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Nuclear Physics: From Models to Theory

“Democracy is not a fragile flower; still it needs cultivating.”
—Ronald Reagan

des Landes Nordrhein-Westfalen
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low resolution
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1984: Gasser, Leutwyler, ChPT to one loop, Annals Phys. 158 (1984)

1991: Jenkins, Manohar, Baryon ChPT using a heavy fermion Lagrangian, Phys. Lett. B255 (1991)
1990: Weinberg, Nuclear forces from chiral Lagrangians, Phys. Lett. B251 (1990)
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Modern theory of nuclear forces
EE, Hammer, MeiBner ’08

¢ (In principle) model-independent QFT-based approach with a clear relationship to QCD/Standard Model

e Systematically improvable (by going to higher orders in the EFT expansion)

¢ Quantifiable accuracy (truncation uncertainty)
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GB dynamics

Weinberg, Gasser, Leutwyler, ...

v
N

uclear forces
Weinberg, van Kolck, Kaiser, EGM, ..

<€—— Chiral Perturbation Theory

momenta of particles or M

breakdown scale A,
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Effective Lagrangian:
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Enhanced ladder graphs are re-summed
by solving the many-body Schrédinger equation
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(Navnamics )

7N dynamics

Bernard-Kaiser-MeiBner et al.
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Nuclear currents
Park et al, Bochum-Bonn, JLab-Pisa
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Two challenges:

— derivation/construction of nuclear
Interactions

— solution of the quantum mechanical
A-body problem




2N: Rewrite to the integral Lippmann-Schwinger eq.: 1 = V, + VoGt — €asy to solve in p-space.

3N: Faddeev equations, e.g. for elastic Nd scattering:

T¢ = tPo+ (1+1tGo)Vid (1 + P)o + tPGTé + (1 +tGo) VIV (1 + P)GoTo

asymptotic Nd state symmetric under exchange of nucleons 2,3 P12P23 + P13P23

Solved iteratively in partial-waves (for fixed J, T ~ 10° x 10°), few minutes on 1 CPU.

4AN: Yakubovsky equations. Take several hours on JURECA@FZJ to solve for bound state; only
3 groups can do scattering (with large restrictions)

>4N: So far only (mainly) possible for bound states. E.g., the No-Core-Shell-Model:

H|W;) = E|Wy), ZAZ@ @) = [al - al]n 0) e e

~

n=12,. 10120r more

= sparse matrix H,,, = (®,,| H| ®,) diagonalization (Lanczos),
extrapolation in Nmax, pre-diagonalization of H (SRG):

O = 10w

S3I 333
L1 L

LK fm k (fm 2y K2(fm?) K2 (fm K2 (fm?2)
¢ 4 20481204(81204812 st

H(s)=U(s)HU(s) = = [ns, Hs], Hsyo=H
o(fm) ds ,
A=3.01 po2otn ™ W Retst s e.g. s = [Tkin, Hsl

Other ab-initio methods: NL-EFT, QMC, CC expansion, IM-SRG, Lorentz IT, Green’s functions, ...
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The main bottleneck in developing nuclear physics into precision and predictive science
is the accuracy of the interaction (especially of 3N forces).



Two-nucleon force Three-nucleon force Four-nucleon force
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Decide on the employed power counting scheme

sometimes unjustified or Decide on the reQU|arlzatlon scheme Extensive symbolic calculations have to

2
uncontrolled approximations be performed beyond N?L0 (Bochum)
are invoked

Decide on the treatment of relativistic effects

Derive nuclear forces/currents or use existing results
(caution: off-shell consistency!)

¢ Computationally heavy beyond 2N

Determine LECs from experimental data
(Choice of data, frequentist vs Bayesian)

Error analysis (BUQEYE, ...)




Cchiral"architecture

DimReg + Cutoff violate symmetries = Gradient Flow method Krebs, EE 24

4 Decide on the regularization scheme

Extensive symbolic calculations have to
* be performed beyond N2LO (Bochum)

Derive nuclear forces/currents or use existing results

(caution: off-shell consistency!)

¢ Computationally heavy beyond 2N

Determine LECs from experimental data
(Choice of data, frequentist vs Bayesian)

Error analysis (BUQEYE, ...)




Different regularizations (cutoff choices)

— fully nonlocal Eentem, Machieidt, Nosyk 2017 (Idaho); Ekstrém et al. 2013-18 (GO): NNLOop, NNLOsa, NNLO-A

— semi-local Eg, Krebs, MeiBner 2015; Reinert, EE, Krebs 2018 (LENPIC)

— local Gezerlis et al. 2013; Piaruli et al., 2016 (Norfolk models); Saha, Entem, Machleidt, Nosyk 2023

— local, nonlocal + lattice Lee, Elhatisari, EE, Lahde, MeiBner, Krebs et al. (Nuclear Lattice EFT)

Highest available EFT order
— N4LO*: Low-Energy:Nuclear Physics International Collaboration (LENPIC)| Idaho

— N3LO: Norfolk, NLEFT our N4LO+ NN potentials are the only chiral EFT interactions
S NELO: GdKeRb Ok Bid GO on the market that provide a statistically satisfactory
. Gothenburg-Oak Ridge ( ) description of NN data below 7-production
threshold (i.e:, qualify as a PWA)

Degrees of freedom in the effective Lagrangian
— ', N; LENPIC, Idaho, GO, NLEFT
— 7, N, A: Norfolk, GO

Strategy in the determination of LECs

— 7N from the Roy-Steineranalysis (not fitted), NN LEEs from two-nucleon data
LENPIC, |daho, Norfolk, NLEFT

— LECs determined from a global fit to zN, NN, nuclei, EoS' GO
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Physics in Nijmegen

Welcome on NN-OnLine

NN-OnLine is devoted to the the work on the baryon-baryon interaction of current and former members of the Theoretical High Energy Physics
Group of the Radboud University Nijmegen, the Netherlands. The nucleon-nucleon (NN) interaction is most visibly present on this site, but you
will also find information about activities on the hyperon-nucleon (YN) interaction, antinucleon-nucleon (NN) interaction, and pion-nucleon
(nN) interaction.

News

NN-OnLine is alive and kicking!

There is no way to deny that NN-OnLine has been slumbering a bit recent years. But it is still alive and kicking! In 2024 we will celebrate our
30th year of existence and you will definitely notice that!

GW % Nucleon Nucleon [overview
z Data Base

— Data Analysis Center — The data base contains on the order of 37K data points from elastic pp and np scattering.

s Institute for Nuclear Studies

THE GEORGE WASHINGTON UNIVERSITY Observables

WATHINGTEN, BT

Relations for the observables in terms of several amplitude types are given in, for example, Bystricky, Lehar and Winternitz, Journal de Physique 39, 1 (1978).

INS DAC Home
» Nucleon Nucleon Partial Wave Amplitudes
INS Home

SAID Start

Analysis Options
Data Base

Partial wave amplitudes are d d by 25*1L; (unmixed waves) with S:spin, L:angular momentum and J:total spin. Mixed states, 25*1(J-1);-25*1(J4+1); are denoted by e;.

Observables
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About 3000 proton-proton + 5000 neutron-proton data below 350 MeV.
Selection of mutually consistent data achieved via the 3o-criterion:
Nijmegen ‘94, Granada ’13, Bochum '21 data bases.

Longest-range interaction in all PWAs: 1y + 2y + 1n
(complicated treatment of e.m. interactions beyond Coulomb...)

Shorter-range interactions:

Nijmegen: Phenomenological boundary conditions
Granada: Coarse graining (6-shells)
Bochum: Chiral EFT Reiner, krebs, EE, EPJA (18); PRL 126 (21)
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Bayesian approach to truncation error estimation Furnstani, Philiips, Kico, Melendez, EE, ..

X(p) = X0 + AXNLO 4 AXNLO 4 4 AXNLO 4 AYNTLO ‘n a

N Y, ~ —~ = BUQ Collaboration

~

observable known from explicit calculations 65X ™ to be estimated

|dea: Bayesian inference of the size of higher-order contributions from the known low-order ones
= XO(1 + 0% + ;0° + ... + 0" + ¢, 0" + ..)
= compute p(6X®|{c,, ..., }, model) = truncation error (DoB intervals)

Assumptions (model): Same expansion for X as for the Hamiltonian H; expansion parameter Q;
V¢, obey the same probability distribution

BUQEYE Software (Python, Jupiter): correlated observables, diagnostics of EFT models, emulators

Alternative: Explicit marginalization over higher orders (samples of potentials) s. Heinoff, EE, in progress

_é_ BUQEYE Collaboration Members Publications Talks Software
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Bayesian Analysis of Nuclear Dynamics
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Check out the new tools and examples in BAND Framework v0.4!

—_—

See the BAND Manifesto in Journal of Physics G! (or on arXiv)
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Check out the new tools and examples in BAND Framework v0.4!

See the BAND Manifesto in Journal of Physics G! (or on arXiv)



Lattice-QCD (Hyper-) nuclear physics,
input for few-B systems neutron stars, ...
(crucial for S # 0, BSM MEs and
variable m

")

Experiment Chiral EFT
Data for 2B & 3B (Hyper-) nuclear interactions
observables at & current operators derived from
physical m, the effective chiral Lagrangian
FAIR Jefferson Lab -




Lattice-QCD

input for few-B systems
(crucial for S # 0, BSM MEs and
variable m

J

Chiral EFT

(Hyper-) nuclear interactions
& current operators derived from
the effective chiral Lagrangian

Finite volume energy spectra as an efficient interface between lattice-QCD and chiral EFT
Lu Meng, EE, JHEP 10 (21); Lu Meng, Baru, EE, Filin, Gasparyan, PRD 109 (24)

— infinite-V extrapolations without Luscher Kknown function of FV energies
— solves the t-channel cut problem
— partial wave mixing included

Ind'n’

det M(F’P) — 5ll’5nn’ cot 5[] =0

—

S
Lischer’s quantization condition is not valid
below the left-hand cut



Democratizing*chiral’"EFT:"A"long-term vision

Symbolic expressions for Symbolic expressions for Basis transform.: Nuclear phyS|CS
sub-processes to foster nuclear forces and currents plane-wave, partial communlty

determination of LECs: (Mathematica, SymPy): wave and harmonic
zN, yzN, zN - zzN, ... X, A-full, DimReg, GradFlow oscillator basis / ¢

Statistical
framework for error
quantification and
propagation and
diagnostics

Softening the inter-

actions (for many-

body applications):
SRG’ Vlow—k

Van (Fortran, C++, Python): Van MEs (hdf5):
A, A-full, different regulators Currently only N2LO,
and EFT orders, cov(LECs), higher orders in
sampling higher-order LECs progress...

(BUQEYE, BAND,
ISNET)

NN database, PWA tools
(em interactions), mutually
consistent data, compute

)(2 for your own model

Relativization:
Boosting and
Wigner spin
rotations

3N database with
similar functionality
(does not yet exist)

Extension to SU(3): Mapping NN and 3N scattering observables Extension to

YN, YY, YYY
interactions,

experimentaldata’ EEEEEEEEEEEEEENEEEEEEEEEEEEEEEEEEEEEEEEEEEENEEEEEEEEEEENEEEEEEEESR

lattice QCD ,,data“ ¢

unphysical quark
masses

to finite-volume energy levels (also boosted frames)
and vice versa

P» Lattice QCD community <€



