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Outline of the seminar

I want to show you the recent ATLAS observation of quantum entanglement in 
top quark pair production:

● introduce the top quark
● what has been done historically (spin correlations)
● moving to quantum entanglement
● discussing the experimental results

Then I will give an overview of what else is possible in terms of quantum 
information at the LHC:

● prospects for Higgs physics
● beyond entanglement: Bell’s inequalities
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Starting with top quark physics…



Fundamentals of top quark physics

● Most massive fundamental particle in the SM

→ its Mass / Yukawa is a free parameter: need to 
measure it

● Mean lifetime ~5x10-25s << 1/ΛQCD ~10-23s

→ the only “bare quark”

● BR(t→Wb) ~ 100%

→ unique experimental signature

● Abundant production at the LHC, O(100M) pairs

→ “standard candle”, very useful for calibrations
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JHEP 08 (2012) 098 

https://link.springer.com/article/10.1007/JHEP08(2012)098


Particle identification at ATLAS in one slide 5



A long way to the top… 6👉 CMS results
👉 ATLAS results

FTAG-2023-01 

29 years of top quark physics!

Ever more precise measurements 
enabled by excellent collider and 
detector performance

Eur. Phys. J. C 81 (2021) 689 

Benefit from all areas of Combined Performance:
● jets & missing energy
● flavour tagging
● lepton ID & isolation
● luminosity
● …

https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01
https://link.springer.com/article/10.1140/epjc/s10052-021-09402-3
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/DAPR-2021-01/


The range of top quark physics 7

ATL-PHYS-PUB-2023-028 

Abundant 
production!

O(100M) events 
in Run 2
Precision down to 
1.8%

Rare! Only ~120k 
events in Run 2, 
precision at 6.5%

Extremely 
challenging! 
Only ~3k events, 
precision ~25% 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-028
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-26/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-065/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-08/


Prelude: top quark spin correlations

The top quark has a mean lifetime ~5x10-25s << 1/ΛQCD ~10-23s

→ spin information is correlated and transferred to decay products

BR(t→Wb)~100% + weak interaction is maximally parity-violating

→ correlations are observable!
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top polarisations spin correlations

= full spin density matrix



State-of-the-art in 2020… 9

Phys. Rev. D 100 (2019) 072002 

Eur. Phys. J. C 80 (2020) 754  

Spin correlations in ttbar are well-established

https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-10/


As you may have heard… 10

gg→ttbar: spin-singlet state at threshold



Quantum tops beyond (classical) spin correlations

Eur. Phys. J. Plus (2021) 136 (March 2020) → first analysis of top quark pair 
production from the quantum information point of view: “bipartite qubit system”
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Peres-Horodecki criterion

a simple observable

a quantum entanglement
marker!

gg spin-singlet

0 0

https://arxiv.org/abs/2003.02280


So… did CMS observe quantum entanglement ? 12

Eur. Phys. J. Plus (2021) 136

Phys. Rev. D 100 (2019) 072002 
CMS measured

inclusively → need to go differential in M(ttbar)

https://arxiv.org/abs/2003.02280
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-006/index.html


The ATLAS result (observation)



Quantum entanglement in dilepton ttbar

Dilepton eμ final state is very clean (90% purity) and
at the end of Run 2 we have about a million events
after preselection.

Then partition events into three selections:

● 340<Mtt<380: entanglement signal region
● 380<Mtt<500: validation region

    (dilution from mis-reconstruction)
● 500<Mtt: no-entanglement validation region

The mass cuts are crucial!
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Eur. Phys. J. Plus (2021) 136

https://arxiv.org/abs/2003.02280


Analysis procedure

“Calibration curve” method: use the nominal MC to map the detector-level D 
value (average of distribution) to the fiducial particle-level D.

Systematics are propagated with their own curves, quadratic envelope.

→ Build the curve by sampling different D values.
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TOPQ-2021-24 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/


A closer look at uncertainties

“Backgrounds”: mostly Z→𝜏𝜏, which 
leads to a flat cos(φ) distribution
(spin information from taus is lost)

Calibrating to fiducial particle-level 
reduces the parton shower uncertainty 
(Pythia vs Herwig) : full details in the 
paper.

Signal modelling: by far the largest 
contribution
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TOPQ-2021-24 

https://arxiv.org/pdf/2311.07288
https://arxiv.org/pdf/2311.07288
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/


Observation of quantum entanglement in dilepton ttbar 17

non-relativistic QCD effects close to threshold, not included in 
MC generators → would only affect predictions, not calibration

D = -0.547 ± 0.002 (stat.) ± 0.020 (syst.)expected: D = -0.470 ± 0.002 (stat.) ± 0.017 (syst.)

TOPQ-2021-24 

TOPQ-2021-24 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/


Observation of quantum entanglement in dilepton ttbar 18

non-relativistic QCD effects close to threshold, not included in 
MC generators → would only affect predictions, not calibration

D = -0.547 ± 0.002 (stat.) ± 0.020 (syst.)expected: D = -0.470 ± 0.002 (stat.) ± 0.017 (syst.)

TOPQ-2021-24 

TOPQ-2021-24 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/
https://arxiv.org/pdf/2311.07288


The CMS result (confirmation)



Different analysis strategy for CMS
● Signal region: 345-400 GeV window in M(ttbar)

● Cut on ttbar velocity (β<0.9) to enrich sample in 
gg→ttbar

● Consider ee+μμ+eμ events, but only 2016 data

● Mix spin-on and spin-off samples to get different 
predictions for D

● Profile-likelihood fit at detector-level

● Toponium: spin-0 colour-singlet pseudo-scalar 
modelled in MadGraph+Py8

M(ηt) = 343 GeV (337-349 GeV)  
Γ(ηt) = 7 GeV
σ(ηt) = 6.43 pb

20CMS-TOP-23-001 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-001/index.html


Modelling in the inclusive phase-space 21

Toponium improves modelling FxFx: better for pT than M(ttbar)

CMS-TOP-23-001 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-001/index.html


Modelling at threshold 22

FxFx gives best modelling at threshold Post-fit clearly prefers toponium

CMS-TOP-23-001 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-001/index.html


Another observation of quantum entanglement

5.7σ observed (5.1σ expected)

Toponium 50% normalisation uncertainty
+ vary binding energy ±0.5 GeV

23CMS-TOP-23-001 

D = -0.478 ± 0.017 (stat.) ± 0.019 (syst.)

no ηt

with ηt

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-001/index.html


SIGNIFICANT 
interest from 
the THEORY 
community



The landscape of quantum
information at the LHC



Quantum tops beyond entanglement
Follow-up papers by the same authors formulate additional quantum information 
theory concepts in term of ttbar production at the LHC:

● Quantum Discord measures the departure of the information entropy from 
classical theory

● Quantum Steering measures the non-local effect of one measurement on 
the outcome of the other

● both are usually very hard to measure, given the need
to repeat experiments over large samples of spin
directions → the LHC gives us millions of
randomly sampled directions “for free”!

● both are asymmetric quantities → new tests of
CP violation in the strong sector!

In general, want to perform quantum tomography
= reconstruct the full spin density matrix
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https://arxiv.org/abs/2203.05582
https://arxiv.org/abs/2203.05582
https://arxiv.org/abs/2209.03969


Improved tests of entanglement with tops

● A new general marker of quantum entanglement has been proposed
○ in the threshold region, exactly what is being done now (D=Tr[C]/3)
○ in the boosted region, would need slightly different angular distribution
○ at threshold, additional cut on the ttbar velocity β can reduce the qq contamination
○ both approaches can increase the statistical sensitivity by ~20%

● Similarly, we can simplify tests of Bell’s inequality violation
○ sufficient to know the 3 spin correlation coefficients, but better done in the beam basis
○ alternatively, could measure a simple asymmetry

27

asymmetry

spin correlations

cut on β

https://arxiv.org/abs/2205.00542


Quantum entanglement in the SMEFT

● The 15 components of the ttbar spin density matrix can constrain SMEFT 
operators affecting top production

○ entanglement and Bell observables are also sensitive
○ in the dilepton channel, all O(1/Λ2) effects in the top decay cancel out (to less than permille 

level)
○ best predictions are currently at NLO QCD with approximate-NLO spin effects: this is not 

something we can match with our MC, better to unfold the data
● 4-quark operators need NLO calculations

○ projections of CMS-like analysis to full Run 2+3
give competitive constraints wrt. to
current full global fits to top LHC data
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negligible EFT in top decays!

https://arxiv.org/abs/2210.09330
https://arxiv.org/abs/2210.09330


Quantum state tomography with weak decays

“Decaying W bosons are their own polarimeters”

● HWW* provides a near-maximally entangled state
○ spin density matrix has 80 real parameters
○ can be uniquely determined from angular distributions
○ violation of Bell’s inequality for a pair of qutrits can be

probed from “only” 10 such distributions
● Sensitivity estimate in the lνlv final state range

from 1σ to 5σ
○ but neglects backgrounds and assumes 10 GeV

resolution on neutrino reconstruction… unrealistic?
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https://arxiv.org/abs/2106.01377
https://arxiv.org/abs/2209.13990


Quantum state tomography with weak decays

“Decaying W bosons are their own polarimeters”

30



Quantum tomography of diboson systems

Formalism can be extended to all massive diboson final
states: HWW*, HZZ*, WW, WZ, ZZ

pp→VV infeasible at the HL-LHC: have to “wait”
for FCC/muon colliders

Expect HWW* to be systematically dominated,
but HZZ* gets better with stats

● Bell’s inequality violation at most 1σ for HWW*
● 1.3σ for HZZ* in Run 2, 5.6σ at HL-LHC
● but once again the “experimental scenarios” are likely too idealised

HZZ* could further be used to drive constraints on anomalous
couplings → stronger than cross section alone!
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https://arxiv.org/abs/2302.00683


Entanglement and Bell’s inequalities in HZZ*

We can exploit further the symmetries of the ZZ final state, to avoid having to 
study the full 80-parameter spin density matrix

→ entanglement marker narrowed down to 2 doubly-differential observables

Observing entanglement becomes equivalent to observing an asymmetry in either!

Highlights the relevance of mass cuts

We are looking to show C≠0 and I3>2

Experimental projections compatible with other
theory predictions, slightly more realistic scenario
due to 4 lepton final state…
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https://arxiv.org/abs/2209.13441


A twist on polarisations: H*ZZ (not a typo!)

ATLAS recently proposed a new analysis strategy to search for high-mass off-shell 
Higgs bosons in the 4 lepton final state → 2 on-shell Z bosons!

Allows to use another entanglement “trick”: entanglement marker can be recast 
as binary test between observing only longitudinal polarisations of the Z bosons 
(separable) or both transverse and longitudinal (entangled).

Can be done with lab-frame observables (very clean)
and existing Monte Carlo techniques (well defined
polarisations)

In practice: completely stat dominated all the way up
to HL-LHC
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HIGG-2018-32 

https://arxiv.org/abs/2304.01532
https://arxiv.org/abs/2304.01532
https://arxiv.org/abs/2209.14033
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-32/


Resampling polarisations in HWW*

The “trick” is saved in the H-onshell/W-offshell regime by the assumption that the 
W decays to massless particles: OK for e/μ, not for taus (but we don’t want to look at taus anyway)

Rely on the “CAR” method (custom angle replacement) to resample existing 
HWW* MC samples according to new PDFs where we change the W polarisations

→ currently under study for application within ATLAS
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https://arxiv.org/abs/2209.14033
https://arxiv.org/abs/2208.00424


Accessing entanglement in semi-leptonic HWW*
Dileptonic WW: clean observables at detector-level, but very hard to reconstruct the full 
Higgs system to measure the spin density matrix.

Semileptonic WW was so far too messy (large SM backgrounds)
→ new technique inspired from top reconstruction helps!

● exploit charm tagging to reconstruct on-shell W→cs
● off-shell W*→lv reconstructed with Neutrino Weighting
● both reconstructions can be used to suppress backgrounds:

opens up a practical new final state for Higgs physics!
● but Bell’s inequality violation will still take time (2σ at HL-LHC)
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https://arxiv.org/abs/2307.13783


Wrapping it up

Multiple final states to look at:

● ttbar, HWW*, HZZ* (𝜏𝜏 and VV also received attention, but not nearly as promising)

● multi-lepton final states are “easier”, but we benefit from tackling complicated 
reconstruction problems (semileptonic HWW, dileptonic ttbar/HWW, off-shell resonances…)

● qubits vs qutrits, two- and three-particle entanglement, decays…

The ultimate goal is to measure the full spin density matrices (in several bases and 
differentially in the invariant mass of the system)

● can also target observation of entanglement by using dedicated observables 
(few caveats of SM-like assumptions)

● Bell’s inequality violation very challenging
● quantum discord could be measured “properly” for the first time…
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https://arxiv.org/abs/2211.10513
https://arxiv.org/abs/2302.00683


Backup



Quantum entanglement in di-tau systems 38

Eur. Phys. J. C 83, 162 (2023) 

BIV: m12>1 QE: C>0

https://arxiv.org/abs/2208.11723


Spin correlations at NNLO 39

arXiv:1901.05407 

Eur. Phys. J. C 80 (2020) 754  

https://arxiv.org/pdf/1901.05407.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-10/


Spin correlations: ATLAS and CMS 40

LHCTopWGSummaryPlots 

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots#Spin_Correlation


Event selection

● 1 electron and 1 muon (opposite charges)
● single lepton triggers
● leptons’ pT>25–28 GeV
● at least 2 jets with pT>25 GeV
● at least 1 b-tagged jet (at 85% b-tagging efficiency)

41

TOPQ-2021-24 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/


The reweighting method

● We have no handle on the 
“amount of entanglement” in the 
generators, but we know exact 
functional forms at parton-level
→ can reweight D

● Fit a 3rd order polynomial to extract 
the dependence on M(ttbar)

● Then reweight each event as

42

TOPQ-2021-24 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/


Data / MC in the signal region 43

TOPQ-2021-24 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/


Data / MC outside the signal region 44

TOPQ-2021-24 TOPQ-2021-24 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/


Investigations of parton shower effects 45

Differences appear in the parton→particle level transition,
and seem to largely match the Dipole vs Angular ordering schemes

TOPQ-2021-24 TOPQ-2021-24 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/


At threshold: need input from the theorists

● Our MC generators don’t include the necessary non-perturbative effects – 
how do we get around that?

○ Fuks et al. implemented a BSM Lagrangian in MadGraph → toponium
○ A number of calculations available, most recently Ju et al.

■ pure parton-level calculation (stable tops), resums leading-power and 
next-to-leading-power calculations and matches to NNLO differential ttbar

46

from A. Mitov 

arXiv:2004.03088

https://arxiv.org/abs/2102.11281
https://arxiv.org/abs/2004.03088
https://indico.cern.ch/event/1233341/contributions/5605265/attachments/2724039/4733470/AlexanderMitov-Top23-2023.pdf
https://arxiv.org/abs/2004.03088


ATLAS threshold effects

Investigate 3 approximations 
of npQCD threshold effects:

● rescale cross section in a 
5 GeV window [purple]

● reweight events to match 
shape (bump) [red]

● reweight + add correction 
for non-spin singlet 
[orange]

Maximum effect on D 
is ~0.5%
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Eur.Phys.J.C 60 (2009) 375-386

credit: Y. Afik 

https://link.springer.com/article/10.1140/epjc/s10052-009-0892-7
https://indico.cern.ch/event/1375202/contributions/5893282/


Separable and entangled states 48

J.A. Aguilar Saavedra 

https://indico.cern.ch/event/1282455/contributions/5388027/attachments/2724823/4736775/tangle.pdf


General bipartite qubit system 49

Peres-Horodecki: if ρT2 has at least one negative eigenvalue, the state is entangled



Production phase-space 50

Eur. Phys. J. Plus (2021) 136

gg-only qq-only

gg + qq

differential 
cross-section

z-axis: concurrence C[ρ]

C[ρ] > 0 ⇔ entanglement

https://arxiv.org/abs/2003.02280


Dilepton ttbar selection 51



Post-decay three-particle entanglement 52

J.A. Aguilar Saavedra 

https://agenda.infn.it/event/34555/contributions/212425/attachments/112945/161551/tanglenext.pdf


ATLAS vs CMS comparison 53credit: Y. Afik 

https://indico.cern.ch/event/1375202/contributions/5893282/


Reconstruction for the dilepton entanglement result 54

TOPQ-2021-24 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/


The Ellipses method

Assume: everything is on-shell AND neutrinos are the source of the missing ET

→ neutrino momenta are geometrically constrained to an ellipse

Nucl. Instrum. Meth. A 736 (2014) 169 55

https://arxiv.org/abs/1305.1878


The Neutrino Weighting method

● Dates back to D0 (1997), they measured   mtop = 172.0   ± 7.5 GeV

● LHC Run 1 combination (2023) measured mtop = 172.52 ± 0.33 GeV

● Don’t assume that the missing ET comes from the neutrinos

○ instead scan (η1,η2) and for each pair extract (px1,py1) and (px2,py2) from the mass constraints

○ then compare to missing ET and extract a weight

● Still have to check the b-jet assignments, possible dependence on mtop, 
smearing in case there are no solutions, …

→ very CPU-expensive!

Phys. Rev. Lett. 80 (1998) 2063 56

https://arxiv.org/abs/hep-ex/9706014
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-066/
https://arxiv.org/abs/hep-ex/9706014


Aside: Neutrino Weighter with a twist 57See Theo Maurin's talk 

https://agenda.infn.it/event/34555/contributions/212408/


“Can we throw machine learning at it?”

Simple → Complex: add more inputs and more layers, 
get improvement in resolution.
DNN → Probabilistic DNN: get an estimate of the 
aleatoric uncertainty, remove the bias.
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Reconstructing the two neutrinos’ 
4-vectors is the hard part…

But maybe this is not always the goal? 
For instance, we could regress m(ttbar) 
directly:

● Z’→ttbar resonance searches?
● dependence of m(ttbar) on top 

Yukawa?
● reducing the amount of dilution in 

QE/BIV measurements?



All-hadronic ttbar: should be easy, right?

All decay products are visible jets → completely avoid the problems associated 
with neutrinos!

But now have to deal with combinatorics…

59

Nucl. Instrum. Meth. A 748 (2014) 18 

Suffer from CPU 
cost of permutations

https://arxiv.org/abs/1312.5595


Machine learning instead of combinatorics: SPA-Net
SciPost Phys. 12 (2022) 178 

Symmetry-Preserving Attention Network

Transformer-Encoder: state-of-the-art 
from Natural Language Processing
→ relate the input jets to each other in the 
latent space

Tensor attention: impose
symmetries of the topology
W ~ qq / top ~ bqq

60

https://arxiv.org/abs/2106.03898


Injecting yet more physics into the machine: Topographs

https://arxiv.org/abs/2303.13937 
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Phys. Rev. D 107 (2023) 11 

Physically motivated representation 
of the inputs: graph
→ inject intermediate resonances and 
specify the allowed connections

● Edge regression: find best 
assignments

● Node regression: predict the 
kinematics of the resonances

● Performs as well as SPA-Net

https://arxiv.org/abs/2303.13937
https://arxiv.org/abs/2303.13937


From reconstruction to classification arXiv:2309.01886 62

Could select only those 
events that are 
well-reconstructed:

● signal vs background?

● unfolding?

● modelling uncertainties?

https://arxiv.org/abs/2309.01886


A middle ground? ttbar → lepton+jets 63

Final state with a single neutrino: can be fully determined 
from one mass constraint (on-shell W) → analytical 
solution(s)

Is this useful for spin correlation and quantum 
information studies?

→ Yes! the d-quark from the W decay has ɑspin~1



Conditional neutrino regression: 𝜈-flows 64SciPost Phys. 14 (2023) 159 

1. Embed your input particles in some 
way

2. Train a mapping of the Normal 
distribution to the kinematics of 
the neutrinos

3. Learn what the likelihood of the 
neutrino kinematics based on the 
rest of the event
→ no assumption of on-shell W’s, 
perfect reconstruction etc.

https://arxiv.org/abs/2207.00664


Conditional neutrino regression: 𝜈-flows 65SciPost Phys. 14 (2023) 159 

https://arxiv.org/abs/2207.00664


More neutrinos! 𝜈2-flows arXiv:2307.02405 66

https://arxiv.org/abs/2307.02405


More neutrinos! 𝜈2-flows 67arXiv:2307.02405 

https://arxiv.org/abs/2307.02405

