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e Start from neutrons and protons as building blocks
(centre of mass coordinates, spins, isospins)

® Solve the non-relativistic quantum mechanical problem of
A-interacting nucleons

H;) = Ei|i;)
H:T—I—VNN(A) —|-V3N(A) 4+ ...

using phenomenological potentials or interactions from chiral effective field theory (yEFT)

e Find numerical solutions with no approximations or controllable approximations
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from E. Epelbaum (2018), see yesterday’s talk

| Two-nucleon force Three-nucleon force ‘ Four-nucleon force

LO (Q9)

Weinberg '90

Ordonez, van Kolck 92

N2LO (@Y & +:2: -9- >< >K —

Ordonez, van Kolck ’92 van Kolck ’94; EE et al. ’02 ,

NLO (Q?) o B gl I — —

I I

I I

I I

I . - | - .“I ,
I - - N 7’ 4 S I ’

NSLO (@4 e 4] B NS TR ,
. N\ eee ’ \ , oo | p
N

NLO (Q5) 4 +"x e S N A
‘ : (preliminary)
‘ Entem, Kaiser, Machleidt, Nosyk 15 ' Girlanda, Kievsky, Viviani *11 '
EE, Krebs, Meiner ’15 Krebs, Gasparyan, EE *12,’13
(short-range loop contrib. still missing)
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from E. Epelbaum (2018), see yesterday’s talk

Two-nucleon force Three-nucleon force Four-nucleon force

LO (Q) -- — —

Weinberg '90

NLO (Q2) >|< \:ZZI:{ K —

N2LO (Q9) €t $5 e >< X

Sequential fit of LECs with:

® Two-nucleon force fit on
NN scattering data

® Three-nucleon force fit on

A=3,4 nuclei

Ordonez, van Kolck ’92 : van Kolck '94; EE et al. ’02
3 4 . -7 el AN s N I /"
S YC - I So
N LO (Q ) - |: s~\ ’)(\ eoee ,/ \\ e Py ’ - - eoe
Kaiser '00 - ‘02 Bernard, EE, Krebs, MeiBner,’08, *11 EE '06
N4LO (Q5) - 24 B -a- 3 eee L. Y
-~ o L -~ ~ - v 4 . ~5
o T (preliminary)
Entem, Kaiser, Machleidt, b{osyk 15 Girlanda, Kievsky, Viviani *11 :
EE, Krebs, MeiBner 15 Krebs, Gasparyan, EE '12,'13

(short-range loop contrib. still missing)
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from E. Epelbaum (2018), see yesterday’s talk

Two-nucleon force Three-nucleon force Four-nucleon force

LO (Q) -- — —

Weinberg '90

NLO (Q2) >< {:IZI:{ P —

NZLO (Q3) Lt 95 19 >< X

Simultaneous fit of LECs with:

® Two-nucleon force fit on
NN scattering data

® Three-nucleon force fit on

selected nuclei up to A=25

Ordonez, van Kolck ’92 ] van Kolck '94; EE et al. ’02
Lo~ P N 18 AN o == -'.' e
NSLO (04) ~ew N IR :x-\ i /,, \\\ PR - eee ll b -, "~-_ YY)
N ~ — i — ”
Kaiser ’00 - ‘02 Bernard, EE, Krebs, MeiBBner,’08, 11 EE '06

.” PR, el P e|s PR g !

N4LO (Qs) : )( - - e ooo J N - LA dd i

~o e -~ ~“s ' ’ A ‘5 1

o T { (preliminary)

Entem, Kaiser, Machleidt, b{osyk 15 Girlanda, Kievsky, Viviani *11 :

EE, Krebs, MeiBner "15 Krebs, Gasparyan, EE '12,'13

(short-range loop contrib. still missing)
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Ab initio calculations starting from
NN+3N interactions
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J.Simonis, SB, G.Hagen, Eur. Phys. J. A 55, 241 (2019).
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Mass Number (A)

Ab initio calculations starting from

NN+3N interactions

@
208Ph
\/

Nature Phys. 18, 1196 (2022)
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J.Simonis, SB, G.Hagen, Eur. Phys. J. A 55, 241 (2019).

Sonia Bacca




o, oy ~ = Yo (ol e

\

Electroweak operator
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Depending on Ef, many channels may be involved

>

ground state
excited state
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Cross Section
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Excitation Energy
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Excitation Energy

bound 2-body break-up 3-body break-up - A-body break-up




R(w) = Y |<z$f [ vo)| 3 - By - w)
f

Exact knowledge limited in
energy and mass number
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R(w) = Y |<z$f [ vo)| 3 - By - w)
f

Exact knowledge limited in
energy and mass number

_I R(w) T ros, et al.,
L(a, F) —;/dw (w — 0)2 T2 — <¢|¢> \IJERIf34C53§Nul;;I.Il3art.Phys.34 (2007)
s
> .
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R(w) = Y |<z$f [ vo)| 3 - By - w)
f

Exact knowledge limited in
energy and mass number

_F R(w) T ros, et ai.
L(o,T') —_/dw (w—0)2 4 2 = (Y|) \IJEIfDG.I,\Iul;:I.IID’art.Phys.34 (2007)

T, R459

> (H — FEy— 0+ ’LT) | ¢> — O ‘ ¢0> Egltjgt?(-;tate-like
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R(w) = Y |<z$f [ vo)| 3 - By - w)
f

Exact knowledge limited in inversion

energy and mass number f\
R(w) 7

I _ 7. ros, et al.,
L(Oa F) _—/dw( )2 + F2 T <¢|w> \IJEILG.Nul;;I.IIDart.Phys.34 (2007)

7. R459

> (H — FEy— 0+ ’LT) | ¢> — O ‘ ¢0> Egltjgt?(-;tate-like
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rew) = Y- [(r |o] vo)| 805 — Bo - )
f

Exact knowledge limited in inversion

energy and mass number f\
R(w)

L(o,T’) :E/dw (w _0_)2 1 T2 — <QL|ZL>

7T,

Efros, et al.,
JPG.Nucl.Part.Phys.34 (2007)
R459

~

m-| (H—-FEy—o+1i')|y) = 0] 1)

Bound-state-like
equation

Solved with:
® Hyper-spherical Harmonics
® No core shell model

® Coupled Cluster theory
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cluster expansion

CCSD

CCSDT
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cluster expansion

CCSD

CCSDT

SB et al., Phys. Rev. Lett. 111, 122502 (2013)

(H— Ey — o +iD)|¥R) = 6|d)
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|wo(7?177—'}27 7FA)> — €T|¢c>(F17F27 7FA)> 1 = ZT(A)

cluster expansion

CCSDT
SB et al., Phys. Rev. Lett. 111, 122502 (2013)  H=e THeT
(H — Ey — 0 + i) |¥R) = O|®;) o 0 =cTOe!
| [PRr) = R|®o)
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cluster expansion

. CCSD |
CCSDT
SB et al., Phys. Rev. Lett. 111, 122502 (2013)  H=e THeT
(H — Ey — 0 + i) |¥R) = O|®;) o 0 =cTOe!
| [PRr) = R|®o)

1
R(z) =ro(z) + ZT?(Z’)CLIL% + 1 Zr%b(z)agagajai + ...

abij
Results with implementation at CCSD level + some study of triples contributions
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Comparison of CCSD with exact hyperspherical harmonics with NN forces at N3LO

R(®) [mb/MeV]

0.5

0.4

0.3

0.2

0.1

Dipole response function

SB et al., Phys. Rev. Lett. 111, 122502 (2013)

l

T

l

' l

T

l

4
_"He |
_ — HH _
- = CCSD |

I ! I ! I ! I
20 40 60 80
o [MeV]

Sonia Bacca

100




il
|

v

= ! —

= S o —

—_ = —

e —— = —_—
—— =

— —— —]

= ——

-t

Stable Nuclei

We have data on ~180 stable nuclei
Giant dipole resonances

100~

Ao Ahrens et al.
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From photoabsorption experiments (p,p’) experiments
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Stable Nuclei Unstable Nuclei

We have data on ~180 stable nuclei Fewer data, pigmy dipole resonances
Giant dipole resonances
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Stable Nuclei Unstable Nuclei

We have data on ~180 stable nuclei Fewer data, pigmy dipole resonances
Giant dipole resonances
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Do we see the emergence of collective motions from first principle calculations?
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15

o,(w) [mb]

JGlu

= [ eistenschneider et al.

m= NN (N3LO)

15
w [MeV]
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Nuclear Equation of State

Pn — Pp
E(p,8) = E(p,0) + S(p)5% + O(6%) p=pPn+tpp, 0=
. © Pn T Pp
=S0+ —(p— W (p— po) + ...
S(P)f 0+ 30 (P\ po) + 1802 (P —po)” +
Symmetry energy at Slope parameter, related to
saturation density pressure of pure neutron matter at

saturation density

<1
E
>
=
Laboratory measurements gy
on finite nuclei are crucial A®
a
3
¢
o
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Roca-Maza et al.,Phys. Rev. C 88, 024316 (2013)
—=0.97 :
" e FSU (b)
- > NL3 ;
- 0 DD-ME = .
. A Skyrme
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¢ SAMi

0.12 0.16 02 024 028 032
Ar,  (fm)

15




Birkhan, Miorelli, SB et al., Phys. Rev. Lett. 118, 252501 (2017)
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RCPN (p,p’) experiment
« «
N

New constraint on the EOS

28.5 < Sy < 33.3 MeV
438 <L <48.6 MeV




Birkhan, Miorelli, SB et al., Phys. Rev. Lett. 118, 252501 (2017)
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: I \EFT (CCSD) .
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RCPN (p,p’) experiment
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N

New constraint on the EOS

28.5 < Sy < 33.3 MeV
438 <L <48.6 MeV

Improved correlations: CCSD-T1
Miorelli, SB et al., PRC 98, 014324 (2018)
Simonis, SB, Hagen, EPJA 55, 241 (2019)
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ap (8Ni) [fm?]

S.Kaufmann, J. Simonis, SB et al., PRL 104 (2020) 132505

— 2.0/2.0 (EM) — 2.2/2.0 (EM) Exp.: Rossi et al.
2.0/2.0 (PWA)  —— NNLOgy B Exp.: This work
—— 1.8/2.0 (EM)
65 ! T T T T
T
60 B 68 : Prad
Ni )
5.5 - ]
-~
o7
5.0 1 H -~ !
N ot H
45 1 e g
, 'i' l-,7|" JI_ .
4.0 1= :
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3.0 ' ' ' ' '
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R.(%Ni) [fm]
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S.Kaufmann, J. Simonis, SB et al., PRL 104 (2020) 132505

— 2.0/2.0 (EM) — 2.2/2.0 (EM) Exp.: Rossi et al.
2.0/2.0 (PWA)  —— NNLOgy B Exp.: This work
—— 1.8/2.0 (EM)
CCSD
CCSD-T1

ap (8Ni) [fm?]

3.6 3.7 3.8 3.9 4.0 4.1
Re(%Ni) [fm]
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F. Bonaiti, SB, G.Hagen, PRC 105, 034313 (2022)

Mueller et al. (2007)

Brodeur et al. (2012)

Krauth et al. (2021)

ANNLOGo (450) | °

ANNLOgo (394) |- ------ o - = .I

NNLOgat I. .......... P P |
1.825 1.850 1.875 1.900 1.925

Charge radius [fm]
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Electric dipole polarizability, running sum

F. Bonaiti, SB,G.Hagen, PRC 105, 034313 (2022)
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Theory:

brand spanning
NNLOsat
ANNLOGo
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Electric dipole polarizability, running sum

F. Bonaiti, SB,G.Hagen, PRC 105, 034313 (2022)
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Exp (preliminary)
C. Lehretal.

SAMURAI
collaboration

Theory:

brand spanning
NNLOsat
ANNLOGo




Electric dipole polarizability, running sum

F. Bonaiti, SB,G.Hagen, PRC 105, 034313 (2022)

exp —
O . 5 R - ._:;;..: .............................................................................................................................................
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Exp (preliminary)
C. Lehretal.

SAMURAI
collaboration

Theory:

brand spanning
NNLOsat
ANNLOGo

Are we seeing missing higher
order yEFT effects or is the halo

0 5 150 155 250 structure challenging CC theory?
€ [MeV] \
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21.84
5 | | | | | | | | | | | | | | | | | 21.01
O Koebschall er al. 20.21
i x  Walcher - ’._J
He A Frosch et al. - 19.81%,
4 O —- Hiyamaeral. H+p P
< i i {
- —
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SB et al., Phys. Rev. Lett. 110, 042503 (2013)
5 21.84 270
I I I I | I I I I | | I I I | I I I I 21‘01 0-.0
O Koebschall et al. 20.21 0*0l 30, sl
- x  Walcher T |——J ' ‘ -~
He A Frosch et al. 3 19.815 )
41 -~ Hiyamaetal. —| “H*p 7 Va
— AVI18+UIX {
< - = NN(N'LOM+ 0:0 ‘
= 3l 3NF(N’LO) *He
E  / / -7
< I
S
=2
=
1 -
O . ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ]
o) 1 2 3 4
2 -2
g [tm ]
® Hiyama'’s calculation agree with data but our computation disagree
® Experimental data have large error bars
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5 21.84 20
i i i O This experiment, spec. A 2101 020
i i i 0 This experiment, spec. B 20.21 yy Q0
I I I rosch et al.
4 | | .1 Froschetal |——J
H e ! ¥ Koebschall et al. 3 19.815 |
.30 I A A U " % Walcher ] H+p 7 )}
T'._' i i i - B-spline fit ’[
— | _——— i Model confid. band
1 - NSO 1 +
S e R | mEm Baccaetal, (N'LO + N’LO) 0*.0)
T 3 ; L [ 1:---‘:\-\---- - —— Baccaetal, AV18 + UIX - 4He
: Il i i \\\ i i
~ II I ; I | S | i
— / | D | N | |
a l ! ; !_‘ o u L :\\ : :
S 21 TN PN prommmmommee R
- .3 TN L SN\ a
Y | S S |
§ II = | i i " Te \\1' i
g e A — S
/i i | | | . |
0 i i i i i
0 1 2 3 4 5
Q* [fm~?]

® New experiment in Mainz with dramatically improved = problem is in the theory

® Calculations done with different methods and different interactions.
Can the different methods be the problem?
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Kegel et al., arXiv:2112.10582

0.40
® This experiment: data/fit
X Walcher
0.357 4 ‘ ‘ i —— x-EFT
He == AV18+UIX
0.30 - Our new calc. mmm AV8'+Central 3N
' ——. Hiyama et al.
£ 0.25-
RS
~
S 0.20
=
=
= 0.15 A

&
N

0.10 A

0.05 A

0.00 I I I I 1

0.0 0.2 0.4 0.6 0.8 1.0 1.2

¢* [fm™?]

® \We perfectly reproduce Hiyama's results within error bars.

® Puzzle remains to be solved.
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* Remarkable progress in first principle calculations of electromagnetic
properties and more work is ahead of us

Thanks to all my collaborators:

B. Acharya, F. Bonaiti, S. Li Muli, W. Jiang, J.E.Sobczyk,
N. Barnea, G. Hagen, W. Leidemann, T. Papenbrock, G. Orlandini,
J. Simonis, C. Payne, et al.
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* Remarkable progress in first principle calculations of electromagnetic
properties and more work is ahead of us

Thanks to all my collaborators:

B. Acharya, F. Bonaiti, S. Li Muli, W. Jiang, J.E.Sobczyk,
N. Barnea, G. Hagen, W. Leidemann, T. Papenbrock, G. Orlandini,
J. Simonis, C. Payne, et al.

Thanks for your attention!
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25th Egto ‘

Topics:
* Hadron physics Strong overlap with this Symposium:
 Nuclei and hypernuclei Keywords mentioned in Nakamura’s introduction:
- Electroweak processes Three-body forces
* Nuclear astrophysics Halo nuclei
- Cold atoms and quantum gases Hoyle states
- Atoms and molecules Universality
+  Few-body methods Effimov physics
- Few-body aspects of many-body systems Feshbach resonance
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Halo nucleus

0.45

<
~
-}

Polarizability [fm?]

S
%)
-

F. Bonaiti, SB,G.Hagen, PRC 105, 034313 (2022)

NNLOSat

ANNLOGo (450) ANNLOGo (394)

S
%)
D

- D/D, Nmax =10
- D/D, Nmax =12
4 D/D, Npax = 14
—6— T-1/T-1, Npmax = 10

1—9— T'l/T'l,Nmax=12 T

+ T'l/T'l, Nmax = 14

12 14 1612 14 1612 14 16

hQ [MeV]
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D — CCSD
T-1 - CCSDT-1
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Halo nucleus

F. Bonaiti, SB, G.Hagen, PRC 105, 034313 (2022)

1250_ .......... NNLOsat
— e ANNLOGgo (394)
L. 1000+ —— ANNLOgo (450)
O .
> |
" 7501 5 CCSDT-1
£ |
5 500- |
= |
3 | |
S 250 | |
z % 0 , | | |
o | | |
O il i 8 I | |
0 10 20 30) 40
Interaction ap [fm?]
NNLOsat 0.37(3)
ANNLOGo(450) 0.42(3)
ANNLOGo(394) 0.39(2)
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Halo nucleus

0.50 70.0

Nmax = 14
67.5. T-1/T-1
0.451 _
N 65,04 pmmmmmmmmmm s T
E D S T .
0-40' E 62.5-m
£ 60.0
0.35-
57.5
8He
0.30 - - 55.0 . :
12 14 16 12 14 16
hQ [MeV] hQ [MeV]

--@- ANLOgo (450) ~_ . CC truncation errorband at NLO
—4— ANNLOgo (450) [ CC truncation errorband at NNLO
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The inversion is performed numerically with a regularization procedure (ill-posed problem)

Imax Imax
Ansatz R(W) — Z cz-xq;(w, a) —> L(O’, P) — Z ciﬁ[xi(w, Oé)]
fit
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The inversion is performed numerically with a regularization procedure (ill-posed problem)

Ansatz

R(w) = Z cixi(w, ) ==> L(o,I') = Z cilx:(w,a)l

R(w) [mb/MeV]

Imax

Imax

7

0.5 I I ' |
— I'=20 MeV
0.4 —— TI'=10 MeV )
031 -
02F 4 -
He
0.1+ —
0 | | 1 . |
20 60 80

w [MeV]
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The inversion is performed numerically with a regularization procedure (ill-posed problem)

Imax Irna.x
Ansatz R(W) = Z CZ'XZ'(w, O{) —> L(O’, F) — E cz-ﬁ[xz-(w, Oé)]
i 7
oS5S5—rr—— fit
— I'=20 MeV
0.4 —— TI'=10 MeV }
>
S 03 -
=
&
= 021 -
C;
&z ‘He
0.1+ -
0 | | . | . 1 . 1 .
20 40 60 80 100

w [MeV]

Message: Inversions are stable if the LIT is calculated precisely enough
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My = / dw W' R(w) = (V4|0 (H — Ey)"O|Ty)
0

The polarizability is an inverse-energy weighted sum rule of the dipole response function

1
(H — Ep)

D — 2 « m_1 — 2 « <\P0‘@T @|\IJQ>
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My = / dw W' R(w) = (V4|0 (H — Ey)"O|Ty)
0

The polarizability is an inverse-energy weighted sum rule of the dipole response function

1

— 2 1 =2a (T,|07
ap o Mm_1 a (Vg (H — Ey)

O|¥y)

Can be obtained from the Lorentz Integral Transform in the limit of I'—=0

0.7

=® 1 “Experiment’
g 8.0' - 06 p
@ 6.0 o 0 4 -
5 Lo, ' - 0) = / R(w)d(w — o)dw = R(0) P
g 4.01 \(f)/ 0.3 = L(o,I —> O)d
g 5 0.2 = “f o
w .
5 . 0.1 _
' 60 0077% 40 60 80 100 120 140
7 eV £ [MeV]
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