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Nuclear force viewed at a
high resolution
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Nuclear force viewed at a
low resolution
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Standard Model (QCD)

chiral symmetry

effective chiral Lagrangian L _¢

Chiral Perturbation Theory

(hyper-) nuclear forces & currents

ab initio many-body methods

< Heaviest known neutron dripline

to solve H|W[ = E|WI

(hyper-) nuclei & nuclear matter

ab initio methods:

N Faddeev-Yakubovsky equations
N No-core shell model

N Coupled cluster theory

N Lattice simulations
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Nuclear forces & currents




Nuclear forces van kolck, Friar, Kaiser, EE, Glockle, MeiBner, Krebs, Bernard, ...

Electromagnetic Currents park, Min, Rho, Kéliing, EE, Meigner, Krebs, Pastore, Schiavilla, Girlanda, Viviani, E

single-nucleon

two-nucleon

three-nucleon
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Axial currents Park, Min, Rho, Krebs, EE, MeiBner, Baroni, Marcucci, Pastore, Schiavilla, Girlanda, Viviani, ..
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N nuclear forces: derived through N4LO (i.e., Q5 relative 0 RVARY) o
to LO), except some 3NF graphs . B HH A X
~ | o b M H-H AT B
N e.m. and axial currents: worked out to N3LO by the A T CR IR N
Pisa-JLab [pastore, Baroni, Schiavilla, E] and Bochum-Bonn Y- X

[Kolling, Krebs, EE, Meigner] Jroups:

Some discrepancies remain Krebs, EPJA 56 (2020)
e scalar currents Hoferichter et al., Krebs, EE, Mei§ner

N a” derivations employ D|mReg for |Oop |ntegra|3, [ ] !(1232) COI’]tI’IbUtIOﬂS Kaiser et al., Krebs, EE, Mei§nerE

additional regularization (cutoff) needed e parity and time-reversal violating forces

and currents van Kolck, de Vries, Mei§ner, Viviani, Bsaisoi, E




Different regularizations (cutoff choices)

N fully nonlocal entem, Machleidt, Nosyk 2017 (Idaho); Ekstrom et al. 2013-18 (GO): NNLOopt, NNLOszt, NNLO- 1

N semi-local Eeg, krebs, Meisner 2015: Reinert, EE, Krebs 2018 (LENPIC)

N local cezerlis et al. 2013; Piarulli et al., 2016 (Norfolk models); Saha, Entem, Machleidt, Nosyk 2023

N |Oca|, nonlocal + lattice Lee, Elhatisari, EE, Lahde, MeiSner, Krebs et al. (Nuclear Lattice EFT)

Highest available EFT order
N N4LO+: Low-Energy Nuclear Physics International Collaboration (LENPIC), Idaho
N N3LO: Norfolk, NLEFT
N N2LO: Gothenburg-Oak Ridge (GO)

Degrees of freedom in the effective Lagrangian
N T, N: LENPIC, Idaho, GO, NLEFT
N 1, N, /A: Norfolk, GO

Strategy in the determination of LECs

N TN from the Roy-Steiner analysis (not btted), NN LECs from two-nucleon data
LENPIC, Idaho, Norfolk, NLEFT

N LECs determined from a global bt to TN, NN, nuclei, EoS GO



® Development of Bayesian methods for uncertainty quantibcation

While statistical uncertainties are straightforward to propagate, the accuracy of EFT calcula-
tions is typically limited by truncation errors (from neglected higher-order terms)



® Development of Bayesian methods for uncertainty quantibcation

While statistical uncertainties are straightforward to propagate, the accuracy of EFT calcula-
tions is typically limited by truncation errors (from neglected higher-order terms)

Consider an arbitrary observable X(p): _
assumed model (same type of expansion

as for the nuclear potentials)

/ \ e eff L
2 3 i i+1 P Mn
X(p) =co+cQ°+c3Q°+...+¢ciQ" +¢civ1Q™" +... where Q = max A
known from explicit calculations truncation error "*X0 to be estimated

Bayesian approach to estimate the truncation error Furmnstahl et al. (BUQEYE) (15E(23, EE et al. (20
N assume some common pdf for the coefbcients c; (prior)
N learn the convergence pattern from the known Cys --+» C; 10 Obtain the posterior pdf
N marginalize over the unknown ¢, |, Cj», - ..

il W Prior N straightforward to apply to any
: Pt observable, open-access codes
True value

« N can take into account correlations
‘ N a unibed Bayesian approach to _ _
determine LECs & estimate errors o[ || o oo Mmoo Ao |
o 25 0 A 180
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® ChEFT has been developed into a precision tool in the 2N sector

N perfect description of ~ 5000 np and pp data below pion production threshold at N4LO*:

high-precision realistic) potentials Idaho 'EFT Bochum SMS T1EFT (121)
Nijm | Nijm 11 Reid93 CD Bonn N‘LLOI50 NLLLO:,)F00 N4LOI50 N4LO;'OO
Xgatum 1.061 1.070 1.078 1.042 2.019 1.203 1.013 1.015

Entem, Machleidt, Nosyk, PRC 96 (17)  Reinert, Krebs, EE, EPJA (18); PRL 126 (21)
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N perfect description of ~ 5000 np and pp data below pion production threshold at N4LO*:
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N Bayesian determination of the TIN coupling constants
from NN data using ChEFT Rreinert, krebs, EE, PRL 126 (21)

L the resulting gy value g = 13.92 £0.09 is to be
compared with pionic hydrogen @PSI Hirtl et al., EPJA 57 (2021)

e™ + €P: gy =13.66+0.20
M gy =13.96 £0.22

N Neutron charge radius from the 2H structure radius
Filin et al., PRL 124 (20); PRC 103 (21)

3
2 _ 2 _2_ 9 9 +0.0015
s = 1 rp r, A2 — 1-9729—0.0012#fm
3.82070 FZ_J ' !
' Pachucki et al. i1
(31) fm” Pachucki et al. 118 Ijzn-l= —0 105+O.005 fm2
. —0.006

Entem, Machleidt, Nosyk, PRC 96 (17)

1991
|

1997
2017 Navarro Pérez et al
y

This work

T 1903

1995

1999
—o—
2017 Navarro Pérez et al.

4
This work

A
1980

—o—i
1993

1993

0.072

1994

0.073

1995

2002

2004

2011

2017 Navarro Pérez et al.

——
This work
0.074 0.075 0.076 0.077 0.078 0.079 0.08

f_‘Z



N NLEFT studies using Wave-F

Bay/A (MeV)
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@ Springer Link

Home > Few-Body Systems > Article

Published: 10 September 2022

Nuclear Forces for Precision Nuclear Physics: A
Collection of Perspectives

Ingo Tews &, Zohreh Davoudi, Andreas Ekstrém, Jason D. Holt, Kevin Becker, Raul Bricefio, David J.

Dean, William Detmold, Christian Drischler, Thomas Duguet, Evgeny Epelbaum, Ashot Gasparyan,

Jambul Gegelia, Jeremy R. Green, Harald W. GrieBhammer, Andrew D. Hanlon, Matthias Heinz, Heiko

Hergert, Martin Hoferichter, Marc llla, David Kekejian, Alejandro Kievsky, Sebastian Kénig, Hermann

Krebs, ... Xilin Zhang < Show authors

I Few-Body Systems 63, Article number: 67 (2022) || Cite this article

517 Accesses | 6 Citations | 1 Altmetric | Metrics

Abstract

This is a collection of perspective pieces contributed by the participants of the Institute for

Nuclear Theory’s Program on Nuclear Physics for Precision Nuclear Physics which was held

virtually from April 19 to May 7, 2021. The collection represents the reflections of a vibrant

and engaged community of researchers on the status of theoretical research in low-energy
nuclear physics, the challenges ahead, and new ideas and strategies to make progress in
nuclear structure and reaction physics, effective field theory, lattice QCD, quantum
information, and quantum computing. The contributed pieces solely reflect the perspectives of
the respective authors and do not represent the viewpoints of the Institute for Nuclear theory
or the organizers of the program.




® The 3NF challenge:

N no Hamiltonian exists that can simultaneously describe 2N and 3N data, the bulk pro-
perties of medium-mass nuclei & nuclear matter saturation

Energy  potential Ay T Tro Tr1 1o
10 MeV AV18 288 29 10 6.2 24 ¢ X2 /datum (Nd scattering)
AV18+UR 224 23 13 6.1 7.6

Alejandro Kievsky, in I. Tews et al., FBS 63 (22) 4, 67
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N pushing ChEFT to N4LO will require addressing two challenges:

1. Conceptual: Consistent regularization

Using DimReg to derive nuclear forces + Cutoff in the Schrod.
equation violates ! symmetry beyond N2LO (except for 2NF)
EE, Krebs, Reinert, Front. in Phys. 8 (20)

L nuclear forces & currents must be re-derived using

Symmetry'preserVing cutoff regUIarization Krebs, EE, work in progress

2. Computational: Determination of LECs in the 3NF ( > 15)

<«— X?*/datum (Nd scattering)

NLO, 68%

E I N2LO, 68%

0

60 120
cm [deg]

Large computational cost for solving the Faddeev equations will require developing
efpcient emulators for 3N scattering (perturbation theory, eigenvector continuation)
Frame et al. PRL 121 (18), Kénig et al. PLB 810 (20); Ekstrém, Hagen PRL 123 (19), Furnstahl et al. PLB 809 (20), Witala et al., PRC 105 (22), E

180



Exploratory results look promising:

N hybrid calculations using short-range 3NF at N4LO by the Pisa group
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from: Girlanda et al., PRC 99 (2019)

N ChEFT using some short-range 3NF operators from N4LO by the Cracow group
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® SM physics (electroweak reactions)

Electromagnetic: extensively studied (elastic &
inelastic scattering, radiative capture, ' photo/
electro-production, Compton scattering); LECs
fairly well known; most calc. are limited to N2LO
(i.e. Q3 relative to LO). Higher precision requires
consistently regularized exchange currentsE

25 30 35 40 45 50 55

from: Acharya et al., 2210.04632
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Precision nuclear theory requires advanced Bayesian methods

Bayesian determination of LECs from multiple data types instead of frequentistis methods,
posterior predictive distributions for observables, truncation errors, correlations, E

L very high computational cost L development of efbcient emulators

Pushing the precision frontier for charge radii & e.m. moments of light nuclei

Would complement the CREMA program for p-atom spectroscopy of light nuclei; may
provide access to the proton/neutron radius if nuclear physics under control

Going beyond the strict chiral expansion

ChEFT with explicit ¥1(1232) DoF, systematic account of large dimensionless factors like 4,
combinatorial enhancements of many-body interactions for A-nucleon systems, resumma-
tion of relativistic corrections, large-N¢ constraints, merging with dispersion theory, E

Conceptual issues (renormalization and power counting)
Finite-cutoff formulation vs 4ARG-invariant0 one, probing alternative PCs

Universal aspects of nuclei and nuclear matter
Proximity of nuclear systems to 2-body unitarity can be exploited using i-less EFT

Lattice-QCD « EFTs — nuclear systems



Hyper-nuclear interactions




Motivation: $ as a probe of nuclear structure, hyperon puzzle 28

PNM

7/ = PSR J0348+0432 7
Experimental efforts: "ipﬂﬁc -ls%e;g.%?,ﬂ}u?mt? F-\IR S U N —
+ femtoscopy (, E) if 1 ’
121 AN + ANN (I)
Theory: signibcant challenges for 1EFT: 08 |
N SU(3) vs SU(2) L many more LECs ! (Lonardoni etal
N poor convergence of SU(3) 1EFT (Mk vs M) " e "
N poor data situation (36 YN data)
BB force 3B force
>< } { 5 (+1) NN/YN (YY)
LO | -- : —_—
e e short range parameters
o >< + H [I H _ 23(+5) NN/YN (YY)
I B N A B 5 short range parameters

.........................................................................................................

BB and 3B interactions developed by the Jilich-Bonn-Munich group [Haidenbauer et al.]:
NLO13, NLO16, NLO19, N2LO22 (different regularizations & constraints)



Decent bts of the data (but large uncertainties)

The interactions have also been probed in p-shell

nuclei using Jacobi-NCSM; also CSB $ separation

energies have been studied.

Example of spectra
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Future progress will depend crucially on input provided by lattice QCD to constrain LECs



Lattice QCD for few-N systems




Lattice QCD studies for few-B systems: HAL QCD, NPLQCD, PACS, CalLat, BaSc

N truly brst-principles approach

N pnite-volume energies from 2-point correlators

L
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y E . m o
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@ effective energy shiﬂ\ 11+
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Luscherls method: det {M,(nr’,?n)/ — 8118 COL 6.] =0 10 i i
L 00 05 10 15 20 25
ﬁlteraction—independent matrix t [fm]

from: Iritani, LATTICE2018

~ : . 3
N Signal-to-Noise ratio: Iﬁpl—A <mB_EmM> tl Parisi (84

N An alternative method [HAL QcDy; potentials from Nambu-Bethe-Salpeter wave functions
(derivative expansion under control? see e.g. 1808.06299)



Lattice QCD studies for few-B systems: HAL QCD, NPLQCD, PACS, CalLat, BaSc
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N HAL QCD sees NO bound states for all M, Nvalues
N also Callat [2000.11825] strongly disfavors bound states at M, ['114 MeV

N BaSc [jeremy Green, LATTICE 2022] likely no bound states; discretization artifacts!

N Situation in the NN sector remains highly controversial



EFT as a tool to extrapolate LQCD results for few-N systems:
N chiral extrapolations Beane, Savage, EE, Mei§ner, Soto, Bedaque, Lee, Lahde, Long, Gegelia, E
N in E beyond the t-channel cut at bxed M, (low-energy theorems) ee, aru, Filin, Gegelia

N in the number of nucleons at bxed MT[ (SO far "'-less EFT) Barnea, Bazak, van Kolck, Detmold, E
Closer to the physical point, pions are to be included as explicit DoF (%EFT)

Long-term strategy:

Lattice-QCD input for few-B systems
(crucial for S # 0, BSM MEs, variable )

input
Physical m,
experimental data ML (hyper-) nuclear interactions Heavier nuclei and
for 2B and 3B derived in chiral EFT nuclear matter
observables




Long term goal: From model building to a predictive and reliable theory of nuclear

structure and reactions using 'EFT

N the three-nucleon force challenge
N rigorous Bayesian methods (PPDs, error analyses, designing experiments)
N reliable input from lattice QCD (especially in the strange sector)

N ab initio methods for nuclear structure and reactions (tais by Gianluca and Sonia)



