* Question: what is the best

strategy to infer the most
probable values of low-
energy constants in chiral
EFT from data?
* Notonlythe most
probable values
e Butalso LEC
distributions

* Question: Can new

computational paradigms
such as machine learning
(ML) and quantum
computing (QC) change the
game in low-energy nuclear
physics?

* ML isvery promising

Estimating Uncertainties
In Chiral Interactions with
Normalizing Flows

Pengsheng Wen
Jeremy W. Holt
Texas A&M University
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Astrophysics motivation:
Neutron stars and multiple messengers

—— Numerical relativity
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Neutron star

Background: NICER



Nuclear equation of state uncertainties

Background: NICER
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Sources of uncertainty in chiral nuclear forces

order truncation n

N

Dynamic complexity
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fitting LECs to experiment
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Propagated uncertainties to the nuclear equation of state

* Uncertainty shown in EOS and beyond
* Source: order truncation n + resolution scale A
* Propagated uncertainties to proton fractions, EOS and neutron stars
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ChEFT uncertainties: recent progress
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Comprehensive statistical analysis of ChEFT uncertainties

+* How nuclear interactions evolve with chiral order and
** From experimental scattering data to

+» Efficient calculation frameworks for







Generative flow model for image generation and manipulation

Glow: Generative normalizing flow
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Glow model for image generation and manipulation

Glow: Generative normalizing flow
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Modeling and generating partial-wave matrix elements

Partial wave
decomposition: I m [ (chiral order, cutoff) }
V as an “image” ’ |

- . ] = -: | Modeling

m tractable
Training data: distribution
Existing V', Forward ::>
Inverse

< I1 (chiral order, cutoff)
I = Jl Draw sample
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Generating images using normalizing flows
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Maximize likelihood: capture the properties of a
given set of samples

Example:x ~ N (u = 0,0 = 0.1)
L, = HN(XL-;M =0,0 = 0.1)

l
L, = H]\/‘(Xi;u =—-2,0 =0.8)

i
Ly = HN(XL-;,L[ = 0.5,0 = 3)
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A proper probability distribution model N (u, o) = the maximum likelihood £



Basic idea of normalizing flows

Normalizing flow: utilizing expressive transformation function
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Test: Glow for similarity renormalization group potentials
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Generating new chiral interactions

Glow for chiral interactions

Resolution scale

Distinguish truncation orders
in ChEFT

Predict how the chiral
potentials evolve with cutoff

Expansion order

Train Infer Train Infer Train



Benchmarking Glow-generated nuclear forces

* Glow for chiral interactions: check reasonability by phase shifts
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Propagated uncertainties in EOS

* Glow for chiral interactions: predicted EOS
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Challenges in Constraining LEC Distributions

* High-precision constraints from partial-wave analysis

* Relative uncertainty for 1S0 phase shift at 1MeV: 0.018/62.074~0.0003
* Narrow allowed region — unstable sampling from MCMC

* |Include truncation errors — broaden the allowed region - make MCMC feasible
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Challenges in Constraining LEC Distributions

* Precise experiment analysis from partial wave decomposition

* Relative uncertainty for 1S0 phase shift at 1MeV: 0.018/62.074~0.0003
* Narrow allowed region — nightmare for MCMC
* |Include truncation errors — broaden the allowed region - make MCMC feasible

* High dimensional parameter space
* Number of LECs: 20+ @ N3LO chiral interactions

* Possible strong and complicated correlations
* Difficult to model a distribution



Constraining LEC Distributions with Normalizing Flows

* Careful Treatment of LEC Uncertainties from experiment
* Fitted to lab observables with uncertainties (phase shifts from PWA)
* Modeling the LEC distributions using normalizing flow
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Constraining LEC Distributions with Normalizing Flows

* Strong correlation - : Normalized phase shifts [~
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LEC samples generated by Propagated phase shift distributions
normalizing flow over a wide range of A



Expected phase shifts from flow-generated LECs

* Mean value of phase shifts
* ~ expected value of phase shifts over learned LEC distributions
= High-quality LECs found by normalizing flow across a wide region of A.
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Glow for SNF (preliminary)

* /oy Viewed as “image”
 Partial wave decomposition - V(p,q,p’, q")
 Rearrange momentum mesh points = V([p,q], [p’,q'])
* Friendly for Glow model
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Neural quantum state for few-body system
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Efficient fitting framework for SNF distributions

* VMC training of neural quantum states
* Good approximation to the ground states from GFMC

* Fast adaptation to other nuclear interactions and nuclei

» - Efficient method to fit LECs for SNF
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P. Wen, A. Gezerlis, J. W. Holt, Phys. Rev. Lett. 136, 172502 Fast convergence (~100 iterations) Fine tune




2N Force

LO
(Q/A) }

r

a7 -
. . -

4

|JLO ‘ | h

_ B

3

. .

. .

H

P

(Q/A) H

(Q/A\) +| ## .



Summary

* Normalizing flow:

* Glow:
* Learn high-quality nuclear interactions
* Build physically reasonable nuclear interactions
* Systematically analyze uncertainties from resolution scale

* Conditional normalizing flow
* Fit LEC distributions over a Continuum of Resolution Scales with experiments

* Neural quantum state
* Precise description of light nuclei
* Fast adaptation to different nuclear forces and nuclei
* Efficient method for 3NF fitting



Thank you!
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