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HISTORICAL INTRODUCTION

Voltaire (attributed to): Uncertainty is an
uncomfortable position. But certainty is a
ridiculous one.

Information and Statistics in Nuclear Experiment and Theory (ISNET) News Article
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HISTORICAL INTRODUCTION

Plato, The Apology of Socrates: Although I do not
suppose that either of us knows anything really
beautiful and good, I am better off than he is — for
he knows nothing, and thinks he knows. I neither
know nor think I know.

Argonne &




HISTORICAL INTRODUCTION

June 2008

Policy Statement on the Inclusion of Uncertainty Estimates for
Theoretical Papers in Physical Review A

Ther 1allows ng policy skatemant was disoesed and approvec: by The =ddorial Bosed o Physca Beview A Nay 2008

Papers presen ting the rasulls of thaoraetiz: | calcutations are expestad 1o macloca uncersainty estimates tar te galoulal args whenever araclicable, and espacially
unde- the followirg circumstances:

a. If the authers claim Migh accuracy, or improvaments on the accuracy cf prav Sus work,
b If the primary mot vazion for the paper is to maka comparisons with prasent or futara high prec sion axperimantel dete.
. If the primany motivatisn s to provide irterpclaticas or extrapc aticas of kaown experimental data,

the Eclitors




“AB-INITIO” NUCLEAR THEORY




SOURCES OF UNCERTAINTIES
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SOURCES OF UNCERTAINTIES

.|\Ijn> =B, |¥,) ) Mpn = <\Ijm|.|\11n>

* Modeling the Hamiltonian and currents is a long-standing problem of Nuclear Physics
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* Modeling the Hamiltonian and currents is a long-standing problem of Nuclear Physics

» Solving the quantum many-body problems entails approximations




SOURCES OF UNCERTAINTIES
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* Modeling the Hamiltonian and currents is a long-standing problem of Nuclear Physics.
» Solving the quantum many-body problems entails approximations.

e These two sources of uncertainties can be correlated.
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HAMILTONIAN
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UQ FOR THE TWO-BODY FORCE

» Bayes’s theorem to include prior information in a transparent way

pr(Dl|a,I) - pr(all)
pr(D|I)

pr(d|D,I) =
» Keep track of both experimental and theory uncertainties
Yexp = Ytrue + 5yexp Ytrue = Yth + 5yth

» Theory uncertainties dominated by EFT truncation

maxi{m
yth —yrefZCVQ ) Q: ( Tr,p) ; th = Yref Z CI/Q

Ab v=k-+1

D. Furnstahl, Phys. Rev. C 92, 024005 (2015)
S. Wesolowski, J. Phys. G 46, 045102 (2019)
I. Svensson et al., Phys.Rev.C 105, 014004 (2022) 12



UQ FOR THE TWO-BODY FORCE

Phase Shift [degrees]
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R. Somasundaram, Phys.Rev.C 109 (2024) 3, 3
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UQ FOR THE THREE-BODY FORCE
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THE MEAN-FIELD APPROXIMATION

The mean field ground-state wave function is a Slater determinant

Po(z1,..-5wa) = AlPn, (71), -+, Pny(Ta)]
Do(21,m2) = d1(21)P2(w2) — P2(T1)P1(T2)

Infinite matter 160
A




CONFIGURATION-INTERACTION METHODS
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17 Image courtesy of Patrick Fasano
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UQ IN CONFIGURATION-INTERACTION METHODS
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M. Knéll et al., Phys. Lett.B 839 (2023) 137781
T. Wolfgruber et al., arXiv:2310.05256 18




UQ IN CONFIGURATION-INTERACTION METHODS
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T. Wolfgruber et al., arXiv:2310.05256 19




TACKLE LARGER SYSTEMS

Polynomially-scaling methods reach (much) larger systems with controlled approximations

20apy,
(this work)

[l_o)- A0 8:|6°|

W 'Sunapny

B. S. Hu et al., Nature Phys. 18 (2022) 10, 1196 20




TACKLE LARGER SYSTEMS
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CONTINUUM QUANTUM MONTE CARLO

The GFMC projects out the lowest-energy state using an imaginary-time propagation
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UQ IN CONTINUUM QUANTUM MONTE CARLO

The fermion ground state is (typically) an excited state of the Hamiltonian

ES < EA < lim e B0y ) = 37 S BB, ) 4 o [ W) +

T—00

The boson ground-state component does not affect the Hamiltonian expectation value

(H) = / RN (Wy |H|Ry ) (Ryle™ P =BT 0,,) = 0

Problem: The variance diverges exponentially

() = / ARy (v |H|Ry)(Ruy|e~ P3| ,)

23




UQ IN CONTINUUM QUANTUM MONTE CARLO
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SELECTED APPLICATIONS
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UQ FOR THE NUCLEAR EQUATION OF STATE
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NEUTRON-MATTER EQUATION OF STATE

We benchmarked three many-body methods using the AV18 and chiral-EFT interactions
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NEUTRON-MATTER EQUATION OF STATE

Extended the benchmark calculations to phenomenological and chiral-EFT three-body forces

BHF AV18 + UIX A

- = >
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AL et al., Phys.Rev.C 105 (2022) 5, 055808 28 Arggmgmg




UQ FOR NEUTRINO-OSCILLATION PHYSICS

Image courtesy of Noemi Rocco
29




UQ FOR NEUTRINO-OSCILLATION PHYSICS

Accurate neutrino-nucleus scattering calculations critical for the success of the experimental program
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UQ FOR NEUTRINO-OSCILLATION PHYSICS
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UQ FOR NEUTRINO-OSCILLATION PHYSICS

R, ) = S (Wol (@)W 1) (W 415 () [ Wo)(w — By + Ep)
f
Eop(r,q) = / deoe ™ Ry (w,) = (ol J1 (@)e™ H= BT T5(q) [ To)
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UQ FOR NEUTRINO-OSCILLATION PHYSICS
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UuQ IN THE MANY-BODY METHOD
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UuQ IN THE MANY-BODY METHOD
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UuQ IN THE MANY-BODY METHOD
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UQ IN THE INPUT CURRENT

We employed z-expansion parameterizations of axial form factors, consistent with experimental or

LQCD data
Il GFMC Dipole (M4 =1 GeV)
1.6 Bl GFMC 7z expansion (D2) 2
I > expansion (D2 Meyer et al.) B CFMC 2 expansion (LQCD) I
L4 [T z expansion (LQCD Bali et al.) ¢ MB
[T 2 expansion (LQCD Park et al.)

[ 2z expansion (LQCD Djukanovic et al.)
Hl Dipole My = 1.0 GeV

0'0 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Q” (GeV?)

D. Simons, et al, arXiv:2210.02455 37 Argonne &
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NEUTRINOLESS DOUBLE-BETA DECAY

* Lepton number not conserved.

* Neutrino mass has a Majorana
component.

» Provide crucial information about
neutrino mass generation.

» Suggest that the matter-antimatter
asymmetry in the universe originated
in leptogenesis.

38




NEUTRINOLESS DOUBLE-BETA DECAY
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NEURAL NETWORK QUANTUM STATES




NEURAL-NETWORK QUANTUM STATES

NQS are now widely and successfully applied to study condensed-matter systems
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NEURAL-NETWORK QUANTUM STATES
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NEURAL-NETWORK QUANTUM STATES

Nucleons are fermions

Uy (z1,. .., Tiye ooy Ty xa) = =Vy(T1,...,T5, ..., Tiy. .., TA)
Slater-Jastrow ansatz

Uy (X)=e/Xe(X) 5 @(X)=det

J. Stokes et al., PLB, 102, 205122 (2020)
Pfau et al., PRR 2, 033429 (2020)
Hermann et al., Nature Chemistry, 12, 891 (2020) 43



COLD FERMI GASES

Periodic-NQS to solve the two-components Fermi gas in the BCS- BEC crossover region
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NEURAL PFAFFIAN

Pfaffian-Jastrow ansatz
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®p(X) = pf : : . :
o) dwizs) 0

In order for the above matrix to be skew-symmetric, the neural pairing orbitals are taken to be
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NEURAL BACKFLOW CORRELATIONS

The nodal structure is improved with neural back-flow transformations X; == yi(xi; Xj;éi)

46 G. Pescia, et al., 2305.08831 [cond-mat.quant-gas]




COLD FERMI GASES
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BACK TO NUCLEAR PHYSICS

48 Image Credit: Jane Kim



“ESSENTIAL"™ HAMILTONIAN

Input: Hamiltonian inspired by a LO pionless-EFT expansion

Hrpo = —Z 2mN Z Vijk

1<J 1<j<k

LO Pionless EFT
o PWA93

* NN potential fit to s-wave np scattering lengths
and effective ranges 160
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“ESSENTIAL"™ HAMILTONIAN

Input: Hamiltonian inspired by a LO pionless-EFT expansion

=2
HLOZ—Z2ZiN+ZUij+ Z Viik

i i<j i<j<k

* 3NF adjusted to reproduce the energy of 3H. 6 i

cyc
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R. Schiavilla, AL, PRC 103, 054003 (2021) 50 R3 (fm)




“ESSENTIAL"™ HAMILTONIAN

Our “essential” Hamiltonian reproduces well the spectrum of different nuclei
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DILUTE NUCLEONIC MATTER
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DILUTE NUCLEONIC MATTER
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DILUTE NUCLEONIC MATTER

14 Neutrons, 14 Protons @ p=0.01 fm-3
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DILUTE NUCLEONIC MATTER

14 Neutrons, 14 Protons @ p=0.01 fm-3
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CONCLUSIONS

Tremendous progress in estimating uncertainties in theoretical calculations

» Relevant for meaningful “nuclear structure” experiments;

» Essential for Nuclear Astrophysics and Fundamental Physics
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CONCLUSIONS

Tremendous progress in estimating uncertainties in theoretical calculations

» Relevant for meaningful “nuclear structure” experiments;

» Essential for Nuclear Astrophysics and Fundamental Physics

Rumsfeld: as we know, there are known
knowns|[ ...] We also know there are known
unknowns [ ...] But there are also unknown
unknowns—the ones we don't know we
don't know. [...] it is the latter category that
tends to be the difficult ones.
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CONCLUSIONS

NQS successfully applied to study:
= Ultra-cold Fermi gases, outperforming state-of-the-art continuum DMC;
= Dilute nucleonic matter, including the self-emergence of nuclei;

= Essential Elements of nuclear binding (including magnetic moments)

=
SB101Y  scs ~ = AFDMC
Ongoing efforts: —— Experimental
=320 \ ¢+ NNQS

= Medium-mass nuclei

|
w
w
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= Chiral-EFT potentials

= Real-time dynamics

= UQ in NQS
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