Espace de Structure Nucléaire_ UNIVERSITY OF
¥ SURREY

Recent ab initio studies of nuclei from
self-consistent Green's functions theory

160(h,n')160 Carlo Barbieri — University of Surrey
11 December 2019

— 14

S(k,E) [fm-3 MeV-1




Reach of ab initio methods across the nuclear chart

® Approximate approaches for closed-shell nuclei
o Since 2000’s
o SCGE CC, IMSRG
o Polynomial scaling

® Approximate approaches for open-shells

o Since 2010’s
o GGE BCC, MR-IMSRG
o Polynomial scaling
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Key developments for (nuclear) 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 — still needed...
?7?

Symmetry restoration — still needed...
?7??

SURREY

lide, courtesy of V. Soma



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...

CBetal.,
‘ g @ g

Phys. Rev. C63, 034313 (2001)
”Extended”

Phys. Rev. A76, 052503 (2007)
Hartree Fock
A complete expansion requires a_/;\

Phys. Rev. C79, 064313 (2009)
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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particle
motion

~

a  ph-RPA; response, giant resonances

* Global picture of nuclear dynamics

* Reciprocal correlations among effective modes

* Guaranties macroscopic conservation laws
UNIVERSITY OF
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Binding energies
160(ee'pn)*N @ MAINZ [PRL. 111, 062501 (2013),

PRC 92, 014306 (2015), PRC89, 061301R (2014)]
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One-nucleon spectral function
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SPI(rw) = F— Img(r =r';w)
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Distribution of particle and
hole neutron states in 2Ni

W. Dickhoff, CB, Prog. Part. Nucl. Phys. 53, 377 (2004)
UNIVERSITY OF CB, M.Hjorth-Jensen, Pys. Rev. C79, 064313 (2009)
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Lecture Notes in Physics 936

Morten Hjorth-Jensen
Maria Paola Lombardo
Ubirajara van Kolck Editors

An Advanced
Coursein

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)
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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),
Phua Rav (CRQ 124323 (9014)
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0pen -shells: 1st & 2nd order Gorkov diagrams

V. Soma, CB, T. Duguet, , Phys. Rev. C 89, 024323 (2014)
V. Soma, CB, T. Duguet, Phys. Rev. C 87, 011303R (2013)
V. Soma, T. Duguet, CB, Phys. Rev. C 84, 064317 (2011)

* 1%t order — energy-independent self-energy

CPh=———=——
o
Eﬁm= - A Lo Eﬁtli=
ki d

% 2"d order ==+ energy-dependent self-energy

h B 1

% Gorkov equations —>  eigenvalue problem

(He;:) — (u;f) Uy = (Tylaf|¥o)
we \ V5 Ver = (Tklag|[¥o)

5 (ta,b — oy + B2 (w) £12(,) )

Zep(w) —tab + Hap + (W)

b
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Gorkov espressions for 1st & 2nd order diagrams

w ' (Bsa)
6 =3 P ViR
. ik
where the residue theorem has been used
P with +i1 i the denominasor, contins &
T ¥ (B5b)  plane and thus cancels oul. As in the sand:
Fock self-energy is energy independent
M Simiarly, one compates the other nom
. {

Ab INITIO SELF-CONSISTENT GORKOV-GREEN's ... PHYSICAL REVIEW

5. Block-disgonal structure of sell-energies

@ First order
The goal of this subsection is to discuss how the block-diagonal form of the propagators and interacti
refiects in the various self-cnergy contributions, starting with the first-order normal self-energy '/, Subsi
Iﬂ(Cl‘))iAlol:'quﬂ.Mimudmingthtfm
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V. SOMA, T. DUGUET. AND . BARBIERE

Itis interesting to note that the first-order anomaks
with a J = 0 many-body state. The other anomalc
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Block-diagonal forms of second-order self-ener
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6. Block-dizgonal structure of Gorkoy's equations

In the peevious subsections it has been proven that all single-particle Green's functions and all self-energy contributions entering

angular = A Gorkov’: i isplay the same block-di structure if the systems is ina 0" state. Definin,
Q. R, and . One procceds first coupling pasticl = bhuibtom, Pt S . - i -
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Reaching (Gorkov - 3NF - higher ordes..) is a mess

Gorkov at 2rd order and @000 tVv——A 00 -
ONLY NN forces: £ P w) = ﬂ O ﬂ O .

-
vy =
Gorkov at 379 order and ONLY NN forces: D 2
2. <

pp/hh-ladders: . "‘%9;6;‘9@,

" As  Ause As: Aze Y = %S%

o e e DR

AR \ \ T ) '/ o >

- Y R 3 B Y - T oo

hh-interactions (hh int. among pp ladders!l) T Tl
BRs 8. Ba, Bz . f) ) %
f B 3 N 1 B 3§ N % S
TV v Ty, . S
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Inclusion of NNN forces

= 3p2h/3h2p terms relevant to next-generation high-precision methods.

1

(a)
[

The nteracton matrix €, can connect 1 p
conding to the terms.

ors throngh pasticle-pastil, pasice b aud INFs, sc-

oo =gy O 4O o)

‘which have been introdhced in B, (5%), (30 a
The.
of Bq. (B14) we have

(62), respectively
thed L

(B31)

s fout tasovin b th sy (h) (i) @ (k)

The particle-oe CF, comes fom the ring di
metr 50

i Jin ) s )M S

VTV T (475

T/ TT (3

e Yo T

)

Formalism alreadly laid out: - 1]- }) - h- }> _
F. Raimondi, CB, Phys. Rev. C97, 054308 (2018). = . N

FIG. 5. 1PI, skeleton and interaction irreducible 3"%_order in perturbative expansion (7),
UNIVERSITY OF making use of the effective hamiltonian of Eq. (9).
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Automatic Diagrammatic Generation (ADG) of the self-energy

Goal: Drawing of self-energy Feynman diagrams and derivation of corresponding
algebraic expressions are performed automatically

Background: ADG of the BMBPT expansion (P. Arthuis et al Comp. Phys. Comm. 240, 202 (2019))

G-ADC(1)

- ® Symbolic computation
eynman rules for (Python)

Gorkov’s self-energy °
(V. Soma et al . Phys. Rev. C Graph theory

84, 064317 (2011)) (NetworkX package)
® Formatting and drawing tools

(LaTeX, TikZz package)

Features:
* Reach arbitrary order in the self-energy expansion
* Different treatments of the self-energy enabled: G-ADC(3)
perturbative/nonperturbative(ADC); Dyson/Gorkov; interaction reducible/irreducible, O
etc
* Faster and less error-prone than “human” derivation 'O
Status: . T
G-ADC(N)

* Drawing of the valid self-energy Feynman diagrams at arbitrary

order completed
* Implementation of the rules to obtain algebraic expressions for the

g .
lagrams In progress Work in progress by F. Raimondi, CEA, Saclay




Chiral EFT interactions
and
3-nucleon forces

in mid-mass isotopes
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Benchmark of ab-initio methods for oxygen isofopic chain

. . . . : NNLOSat > GGF ]_E-)_(P_ d( )
First success of chital-EFT interactions on 3ol S P
; i EM|7’
| . .. i *
oXygen isofopes ..but still poor for radii and Al — '
larger isotopes: & | il
=28
N t T T T T T T T T T ™ T = ﬂ
130 ; obtained in large many-body spaces 2'6; - #
- . 24l ¢
. -140 |~ Calculations based on — - / ,
S - * _ i NN and SNE forces. N =" Phys Rev. lett, 117, 052501 ('16)
é) 150 B 8 Continuum not taken into 7] T 14 16 Bap?® 2
~ - * account -
2 n ] i -~ GGF [NN + 3N (ind,)]
%D -160 - © MR-IM-SRG ‘ - 300F = ® —o— GGF [NN +3N (full)] 7
[f] - B IT-NCSM T g 8 O O - _ [ A= ADC(3) "corrected" ]
170 F @ SCGE ~ S Q - %_350:_ ¢ IM-SRG [NN + 3N (full)]_:
- ¥ Lattice EFT 4 = | I
180 A cc = AME 2012 ] § 400 F .
I [ T TR T N T BN B i
16 18 20 22 24 26 28 450F N =13 . ]
Mass Number A ' .mM. o Phys. Rev. £89

Hebeler, Holt, Menendez, Schwenk, Ann. Rev. Nucl. Part. Sci. in press (2015)
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rings 2m-contact
8D, @) = exp [—((0* + 3/4 ¢7)/A%)'|

(P'q'IViElpa) = f2(0', @) (p'qIVaxIPQ) f2(p, @)

Q) = exp [-(QF/AY)’|

(P'q1Visipa) = (p'q1Vaxlp@) TT; f2(Q))
local MS
£? = p? + 3/4¢* = 3-nucleon tot.

kinetic energy

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

* Non-local: chiral N°LO,; NN+3N
— Cp=+0.8168 cg=-0.0396 (*H E4s=-8.53 MeV)

. Mix of Local
- Local/Non-local: chiral N3LO NN+ N2LO e N
— cp=+0.7 cg=-0.06 (°*H E4=-8.44 MeV) local cutoffs ‘\ 650},
T A

UNIVERSITY OF

B SURREY Plots courtesy of K. Hebeler (from his 7/1/19 talk)




N
Comparison of nuclear forces - ANi

41F

350 S : 4 F _c.}_kEXP§CGF E
- ; . 0 Extr.data - orkov s -]
400 b eSO = N3O [ Full ADC(3): = N2LOsat (2015) |
-400 orkov-ADC(2)  _, N\NLOsat 39F E
—e— N3LOInl ] [ i
450 F . 3.8 5 E
— Bar: 1 = 37L -
2 -500 Dys-ADC(3) E E ]
> 1 —.36F -
o 550 1 .5 .. ]
: : 3SF N3LO-Inl ]
600 = 34F (2018) =
-650 F = 33F N3LO (2013) E
E : 2 (EM500-450) ]
-700 & | | | | | | | | | | | | | | | | - [ | | | | | | | | | | | | | | | [

48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78

ANI ANi

__ UNIVERSITY OF  \/, Soma, P. Navratil, F. Raimondi, CB, T. Duguet, in preparation — arXiv:1907:1907.09790
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N3LO(500) + nin SNF

SCGF — Gorkov-ADC(2)

200 | i
- ! 50
! 60 I
250 F I [
i i 40
I 50 i
-300 |- -
: ! 30
-350 F or — i
= | = % b
> i [5) s -
S -400 [ S 301 = -
=, | o = [=1
m I 5 : C/J(-\l 10-_
450 - 2 20f <
500 ! of
I 10 .
550 [ 10 F
: 0_ :D
-600 | [
'\ | IV (T IR I ENUN U I T ST S S SR R R | \7 -_ - -20_
-10 1 1 1 1 1 1 1 1 1 1 1 1 1 1 -
14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 L L L L L L
N 16 18 20 22 24 26 28 30 32 34 36 38 40 42 16 18 20 22 24 26 28 30 32 34 36 38
N N

UNIVERSITY OF \/, Soma, P. Navratil, F. Raimondi, CB, T. Duguet, in preparation — arXiv:1907:1907.09790
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inversion in K isofopes

Mass Number
37 39 41 43 45 47 49 51 53 55 57 59 61

3 T T T T T T T T T T
- — — SDPF-U - NNLOsat -
— — SDPF-Umod —— NN+3N(Inl) )
—_ . SDPF-MU S
> SDPF-MUr !
9 SDPF-MUs
- =
+Q ::\_ 11— |
o D N |
+, f
— & 0
ia ] 5 L |
1 :_ --#-- Experiment _:
- % N3LO ] 1= _|
- —®— N3LOInl ]
2 F —=— NNLOsat . | | ® Data, literature |
S ] ] ] ] ] ] ] ] ] ] ® Data, this work
37 39 41 43 45 47 49 51 53 55 ) | | | | | | | | |
A 18 20 22 24 26 28 30 32 34 36 38 40 42
K Neutron Number
V. Soma, CB, etal., arXiv:1907:1907.09790 Papuga et al., PRL110, 172503 (2013); PRC90, 034321 (2014)
RIKEN, SEASTAR coll. (unpublished)
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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, Phys. Rv. Lett. 123, 092501 (2019)
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Microscopic optical potential

E Nuclear self-energy X*(r,1’;¢):
« contains both particle and hole props.

)

» itis proven to be a Feshbach opt. pot = in general it is non-local !

* OO 1
A+l Yap(@) = Zap T ZM { (K~ +C) —l—zl“] Mo
1 t
mean-field * ZNO"”{ (K< +D)— FLSNS’B
:_= Particle-vibration
. couplings:
______E__;_.EF
et Solve scattering and overlap functions directly in momentum space:
o A-1 l
— LIk K E ZRM )05 R (k)
$1(00) -
‘Eaﬁ

—w )+ / e S (e, K B 015 (K') = B 1, (K)

UNIVERSITY OF
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Low energy scattering - from SCGF

Benchmark with NCSM-based scattering.

Scattering from mean-field only:

100

100l —3/2F —1/2 +=5/2"
: —3/2" —5/2 =T/

50}

100t L

0 2 4 § 10 12 14 16

b SIRREY ©0(n,n)°0

[A. Idini, CB, Navratil,
Phys. Rev. Lett. 123, 092501 (2019) ]

NCSM/RGM [without core excitations]

EM500: NN-SR6G Agps= 2.66 fm-L, Nmax=18 (IT)
[PRC82, 034609 (2010)]

NNLOsat: Nmax=8 (IT-NCSM)

SCGF [Z(*) only], always Nmax=13




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: Full self-energy from SCGF:
- 008 |y gt
WF gas0 -~ —~ 1s0f T M2 32
- L & 100} 5/2
() e T T s0f
_____________________ w o Of

—50}

100t —3/2t —1/2 t—5/2" |

- —3/27 —5/2 —T7/2 ] _ A0
an i ] on 300§
3 —200¢ * S 200f
< 100 = 100}
e 0f
50’ ; —t—
e (MeV) 5/2% 1/2% 1/27 5/27 3/2 3/2% 5/2F 5/2; 7/2; 500k
O exp. -4.14 -3.27 -1.09 -0.30 0.41 0.94 3.23 3.02 3.54 ~ 400F
i NNLOgat -5.06 -3.58 -0.15 -1.23 -2.24 0.91 4.57 3.36 3.37 %D 300F
[ T 200
—50 i TABLE 1. Excitation spectrum of '"O with respect to the w100
i n+1%0 threshold, as obtained from Eq. (5) and the NNLOga: 0f ]
—100¢t interaction and compared to the experiment [45]. Broad res- e S Y N RS
0 9 onances in the continuum (most notably, the 5/2%) are com- 0 2 4 6 8 10 12 14 16
puted at midpoint. The asterisks (.) indicate higher excited Ec.m. (MeV)

states, above the lowest one, for each partial wave.
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Low energy scattering - from SCGF

[A. Idini, CB, Navratil, PRL123, 092501 (2019)]

13 160(n,n)1%0 E, = 3.286 MeV
® Lister and Sayres, Phys Rev 143, 745
— This Work
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’g ] e Becker et al., Nucl. Phys. 89, 154
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[A. Idini, CB, Navratil,
Phys. Rev. Lett. 123, 092501 (2019) ]

2plh/2hlp poles suppressed

- Full ¥55(w) (all ISCs included)

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

(electron scattering and charge radii)

CB, P. Arthuis — Preliminary... (work in progress)
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Electron-Ion Trap colliders...

® Exp. (Ee=151 MeV)

v 102 ;— Xe target ®  Exp. (Ee =201 MeV)
\ E ¥  Exp. (Ee =301 MeV)
B 10 —— 2-param. Fermi

——— Lapikas

2

Counts/(0.5MeV/c)

[(ems ) (cm?sr1)]

0 ' 1Y R WA B
150MeV- 10°F
Microtron 101 E
150 -
Momentum [MeV/c] bl a 10-2 ?
FIG. 3. Reconstructed momentum spectra of '*>Xe target o ’J-U 10-3 L

after background subtraction. Red shaded lines are the simulated 0.4
radiation tails following the elastic peaks. .

\I h First ever measurement of charge radii through
= WiSES electron scattering with and ion trap setting that can
FIG. 1. Overview of the SCRIT electron scattering facility. be Used on /”ad/.oaCf/'Ve /:S'O fopej' //

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

UNIVERSITY OF

~43 SURREY




Convergence

132X e at E3max=16

in large fsotopes - e.qg. 13°Xe

Gorkov ADC(2) with NNLOsat Hamiltonian

132xe at E3max=16

750 1

500 A

250 A

—250 A

=500 A

=750 A

8 10 12 14 16 18 20

hw

Energies still badly converging...
- Nmax converges slowly...

22 24 8 10 12 14 16 18 20 22 24
hw

Radii converge much better and
can be bracketed!

- E3max (# of 3NFs elements) out of control
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750 1

500 A

250 A

Eg.s.

—250 A

=500 A

=750 A

Convergence in large isotopes - e.q. 13°Xe

Gorkov ADC(2) with NNLOsat Hamiltonian

132X e at E3max=16

8 10 12 14 16 18 20 22 24
hw

Energies still badly converging...
- Nmax converges slowly...

- E3max (# of 3NFs elements) out of control
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5.0 1

4.7 A

4.6 1

=»- Nmax 11 E3max 14
=»- Nmax 13 E3max 14
—>— Nmax 11 E3max 16
—»— Nmax 13 E3max 16

\\
\\
~

\\
\\
N

8 9 10 11 12 13 14 15 16
hw [MeV]

Radii converge much better and
can be bracketed!




Convergence in large isotopes - e.q. 13°Xe

Gorkov ADC(2) with NNLOsat Hamiltonian

132xe . 132Xe at E = 201 MeV
10
----- 2-point Fermi -es+ 2-point Fermi
007 R e SCGF B SCGF
0.06 - 10-1 -
0.05 A
< 0.04 A o -
S 3IF 107 4
0.03 A
0.02 A
10—5 4
0.01 A
0.00 A
. 1077
0 2 4 6 8 10 0.4
r(fm) dert
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Sn and Xe isotopes

125 Gorkov ADC(2) and Dyson ADC(3) with NNLOsat Hamiltonian

===+ 2-point Fermi

SCGF Exp.

100Gy | 4.525 — 4.707
132Qn | 4.725 — 4.956 | 4.7093
132X e | 4.700 — 4.948 | 4.7859
136Xe | 4.715 — 4.928 | 4.7964

- gggz 138Xe | 4.724 — 4.941 | 4.8279
i \!
) 0.04 - L (‘ﬂ .
0.02 - _ \‘\ \“0
0.00 A . 2 : 6 : - ? ( 6
UNIVERSITY OF o

~43 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)

CB, N. Rocco, V. Soma, arXiv:1907.01122
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Lepton-nucleon cross section

~

do G2 K K A ) )
(—) v [LCCRCC +2LcrRer, + Ly Rrr + LRy + 2LT/RT,} ,

dT'dcos® )iz~ 21 2F,

-

Nuclear structure is in the

hadronic tensor: : ’
15 7/2 _ Pz
) N / P1/2:15/2
_— _ [ &kl m? =
(q’“’)_/ Qny ek +q) @05
X 3 (kLK + )k + g1} 1K) A % ”
" 3 » -
_ 6 -
x 8w+ E — e(k +q)), 2 Bt = 7o \ et 0 10
oMeV] &,
Ree =W 11 22
Rr=W"4+W . )
R :—1(W03+W30) ! i WH” = Z<O‘]MT|f><f|JV‘O>5<EO‘I'W_Ef)
CcL 2 Ry — —§(W12 — Ry, ;

_ 33
UNIVERSITY OF Rpp =W
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Lepton-nucleon cross section

~

do G2 K K A ) )
(—) v [LCCRCC +2LcrRer, + Ly Rrr + LRy + 2LT/RT,} ,

dT'dcos® )iz~ 21 2F,
Nuclear structure is in the Two-body diagrams contributing to the axial and
hadronic tensor: vector responses
w [ &k m?
Ve = / o FIEE et

)Y ke )+ alif

x 8w+ E —e(k +q)), § ‘ ﬁ

Vo[ oo dBk - K dp
Wi (quw) = = [ af :
o (W) =5 / 2 E Gy np

m4 ~ ~
% WH\IM(& EYPYM B ] A\Vr ____________________

< (kK3 ) (w3 kK ﬁ
i

X 8(w+E+ B~ e(p) - e(p))). (41)

UNIVERSITY OF

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




reaction for 1 GeV neutrinos

v, +12C = p+X v, +12C = p+X
E,=1G, 6, =30° E,=1Gd, 6, =70
= 100 CBF 1b4+2b — = 14 ‘ ‘ ‘
S ol griv— | 21y
‘B SCGF 1b+2b s H ool
£ 107 SCGE 1h - |1 . _
| SCGF 2b =1 o g} One-body current describe quasi
S S elastic peak
T N ] T4
8 20 j . 3 .
S — < 2 Difference between CBF(AV18) and
= P, : s : .
% 200 400 600 % 200 400 600 800 SCGF(NNLOsat) from 1-b terms
w [MeV] w [MeV]
54150 o 4t +X 54150 o ut4X Two-body currents fiull up dip region
E,=1Gd, 6, =30° E,=1G, 6, =70
5 ST — | | | Missing Delta and meson emission
= Chrop — | = contributions
= SCGF 1b+2b - E L2
£ 40t SCGF 1b - s
L SCGF 2b - L o )
= 3 1= s X-sec. droppin with scattering angle
&~ &~
:1 20 t :1 0.6
2 z 04
% 07 T 02 N. Rocco, CB, O. Benhar, de Pace, A.
< ) ‘ = S ) ‘
0 200 00 00 o 20 a0 o s  Lovato, Phys. Rev. C99, 025502 (2019)
UNIVERSITY OF w [MeV] w [MeV]
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Neutrino Oscillations - next generation experiments

DUNE experiment will measure long base line
Sanford Underground neUTrinO OSCi”GTionS TO:

Research Facility

Fermilab

- Resolve neutrino mass hierarchy
- Search for CP violation in weak interaction

- Search for other physics beyond SM

S Liquid Argon projection chamber is being used. It will require
p— _ one order of magnitude (20% > 2%) improvement in theoretical
B e atomoien . prediction for v-%°Ar cross sections to achieve proper event
~~~~~~~~~~~~~~ N— reconstruction.
Mehraska s m
e = Need good knowledge of 4°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

A
40 A r A TI
8 T i T T 14—
E Ar (ee))X 7
~ J o —o&
N 6 . Tl(e,e ,)X W 7] oo o © b4
| Cee)X a A : : B
S /AR &1—0— N
_t%“ ir s \ ] 9 g N=24-28
SO \ 7 Z=18 7=99
ot \ ] N=22 =
~ I~ —
SIEE i
®|S !
O I I S T I T P R R

121416 18 20 22 ’
E' (GeV) Proton distribution in Ti similar

to neutron in 4Ar ??
40Ar(e,e'’p) and Ti(e,e'p) data being analyzed
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Spectral function for “°Ar

- 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-4°Ar
simulations

N gﬁ”iﬁ'ﬁg% CB, N. Rocco, V. Soma, arXiv:1907.01122




Jlab experiment E12-14-012 (Hall A)
[Phys. Rev. C 98, 014617 (2018)]
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i M B J o e -~ 5% 0 a0 450 |
40 F ! i'!"“'l!nl.-l.u. 7] 10 /'// \\ ~ @ ]
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20 - A A R T et Sy A .
ol Lo~ 50100150 2;)0[1\/[25%] 300 Ti protons contribution
e ) . ) . . .
(& .
to neutrons in 4CAr.,
“0Ar(ee'p) and Ti(e,e'p) data being analyzed

" UNIVERSITY OF
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Quenching of SF in stable nuclei

NIKHEF: Spi2 Sp3n
Nucl. Phys. A553 (1993) 297c¢

A Aaal « Short-range correlations

10} T —— oriented methods:
1 - VMC [Argonne, '94] 090
08k 60, *Ca 07 — GF(SRC) [st.Louis-Tibingen ‘95] 0.91 0.89
T P . — FHNC/SOC (pisao0; 0.90
o 06F s
5“, - u “Ca  z0epp] * Including particle-phonon
D o4l C . couplings:
! — GF(FRPA) st.Louis 01] 0.77 0.72
02 . [CB et al., Phys. Rev. C65, (02)]
VALENCE PROTONS
00l l « Experiment (e,e’p): 0.63 0.67+0.07
target mass —» (estimated

uncertainty)

SRC are present and verified experimentally

BUT the are NOT the dominant mechanism for quenching SF//
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Z/N asymmeftry dependence of SFs - Theory

Ab-initio calculations explain (a very weak) the Z/N dependence but the
effect is much lower than suggested by direct knockout

Rather the quenching is high correlated to the gap at the Femi surface.

Spectroscopic factor are strongly
correlated to p-h gaps:
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= 0 & 7 ]
= i
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g A 1 I i
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[ | %-—-xN_,=9,hQ=18MeV| g/ 1
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CB, M. Hjorth-Jensen,
Phys. Rev. C 79, 064313 (2009)
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[ ¢ m peutrons
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RN . NNLO-sat
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A. Cipollone, CB, P Navratil,Phys. Rev. C92, 014306 (2015)
and CB, unpublished (2016)




Z/N asymmeftry dependence of SFs

Calculated spectroscopic factors are found to be:

- correlated to p-h gaps
- independent of asymmetry
- consistent with experimental data

UNIVERSITY OF

~43 SURREY

40(d,1)130 and *0O(d,3He)!3N

transfer reactions @ SPIRAL

cexp(e) /6,,(6)

R =

oexp(e) /6,,(6)

S

R

[F. Flavigny et al, PRL110, 122503 (2013)]
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