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INTRODUCTION

Uncertainty quantification in
ab Initio nuclear theory




Ab initio nuclear physics - Nucleonic degrees of freedom

» Start from nucleonic degrees of freedom and construct an

effective inter-nucleon force.

AIM: Connection with underlying theory

» This force will have to be constrained by data.

REALISTIC INTERACTIONS: NN scattering data reproduced

» Solve the few- or many-nucleon problem and compute
observables.

AB INITIO METHODS: NCSM, CC, IM-SRG, ...

EACH STEP INTRODUCES UNCERTAINTIES




Overview of our research efforts

We aim to develop the technology and ability to:

1.  Diversify and extend
the statistical analysis and
perform a sensitivity analysis
of input data.

2. Continue efforts
towards higher orders
of the chiral expansion,
and possibly revisit the
power counting.
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3. Explore alternative
strategies of informing the
model about low-energy
many-body observables.
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THE NUCLEAR FEW- AND MANY-BODY PROBLEMS

Ab Initio methods



Ab initio capabilities (a selection)
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CONSISTENT MANY-BODY METHODS SIS LRI T Tk

GFMC, NCSM, Coupled Cluster, Many-Body Perturbation
Theory, Hyperspherical harmonics, NCSM-RGM, Gamow
Shell Model, Continuum Shell-Model, Self-Consistent
Green’s Functions, Faddeev,Bogoliubov CC, Gorkov SCGF,
Monte Carlo Shell-Model, ...




Few-body calculations

NCSM (rel. coord.)

SHe (NN+NNN) “He (NN+NNN)
AE = 1 keV

AE = 10 keV

Ar=0.01 fm Ar=0.01 fm

~ 10 sec. ~ 45 sec.



Based on: B.D. Carlsson, A. Ekstrom, C. Forssén et al, Phys. Rev. X 6 (2016) 011019

THEORETICAL UNCERTAINTY QUANTIFICATION

AD Initio (from few to many) with x(p)EFT
and error analysis



Chiral nuclear interactions

Chiral EFT

e Systematic low-energy
expansion: (/)

e Connects several sectors:
N, NN, NNN, jn

e Short-range physics included
as contact interactions.

e LECs need to be fitted to Chiral EET

data.

® E. Epelbaum, H. Hammer, U. Meissner
Rev. Mod. Phys. 81 (2009) 1773

) — O?Xp>2

® R. Machleidt, D. Entem, Phys. Rep. 503
(2011) 1




Optimization strategy

Low-energy constants (LECs) enter through contact interactions
and need to be fitted to experimental data.

=) (Ogheo(ﬁ — O) =>

Otot,q

Standard approach:

1. nN LECs determined first from Pion-Nucleon scattering phase shifts or
from NN phase shifts in peripheral waves

2. (NN-only) objective function based on Nijmegen phase shift analysis
e Chi-by-eye optimization
e N3LO needed for high-accuracy fit up to T;;p=290 MeV

3. NNN LECs determined at the end given the NN part. Usually at NNLO.
First results at N°LO are coming.




Optimization strategy

Low-energy constants (LECs) enter through contact interactions
and need to be fitted to experimental data.

v =3 (HD 0T 5

Otot,q

Optimization technology significantly improved:

4

4

Our first approach: Derivative-free optimization using POUNDerS*

More efficient minimization algorithms (Levenberg-Marquardt,
Newton), and statistical error analysis require derivatives

87“2' and 827“2'
Op; Op;Opk
Numerical derivation using finite differences is plagued by low

numerical precision and is computationally costly.

Instead, we use Algorithmic Differentiation (AD).




Sequential optimization

Sequential fit

By construction no

correlations between
NN, TN, NNN groups
of parameters.

This will imply huge

statistical errors.




Simultaneous optimization

BUT, the same LECs ‘ |
appear in the CI/ CI/ | GG Y | oo AN
expressions for

various low-energy

two-nucleon pion-nucleon three-nucleon three-nucleon external probe
processes interaction scattering interaction interaction current

¢ e.g.the ¢i(green
dot)

¢ and cp (blue
square)




Input and technology

1N scattering NN scattering
e WIO8 database e SM99 database
e T, between 10-70 MeV o T, between 0-290 MeV
o Nyata = 1347 ¢ Ngata = 2400(np) + 2045(pp)
e yYEFT(Q% to avoid underfitting e yEFT(QL QZ%0Q3%)

All 6000 residuals computed on 1 node in ~90 sec.

A=3 bound states On 1 node in ~10 sec
e 3H,3He (binding energy,
radius, 3H half life) + derivatives! (x2-20 cost)

Many-body predictions

A=4 bound state A=16 bound state
e “He (binding energy, radius) e '°O (binding energy, radius)
e NCSM. o, Nmax=20,hQ2=36 MeV o N-CCSD(T), Nmax=15,hQ2=20 MeV




Total error budget

: E.g., NCSM Negl
The total error budget is Ag/ 5 / eglected
2 52 2 2

Otot — exp + U method T Onumerlcal T O model

At a given chiral order v, the omitted diagrams should be of

order
v+1
O ((Q/A)")
Still needs to be converted to actual numbers 0,4l

We translate this EFT knowledge into an error in the
scattering amplitudes

Q v+1
o) =, (—) . ze{NN,zN}

model,x A
X

which is then propagated to an error in the observable.



Total np cross section




Statistical error analysis

» In a minimum there will be an uncertainty in the optimal
parameter values pg given by the y? surface.l

» From the hessian at pg we can calculate a covariance matrix
and from that a correlation matrix.

! J Dobaczewski et al 2014 J. Phys. G: Nucl. Part. Phys. 41 074001

COVARIANCE

CORRELATION
MATRIX




Quadratic error propagation vs Brute force sampling

1
O(p) ~ O(po) + JoAP + ;Ap" HoAp

Quadratic

Simultaneous
/ error prop.
/ Linear
error prop.

Monte Carlo

. prob. dens.

E(“He) = -28.24"] (MeV)




Quadratic error propagation vs Brute force sampling

1
O(p) ~ O(po) + JoAP + ;Ap" HoAp

Simultaneous

Sequential

E(“He) = -28.24"] (MeV)

E(*“He) = -28". (MeV)




Systematic uncertainties: input data, regulator cutoff

~2 MeV

» 7 different regulator cutoffs:
N=450, 475, ...,575, 600 MeV

» 6 different NN-scattering datasets
Tiab € [O: Tlab,max]: with
Tlab,max=1 25, ~cop 290 MeV



Systematic uncertainties: input data, regulator cutoff

~2 MeVI

~35 MeV




Do-it-yourself

All 42 different sim/sep
potentials, as well as the
respective covariance
matrices are available as
supplemental material.

» LO-NLO-NNLO

» with 7 different cutoffs:

450,475,..,600 MeV

» from 6 different NN-
scattering datasets

compute the derivatives of
your own observables wrt
LECs, then explore:

» cutoff variations

» order-by-order
evolution

» LEC UQ/correlations



Based on: B. Acharya, B. D. Carlsson, A. Ekstrom, C. Forssén, and L. Platter, arXiv: 1603.01593

Uncertainty Quantification for pp
fusion in }EFI



Uncertainty quantification applied to pp fusion
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Uncertainty quantification applied to pp fusion
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Uncertainty quantification applied to pp fusion
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Correlation analysis:

S(0) - E(°H): phase space
L2-r(°H): radial overlap
L2-rQ(?H): radial overlap

dos-E1A: 2B-current operator
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» Insofar most consistent xEFT-study of this reaction

» Correlation study indicates sound statistical analysis

» Cutoff variation not large source of error

» Statistical error in S(0) is 3 times larger than what
was previously thought

» Central value is most likely also larger due to
previously neglected systematic uncertainties.



Conclusion



Summary

Uncertainty quantification is a unigue opportunity
when employing systematic approaches (EFT + ab
initio).

First results for correlations, parameter uncertainties and
error propagation in the few and many-body

sectors.

Simultaneous optimization of all LECs at LO, NLO,
NNLO using NN, NNN and piN data is critical in order

1o:

capture all correlations between the parameters, and

reduce the statistical errors.

Covariance matrices for optimized LO-NLO-NNLO
potentials availlable for download

Small variations in the nuclear interaction renders large
fluctuations in predictions for heavier nuclel
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