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Computing atomic nuclei based on
Chiral EFT and HALQCD interactions
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Reach of ab initio methods across the nuclear chart

Legnaro Natl’ Lab Mid Term Plan; Eur. Phys. J. Plus 138, 709 (2023)

Extension beyond few-nucleons thanks to: 200k  sof
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Nuclei with HAL QCD forces

C. Mcllroy, CB et al. Phys. Rev. C97, 021303(R) (2018)
D. Lonardoni et al. - in preparation

Hadrons to Atomic nuclei
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Lattice QCD
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B _ =[ dudet D(U)e > 0(D™(U))
f o 1 N 1 quark propagator
B =lim =) Oo(D (U,
L__: N =00 N Z] ( ( ))
R s | y { Ui } : ensemble of gauge conf. U
. LA a generated w/ probability det D(U) e-Su(V)
4 >
* Well defined (reguralized) * Fully non-perturvative
* Manifest gauge invariance * Highly predictive i
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The HAL-QCD Method

Define a general potential U(r,r) which is and non-local but energy independent up to inelastic threshold,

such that: _v2

So(f) + [ APV o) = Erop()

for the Nambu-Bethe-Salpeter (NBS) wave function, ¢z (7) = Z<O|B¢(f+ 7.t)B:(Z,t)|B = 2, k)

Operationally, measure the 4-pt function on the QCD Lattice

k

—

X

and extract U(K,r) from: | V2

(o, zu}w,t) b [ AU = -5

A local potential V(r) is then obtained through a derivative expansion of U(r,F), which must give the same
observables of the LQCD simulation:

U(r,7") = 6(r = 7)V(r,V) = 6(F - P+ O(V)+ OV +...)
21 (= D ) (= \
— V(F) — 1V w_()fl“,t) atw( ’t Spin-orbit
21 Y(1,t) (7, 1) Tensor/Yukawa force, P waves
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V(r) [MeV]

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

100 |

Quark mass dependence of V(r) for NN partial wave ('S,, 3S;, 3S,-3D;)

- Potentials become stronger m;; as decreases.
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Infrared convergence

- - = oy -
V4
/
Short-range repulsion in the HALQCD-type potentials : v
can be tamed correctly even for large nuclei. } ,'
C. Mcllroy, CB, et al., Phys. Rev. C97, 021303(R) (2018) ‘\
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Binding of 160 and 49Ca:

Ground State Energy [MeV]
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Binding energies are ~17 MeV 160 and 70-75MeV for 40Ca. Possibly being underestimated by 10%

-

160 at m= 470 MeV is unstable toward 4-a breakup!

C. Mcllroy, CB, et al., Phys. Rev. C97, 021303(R) (2018)
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Ej [MeV] “‘He 1°Q Ca
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) (1.5)
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Results for binding

NB: All calculations assuming
spherical wave functions...

D 4He 160 40Ca
...unbound... -5.09 MeV
-18/-20MeV
10-0(-50.9) HALQCD
: 4-00(-20.4) | S i SN QCD @
L - ——— = |m, =469 MeV
© S
7 ~_70(-80) MeV| =
O '22 MeV —————————— v <
= ———— -28.2 MeV
o
=
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————
127 MeV | 10-c(-282)
= Y experiment
%
(@)
S
E; [MeV] “He '°0 “Ca ~-340 MeV <
BHF [22] 8.1 347 1127 _ ommey |

G(w) + ADC3) -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)
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HAL QCD interactions with hyperons and (near)physical pain mass

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

« Need to improve on statistic for the NN sector

(2() potential

100 —a - NN (°S1) tensor potential
: ! t=160—.—1 2001""l"' N S A R
! Potential it Semaniy 1% AV1[phen]

100 i t=10 =

V(r) [MeV]

Slides from S. Aoki at Kavli institute, Oct. 2016 S. Aoki, T. Doi, Front. Phys. 8:307 (2020).
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Quantum MC calculations for Ys

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

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

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

2mNZV + D v+ ) Vi ‘MV“Z iA

: . ,‘,‘ . ! - . ; ] i<j i<j<k
30 o phenom &= cmulsion
“i *. 2]) .')\.'\" i (K_ "'E_) p
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. . I —— (31:+’K+') =14
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20 % v (oKD |
' 2 2
= | éi‘ -0+ AFDMCAN | central component of the Urbana IX (UIX.) Vix = Ar Z T7(mzrij) T*(maric)
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af 3b ANN 'C% ﬁ! ‘ O~ AFDMC
10 f i HALQED 4 The hyperon-nucleon (Y N) potential ViA = Z VP (rin) O,
i t 'i. ‘ ‘O\ | )
5 B |
B, | Diffusion Monte Carlo:
o TSR3 - .
O ?-‘:
| - ' ~ ' ' ' - ' - ' _ —(H-Ey)r
0.0 0.1 0.2 0.3 0.4 0.5 (X|¥7r) = (X| l_[ i jk [l_[ F,,](l_[ F,A] Dy g.1.) 5 |‘PO> = € ° |\PT>
A~ _ i<j<k i<j
: phenomenological NA potential
e=)==
: phenomen iIcal NA + NNA potential
- Q- - PIENOMENOIOgIca P AFDMC:

: HALQCD NA potential
\ UNIVERSITA DEGLI STUDI DI MILANO
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Future application for Ys in nuclei now possible

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

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

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

%0 208 N | Table 1: A separation energies (in MeV) for different hypernuclei with the hy-
i ]9 emulsion peron 1n different single-particle states. Second column reports the AFDMC
R - ¢ ¥ o (K ) ' results using the original HALQCD96 AN potential. Third column shows the
25 £ 10 = (ot K | results for the modified HALQCD96 AN potential (see text for details). In the
s _ . .
N s g % 28 (oK) _ last column, the available experimental data [] are reported.
o §§ ‘ii 6 -0 HALQCDY96 | ﬁZ J™ (state) HALQCD96 HALQCD96* Exp
25l s ‘\; e i ¢ o HALQCDOG* SHe  1/2* (s) 0.21(5) 1.02(3) 3.12(2)
< P : 9
aa o 1
s E W, 7 _ 160 17 (s) 9.5(5) 13.5(2) 13.4(4)
g Y 5
. Be S ¢ 11 2* (p) -1.3(2) 0.5(1) 2.5(2)
5 K s . 3
. . | 0Ca 2% (s) 21.0(5) 26.8(5) 19.3(1.1)
() SR ::‘-l ------------------- S S A - 3= 9.3(6 13.7(6 11.0(5
e - (P) 3(6) 7(6) 0(5)
0.0 0.1 0.2 0.3 0.4 0.5
A28
' UNIVERSITA DEGLI STUDI DI MILANO D. Lonardoni, A. Lovato, CB, T. Inoue, HALQCD coll — unpublished £ UNIVERSITY OF
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Self-Consistent Green’s function computations

based
on Chiral EFT interactions (NN+3N forces)
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The Faddev-RPA and ADC(3) methods in a few words

Compute the nuclear self energy to extract both scattering (optical potential) and spectroscopy.

. . . F-RPA:
Both ladders and rings are needed for atomi nuclei: Phys. Rev. C63, 034313 (2007)

Phys. Rev. A76, 052503 (2007)
Phys. Rev. A83, 042517 (2011)

ADC(3):
= e - .@ Lect. Notes in Phys 936 (2017)-
\ Chapter 11.
“Extended”
Hartree-Fock

All Ladders (6T) and ring modes (6GW) are coupled \

to all orders. Two approaches:

* Faddev-RPA allows for RPA modes

* ADC(3) Tamn-Dancoff version using 3rd order

£~/ | UNIVERSITA DEGLI STUDI DI !
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The Self"COnSiSfen'r Greeﬂ's FunC"'iOn wi-'-h FaddeVPA

50

40+

o(Ex) [mb]

0

—10

301

20

10+

Two-nucleon emission: 10O(e,e'pn)“N

[Eur. Phys. J. A43, 137 (2010)]

(q,w)
102 E : o ’\ - ./
10! TN —®
: Ny
3
1 P
10-1 |
Fe 20 '0s:08::0st0ssat sl 0a.liq1 g B "
0 100 200 300
pr(MeV/c)

Nuclear ELM response

and dipole polarisability, ap
[Phys Rev. C99, 054327 (2019)]

— DysADC3 RPA .
®) =8 s Ahrens (1975) 68N I :
e o« Ishkhanov (2002) ||
SCGF E
160) *P
N,,..=13, hw=20 MeV Eppr MeV) iggg 9.55(17)
Ecpr (MeV) 18.1 17.1(2)
ap (fm?) 3.60 3.40(23)
3.88(31)

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

| Ui VMeho11A vourr o1vua v vt LANO

0 (deg) 0 (deg)
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Binding energies
Oxygen drip line Charge & matter distribution

[PhyzORev. Lett. 111, 062501 (2013)] Neutron skins [Phys Rev. Lett. 125, 182501 (2020)]

h(,l)=24 Mevl : ............... ===+ 2-point Fermi SC (;’F Exp .
ASRGZQ"O fm- =] BN scGF N0 o -
1 Su | 4.525 - 4.707

0.06
100 —== Dys-ADC(3), NN+3N(ind) & 19280 | 4.725 — 4.956 | 4.7093
> == Dys-ADC(3), NN+3N(Rull) JEEmmmmutnnb & oo S2%e | 4.700 - 1.948 | 4.7859
; - Exp 1 0.02 | o : - .
L,;;b N ' BENe | 4.724 — 4941 | 4.8279
[ . J
-140 1 m..\o\ n_ ] 0.00 |, . | . ! -
: -— I-§_l\ - 0 2 4 6 8 10
-160 - .. ] Pl r[fm]
[ eI
-180 i ] | ] | ] | ] | ] | ] | ] | ] | ] i
14O 16O 18O 200 220 240 260 280 Spec.rr'oscopy

lonisation energies and affinities for
simple atoms and molecules
[Phys Rev. A. 83, 042517 (2011); 85, 012501 (2012)]

Level ADC(3) FRPA FRPA(c) Expt.
HF
7 16.48 16.05 16.35 16.05
30 20.36 20.03 20.24 20.0
co
S50 13.94 14.37 13.69 14.01
In 16.98 16.95 16.84 16.91
4o 20.19 19.46 19.59 19.72
Hzo
1b, 12.86 12.62 12.67 12.62
3a; 15.15 14.91 14.98 14.74
1b, 19.21 19.06 19.13 18.51
A@EV)  0.30(0.30) 0.25(0.23) 0.31(0.26)
Ama (€V)  0.70(0.70) 0.73(0.73) 0.88(0.62)

2
OpTICCll po’ren’rlal 15 | 56N| f7_..;g L '...---p,.~3f2
Elastic neutron scattering [Phys Rev. Lett. 123, 092501 (2013)] S 1 L P1/215/2
o o
400? _3‘/27 _‘1/27‘ i ‘ -—- ﬁ
| ] —~ - -
s00F ESCuTTIEE ST e \ -
300¢ "3 . N N ~ l X
100; 5 5 -30 -20 -10 0 10 \
ST B Mevy o O 20" 10" %030 10 120 100 160 130 [Phys Rev. Lett. 103, 202502 (2009)] w [MeV] \l—

0 (deg) Qe MILAND



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 2 1N 23N 25N 27N

hw=24 MeV : === Dys-ADC(3), NN+3N(ind) —
Asrc=2.0 fm"! - —e— Dys-ADC(3), NN+3N(full) -
] === Gorkov-2nd, NN+3N(full) -
—a= Dys-ADC(3), NN+3N(ind) _ - Exp '
—t— [Dys-ADC(3), NN+3N(full) ] . . -

=== Gorkov-2nd, NN+3N(full) - B " ,.,-—5
- Exp . ;\Kl .... - _

.\A.\ -
'Q‘-\o\ N ) —
- . - — - i "' . .
1ok . \'\.._. . B - ho=24 MeV No. T :
: P 'i’. — E _180 _— ASRGzz.O fm-l -\?_._.&_._-_I —_
-1 8 O | | | | | | | | | | | | | | | | | i I I | I | | | l |
14 16O 180 20O 220 240 260 280 15F 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).]

_ UNIVERSITA DEGLI STUDI DI MILAN|3LO (A = 500Mev/c) chiral NN interaction evolved to 2N + 3N forces (2.0fm-!) INEN
./ | DIPARTIMENTO DI FISICA N2LO (A = 400Mev/c) chiral 3N interaction evolved (2.0fm-1) Wik




Neutron spectral function of Oxygens

A. Cipollone, CB, P. Navratil, Phys. Rev. C 92, 014306 (2015)
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V. Soma, P. Navratil, F. Raimondi, CB, T. Duguet — Phys. Rev. C101, 014318 (2020)
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Bubble nuclei... 34Si prediction

Duguet, Soma, Lecuse, CB, Navratil,
-~ Si34 proton . Phys.Rev. C95, 034319 (2017)

— Si34 charge
-== 836 proton
— S36 charge

0.1 _ ®  S36 charge (exp.) _

0.08

- 34Si is unstable, charge distribution is still unknown

£ 2% - Suggested central depletion from mean-field
= simulations
04
- - Ab-initio theory confirms predictions
02
| Ny, - Other theoretical and experimental evidence:
Ol A A . A A
0 ! 2 3 4 5 Phys. Rev. C 79, 034318 (2009),
i Nature Physics 13, 152—156 (2017).
Validated by charge distributions and neutron quasiparticle spectra:
I 365 - 5‘::!'.():1[:' ; sF si + s wanes Exp
0.14 | o g:igi - — SCGF
_ R >
. Uf; : - ’ ’ 0 21U -;U 610 81() lll)U 0 Zl() 410 (:ﬂ Slﬂ Hl)()
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‘ DIPARTIMENTO DI FISICA INFN

~ MILANO



46Ar(3He,d)4’K at GANIL

Primary

target 2
Chargeg DSOS

breeder
Mass

analyzer

CSS2 cyclotron
Mass analyzer

CSS1 cyclotron

CIME cyclotron'yf 48Ca source

Experimental
setup

. Occupied orbital state

=2 .
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ﬁTSZmultiwire

AGATA DSSD array
y-tracking array

"

HECTOR 3He
cryogenic target

~

lonization

Drift chambers 4

74

Focal plane
4, multiwire

VAMOS magnetic spectrometer /

O Unoccupied orbital state

/=0 .

0 72
0 d3/2 *—0—0—©
S1/2 ® ®
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d3/2 - s1/2 inversion
revisited from adding

protons to 46Ar

N
g i,
7/2 2020 keV

6.3 (4) ns

360 keV
1.1 (3) ns

0 keV
17.5124) s

D. Brugnara, A. Gottardo, CB et al...
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46Ar(3He,d)*’K at GANIL : New charge bobble in 4°Ar

_____

120 130 140 150

Laboratory emission angle (°)

160

d3/2 - s1/2 inversion revisited
from adding protons to 46Ar

Theory & experiment for relative
SFs agree within 1 sigma and
confirms charge depletion in 46Ar
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280 = 2)/C2S (0 = 0)

=> gk C*Si
k

do
ds

dafP
df?)

20 40
Counts/ (g MeV )

full DN2LO(394) and DN2LO(450), as well as]|
Darmstadt’s new saturating “magic force” 1.8/2.0 |
—all of these have constrained LECs using the 160 |
radius and few other mid-mass nuclei data. |

D. Brugnara, A. Gottardo, CB et al... to be publishsed —
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Electron-Ion Trap colliders...

o ; . ® Exp (Ee=151 MeV)
2 — 10} ~Xe target ¢ Exp. (Ee=201 MeV)
) > — e . _
| ‘ & - Y Exp.(Ee=301 MeV)
- = 00k N L ——— 2.param. Fermi|
| < S N . 2.param. Ferm
7 Z 1000 S - Lapikas
] o 5 400 5 : o coeeees Med
dlgp. 150MeV- S 0 k 00 P
P~ ’
| Microt . - Ny
Icrotron 50 200 g asy
o 3 T
100 150 : «,
Momentun: [MeV/c] ol 10 f ) :
, 'c|
FIG. 3. Reconstructed momentum spectra of *Xe target __]”J 107 ‘¥\ i

1 1 1
after background subtraction. Red shaded lines are the simulated :
radiation tails following the elastic peaks. 0.4 0.6 0.8 1.0 1.2 1.4

First ever measurement of charge radii through
electron scattering with and ion trap setting that can
FIG. 1. Overview of the SCRIT electron scattering facility. . . .

be used on radioactive isotopes !

K. Tsukada et al., Phy rev Lett 118, 262501 (2017)

P Arthuis, CB, M. Vorabbi, P. Finell,
Phys. Rev. Lett. 125, 182501 (2020) INEN
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Charge density for Sn and Xe isotopes

P. Arthuis (Surrey,
now @ TU Darmstadet,

Exp. (151 MeV)
Exp. (201 MeV)
Exp. (301 MeV)

. NN4+3Nlnl (151 MeV)
- NN43Nlnl (201 MeV) 0.15
- NN43Nlnl (301 MeV)
NNLO,,, (151 MeV) _
NNLOgat (201 MeV) T, 0.10
NNLOgat (301 MeV) hi
.................... 2-point Fermi <
X Bl SCGF 0.05
\\\\\\ 0.06 |-
\\\\\\\\ c?a ol 0.00 |, , | | ! l
~ £ 0 2 4 6 8 10
\ < r[fm]
V\ 0.02
N SCGF Exp.
N
. ook, L e 100gn | 4.525 — 4.707
\ 0 2 A 6 8 10 139 _ ] ‘
- r[fm] Sn | 4.725 — 4.956 | 4.7093

RIT dat | 13:
SCRIT data \ 132X | 4700  4.948 | 4.7859
-2 (RIKEN) | | ‘.I 16Xe | 4.715 — 4.928 | 4.7964

0.4 0!6 0.8 1.0 1.2 1.4 138XC 4.724 — 4.941 4.8279
(eff [fm_l]
P Arthuis, CB, M. Vorabbi, P, Finelli, Phys. Rev. Lett. 125, 182501 (2020) —
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Ab initio optical potentials from
propagator theory

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

C Hebborn -2
» F M Nunpee -3 |

J 5 nes 2 I
W Holt® ©, M € Atkinsonz5.. po; "otel" ., W H Dickhofr', |

; er » f

» M Burrowsg 12

Previous SCGF work: G Blanchor, 0. 17
CB, B. Jennings, Phys. Rev. C72, 014613 (2005) , P Danielewijcz -3
S. Waldecker, CB, V\!._Dickhoff, Phys. Rev. C84, 034616 (2011] BPKay'>. i "(- Hlophe®::, A Igin; .
A. Idini, CB, P. Navratil, Phys. Rv. Lett. 123, 092501 (2019) B Morillon 10,11 g0 varis 16 Y atissa

| ) »J J Manfred-16 y
_ , G A I 4
M. Vorabbi, CB, et al., Phys. Rev. C 109, 034613 (2024) * 1(_3 'g v?/argsyang Perdikakis'8: ¢ p Pruite? A Mercenne'”
hitehead

, | ;
J Thompson? Vorabhp9:20

J E Escher? > M Dupuijs 011

and
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Microscopic optical potential

e — Nuclear self-energy >*(r,r’; ¢):
» contains both particle and hole props.

* |t is proven to be a Feshbach opt. pot = In general it is non-local !

mean-field

couplings:

Solve scattering and overlap functions directly in momentum space:

> LIk K E Z Roi(k) 25" Ryu(K)

SN wl .]< ) / dk/ k/2 Z*l’] (k’ k/; Ecm)wla.] <k/) — Ecmwla.] <k>
;’— ; -"“,"',"",{).,_ ‘ UNIVERSITA DEGLI STUDI DI MILANO
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Low energy scattering - from SCGF

[A. Idini, CB, Navratil,

Benchmark with NCSM-based scattering. Phys. Rev. Lett. 123, 092501 (2019) ]

Scattering from mean-field only:

100
ol _ """ NCSM/RGM [without core excitations]
~100 _3/2+ — 1/2 + 5/2+ _ EM500: NN-SRG Aspe= 2.66 fm-l, Nmax=18 (IT)
S ] —3/2 —5/2 7 =7/2 - [PRC82, 034609 (2010)]
%_2005""':::::::::::::::::.E
< 10 NNLOsat: Nmax=8 (IT-NCSM)
S
3lis
Of
50|
: SCGF [2(=) only], always Nmax=13
1001 o

A R R
( 2 4 0 5 10 12 14 16
‘\\‘:’ f“‘.:,() . E . MeV)
..,: ' UNIVERSITA DEGLI STUB%I&JILANO 16 O ( n, n')lé O T
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Low energy scattering - from SCGF

[A. Idini, CB, Navratil,

: . Phys. Rev. Lett. 123, 092501 (201
Benchmark with NCSM-based scattering. ys. Rev. Lett. 123, 092501 (2019) ]

Scattering from mean-field only: Full self-energy from SCGF:

100F | e (MeV) 5/2% 1721 1/27 5/27 3/2™ 3/2% 5/2F 5/27 7/2; 200 —— q 9 f9+ //
N “NE E
- B MB00 exp.  -4.14 -3.27 -1.09 -0.30 0.41 0.94 3.23 3.02 3.54 o PVF s I
5 - NNLO..-5.06 -3.58 -0.15 -1.23 -2.24 0.91 4.57 3.36 3.37 & 100¢ ;
|| S 5 _-
: TABLE [ Excitation spectrum of 'O with respect to the © FU; D
n+'"0 threshold, as obtained from Eq. (5) and the NNLO.y, _'-)0;” | 3

interaction and compared to the experiment [45]. Broad res- —+— = — ——+—

onances in the continuum {most notably, the 5/2%) are com- A00F —— 37 _—

puted at midpoint. The asterisks (.) indicate higher excited o0 300? '

states, above the lowest one, for each partial wave, D : :

) 200 3 -

- . F |

P l()ll:— B

0= ]

™ A0 F | c

_ MA T

o 300F | V ;

2 200f - -

I <> 100F / 3

I I U - JHf - —
_].OO_|||||||||||||||||||||||_ — - - e "',"‘-
0 2 : 16

0 2 4

6 8 10 12 14 16

MeV
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Role of intermediate state configurations (ISCs)

y . . [A. Idini, CB, Navrat,
n-10, Total elastic cross section Phys. Rev. Lett. 123, 092501 (2019),
8 T
KX , Only $2(°)
[+ . ’ Y af

~50% of 2p1h/2h1p poles suppressed

Full 3% 5(w) (all ISCs included)

High order configurations, or
ADC(n>>3), to be critical for fully
ab initio optical potentials

vvvvvvvvvvvvvvvvvvvvvvvvvvvv

_ﬁx“i‘“.._'}:' A > . ’ ‘—'—’ , ’ ‘—'—’ ’
7 =\7n/, ¢ ‘ UNIVERSITA DEGLI STUDI DI MILANO
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(Toward)

Diagrmmatic Monte Carlo (DiagMC)

“y 1=u in finite systems

S. Brolli
(Masters thesis)

INFN
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Green's function theory beyond ADC(3)?

The Green’s function is found as the exact solution of the Dyson equation:

Gap (W) = GO} (w) + 3 GO () %5 () Gog (w)

£~/ | UNIVERSITA DEGLI STUDI DI MILANO o
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Diagrams grow factorially (more than exponentially) with the order

A direct calculation of all diagrams beyond order three is unfeasible.

Order: # of diagrams:
| 1
1l 3
1 19
IV ~102
\ ® & 0 103

Diagrammatic Monte Carlo (DiagMC) samples diagrams in their topological space
using a Markov chain.
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Diagrammatic Monte Carlo: overview

S. Brolli (Masters thesis)

np (W) = Z Z /dwl...dwm o (T571 Vs Wi wim ) 1ress.

T Y1--Yn

We define C := (T;71...9n; W1...Wm )

(W) = / iC D%, (C)]e ™ EPas @ 1.

D5 (C)|Wo(N) ¢ arg| Dg 5 (C))

o(w) =22 [ d 1
b () = 255 [ de T e s

Wo(NN) is an order dependent reweighting factor

©

¢ Z¢s= [ dC |Dgg (C)[Wo(N) is a normalization factor

| Dgs(C)[Wo(N)
¢ wyg (€)= — Z7

is a probability distribution function
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The updates

Ch F
© Change Frequency - Standard Monte Carlo

© C(Change Single-Particle Quantum Numbers

Change Frequency:

£~ 2/% | UNIVERSITA DEGLI STUDI DI MILANO
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The updates

© Add Loop S. Brolli (Masters thesis)
@ Remove Loop | Monte Carlo on the topology

©@ Reconnect J

Add Loop & Remove Loop: o o % Reconnect:
, .
« 87

)

gl 1 e Wo(3)
— 9 |Gy
i @ 16 )l

—_

w) is drawn from the probability distribution W (w

AL

The unphysical propagators are turned into
physical ones when reconnected.
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Richardson pairing model with D states, half filled:

0.00 - - 1.00 -
_ —0.251 | — 0.75 -
?3é —0.50 1 I EIItDMC ,‘3{30.50-
D—1 D—1 = ~0.75 - = 0.25 -
H = f T _ g T T 100 777 0.00 -
= ACogCas — 3 Cort-Coy— CB—CB+
- 0.0 04
Oé:O O-—_I_y_ ay/BZO — — 0.2 -
3 —0.1 A 3
g—o.z- go'l_
 — 3 g=-0.4
| | | 0.0 -
o = 2 0-07 0.4 - g=0.4
= 017 = 0.3 -
3 3
a=1 M 8702 8 0.2
m -0.3 - )
|1 g=04 0-1-
a=0 $ ~ A Q¢ ~0.4 | | | 00
0_
2 - g=0.8
5 3
5 i
o) z : + 1 = =
E* (Cd) - 2( —|— M - M 24 g=08
af af — a,l E_ (K> _I_C) _I_ lF . JsP | | | 01 .
l,] J 5 0 10 10

+;Na,r -

‘ UNIVERSITA DEGLI STUDI DI MILANO
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r,s

NT

S,

Figure 4.1: Components o = 0 and a = 2 of the imaginary part of the self-energy for different
values of the coupling g. The blue line is the results obtained with the BDMC simulation, while
the red line is the best fit as a sum of two Lorentzians. The results for the two values of a = 0, 2
are displayed respectively on the left and on the right of the graph. The error bars are calculated
as explained in the main text.
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Reorganization in terms of ladders (I')

Correlation energy AE = FE — Egp asafunction

of interaction strength (g):

0.00
/// \\
//
il 2
—0.05 A
bt
— / .
é // ',
5 / c
- / ’, "l
L / "\
c —0.10 - II “‘ \\
;g / . \\
(») %
[ ‘;" - \\
S / \
O /) O
= —0.15 1 / .
< !
Il Approximation Scheme:
] ® 2nd Orderin g BDMC 4
-0.209 / € 3rd Orderin g BDMC
S —— Exact
# 1stOrderin [ BDMC
—0.8 —0.6 —-0.4 —0.2 0.0 0.2 0.4 0.6 0.8
g
~ . Brolli, CB, Vigezzi
‘ UNIVERSITA DEGLI STUDI DI MILANO S ro II’ C ’ Vlge 2
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SF#

SF#

SF

100 -
1071 3

1072 3

100?
10-1é
10—2é
10-3é

1o°€
10-1é
1072 -
10-3;

-8 -7 -6 -5-4-3-2-101 2 3 45 6 7 8 91011 12 13 14 15

Spectroscopic function for different
dimensions of the model space (D):

D=4
= 0.6
— D =4 glyst Order in I (sc0)
— D=6
— D=8
Er 4 Levels
1 ‘. |. !
D=6
g=0.6
1st Order in I (sc0)
6 Levels
: | |I ‘I ‘|| |I ] || II !
D=8
g=0.6
1st Order in I (sc0)
3 Levels

It

N
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Ongoing extensions to nuclei in no-core model spaces

DiagMC is being extended to treat realistic microscopic nuclear Hamiltonians.

Example of DiagMC neutron pi/2 self-energy partial wave at 2nd order in harmonic oscillator space

with dimension Nmax= max {2n+1}=2 in 160.

== Exact second order
- Second order DiagMC

50 - Imaginary part of the

25 - neutron p 1/2 hole

0 self-energy in 160.

~115.0 -112.5 -110.0 -107.5 -105.0 -102.5 -100.0 -97.5 -95.0

hw [MeV]
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Thank you for your attention

— ‘ UNIVERSITA'DEGLI STUDI DI MILANO

mmary

- HAL QCD share characteristic with low energy EFT interactions — though they are different.
- HAL QCD forces allow studying (un)physical quark masses and improve in Y-N description.
- SCGF Gorkov/ADC(3) computations with ChEFT — reliable and evolving to large masses
-> Occurrence of a charge bubble in 46Ar (second case "known™)

-> Diagrammatic Monte Carlo is a promising method to go forward on high precision simulations.

And thanks to my collaborators (over the years...):

Hadrons to Atomic nuclel

- .
_—/
= |
I I ‘ ‘. - A !
P
A I o g T
e A P :i‘- - 2N -
Ay - . T
P il T VA ey S
< - W £

UNIVERSITY OF

SURREY M. Vorabbi, P. Arthuis

from Lattice QCD

=2 V. Soma, T. Duguet, A. Scalesi
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Backup slides
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SCGF computations of infinite matter

F. Marino (PhD Thesis)
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Nuclear Density Functional from Ab Initio Theory

PHYSICAL REVIEW C 104, 024315 (2021)

Nuclear energy density functionals grounded in ab initio calculations

F. Marino®,">" C. Barbieri®,"2? A. Carbone.’ G. Colo®,? A. Lovato®.,*> F. Pederiva,®> X. Roca-Maza®,!-2
and E. Vigezzi ®?
1Dipartinfzento di Fisica “Aldo Pontremoli,” Universita degli Studi di Milano, 20133 Milano, Italy

2Istituto Nazionale di Fisica Nucleare, Sezione di Milano, 20133 Milano, Italy
3’(‘f1.f1lff) Noarinnalo Ai Ficica Nucloavo_ € NNAE Vialo Cavia Rovti Pirhat A1) ANT177 Ralnona Ttalvy

DFT is in principle exact — but the energy sof * Mow o
a o ,/’/ E = fdl’ E(r) = Eyin + Epot + Ecoul
. . . = 20- e’
density functional (EDF) is not known g
. . Lo EGga = Erpa + Egut
For nuclear physics this is even more
= -—5- \‘ /’/
demanding: need to link the EDF to g i
. . . \\\. // Egyf = f dr CAIOtA/Ot
theories rooted in QCD! e e g _ZO;I t
Jacob’s ladder P (™ Wo
] ) — /OVJ_I_Z/OQVJQ
Machine-learn DFT functional e 2 p
. | Benchmark in finite systems -
on the nuclear equation of state

+ approximate GA
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Benchmark on finite systems

Jacob’s ladder
Machine-learn DFT functional ‘

on the nuclear equation of state

> Benchmark in finite systems

+ approximate GA

Gradient terms are important (but

SCGF/NNLO-sat : AFDMC/AV4’ :
they seem to work!): 021 = o | [~ T 103
o rf? \ :- GA:r o \ :- GA:r ny ﬁ?_\
3 -1 E o0.1- 43Ca E
3
=31 O.OO 3 lll z 5 0.0
0.05 1 —}— AV4' + UIX, 0.3
— 0.001 , TN 2o e
E L \ oo
=-0.05- ® nl’{‘ S -0.2 nl?
5-0.101 ¢ = E
~0.151 Q 0.1
D e S .
160 34si 365 36Ca 40Ca 48Ca 52Ca 9OZr 13ZSn 208Pb
————— Exp @ SCGF 4~ LDA -¥- GAE -H GAr| : 0.0
o | | v(x) = v,e"Y* 4 c.c. = 2v, cos (q - X)
Need to extract gradient information S External (monocromatic)
from non-uniform matter perturbation: 0p(x) = 2p, cos (q - X)
_ UNIVERSITA DEGLI STUDI DI MILANO F. Marino, G. Colo, CB et al., Phys Rev. C104, 024315 (2021) NEN
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ADC(3) computations for infinite matter

Finite size box (of length L) with

eriodic boundary conditions:
P y Z 80 al ala — Z Ua,B al 0 T = Z Voz)/ B Cl dgdlg —|— — Z Wozye Bén A aiaiana(galg
aye
A 3 67‘[2,0 pan
- F —
P L3 P Vg ADC(3) self energy:
<*>( _ (00) : 1
W) = + X + M [
¢(CIZ’ +L,y,Z) — qb(a:,y,z) oc,B op o a)_[E> ‘|‘C]r,r’ + 1
A=66, 2+3 NF (NNLOsat)
B B T
1 --¥-- Finite- f e, o sp-
30 - EC; PLE,CGF / 0.95 - ca!@ “  PBC ‘T"\ 0.15
A25_ 75 % %
< 200 ° = 0.10
s 20 SR ~ 3
15 -
10 0.05 A
ST . . . . . 0.00 - 4,
. . . . . . - - - - - - - - - (M 100
005 010 01> p(fn?]fg) 023 0-30 0.00 025 050 0.75 i/gﬁ) 1.25 150 175  2.00 el 150 O
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