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𝜈-Flows - Neutrino Regression

Goal: Predicting neutrino momentum

Neutrinos don’t interact at all with detector
Can only infer their presence from conservation of momentum
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Goal: Predicting neutrino momentum
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Momentum only conserved in transverse plane
Only have a 2D projection of neutrino momentum



𝜈-Flows - Neutrino Regression

Goal: Predicting neutrino momentum
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Transverse plane

v?

Momentum conservation from sum of vectors
Under constrained in transverse plane when multiple neutrinos



𝜈-Flows - Neutrino Regression

Why do we care about neutrinos?

Without neutrino information no longer able to 
fully reconstruct top quark

Neutrino information helps solve combinatorics: 
Assignment of jets to partons easier if you know 
the W system
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Interesting particle!



𝜈-Flows - Neutrino Regression

Use normalizing flows to learn the conditional probability 
of solutions given observation from training dataset
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Interesting particle!

At inference obtain distribution over all possible neutrino 
momenta for the observed event, sample from posterior



𝜈-Flows - Neutrino regression

Demonstrated substantial gains 
for top quark pairs with one 
neutrino
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https://scipost.org/10.21468/SciPostPhys.14.6.159


But how does it 
scale to multiple 
neutrinos?
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𝜈²-Flows - Moving to multiple neutrinos
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Multiplicity and permutation invariant in jetsAs before don’t want to enforce link between 
objects - network learns combinatorics



𝜈²-Flows - Moving to multiple neutrinos
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Update

Adapt

Normalizing flow remains constant
Scale dimension with number of neutrinos

Multiplicity and permutation invariant in jets and leptons
  Can easily add any other objects e.g. photons and taus

As before don’t want to enforce link between 
objects - network learns combinatorics

Transformer Encoders and 
Cross Attention



Moving to multiple neutrinos

For benchmarking consider top quark pair events with dilepton final state

Observe two leptons, at least two (b-)jets, missing momentum

Reconstructing top quark pair crucial for many measurements

● Top quark spin correlation - quantum entanglement sensitive at low mtt
● Top quark mass (often template fit measuring b-lepton mass)
● Top quark polarisation, charge asymmetry, differential cross sections
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Moving to multiple neutrinos

Compare to two standard approaches (relying on hard assumptions on mass)
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Neutrino Weighting Ellipse method

Scan eta values for both neutrinos
Choose solution which maximises a weight

Additionally scan top quark mass values to 
improve acceptance

Use observed missing momentum to 
constrain solution further

Less flexible to resolution effects but 
computationally more efficient



Comparing kinematics
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Use truth neutrino
Everything else reco



Comparing correlations

14

Both standard approaches 
prefer back to back solutions



Compare impact of mass constraints
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Don’t see a perfect peak due to wrong top association for standard methods



Comparing top quark kinematics

Capturing complex distributions much more closely with 𝜈²-Flows 

In particular mtt at threshold and high values is much closer to optimum
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Comparing top quark kinematics

Capturing complex distributions much more closely with 𝜈²-Flows 

In particular mtt at threshold and high values is much closer to optimum
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Quantifying improvement

Substitute in each method into a double-differential measurement

● Look at response matrix - is it diagonal?
● Look at statistical precision in each bin after unfolding
● Look at efficiency of method in each truth level bin
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Using SVD binned unfolding



𝜈2-Flows - Extending to multiple neutrinos

Use in an unfolding measurement - compare migration of truth to reconstructed

19Much improved diagonal response! Relationship between truth and reco is well captured

Using SVD binned unfolding



𝜈2-Flows - Extending to multiple neutrinos

Use in an unfolding measurement - compare migration of truth to reconstructed

20Improvements in all double-differential distributions with 𝜈2-Flows -> direct statistical benefit in analysis!

Using SVD binned unfolding



𝜈2-Flows - Extending to multiple neutrinos

Use in an unfolding measurement - compare migration of truth to reconstructed

21In many bins even more statistical gains due to 𝜈2-Flows always having a solution! 

Using SVD binned unfolding

𝜈2-Flows always 100%



And what about the top quark mass?

Can use neutrino solutions in top 
quark mass reconstruction

When using 𝜈2-Flows retain 
sensitivity to top mass!
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No neutrino With v-Flows

Train on one value of mass

Evaluate on samples with 
different truth mass values



Conclusions

outperforms standard approaches still used in current ttbar dilepton analyses

can accommodate any neutrino and event object multiplicities

● Takes advantage of modern transformer architectures with conditional 
normalizing flows

● Shown on ttbar but framework designed to be adaptable to any final state

has fast inference and is competitive with fast analytical methods

can even be used in a mass analysis
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𝜈²-Flows…



Backup
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Links

𝜈-Flows paper: https://arxiv.org/abs/2207.00664 

𝜈²-Flows implementation: https://github.com/rodem-hep/nu2flows

Dataset: https://zenodo.org/record/8113516

Neutrino Weighting implementation from: https://arxiv.org/abs/1903.07570 

Ellipse implementation from: https://github.com/betchart/analytic-nu 
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𝜈-Flows - Neutrino Regression

Standard approach in HEP for 1ℓ

Assume mass of W exactly 80.46 GeV

Given p4
W=p4

𝜈+p4
ℓ         p4=(px,py,pz,m)

● Use missing transverse momentum for pT
𝜈 

● Solve quadratic equation for pz
𝜈
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Interesting particle!
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Interesting particle!
Ignore width of resonance
Ignores detector resolution

Can give two solutions with no preference
Can yield no real solutions



𝜈-Flows - Neutrino Regression

Standard approach in HEP for 1ℓ
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Interesting particle!

For 2ℓ also assume top quark mass

● Improve efficiency by smearing mtop and scanning 𝜂𝜈
● Use pT

𝜈𝜈 / pT
miss to select best solution



𝜈2-Flows - Extending to multiple neutrinos

Move to 2 neutrinos - permutation invariant architecture for all objects

29Truth level information, can enforce an order as long as consistent in training

Transformer encoder 



Inputs
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Observables
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Evaluating on extra ISR/FSR sample
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Training on Pythia LO instead of MG5
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Comparison to a feed-forward network
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Origin of improvement in distributions

Better distributions everywhere

Not just improving due to low scoring 
NW events

Performance seems independent of 
NW weight
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Where NW has large w weight

Where NW has small w weight


