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Spectroscopy via knock out reactions-

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

e’ In plane wave impulse
. / approximation (PWIA):
%

g0 P dU(eje/p) _ s Sh(p B )
dEy dQy dQ, T e
Target, N-body
system N-1 particles - Spectral distribution is crucial (in spite of

“non observability”...)

Targets are low-energy (ground) states

Basic idea: Better-torgbegsend momentum transfer can be high.
. XVC know, e, e’ and p > large trangheee@@dut currents? Breaking of EFT?
get" energy and momentum of p; p; = k. - k, momentum and

k
E. E E Ee weClk-Pr'Qb@Sr/-/écattering to constrain electroweak
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Concept of correlations

Spectral function: distributigoeaf

independent

t -
pan‘icleI picture momentum (p

Particle-vibration

m

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

Understo BPu Jew stable closed shells:
university of  [CB and W. H. Dickhoff, Prog. Part. Nucl. Phys 52, 377 (2004)]
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Current Status of low-energy 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

- e

(%
\ e
R/ H
- 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-energy nuclear physics

Composite system of interacting fermions
Binding and limits of stability progran

Coexistence of individual and collective behaviors RIKEN, FAIR, FRIB...
Self-organization and emerging phenomena
EOS of neutron star matter

S

\ Fully known for stable isotopes
[C. Barbieri and W. H. Dickhoff, Prog. Part. Nucl. Phys 52, 377 (2004)]

Y > .
< ®o .
9’9/ ,’_—7 ‘ Neutron-rich nuclei; Shell evolution (far from stability)
Q f{e
= Unstable nuclei
heutrons

~3,200 k ITI) 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;




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...

®- -0 6

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) vyields both
single-particle states and scattering

A = particle Y = hole
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Self-Consistent Green's Function Approach
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N
pp/hh-RPA; two-nucleon transfer Single-

7 particle

optical potential motion

~

2  ph-RPA; response, giant resonances

* Global picture of nuclear dynamics
* Reciprocal correlations among effective modes
* Guaranties macroscopic conservation laws




Self-Consistent Green's Function Approach

10(e,e'pn)“N @ MAINZ Binding energies
" (q0) _—  FRC 52, 014305 (2015, TIonization energies/

s 60PRC 92, 014306 (2015), PRC89, 061301R (2014)]
L —— o eg .
o P ey affinities, in atoms
F — -1
i D, Aswa=2.0 fm . [CB, D. Van Neck,
100 F —e= Dys-ADC(3), NN+3N(ind) AIP Conf.Proc.1120,104 ('09) & in prep]
£ — y e R Hartree-Fock FRPAC Experiment [16. 17]
° r z —e— Dys-ADC(3), NN+3N(full)
A 1= = ==+ Gorkov-2nd, NN+3N(full) ] He Is 0.918 (+14) 0.9008 (-2.9) 0.9037
1 E . . = -
£ [C. B., C. Giusti, et al. ¢ Exp Be* Is 5.6672 (+116) 5.6551 (-0.5) 5.6556
F Phys Rev. €70, 014606 (2004) 50 o ]
[ H - — Be 2 0.3093 (-34) 03224 (-202) 0.3426
100 F D. M'ddeh‘on' et al. X . . l\-NL 2 Is 4.733 (+200) 45405 (+8) 4533
B arXiv:0907.1758; EPJ A in print] ) : - -y 0]
s o —o— = Ne: 2 0852 (+57) 0.8037 (+11) 0.793
Is 1931 (+149) 17967 (+15) 1782
! 1
230 Mg* 2p 3.0068 (+56.9) 29537 (+3.8) 2.9499
Is 44827 43589
Mg 3s 0253 (-28) 0280 (-1) 0281
2 2282 (+162) 2137 (+17) 212
Ar 3p 0591 (+12) 0,579 (0) 0579
3s 1277 (+202) 1.065 (-10) 1075
3s 1544
2p 9.571 (+411) 9.219 (+59) 9.160

Isovector respons

324, 34 £ -
for 32Ar, 34Ar 3 | Op ’rucal ?o’ren’nal
- E, =860 MeV. : E,=10.94 MoV 10 160 n n 160 FE, = 3.286 Me"’
Proton o T ot oo 1y, QTXiV1612.01478 fnuck-th]
P m & 0 ister anc ayres, lys Rev A 140 . .
yg y o Argonnec;/m: ;:
= l.2_b _1 afm N a — full space % —_ s 120 £ 310 (Entem 2003) 67 ——
> 1k —- truncated E = \ 100
2 T SCGF et z
s oe —t E i : w
o 041 - . . 3
= 02 Wi\ R A AN 001 o m\“of‘{ ERIN
B - e e BN E SRR S nay be ol
X 0.001 , .
UNIVERSITY OF [C. B., K. Langanke, et al., Phys Rev. C77, 024304 (2008)] R 17 I R R R R TR TR TR
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One-nucleon spectral function

1
SPr(rw) = F= Img(r = r';w)
s

56NI1;
Ni fZ/o _ Pape

1.5 |
-

>
-
ENAAT ‘ \ \ \ -
-40 -30 -20 -10 n 10
o [MeV] ____Sscattering 3
neutron neutron
<€ removal addition — >

Distribution of particle and
hole neutron states in °Ni

W. Dickhoff, CB, Prog. Part. Nucl. Phys. 53, 377 (2004)

CB, M.Hjorth-Jensen, Pys. Rev. C79, 064313 (2009)
UNIVERSITY OF

~3 SURREY



Reach of ab initio methods across the nuclear chart

® Approximate approaches for closed-shell nuclei ~ ® Approximate approaches for open-shells

o Since 2000’s o Since 2010’s
o SCGF, CC, IMSRG o GGE BCC, MR-IMSRG
o Polynomial scaling o Polynomial scaling

® Ab initio shell model
o Since 2014

: o Effective interaction via CC/IMSRG
l o Mixed scaling

H
I
I
|
1
1

2018

e ® “Exact” approaches

i : llllllll : lllllll I E | o Since 1980’8

; ; llI ------------ T -;- O Monte Carlo’ CI/ e
T{.::;::::'"?'"'T' o Factorial scaling
walanamats '

(Ambamanad -

ey |
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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¢, .
Chiral EFT for nuclear forces: =F a e

2N forces 3N forces 4N forces

________ [T. Otsuka et al.,
S~ ——— | Phys Rev. Lett 105,

N

LR R | 032501 (2010)]

Single-Particle Energy (MeV)

Sasggr®

[ T=0 MeV WA =2.0 fin’

0 0.08 0.16 0.24 0.32
Density, p [fm'3]

[A. Carbone et al.,

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

e
9

B T SRR ==== NN + 3N (N"LO) ~q
: i NN + 3N (A)
AT
8 14 16 20
- tron Number (N) Neutron Number (V)
Need at LEAST 3NF//
("cannot” do RNB physics without...)
Saturation of nuclear matter:
S8 e Hebeleretal
C & e - SCGF 7 e
\ ) ><++ 'ﬂ‘ ‘ [*) ‘ ,i‘ 10 - “ "I

Energy/nucleon, E/A [MeV]

[\
S

(3NFs arise naturally at N2LO)

UNIVERSITY OF

~3 SURREY



Benchmark of ab-initio methods in the oxygen

isotopic chain

A. Cipollone, CB, P. Navratil, Phys. Rev. Lett. 111, 062501 (2013)

| I 1 I 1 I 1 I | I (
130 — T and Phys. Rev. C 92, 014306 (2015)

) - obtained in large many-body spaces - By OBN N N N N SN N
B = T T T T T T T ]
. -140 [ Calculations based on — 80 s -'-gﬁ:iggg;’ ﬁﬁgi&‘jﬁ) :
% : - Ehlra.l NN and 3Nkaorc.:es. : -100 | === Gorkov-2nd, NN+3N(full) —
S -150 F g ontinuum not taken into 7 ~ — Exp _
N~ - account . % 120k L . I

O>B B * - =) e ) S
5 -160 - 0 MR-IM-SRG J —  1a0f By ;
= - B IT-NCSM :.%509: SN _
-170 - € SCGF w - — -160 " AL N ’
5 : _ | hw=24 MeV ~o. T m ;
- ¥ Lattice EFT - 180F  Ageg=20 fr! A S __
-180 A CC = AME 2012 — [ 1 1 1 1 1 1 1 1 |

- ] | \ | l | I | I | I | 7 Sp Vg Mg 2p B Bp YR PR
16 18 20 22 24 26 28

Mass Number A - 3NF tensor and 3NF near flourine's dripline

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 (2.0fm™)

- SURREY N2LO (A = 400Mev/c) chiral 3N interaction evolved (2.0fm™1)
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Calcium isotopic chain

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

450 F N

(O8]
]
(=)

— T

) ¢

=13
X

ma.

=== GGF [NN + 3N (ind.)]
—o— GGF [NN + 3N (full)]

'\\ ---a-- ADC(3) "corrected"

| |
m ¢ IM-SRG [NN + 3N (full)]

36

38 40 42 44 46 48 50 52
ACa

S,, [MeV]

- induced 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!

0F . 7
T ®  Experiment ]
35F \‘ —=— NN + 3N (full) -
F = .\ == NN+ 3N (ind.)
30F A\ — SM (NN +3N)
25 - o ]
20 :
15F .
10F .
5 . | ! | ! | ! | ! | ! | ! | ! |

38 40 42 4 46 48 50 52

V. Soma, CB et al. Phys. Rev. C89, 061301R (2014)
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Radii and Binding Energies in Oxygen Isotopes: A Challenge for Nuclear Forces

1 V. Lapoux,l’* V. Somé,1 C. Barbieri,2 H. Hergert,3 J.D. Holt,4 and S. R. Stroberg4

- New fits of chiral interactions (NNLOsat)
highly improve comparison to data

- Deficiencies remain for neutron rich

Isotopes
-80F — - -
E Binding Energies of Oxygen isotopes
-90 ;— e * GGF
_100E b4 = EXP NNLO,, |A DGF g—
= 77 IMSRG o
~110F- —_ 5
~_120E 3¢ GGF o
E s % EM |/ADGF g
1‘130? — % S IMSRG )
B 3
M -140 = ‘% — % =}
~150f — &
—160F- %%
g — %
-170
_180— \ ‘ \ ‘ \ ‘ \ ‘ I
14 16 18 20 22 24
20
FIG. 1. Oxygen binding energies. Results from SCGF

and IMSRG calculations performed with EM [20-22] and
NNLOsat [26] interactions are displayed along with available
experimental data.
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Bubble nuclei... 3Si prediction

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

0.1 _ = S36 charge (exp.) _-

— Si34 charge
--- S36 proton

0.08 — S36 charge

- 34Si is unstable, charge distribution is still unknown

T ooop - Suggested central depletion from mean-field
s | simulations
0.04
_ - Ab-initio theory confirms predictions
0.02
[ - Other theoretical and experimental evidence:
ol . . - Phys. Rev. C 79, 034318 (2009),
e Nature Physics 13, 152—156 (2017).
Validated by charge distributions and neutron quasiparticle spectra:
0.16E 36 LE)I‘\II)I;Oopt ] al 34Si 1 3% 0 Ll Exp
e My ] — SCGF
[ — NNLOsat ADC(2)
0.12 E —— NNLOsat ADC(3) ] 2k |
_ =
= oos| % 32 T—
= o.oef = L
0.02; at e
K ! 2 > 4 5 0 20 40 60 80 100 0 20 40 60 80 100
UNIVERSITY OF r [fm]

B SU RREY SF [%] SF [%]



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

e Local: chiral N3SLO NN+ N2LO 3N500
— ¢p=-0.2 ¢¢=-0.205 (*H E,=-8.48 MeV)
— 4He

<H>=-28.4939 <V3b 2pi>=-5.8819 <V3b D>=-0.2206 <V3b _E>= 1.2665

« Non-local: chiral N°LO,, NN+3N
— ¢p=+0.8168 c=-0.0396 (°*H E,=-8.53 MeV)
— “He

<H>=-28.4596 <V3b_2pi>=-4.7260 <V3b_D>= 1.3897 <V3b_E>= 0.4174

e Local/Non-local: chiral N3LO NN+ N2LO

Use completeness
F(% (‘77;12 + .77722);/\ ) <“— inHO basis to calculate

products of F W F

nonloc) WIIQ (Aloc) F(% (‘71"12 + ‘71”22 )’ Anonloc

— cp=+0.7 ¢z=-0.06 (*H E,=-8.44 MeV)

— 4He
<H>=-28.2530 <V3b 2pi>=-4.8124 <V3b D>= 0.7414 <V3b_E>= 0.4255
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Comparison of nuclear forces - “Ca
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E [MeV] (binding energy)

1o
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o
D
S

-400

-450

-500

Recent generations of Chiral Effective Field Theories

put to the test: 2- plus 3-nucleon Hamiltonians

‘ Exp.: m
saturating Extr. data: O

N2LO (2015
',/( ) Gorkov SCGF: —e—
’ Full ADC(3): e

Quantum many-body
correlations effects were
computed at CSD3 (Cambr.)

.
.
.
.
.
N
N
N
S
<
N
e
..
n -
.
—

‘x\“x,Local—nonloc. i
"N3LO (2018) -

34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70

ACa (isotope)

V. Soma, F. Raimondi, CB, P. Navratil, T. Duguet, in preparation



Comparison of nuclear forces - “Ca

UNIVERSITY OF

Recent generations of Chiral Effective Field Theories

[ |put to the test: 2- plus 3-nucleon Hamiltonians ] 40 1 ]
~ B ] . O u EXP ]
Eﬁ -250 B Exp.: m 7 - o  Extr.data -
% saturating Extr. data: O i 30 N —— N3LO _‘
2 ! N2LO(2015) Gorkov SCGF: —e— - B Ei&%m ]
S -300 | ' Full ADC(3); mem ] i st 1
; i Quantum many-body ] ; 20 N ]
O -350 N correlations effects were B L B §
E i computed at CSD3 (Cambr.) 1 z i i
i : = 10 F -
= 400 F 1 & F -
[ N3LO(2013) \ ] i ]
450 F S 3 ] of :
i “.._“Local-nonloc. ] . -
I “N3LO (2018) - - -
704 J ISP ISP U NI SR NP P VA VO NI IO P VA U IR P P P qol— v v v 001111 )]

34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70

ACa (isotope) ACa

- SURREY V. Soma, F. Raimondi, CB, P. Navratil, T. Duguet, in preparation



N3LO(500) + nin 3NF

SCGF — Gorkov-ADC(2)

-200 o
250 F
-300 |
350 F

-400 |

E [MeV]

450 |
-500 |
-550 |

-600 |

14 16 18 20 22 24 26 28 30 32 34 36 38 40 42
N

UNIVERSITY OF

S, [MeV]

10 F

PRELIMINARY

60:
50:
40:
30:
0|

10

16

18 20 22 24 26 28 30 32 34 36 38 40 42
N

A®) [MeV]

12

10

N3LO

Ti

Ca

Ar

Inl

14 16 18 20 22 24 26 28 30 32 34 36 38 40
N
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V. Soma, F. Raimondi, CB, P. Navratil, T. Duguet, in preparation



Masses in the Ti isotopic 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. ®2Ca)

Neutron Number Neutron Number Neutron Number
24 28 32 34 24 28 32 34 24 28 32 34
\. 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
> - LI, (c) TITAN +
S \ ¢ AMEI6
> = — 1.8/2.0(EM)
%n é.) VS-IMSRG
2 = _ _ _NN+3N(Inl)
o0 ~ GGF
= < 2
g 404 RN, "3 1 TrRAe 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
Mass Number

58

46

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 (Asz,). Both theoretical ab-initio calculations (lines) and experimental values (points) are shown.

E. Leistenschneider et al., CB, Phy. Rev. Lett. , 0 (2018) — TITAN coll. @
TRIUME
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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, arXiv:1810.0wxyz (in prep)
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Lepton-nucleon cross section

A

do G2 k! A ) ) )
(m)w = [LCCRCC +2LcrRer + LppRop + LRy 4 2L RT,] ,

Nuclear structure is in the
hadronic tensor:

Roo = W%
1
Rer = —§(W03 + W30)

Rpp =W?
Ry =W +Ww*

l

RT’ — _§(W12 o W21) :

Wi =% (0T £)(f15710)8(Eo +w — Ey)
f
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Lepton-nucleon cross section

A

do G? K . . . .
<dT/dCOS 9/) /7 = o0r OF [LCCRCC +2LcrRer + LR, + LR + 2LT/RT,} ,

-

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

2

d*k m
WA (qw) = | ——dEP,kE)—
0= | G e B g Pulk, E) = = 3 @5 ()@ (k) SCGF/ADC(3)
X MT iV & «a . .
2 Ik alif R ) using chiral NNLOsat
X 8w+ E — ek +q)), < Im(yg |“BE+(H—E54)—@'6%|¢0>

V[ - PE - PE dPp
nz _ I
WE (@) = 5 [ 4B G5 o a5
4

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

. e(k)e(k’)e(p)e(p’)P}L\IM(k’E)P}:]M(kl’E/) CBF using AV18+UIX
DN ATSITAPALYS PMB) = 3 ZalguliOfFulB o) (see Benhar's talk)
x 6w+ E+E —e(p)—e(p)). (41)

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

UNIVERSITY OF

N SURREY N. Rocco, CB, O. Benhar, de Pace, A. Lovato, arXiv:1810.0wxyz (in preparation)



Lepton-nucleon cross section

A

do G2 k! A ) ) )
(m)w = [LCCRCC +2LcrRer + LppRop + LRy 4 2L RT,} ,

-

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

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

L s I e S i
x 8w+ E —ek+q)), “H\r § ﬁ

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

Bk -, BK B

pv v -
Wap (4:0) = 5 / Loy Grp @y
x m Pk, B)YPYM(K, 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)
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Prediction for chrg./mom. distributions and form factors

0.16 .
S exp
0.14 F= QMC AV18+UIX -----
OpRS NNLO,,, intr —
C0A2f NS OpRS NNLO,,, ——- -
:?E 0.1 _ .\‘Q:\-\\
S T~ ~. ‘\““}\
— 008 ~ N
< 0.06 SOy
oo SN 4
~. He
. S
0 L L T
0 0.5 1 1.5 2 2.5 3
7 [fm]
1076 = T .
QMC AV18+UIX ------
10—8 L ADC(3) NNLOsat
T
z 10|
2‘ 14
g 10 B
S 10716 -
ol 160
10—20

0

UNIVERKDI1Y OF

SURREY

200 400 600 800
p [MeV]

1000

[Fr(q)l

Py (q) =L GB(QaPn(@) + Ch(Q2)in (@)
7z ¢ T+ Q4 /(m?)
10t S e
100 W
107 F S
102 SN
1073 S
1074 QMC AV18+UIX ---—-
N2LO at Ry=1.0 fm ——
1075 F  N?LO at Ry=1.2 fm
ADC(3) OpRS —-—-m
10°° ADC(3), OpRS intr -
10~7 — .

0 05 1 15 2 25 3

' exp e
QMC AV184UIX ———-- ]
N2LO at Ry=1.0 fm ——

2.5

Calculations from the
spectral functions
obtained using SCGF

Based on the
saturating chiral
N2LO-sat nuclear
force

Comparison o 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).



“He-e cross sections from the SCGF Spect. Fnct.

PW Impulse approximation: Adding FST:

E, =300 MeV 6 =90.0° E, =300 MeV 0 = 90°

3500 T T T T 3500 T T T T
% Exp —e— Exp
& 3000 N T 3000 | T
57 A \ ADC(3) - OpRS intr
= 2500 1 I 2500 - .
A OpRS — OpRS intr FSI ———-
> 2000 F OpRS intr ———— | 2000 F .
]
S 1500 . 1500 | . Based on the
~ . .
S 1000+ ~ = ]  1000f . saturating chiral
500 : y 500 =T - N2LO-sat
0 \\\:.: ----------- olezzzzs 000000 SS=e- T ——
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25 huclear fOI"CC
w [GeV] w [GeV]
E, = 600 MéV 6 = 60° E, = 600 MeV 6 = 60°
1800 T T T f\\ T T T T 1800 T T T T T T T
1600 | /,/‘ “\ Exp —— | 1600 Exp +—e—i |
1400 " ADC(3) oo - 1400 | OpRS intr -
% 1200 |- = OpRS B—— 1200 | OpRS intr FSI i
)’ k3
% 1000 ' OpRS inty =% 1 1000 |- et
B 800 b i 800 | . i
& 60| i 600 | .
] L i
S awf | 400
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UNiveErDIT ¥ Ur

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




16Q-e cross sections from the SCGF Spect.

E, = 830 MeV 0 = 32°
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Based on the
saturating chiral
N2LO-sat
nuclear force

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



reaction for 1 GeV neutrinos

v, +12C = p+X v, +12C = p+X
E,=1GevV, 6, = 30° E,=1Gev, 0, =10
= 138 SN T p— | | |
’ CBF 1b — | ,
% jod| SOGE 1h12h — | % .
g SCGE 1h oo £ 0 . |
R SCGF 2b = 1 5 8| One-body current describe quasi
Sy S elastic peak
<" 30+ = 4|
g 20! g ! )
= 1) LT o2 N Difference between CBF(AV18) and
] 0 J : ] 0 4 . h
0 200 400 600 0 200 400 600 800 SCGF(NNLOsat) from 1-b terms
w [MeV] w [MeV]
54150 5 X 51150 5 X Two-body currents fiull up dip region
E; =1GeV, 6, =30° E; =1GeV, 0, =70°

& 00 CBF 1h+2b — | % O | | | Missing Delta and meson emission

= coro, — | 2 contributions

£ SCGF 1b+2b - £ 127

£ 40 SCCF 1b e 8

R SCGF 2b -~ PR . ] )

= 30 = 08 X-sec. droppin with scattering angle

S < 06

E 2 047

§ 10 ¢ § 0.2 |

2 ‘ : S : ‘ N. Rocco, CB, O. Benhar, A. De Pace, A. Lovato,

0 200 400 600 0 200 400 600 800 . ... . .

UNIVERSITY OF w [MeV] o [MeV] arXiv:1810.0wxyz (in preparation)
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reaction for 1 GeV neutrinos

VM+16O —v,+X 1/“—1—160 —v,+X

E,=1GeV, 0, = 30° ,=1GeV, 0, =70°
= | CBF 1b42b — 6 | | |
= 40 CBF 1b — -
S CBF 2b —— | 57
= SCGF 1b+2b -
E 30 ¢ SCGF 1b - | 47
R R A S fcic i L : :
5 2| SOGF 2b -~ | One-body current describe quasi

elastic peak

\V]

—
T

| A Difference between CBF(AV18) and
0 200 400 600 0 200 100 600 800 SCGF(NNLOsat) from 1-b terms

w [MeV] w [MeV]

7,10 = 7,+X 7,10 = ,+X Two-body currents fiull up dip region
E,=1GeV, 0, =30° E,=1GeV, 0, =70°
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CBF 1h ——
CBF 2b —— -
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SCGF 1b -
SCGF 2b - |
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w

o

Missing Delta and meson emission
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ot

do/dcos8,dT, [10~°fm?/MeV]
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o
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0 200 400 600 0 200 400 600 800 ; ) )
UNIVERSITY OF w [MeV] w [MeV] arXiv:1810.0wxyz (in preparation)
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N. Rocco, CB, O. Benhar, A. De Pace, A. Lovato,
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Role of two-body (meson exchange) currents in v-A

CCOm TOTGI cross section: M|n|BOONE da'I'Cl o Two_body diagr'ams Con'l'r-ibu'ring to The axial
and vector responses

10 exp +I—o—+
g 1, 4120 5 u4X T 1 CBF 1b+2b —
s 87 S GRS N y CBF 1b —
g Ty P C ] J 1 sca C]?DF ZE — e —
w 0r P I S F 1b+2b --------- L - B
L s5) A 1 SCGF 1b -
— 4t - SCGF 2b - Mf § ﬁ
X3 L g ]
5 oL S
1t / _
6 T .' .' .' .' I I :
(¢ Jm—
5 DH+12C — ,U/++X [ 4 ] ’Jﬁ\l """"""""""
N% 4 i t FPH\I
o
X277 . . . .
| * Preliminary implementation discards 1b-2b
L interference:
200 400 600 800 1000 1200 1400 1600 1800 2000 prv- il e W
E, [MeV] W2p2h WISC —l_ WMEC + , t
The 2p2h contribution is needed to explain the
magni‘rude of the total cross section N. Rocco, CB, O. Benhar, A. De Pace, A. Lovato,
UNIVERSITY OF arXiv:1810.0wxyz (in preparation)
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Neutrino Oscillations - next generation experiments

Sanford Underground
Research Facility

......
~i
-------------
~~~~~
-,

UNIVERSITY OF

DUNE experiment will measure long base line
neutrino oscillations to:

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
one order of magnitude (20% > 2%) improvement in theoretical
prediction for v-4%Ar cross sections to achieve proper event
reconstruction.

= Need good knowledge of “°Ar spectral functions and consistent
structure-scattering theories.
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Spectral function for “°Ar

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

Sr——
E C(ee)X
9 S
S Ti(e,e’)X R\ _
o ”
3 ./"*:?:::?V e Ry
@) L)
-+ 4 T "e-’z.'.-lf:"" ™ )
N I £
\B}
Nb i
= 2| B
'B -
1 1 1 | 1 L : : I I I
0

E' (GeV)

4OAr(e.ep) and Ti(e,e'p) data being analyzed

UNIVERSITY OF
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1.2 1.4 1.6 1.8
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2.2

PAr ATi
—
oo Bad
e S :
— - —
&H - — -

vy e+ N=24-28

Z=18

Proton distribution in Ti similar
to neutron in 4°Ar ??




Spectral function for “°Ar

12 T Neutrons

(¢3a)s

- Experimental datat now available for Jlab:
H. Dai et al., arXiv:1803.01910

- 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°

].60 I T T T I T T T I T T T T 7 T T T T T
— 1| Tile. €)
CiDD - E12-14-012
2 10 soqF 1A —
= 100 F SCGFE FSI ------
a I
> 0F
&3 i -
g 60: -
% o | AT
=0t
1.2 1.4 1.6 1.8 2 2.2
w [GeV]

40Ar(e,e'p) and Ti(e,e'p) data being analyzed

UNIVERSITY OF

N. Rocco, CB and V.

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

300 . . .
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do/dcos,dT, [10~°fm?/MeV]

1/“+A — 1/“+X

120
100 |
80
60 -
40
20

40 Ar

40 Ar mix

T to neutrons in 40Ar.

do/dcos8,dT, [10~1°fm?/MeV]

0 50 100 150 200 250 300 350 400

Soma, in preparation.

Ti protons contribution
(‘'mix’) is nearly identical



qturating chiral interactions and 3N forces: o QM VIS TR ]
T — NoLO oy 2&%)%% —
> Description of nuclear g.s. in the pf shell is improved-especially in the S0t :
trends w.r.t. iso-sopin asymmetry. B0y 7T e
1073 NN
=> Radii: newer generations of chiral interaction can give satisfactory radii. w160

Applications to electron and neutrino scattering:

> Spectral functions are extracted naturally from the SCGF formalism.
—> good reproduction of charge/momentum distribution and electron scattering.

=> Inclusion of electroweak currents (1b and 2b) underway (by N. Rocco).

. . *
&iRigy A Cipollone, A Rios, ECT™ 4 cabone
A. Idini, F. Raimondi

eSS V. Soma, T. Duguet @TRIUMF P. Navratil

SAPIENZA O. Benhar

UNIVERSITA DI ROMA

Thank you for your attention!!!

A. Lovato, N. Rocco
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Results for

— DysADC3 RPA, NNLOsat _bare
eoe Ahrens 1(1975)
eeoe Ahrens 2 (1975)

160
Nna:=13, hw=20 MeV
ap = 0.499596 fm?

[ )

o
“hyees e
Mol Pd%®e®0®ec 0oee, *®eea ..

el

10 20 30 40 50 60 70 80

Ex [MeV]

- GDR position of 6O reproduced

Hint of a soft dipole mode on the
neutron-rich isotope

Oxygen isotopes

o from RPA response (dlscretlzed spectrum) vs O from photoabsorptlon and Coulomb excitation

120
e DysADCS RPA NNLOsat _bare
e * e Leistneschneider (2001)
100 f
220
80
= N,.=183, hw=20 MeV
E ol ap = 0.724281 fm?
i
S
(&)
40
0l ‘
[
0 o’ hil‘ [ B T ‘
0 10 20 30 40 50 60 70
Ex [MeV]
NNLOsat o

Dipole polarizability ap (fm?)

Nucleus | SCGF  CC/LIT Exp
%0 | 050  0.57(1) 0.585(9)
20 | 072 0.86(4)  0.43(4)

F. Raimondi, CB, arXiv:1711.04698 + in prep.




Results for Calcium isotopes

o from RPA response (dlscretlzed spectrum) vs O from photoabsorptlon and Coulomb ex0|tat|on

450

400 | e e Ishkhanov Ahrens (1975)

— DysADC3 RPA NNLOsat bare

— DysADC3 RPA NNLOsat bare
e e e Ishkhanov (2002)
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, \\M
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- Positions of GDRs reproduced
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0 ‘ sl ‘ | | | Y
0

NNLOsat

Ex [MeV]

Dipole polarizability ap (fm?)

Nucleus | SCGF CC/LIT Exp
WCa | 179  1.47 (1.87)thresn  1.87(3)
BCa | 2.08 2.45 2.07(22)

F. Raimondi, CB, arXiv:1711.04698 + in prep.




Two-nucleon emission

CB, C. Giusti, et al., Phys Rec C70 , 014606 (2004)

D. Middelton et al.: Eur. Phys. J. A 29, 261-270 (2006)
Eur. Phys. J. A 43, 137-143 (2010)

M. Makek et al.: Eur. Phys. J. A 52, 298 (2016)

UNIVERSITY OF

~3 SURREY



Calculating (e,e pN) cross sections @ |ow energy

The hadronic current is:

J’“(Q)=J<\I’f|-}ﬂ(")|\1’i>eiq'rd" =J‘1’;("10'1,"20'2””(","10'1,"20'2)

XW.(rio,r,05)e'""drdrdr,dodo,

Final state: V¥ ,(r,0.r,0,). > 3-body scatt.: Opt. pot.

Initial state: ¥,(r,o,,r,0,) = nucl. structure (S")

The reaction rate is: Reaction current: J4(r,r o, r,0,) = JU-0od) + J(2)

dSo , 5
/ ’ ’ ) = Kforec|],w]M|
dE,dQdEdQ;d(), (seagull)

K. Qf fr_elc and -]M are known.

(]
The hadronic current J'U“is the non-trivial part “f

UNIVERSITY OF C. Giusti et al., Eur. Phys. J. A 33, 29 (2007) [theory]

(pion-in-flight)

________ .

two-body currents

(delta)

~3 SURREY




Correlated 2-nucleon wave function

XizbJ = <\1’3’A_2||(Cﬁca)1||\1'8>

Obtained from RPA resummation of ladder diagrams - —
(similarly to shell model configuration mixing —_— -
between two-nucleon states): - -

Direct calculations of correlations are possible in a finite space P (e.g. 4-10 osc.
shells - NO CORE) which is complete for LRC:

PI:IeffP|(I)i> =E,|D;) Q

Effects from SRC are then included by calculating ladders in the
excluded space Q:

P =(1 +‘5()|(I)i>=|q)i>+|Xi> P

G(w)|®)  Glw)=V+V ?
w—-Q0TQ+in w—-QTQ+in
CB, C. Giusti, et al., Phys Rec €70 , 014606 (2004)

G(w)

UNIVERSITY OF
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Proton-neutron emission from 160

160(e,e'pn)i4C

[
I : . X
e Partial final states 7.03 MeV ] =%
) e . O T O 0 =
s <3 .
& wp _3%Bmey .| ~8 Experiments at MAMI
g P2t T 2.31 MeV K -DT D. Middelton et al.,C. Giiusti, CB,
320 1:5 ST e _——— e — = - o* ; g‘ Eur. Phys. J. A 29, 261-270 (2006)
S Free O - o c Eur. Phys. J. A 43, 137-143 (2010)
o 1 <z
Ls_” Eg ~_~~...\ . g
: T " 0 gs. Eur. Phys. J. A52, 298 (2016)
10'25 e | wesseew
.3:\ v b b b e e b e b by
10% 50 100 150 200 250 300 350
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= P 5 [
: | e
%210; gnm E_T
e 5
%} i RRREE R "E B
E@ 1 _'_"?:':;:?:\\ /To’ral (inc. A) 102
< RN -
- . ) v - 4 b Sega” : \E"-..,n'.'
10" -b+m+ —
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0 50 100 150 200 250 33:[MeV/g]50 < 1-body current 0 s0 100 150 200 2sgm Mevig”
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Correlations in proton-neutron knock out

- 160(e,e’pn)“N
- initial wave function from SCGF or 'CCM’

- Pavia model for final state interactions

105 —Cleepp)iBe,,

— [ ] T e N . ] L Currents contributions, . vex
L0 =13 = C .= Jastrow

& - FRPA ] 8 | ® — SCGF

N> : 14N' 1+2 ] %'a L

v g

: |

Q0 0 Jast _ = C

& 10 E astrow E % -

o 2T

O 3 I

oo e e 0 o 10055~ ~"q00 B0 0 50 100 150
* two orders of magnitude pB(MeV/ C) p., [MeV/c]
from long-range correlations. Pe=q—PpP;— P,
H. Muether, Giusti et al, Phys Rev C (1999) -- CCD Experiment at MAMI Eur. Phys. J. A52, 298 (2016)

CB, C. Giusti, et al., Phys Rec C70 , 014606 (2004) -- SCGF
UNIVERSITY OF
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Can we learn something form (e,e pN) at MESA ??

Direct two-nucleon emission directly sensitive to currents (2N currents tool)
 Low-energy correlation effects may be relevant in appropriate kinematics
« Old experiments very difficult and difficult E/p resolution
= BUT what about MESA??
 Viable way to test currents and interaction theories/models?
 Applications from EFT/ab initio? (though FSI requitre optical models...)

Utility to constrain Bf-decay??
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