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- The Self-Consistent Green's Funtion method (SCGF)

- Mid-mass nuclei with chiral interactions
- Neutrino Nucleus scattering (@ GeV energies)
- Optical potnetials from ab initio

- (HYPZI")HUC'ZGI" ofrces from LQCD (time permitting)
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Current Status of low-enerqgy nuclear physics

Composite system of interacting fermions

Binding and limits of stability programs
Coexistence of individual and collective behaviors RIKEN, FAIR, FRIB...
Self-organization and emerging phenomena
EOS of neutron star matter
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Unstable nuclei

heutrons

~3,200 known isotopes
~7,000 predicted to exist

Correlation characterised
in full for ~283 stable

Nature 473, 25 (2011); 486, 509 (2012)
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Current Status of low-enerqgy nuclear physics

Composite system of interacting fermions
Binding and limits of stability -
Coexistence of individual and collective behaviors RIKEN, FAIR, FRIB, ISAC...
Self-organization and emerging phenomena
EOS of neutron star matter
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Fully known for stable isotopes
[C. Barbieri and W. H. Dickhoff, Prog. Part. Nucl. Phys 52, 377 (2004)]
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N .
88 5:: . Neutron-rich nuclei; Shell evolution (far from stability)
R/ H
— Unstable nuclei
nheutrons

~3 200k TII)Interdisciplinary character

I) Understanding the nuclear force ~7,000§ Astrophysics

QCD-derived; 3-nucleon forces (3NFs)
First principle (ab-initio) predictions

Correlati Tests of the standard model
in full for Other fermionic systems:
Nature 473, 25 ultracold gasses; molecules;
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Spectroscopy via knock out reactions-

Use a probe (ANY probe) to eject the particle we are interested to:

Target, N-body

system N-1 particles

Better to choose
. we know, e, ¢ and p large transferred

- “get" energy and momentum of p; pi = k. + ky, - ke fomenturm an/i weak
E=E +E,-E, probes/!
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Basic idea:




Spectroscopy via knock out reactions-

Use a probe (ANY probe) to eject the particle we are interested to:

/e/
e —><_

q,0 p

Target, N-body

system N-1 particles

: dO' /
In plane wave impulse (e,e'p) _ . gh B
approximation (PWIA):  dE. df). df), Oep (P Em)
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Concept of correlations

Spectral function: distribution of
momentum (pm) and energies (Ey)

independent
particle picture

l T
| Particle-vibration "'3{, , ~ S(h)

p coupling (PV) Ored ®
@
\ (

@@ff@/@gf@ s

Configuration
interaction
(shell model)

0 20 &0 60 80
E, [MeV] ——
Saclay data for 1°O(e,e’p)
[Mougey et al., Nucl. Phys. A335, 35 (1980)]

Understood for a few stable closed shells:

university of  [CB and W. H. Dickhoff, Prog. Part. Nucl. Phys 52, 377 (2004)]
~3 SURREY




Concept of correlations

Spectral function: distributigoesf

independent

particle picture momentum (pPgg

Particle-vibration

Y GV] —_—
Saclay data for 1°O(e,e’p)
[Mougey et al., Nucl. Phys. A335, 35 (1980)]

m

Understac 0 few stable closed shells:

university of  [CB and W. H. Dickhoff, Prog. Part. Nucl. Phys 52, 377 (2004)]
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The FRPA Method in Two Words

Particle vibration coupling is the main mechanism driving the redistribution and fragmentation

of particle strength—expecially in the quasielastic regions around the Fermi surface...

=3 ] ?E

Extended” \

CBetal.,

Phys. Rev. C63, 034313 (2001)
Phys. Rev. A76, 052503 (2007)
Phys. Rev. C79, 064313 (2009)

Hartree Fock

*A complete expansion requires a//
types of particle-vibration coupling

..these modes are all resummed
exactly and to all orders ina
ab initio many-body expansion.

*The Self-energy *(w) yields both
single-particle states and scattering

A = particle Y = hole
UNIVERSITY OF
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Self-Consistent Greens Function Approach

Binding energies
160(e,e'’pn)“N @ MAINZ [PRL. 111, 062501 (2013),

PRC 92, 014306 (2015), PRC89, 061301R (2014)]
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Spectral function in matter and nuclei

Solve the Dyson eq. to obtain all the structure information probed by nucleon transfer (spectral function):

Jas(@) = gOw) + > g (W) s(w)gss(w)
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Reach of ab inftio methods across the nuclear chart

® Approximate approaches for closed-shell nuclei

o Since 2000’s

o SCGF, CC, IMSRG
o Polynomial scaling

® Approximate approaches for open-shells

o Since 2010’s
o GGFE, BCC, MR-IMSRG
o Polynomial scaling
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® Ab initio shell model
o Since 2014

o Effective interaction via CC/IMSRG

o Mixed scaling

® “Exact” approaches
o Since 1980’s
o Monte Carlo, (I, ...
o Factorial scaling

UNIVERSITY OF

Key developments in SCGF:

Dyson ADC(2), ADC(3)
Schirmer 1982

Dyson ADC(4), ADC(5)
Schirmer 1983 (formalism)

Particle-vibration coupling, FRPA(3)
CB 2000, 2007

Gorkov ADC(2): open shells!
Soma 2011, 2013

3-nucleon forces basic formalism
Carbone, Cipollone 2013

3NFs in Dyson ADC(3)
Raimondi 2018

Gorkov ADC(3) and higher orders (automatic)
Raimoindi, Arthuis 2019

Deformation
77

Symmetry restoration
P77
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lide, courtesy of V. Soma



Espressions for 1st & 2nd order diagrams

Gl (o) = m " k
Gliw) = w (BS. [ de P L Y Y L L
. ) _'frv F;V“""w pr— Z E z M e, SR M it c LM, du[m.nx.-:l. = J-[Mz. laseiesld, = P, famseres] £ — Ron, fasseresl £ )2 (C43a)
i 1 Jaee. foy ) Sy B R e Thu T IO T
b =3 Vs VB - . . : e et YA 8 (C43b)
o ‘ V. SOMA, T. DUGUET, AND C. BARBIERI P 3 20 1 1 “‘ n"‘ izl 4
el k Mo ¥ (
: ——— [V. Soma, T. Duguet, CB, Pys. Rev. C84, 046317(
:-i b i u‘f‘[’m m;’:’:ﬂ‘cm&z; +,  Itisinteresting to note that the first-order anomalox
Gliw) = tw (BSb)  plane and thus cancels out. As'lmhcsmrm with a J = () many-body state. The other anomalc _ Z Z PO L !},,v-).,—l Cf wv“ [ V’ farsr, ) o, {C" Auan, (D:' :.‘:‘,. o ) D::;:;:..,...M
A A o Wiy Jada ey oy, ¥ o, el _ w2, Aoy Gy a1 4,
Fock self-energy is energy independent. |-|| fearr e V2 + ] I = Z Z Z - * (C44a)
i Similarly, one computes the other norm B == Z V.\{.,g.w 1'4 : VI PR S el e (e, + e, + ) + i o+ [“"l-‘ +an, o) —in
-+ .
ok o, 3 S Jiy = fo g Felovaryiy iy oy e LT T . LTS
a £HM ) = 2____C : = 8k Bt E e Mk, f;~:‘r:‘n .+ 1 (S D I A v:.l. ) Vo, b 1200 _ |m.m 1, (P fatsees \J} [ C:..m...‘ 14,
. o 0 - - v D D 3D (C44h)
=—= Z ZZZ P s g T v o — (e, + oy, +on) +in w+[w. +an, o) —in [
nagmy ¥ oom, = 0L M -m, e N, aeyeiez] 40
Ab INITIO SELF-CONSISTENT GORKOV-GREEN's . .. PHYSICAL REVIEW - P e ) (c"' i J) o
= Ban b = Z Z which recovers relation (72a). The remaining quantities [sce Eqs. (69) and (70)] arc related t @ - Z Z Z Do o) 2 =~lw i3] J e lamn) Ll , (C44c)
5. Block-diagonal structure of sell-energies 2 i {k;, k2, k1} indices and can be obtained from Egs. (C35) and (C36) by taking into account the di i v iy el o — (o +an + o )-Hn @+ (e, +an, +on) —in
= s fom, T ””” Ji, to Jye and J. as follows: .
& it rder = o b, ] . .y " oy, Oh v,
The goal of this subscction is to discuss how the block-diagonal form of the propagators and interacti( ﬁ"" : ?:.',‘; = Z( 1yftditi =iy 2.1{ + 1y 2]., +1 "’: -’:.n j-fl M..n'.rjj,_n :EI}II:II.I - Z Z a4, (Do, Im-' ), ] ( e [yl J, i (Cadd)
reficcts in the various self-energy contributions, starting with the first-order normal sclf-cnergy 'V, Subst = Bap B, M, - ' o ey el W (e, + e, +an,) +1in w+ (ax, + ey, +an,) —in
and (C19) into Eq. (B7), and introducing the factor V2T FT i :
P — T = i, 9 e foin FG’J@ S =yl
Tairs ™ = 1+ Bap by T+ 8s B Ao d 6. Block-dizgonal structure of Gorkoy's equations
one obtains " i (7w ] g 4" fly oy
1 . Block-diagonal forms m.— seccnd-geler sclf—cn.cr * Velnien!™ Uy 1 U 1 Vo) In the previous subsections it has been proven that all single-particle Green’s fi and all self-energy ing
g =3 Vs Vi VE ‘Q“g%l"aﬂ“g”g;mpm“m'ﬁ%:fc’gzm g:x:r‘:[l:: = 81 B0, P fovonces] Ls Gorkov's eguations display the same block-diagonal structure if the systems is ina 0" state. Defining
cd b 3 ol - B " e 1
roceeds R - ] (8]
- Z ZZ Z R oy o LR L AR VARV give Jie. The recoupled M term is computed as fi Qiitn = z( 1t atin i S20 120+ 1 ’J}.- JE J'-»IJ\.'k;:‘v*’- ) Top — 8 = Bup B m, [0, — 11800, (C45)
@ AR Y Y R L ny ¥ al aldydu
=S e Tk Tl - 5 o A introducing block-diagonal forms for amplitudes W and Z through
2[+l MG, = C.. i, €l M AT ik 5o, Mgy
= Bup by, ZZ Z S V,{;’::t' plirl “ ————_— Bl d P . z Ex‘ fooe 2J.+1 ‘21 + l)(—l] Wiiiah = Snifaem W ik di {C46a)
i :' ;I‘“ -y }:c’ ", ke P V2. + 2 = =B Bt e 2 e (C46b)
= = e, Sy ey gl N
;5“ " e ’ x Pliasmnlyf v,, TN with
= Bup ey A, e iy
o Beio By m, Beio § = Brn i BMum, Qe faeyeys] 10 fen — Eeun )WL = (c « o+ (D0 (CATa)
where the block-diagonal normal density matrix is introduced through pus = Sus 5w, 0.7, such that . §M ; ,y‘—‘; e Sas - o o ‘ s = 2l 1) U+ (
— kydoky 25420 fo1 2 1. /27 L1 Ji ykoky
Ny oy =Y -1 20+ 120 +1 M . ey “
Prns va to) Vs fate x Cu e, ey Cj'}:r'h‘ - CJI.':‘/ - Ratida JZ( ) Ville+ Iv&a+ I . 14! e de) (en + Eniis} B AW 1= Z [D-_ weyere 1. Ung o) + C/l:.lo (C4Th)
= e ¢ ma
and propertics of Clebsch-Goedan coefficients has been used. The fact that the interaction conserves parity = Y ¥ ¥ ol _ i, ¥ 21 E  Iy(—pyehith  and using Eqs. (€29), (C31), (C32), (C34), and (C44), one finally writes Eqgs. (1) as
e S5 Brtm, e, fame l’?-ld D=1y
leading to 8,4 = &, ; 3, - &, ;. Similarly, for £¥7), g A, A0 8 0 M Rty ! V2 +1
am . " an iy o] = Z[{T[" — g, +A..‘m) sl +ﬁﬂ n Ve :1]
B == X b -3 T sz YT DU o Ve
: Ja LTSN
M, ey = Ay iy iy By )
= —dap b, EZZ frmmang 21_‘ ! P lavarl pivl oy - 31‘,.;‘5.'4‘.«. P e + Z Z Z[ na awseyes] 1. Wa taykyend 2 + (D . (C48a)
LS ayay P mnmmy Fregn, n ., " ar —— — s b gy By Ry KKKy
b Ja s 1 = =81 i B, Z My Sadire: 7 shkb | = Z(_”h e T 120 +1 I j._ j l NEbh " | . -
= 8y B, T2 o P b aVinm=Y[ (T = W b, + ATV + )
> 4, By sy
= —8ug b, r\,},‘,‘ = BBt M lwiyetest 1,0 _ e, Y2+ PR
X = B Bram, Y D e, [ JT_[(ZJ.H- (-1 (Cash)
= —da b, [ALL] - where general properties of Clebsch-Gordan coefi wenm
Let us consider the | ions to the first-order self-energy. Substituting Egs. (C27b) and (C19] x Plimnenl Y Ve Yt
dlerives YT TN R S| Tty
2y L b J = BB, S, e -
. EP,,MD o . o 064317.30
=84 080, 4\,, ,_:‘:” These terms are finally put together to form the different contributions to second-order self-entopamo rns wo cinmucs gy ws ey __ 7
Z ZZ Z SIS e c/ ,.A-.C'w’- V,.’,.’::’,“'\’,.’" an example [see Eq. (75)]. By inserting Egs. (C35) and (C36) and summing over all possible total and intermediate angular 2 .
P N o One can show that the same result is obtained by 1 momenta, one has . B P - L
. e M (M NS (M) RS B W I ®)
_ZZZZ‘“Y} e €L €10 VI g Ahh E e Clade  frhd gie_1 k(MBI : o ) af A
Ay @0 e Foe) e ey 0y g ey S M fy ey e QLM‘J‘.LU- w—(uu,, +M;+m.)‘m w+(mg_~m.- +n=u_.)—m b
_ framncna 2, a7 Olafyy] xlvl
- f il E A 8 bl o RPSVE TR | i) i) - I M, C it
1 Y e - Z Vefae Vypats G240 G0 G + 0" — @)
= s b 5 ZZ Foarn gy w(—1) = D3 Beio b, -, B By, Bt Brwsym, Nl Srip ’ o o
ek ",'I"‘l,lf mmam M, T3t N, 1 Y { VELL USSRV VR VR L .
= Bop B, Ty 1 o - = e rie Ykt - = - = e
i - o x C.Il l:” . C"‘"’“ C}LM;‘ - Cf'""'” . 9.1” ol " l.ulvn '[u|l/n' ’ 2‘_‘“‘,““‘” w— ey, + oy, Fop)+Hin w4 (e, 4oy +on)—in
= eyl o iy mu iy Jaymy o=y =y o, -, ' , 2l

where the block-diagonal anomalous density matrix is introduced through f.
e Zu" Vel

= Bup b m, 8,75, such that
{C33)

064317-28

064317-23




Inclusion of NNN forces
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= 3p2h/3h2p terms relevant to next-generation high-p

ADC(3) formalism is
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1. Couplin

Finall, the coupling matrix N of Eo, (57)is found n the back
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Intemaction motrices with 2p1k and 2K1p 1SCs
2. Coupling

conding to the terms
Diagrams _in "

romey
For the forvard which have been introduced in Eas. (38, (50) and (62), respectively.
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The interaction matrix C, can connect 2p1k propagators through pasticle-partice, particle-hole and SNFs, ac-

“The particle-particl interaction matrix results from the diagram in Fig. 2a. Using the angular momentum coupling
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Formalism already laid out:

F. Raimondi, CB, Phys. Rev. C97, 054308 (2018).

(d) (e)

FIG. 5. 1PI, skeleton and interaction irreducible se
making use of the effective hamiltonian of Eq. (9).

v 10

recision methods.
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ring at 3" order in perturbative expansion (7),




Reaching (Gorkov - SNF - higher ordes..) is a mess

Gorkov at 29 order and
ONLY NN fFforces:

Gorkov at 379 order and ONLY NN forces:
pp/hh-ladders:

CAs

ph-rings:

R,

AN

=17

Ras
A A\
4 Y\

- Y3 a6k
7 Ai,,h,,’k_f_, -
,J,—'_Tfr'? =
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Lecture Notes in Physics 936

Morten Hjorth-Jensen
Maria Paola Lombardo
Ubirajara van Kolck Editors

An Advanced
Course in

Computational
Nuclear Physics

Bridging the Scales from Quarks to
Neutron Stars

@ Springer

Self-consistent Green's function formalism
and methods for Nuclear Physics

CB and A. Carbone,
chapter 11 of

Lecture Notes in Physics 936 (2017)




Ab-initio Nuclear Computation & BcDor code

BoccaDorata code: - Provides a C++ class library for handling many-body

(C. Barbieri 2006-16 propagators (#40,000 lines, MPI&OpenMP based).

V.Soma 2010-15

A. Cipollone 2011-14) - Allows to solve for nuclear spectral functions, many-body

propagators, RPA responses, coupled cluster equations and
effective interaction/charges for the shell model.

Code history:
— 2006  core functions and FRPA
g shell model chargesé&interactions (lowest order)

new Gorkov formalism for
2010 open-shell nuclei (at 2" order)

2012 Coupled clusters equations
Three-nucleon forces (*60 cores,
2013 35 Gb but on the rise.. )
2014 Gor'kov at 34 order (will become
massively parallel...)
2016

QIRREY .. applications ...



Ab-initio Nuclear Computation & BcDor code
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http://personal.ph.surrey.ac.uk/~cb0023/bcdor/
Computational Many-Body Physics

- 2
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g "% 20 20 10 [} 10
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Download
Documentation

'T1. A330RRRE

Welcome

From here you can download a public version of my self-consistent Green’s function (SCGF) code for
nuclear physics. This is a code in J-coupled scheme that allows the calculation of the single particle

propagators (a.k.a. one-body Green’s functions) and other many-body properties of spherical nuclei.
This version allows to:

- Perform Hartree-Fock calculations.

- Calculate the the correlation energy at second order in perturbation theory (MBPT2).

- Solve the Dyson equation for propagators (self consistently) up to second order in the self-energy.
- Solve coupled cluster CCD (doubles only!) equations.

When using this code you are kindly invited to follow the creative commons license agreement, as

detailed at the weblinks below. In particular, we kindly ask you to refer to the publications that led the
development of this software.

Relevant references (which can also help in using this code) are:
Prog. Part. Nucl. Phys. 52, p. 377 (2004),
Phys. Rev. A76, 052503 (2007),
Phys. Rev. C79, 064313 (2009),
Phva Rav (CRO N243213 (9N14)




Chiral EFT interactions
and
3-nucleon forces

in mid-mass isotopes
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Realistic nuclear forces form Chiral EFT

Single particle spectrum at E¢,pmi:

Chiral EFT for nuclear forces:

2N forces 3N forces 4N forces
1T -'-'NN+3N(NZL(;) Seo ]

LO 0(9;—)>< ‘ — —
o NN+ 3N (4)
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. , < 8 14 16 20
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NLO O (%) = =
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SSSS-e =] Phys Rev. Lett 105,

g
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S
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Single-Particle Energy (MeV)

HH Need at LEAST 3NF//
| ("cannot” do RNB physics without...)

/ Saturation of nuclear matter:

T T T [ T T T [ T T T [ T T T 1

} #.& Hebeler et al.

% = m BHF ®
.,‘ o @ SCGF

"] e

Sogds”®
[ T=0 MeV MA =20 fim’

0 0.08 0.16 0.24 0.32
Density, p [fm'3]
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_
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o o) XEAHI-

+ + + [A. Carbone et al.,

Phy.s Rev. C 88, 044302 (2013)]

e
9

(3NFs arise naturally at N2LO)
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Benchmark of ab-initio methods for oxygen isofopic chain

R t o 111 1 v 1
130 ; obtained in large many-body spaces -
. -140 — * Calculations based on —
> _ — chiral NN and 3NF forces. -
D) _ . . ~
2 150 B g Continuum not taken into -
~ = account -
> - ¢ :
5 -160 = © MRIM-SRG & ~
5 - B IT-NCSM :.%509;
-170 — ¢ SCGF w - —
- ¥ Lattice EFT -
180 A ccC == AME 2012
I T BT T DT I T B
16 18 20 22 24 26 28
Mass Number A
Hebeler, Holt, Menendez, Schwenk, Ann. Rev. Nucl. Part. Sci. in press (2015)
UNIVERSITY OF N3LO (A = 500Mev/c) chiral NN interaction evolved to 2N + 3N forces (2.0fm1)

B SURREY N2LO (A = 400Mev/c) chiral 3N interaction evolved (2.0fm1)



Neutron spectral function of Oxygens

A. Cipollone, CB, P. Navratil, Phys. Rev. C 92, 014306 (2015)
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Results for the N-O-F chains

A. Cipollone, CB, P. Navratil, Phys. Rev. Lett. 111, 062501 (2013)
and Phys. Rev. C 92, 014306 (2015)

13N 15N 17N 19N 21N 23N 25N 27N
I I

—60 1 1 1 1 1 1
i hw=24 MeV 1 -8oF —== Dys-ADC(3), NN+3N(ind) -
80 F Asrg=2.0 fm’! ] [ —e— Dys-ADC(3), NN+3N(full)
[ ] -100 F === Gorkov-2nd, NN+3N(full) -
100k —a= Dys-ADC(3), NN+3N(ind) - Exp ]
% i —e— Dys-ADC(3), NN+3N(full) | > 120 F _ . ]
S i == Gorkov-2nd, NN+3N(full) | = [ . o= o % ]
— -120 -1 — L ) .*? _____ < .
“ [ - Exp 1 «-140F - = .
%0 . ‘< ] %0 I i
K140 - A\_Q‘ . 83 i
\&\ '\\.\ ] -160 B LN .
160 [ . \.l‘I——l - _/‘_' i hw=24 MeV 1 '\0\\\\- ]
E o= =0 -180 - ASRG=2‘O fm \*__&___.;- 7
Qo 1 [ ] ] ] ] ] ] ] i

140 160 180 200 220 240 260 280 lSF 17F 19F 21F 23F 25F 27F 29F

- 3NF crucial for reproducing binding energies and driplines around oxygen

> cf. microscopic shell model [Otsuka et al, PRL105, 032501 (2010).]

B UNIVERSITY OF N3LO (A = 500Mev/c) chiral NN interaction evolved to 2N + 3N forces (2.0fm)
SURREY N2LO (A = 400Mev/c) chiral 3N interaction evolved (2.0fm-1)




Calcium isotopic chain

Ab-initio calculation of the whole Ca: /nduced and full 3NF investigated

[ ] 40 -
[ ‘\‘ -»- GGF [NN + 3N (ind.)] | i x\x--x‘ = Experiment 1
300 F = s —o— GGF [NN + 3N (ful)] ] 35F \ —=— NN + 3N (full)
i '\\. ---a-- ADC(3) "corrected" ] L = . ‘\\ -%- NN+ 3N (ind.)
S o X ¢ IM-SRG[NN+3N(ful)]] — 30F ‘ — E
% 1350 : \: [NN + 3N (fu )]__ = [ - (S:lzj/[ (NN + 3N)
2 : : O 25F -
= = 5
<3400 1 & 2 ]
] N r ]
[ : 5y E
430 _ Nmax=13 _' 10 F =
I TR SRR ST RN SRR SR SN N 5 S T T T T SR TR B R

36 38 40 42 44 46 48 50 52 38 40 42 44 46 48 50 52

ACa ACa

~> /nduced and full 3NF investigated

- genuine (N2LO) 3NF needed to reproduce the energy curvature and S;,
- N=20 and Z=20 gaps overestimated!

- Full 3NF give a correct trend but over bind!

UNIVERSITY OF V. Soma, CB et al. Phys. Rev. C89, 061301R (2014)
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] V. Lapoux,l’* V. Somz‘l,1 C. Barbieri,2 H. Helrgert,3 J.D. Holt,4 and S.R. Stroberg4
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- New fits of chiral interactions (NNLOsat) E OEXP A DGF A DGF
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%0 24F A % ﬁ
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FIG. 1. Oxygen binding energies. Results from SCGF i
and IMSRG calculations performed with EM [20-22] and 2.4
NNLOsat [26] interactions are displayed along with available L
experimental data. B
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Bubble nucler. . .
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--- Si34 proton
— Si34 charge
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r [fm]

0.16

0.14 |

012

365

= Exp.

~—— NNLOopt

—— EM srgl.88

— EM srg2.23

— NNLOsat ADC(2)

—— NNLOsat ADC(3) ]

- 34Si is unstable, charge distribution is still unknown

- Suggested central depletion from mean-field

451 prediction

Duguet, Soma, Lecuse, CB, Navratil,
Phys.Rev. C95, 034319 (2017)

simulations

E, [MeV]

Ab-initio theory confirms predictions

Other theoretical and experimental evidence:

Phys. Rev. C 79, 034318 (2009),

Nature Physics 13, 152—-156 (2017).

Validated by charge distributions and neutron quasiparticle spectra:

| 34Sl

3/2°
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Local vs. non-local chiral N°LO NNN interaction — by P. Navratil

rings
T

2m-contact

nonlocal MS

T 0.04
0.02

¢? = p® + 3/4¢* = 3-nucleon tot.

kinetic energy local MS

£(fm™)

e Local: chiral N3LO NN+ N2LO 3N500
— cp=-0.2 c=-0.205 (3H E4=-8.48 MeV)

« Non-local: chiral N°LO,, NN+3N
— Cp=+0.8168 cg=-0.0396 (*H E,s=-8.53 MeV)

e Local/Non-local: chiral N3LO NN+ N2LO
— cp=+0.7 cg=-0.06 (*H E=-8.44 MeV)

%" UNIVERSITY OF

b o(tm)

£, @) = exp[~((@* +3/4 g2)/A?)']

(P'q1Vilpq) = fx(P'. q) (P'q'IVanIPQ) f(P. @)

£(Q) = exp [-(QF/AY]

(P'q1Vielpa) = (p'q'IVanlpg) IT; f(Qy)

Mix of Local
and Non-local
cutoffs

g ———
 d

Plots courtesy of K. Hebeler (from his Tuesday’s morning talk)



Comparison of nuclear forces - “Ca

o

38F = E
= Exp. : Xp.
250 o Extr.data -+ N3LO
] 37F —e— N3LOI
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00 b Full ADC(3): e : 3.6E
. 35
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Q i i
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0 (2013) B 3.0 F / :
N3LO (2013 —] . -~ ]
450 | - : N ]
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i i 29 F
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ACa ACa
UNIVERSITY OF  \/, Soma, F. Raimondi, CB, P. Navratil, T. Duguet, in preparation — arXiv:1903:xxyyzz
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Comparison of nuclear forces - Ni
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V. Soma, F. Raimondi, CB, P. Navratil, T. Duguet, in preparation — arXiv:1903:xxyyzz




N3LO(500) + nin SNF

SCGF — Gorkov-ADC(2)
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Masses in the Ti isofopic chain

- High precision measurements at TITAN (TRIUMF):
Newly developed Multiple-Reflection Time-of-Flight
Mass Spectrometer (MR-TOF-MS)

- Weak shell closure at N=32 (quenched w.r.t. 52Ca)

Neutron Number Neutron Number Neutron Number
24 28 32 34 24 28 32 34 24 28 32 34
Ve V L) L) l L) L) L) l L) L) L) L) L) L) L) L) L) L) L) L) 8 . L) L) L) :, l “ L) L) L) l L) L) L} - . AME] 6
> Fiy (c) - TITAN +
S i ® AMEls
> = — 1.8/2.0(EM)
%D é.) VS-IMSRG
sl = _ _ _NN+3N(Inl)
o0 & GGF
= < 2
g 404 RN, "3 1 TrRe 4 NGV BT e N°LO_,
[+ GGF
o. - e = 'NZLOSEt
L} L} L} l L} L} L} l L} L} L} L} L} L} l L} L} L} l L} l.. L] MR'IMSRG
46 50 54 58 46 50 54 58
Mass Number Mass Number Mass Number

FIG. 4. The mass landscape of titanium isotopes is shown from three perspectives: (a) absolute masses (shown in binding
energy format), (b) its first “derivative” as two-neutron separation energies (S2,), and (c) its second “derivative” as empirical
neutron-shell gaps (A2, ). Both theoretical ab-initio calculations (lines) and experimental values (points) are shown.

university of  E. Leistenschneider et al., CB, Phy. Rev. Lett. 120, 062503 (2018) — TITAN coll. @ TRIUMF
~3 SURREY




Electron and neutrino

scattering of f nuclei

N. Rocco, CB, Phys. Rev. C98, 025501 (2018).

N. Rocco, CB, O. Benhar, A. De Pace, A. Lovato, Phys. Rev. C99, 025502 (2019)
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Lepton-nucleon cross section

do G2 ]{7/ R A ) ) )
(m)w = [LCCRCC +2LcrRer + LppRop + LRy 4 2L RT,] ,

-

Nuclear structure is in the Two-body diagrams contributing to the axial and
hadronic tensor: vector responses

_om
e(K)e(k + q)
Y kL + )tk + g1 1K)

L I AUty S i
x 8w+ E —ek+q)), “H\r § A\TH

3k
W (q.) =/ dePh(k,E)

_ Bk, &K dPp

% _V
Wap (4:0) = 5 / Loy Grs @y
x m PMk, )P, B ] ﬂ ____________________

e(k)e(k')e(p)e(p’)
x Z kK15l e 0|3 R )

x 6w+ E+E —e(p)—e(p)). (41)

UNIVERSITY OF

N SURREY N. Rocco, CB, O. Benhar, de Pace, A. Lovato, Phys. Rev. C99, 025502 (2019)




Lepton-nucleon cross section

A

do G? K A . . .
<dT/dCOS 9/) /7 = or OF [LCCRCC +2LcrRer + LR, + LR + 2LT/RT,] ,

Nuclear structure is in the Two models of the Spectral function
hadronic tensor:

2

d’k m
Wh(qw) = | ——dEP,kE)——
1= Gt P iy P, E) = = 3 850080 (k) SCGF/ADC(3)
X MT iV a o . .
2 Ik )+ 1116 1 " . ) using chiral NNLOsat
% 8w+ E — ek +q)), x Im(yg |“BE+(H—E54)—@'6%|¢0>

Vo[ - PE - PE dPp
nz _ I
Wap (d:0) = 3 / o3 ™ (mys 2
4

Py(k,E) = PM(k, E) + P (k, E) .
m

X e L 0o BVERN (B CBF using AV18+UIX
DN ATSITAPALYS PMB) = 3 ZalguliOfFulB ) (see Benhar's talk)
x 6w+ E+E —e(p)—e(p)). (41)

F,ﬁorr(k7 E) — /d3R pA(R)P]S?%M(k, E, pA(R))

UNIVERSITY OF

N SURREY N. Rocco, CB, O. Benhar, de Pace, A. Lovato, Phys. Rev. C99, 025502 (2019)




Prediction for chrq./mom. distributions and form factors
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Calculations from the
spectral functions
obtained using SCGF

Based on the
saturating chiral
N2LO-sat nuclear
force

Comparison to QMC
calculations based on
local chiral forces
and/or AV18+UIX
[PRC96, 024326 (‘17)
PRC96, 054007 (‘17)
PRC97, 044318 (‘18)]

N. Rocco, CB, Phys. Rev. C98, 025501 (2018).



160Q-e cross sections from the SCGF Spect.

E, = 880 MeV § = 32°
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saturating chiral
N2LO-sat
nuclear force

N. Rocco, CB, Phys. Rev. C98, 025501 (2018).



reaction for 1 Gel/ neutrinos

v, +12C = p+X v, +12C = p+X

E,=1GeV, 0, = 30° E,=1GeV, 0, =10
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N. Rocco, CB, O. Benhar, de Pace, A.
Lovato, Phys. Rev. C99, 025502 (2019)
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Neutrino Oscillations - next generation experiments

DUNE experiment will measure long base line
Sanford Underground HCUTr'inO OSCi“GﬁOHS 1-0:

Research Facility

Fermilab

- Resolve neutrino mass hierarchy
- Search for CP violation in weak interaction
- Search for other physics beyond SM

Liquid Argon projection chamber is being used. It will require
”"m"o“i‘ii:’_”‘;f’jj‘_’;‘j" [Pmm prediction for v-49Ar cross sections to achieve proper event
__________________________________ " reconstruction.

= Need good knowledge of #°Ar spectral functions and consistent
structure-scattering theories.

UNIVERSITY OF
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Spectral function for “°Ar and Ti

Jlab experiment E12-14-012 (Hall A)
Phys. Rev. C 98, 014617 (2018); arXiv:1810.10575
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40Ar(e,e’p) and Ti(e,e'p) data being analyzed
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Spectral function for “°Ar

+

UNIVERSITY OF

SURREY

15 10

E MeV)

Figure courtesy of V. Soma

- Experimental datat now available from Jlab:
H. Dai et al., arXiv:1803.01910/ 1810.10575

- Ab initio simulations based on the ADC(2)
truncation of the N2LO-sat Hamiltoninan

= Want validation of initial state correlation
before they are implementer in neutrino-40Ar
simulations

N. Rocco, V. Soma, CB, in preparation
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Electron and v scattering on “°Ar and Ti

Jlab experiment E12-14-012 (Hall A)
Phys. Rev. C 98, 014617 (2018)

E, =22 GeV 0 = 15.5°
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40Ar(e,e’p) and Ti(e,e'p) data being analyzed
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N. Rocco, CB and V. Soma, in preparation.

v,tA = p+X
E,=1GeV, 0, =30

1/“+A — 1/#+X

40 Ar

4O Ar mix
Ti protons contribution
(‘'mix’) is nearly idenftical
to neutrons in 40Ar.
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Ab initio optical potentials from
propagator theory

Relation to Fesbach theory:
Mahaux & Sartor, Adv. Nucl. Phys. 20 (1991)
Escher & Jennings Phys. Rev. C66, 034313 (2002)

Previous SCGF work:

CB, B. Jennings, Phys. Rev. C72, 014613 (2005)

S. Waldecker, CB, W. Dickhoff, Phys. Rev. C84, 034616 (2011)
A. Idini, CB, P. Navratil, arXiv:1612.01478v1 [nucl-th] and in prep.
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Microscopic optical potential

Nuclear self-energy  ¥*(r,r’;¢)

E —_
| e contains both particle and hole props.
EE « itis proven to be a Feshbach opt. pot
— —> in general it is non-local !
= . ~ 1
= S =Eg ZM [ (K” +C) +zr] e
% mean-field + ZNM [ K<1+D) iF] Nl,ﬁ
:L Particle- vubr'a‘rlon
couplings:
______:__;_.EF
IR Solve scattering and overlap functions directly in
D — A1 momentum space
t_: S LIk K E) =Y Rk R (k)
GO I ) m

ﬂ%,j(k) + / dk' K2 S (kK Ben )15 (K') = Ee.m. 15 (k)

UNIVERSITY OF

SURREY




Low energy scattering - from SCGF

[A. Idini, CB, Navratil, arXiv:1903.xxzzww]
Benchmark with NCSM-based scattering.

NN-only interaction at Asgg= 2.66 fm1

Scattering from mean-field only:
100: I I I I I

_____ NCSM/RGM [no core excitations]
PRC82, 034609 (2010)

50(

o SCGF [Z) only]

§ (deg)

—50f

— 5/2— 5/27— T/2°

—100}
* — 3/2t— 3/2-— 1/2*

—150;
7 léo(n’n)léo

0 2 4 6 8 10 12 14 16
E.... (MeV)

—200
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Low energy scattering - from SCGF

NNLO-sat [MeV]

Experiment [MeV]

-5.06
-4.14

-3.58 0.91
-3.27 0.94

[A. Idini, CB, Navratil, arXiv:1903.xxzzww]

160(n.n)60 Y*(k, K E)

-0.15
-1.09

20
“o0
9)
=

o

-2.24
0.41

0

0

1/2+
I 5/2+

3/2+t

TABLE 1. Excitation spectrum of 7O with respect to the
'60+n threshold, as obtained from Eq. (5) and the NNLOsas
interaction and compared to the experiment [38]. Broad res-
onances in the continuum (most notably, the 5/2%1) are eval-
uated at midpoint.

4.57 3.36 3.37
3.23 3.02 3.77
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Low energy scattering - from SCGF
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160(nn)%0 E, = 3.286 MeV

® Jister and Sayres, Phys Rev 143, 745
— This Work

UNIVERSITY OF

0Ca(nn)®Ca  E, =3.2 MeV

e Becker et al., Nucl. Phys. 89, 154
— This Work

60 80 100 120 140 160 180

6 (deg)

[A. Idini, CB, Navratil, in prep.]



Study of nuclear interactions
from Lattice QCD

C. Mcllroy, CB et al. Phys. Rev. C97, 021303(R) (2018)

Hadrons to Atomic nuclei

HA

/—\

In collaboration with:

from Lélce QCD

UNIVERSITY OF

SURREY



Two-Nucleon HAL potentials in flavour SU(3) symm.

. 24’7)I : Il |I T I T I T
HALQCD method; quarks g gluons U=e! 4% = 2000 | |/ oo 5E ncumar i B
. . 4
on the sites  on the links % = gl
/ 1500 | 50T
%
A A A = 1000 | e
TR il
y -50 L ; . ' i
A (TR RS % 4 ‘ iy 09 | 05 fig . qiE @0 95
; [ w - = L=4 [fm]  kyqs=0.13760
E - ' . | o~ l05 | W0 U5 20 @5 ;g0 s
L ‘ r [fm]
L / l ! : : !'2 ' ' Mps = 1171 [MeV]
] / = 1 1 ps = et
v ; . 2 i ‘o Mps=1015 [MeV] --o-- ]
i. ‘ ] 150 § NN So 1"4‘”:837 [MEV] _________
Vam - ¥ Mps =672 [MeV] B
[ HA ‘= PO T i Mps - 469 [MoV] =
P - 100 F :
v - 3 “at
1 TR TH a,a _ = Rk
- —— — — : — 50} o ¢
L= 4GMVGG +qy |i0,— gt A, q—mqq S
% e
0 i
Quark mass dependence of V(r) for NN partial wave (1S, 3S;, 3S,-3D;)
50
=» Potentials become stronger m, as decreases. 00

UIINIVLINNOIL I U r [fm]

B Su RREY Prog. Theor. Exp. Phys. 01A105 (2012)




Mixed SCGF-Brueckner approach

Solve full many-body dynamics in model space (P+Q’) and the Goldstone’s
ladders outside it (i.e. in Q" only): -
Q

” G'w) =V + / bV -

UNIVERSITY OF 0 1 2 3 4

~3 SURREY




Infrared convergence

UNIVERSITY OF

~3 SURREY

Short-range repulsion in the
HALQCD-type potentials can be

tamed correctly even for large nuclei.
C. Mcllroy, CB, et al., Phys. Rev. C97, 021303(R) (2018)

“He

Ground state energy, E, [MeV]

15 20 25 30 35 40

hQ [MeV]
3 3r
- . B . 1
';' ol Fit ;‘ i Fit 1
O | ——*~= Nmax= 9 0} 2: ——*—Nmax=5 %_?—_
2 1E ==+~ Nmax =11 P = 1L 7 Nmax=7 =l
i £ et I a _ —-2F
> i ./.‘.____'./-—/./ > [ Nmax =9 u: 3k
g or A7 - - v % 0 — =%~ Nmax =11 u?_4;
GC) 1 ‘ . e /‘/ QC_) ] [ -5%‘ | ! L
-1F . s 7 -1 3 4 5 6 7 8
N “He o | “He L [fm]
© o No-w ® o P v
=2 ADC(3) @ | | TP%w)+ADCE) .~
T 3} T 3}F o~ o T .
S I HAL469 - bare =i HAL46S .~ 7 7
L L - - _- _
Q-4r Q-4 T e T
S S N S
-5 C 1 Ll ] L -5 C ] L1 L1 [ L. [ [
4 6 8 10 12/€ 6 8 10 12 14 16 18
L, [fm] L, [fm]




Results for binding

NB: All calculations assuming

E\

D 4He 160 40Ca spherical wave functions...
...unbound... -5.09 MeV
-18/-20 MeV
-0 (-50.9
: 4-q (-20.4) I§ 10-a(20.9) y | HALQCD @
< N % m,= 469 MeV
G
? ~_70(-80) MeV| &
l®) -2.2 MeV <
= -28.2 MeV
o
P
4-q(-112.8)
- ~
U
-127 MeV I r% 10-a(-282)
= , | experiment
N
S
<
S
Ej [MeV] “He 160 40Ca ~-340 MeV
BHF [22] -8.1 -34.7 -112.7

G(w) + ADC(3) -4.80(0.03) -17.9(0.3) (1.8) -75.4(6.7) (7.5)

Exact Result [51] -5.09 - -

Separation into “He clusters: -2.46 (0.3) (1.8) 24.5(6.7)(7.5)
UNIVERSITY OF

3 SURREY C. Mcllroy, CB, et al., Phys. Rev. C97, 021303(R) (2018)




Future application for Ys in nuclei now possible

« AV4’ + UIX requires very large with phenomenological hypernuclear forces requires large ANN 3-baryon force

* Physical mass now under reach (m,= 145 MeV) for hyperons

D. Lonardoni, A. Lovato, et al, Phys. Rev. Lett.
114, 092301 (2015) & arXiv:1506.04042

 HALQCD AN 3-baryon force is already very close to experiment

. 208
30 g . phenom A~ emulsion 1 30 | ¢ A~ emulsion
. 2b AN - b, Y 89
. —— K ) ...“‘“i\ i i (K_,J'l:_)
a —~ (" ,K") » ; * 4f - (K
ol ¥ (ee’K") | 0 '$ % zf 190 ¥ (eeKh)
s =0~ AFDMC AN o o “E“‘i %‘I‘ 16 b phenom +O~ AFDMC
S st =0~ AFDMC ANN _ 2 s)iie h l l HALQCD ~0~ AFDMC
3 o~ AFDMC 3 % -] ?
B HALQCD : 'i' k. st v o7 SHe
10 10 + Q‘ N L 6 A
- 5
[ 4 [ 4 *
S e d i
| > Preliminary m : g - T A
8- Qe * h 3 6-\."0- i
0 ““-,.8_ 0 hl‘ ........... e e litnaac Q-
5 g“ f dE p s |
0.0 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
-2/3
L& QCD simulations --O-- : phenomenological NA potential
: --O-- :phenomenological NA + NNA potential
D. Lonardoni, A. Lovato, CB
(Work in progress) o : HALQCD NA potential
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Program Registration Travel & Accommodation
A Ab initio@Surrey

AB INITIO NUCLEAR THEORY
WORKSHOP

EROM BREAKTHROUGHS TO APPLICATIONS
UNIVERSITY OF SURREY 24-26 JULY 2013

- T A~

. This meeting will focus on the theme of what next in ab initio theory? We anticipate discussions on:
Recent breakthroughs in
called ab initio revolution

Technical challenges: the precision frontier, the limits of mass number and nuclear properties;
theory of the strong inter

lear theory has becorr * Computational and statistical techniques to guide the quantification of theoretical uncertainties, and
nucie

widea ranca nf aynerimen 4

Physics opportunities: neutrino oscillations, physics beyond the standard model, hypernuclear physics

https://sites.google.com/view/ab-initio-surrey-workshop-2019/
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on:

-uture challenges in SCGF (and ab-initio theories in general) in mid-mass nuclei:

-

> Description of nuclear g.s. in the pf shell is improved-especially in the
trends w.r.t. iso-sopin asymmetry.

¥

do/dQ (b/sr)

0.014

—> Higher accuracy, density of scattering states and absorption(for optical poten-

60 (n,n)t0 E,, = 3.286 MeV

® Lister and Sayres, Phys Rev 143, 745
— This Work

tials), etc... all require new formalisms and automatic generation of diagrams

—> The implementation will call top-end supercomputing facilities.

Applications to electron and neutrino scattering:

> Spectral functions are extracted naturally from v
the SCGF formalism.

10°

"emn reconstruction for neutrino oscillation experiments.

107°

HALQCD Nuclear forces:

Thank you for your attent

UINIVERSITY OF

20 40 60

80 100 120 140 160 180

0 (deg)

101 L

> Inclusion of electroweak currents (1b and 2b) and 5 12: :
SCGF spectral functions to be applied in event w0

1074 ¢

ep>—o—4

LQMC AVI8UIX ~——— ;

NZLO at Ry=L0 fm ——

N2LO at Ry=12 fm 1
ADC(3) =—--

160

15 2
q [fm™"]

2> At m,=469MeV, closed shell 4He and 40Ca are bound. But oxygen is unstable toward 4-a break up.

=> Preliminary forces for Lambda-nucleon at near the physical pion mass (m, = 145 Mel//c?) very promising!
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Thank you for your attent
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