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Introduction

Question: where does the nuclear force which binds nucleons together gets its main characteristics,
and how it is rooted in the fundamental theory of strong interactions?

Atomic nuclei and
nucleonic matter

Quantum
Chromodynamcs &%

X Cartoon of the exchange of a pion (OPE) between two
nucleons in the quark picture

X OPE: responsible of the long range part of nuclear
forces (r = 2 fm)

At low-energy nucleons are the relative degrees of freedom leading to
the idea of effective nuclear potential




Lattice Quantum Chromodynamics Atomic nuclei and nucleonic matter
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The microscopic model of nuclear theory

Goal: develop a predictive understanding of nuclei in terms of the interactions between
individual nucleons and external probes

Nucleon-nucleon (NN) and 3N scattering data: “thousands” of experimental data available

Spectra, properties, and transition of nuclei: BE, radii, magnetic moments, beta decays rates,
weak/radiative captures, electroweak form factors, etc,...

Nucleonic matter equation of state: for ex. EOS neutron matter

Disentangle new physics from nuclear effects: for ex. Ovff, BSM with f-decay, EDMs, v — A
xsec, etc,..



The microscopic model of nuclear theory

o What we need? th+exp th+exp
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The microscopic model of nuclear theory

o What we need?
Credit to Heiko Hergert (MSU/FRIB) for collecting the data

Ab-initio methods: solve the nuclear many-body problem T
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The nuclear many-body problem

Many-body Schrodinger equation:

HWY(r{,ry, ... 481,885 s ., ly)

A
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Erwin Schrodinger

wherer,, s;, and ; are the nucleon coordinates, spins, and isospins , respectively

This corresponds to solve

A
24 % (Z) coupled second-order differential equations in 3A dimensions.

96 for *He

3
17 9920 fOI’ Be This is a challenging many-body problem!

3.784.704 for °C



The nuclear landscape

Nuclear Landscape UNEDF SciDAC Collaboration: http://unédf.org/

Z

Configuration Interaction
Density Functional Theory

I
:
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chmarks between the
different methods is very
important!

Definition: the ab-initio methods seek to describe atomic nucleus from the ground up by solving the
non-relativistic Schrodinger equation for all constituent nucleons and the forces between them


https://en.wikipedia.org/wiki/Atomic_nucleus
https://en.wikipedia.org/wiki/Nucleon

Nuclear gquantum Monte Carlo methods

e Quantum Monte Carlo (QMC) methods: a large family of computational methods whose common aim is the study of
complex quantum systems—

VMC CVMC GFMC AFDMC

—. o (C)VMC
12 |-... RS S GFMC light systems A<12
- ] AFDMC
i — CVMC  light to medium- -
i — AFDMC  heavy nuclei e
A E > Ey E E — Ey ’. "
" minimization = T propagation AFDMC infinite matter A — oo ‘ .

Computational resources awarded by the DOE ALCC and INCITE programs

e Work with bare interactions but local r-space representation of the Hamiltonian

/

| &

k = p/ — P Local
K (p/ p)/2 Non-Local

e Stochastic method: based on recursive sampling of a probability density, statistical errors quantifiable and
systematically improvable

p



Hamiltonian and electroweak currents

>< ----------- #:::::: ___________ b ---------

Historically research on the nuclear force (and corresponding electroweak operators) has proceeded along
different ways for example:

use the general form of a potential allowed by the symmetries
(rotation, translation, isospin, etc); potential terms are needed to
describe various phenomena remarked in nuclear interactions

Phenomenological
approach:

pion and nucleon degrees of freedom constructing their
XEFT approach: interactions consistently with the symmetries and symmetry
breaking of the underlying theory, low-energy QCD




- Translation invariance

- Galilean invariance
- Rotation Iinvariance
- Space reflection invariance - Hermiticity

Phenomenological approach

e Use the general form of a potential allowed by the symmetries:

- Time reversal invariance

- Invariance under the interchange of particle 1 and 2
- Isospin symmetry

e Most general two-body potential under those symmetries: (Okubo and Marshak, Ann. Phys. 4, 166 (1958))

VNN — V()(r) + VO'O-1 * 62 + VTTl g Tz + VO‘TO-I * 0-2'1'1 * Tz Central

+VT(7‘)512 + VTT(r)Slzfl y 12 tenSOr

+V,(L-S)+ V,o(L-S)t, -7, spin-orbit

+ V0O + V. 0127 - T, quadratic spin-orbit

+Vpp(r)(o) - p)o, - P) + Vpp (r)(o - p)o, - P)T; - T, p-dependent

— 2
512—30'2-1‘0'2°I’—7‘

0-1'0-2

0, =1/2{(6y - L)(6, - L) -

- (6, - L)(o; - L)}

Examples:
Gammel-Thaler potential ( Phys. Rev. 107, 291, 1339
(1957)), hard-core.

Hamada-Johnston potential (Nucl. Phys. 34, 382
(1962)), hard core.

Reid potential (Ann. Phys. (N.Y.) 50, 411 (1968)), soft
core.

Argonne V14 potential (Wiringa et al., Phys. Rev. C
29, 1207 (1984)), uses 14 operators.

Argonne V18 potential (Wiringa et al., Phys. Rev. C
51, 38 (1995)), uses 18 operators.



Phenomenological nucleon-nucleon AV18

® [t is a r-space potential expressed as a sum of EM and OPE terms and phenomenological intermediate- and short-

range parts: v;yj: pp, pn & nn electromagnetic terms
Argonne vis vij ~ [Ya(rij)oi - 0 + Tr(rij)Se] @ 7i - 7
Vij = v, + v + vl + v Uy (75

J J J ; Z p( J) Uz‘Ij _ Zp IPT? (Tij)O?j

()

S Zp PP 4+ QPr + RPTQ]W(T)O%

e Minimum of eight different potential terms needed to fit S- and P- wave data: four for different S, T combinations,
plus two tensor and two spin-orbit terms in S = 1 states for different T.

) — USA
O} % =11, 0505, Sij, L-S] @1, 7i - 7] Sj=36;-r06;-1~170;"0, ‘gonne il |27

v, ¢ 3

® To fit higher partial waves, momentum-dependent terms are needed, e.g., g'ﬁg
SLghr 5

p=9,14 _ 72 12 _ | 2 o 0 =

O’LJ o [L 9 L 0-1, . 0-,77 (L . S) ] @ [17 T’L * T]] for ull vour potential needs! 8: 1 §

L ' O
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e Add small isospin-breaking terms:

=15,22
O?j [1 O 0y, SZJ) L S]®[ ’LJ?TZZ_I_TZJ] 7:7=3TiZTjZ—Ti°Tj
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e The AV18 model uses 42
1P, PP, OF, RP parameters, one
cutoff parameterin Y (1), T (r).

e These parameters have been fix
by fitting the Nijmegen database
of ~4300 np and pp scattering
data for Eizp < 350 MeV with a

total y2 = 1 plus nn scattering

length and deuteron binding
energy.



Phenomenological three-nucleon potentials: Urbana-lllinois

* 3N Urbana-Illlinois (UIX-IL7): an Hamiltonian which only includes AV18 does not provide enough
binding in the light nuclei. In light nuclei we find [thanks to large cancellations between (T') and

W)l : (Vi) ~ (0.02 = 0.07){v;}) ~ (0.2 — 0.5)(H)

Urbana: J. Carlson et al. NP A401, 59 (1983)
contains the attractive Fujita and Miyazawa two-pion exchange interaction and a phenomenological
repulsive term

2 independent parameters controlled by H binding energy & saturation density of symmetric nuclear
matter. Good description for s-shell nuclei (A=3,4) and neutron stars; inadequate description of the
absolute p-shell and spin-orbit splitting of heavier nuclei




lllinois: S. Pieper et al. PRC 64, 014001 (2001)
also includes terms originating from three-pion rings containing one or two As and the two-pion S-wave

contribution. This interaction is attractive in nnn triplets with T'= 3/2 and provides extra attraction
observed in neutron rich nuclei.

Urbana + o IA

5 independent parameters controlled by ground-state energies of A < 10. Good description for light
nuclei up to A=12; inadequate description of the neutron star matter equation of state.




GFMC calculations of the spectra of light-nuclei using

Phenomenological potentials & QMC

The EoS of pure neutron matter (PNM): useful tool

to understand properties of neutrons stars

—e— AVE
== AVSE' + UIX
—i— AVS' + IL7

2.45(1)M,

PNM
AFDMC

N
How to reconcile with nuclei?
obs : ~ 2M

Maris et al. PRC 87, 054318 (2013)

1 1 1 1 1 1 1 1 1 1 1

0.00
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- Very good description of several nuclear observables: ex. GFMC binding energies up to

- Phenomenological interactions are phenomenological, not clear how to improve their quality

AV18 without and with UIX or IL7
-20
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— + + T/27 2+
- i ; 421+ 1 ; '
501 ar . 312 34 3 N 12 +
> - L1 » NN [ ]
- 0+ 1t 7+ - i
= i 1/2 . = 10
s F ¢ o - SBe 0% s = |
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- Suitable for computational methods like QMC
Pros:
A=12 with AV18+IL7 (GFMC energies: uncertainties within 1-2%)
Cons:

- They do not provide rigorous schemes to consistently derive NN and 3N forces and compatible

electroweak currents

0.14

0.16



Chiral effective field theory: the framework in a nutshell

S. Weinberg, Phys. Lett. B251, 288 (1990); Nucl.

QCD

Symmetries in particular the

approximate chiral symmetry
between hadronic d.o.f (&, N, A)

Phys. B363, 3 (1991); Phys. Lett B295, 114 (1992)

Approximate chiral symmetry requires
the pion to couple to other pions and to
baryons by powers of its momentum

Lopp =L 40402 4

Effective chiral Lagrangian L ¢ (7, N, A) Given a power counting scheme

Calculate amplitudes+prescription to obtain
potentials + regularization (of high momentum
components)

,C(n> N Q N~ 100 MeV soft scale
AX - ~ 1 GeV hard scale

Nuclear forces and currents

Few- and man

v-body

methods: QMC, NCSM, ’

CC, etc

Nuclear structure and dynamics




State-of-the art Chiral EFT interactions

(Additional In Afull A-less Additional in A-full Advantages:
S ” Rome T IDMATE o Consistent description of two- and many-

body interactions and currents
et s e Different processes described on the same
l Mlu ]uwu L u WM footing: piN, NN, electroweak

N :_a& . . .
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Entem ‘
N4LO *_{* . “/\4// EtC....
(Q/A))° | e Consistency between strong- and electroweak
et al’15, Epelbaum et al.”15 ]
+l sector very hard to achieve
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L
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.
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Entem et al.’15

N challenging optimization problem



How to fix the LECs?

First Challenge: What experimental data should we use to find the LECS?

some LECs in chiral EFT appear in different low energy processes

4 assl-4. | o X-
PIN scattering NN interaction 3N interaction 3N interaction EW interaction

Remaining LECs constrained to;:

 “aam *

Static and dynamic properties of

Scattering observables: piN, NN, NNN.. few- and many-body systems




Fits of NN Interactions: nucleon-nucleon scattering data

The Granada NN database is the most up to date database. The analysis includes data within the
years 1950 to 2013.

More than 7800 elastic scattering data up to £; ,5=350 MeV

Usual Nijmegen 3o criterion (1677 rejected data)

p scattering data
180 I I I I I I

np scattering data

180
160
140

Maximization of the experimental consensus:
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http://www.ugr.es/~amaro/nndatabase/

Chiral NN potentials: some recent developments

e Optimized N2LO NN potential (tN LECs are tuned to NN peripheral scattering): Ekstrom et al. (PRL 110, 192502 2013; JPG 42,
034003 2015)

e N2LO potential: a simultaneous fit of NN and 3N forces to low NN data (Ei.b=35 MeV), deuteron BE, BE and CR of hydrogen,
helium, carbon and oxygen isotopes; Carlsson et al. (PRC 91, 051301(R) 2015)

e New generation of chiral NN potentials up to N4LO: improved choice of the regulator, no SFR; Epelbaum et al. (PRL. 112,
102501, 2014; EPJ A 51, 53 2015; PRL. 115, 122301, 2015)

e Chiral 2t and 3m exchange up to N4LO and up to N5LO in NN peripheral scattering; Entem et al. (PRC 91, 014002 2015; PRC 92,
064001 2015)

e High-quality two-nucleon potentials up to fifth order of the chiral expansion (PRC 96, 024004 2017; Front.in Phys. 8 57 2020)

e High-Precision Nucleon-Nucleon Potentials from Chiral EFT; Reinert, Krebs, Epelbaum (Springer Proc. Phys. 238 497-501 (2020)

NOTE: - Many of the available versions of chiral potentials are formulated in p-space and are strongly nonlocal:

Nonlocalities due to contact interactions ‘ p — AV
Nonlocalities due to regulator functions

— Nonlocal interactions hard to handle in for example Quantum Monte Carlo (QMC) methods

e Local NN potentials up to N2LO: Gezerlis et al. (PRL 111, 032501 2013, PRC 90, 054323 2014); Lynn et al. (PRL 113 192501, 2014)
e Minimally nonlocal NN potentials up to N3LO (including N2LO A contributions); Piarulli et al. (PRC 91, 024003 2015)
e |Local chiral potential with A-intermediate states up to N3LO; Piarulli et al. (PRC 94, 054007 2016)

e |ocal position-space two-nucleon potentials from leading to fourth order of chiral effective field theory; S.K. Saha (arxiv
2209.13170)



Fits of 3N Interactions: three-body scattering cross sections

e Inclusion of 3N forces at N2LO:

Constrained from /N
scattering or NV: ex.

Hoferichter et al., Phys .Rept.
625 (2016) 1 CCe> 2

1_ llllllll IllIIIlllllllllIllllllllllllllllllllllllllllllllll_

*—e Fit to B( H)=8.475 MeV

: oo Fittoa =0.645 fm
0f -
0sE Local chiral EFT: Model Ia

oul -1 _:

' Model (35 CE

s Eo(*H)=-8.482 MeV 1 Ia 3.666 —1.633

2 (g = (0.645 £ 0.010) fm { b | —2.061 -0.982

4 7 1la | 1.278 -1.029

b | 4.480 —0.412

*>F MP etal. PRL 120, 052503 (2018) E
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Spectra of light nuclei and charge radii in good agreement with data but.... ST 3 2 4 0 1 2 3 4 5 6§ 7
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B0 Jape o o3 2R o : [ 30
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V] . ===3+ 27 °7.5/2- - ) ;
: Li B i -4 -3 : values of cp: “collapse” of PNM,
— =50 - 94 - —50 .
: T g ; whose energy per particles became
5 Be  ope b IV large (~ several GeV per particle).
5 -701 MP et al. PRL 120, 052503 (2018) *“Be '°B - -70 - The collapse is associated with the
: =327 [ : » .
01 GFMC calculations 11B/ oo formation of “droplets” of closely
] o : packed neutrons, ultimately caused
—0() - = AVI8+IL7 [ _ :
. — R by the attractive nature of the cE
~100 - N “C Foi00 term in the 3N force.

a single scattering observable not too constraining (correlated with energy of 3H)

Lovato, MP et al. PRC105 (2022) 055808



Fits of 3N Interactions: triton beta decay half life

1.0026

. Inclusion Of 3N forces at NZLO. 1.06:I | | | | | | | | L | | | | | | | | I:
) N — linear fit: f(c)=1.00651+0.0102375 c.j; x2/datum=0.999953 ]

1osE HH -

scattering or NN: ex 0 R . G osE L E

_ § 03E c,=[-0.89; -0.38] -

Hoferichter et al., Phys .Rept. - D . s ]
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Fits of 3N Interactions: three-body scattering cross sections

a more global fit using several observables more robust!!

e Inclusion of 3N forces at N2LO: oo
o pd minimum of do/dB at 135 MeV
—e— | nd ot at 135 MeV
¢ - I pd minimum of do/d8 at 108 MeV
Constrained from 7V PO . Gk — i nd G at 108 MeV
scattering or NN: ex e od minimum of do/de at 70 MeV
Hoferichter et al., @ —o 1 nd Gior &t 70 MeV
Phys Rept 625 (2016) 1 FeH nd scattering length 2a
IS. P .6. — .é. PR .110. ——— .115
S»)
The neutron analyzing power A, in nd Ground-state energies in light nuclei IM-NCSM  IM-SRG
y 160 240 40Ca 48(:a 160 240 40Ca 48Ca
elastic scattering at £, = 14.1 MeV - O SIS NS /!O
UL L L L L o 5(0;’:).(011) o 02 NCCI _1203_35 _gl 1 ]
- s . . “ - _30:_ -aO0g 15 = . _140:_ n_:_: % =
0.2 B E=14.1 MeV 8 T E=14.1 MeV —0.2 o o, (21’;. . o AR E 5-10_-
i L i E _50:_ . | (312, 1/2) + _'(3/2_ N _: Lﬂ_lz-_
> B T N 23 - (O_I’:)‘ ’ . -180 199 N :
< B T N % - | | = 2 O 3,0 7 _14al
0.1 - - —0.1 s O R )
B T m § 20 (12, 1/2) _' =l — —_— 1 — —_—
: T : P e LR ' |
y 1 i 80~ e LO,NLO, and N'LO - =
oobioe o Lo Lol L i i N - © N’LO without 3N forces = i ! S =
0 60 120 180 60 120 180 P B vlues g = e
O [de O [de 100E ]
C.IM. [ g ] C.m. [ g] 100 4He 6He 6Li 7 8He 8Li SBe 9Li 9Be loBe 10B 11B 12B 12C
= AV18, CD Bonn, Nijm1, Nijm2 m = NN N2LO
s AV/18, CD Bonn, Nijm1, Nijm2 +TMQQ e NN-+NNN @ N2LO Indication that subleasing 3N contact interactions

AV18+UIX —=NN+NNN@N2LO +UQ  gre relevant to solve the discrepancies!



E/A [MeV]

Fits of 3N Interactions: nuclear matter saturation point

e Inclusion of 3N forces at N2LO and N3LO:

—10

—-11

-12

Cee>

1 1
|-+ NLO EMN 450 MeV

1 1
—~@®- N3LO EMN 500 MeV

| —A- N2LO EMN 450 MeV  —A- N2LO A 450 MeV
: - N3LO EMN 450 MeV A CC N2LO A 450 MeV
|| @~ N3LO EMN 420 MeV === Expt.
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4
L e ’...
L IM-SRG e o .
L ’
[ ] ] ] ] ] ] ]
160 240 40Cq 48Cq 52Ca 60Ca 56\ 68N

Rch [fm]

+ pions exchange diagrams

4.0

3.5
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1 T T T @3d 1 I T F N IS
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l T < T '
i :: \ -2.0
— —14 | -+ @-2.04" 7" M-a. 3.00 -
%) I 1 -1.0@, N 0 ’ ‘\' 2.75 -
s : N -z.oﬁx._s.0 §-250 ]
— =15 - 1 el N —
3 1 -1.0
& _ T 000
—16 - 275 T { @ 2nd K
_ 300 @30 ] T T —@ - 3rd |
~17 A =450 1|\4ev.6_0 . F A =500 MeV . F A =450 MeV . T A =500 MeV —0— 4th [
0.15 0.16 0.17 0.15 0.16 0.17 0.15 0.16 0.17 0.15 0.16 0.17
no [fm—3] no [fm—3] ng [fm—3] no [fm—3]

1 1
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I I
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—A - N2LO A 450 MeV
A CCN2LO A 450 MeV
= Expt.

68Ni

» Use nuclear matter saturation
energy and density to adjust

LECs

» Reasonable reproduction of
both quantities possible

» Results for medium-mass nuclei
still not satisfactory



Fits of 3N Interactions: g.s. energies of nuclei

160 240 36Ca 40(:a 48Ca 52(:a 48Ni 56Ni 68Ni 78Ni

e Inclusion of 3N forces at N2LO and N3LO: o IM-SRG
_____ % i ) i

=
o <! _

3N fitted to 3H and 160 g.s. energies &> C o |

5 -
sHF N°LO : :
101\ qg i ;
< Constraints from the few-nucleon EL :
. . Q
% 10 system and a relatively light nucleus s
~ such as 1°0 produce chiral - A = 500 MoV -
§ 290 - interactions which are excessively e ¢ AFTENEY
LI attractive when applied in nuclear 160 240 36Ca*0Ca*8Ca>2Ca*8Ni °Ni Ni "8Ni
RN - matter showing no sign of saturation.
-25 | =— A =450 MeV
A good reproduction of both experimental
— — A=500 MeV . y .
energies and radii from p-shell nuclei up
-30- to the nickel isotopes within theoretical

005 010 015 020 0.25 uncertainties
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How to fix the LECs?

Second Challenge: What is the best fitting procedure?

“Traditional” approach: separate fits
piN —<+@
NN  aan

Light nuclei, A=2,3,4 0

D. R. Entem et al., Phys. Rev. C 96, 024004 2017

A. Gezerlis et al., Phys.Rev. C 90, 054323 2014

M. Piarulli et al., Phys. Rev. C, 024003 2015

E. Epelbaum et al., Eur. Phys. J. A 51, 53 2015

P. Reinert et al., Eur.Phys.J. A54 no.5, 86 2018

Ekstrom et al. Phys. Rev. Lett. 110, 192502 2013 (NNLOopt)
Ekstrom et al. Phys. Rev. C 97, 024332 2018

B. Carlsson et al., Phys. Rev. X, 011019 2015 (NNLOsep)

A “more modern” approach: simultaneous fits

N o B. Carlsson et al., Phys. Rev. X,
P O—>< 0 011019, 2015 (NNLOsim)

* Indications that simultaneous fits lead to
NN &4 more systematic EFT convergence

» Results for heavier systems not
Light nuclei. A=2.3.4 0 consistent with experimental results

Or o A. Ekstrom et al., J. Phys. G 42,
034003 2015 (NNLOsat)

Heavier nuclei: A>12 + Good results for *’Ca even though the

fit included information up to oxygen.

- But NN scattering data included only up
to 35 MeV £ A

Computationally a very challenging problem!



Optimization procedure for the LECs

Third Challenge: Minimize a objective function to find a* (LECs) in the parameter space

Least-square objective function for a set of observables

Naata
a* =miny*(a) with x3(a)= Z (

1=1

X

a

“Conventional” least-square minimization:

- Take 00, to be the experimental error (or same
modification to take into account theoretical errors)

- Many optimization techniques suitable for this
problem such as POUNDers, Newtons Methods,....

- UQ addressed as: Covariance methods, Bootstrapping,

standard protocols for chiral truncation errors, cutoff
dependence

- over/under-fitting parameter ,..

O; : measured values

Bayesian parameter estimation:  t—

0; — ti(a) ) & t,L- : calculated values

507;

d0;: uncertainty observables

pr(a|Data, I') x pr(Datala, I) x pr(a|/)

_ ) e
posterior likelihood prior

o X (a)/2

» Bayesian statistics is a powerful framework for (chiral) EFT
uncertainty quantification (UQ). Everything is a pdf

* Assumptions are made explicit (e.g. naturalness
of LECs, truncation errors)

* Bayesian: sample for parameter estimation and the
propagation of uncertainties; use emulators (like EC)!

* Using priors and truncation errors minimizes overfitting and

dependence on how much data is used; posteriors can be
used for diagnostics.

* Clear prescriptions for combining errors

BUQEYE collaboration BAND collaboration



https://bandframework.github.io/#:~:text=The%20Bayesian%20Analysis%20of%20Nuclear,predictions%20of%20any%20individual%20model.
https://buqeye.github.io/

C1s0

D1s0

D1ipo

Bayesian estimation of LECs up to N3LO for the NN yEF 1

~Ann
Cl SO

0.0007
—0.1283%5 5007

A subset of the joint posterior conditioned on NN scattering data

with 77, up to 290 MeV, the 150 nn scattering length, and a

G conjugate prior for the xEFT truncation error of this quantity.
150
—(.129979-0006

~PP
01 S0

Crso 0.003
2.09975 003

@ NN

T —22.5 —-20.0 -175 —=15.0 —26 —24 —22 —20 —18 —20 —18 —16
Il Uy (fm) anyp (fm) app (fm)

| & | #

2.00 2.25 2.50 2.75 3.00 3.25 2.00 2.25 2.50 2.75 3.00 3.25 2.00 2.25 2.50 2.75 3.00 3.25

Tnn (fm) Tnp (fm) rpp (fm)

PPDs of scattering lengths and effective ranges at NLO (blue),
NNLO (purple), and N3LO (red). Empirical results are shown as
black lines, with corresponding 10 (20) uncertainties as a dark
(light) gray area



Bayesian estimation of LECs up to N2LO for the 3N yEF T

Statistically rigorous analysis that incorporates experimental error, computational method uncertainty, and the un-
certainty due to truncation of the yEF 1 expansion at N2LO

The posterior of ¢, and ¢y, fitting to H binding energy, the H

e binding energy and radius, and the H [p-decay rate

The posterior predictive distribution for the target
| | | | few-nucleon observables, evaluated from the full
_9 0 2 —-0.5 0.0 pOSteriOr

CD CE




Many-body Nuclear Electroweak Currents

e Electroweak structure and reactions: - Electroweak form factors
p ., - Magnetic moments and radii

- Electroweak Response functions
- Radiative/weak captures
- G.T. matrix elements involved in beta decays

one-body two-body Nuclear charge operator
e Accurate understanding of the electroweak interactions of P = E :Pz‘|‘ E :pz;] + ..
external probes with nucleons, correlated nucleon-pairs,... 1<J

e Two-body currents are a manifestation of two-body
correlations
e Electromagnetic two-body currents are required to satisfy

current conservation
E .]z_l_ E :Jzy + ..

QJ:[H,p]:[tz‘FfU@]‘F‘[mk,p] 1<

Nuclear vector operator

» Meson exchange currents: R. Schiavilla et al., PRC 45, 2628 (1992), Marcucci et al. PRC 72, 014001 (2005), L. Marcucci et al., PRC 78,
065501 (2008)

» Chiral EFT currents: Park et al. NPA 596, 515 (1996); Pastore et al. PRC 78, 064002 (2008), PRC 80, 034004 (2009); Piarulli et al. PRC 87,
014006 (2013), Baroni et al. PRC 93, 015501 (2016); Phillips et al. PRC 72, 014006 (2005), Koélling et al. PRC 80, 045502 (2009), PRC 84,
054008, PRC 86, 047001 (2012); Krebs et al., Ann. Phys. 378, 317 (2017)



* GFMC calculations using AV18/IL7 (rather then chiral) and EM yEFT currents— hybrid calculation

4
i * | u(IA) =pun Y [(Li+gpSi)(1+Tiz) /2 + gnSi(1 = Tiz) /2
wk
u P O 7L1 5 B _
5 3H | 3| B
& Ck
: oLix X e 105 .
O
—~ 11— . a
Z e ?I({ ?’ 8Li 8p o
A Li 10 |
B* T MEC T o
=. : ) =
0@ GFMC(A) . - ¥ s MfQL;L | I M)
- GFMC(FULL) 9 . EPRY N IT M. [iMEC(, 2 T ML
q % EXPT .7Be :e O B qu_l’)I(l) q < foivly |]y (C]X)| i Z>
— N .3He * * _
2 % We °C (°Li) dominant spatial symmetry [s.s.] = [432] = [¢¢,’He(*H),pp(nn)] — Large MEC
i ’Be (’B) dominant spatial symmetry [s.s.] = [441] = [ot, &, n(p)]
3 |

Electromagnetic data are explained when two-body correlations and currents are accounted for!



Single-Beta decay matrix elements

« Beta decay occurs when, in a nucleus with too many protons J' Baroni, MP et al. PRC 93, 015501 {2016)

or too many neutrons, one of the protons or neutrons is
transformed into the other. ;+ Jw
(b) (c)

Hox -

(d) (e)
King, MP et al. PRC 102, 025501 (202C

10 10 096 1 104 09 1 104 096 1 104 096 1 104
&% = C - B T L L T 1
H B-decay “He B-decay Be e-cap(gs) "Be e-cap(ex)
] "Be — 'Li(ex) I ! ! |
| | | |
7 . | | |
[l Be —>7L1(gs) - ? - I o}o N |
O O O m O | O O 1 ©
6 6. . | | | |
: He — L o ¢ oe | o3 ot
| | | |
3 3 | | | |
. H — He

Ratio to EXPT @ gfmmci1b
% gfmc 1b+2b(N4LO)

| | | |
| | | |
B Chou et al. 1993 - Shell Model - 1b oe | |o® | o | | e
| | | Om | Om | Om | om
| 1.1 1.2 0 Nv2+dda | | I I I
NV2+3.1a* : : : : »
gfmc (1b) and gfmc (1b+2b); shell model (1b) 1 I“”‘":” N T B A | |
GFMC calculations using AV18/IL7 (rather then chiral) ol L AR i R ! .1

and axial yEFT currents— hybrid calculation GFMC calculations using chiral and axial yEFT

Pastore et al. PRC 97 022501 (2018) currents— consistent calculation



Partial Muon Capture in Light Nuclel

e Momentum transfer g~100MeV
Weak-interaction Hamiltonian

_Gv
V2

e \/alidation of vector and axial
dxe_ik’/'xia(x)j"(x) charges and currents

Hyy

e For light nuclei, you can
approximate the muon as at rest in
a Hydrogen-like 1s orbital




Partial Muon Capture Rates with QMC: °He(n.,v,)°H

Momentum transfer g~100 MeV

e QMC rate for 3He(1/2+;1/2) = 3H(1/2+;1/2)

» Tyme=1512s1132 51

» epme = 147651243 51

> Teypt = 1496.0 51 £ 4.0 571

[Ackerbauer et al. Phys. Lett. B417 (1998)]

e The inclusion of 2b electroweak currents increase the
rate by about 9% to 16%.

e uncertainty estimates:

- Cutoff: 8 s1(0.5%)

- Energy range of fit: 11 s-1(0.7%)
- Three-body fit: 27 s-1(1.8%)

- Systematic: 9 s-1(0.6%)

King, MP et al. PRC 105 (2022) 4, L042501




Partial Muon Capture Rates with QMC: °Li(u~, v, )°He

Momentum transfer g~100 MeV

« QMC rate for 6Li(1+;0) - 6He(0+;1) ® VMC
GFMC
—~2000 _*
=
= I-V|V|C — 1243 S_l + 59 S_l Im :::::::::::::::: B ! :+:
- Terme = 1056 514 180 s-1 — N . + 8
— ® = |
- Mexpt = 1600 51 +300/-129 s-1 1 OOO % N

Deutsch et al. Phys. Lett. B26 (1968)

e The inclusion of 2b electroweak currents @q’
increase the rate by about 3% to 7%.

e uncertainty estimates:

- Cutoff: 36 s'1(2.9%)

- Energy range of fit: 36 s-1(2.9%)
- Three-body fit: 30 s-1(2.4%)

- Systematic: 8 s1(0.6%)

King, MP et al. PRC 105 (2022) 4, L042501 o



Lepton-Nucleus Scattering: Inclusive Processes

e [nclusive lepton scattering off a the nucleus: five response functions

do
dG;dQl X |:'UOO Roo + vz R,z — vo; Roz + Vaz Bex F Ugy R:cy]
e For the EM case only two response functions survive: longitudinal Ry, and transverse R_. which are obtained from the
charge and transverse current operators R,(q,w Z 0 (w+Ey— Ey) [ Fl0a(q)|0)? O, =p
O_.=j
/ T

Euclidean response: GFMC calculations

- o - A (H—E;) - . Inversion back to obtain the response by
; dwe Rog(q,w)=(i| jo(a)e Y js(Q) [7) maximum entropy methods
Longitudinal Transverse
0.03 F (a) ————= GFMC-J,, | 0.08 | (b) - § — GFMC-J,, i

— GFMC-Jy.,
—e— World data

—— GFMC-Jyy,
—e— World data

?

NG 3D

] ] ] ] ] ] ] ] ] ] ] ]
0 50 100 150 200 250 300 350 400 0 o0 100 150 200 250 300 350 400
w[MeV] w[MeV]



Lepton-Nucleus Scattering: Exclusive Processes

Short-Time-Approximation:

Response Functions: integral over real time

dt (W 0 —1
Rop(w,q) = ge( TEJLO| T (q)e "t J5(q)|0)

* Response functions are given by the The two main assumption underlying the STA are:
scattering from pairs of fully interacting

nucleons that propagate into a
correlated pair of nucleons

e Based on factorization

1. Only the one- and two-body terms are kept in the

@—* Correlated pair current-current correlator

T (@)e™ (@) + 71 (@) e 5 () + 5T (@)e ™ 5(65) + 5T (ig)e ™ 5 (55)

e Allows to retain both two-body

correlations and currents at the vertex 2. In the particle propagator the Hamiltonian is rewritten as

2
: : Pi
e Describe electroweak scattering for H = Sy E Vi

A>12 without losing two-body physics i i

Response Densities:

e |ncorporate relativistic effects .
R(q,w) = / de dFEemd(w+ Eg —e — Eem)D(e, Eem)
0

e Provides “more” exclusive information
in terms of nucleon-pair kinematics via

the Response Densities E.. and e are the CM and relative

energy of the struck nucleon pair

S. Pastore et al. PRC 101 (2020) 4, 044612



Transverse Response Density: e-4He scattering

Transverse Density ¢ = 500 MeV /c

/\

T 2,000

> )
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E‘ -
= 1,000
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Pastore et al. PRC101(2020)044612




Cross sections 3H and 3He: benchmark between GFMC and STA

E.= 0.6524 GeV, © =54.0 E-.= 0.4694 GeV, © =54.0
750 GFMC 1b GFMC 1b
— Y 4 —
3 3
1500 - H — GFMC 12b 8000 - He —— GFMC 12b
A —— STA1b —— STA1b
1250 - — = STA12b —-~ STA12b
> < 6000 - -—- SF1b
G 1000 - 5] ¢ Exp.
I I
S 750- S 4000
°I8 500 - e
2000 -
250 -
0 - 0 -
0 100 200 300 400 500 0 50 100 150 200 250 300 350 400

w[MeV] w[MeV]



Summary: Workflow for the microscopic model nuclear theory

Quantum Chromodynamcs Atomic nuclel and nucleonic matter

R e R

Hamiltonian and electroweak currents




Summary:

* (Progress): Tremendous progress 1n ab-1nitio theory: algorithms and interactions
- increased algorithm efficiency,
- new algorithms (hybrid),
- successful algorithm benchmarks,
- advent of EFTs and UQ

* (Progress): Microscopic description of nucle1 represent a powerful tool to elucidate the role of
two-body effects in nuclear interactions and currents:
- two-body corrections can be sizable and improve the agreement of theory with
experiment

* (Progress): Possibility to perform consistent calculations for nucle1 and infinite matter,
connecting nucle1 observables to astrophysical quantities and observations

* (Needs): New protocols to build realistic nuclear interactions:
- which observables to use? In which mass range? Uncertainty quantification?
- improvements 1n the formulation of the 3NFs

* (Needs).: A deeper and more quantitative understanding of the connection between properties
of matter and finite nucle1 is needed
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