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Outilne

e Concept of spectral function
* The Self-consistent Green’s funtion formalism
* (selected) Ab initio applications in medium mass nuclei

* SRC and high missing momenta in 1°C(e,e’p)
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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

L,

(%

S

§¢ s
S He
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 Orogra
Coexistence of individual and collective behaviors RIKEN, FAIR, FRIB
Self-organization and emerging phenomena
EOS of neutron star matter

. IT) Nuclear correlations
S 4 =° Fully known for stable isotopes
g / He [C. Barbieri and W. H. Dickhoff, Prog. Part. Nucl. Phys 52, 377 (2004)]
S

heutrons

ITI) Interdisciplinary character
Astrophysics

I) Understanding the nuclear force

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

Tests of the standard model
Other fermionic systems:
ultracold gasses; molecules;
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Spectroscopy via knock out reactions-

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

e

Target, N-body

system N-1 particles

Basic idea: Better to choose

* we know, e, e’ and p lar'ge transferred

* “get" energy and momentum of p; p; = k. + Kk, - k, "momentum and weak
E; - E E - E, probes///
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Concept of correlations

Spectral function: distribution of
momentum (pmy) and energies (Ep)

S
(36/322') Gred z. S(h)

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

Understood for a few stable closed shells:

[CR.and W, H. Dickhoff, Prog. Part. Nucl. Phys 52, 377 (2004)]
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Concept of correlations

Spectral function: distribution of

independent momentum (py) and energies (Eqy)

particle picture
4

I (36/322') Gred z. S(h)

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

Understood for a few stable closed shells:

[CR.and W, H. Dickhoff, Prog. Part. Nucl. Phys 52, 377 (2004)]
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Concept of correlations

Spectral function: distribution of
momentum (pmy) and energies (Ep)

independent

particle picture
4

| Particle-vibration 6.32

. (372
/ ( coupling (PV)
\

Ored * S

A
Configuration
interaction
(shell model)

' T
0 20 &0 60 80
E, [MeV] ——
Saclay data for 1O(e,e’p)
[Mougey et al., Nucl. Phys. A335, 35 (1980)]

Understood for a few stable closed shells:

[CR.and W, H. Dickhoff, Prog. Part. Nucl. Phys 52, 377 (2004)]
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Concept of correlations

Spectral function: distribution g

independent

particle picture momentum (pr) aDces

. ///
-y F - et 150'

- 200-250
40 60 80 ’
E, [MeV] ——
Saclay data for 1O(e,e’p)
[Mougey et al., Nucl. Phys. A335, 35 (1980)]

Understood for a few stable closed shells:

[CR.and W, H. Dickhoff, Prog. Part. Nucl. Phys 52, 377 (2004)]
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Ab-Initio SCGF approaches




The FRPA Method in Two Words

Particle vibration coupling is the main cause driving the distribution of

particle strength—on both sides of the Fermi surface...

oo WM

”Extended” \
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

CBetal.,

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

* = particle Y = hole
UNIVERSITY OF
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Self-Consistent Green's Function Approach

N
pp/hh-RPA; two-nucleon transfer Single-

7

| . particle
gl'I(w) optical potential motion

~

.  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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Self-Consistent Green's Function Approach

160(e,e'pn)“N @ MAINZ Binding energies

[PRL. 111, 062501 (2013), S .
(9,0) — ,PRC 92,014306 (2015), PRC8Y, 061301R (2014)] Tonization energies/

i T ® Ffinities i
00 E P . affinities, in atoms
F _ -1
i D, 80 Aswa=2.0 fm . [CB, D. Van Neck,
0 F —em Dys-ADC(3), NN+3N(ind) | AIP Conf.Proc.1120,104 ('09) & in prep]
£ — -100 A F— Hartree-Fock FRPAC Experiment [16, 17]
o I > —— Dys-ADC(3), NN+3N(full)
® = = 120 ==+ Gorkov-2nd, NN+3N(full) ] He: Is 0.918 (+14) 0.9008 (-2.9) 0.9037
! g [C.B. C. Giusti, et al. “ - EBw B s 56672 (+116) 56551 (-0.5) 5.6556
r Phys Rev. €70, 014606 (2004) &y 140 S 1
D. Middelton, et al. N \.a.\& . Be 2 0.3093 (-34) 03224 (202) 03426
T E A . . o m 1s 4733 (+200) 145405 (+8) 4533
A S arXiv:0907.1758; EPJA in print] ) o T a_ A
R oo = Ne: 2 0,852 (+57) 0.8037 (+11) 0793
1s 1.931 (+149) 1.7967 (+15) 1782
L 1
230 Mg* 2p 3.0068 (+56.9) 29537 (+3.8) 2.9499
1s 44827 143589
Mg 3 0.253 (-28) 0280 (-1) 0281
2 2282(+162) 2137 (+17) 212
Ar » 0,591 (+12) 0,579 (=0) 0579
3 1277 (+202) 1.065 (-10) 1075
3 1544
2p 9.571 (+411) 9.219 (+59) 9.160

Isovector respons

for 32Ar, 3%Ar Op TICGI ?o’ren’rial

0 160 (n,n)'%0 E,, = 3.286 Me*’
Proton (n,n = 3.286 Me
. o Lister and Sayres, Phys Rev 143, arXiv:1612. 01474&3[@”@'?1.'1]
24 6 810 140 . :
— Argonne Vg e= 7 —_—
g 120F N30 (e G e —
—_— ~ ntem zoos)e 7
E 1 S _ 100
o~ — Co &
<. S <
So04f A el = 60
Z oaf / 0. ]
% 021 \ \\ ' . 0
LA DS b 1 1 OS] 0,04 L
O 05 0 s 30 35 40 240 Sr“m]’ EREa 2
N~ D'0010 20 40 60 80 100 120 140 160 0 L L
[C. B., K. Langanke, et al., Phys Rev. C77, 024304 (2008)] 9 (deg) 40 30 20 0 0 1 2 30 40

Energy [MeV]
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Modern realistic nuclear forces

Single particle spec‘rr'um at Efermi:

Chiral EFT for nuclear forces:

2N forces 3N forces 4N forces

i i ~ T [ = 2 o
X ) }‘ tron Number (N) Neutron Number (V)

NLO O ( L —

[T. Otsuka et al.,
Phys Rev. Lett 105,
] 032501 (2010)]

Single-Particle Energy (MeV)

' ‘ [ ‘ Need at LEAST 3NF//
| (“cannot” do RNB physics without...)

Saturation of nuclear matter:
— LELELE L LI L L L L
% -5 __, ¢---# Hebeler et al.
=t % = m BHF .
< C " ®.-e SCGF e
0 . Sl
s [ l“ B .
S L - O [A. Carbone et al.,
Teee Teee Teee 5 15 - "log..'.*i‘:"' Phy.s Rev. C 88, 044302 (2013)]
: S [T=0MeV MA=2.0 fm”
88} IR T TN A T T T N N BN | | "I I |
(3NFs arise naturally at N2LO) 20 b o L

Density, p [fm-3]
UNIVERSITY OF
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Benchmark of ab-initio methods in

the oxygen isotopic chain

L L L L
_130 ; obtained in large many-body spaces -
. -140 :— { Calculations based on —:
% _ — chiral NN and 3NF forces. 4
B Continuum not taken into 7
% -150 = ! account -
> _ -
=’ -160 - © MR-IM-SRG 3 ~
5 - B IT-NCSM :.ﬁgoe;
-170 - © SCGF w — —
. % Lattice EFT -
180 F A cCC = AME 2012
I T TR I TR N T RN TR MR T A

16 18 20 22 24 26 28

nivEl Mass Number A

' SUF_. __Hebeler, Holt, Menendez, Schwenk, Ann. Rev. Nucl. Part. Sci. in press (2015)



Bubble nuclei... 3Si prediction

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

0.1 _ = S36 charge (exp.) _

— Si34 charge
--- S36 proton

008 — S36 charge

- 34Si is unstable, charge distribution is still

006 unknown

o [fm3]

0.04

- Suggested central depletion from mean-field

[ simulations
0.02

- Ab-initio theory confirms predictions

0 | 1 | 2 | 3 | 4 | 5
r [fm]
Validated by charge distributions and

. . . 0.16 36 = Exp.
neutron quasiparticle spectra: ; S NNoopt |
0.14 — EM srgl1.88 4
[ — EM srg2.23 ]
34 36 — NNLOsat ADC(2) |
4 Si L — Exp 0.12 — NNLOsat ADC(3) 7]
— SCGF ]
— O01F .
2 1 E 0
;‘ =
g 5 0.08
= o 32 - < i
= — 0.06
I | E— 1 004 f
s 7
4F S 1 0.02¢
0 20 40 60 80 100 O 20 40 60 80 100 0 6 1 . . L :
F
UNIVERSITY OF SE [%] SE (%] r [fm]
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charge radii in the pf shell

Size of radii not

prefect but remains &
overall correct =

throughout the pf shell
with NNLO-sat.

This suggests that
saturation is indeed
under control.

= Improvements of —
many-body truncations <=

beyond 2" order Gorkov 5 3.5

will also be relevant. =

(work in progress!)

UNIVERSITY OF
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Spectroscopic factors




Concept of correlations

Spectral function: distribution of
momentum (pmy) and energies (Ep)

independent

particle picture
4

| Particle-vibration 6.32

. (372
/ ( coupling (PV)
\

Ored * S

A
Configuration
interaction
(shell model)

' T
0 20 &0 60 80
E, [MeV] ——
Saclay data for 1O(e,e’p)
[Mougey et al., Nucl. Phys. A335, 35 (1980)]

Understood for a few stable closed shells:

[CR.and W, H. Dickhoff, Prog. Part. Nucl. Phys 52, 377 (2004)]
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Nucl. Phys. A553 (1993) 297c¢
NIKHEF:

1.0F

0.8

0.6

S/I(2j+1) —

04+

0.2

0.0 11 1 11

Mean Field Theory

VALENCE PROTONS

II 1 1 IIIIIIl

10" 102

target mass —»

A common misconception about SRC:

“The quenching is constant over all
stable nuclei, so it must be a short-
range effect”

Actually, NO!

All calculations show that SRC have
Jjust a small effect at the Fermi
surface. And the correlation to the
experimental p-h gap is much more
important.

[W. Dickhoff, CB, Prog. Part. Nucl. Phys. 52, 377 (2004)]

UNIVERSITY OF
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S/(2j+1) —

NIKHEF:

Nucl. Phys. A553 (1993) 297c¢

1.0F

0.8

0.6

0.4

0.2

L “Ca  208pp |
12C
VALENCE PROTONS
OO 11 1 111 l 1 1 11 1 111 l
10’ 10?

Mean Field Theory

target mass ——

Short-range correlations
oriented methods:

— VMC [Argonne, '94]
— GF(SRC) st.Louis-Tiibingen ‘95]
— FHNC/SOC (pisao0;

Including particle-phonon
couplings:

— GF(FRPA) st.Louis 01]
[CB et al., Phys. Rev. C65, (02)]

Experiment:

SRC are present and verified experimentally

nuclei

Sp1/2

0.90
0.91

0.90

0.77

0.63

Sp3/2

0.89

0.72

0.67%£0.07
(estimated
uncertainty)

BUT the are NOT the dominant mechanism for quenching SF///

UNIVERSITY OF
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Quenching of absolute spectroscopic factors

Overall quenching of spectroscopic

[CB, Phys. Rev. Lett. 103, 202520
.with &4#819gous conclusions for #8Ca

factors is driven by: 10 osc. shells Exp. [30] 10 f space
~ o, FRPA full FRPA FRPA SM AZ,
SRC ) ) > ~ 0_/’ (SRC) FRPA +AZ,
part-vibr. coupling - dominant N
" - " . 57\ ) vipis 096  0.63 0.6l 079 0.77 -0.02
shell-model — in open shell  'Ni o 095 059 035 e oo o
vips, 095 0.65 062 0.58(11) 0.82 079 -0.03
55Ni 55Nii
v0 f7/2 0.95 0.72 0.69 0.89 0.86 -0.03
2 f f '@ ©
15 L ——— Pa/2:P1/2:15/2
/ 1
/ 3 I 2
1 — / Za, = fd r |wgverap(r)| = 1_ (92[“‘,(0))
— 0.5 [ O lw=eq
3 o -
= o) & \
e . 46 | - T —
= 2 \ X \ -
= 8 . 10
3 -40 30  -20 10
= \ ] ®[MeV]
Z \ J \ @SHORT RANGE
ok SHELL ORRELATIONS
ODEL
@ARTICLE-VIBRATION
COUPLING

UNIVERSITY OF
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Z/N asymmetry dependence of SFs

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

% AO(p 2p)A 1N da'ra at 6SI (R3B LAND)

transfer r'eac‘rlons @ SPIRAL = & SCCF 1 r'edi ctions
1__
b @wsesM mog, e In preparahon-
fjs 0(d, *He) 0 ®Odata | 09 —
=~ 08 H © ®Odata - =
s L ] 0.8 S A 22 23~
§ o6l i - = 4o 70 O 0. 3
Lol [@ i : g 07 " A —=
o 04 O(d, t) 7 E E
0,2- — ] 0'65_ _E
- L + (b) SCGF b 05 —
C o8l ; — 04 @ pI/2 =
3 os _ + % W - 0.32_ Wpi/2 +p3/2 —poll fit —
¢ o : af Aty pbm T
0,2 | ) | ) | ) | I _30 I_20I 1 1 I_lOI 1 1 1 0 1 1 1 1 10 1 1 1 1 éo
-20 -10 0 10 20 ~ ~N rmr oxT
AS=¢£(S,-8)) (MeV) 100: A e protons
[F. Flavigny et al, i o = neutrons
PRL110, 122503 (2013)] of
F,b0 NNLO-sat
o 3 20 2
iE\ 80 o3 =0 e % wp 4o
Calculated spectroscopic factorsare: | 5 | bog " %0 Po
- independent of asymmetry S oy
- correlated to p-h gaps 2o
60
f SCGF/Dys-ADC(3)
UNIVERSITY OF sobet e o
0 5 10 15 20 25 30

) SURREY

Spn [MeV]




Independent particle model (or "FG*)

vs correlated spectral function

Ey
=3
—
— Correlated (low-energy (long-range) structure:
= o L
= | A+] 5 L ®Ni o _Pap
g g | - // P1/2 52
= =505 |
= A - Q——
|- . 46 : \ - T —
- ‘3/‘ s ) \ X . . _\
-40 -30 -20 -10 0 10
= _ scattering
S e .  [MeV]
IR S—— &—— FParticle '\ — particlead ——s
———— removal dition
IPM TTE= -
A A-1
correlated
UNIVERSITY OF
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Short-range correlations (SRC)

Where can one "see"” these??




High momentum components - where are they?

SCGF: A. Carbone priv. comm.

Momentum distribution: CETT T
- 10" T=5 MeV
p=0.16 fm”

[S—
o|

n(k) = Tda) SP (k, )

&

— AVI8
N3LO 500

i S [N T I T I T N TR T T S
05 1 15 2 25 3 35 4

k/k

—_—
)

« Highk c;omponents are found
at high missing energies

[a—
()

momentum distribution, n(k)
o [\

! | J T I T =
tensor + 3b
effects

- Short-range repulsion in r-space
&2 strong potential at large momenta

- A complication: the nuclear interaction
includes also a tensor term (from
Yukawa s meson meson exchange):

S, =3(0,-1)(0,-r)-1 w

- interaction amog 2 dipoles!!!!!! k (fr;]-l)

VMC: PRC46,
1741 ( ‘92)
5.

] | L |
2

UNIVERSITY OF
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Distribution of (All) the Nuclear Strength

(Recent review: Prog. Part. Nucl. Phys. 52 (2004) 337.)

LRC (particle- Pm )
phonon couplings) ~ _-
800MeV/c E,  ~ +{(&,,) _ -
-
A 2M —
i 230 4 | //o//o//‘_._ / 7//m o - - - k (bR.cd. )
] Y2y , - ~ inding
4300— oA //// /L,/_...._ . - ‘/ _M
1 LA /_/_/ A
A -
N N I A AT Y - N > L,
strength: ~85% ~15%

Interest in short range correlations:

- a fraction of the total number of nucleons:
- ~10% in light nuclei (VMC, FHNC, Green’s function)
- 15-20% in heavy systems (CBF, Green’ s function)

« can explain up to 2/3 of the binding energy [see ex. PRC51, 3040 (' 95) for
160)]
- golluenge NM saturation properties [see ex. PRL90, 152501 (' 03)]

—43 SURREY



Spectral strength of 1°C from exp. E97-006

/A region b (Gev/C)

0.170
0.210
0.250
0.290
0.330
0.370
0.410
0.450
0.490
0.530
0.570
0.610
— 0.650

le-10

-1
sr |

<+ le-11

P )[MeV’

«\

m m

le-12

S(E
LR

_ |
le-13, / 0.1 0.2 0.3 0.4
SRC Em (GeV)

: D.Rohe, et. al, Eur. Phys. J. A17, 349 (2003),
correlations Phys Rev. Lett. 93 182501 (2004).

“ UNIVERSITY OF
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Theory vs. measured strength - I

e About 0.6 protons are found in the correlated region:

TABLE L. Correlated strength, integrated over shaded area of
Fig. 2 (quoted in terms of the number of protons in '>C.)

Experiment

0.61 £0.06

Greens Function Theory [28]
CBF Theory [3]

0.46 D.Rohe, et. Al,
0.64 Eur. Phys. J.
A17, 349 (2003)

—in good agreement
with early theoretical
predictions!

e what about the
position of the peak?

UNIVERSITY OF

SURREY

PRL93 182501 (2004)

le'lo - T T T - Pm (GeV/c)

11— 0.170
11— 0210
11— 0.250
11— 0.290
— 0.330
1 |— 0.370
0.410

11— 0.450
0.490
4 |— 0.530
1 |— 0570
- 0.610
11— 0.650

-1
sr ]

<2 le11E

P ) [MeV
g
S
I

S

n | . | .
le-135 0.1 02 03 04
E_(GeV)

SRC ..
correlations T emission
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(Simple) rescattering model

of FSI forhigh-E, /p,.

b)

Poscllenng ) < Semi-classical (and Glauber-inspired) model
for re-scattering effects

mt-production at very high missingenergies --
response functions from MAID database

d60'rescatt / v E Sh E ce
: = dr1/d1‘2/ dTa pN(I‘l) |pa| a a(|q_pa|aw_ a) Oca
dEo dSYj, dEy dQp, a,Ngl,2,3 0 M (ry — r2)2

dBO'aN’
Xgan'(|r1 — T2|) Pr(pa;ri,r2) pnv(T2) By 2, Pr(pg;ra,00)
Py

d60' ;i ”72 |pf| N
TEemSs. — F’U T dkﬂ- S ’E
dEy dQ;,_dEy dQj, > / &= E; —wr) wn &y o Pl Eb)

X [R} +er R} + ¢ cos(2¢) Ry + /2en(1+¢€) cos(¢) “LT]

a=p,n

UNIVERSITY OF

CB et. al. Phys Rev C 70, 054612 (2004); Nucl Phys B159 (Proc. Suppl.) 174 (2006)



Experimental high missing energies — 1C

10—10

10—11

—
N

f—
o|

12!

C -- parallel kinematics

— — — two-step rescatt.

input S"(k,E)

resc. +
experiment

[

o|
—
—

4 -
0P E ) [MeV st ]
S;
T IIIIIII|N T ||||||I|

-
Y]

P. =370 MeV/c
m

— —
s ST
-— =3

==
=
=

| IIIIIIA | IIIIIII|

j—
ol

o
=}
T TTTT ||||I| T |||||II| T

-13

pP.. =570 MeV/c
m
| L |

= ]

UNIVERSITY OF
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04 0.5

Parallel
kinematics N

mt-production at very high missing energies

Q?=0.4(Gev/c)?; beam: 3.3GeV; p=1-2 GeV

CB et. al. Phys. Lett. B608 47 (2005)
Nucl Phys B159 (Proc. Suppl.) 174 (2006)




Experimental high missing energies — 1C

= T2 ] ' e -, ] I

SN C -- perpendicular kinematics .

s S input S"(kK.E)  _|

g — — — two-step rescatt. 3

NN == rescatt. + 7T .

- \ experiment 7]

10" E I p, =210 MeV/c 3

= L I 1 IP 1 I L I L =

g I | ' I ' I ' 3

10—11 g_ _§

— 107°F E

5. 10§ E

= = =

— 107 F 3

g = =

oF ol i

S 10" E

&  ~11E L =

o 10 E E

10—12 = . "'_E

o T T —— - - =

10°E p, =570 MeV/ie T~ T———__ _ 3

- . | . | i

L) 0 0.1 0.2 0.3 0.4 0.
Em [GeV]

UNIVERDIL Y UF

Perpendicular
kinematics

mt-production at very high missing energies

Q?=0.4(Gev/c)?; beam: 3.3GeV; p=1-2 GeV

CB et. al. Phys. Lett. B608 47 (2005)
Nucl Phys B159 (Proc. Suppl.) 174 (2006)
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Thank you for your attention!l!

Mid-masses and chiral interactions:

—> One-body spectral function S(E,p) is interpreted as a distribution of
particles both in enerqgy and momentum. > picking up nucleons at different
momenta means taking them from different separation energies (roughly
speaking). This can affect reactions rates (e.g. Fermi gas a too poor
descirption for neutrino scattering).

> New fits of chiral interaction are promising for low-enerqy observables
and for scattering. 2 Ab initio nuclear theory now capable to give very high
precision prediction of nuclear structure (consistent electroweak currents
need to be developed.. e.q. to estimate uncertainties in preditctions).

=> Ab initio calcuation fro spect. Function in progress.. :) - in the low-enerqgy
region

> SRC and high momentum tail: there are experimental data that can be
understood in these terms. Improvements of FSI would be useful here too.

S (r,0) [mMeVv™]

]
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UNIVERSITY OF




And thanks to my collaborators...

I

non

&)

uli: afcfem‘

Thank you for yo
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Hadrons to Atomic nuclei

HAL &

A. Cipollone, C. Mcllroy
A. Rios, A. Idini, F. Raimondi

V. Soma, T. Duguet

Z, TECHNISCHE

27/=) UNIVERSITAT = A Carbone
%, DARMSTADT

S. Aoki,

T. Inoue,

F. Etminan
T. Miyamoto,
T. Iritani

- from Lattice QCD N Gongyo

T. Doi, T. Hatsuda, Y. lkeda,

N. Ishii, K. Murano,
H. Nemura, K. Sasaki

@ Universitat de Barcelona

£ Washington

University in St.Louis

Center for
Molecular VMlodeling

A. Polls

W.H. Dickhoff,
S. Waldecker

D. Van Neck

M. Hjorth-Jensen

YITP Kyoto Univ.
RIKEN Nishina
Nihon Univ.
RCNP Osaka Univ
Univ. Tsukuba
Univ. Birjand
Univ. Tsukuba
Stony Brook Univ.
YITP Kyoto Univ.




