to the work of many enthusiastic colleagues: 
Mohammad Mahdi Altakach, Rafael Aoude, Alan Barr, José Manuel Camacho, Valentin Durupt, Cristian degli 
Esposti, Federica Fabbri, Morgan del Gratta, Guillermo García Mir, Michele Grossi, Priyanka Lamba, Luca Mantani, 
Olivier Mattelaer, Kentarou Mawatari, Olimpia Miniati, Maria Moreno Llácer, Davide Pagani, Giovanni Pellicioli, 
Kazuki Sakurai, Claudio Severi, Max Sioli, Simone Tentori, Alessandro Vicini, Marcel Vos, Eleni Vryonidou,…
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Work in Progress: 
• Quantum detection of CP-violation in tt ̄production at the LHC 
  Priyanka Lamba, Fabio Maltoni, Olimpia Miniati, Eleni Vryonidou 

• Decoherence of elementary-fermion qubit pairs at colliders 
  Rafael Aoude, José Manuel Camacho, Valentin Durupt, Guillermo García Mir, 
  Fabio Maltoni, Maria Moreno Llácer, Leonardo Satrioni, Marcel Vos 

• Theory of decoherence at colliders 
  Rafael Aoude, Alan Barr, Valentin Durupt, Fabio Maltoni, Leonardo Satrioni 

References: 
• Quantum properties of heavy-fermion pairs at a lepton collider with polarised beams 
  Altakach, Lamba, Maltoni, Sakurai — arXiv:2601.09558 

• Automated computation of spin-density matrices and quantum observables 
  Durupt, Maltoni, Mattelaer — arXiv:2510.17730 

• Z-boson quantum tomography at next-to-leading order 
  Del Gratta, Fabbri, Grossi, Maltoni, Pagani et al. — arXiv:2509.20456 

• Decoherence effects in entangled fermion pairs at colliders 
  Aoude, Barr, Maltoni, Satrioni — arXiv:2504.07030 

• Quantum properties of H → VV*: SM predictions and new physics sensitivity 
  Del Gratta, Fabbri, Lamba, Maltoni, Pagani — arXiv:2504.03841 

• Quantum tops at circular lepton colliders 
  Maltoni, Severi, Tentori, Vryonidou — arXiv:2404.08049 

• Quantum detection of new physics in tt ̄production 
  Maltoni, Severi, Tentori, Vryonidou — arXiv:2401.08751 

• Probing new physics through entanglement in diboson production 
  Aoude, Madge, Maltoni, Mantani — arXiv:2307.09675 

• Quantum information and measurement at future lepton colliders 
  Altakach, Lamba, Maltoni, Mawatari, Sakurai — arXiv:2211.10513 

• Quantum SMEFT tomography: tt ̄production at the LHC 
  Aoude, Madge, Maltoni, Mantani — arXiv:2203.05619 

• Quantum tops at the LHC: from entanglement to Bell inequalities 
  Severi, Degli Esposti Boschi, Maltoni, Sioli — arXiv:2110.10112 
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• 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
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What can we learn on Fundamental Interactions from quantum  
information ideas/methods/techniques/results?

*Io stimo più il trovar un vero, benché di cosa leggiera, che 'l disputar 
lungamente delle massime questioni senza conseguir verità nissuna.
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The quantum nature of the SM is so pervasive in 
the daily life of the particle physicist, that we often 
forget about it. 


Naively: 

We have extensively validated QFT at 
different scales, and always found it a 
consistent way of making predictions in HEP. 
Are there other features predicted by QFT 
that we can study/exploit? 

Introduction
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“Entanglement of a pair of quantum bits”, by Hill and Wootters,  arXiv:quant-ph/9703041

Entanglement =>  communication resource  

Magic =>  computational resourceTheory of Resources  ⇒

Don’t ask what you can do for QM, but what QM can do for you! 

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

•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

p e-

γ
Vs

  SM 
known

BSM 

SM  
Uncharted

New Physics  Uncharted SM physics + BSM≡

Introduction
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❖  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? What about NLO? 2504.07030, 2510.13951

❖  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 Bell-inequalities be tested at colliders ? 2507.15949,  2507.15947

❖  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 and 2410.23343

❖  Magic : 2406.07321, 2508.14967
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Citations to the 
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https://arxiv.org/abs/2401.06854
https://arxiv.org/abs/2401.01162
https://arxiv.org/abs/2305.06095
https://arxiv.org/abs/1703.02989
https://arxiv.org/abs/2307.08112
https://arxiv.org/abs/2410.23343
https://arxiv.org/abs/2406.07321
https://arxiv.org/abs/2508.14967
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Cervera-Lierta, Latorre, Rojo, Rottoli,1703.02989 

Carena, Low, Wagner, Xiao 2307.08112

Thaler, Trifinopoulos. 2410.23343  
Liu, Low, Yin, 2509.18251

Nunez, Pardina, Asorey, Latorre, Cervera-Lierta, 2511.04358

McGinnis 2511.10559 

Ent. generated by scattering is minimized when the CKM matrix is almost (but not exactly) diagonal and when the PMNS matrix 
features two large angles and a smaller one,

Entanglement as a fundamental principle? 
QED as minimal theory

 symmetry enhancement

CKM/PMNS matrix structure

Value of sin(thetaW)

Gauge invariance 

SU(N) always generates entanglement

⇒
⇒
⇒
⇒
⇒
⇒

https://arxiv.org/abs/1703.02989
https://arxiv.org/abs/2410.23343
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3rd Edition at CERN!
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Plan

• Review of the basics and recent results  


• Higher-order effects in H  fermions


• Quantum decoherence and radiation

→ 4

13
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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⟩

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)

14
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The properties are different for pure and mixed states 

|ψ⟩ = |a⟩ ⊗ |b⟩ |ψ⟩ = ∑
ij

pij |ai⟩ ⊗ |bj⟩ pij ∈ ℂ , ∑
ij

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

Separable Non-separable=ENTANGLED

ρ = ∑
i

pi ρi
A ⊗ ρi

B

pi ≥ 0 , ∑
i

pi = 1

ρ ≠ ∑
i

pi ρi
A ⊗ ρi

B

Composite systems
Basics

15

Here one can use pure states instead of ρA, ρB

Pure

Mixed
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Entanglement

|ψ⟩ = ∑
i

λi |wi⟩A ⊗ |zi⟩B

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

16

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

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

Consequences:

Theorem
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Basics
Concurrence

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 concurrence CA|B    is defined as 

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

For mixed states, things are in general more complicated. 
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Basics
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, then the system is guaranteed to be entangled. 

ρ ρTB

ρTB

18

For  2 qubits or 1 qubit x 1 quitrit is a IFF
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Basics

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


Local reality:   

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

19

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

In principle, CHSH can be tested independently of QM. However, we will use it as a measure of a strong entanglement.   
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Grading QM correlations

20

Tr[ρ2] = 1 Tr[ρ2] < 1

Basics

Separable 



 Fabio Maltoni — MSU-on-line-seminar — 14 April 2026

Quantum tops
Y. Afik and JRM de Nova: 2209.03969 

Y. Afik and JRM de Nova: 2203.05582 

Y. Afik and JRM de Nova: 2003.02280 
M. Fabbrichesi, R. Floreanini. G. Panizzo: 2102.11883 

C. Severi, C. Boschi, FM, M. Sioli : 2110.10112 

R. Aoude, E. Madge, FM, L. Mantani: 2203.05619 
J.A. Aguilar-Saavedra, J.A. Casas: 2205.00542 

C. Severi, E. Vryonidou: 2210.09330 

Z. Dong, D. Gonçalves, K. Kong, A. Navarro: 2305.07075 

J.A. Aguilar-Saavedra : 2307.06991 

J.A. Aguilar-Saavedra, J.A. Casas: 2401.06854 
T. Han, M. Low, TA Wu: 2310.17696 

®Rafael Aoude
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C. Severi, FM, S. Tentori, E. Vryonidou: 2404.08049

K. Cheng,T. Han, M. Low: 2407.01672

C. Severi, FM, S. Tentori, E. Vryonidou: 2401.08751

L. Antozzi et al. : 2602.23426
Y. Afik et al. : 2602.15115

Y.C. Guo, T. Han, M. Low, Y. Su : 2602.02719

M. Altakach, P. Lambda, FM, K. Sakurai : 2601.09558

White, White : :  2406.07321

Z. Dong, D. Gonçalves, K. Kong, Larkowski, A. Navarro: 2407.07147

J.A. Aguilar-Saavedra : 2402.14725

R. Aoude, Banks Whjite and White: 2505.12522
QubitQubit

Caution: possibly incomplete list!

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/1077733
https://arxiv.org/abs/2404.08049
https://arxiv.org/abs/2407.01672
https://inspirehep.net/authors/1077733
https://arxiv.org/abs/2401.08751
https://inspirehep.net/authors/1988581
https://inspirehep.net/authors/1078269
https://inspirehep.net/authors/2660806
https://inspirehep.net/authors/1231884
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Quantum tops

Correlation experiment at high-  : the lepton is correlated with the spin. Q2

22

t

t̄💥

💥

💥

ℓ+

ℓ−
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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?

23

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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 tomographytt̄
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𝑡

𝑡

💥

💥

ℓ+

ℓ−

𝑛̂

𝑟̂

𝑘̂

💥
t̄ : {− ̂k, − ̂r, − ̂n}

𝑡:

xij = cos θai cos θbj

<latexit sha1_base64="fVYtN1fO879ZvvbO3E/FpGNntaU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtAvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPx8+M7w==</latexit>

b
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 Fabio Maltoni — MSU-on-line-seminar — 14 April 2026

 “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

Quantum tops

25

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 –

_
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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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White regions: zero-entanglement

Maximal entanglement points/regions:

�2 ! 1, cos ✓ = 0

�2 = 0, 8✓At threshold:

high-E:

SM Entanglement

27

pp
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�2 ! 1, cos ✓ = 0High-E:

�2 = 0, 8✓At threshold:

(singlet)

(triplet)

SM Entanglement

28

gg

Maximal entanglement points/regions:



 Fabio Maltoni — MSU-on-line-seminar — 14 April 2026

�2 ! 1, cos ✓ = 0High-E:

�2 = 0, 8✓At threshold:

mixed but separable

(triplet)

SM Entanglement

29

Maximal entanglement points/regions:

qq̄
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𝐶𝑘𝑘 + 𝐶𝑟𝑟 − 𝐶𝑛𝑛  > 1

−𝐶𝑘𝑘 − 𝐶𝑟𝑟 − 𝐶𝑛𝑛  > 1SM Entanglement

30

C. Severi, C. Boschi, FM, M. Sioli : 2110.10112 

https://arxiv.org/abs/2110.10112
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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

31
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Threshold enhancement (aka toponium)

As the story unfolded, this can be considered a spin-off result of using quantum observables 
to study uncharted SM physics. 

First measurements
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Quantum Advantage for SMEFT : Entanglement

•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  

SM EFT
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Quantum Advantage for SMEFT : Magic
In quantum information, magic refers to the amount of non-Clifford, non-stabilizer structure present 
in a quantum state or operation. It quantifies how far a state is from the set of states that can be 
efficiently simulated classically via stabilizer methods (Gottesman–Knill).


White^2 2406.07321
Aoude, Banks, White^2 2505.12522

SM EFT



 Fabio Maltoni — MSU-on-line-seminar — 14 April 2026

CPV maximal

05/03/2026
35

Production at a lepton collider 
• 4-fermion CP-odd operators → no CPV effects.

•                  → magnetic and electric dipole moment form factors:  

•  individually polarized and correlated.                 
𝑡𝑡̄

Quantum Advantage for SMEFT : Magic
Lamba, FM, Miniati, Vryonidou , WIP 
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Many on-going studies…

36

Federica Fabbri ®
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Automatic  computation for collidersρ

Quantum observables can be used to 
d i sc r im ina te among d iffe ren t 
production mechanism.


Quantum observables offer an 
additional discriminating power. 

Durupt, FM, Mattelaer 2510.17730

Recent  release of MadSpinQ, that 
allows to compute spin density 
matrices even-by-event at the tree 
l e v e l . W i d e s e t o f s a m p l e 
applications. 
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Today’s question

38

How do higher-order corrections change the naive leading-order picture? 
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The “simplest" case
 production at NNLO in QCDtt̄

39

Czakon, Mitov, Poncelet, 2008.11133

https://arxiv.org/abs/2008.11133
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Today’s question

40

How do higher-order corrections change the naive leading-order picture? 

1.Are quantum correlations modified?  How is the 
tomography affected? Is the reconstructed  well-
defined?


2.Is there a way to re-formulate higher-order effects in 
terms of QI concepts?

ρ H → VV

H → tt̄
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®Rafael Aoude

41

Quantum W’s and Z’s
 A. J. Barr, 2106.01377 

A. J. Barr, P. Caban, J. Rembieliński, 2204.11063

R. Ashby-Pickering, A. J. Barr, A. Wierzchucka, 2209.13990


J. A. Aguilar-Saavedra, A. Bernal, J. A. Casas, J. M. Moreno, 2209.13441

R. A. Morales, 2306.17247


J. A. Aguilar-Saavedra, 2307.06991

R. Aoude, E. Madge, FM, L. Mantani, 2307.09675


M. Fabbrichesi, R. Floreanini, E. Gabrielli, L. Marzola, 2302.00683

M. Fabbrichesi, R. Floreanini, E. Gabrielli, L. Marzola, 2304.02403


A. Subba, R. K. Singh, R. M. Godbole, 2411.19171

A. Bernal, P. Caban, J. Rembieliński, 2405.16525


M. Sullivan, 2410.10980

Q. Bi, Q.-H. Cao, K. Cheng, H. Zhang, 2307.14895


A. Bernal, P. Caban, J. Rembieliński, 2307.13496

F. Fabbri, J. Howarth, T. Maurin, 2307.13783


M. Grossi, G. Pelliccioli, A. Vicini, 2409.16731

J. A. Aguilar-Saavedra, 2411.13464


Y. Wu, R. Jiang, A. Ruzi, Y. Ban, X. Yan, Q. Li, 2410.17025

A. Ruzi, Y. Wu, R. Ding, S. Qian, A. M. Levin, Q. Li, 2408.05429


R. Ding, A. Ruzi, S. Qian, A. Levin, Y. Wu, Q. Li, 2504.09832

M. Fabbrichesi, R. Floreanini, E. Gabrielli, L. Marzola, 2503.14587


Del Gratta, Fabbri, Lamba, FM, Pagani, 2504.03841

Goncalves, Kaladharan, Krauss, Navarro, 2505.12125


Goncalves, Kaladharan, Navarro 2506.19951

Del Gratta, Fabbri, Grossi, FM, Pelliccioli, Pagani, Vicini, 2509.20456

QutritQutrit

Caution: possibly incomplete list!

https://arxiv.org/abs/2509.20456
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H → VaVb
Qutrit-qutrit  production at present and future colliders studies in the SM and BSM, 
many papers in the last years.  In-depth study of the process  performed by several 
groups.

H → VaVb
H → VaVb

Va

Vb
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H → VaVb
Qutrit-qutrit  production at present and future colliders studies in the SM and BSM, 
many papers in the last years.  In-depth study of the process  performed by several 
groups.

H → VaVb
H → VaVb
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 V → 2f
In practice, the qutrits are reconstructed via the tomography. Let’s assume 
fermions can be detected and identified and first consider one vector boson:

=̂

ρ =
1
3 [13 + AlmTlm]
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 H → VaVb → 4f
For two vector bosons, we can build a correlation matrix:

=̂

f̄1

f2
f̄3

f4

Va

Vb
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 H → V(*)
a V*b → 4f

In the Higgs decay one pair is always off-shell. The other is typically on shell 
and this is enough to say who’s who. When both are off-shell and close to the 
maximum value, for identical fermions the system behaves as in a double-slit 
experiment. 

f̄1

f2
f̄3

f4

Va

Vb

1/ma ≃ 1/mb ≃ 2/mH

See also J. A. Aguilar-Saavedra, 2411.13464
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  at NLO EWH → V(*)
a V*b → 4f

Automatic tools are available to compute NLO EW. One can just use them and obtain:

How can than be??? Better think it over….

The reconstructed   is not positive definite !ρ

M. Grossi, G. Pelliccioli, A. Vicini, 2409.16731

Del Gratta, Fabbri, Lamba, FM, Pagani, 2504.03841


Goncalves, Kaladharan, Krauss, Navarro, 2505.12125

Goncalves, Kaladharan, Navarro 2506.19951


Del Gratta, Fabbri, Grossi, FM, Pelliccioli, Pagani, Vicini, 2509.20456

https://arxiv.org/abs/2509.20456
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  at NLOH → V(*)
a V*b → 4f

At NLO EW several new things happen:

“Genuine” EW corrections to ρ Real and virtual corrections to 

to   : 


affect the tomography
V(*)

a → 2f
 Terms with 1 or 0 

intermediate Z bosons 
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  at NLOH → V(*)
a V*b → 4f

A careful look at the table shows the large K-factors are associated to l=1 components which depend 
on the spin analysing power which receives huge corrections

That can be effectively taken into account by using: 

Real radiation can be accounted for using rather generous 
recombination  (but it is a systematics). Optimal procedure 
proposed for on-shell Z’s. Works for heavy Higgs. For the SM 
Higgs…for the moment use even correlations. WIP.  

ΔR
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Today’s question

50

How do higher-order corrections change the naive leading-order picture? 

1.Are quantum correlations modified?  How is the 
tomography affected? Is the reconstructed  well-
defined?


2.Is there a way to re-formulate higher-order effects in 
terms of QI concepts?

ρ H → VV

H → tt̄
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A simple case

51

Fermion pair from a scalar decay

= + …

Aoude, Barr, FM, Satrioni, arXiv:2504.07030 
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= + …

At tree-level:

Maximally entangled: controlled place to study entanglement decrease

A simple case

52

Fermion pair from a scalar decay
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g��
µ = {gS1, gP �5, gV �

µ, gA�
µ�5}
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NLO corrections

Virtual correction: one-loop Real emission

General interaction:

Scalar, pseudo scalar, vector and axial
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+
Trace over the extra 

d.o.f (environment) 

Quantum Map. 

Open Quantum system

Same Hilbert space and no change.

NLO corrections

g��
µ = {gS1, gP �5, gV �

µ, gA�
µ�5}
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Virtual correction: one-loop Real emission

General interaction:

Scalar, pseudo scalar, vector and axial
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Quantum Maps

55

The evolution of a system+environment is unitary

⇢0(t) = U(t)⇢S(0)⌦ ⇢E(0)U
†(t)
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Tracing over the environment subsystem

⇢S(t) = trE
⇥
U(t)⇢S(0)⌦ ⇢E(0)U

†(t)
⇤
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E
<latexit sha1_base64="PRuoW40MO9eulNIpeoXnC3FwLfs=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7Ae0oWy2k3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLK6tr6RnGztLW9s7tX3j9omjjVHBo8lrFuB8yAFAoaKFBCO9HAokBCKxhdT/3WI2gjYnWP4wT8iA2UCAVnaKV2F+EJs5tJr1xxq+4MdJl4OamQHPVe+avbj3kagUIumTEdz03Qz5hGwSVMSt3UQML4iA2gY6liERg/m907oSdW6dMw1rYU0pn6eyJjkTHjKLCdEcOhWfSm4n9eJ8Xw0s+ESlIExeeLwlRSjOn0edoXGjjKsSWMa2FvpXzINONoIyrZELzFl5dJ86zquVXv7rxSu8rjKJIjckxOiUcuSI3ckjppEE4keSav5M15cF6cd+dj3lpw8plD8gfO5w9ZPZAo</latexit><latexit sha1_base64="PRuoW40MO9eulNIpeoXnC3FwLfs=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7Ae0oWy2k3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLK6tr6RnGztLW9s7tX3j9omjjVHBo8lrFuB8yAFAoaKFBCO9HAokBCKxhdT/3WI2gjYnWP4wT8iA2UCAVnaKV2F+EJs5tJr1xxq+4MdJl4OamQHPVe+avbj3kagUIumTEdz03Qz5hGwSVMSt3UQML4iA2gY6liERg/m907oSdW6dMw1rYU0pn6eyJjkTHjKLCdEcOhWfSm4n9eJ8Xw0s+ESlIExeeLwlRSjOn0edoXGjjKsSWMa2FvpXzINONoIyrZELzFl5dJ86zquVXv7rxSu8rjKJIjckxOiUcuSI3ckjppEE4keSav5M15cF6cd+dj3lpw8plD8gfO5w9ZPZAo</latexit><latexit sha1_base64="PRuoW40MO9eulNIpeoXnC3FwLfs=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7Ae0oWy2k3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLK6tr6RnGztLW9s7tX3j9omjjVHBo8lrFuB8yAFAoaKFBCO9HAokBCKxhdT/3WI2gjYnWP4wT8iA2UCAVnaKV2F+EJs5tJr1xxq+4MdJl4OamQHPVe+avbj3kagUIumTEdz03Qz5hGwSVMSt3UQML4iA2gY6liERg/m907oSdW6dMw1rYU0pn6eyJjkTHjKLCdEcOhWfSm4n9eJ8Xw0s+ESlIExeeLwlRSjOn0edoXGjjKsSWMa2FvpXzINONoIyrZELzFl5dJ86zquVXv7rxSu8rjKJIjckxOiUcuSI3ckjppEE4keSav5M15cF6cd+dj3lpw8plD8gfO5w9ZPZAo</latexit><latexit sha1_base64="PRuoW40MO9eulNIpeoXnC3FwLfs=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7Ae0oWy2k3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLK6tr6RnGztLW9s7tX3j9omjjVHBo8lrFuB8yAFAoaKFBCO9HAokBCKxhdT/3WI2gjYnWP4wT8iA2UCAVnaKV2F+EJs5tJr1xxq+4MdJl4OamQHPVe+avbj3kagUIumTEdz03Qz5hGwSVMSt3UQML4iA2gY6liERg/m907oSdW6dMw1rYU0pn6eyJjkTHjKLCdEcOhWfSm4n9eJ8Xw0s+ESlIExeeLwlRSjOn0edoXGjjKsSWMa2FvpXzINONoIyrZELzFl5dJ86zquVXv7rxSu8rjKJIjckxOiUcuSI3ckjppEE4keSav5M15cF6cd+dj3lpw8plD8gfO5w9ZPZAo</latexit>
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The evolution of a system+environment is unitary

⇢0(t) = U(t)⇢S(0)⌦ ⇢E(0)U
†(t)

<latexit sha1_base64="iQvCFk7JZ1fXs271iaWfdMtXK8s="></latexit><latexit sha1_base64="iQvCFk7JZ1fXs271iaWfdMtXK8s="></latexit><latexit sha1_base64="iQvCFk7JZ1fXs271iaWfdMtXK8s="></latexit><latexit sha1_base64="iQvCFk7JZ1fXs271iaWfdMtXK8s="></latexit>

Tracing over the environment subsystem

⇢S(t) = trE
⇥
U(t)⇢S(0)⌦ ⇢E(0)U

†(t)
⇤

<latexit sha1_base64="KoWAYN9mE7C283PJNdkAvROOCeA="></latexit><latexit sha1_base64="KoWAYN9mE7C283PJNdkAvROOCeA="></latexit><latexit sha1_base64="KoWAYN9mE7C283PJNdkAvROOCeA="></latexit><latexit sha1_base64="KoWAYN9mE7C283PJNdkAvROOCeA="></latexit>

which we can write as a operator-sum representation (Kraus operators)

s.t

S
<latexit sha1_base64="xutZ+QJabng0Qjslt5xHZWNQx+E=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0s4m7E7GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYyup37rEbQRsbrHcQJ+xAZKhIIztFK7i/CE2d2kV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3e16pXeVxFMkROSanxCMXpEZuSJ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8wdug5A2</latexit><latexit sha1_base64="xutZ+QJabng0Qjslt5xHZWNQx+E=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0s4m7E7GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYyup37rEbQRsbrHcQJ+xAZKhIIztFK7i/CE2d2kV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3e16pXeVxFMkROSanxCMXpEZuSJ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8wdug5A2</latexit><latexit sha1_base64="xutZ+QJabng0Qjslt5xHZWNQx+E=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0s4m7E7GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYyup37rEbQRsbrHcQJ+xAZKhIIztFK7i/CE2d2kV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3e16pXeVxFMkROSanxCMXpEZuSJ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8wdug5A2</latexit><latexit sha1_base64="xutZ+QJabng0Qjslt5xHZWNQx+E=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8eK9gPaUDbbSbt0s4m7E7GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYyup37rEbQRsbrHcQJ+xAZKhIIztFK7i/CE2d2kV664VXcGuky8nFRIjnqv/NXtxzyNQCGXzJiO5yboZ0yj4BImpW5qIGF8xAbQsVSxCIyfze6d0BOr9GkYa1sK6Uz9PZGxyJhxFNjOiOHQLHpT8T+vk2J46WdCJSmC4vNFYSopxnT6PO0LDRzl2BLGtbC3Uj5kmnG0EZVsCN7iy8ukeVb13Kp3e16pXeVxFMkROSanxCMXpEZuSJ00CCeSPJNX8uY8OC/Ou/Mxby04+cwh+QPn8wdug5A2</latexit>

E
<latexit sha1_base64="PRuoW40MO9eulNIpeoXnC3FwLfs=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7Ae0oWy2k3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLK6tr6RnGztLW9s7tX3j9omjjVHBo8lrFuB8yAFAoaKFBCO9HAokBCKxhdT/3WI2gjYnWP4wT8iA2UCAVnaKV2F+EJs5tJr1xxq+4MdJl4OamQHPVe+avbj3kagUIumTEdz03Qz5hGwSVMSt3UQML4iA2gY6liERg/m907oSdW6dMw1rYU0pn6eyJjkTHjKLCdEcOhWfSm4n9eJ8Xw0s+ESlIExeeLwlRSjOn0edoXGjjKsSWMa2FvpXzINONoIyrZELzFl5dJ86zquVXv7rxSu8rjKJIjckxOiUcuSI3ckjppEE4keSav5M15cF6cd+dj3lpw8plD8gfO5w9ZPZAo</latexit><latexit sha1_base64="PRuoW40MO9eulNIpeoXnC3FwLfs=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7Ae0oWy2k3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLK6tr6RnGztLW9s7tX3j9omjjVHBo8lrFuB8yAFAoaKFBCO9HAokBCKxhdT/3WI2gjYnWP4wT8iA2UCAVnaKV2F+EJs5tJr1xxq+4MdJl4OamQHPVe+avbj3kagUIumTEdz03Qz5hGwSVMSt3UQML4iA2gY6liERg/m907oSdW6dMw1rYU0pn6eyJjkTHjKLCdEcOhWfSm4n9eJ8Xw0s+ESlIExeeLwlRSjOn0edoXGjjKsSWMa2FvpXzINONoIyrZELzFl5dJ86zquVXv7rxSu8rjKJIjckxOiUcuSI3ckjppEE4keSav5M15cF6cd+dj3lpw8plD8gfO5w9ZPZAo</latexit><latexit sha1_base64="PRuoW40MO9eulNIpeoXnC3FwLfs=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7Ae0oWy2k3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLK6tr6RnGztLW9s7tX3j9omjjVHBo8lrFuB8yAFAoaKFBCO9HAokBCKxhdT/3WI2gjYnWP4wT8iA2UCAVnaKV2F+EJs5tJr1xxq+4MdJl4OamQHPVe+avbj3kagUIumTEdz03Qz5hGwSVMSt3UQML4iA2gY6liERg/m907oSdW6dMw1rYU0pn6eyJjkTHjKLCdEcOhWfSm4n9eJ8Xw0s+ESlIExeeLwlRSjOn0edoXGjjKsSWMa2FvpXzINONoIyrZELzFl5dJ86zquVXv7rxSu8rjKJIjckxOiUcuSI3ckjppEE4keSav5M15cF6cd+dj3lpw8plD8gfO5w9ZPZAo</latexit><latexit sha1_base64="PRuoW40MO9eulNIpeoXnC3FwLfs=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GNRBI8V7Ae0oWy2k3bpZhN3J2IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLK6tr6RnGztLW9s7tX3j9omjjVHBo8lrFuB8yAFAoaKFBCO9HAokBCKxhdT/3WI2gjYnWP4wT8iA2UCAVnaKV2F+EJs5tJr1xxq+4MdJl4OamQHPVe+avbj3kagUIumTEdz03Qz5hGwSVMSt3UQML4iA2gY6liERg/m907oSdW6dMw1rYU0pn6eyJjkTHjKLCdEcOhWfSm4n9eJ8Xw0s+ESlIExeeLwlRSjOn0edoXGjjKsSWMa2FvpXzINONoIyrZELzFl5dJ86zquVXv7rxSu8rjKJIjckxOiUcuSI3ckjppEE4keSav5M15cF6cd+dj3lpw8plD8gfO5w9ZPZAo</latexit>

For bipartite qubits: Kj
<latexit sha1_base64="X9NN8MNKNtA5C19Nxulr3rER2aQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi+Clov2ANpTNdtKu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91hMqzWP5YMYJ+hEdSB5yRo2V7m97j71yxa26M5Bl4uWkAjnqvfJXtx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyYpU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjpZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+vEyaZ1XPrXp355XaVR5HEY7gGE7BgwuowQ3UoQEMBvAMr/DmCOfFeXc+5q0FJ585hD9wPn8AHYaNrA==</latexit><latexit sha1_base64="X9NN8MNKNtA5C19Nxulr3rER2aQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi+Clov2ANpTNdtKu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91hMqzWP5YMYJ+hEdSB5yRo2V7m97j71yxa26M5Bl4uWkAjnqvfJXtx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyYpU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjpZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+vEyaZ1XPrXp355XaVR5HEY7gGE7BgwuowQ3UoQEMBvAMr/DmCOfFeXc+5q0FJ585hD9wPn8AHYaNrA==</latexit><latexit sha1_base64="X9NN8MNKNtA5C19Nxulr3rER2aQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi+Clov2ANpTNdtKu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91hMqzWP5YMYJ+hEdSB5yRo2V7m97j71yxa26M5Bl4uWkAjnqvfJXtx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyYpU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjpZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+vEyaZ1XPrXp355XaVR5HEY7gGE7BgwuowQ3UoQEMBvAMr/DmCOfFeXc+5q0FJ585hD9wPn8AHYaNrA==</latexit><latexit sha1_base64="X9NN8MNKNtA5C19Nxulr3rER2aQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi+Clov2ANpTNdtKu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91hMqzWP5YMYJ+hEdSB5yRo2V7m97j71yxa26M5Bl4uWkAjnqvfJXtx+zNEJpmKBadzw3MX5GleFM4KTUTTUmlI3oADuWShqh9rPZqRNyYpU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjpZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTsmG4C2+vEyaZ1XPrXp355XaVR5HEY7gGE7BgwuowQ3UoQEMBvAMr/DmCOfFeXc+5q0FJ585hD9wPn8AHYaNrA==</latexit>

Tensor product of Pauli’s and Id.

⇢S(t) =
X

j

Kj⇢S(0)K
†
j =: E [⇢S(0)]

<latexit sha1_base64="yYgmD8wHgY9VtGH2skfowCFyPMs="></latexit><latexit sha1_base64="yYgmD8wHgY9VtGH2skfowCFyPMs="></latexit><latexit sha1_base64="yYgmD8wHgY9VtGH2skfowCFyPMs="></latexit><latexit sha1_base64="yYgmD8wHgY9VtGH2skfowCFyPMs="></latexit>

X

j

K†
jKj = 1
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Quantum Maps
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Decoherence channels

57

Depolarizing

Typical random noise

K K

K K

Phase damping

This is the pure decoherence channel: it 
destroys off-diagonal elements but leaves 
populations unchanged.

K K

Spin flip

Amp  damping



 Fabio Maltoni — MSU-on-line-seminar — 14 April 2026

Environment as unresolved radiation
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Real emission contribution to the R-matrix

Tree-level

One-loop
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<latexit sha1_base64="08vu4kF26cGFz/Nf6xHrI5O4joQ="></latexit><latexit sha1_base64="08vu4kF26cGFz/Nf6xHrI5O4joQ="></latexit><latexit sha1_base64="08vu4kF26cGFz/Nf6xHrI5O4joQ="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="KHwxC1gB20fCbP3ohQ2yPfVFIok=">AAACRnicbVE9TxtBFHw+IDgOJCYtzSlWZGisO5qkDKKhdCRsI3kP69362bdi70O775Cs0/1FCqj4HzQUINbGRQIeaaXRzDztvtm40MpyEDw0vK3tnU+7zc+tL3v7X7+1D/aGNi+NpIHMdW4uY7SkVUYDVqzpsjCEaaxpFF+fLf3RDRmr8uyCFwVFKc4zNVMS2UmTdiJS5ESirk7rSSVQFwmKmBjrI3GDpkiU4NxnEaOpuD4eb4h3V/nu5oHoSkxxPiczaXeCXrCC/5GEa9KBNfqT9p2Y5rJMKWOp0dpxGBQcVWhYSU11S5SWCpTXOKexoxmmZKNq1Ujt/3TK1J/lxp2M/ZX670SFqbWLNHbJ5UL2vbcUN3njkme/o0plRcmUybeLZqX2lzu7ev2pMiRZLxxBaZR7qy8TNCjZfULLlRC+X/kjGZ70wqAX/g2gCYfwA44ghF/wB86hDwOQcAuP8AwvjfvGk7euy2usyXf4D573CjqptXk=</latexit><latexit sha1_base64="KHwxC1gB20fCbP3ohQ2yPfVFIok=">AAACRnicbVE9TxtBFHw+IDgOJCYtzSlWZGisO5qkDKKhdCRsI3kP69362bdi70O775Cs0/1FCqj4HzQUINbGRQIeaaXRzDztvtm40MpyEDw0vK3tnU+7zc+tL3v7X7+1D/aGNi+NpIHMdW4uY7SkVUYDVqzpsjCEaaxpFF+fLf3RDRmr8uyCFwVFKc4zNVMS2UmTdiJS5ESirk7rSSVQFwmKmBjrI3GDpkiU4NxnEaOpuD4eb4h3V/nu5oHoSkxxPiczaXeCXrCC/5GEa9KBNfqT9p2Y5rJMKWOp0dpxGBQcVWhYSU11S5SWCpTXOKexoxmmZKNq1Ujt/3TK1J/lxp2M/ZX670SFqbWLNHbJ5UL2vbcUN3njkme/o0plRcmUybeLZqX2lzu7ev2pMiRZLxxBaZR7qy8TNCjZfULLlRC+X/kjGZ70wqAX/g2gCYfwA44ghF/wB86hDwOQcAuP8AwvjfvGk7euy2usyXf4D573CjqptXk=</latexit><latexit sha1_base64="PZroEoglTw6mLlD5j2JPsFFT8eA="></latexit><latexit sha1_base64="08vu4kF26cGFz/Nf6xHrI5O4joQ="></latexit><latexit sha1_base64="08vu4kF26cGFz/Nf6xHrI5O4joQ="></latexit><latexit sha1_base64="08vu4kF26cGFz/Nf6xHrI5O4joQ="></latexit><latexit sha1_base64="08vu4kF26cGFz/Nf6xHrI5O4joQ="></latexit><latexit sha1_base64="08vu4kF26cGFz/Nf6xHrI5O4joQ="></latexit><latexit sha1_base64="08vu4kF26cGFz/Nf6xHrI5O4joQ="></latexit>

⇠ O(y2t )
<latexit sha1_base64="74yeorEwJCy3WQ+pg2IydlP4tH8=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDclKYIui27cWcE+oIlhMp20QyeTMDMRQsjGX3HjQhG3foY7/8ZJm4W2HrhwOOde7r3HjxmVyrK+jcrK6tr6RnWztrW9s7tn7h/0ZJQITLo4YpEY+EgSRjnpKqoYGcSCoNBnpO9Prwu//0iEpBG/V2lM3BCNOQ0oRkpLnnnkSBpCJ0RqghHLbvNG6qmH1pln1q2mNQNcJnZJ6qBExzO/nFGEk5BwhRmScmhbsXIzJBTFjOQ1J5EkRniKxmSoKUchkW42eyCHp1oZwSASuriCM/X3RIZCKdPQ153FpXLRK8T/vGGigks3ozxOFOF4vihIGFQRLNKAIyoIVizVBGFB9a0QT5BAWOnMajoEe/HlZdJrNW2rad+d19tXZRxVcAxOQAPY4AK0wQ3ogC7AIAfP4BW8GU/Gi/FufMxbK0Y5cwj+wPj8AQAUlgA=</latexit><latexit sha1_base64="74yeorEwJCy3WQ+pg2IydlP4tH8=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDclKYIui27cWcE+oIlhMp20QyeTMDMRQsjGX3HjQhG3foY7/8ZJm4W2HrhwOOde7r3HjxmVyrK+jcrK6tr6RnWztrW9s7tn7h/0ZJQITLo4YpEY+EgSRjnpKqoYGcSCoNBnpO9Prwu//0iEpBG/V2lM3BCNOQ0oRkpLnnnkSBpCJ0RqghHLbvNG6qmH1pln1q2mNQNcJnZJ6qBExzO/nFGEk5BwhRmScmhbsXIzJBTFjOQ1J5EkRniKxmSoKUchkW42eyCHp1oZwSASuriCM/X3RIZCKdPQ153FpXLRK8T/vGGigks3ozxOFOF4vihIGFQRLNKAIyoIVizVBGFB9a0QT5BAWOnMajoEe/HlZdJrNW2rad+d19tXZRxVcAxOQAPY4AK0wQ3ogC7AIAfP4BW8GU/Gi/FufMxbK0Y5cwj+wPj8AQAUlgA=</latexit><latexit sha1_base64="74yeorEwJCy3WQ+pg2IydlP4tH8=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDclKYIui27cWcE+oIlhMp20QyeTMDMRQsjGX3HjQhG3foY7/8ZJm4W2HrhwOOde7r3HjxmVyrK+jcrK6tr6RnWztrW9s7tn7h/0ZJQITLo4YpEY+EgSRjnpKqoYGcSCoNBnpO9Prwu//0iEpBG/V2lM3BCNOQ0oRkpLnnnkSBpCJ0RqghHLbvNG6qmH1pln1q2mNQNcJnZJ6qBExzO/nFGEk5BwhRmScmhbsXIzJBTFjOQ1J5EkRniKxmSoKUchkW42eyCHp1oZwSASuriCM/X3RIZCKdPQ153FpXLRK8T/vGGigks3ozxOFOF4vihIGFQRLNKAIyoIVizVBGFB9a0QT5BAWOnMajoEe/HlZdJrNW2rad+d19tXZRxVcAxOQAPY4AK0wQ3ogC7AIAfP4BW8GU/Gi/FufMxbK0Y5cwj+wPj8AQAUlgA=</latexit><latexit sha1_base64="74yeorEwJCy3WQ+pg2IydlP4tH8=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDclKYIui27cWcE+oIlhMp20QyeTMDMRQsjGX3HjQhG3foY7/8ZJm4W2HrhwOOde7r3HjxmVyrK+jcrK6tr6RnWztrW9s7tn7h/0ZJQITLo4YpEY+EgSRjnpKqoYGcSCoNBnpO9Prwu//0iEpBG/V2lM3BCNOQ0oRkpLnnnkSBpCJ0RqghHLbvNG6qmH1pln1q2mNQNcJnZJ6qBExzO/nFGEk5BwhRmScmhbsXIzJBTFjOQ1J5EkRniKxmSoKUchkW42eyCHp1oZwSASuriCM/X3RIZCKdPQ153FpXLRK8T/vGGigks3ozxOFOF4vihIGFQRLNKAIyoIVizVBGFB9a0QT5BAWOnMajoEe/HlZdJrNW2rad+d19tXZRxVcAxOQAPY4AK0wQ3ogC7AIAfP4BW8GU/Gi/FufMxbK0Y5cwj+wPj8AQAUlgA=</latexit>

A(1)
↵�(' ! tt̄)

h
A(0)

↵0�0(' ! tt̄)
i†

+ h.c
<latexit sha1_base64="BhKsMOlVpR0uQYo029be8KIylqw="></latexit><latexit sha1_base64="BhKsMOlVpR0uQYo029be8KIylqw="></latexit><latexit sha1_base64="BhKsMOlVpR0uQYo029be8KIylqw="></latexit><latexit sha1_base64="BhKsMOlVpR0uQYo029be8KIylqw="></latexit>

⇠ O(y2t g
2)

<latexit sha1_base64="buHct+xigocu9lPAi8RHob5pq1w=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQQUpSBF0W3bizgn1Ak4bJdNIOnUnCzEQIoSs3/oobF4q49Rvc+TdO2iy0euDC4Zx7ufceP2ZUKsv6MkpLyyura+X1ysbm1vaOubvXkVEiMGnjiEWi5yNJGA1JW1HFSC8WBHGfka4/ucr97j0RkkbhnUpj4nI0CmlAMVJa8sxDR1IOHY7UGCOW3UxrqacGDecUjgaNE8+sWnVrBviX2AWpggItz/x0hhFOOAkVZkjKvm3Fys2QUBQzMq04iSQxwhM0In1NQ8SJdLPZG1N4rJUhDCKhK1Rwpv6cyBCXMuW+7szvlYteLv7n9RMVXLgZDeNEkRDPFwUJgyqCeSZwSAXBiqWaICyovhXiMRIIK51cRYdgL778l3Qadduq27dn1eZlEUcZHIAjUAM2OAdNcA1aoA0weABP4AW8Go/Gs/FmvM9bS0Yxsw9+wfj4BovAl9s=</latexit><latexit sha1_base64="buHct+xigocu9lPAi8RHob5pq1w=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQQUpSBF0W3bizgn1Ak4bJdNIOnUnCzEQIoSs3/oobF4q49Rvc+TdO2iy0euDC4Zx7ufceP2ZUKsv6MkpLyyura+X1ysbm1vaOubvXkVEiMGnjiEWi5yNJGA1JW1HFSC8WBHGfka4/ucr97j0RkkbhnUpj4nI0CmlAMVJa8sxDR1IOHY7UGCOW3UxrqacGDecUjgaNE8+sWnVrBviX2AWpggItz/x0hhFOOAkVZkjKvm3Fys2QUBQzMq04iSQxwhM0In1NQ8SJdLPZG1N4rJUhDCKhK1Rwpv6cyBCXMuW+7szvlYteLv7n9RMVXLgZDeNEkRDPFwUJgyqCeSZwSAXBiqWaICyovhXiMRIIK51cRYdgL778l3Qadduq27dn1eZlEUcZHIAjUAM2OAdNcA1aoA0weABP4AW8Go/Gs/FmvM9bS0Yxsw9+wfj4BovAl9s=</latexit><latexit sha1_base64="buHct+xigocu9lPAi8RHob5pq1w=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQQUpSBF0W3bizgn1Ak4bJdNIOnUnCzEQIoSs3/oobF4q49Rvc+TdO2iy0euDC4Zx7ufceP2ZUKsv6MkpLyyura+X1ysbm1vaOubvXkVEiMGnjiEWi5yNJGA1JW1HFSC8WBHGfka4/ucr97j0RkkbhnUpj4nI0CmlAMVJa8sxDR1IOHY7UGCOW3UxrqacGDecUjgaNE8+sWnVrBviX2AWpggItz/x0hhFOOAkVZkjKvm3Fys2QUBQzMq04iSQxwhM0In1NQ8SJdLPZG1N4rJUhDCKhK1Rwpv6cyBCXMuW+7szvlYteLv7n9RMVXLgZDeNEkRDPFwUJgyqCeSZwSAXBiqWaICyovhXiMRIIK51cRYdgL778l3Qadduq27dn1eZlEUcZHIAjUAM2OAdNcA1aoA0weABP4AW8Go/Gs/FmvM9bS0Yxsw9+wfj4BovAl9s=</latexit><latexit sha1_base64="buHct+xigocu9lPAi8RHob5pq1w=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQQUpSBF0W3bizgn1Ak4bJdNIOnUnCzEQIoSs3/oobF4q49Rvc+TdO2iy0euDC4Zx7ufceP2ZUKsv6MkpLyyura+X1ysbm1vaOubvXkVEiMGnjiEWi5yNJGA1JW1HFSC8WBHGfka4/ucr97j0RkkbhnUpj4nI0CmlAMVJa8sxDR1IOHY7UGCOW3UxrqacGDecUjgaNE8+sWnVrBviX2AWpggItz/x0hhFOOAkVZkjKvm3Fys2QUBQzMq04iSQxwhM0In1NQ8SJdLPZG1N4rJUhDCKhK1Rwpv6cyBCXMuW+7szvlYteLv7n9RMVXLgZDeNEkRDPFwUJgyqCeSZwSAXBiqWaICyovhXiMRIIK51cRYdgL778l3Qadduq27dn1eZlEUcZHIAjUAM2OAdNcA1aoA0weABP4AW8Go/Gs/FmvM9bS0Yxsw9+wfj4BovAl9s=</latexit>

We trace out the unresolved interaction: soft or collinear

If it’s resolved: three-body decay

⇠ O(y2t g
2)

<latexit sha1_base64="buHct+xigocu9lPAi8RHob5pq1w=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQQUpSBF0W3bizgn1Ak4bJdNIOnUnCzEQIoSs3/oobF4q49Rvc+TdO2iy0euDC4Zx7ufceP2ZUKsv6MkpLyyura+X1ysbm1vaOubvXkVEiMGnjiEWi5yNJGA1JW1HFSC8WBHGfka4/ucr97j0RkkbhnUpj4nI0CmlAMVJa8sxDR1IOHY7UGCOW3UxrqacGDecUjgaNE8+sWnVrBviX2AWpggItz/x0hhFOOAkVZkjKvm3Fys2QUBQzMq04iSQxwhM0In1NQ8SJdLPZG1N4rJUhDCKhK1Rwpv6cyBCXMuW+7szvlYteLv7n9RMVXLgZDeNEkRDPFwUJgyqCeSZwSAXBiqWaICyovhXiMRIIK51cRYdgL778l3Qadduq27dn1eZlEUcZHIAjUAM2OAdNcA1aoA0weABP4AW8Go/Gs/FmvM9bS0Yxsw9+wfj4BovAl9s=</latexit><latexit sha1_base64="buHct+xigocu9lPAi8RHob5pq1w=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQQUpSBF0W3bizgn1Ak4bJdNIOnUnCzEQIoSs3/oobF4q49Rvc+TdO2iy0euDC4Zx7ufceP2ZUKsv6MkpLyyura+X1ysbm1vaOubvXkVEiMGnjiEWi5yNJGA1JW1HFSC8WBHGfka4/ucr97j0RkkbhnUpj4nI0CmlAMVJa8sxDR1IOHY7UGCOW3UxrqacGDecUjgaNE8+sWnVrBviX2AWpggItz/x0hhFOOAkVZkjKvm3Fys2QUBQzMq04iSQxwhM0In1NQ8SJdLPZG1N4rJUhDCKhK1Rwpv6cyBCXMuW+7szvlYteLv7n9RMVXLgZDeNEkRDPFwUJgyqCeSZwSAXBiqWaICyovhXiMRIIK51cRYdgL778l3Qadduq27dn1eZlEUcZHIAjUAM2OAdNcA1aoA0weABP4AW8Go/Gs/FmvM9bS0Yxsw9+wfj4BovAl9s=</latexit><latexit sha1_base64="buHct+xigocu9lPAi8RHob5pq1w=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQQUpSBF0W3bizgn1Ak4bJdNIOnUnCzEQIoSs3/oobF4q49Rvc+TdO2iy0euDC4Zx7ufceP2ZUKsv6MkpLyyura+X1ysbm1vaOubvXkVEiMGnjiEWi5yNJGA1JW1HFSC8WBHGfka4/ucr97j0RkkbhnUpj4nI0CmlAMVJa8sxDR1IOHY7UGCOW3UxrqacGDecUjgaNE8+sWnVrBviX2AWpggItz/x0hhFOOAkVZkjKvm3Fys2QUBQzMq04iSQxwhM0In1NQ8SJdLPZG1N4rJUhDCKhK1Rwpv6cyBCXMuW+7szvlYteLv7n9RMVXLgZDeNEkRDPFwUJgyqCeSZwSAXBiqWaICyovhXiMRIIK51cRYdgL778l3Qadduq27dn1eZlEUcZHIAjUAM2OAdNcA1aoA0weABP4AW8Go/Gs/FmvM9bS0Yxsw9+wfj4BovAl9s=</latexit><latexit sha1_base64="buHct+xigocu9lPAi8RHob5pq1w=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQQUpSBF0W3bizgn1Ak4bJdNIOnUnCzEQIoSs3/oobF4q49Rvc+TdO2iy0euDC4Zx7ufceP2ZUKsv6MkpLyyura+X1ysbm1vaOubvXkVEiMGnjiEWi5yNJGA1JW1HFSC8WBHGfka4/ucr97j0RkkbhnUpj4nI0CmlAMVJa8sxDR1IOHY7UGCOW3UxrqacGDecUjgaNE8+sWnVrBviX2AWpggItz/x0hhFOOAkVZkjKvm3Fys2QUBQzMq04iSQxwhM0In1NQ8SJdLPZG1N4rJUhDCKhK1Rwpv6cyBCXMuW+7szvlYteLv7n9RMVXLgZDeNEkRDPFwUJgyqCeSZwSAXBiqWaICyovhXiMRIIK51cRYdgL778l3Qadduq27dn1eZlEUcZHIAjUAM2OAdNcA1aoA0weABP4AW8Go/Gs/FmvM9bS0Yxsw9+wfj4BovAl9s=</latexit>

trHk [·] =
Z

d�(k)
X

�=±

hk,�| · |k,�i
<latexit sha1_base64="xHg6NBVDMt5f4e0ZTC9CNnwPpn4="></latexit><latexit sha1_base64="xHg6NBVDMt5f4e0ZTC9CNnwPpn4="></latexit><latexit sha1_base64="xHg6NBVDMt5f4e0ZTC9CNnwPpn4="></latexit><latexit sha1_base64="xHg6NBVDMt5f4e0ZTC9CNnwPpn4="></latexit>

c�L.Satrioni
<latexit sha1_base64="OLl9D39HrgJr1wxXbgwLCn5BFQo=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgETyURQY9FLx48VLQf0ISy2W7apZtN2J0IIfTixb/ixYMiXv0P3vw3btsctPXBwOO9GWbmBYngGhzn2yotLa+srpXXKxubW9s79u5eS8epoqxJYxGrTkA0E1yyJnAQrJMoRqJAsHYwupr47QemNI/lPWQJ8yMykDzklICRevahR+MkU3wwBJx7KsI3NXxHQBmTj3t21ak5U+BF4hakigo0evaX149pGjEJVBCtu66TgJ8TBZwKNq54qWYJoSMyYF1DJYmY9vPpF2N8bJQ+DmNlSgKeqr8nchJpnUWB6YwIDPW8NxH/87ophBd+zmWSApN0tihMBYYYTyLBfa4YBZEZQqji5lZMh0QRCia4ignBnX95kbROa65Tc2/PqvXLIo4yOkBH6AS56BzV0TVqoCai6BE9o1f0Zj1ZL9a79TFrLVnFzD76A+vzBxuvmE4=</latexit><latexit sha1_base64="OLl9D39HrgJr1wxXbgwLCn5BFQo=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgETyURQY9FLx48VLQf0ISy2W7apZtN2J0IIfTixb/ixYMiXv0P3vw3btsctPXBwOO9GWbmBYngGhzn2yotLa+srpXXKxubW9s79u5eS8epoqxJYxGrTkA0E1yyJnAQrJMoRqJAsHYwupr47QemNI/lPWQJ8yMykDzklICRevahR+MkU3wwBJx7KsI3NXxHQBmTj3t21ak5U+BF4hakigo0evaX149pGjEJVBCtu66TgJ8TBZwKNq54qWYJoSMyYF1DJYmY9vPpF2N8bJQ+DmNlSgKeqr8nchJpnUWB6YwIDPW8NxH/87ophBd+zmWSApN0tihMBYYYTyLBfa4YBZEZQqji5lZMh0QRCia4ignBnX95kbROa65Tc2/PqvXLIo4yOkBH6AS56BzV0TVqoCai6BE9o1f0Zj1ZL9a79TFrLVnFzD76A+vzBxuvmE4=</latexit><latexit sha1_base64="OLl9D39HrgJr1wxXbgwLCn5BFQo=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgETyURQY9FLx48VLQf0ISy2W7apZtN2J0IIfTixb/ixYMiXv0P3vw3btsctPXBwOO9GWbmBYngGhzn2yotLa+srpXXKxubW9s79u5eS8epoqxJYxGrTkA0E1yyJnAQrJMoRqJAsHYwupr47QemNI/lPWQJ8yMykDzklICRevahR+MkU3wwBJx7KsI3NXxHQBmTj3t21ak5U+BF4hakigo0evaX149pGjEJVBCtu66TgJ8TBZwKNq54qWYJoSMyYF1DJYmY9vPpF2N8bJQ+DmNlSgKeqr8nchJpnUWB6YwIDPW8NxH/87ophBd+zmWSApN0tihMBYYYTyLBfa4YBZEZQqji5lZMh0QRCia4ignBnX95kbROa65Tc2/PqvXLIo4yOkBH6AS56BzV0TVqoCai6BE9o1f0Zj1ZL9a79TFrLVnFzD76A+vzBxuvmE4=</latexit><latexit sha1_base64="OLl9D39HrgJr1wxXbgwLCn5BFQo=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgETyURQY9FLx48VLQf0ISy2W7apZtN2J0IIfTixb/ixYMiXv0P3vw3btsctPXBwOO9GWbmBYngGhzn2yotLa+srpXXKxubW9s79u5eS8epoqxJYxGrTkA0E1yyJnAQrJMoRqJAsHYwupr47QemNI/lPWQJ8yMykDzklICRevahR+MkU3wwBJx7KsI3NXxHQBmTj3t21ak5U+BF4hakigo0evaX149pGjEJVBCtu66TgJ8TBZwKNq54qWYJoSMyYF1DJYmY9vPpF2N8bJQ+DmNlSgKeqr8nchJpnUWB6YwIDPW8NxH/87ophBd+zmWSApN0tihMBYYYTyLBfa4YBZEZQqji5lZMh0QRCia4ignBnX95kbROa65Tc2/PqvXLIo4yOkBH6AS56BzV0TVqoCai6BE9o1f0Zj1ZL9a79TFrLVnFzD76A+vzBxuvmE4=</latexit>
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NLO reduced density matrix

LO contribution “Map” of virtual emission “Map” of real emission

UV and IR divergent IR divergent

X

j

Kj⇢LOK
†
j
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Virtual and Soft Maps
Virtual current factorizes

integral (w/.gamma’s) same as tree current

* only for scalar decay!!!
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Virtual and Soft Maps
Virtual current factorizes

integral (w/.gamma’s) same as tree current

* only for scalar decay!!

Real emissions are different             change the LO spin-structure

Ēcol.
R

[⇢LO]
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ĒR[⇢LO] =
X

j

Kj⇢LOK
†
j
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Built of Pauli matricesboth as operator-sum 

representation (Kraus)
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Soft part

63

We can use the soft theorem

Scalar function Next-to-leading soft 

(change structures)

Leading-soft map

Mn+1 =
nX

i=1


pi · "h(k)
pi · k

+ · · ·
�
Mn
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p’s cancel the IR divergence of virtual: KLN theorem
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‘Hard’ (collinear) emission part

64

Now, this has a non-trivial Kraus operator part

without the identitynon-zero q = decoherence

Change in spin-structure: dipole-like interaction (IR finite)

Taking the collinear limit for the emission …



 Fabio Maltoni — MSU-on-line-seminar — 14 April 2026

Full NLO map

Identity part: 

does not change entanglement

Non-trivial Kraus part: Decoherence!

*in the leading soft/collinear limit

pid = (pLO + pV + psoft
R

+ pcol.
R

)
<latexit sha1_base64="WhPM57vK+ZW5CYOAMVwgYSs3sak=">AAACVXicbZFLSwMxFIUzY9VaHx116SZYhEqhzIigG6HoxoVgFfuATi2ZNNOGZh4kGaEM+ZPdiP/EjWA6HcE+LoQcvpNLbk68 mFEhbfvLMLcK2zu7xb3S/sHhUdk6PmmLKOGYtHDEIt71kCCMhqQlqWSkG3OCAo+Rjjd5mPudD8IFjcI3OY1JP0CjkPoUI6nRwGKpK3wYq0Hq8gDSoYJ31Uz+oadnVVsCbVWDS+BVvWe7iHypYG2jpwetq8uBVbHrdlZwXTi5qIC8mgNr5g4jnAQklJghIXqOHct+irikmBFVchNBYoQnaER6WoYoIKKfZqkoeKHJEPoR1yuUMKP/O1IUCDENPH0yQHIsVr053OT1Eunf9lMaxokkIV5c5CcMygjOI4ZDygmWbKoFwpzqWSEeI46w1B9R0iE4q09eF+2rumPXnZfrSuM+j6MIzsA5qAIH3IAGeARN0AIYzMC3YRim8Wn8mAVzZ3HUNPKeU7BUZvkXDhqzhg==</latexit><latexit sha1_base64="WhPM57vK+ZW5CYOAMVwgYSs3sak=">AAACVXicbZFLSwMxFIUzY9VaHx116SZYhEqhzIigG6HoxoVgFfuATi2ZNNOGZh4kGaEM+ZPdiP/EjWA6HcE+LoQcvpNLbk68 mFEhbfvLMLcK2zu7xb3S/sHhUdk6PmmLKOGYtHDEIt71kCCMhqQlqWSkG3OCAo+Rjjd5mPudD8IFjcI3OY1JP0CjkPoUI6nRwGKpK3wYq0Hq8gDSoYJ31Uz+oadnVVsCbVWDS+BVvWe7iHypYG2jpwetq8uBVbHrdlZwXTi5qIC8mgNr5g4jnAQklJghIXqOHct+irikmBFVchNBYoQnaER6WoYoIKKfZqkoeKHJEPoR1yuUMKP/O1IUCDENPH0yQHIsVr053OT1Eunf9lMaxokkIV5c5CcMygjOI4ZDygmWbKoFwpzqWSEeI46w1B9R0iE4q09eF+2rumPXnZfrSuM+j6MIzsA5qAIH3IAGeARN0AIYzMC3YRim8Wn8mAVzZ3HUNPKeU7BUZvkXDhqzhg==</latexit><latexit sha1_base64="WhPM57vK+ZW5CYOAMVwgYSs3sak=">AAACVXicbZFLSwMxFIUzY9VaHx116SZYhEqhzIigG6HoxoVgFfuATi2ZNNOGZh4kGaEM+ZPdiP/EjWA6HcE+LoQcvpNLbk68 mFEhbfvLMLcK2zu7xb3S/sHhUdk6PmmLKOGYtHDEIt71kCCMhqQlqWSkG3OCAo+Rjjd5mPudD8IFjcI3OY1JP0CjkPoUI6nRwGKpK3wYq0Hq8gDSoYJ31Uz+oadnVVsCbVWDS+BVvWe7iHypYG2jpwetq8uBVbHrdlZwXTi5qIC8mgNr5g4jnAQklJghIXqOHct+irikmBFVchNBYoQnaER6WoYoIKKfZqkoeKHJEPoR1yuUMKP/O1IUCDENPH0yQHIsVr053OT1Eunf9lMaxokkIV5c5CcMygjOI4ZDygmWbKoFwpzqWSEeI46w1B9R0iE4q09eF+2rumPXnZfrSuM+j6MIzsA5qAIH3IAGeARN0AIYzMC3YRim8Wn8mAVzZ3HUNPKeU7BUZvkXDhqzhg==</latexit><latexit sha1_base64="WhPM57vK+ZW5CYOAMVwgYSs3sak=">AAACVXicbZFLSwMxFIUzY9VaHx116SZYhEqhzIigG6HoxoVgFfuATi2ZNNOGZh4kGaEM+ZPdiP/EjWA6HcE+LoQcvpNLbk68 mFEhbfvLMLcK2zu7xb3S/sHhUdk6PmmLKOGYtHDEIt71kCCMhqQlqWSkG3OCAo+Rjjd5mPudD8IFjcI3OY1JP0CjkPoUI6nRwGKpK3wYq0Hq8gDSoYJ31Uz+oadnVVsCbVWDS+BVvWe7iHypYG2jpwetq8uBVbHrdlZwXTi5qIC8mgNr5g4jnAQklJghIXqOHct+irikmBFVchNBYoQnaER6WoYoIKKfZqkoeKHJEPoR1yuUMKP/O1IUCDENPH0yQHIsVr053OT1Eunf9lMaxokkIV5c5CcMygjOI4ZDygmWbKoFwpzqWSEeI46w1B9R0iE4q09eF+2rumPXnZfrSuM+j6MIzsA5qAIH3IAGeARN0AIYzMC3YRim8Wn8mAVzZ3HUNPKeU7BUZvkXDhqzhg==</latexit>

q = qcol.
<latexit sha1_base64="lYe7H2QNRauNIyyARrK8h3jmUSE=">AAACBXicbZC7TsMwFIZPuJZyCzDCYFEhMUUJQoIFqYKFsUj0IrWhclynteo4wXaQqigLC6/CwgBCrLwDG2+D22aAll+y9Ok/59g+f5BwprTrflsLi0vLK6ultfL6xubWtr2z21BxKgmtk5jHshVgRTkTtK6Z5rSVSIqjgNNmMLwa15sPVCoWi1s9Sqgf4b5gISNYG6trH2QdFaL7HF2ggu6yjoyQudnJu3bFddyJ0Dx4BVSgUK1rf3V6MUkjKjThWKm25ybaz7DUjHCalzupogkmQ9ynbYMCR1T52WSLHB0Zp4fCWJojNJq4vycyHCk1igLTGWE9ULO1sflfrZ3q8NzPmEhSTQWZPhSmHOkYjSNBPSYp0XxkABPJzF8RGWCJiTbBlU0I3uzK89A4cTzX8W5OK9XLIo4S7MMhHIMHZ1CFa6hBHQg8wjO8wpv1ZL1Y79bHtHXBKmb24I+szx9hupfZ</latexit><latexit sha1_base64="lYe7H2QNRauNIyyARrK8h3jmUSE=">AAACBXicbZC7TsMwFIZPuJZyCzDCYFEhMUUJQoIFqYKFsUj0IrWhclynteo4wXaQqigLC6/CwgBCrLwDG2+D22aAll+y9Ok/59g+f5BwprTrflsLi0vLK6ultfL6xubWtr2z21BxKgmtk5jHshVgRTkTtK6Z5rSVSIqjgNNmMLwa15sPVCoWi1s9Sqgf4b5gISNYG6trH2QdFaL7HF2ggu6yjoyQudnJu3bFddyJ0Dx4BVSgUK1rf3V6MUkjKjThWKm25ybaz7DUjHCalzupogkmQ9ynbYMCR1T52WSLHB0Zp4fCWJojNJq4vycyHCk1igLTGWE9ULO1sflfrZ3q8NzPmEhSTQWZPhSmHOkYjSNBPSYp0XxkABPJzF8RGWCJiTbBlU0I3uzK89A4cTzX8W5OK9XLIo4S7MMhHIMHZ1CFa6hBHQg8wjO8wpv1ZL1Y79bHtHXBKmb24I+szx9hupfZ</latexit><latexit sha1_base64="lYe7H2QNRauNIyyARrK8h3jmUSE=">AAACBXicbZC7TsMwFIZPuJZyCzDCYFEhMUUJQoIFqYKFsUj0IrWhclynteo4wXaQqigLC6/CwgBCrLwDG2+D22aAll+y9Ok/59g+f5BwprTrflsLi0vLK6ultfL6xubWtr2z21BxKgmtk5jHshVgRTkTtK6Z5rSVSIqjgNNmMLwa15sPVCoWi1s9Sqgf4b5gISNYG6trH2QdFaL7HF2ggu6yjoyQudnJu3bFddyJ0Dx4BVSgUK1rf3V6MUkjKjThWKm25ybaz7DUjHCalzupogkmQ9ynbYMCR1T52WSLHB0Zp4fCWJojNJq4vycyHCk1igLTGWE9ULO1sflfrZ3q8NzPmEhSTQWZPhSmHOkYjSNBPSYp0XxkABPJzF8RGWCJiTbBlU0I3uzK89A4cTzX8W5OK9XLIo4S7MMhHIMHZ1CFa6hBHQg8wjO8wpv1ZL1Y79bHtHXBKmb24I+szx9hupfZ</latexit><latexit sha1_base64="lYe7H2QNRauNIyyARrK8h3jmUSE=">AAACBXicbZC7TsMwFIZPuJZyCzDCYFEhMUUJQoIFqYKFsUj0IrWhclynteo4wXaQqigLC6/CwgBCrLwDG2+D22aAll+y9Ok/59g+f5BwprTrflsLi0vLK6ultfL6xubWtr2z21BxKgmtk5jHshVgRTkTtK6Z5rSVSIqjgNNmMLwa15sPVCoWi1s9Sqgf4b5gISNYG6trH2QdFaL7HF2ggu6yjoyQudnJu3bFddyJ0Dx4BVSgUK1rf3V6MUkjKjThWKm25ybaz7DUjHCalzupogkmQ9ynbYMCR1T52WSLHB0Zp4fCWJojNJq4vycyHCk1igLTGWE9ULO1sflfrZ3q8NzPmEhSTQWZPhSmHOkYjSNBPSYp0XxkABPJzF8RGWCJiTbBlU0I3uzK89A4cTzX8W5OK9XLIo4S7MMhHIMHZ1CFa6hBHQg8wjO8wpv1ZL1Y79bHtHXBKmb24I+szx9hupfZ</latexit>
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Decoherence 

Small effects ~ 1%Entanglement is lost mainly due to collinear emission
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<latexit sha1_base64="1ekcNQBoftMt0k+sBYHZvXY7rk8=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4sc6Ugm6EohuXFewDOm3JpJk2NJkZkzuFMvQD3Pgrblwo4tYPcOffmLaz0NYDgcM553JzjxcJrsG2v63Myura+kZ2M7e1vbO7l98/qOswVpTVaChC1fSIZoIHrAYcBGtGihHpCdbwhjdTvzFiSvMwuIdxxNqS9APuc0rASN18wfUYEHyFXf2gIHHOyrLrd0rnsuuOiIoGvFOamJRdtGfAy8RJSQGlqHbzX24vpLFkAVBBtG45dgTthCjgVLBJzo01iwgdkj5rGRoQyXQ7mR0zwSdG6WE/VOYFgGfq74mESK3H0jNJSWCgF72p+J/XisG/bCc8iGJgAZ0v8mOBIcTTZnCPK0ZBjA0hVHHzV0wHRBEKpr+cKcFZPHmZ1EtFxy46d+VC5TqtI4uO0DE6RQ66QBV0i6qohih6RM/oFb1ZT9aL9W59zKMZK505RH9gff4AGHyaYQ==</latexit><latexit sha1_base64="1ekcNQBoftMt0k+sBYHZvXY7rk8=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4sc6Ugm6EohuXFewDOm3JpJk2NJkZkzuFMvQD3Pgrblwo4tYPcOffmLaz0NYDgcM553JzjxcJrsG2v63Myura+kZ2M7e1vbO7l98/qOswVpTVaChC1fSIZoIHrAYcBGtGihHpCdbwhjdTvzFiSvMwuIdxxNqS9APuc0rASN18wfUYEHyFXf2gIHHOyrLrd0rnsuuOiIoGvFOamJRdtGfAy8RJSQGlqHbzX24vpLFkAVBBtG45dgTthCjgVLBJzo01iwgdkj5rGRoQyXQ7mR0zwSdG6WE/VOYFgGfq74mESK3H0jNJSWCgF72p+J/XisG/bCc8iGJgAZ0v8mOBIcTTZnCPK0ZBjA0hVHHzV0wHRBEKpr+cKcFZPHmZ1EtFxy46d+VC5TqtI4uO0DE6RQ66QBV0i6qohih6RM/oFb1ZT9aL9W59zKMZK505RH9gff4AGHyaYQ==</latexit><latexit sha1_base64="1ekcNQBoftMt0k+sBYHZvXY7rk8=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4sc6Ugm6EohuXFewDOm3JpJk2NJkZkzuFMvQD3Pgrblwo4tYPcOffmLaz0NYDgcM553JzjxcJrsG2v63Myura+kZ2M7e1vbO7l98/qOswVpTVaChC1fSIZoIHrAYcBGtGihHpCdbwhjdTvzFiSvMwuIdxxNqS9APuc0rASN18wfUYEHyFXf2gIHHOyrLrd0rnsuuOiIoGvFOamJRdtGfAy8RJSQGlqHbzX24vpLFkAVBBtG45dgTthCjgVLBJzo01iwgdkj5rGRoQyXQ7mR0zwSdG6WE/VOYFgGfq74mESK3H0jNJSWCgF72p+J/XisG/bCc8iGJgAZ0v8mOBIcTTZnCPK0ZBjA0hVHHzV0wHRBEKpr+cKcFZPHmZ1EtFxy46d+VC5TqtI4uO0DE6RQ66QBV0i6qohih6RM/oFb1ZT9aL9W59zKMZK505RH9gff4AGHyaYQ==</latexit><latexit sha1_base64="1ekcNQBoftMt0k+sBYHZvXY7rk8=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4sc6Ugm6EohuXFewDOm3JpJk2NJkZkzuFMvQD3Pgrblwo4tYPcOffmLaz0NYDgcM553JzjxcJrsG2v63Myura+kZ2M7e1vbO7l98/qOswVpTVaChC1fSIZoIHrAYcBGtGihHpCdbwhjdTvzFiSvMwuIdxxNqS9APuc0rASN18wfUYEHyFXf2gIHHOyrLrd0rnsuuOiIoGvFOamJRdtGfAy8RJSQGlqHbzX24vpLFkAVBBtG45dgTthCjgVLBJzo01iwgdkj5rGRoQyXQ7mR0zwSdG6WE/VOYFgGfq74mESK3H0jNJSWCgF72p+J/XisG/bCc8iGJgAZ0v8mOBIcTTZnCPK0ZBjA0hVHHzV0wHRBEKpr+cKcFZPHmZ1EtFxy46d+VC5TqtI4uO0DE6RQ66QBV0i6qohih6RM/oFb1ZT9aL9W59zKMZK505RH9gff4AGHyaYQ==</latexit>

⇒
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Splitting functions as Kraus operators
In the collinear limit, a n-parton system undergoes a splitting

Helicity dependent AP splitting function

1
<latexit sha1_base64="l9eImvYcFOKpzEDji/n9jPDeWb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3 GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit><latexit sha1_base64="l9eImvYcFOKpzEDji/n9jPDeWb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3 GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit><latexit sha1_base64="l9eImvYcFOKpzEDji/n9jPDeWb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3 GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit><latexit sha1_base64="l9eImvYcFOKpzEDji/n9jPDeWb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3 GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit>

n
<latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit>

· · ·<latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit>

··
·

<latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit>

ı̃
<latexit sha1_base64="0p4nWdGLbaUM/cftTXqzIhiqyjA=">AAAB9XicbVDLSsNAFL3xWeur6tJNsAiuSiKCLotuXFawD2himUxu2qGTSZiZKCX0P9y4UMSt/+LOv3GaZqGtBwYO59zLPXOClDOlHefbWlldW9/YrGxVt3d29/ZrB4cdlWSSYpsmPJG9gCjkTGBbM82xl0okccCxG4xvZn73EaViibjXkxT9mAwFixgl2kgPnmY8xNxjMdGj6aBWdxpOAXuZuCWpQ4nWoPblhQnNYhSacqJU33VS7edEakY5TqtepjAldEyG2DdUkBiVnxepp/apUUI7SqR5QtuF+nsjJ7FSkzgwk7N0atErIv/j9TMdXfk5E2mmUdD5oSjjtk7sWQV2yCRSzSeGECqZyWrTEZGEalNU1ZTgLn55mXTOG67TcO8u6s3rso4KHMMJnIELl9CEW2hBGyhIeIZXeLOerBfr3fqYj65Y5c4R/IH1+QMNPpLb</latexit><latexit sha1_base64="0p4nWdGLbaUM/cftTXqzIhiqyjA=">AAAB9XicbVDLSsNAFL3xWeur6tJNsAiuSiKCLotuXFawD2himUxu2qGTSZiZKCX0P9y4UMSt/+LOv3GaZqGtBwYO59zLPXOClDOlHefbWlldW9/YrGxVt3d29/ZrB4cdlWSSYpsmPJG9gCjkTGBbM82xl0okccCxG4xvZn73EaViibjXkxT9mAwFixgl2kgPnmY8xNxjMdGj6aBWdxpOAXuZuCWpQ4nWoPblhQnNYhSacqJU33VS7edEakY5TqtepjAldEyG2DdUkBiVnxepp/apUUI7SqR5QtuF+nsjJ7FSkzgwk7N0atErIv/j9TMdXfk5E2mmUdD5oSjjtk7sWQV2yCRSzSeGECqZyWrTEZGEalNU1ZTgLn55mXTOG67TcO8u6s3rso4KHMMJnIELl9CEW2hBGyhIeIZXeLOerBfr3fqYj65Y5c4R/IH1+QMNPpLb</latexit><latexit sha1_base64="0p4nWdGLbaUM/cftTXqzIhiqyjA=">AAAB9XicbVDLSsNAFL3xWeur6tJNsAiuSiKCLotuXFawD2himUxu2qGTSZiZKCX0P9y4UMSt/+LOv3GaZqGtBwYO59zLPXOClDOlHefbWlldW9/YrGxVt3d29/ZrB4cdlWSSYpsmPJG9gCjkTGBbM82xl0okccCxG4xvZn73EaViibjXkxT9mAwFixgl2kgPnmY8xNxjMdGj6aBWdxpOAXuZuCWpQ4nWoPblhQnNYhSacqJU33VS7edEakY5TqtepjAldEyG2DdUkBiVnxepp/apUUI7SqR5QtuF+nsjJ7FSkzgwk7N0atErIv/j9TMdXfk5E2mmUdD5oSjjtk7sWQV2yCRSzSeGECqZyWrTEZGEalNU1ZTgLn55mXTOG67TcO8u6s3rso4KHMMJnIELl9CEW2hBGyhIeIZXeLOerBfr3fqYj65Y5c4R/IH1+QMNPpLb</latexit><latexit sha1_base64="0p4nWdGLbaUM/cftTXqzIhiqyjA=">AAAB9XicbVDLSsNAFL3xWeur6tJNsAiuSiKCLotuXFawD2himUxu2qGTSZiZKCX0P9y4UMSt/+LOv3GaZqGtBwYO59zLPXOClDOlHefbWlldW9/YrGxVt3d29/ZrB4cdlWSSYpsmPJG9gCjkTGBbM82xl0okccCxG4xvZn73EaViibjXkxT9mAwFixgl2kgPnmY8xNxjMdGj6aBWdxpOAXuZuCWpQ4nWoPblhQnNYhSacqJU33VS7edEakY5TqtepjAldEyG2DdUkBiVnxepp/apUUI7SqR5QtuF+nsjJ7FSkzgwk7N0atErIv/j9TMdXfk5E2mmUdD5oSjjtk7sWQV2yCRSzSeGECqZyWrTEZGEalNU1ZTgLn55mXTOG67TcO8u6s3rso4KHMMJnIELl9CEW2hBGyhIeIZXeLOerBfr3fqYj65Y5c4R/IH1+QMNPpLb</latexit>

i
<latexit sha1_base64="9jtkmSnVkzQh6f031uh1XGFh3yI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/PfYzt</latexit><latexit sha1_base64="9jtkmSnVkzQh6f031uh1XGFh3yI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/PfYzt</latexit><latexit sha1_base64="9jtkmSnVkzQh6f031uh1XGFh3yI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/PfYzt</latexit><latexit sha1_base64="9jtkmSnVkzQh6f031uh1XGFh3yI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/PfYzt</latexit>

k
<latexit sha1_base64="FN4g9GFe+3ziaTgM0DMwdUeUKp0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4A0oWM7w==</latexit><latexit sha1_base64="FN4g9GFe+3ziaTgM0DMwdUeUKp0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4A0oWM7w==</latexit><latexit sha1_base64="FN4g9GFe+3ziaTgM0DMwdUeUKp0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4A0oWM7w==</latexit><latexit sha1_base64="FN4g9GFe+3ziaTgM0DMwdUeUKp0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4A0oWM7w==</latexit>

See also: 

Richardson, Webster 1807.01955, 


Hamilton, Karlberg, Salam, Scyboz, Verheyen 2111.01161 

https://arxiv.org/abs/1807.01955
https://arxiv.org/abs/2111.01161
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Splitting functions as Kraus operators
In the collinear limit, a n-parton system undergoes a splitting

Helicity dependent AP splitting function

1
<latexit sha1_base64="l9eImvYcFOKpzEDji/n9jPDeWb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3 GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit><latexit sha1_base64="l9eImvYcFOKpzEDji/n9jPDeWb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3 GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit><latexit sha1_base64="l9eImvYcFOKpzEDji/n9jPDeWb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3 GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit><latexit sha1_base64="l9eImvYcFOKpzEDji/n9jPDeWb8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3 GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8Aep2MtQ==</latexit>

n
<latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit><latexit sha1_base64="IqW2N36QktBwntGQavLhE1DLrrE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/XEYzy</latexit>

· · ·<latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit>

··
·

<latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit><latexit sha1_base64="C/ThE3LO0bsU2xdfe5suNCnJ9S4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDabTbt2kw27E6GE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61jco04y2mpNLdgBouRcJbKFDybqo5jQPJO8H4duZ3nrg2QiUPOEm5H9NhIiLBKFqp3WehQjOo1ty6OwdZJV5BalCgOah+9UPFspgnyCQ1pue5Kfo51SiY5NNKPzM8pWxMh7xnaUJjbvx8fu2UnFklJJHSthIkc/X3RE5jYyZxYDtjiiOz7M3E/7xehtG1n4skzZAnbLEoyiRBRWavk1BozlBOLKFMC3srYSOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNUc6L8+58LFpLTjFzDH/gfP4ArlePLw==</latexit>

ı̃
<latexit sha1_base64="0p4nWdGLbaUM/cftTXqzIhiqyjA=">AAAB9XicbVDLSsNAFL3xWeur6tJNsAiuSiKCLotuXFawD2himUxu2qGTSZiZKCX0P9y4UMSt/+LOv3GaZqGtBwYO59zLPXOClDOlHefbWlldW9/YrGxVt3d29/ZrB4cdlWSSYpsmPJG9gCjkTGBbM82xl0okccCxG4xvZn73EaViibjXkxT9mAwFixgl2kgPnmY8xNxjMdGj6aBWdxpOAXuZuCWpQ4nWoPblhQnNYhSacqJU33VS7edEakY5TqtepjAldEyG2DdUkBiVnxepp/apUUI7SqR5QtuF+nsjJ7FSkzgwk7N0atErIv/j9TMdXfk5E2mmUdD5oSjjtk7sWQV2yCRSzSeGECqZyWrTEZGEalNU1ZTgLn55mXTOG67TcO8u6s3rso4KHMMJnIELl9CEW2hBGyhIeIZXeLOerBfr3fqYj65Y5c4R/IH1+QMNPpLb</latexit><latexit sha1_base64="0p4nWdGLbaUM/cftTXqzIhiqyjA=">AAAB9XicbVDLSsNAFL3xWeur6tJNsAiuSiKCLotuXFawD2himUxu2qGTSZiZKCX0P9y4UMSt/+LOv3GaZqGtBwYO59zLPXOClDOlHefbWlldW9/YrGxVt3d29/ZrB4cdlWSSYpsmPJG9gCjkTGBbM82xl0okccCxG4xvZn73EaViibjXkxT9mAwFixgl2kgPnmY8xNxjMdGj6aBWdxpOAXuZuCWpQ4nWoPblhQnNYhSacqJU33VS7edEakY5TqtepjAldEyG2DdUkBiVnxepp/apUUI7SqR5QtuF+nsjJ7FSkzgwk7N0atErIv/j9TMdXfk5E2mmUdD5oSjjtk7sWQV2yCRSzSeGECqZyWrTEZGEalNU1ZTgLn55mXTOG67TcO8u6s3rso4KHMMJnIELl9CEW2hBGyhIeIZXeLOerBfr3fqYj65Y5c4R/IH1+QMNPpLb</latexit><latexit sha1_base64="0p4nWdGLbaUM/cftTXqzIhiqyjA=">AAAB9XicbVDLSsNAFL3xWeur6tJNsAiuSiKCLotuXFawD2himUxu2qGTSZiZKCX0P9y4UMSt/+LOv3GaZqGtBwYO59zLPXOClDOlHefbWlldW9/YrGxVt3d29/ZrB4cdlWSSYpsmPJG9gCjkTGBbM82xl0okccCxG4xvZn73EaViibjXkxT9mAwFixgl2kgPnmY8xNxjMdGj6aBWdxpOAXuZuCWpQ4nWoPblhQnNYhSacqJU33VS7edEakY5TqtepjAldEyG2DdUkBiVnxepp/apUUI7SqR5QtuF+nsjJ7FSkzgwk7N0atErIv/j9TMdXfk5E2mmUdD5oSjjtk7sWQV2yCRSzSeGECqZyWrTEZGEalNU1ZTgLn55mXTOG67TcO8u6s3rso4KHMMJnIELl9CEW2hBGyhIeIZXeLOerBfr3fqYj65Y5c4R/IH1+QMNPpLb</latexit><latexit sha1_base64="0p4nWdGLbaUM/cftTXqzIhiqyjA=">AAAB9XicbVDLSsNAFL3xWeur6tJNsAiuSiKCLotuXFawD2himUxu2qGTSZiZKCX0P9y4UMSt/+LOv3GaZqGtBwYO59zLPXOClDOlHefbWlldW9/YrGxVt3d29/ZrB4cdlWSSYpsmPJG9gCjkTGBbM82xl0okccCxG4xvZn73EaViibjXkxT9mAwFixgl2kgPnmY8xNxjMdGj6aBWdxpOAXuZuCWpQ4nWoPblhQnNYhSacqJU33VS7edEakY5TqtepjAldEyG2DdUkBiVnxepp/apUUI7SqR5QtuF+nsjJ7FSkzgwk7N0atErIv/j9TMdXfk5E2mmUdD5oSjjtk7sWQV2yCRSzSeGECqZyWrTEZGEalNU1ZTgLn55mXTOG67TcO8u6s3rso4KHMMJnIELl9CEW2hBGyhIeIZXeLOerBfr3fqYj65Y5c4R/IH1+QMNPpLb</latexit>

i
<latexit sha1_base64="9jtkmSnVkzQh6f031uh1XGFh3yI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/PfYzt</latexit><latexit sha1_base64="9jtkmSnVkzQh6f031uh1XGFh3yI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/PfYzt</latexit><latexit sha1_base64="9jtkmSnVkzQh6f031uh1XGFh3yI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/PfYzt</latexit><latexit sha1_base64="9jtkmSnVkzQh6f031uh1XGFh3yI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipyQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/PfYzt</latexit>
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Tracing over the unresolved d.o.f

Splitting functions as Kraus (here: one emission for more see Gu, Lin, Shao, Wang, Yang, 2510.13951


https://arxiv.org/abs/2510.13951
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Application: e+e− → tt̄g
Rafael Aoude, José Manuel Camacho, Valentin Durupt, Guillermo García Mir,


  Fabio Maltoni, Maria Moreno Llácer, Leonardo Satrioni, Marcel Vos

Work in PROGRESS


In addition, the virtual also gives a finite non-trivial spin-spin modification…
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Conclusions
❖ 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 
(quantum) correlations, but just counting experiments. 


❖ Looking at fundamental interactions at TeV scale with QI 
glasses is leading to a renewed interest in a variety of 
phenomena with novel ideas, studies, results…


❖ We have just started studying the effects of higher-order 
corrections to spin observables and interpreting them in terms 
of decoherence. More to come…

70
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Tomography in QI

71

• The state of a quantum system can be reconstructed by a procedure called tomography. 


• Imagine to have a source of qubits whose  is unknown, i.e.


With  unknown. What measurements should be conducted on the system to infer 
the n?


• To infer three parameters we need three types of measurements conducted many times. 

ρ

nx, ny, nz
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Tomography in QI
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• We use measurement projectors in the computational basis


And perform them many times, to determine nz


To determine nx ans ny, we first “rotate ”  withρ

And then
And similarly 


for ny
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Quantum random tomography
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•Now imagine that we cannot do that, as for some reason we are unable to exactly 
choose U, which is distributed randomly:

•I can still perform it, applying the rnd U and measuring in one direction. The result 
would be:

• So now I can fit the coefficients of the angular functions and determine nx, ny, nz. 
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Quantum random tomography
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This is what were are actually doing at colliders with the decays of the t,W,Z, ,..τ
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Underlying space-time picture

•At the end we are not measuring spin, and amplitudes 2  6 depend only on momenta.→

•  In general, if amplitudes have (screened) poles, then contain 1-particle “classical propagation” 
and then provide space/time information: 

•  Related to this,  see picture of decays in QM as an open system (Bertelsmann et al., 2006) 
and also recent paper by Barr on decays as weak measurements 2511.10197. 

https://arxiv.org/abs/2511.10197
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Neutrino oscillations
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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.].

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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B-flavour oscillations
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LHCb6 fb−1

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
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Quantum Magic
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•Quantum magic quantifies how much a quantum state lies 
outside the stabilizer (Clifford) sector.

•Clifford operations (H, S, CNOT, Pauli) acting on stabilizer 
states are classically simulable (Gottesman–Knill theorem).

•Universal quantum computation requires non‑Clifford 
resources, e.g. the T gate.

•States generated by non‑Clifford operations are called 
magic states.

•Magic is treated as a resource theory: stabilizer states are 
free, non‑stabilizer states carry magic.

•Magic can be quantified by measures such as mana, 
robustness of magic, or stabilizer Rényi entropy.



