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A story of multiple scale
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A Goal: Solving the Schrodinger equation (SE) for-badi
system:

A Nucleons are considered as poliite particles.

A The SE is solved by considering two and rzody interactions
between nucleons

.y



% (i) Research directions

Complexity of A
many-body DOV -
solution s

/K Nuclear theory is data \
driven .

L The lack of accuracy of ab
initio structure methods
impedes the development

\ of reactions modeling. /

Credits H. Lenske
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@
M Configuration interaction meth

active domain \
A Variational:

A Orthonormal basis;
A Controllable parameters (0] A @

O etcé) ;
A UV/IR convergence.
\ J -

Superposition of Slater determinants:

O wk (pMBH) O B 0 B
NCSM
IM-SH
MpMh

Optimization of mixing coefficients, one-body Hilbert space:

To [Wly = T 6 (5 [OB ) O

(wifaifw) m  [adr] @) \
Generalized Brillouin (GB) equation AitMe di umo Sh
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@

Complexity of
scattering

blem
‘ pro
@

/K Nuclear theory is data N
driven .

L Few-body techniques scale
very bad with the number
of constituents in the

k continuum. /

Credits H. Lenske
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M No-core shell model: best for

B.R. Barrett, Navratil J.P. Vary, J.Progr Part.NucltP

One way to solve the many-body problem

Can address bound and
low-lying resonances (short
range correlations)

W H UM @ D Qod

. A-body
Mixing / /:1armonic

coefficientsunknown)

/ "\

Second quantization

oscillator states

Advantage of HO Cl methods:

1. Center of mass is factorized.

m 2. Mathematically possible to derived s.p. to

v Jacobi coordinates transformation.
3. Fourier transform is trivial: NCSM, RGM with
HO Cl is equivalent in momentum or position
space.
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” Resonating group method for

S.Quaglioni P.NavratilPRL101 (2008).

A One way to solve the many-body problem when two scales appear

N Can address bound and
_0 'Y | Qod _
u D ‘ D o . low-lying resonances (short
Mixing / / A-body = range correlations)
harmonic

coefficientSunknown) Second quantization

oscillator states

y ®R® 7 &,
/ [ 17 b b j
Relative wave Channel Cluster expansion
function Antisymmetrizer basis technique
(unknown)
Many-body basis is twice as large as w NCSM/RGM
AT N - Cluster formalism for
) elastic/inelastic
Ar  ~n=
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[ *]
M Calculable Rhatrix with inert s

Internal region External region
A ’ ’ 7 a ~ 7 ’ ’ " ~ N
Q W 0 Wi Q0 W W7 Ol
o (i) 0 Qi 0 I & isaknownasymptotic
m ‘l ]
Decomposition on a Lagrange mesh.
NCSMC can be cast as Bloch-Schrddinger equation:
6 O 0 6
And solved using R-matrix, which in the eigen basis
of 6 'O&ads: v [T
O O

Simple for binary reacting system, more involved for neutral ternary
system and extremely challenging for charged breakup.
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% Resonating group method for

y o PO @ 9 0od
. A-body
Mixing / harmonic

coefficientsunknown) .
oscillator states

. « h
W Q@ b
Relative wave / / ‘Channel
function Antisymmetrizer basis

(unknown)
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Configuration Interaction (Cl):

AEigen-val ue problem Y Matr
oo - %o

No Core Shell Model (NCSM):

A HO wavefunctions:
A Single particle basis;
A Jacobi basis.

NCSM with continuum (NCSMC):
A For computing reactions and exotic nuclei.

C N
Limitations:
A Resonance properties cannot be accessed directly.
A Reaction channels must be introduced manually.
A8 /
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% Example: Structure 6Ei conti

Correct asymptotic

conditions

O
6 <
240 Lo 40002 Expt
- .
: w4ar Lo
41 383 . =15 - ; . . .
L 324(0) . ] Allowing d+a clustering in the g.s. gives
.
| 2T 2. 1 access to ANC.
— | Y210 ' 1
E 21 3N forc .
=1 : ' | NCSMC
Lﬂ'ﬁ - 0.86 . — 07117 3 4
0_ I'=0.024 § 6 [Ei J ] ca) WU c&)pw
o N 7 5 — —
: &, ) - 6 &l ] @I T TX P Y
. ]
. -1.58(4 -1.4743 ° o
) —_—TEs - 6, TBIC X T8IG W
[N NN+3N | 0
NCSM (extrapolated) L. D. Blokhintsev et al. PRC48 (1993).
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% Example: Structure 6Ei conti

recoiled &
scattered
incidence

heavy i ions . . .
(2 “He(d,d) “He angular distribution
L ' I ' 1 ' 1 ]
(©) [e 293 MeV]
4 4 v 6.96 MeV
0\ e |3 SR
= : .0 MeV H
< ]
S x 20
E: 1 | X5 _:
0 NCSMC a :
2
= Bxpt. TNwaN NN ] m T
4.91 . B ]
x 1
- Caar U4z e T 01f 3
4+ 383 B =15 =342 =368 -
; 3 3.24(9) ) 13
28377 2 _290 . FIED - 4
I r—13 =118 = 50 0 Lo : I : 1
= L 210 2.10 0 60 120 180
%; 2+ 3N force: ST =053 7 ed [deg]
= I 0.99(9) + 105 S 1
e 0.86 — 7117 5T =007 I
. ' T =0.024 -
0 [ 7]
-8 0.76_
3 1" gs.
i Lo158(4)  -14T43 T 149 |
2 gs. 8BS gs.
_NN NN+3N |
NCSM (extrapolated)
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M n-*He scattering: NCSMCRadd

%o

Benchmark: scattering phase shifts NCSMC/FY

120 - venareiannns, X . - IZP -
904 A Good agreement between
the two methods.
60 -
~ 30-
Q-/ ] L0
© 0% I-N3LO _
-30 1 = bovely “
1 ——NCSMC { | N oo __
- ] 1
| [T
-90 - 5 I I
Ecm (MeV) — :
R. Lazauskas, PRC 97 (2018).* i H H E +
*there is a more recent paper with 3N force. 1 1
R
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Phase Shift (degrees)

Phase Shift (degrees)

Uncertainty quantifications using
K. Kravvarist al. PRC102, 024616 (2020

Sensitivity to @ and ®

1257

100 1
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ut

o

[Sv]
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]

|
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(&1}

I
=

— |
Lo =
St

100 1

NSLO+NLG!nI

2 4 6 8 10
Center of Mass Energy (MeV)

NALO+NLGloc.

~

A NN-N4LO + 3N-N2LO cannot reproduce the
p-wave splitting.

A Tighter posterior distribution if the properties of
the >He are included in the fit of 3N LEC.

cp
-1 1 2 -1 0 1 2 3
0.21 s
0.0 ol
& e
—0.21 34 5
. H,"He He
_0a 4 —
N 0 20
6 —— NCSMC
=69 |y ____ ,
g ENDF/B-VIII
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5
2.
04 v .
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% Lowenergy Transfer

(B') (pﬂ')

.................................................. S
1p1h L 3
excitation o

”s-shell

<
$
3.
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3H(d,n)*He fusion reaction: benchm

Adjusted to |

T TT] =
2100+
z )
—
- 101 -
e -
S— -
55 -
= 5 100+
o -
"‘l" - <
op)} I~ ® Experimental data p Tkev
N NCSMC—pheno
2-10°F NCSMC
[ 1 I [ TR A 1
510 10t 210! 510! 102 2.-10?
Ecm. (keV)

resonance centroid

Angular o

distribution at —

—
—
|

—
73
=,

oS
QD

5.1071 F T I T LI S s
= " =
10-1L ( |
E A 3
5.10-2F ’ ]
1072 E
5.107%F ]
F 4 ]
i 4
= o =
1073E 4
0 E e o §=0°evalutated data® 3
51071 3
: F — NCSMC — pheno -
i - - NCSMC ]
. 1 L1l 1 Lol 1

1072 51077 1071 51070 1Y

Ey[MeV]

M. Drosg and N. Otuka, INDC(AUS)-0019 (2015).

KA The S-factor is globally well reproduced.

\A Shape of the angular distribution agrees with recent evaluation .

A The accurate reproduction (of the order of keV) of the resonance position /width is essential .

5/15/2025
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3H(d,n)*He fusion reaction: imp

S-factor: NCSMC vs binary cluster

Cluster basi .S
1 D9 pTTUL ppTT
= only)
= . Cluster basis pCT VXTI
% - no °He sitructure 1 NCSMC (D.s only) QU ORI
;T) e« KOOGS JASE BRST \ | NCSMC VR PP
T — NCSMC — pheno “ T
2100 Egi?lc V 1 NCSMGDheno L TT Wy
| I TR SR T T B | R
5.10° 101 2.101 5.10t 107 2.10° ) i 1 T
B [V R-matrix W X
G.M. Hale, et al. PRL 59 (1987).
Structure of theSHP j resonance
o\
N ’b\'\' @ .V
1p1h N M A Importance Of structure Of neighboring
excitation resonances is magnified in transfer
. reactions.
s-shell
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aO-rel
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SHe(d,p)*He fusion reaction:

The S-factor is globally well
reproduced.

However, there are discrepancies
between data sets around the peak

of the S-factor.

Influence of p- and d-waves in
agreement with data.

>

4

LISE T g Te Yoospted) T T L T By T 0.abauevy]
- m  Fq=0099McV] ¢ Eq=0641[MeV]

1.10 F A Ef:D.lQQ[MeV] —— NCSMC—pheno  —
F *

1.05 [

(

©1.00
0.95

0.90 -

+_

0

30 60 90 120 150
fem. [deg]
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S—factor (b - MeV)

104

5-100

2.10°

e (CO05 -
m  BAI3
L LA16 ®
NCSMC—pheno
ALO1 === NCSMC
ALO1
L1l 1 1 L1l 1 L1
0% 1ot 2-100 0 5-100 102 2-10% 5-10°
Ee . (keV)

T I T
® KL56

—— NCSMC—pheno—|




h 3He(®p)*He: analyzing tens

r T 1T [ T T T [ T 7T 1T [ T T 1T [T T 7T [T 17
0.03 o [Ep=009(MeV) = NGSMC-_pheno
00fee o " T e
—0-03 B e 0.60F" " o' Fy=-0099(MeV)  —— NCSMC-pheno
. b [ ] ® -
L m Ep=0424(MeV) === NCSMC—pheno - e o ° ® 9 °
=, 0.02F I A it Y 0450 —0  * ° ]
— | - - 5-‘.‘_ = -
e § R S S S W B W
I e e 0.60" " @' Ep=0424(McV)  —=- NCSMC-pheno |
L A Ep=0.641(MeV) ~ = NCSMC—pheno i SE 045|_l "B E R EERE RN -__l___.___'_-—-I—_
0.031 e = v - - ]
oo . ! T
: i 0.80 A
025% = i 4 Ep=0641(MeV) ~ —-- NCSMC—pheno____|
L e b A A A A A A A A/r‘l'ﬂ'-:- A A
= 0.00 _ 0.40F La ok aa _
CDQ_ : 101 == T T T T T T R T I T T T Y Y O O I
G 0'25:HI:HIH:%H:IH:I:H_ 0 3 6 9 120 130
E: 025 | [ | ‘_E_]_I)_:__D; 24 (MeV) === NCSMC-pheno | 9(2.111. (deg)
< - 7T L TS m W.H. Geist, et al. PRC60 (1999).
Z 000" mEa. LI NN BT i
) - -
7 0.25 P S
+ 0.50F ‘_l__El.: 0-6|41(MBV) | —_—- NICSMC—phIeno — / . .
9 L T TS i Deviations from a pure s-wave of the
=" A A ' h A AT ae .
= 0.00F g T R analyzing tensors are globally
. I T T T T T T T T T T T T Y T 2 . .
0.50 o e e e _reproduced in shape but their amplitude
Ocm. (deg) is not.

A )
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11Be 1nHalo nuclei : EM probes 'Be R "*Be('Be) Be | 9Be | 1Be |Be |

A.Calcjet al.PRL117 (2016

oLi | oLi |"°Li ML | 12Li | 1oL

Bound to bound

Halo structure

NCSM
- 1 — n+wBe(o+) s=1/2 €=0
M) 02H Be(1/2+) — n+'Be(2}) s=3/2 ¢=2 I
- - — n+l9Be(2}) s=5/2 £=2 | - P
£ o " vy s o1 | £08) wn mowmne
£ 0 : QA
& | =
Eoir V' v ===
S L
2020 NCSMC Bound to continuum
“ 03F —- n+OBe(0y) s=172 0=0 | ] 1 T
1.2 I -
04F N T aE | \\\ v+ Be(1/2") —> ""Be(g.s.)+n h
0 5 10 15 20 — aF ]
r [fm] . 0ok I NN+3N(400) NCSMC-pheno h
2 o), — NLOssr  NCSMC-pheno
e 080 ~ - NLOsyr NCSMC B
= . o 071 : ¢ Exp.RIKEN 5
§) =10 model space i.e. X o O « Bw.GSI 7
fm HO spatial box =9 T ]
S0af -
02 ¢ J
0.1_— £ _:
Parametric details of *'Be (] , ANCs, ERE K T B E—
er Ve e
(g, €) as output for free. :
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% 8Be structure

P. Gysberst al. PRC 110 (2024

Positive parity eigen-phase shifts from NCSMC

bbbbb

rrrrrr

18-8997 0'2—!19-8620'1#1’.2_.}_’24%_;;—3
"Be+ B0 L 7O

€ n tw 1.:()'(2 0(1%)
1t 17640 - - 179551

+ 355 K .
[ #o1 | TLitp

=
T2

0 "Be +n Ekin [MeV]

7Li + p threshold A number of resonances are unresolved

in data/evaluation.
P. Gysbers et al. PRC 110 (2024)
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o [b]

®-

LipJ )®Be radiative capturéLi

A Motivated by ATOMKI experimentsak, Krasznahorkay et al., EPJ Web of Conf. 232, 04005 (2020)
A NCSMC with charge exchange channel included

@°

Cross-section |, If_ ni " A

1u -

10—3 4

1074+

10—5 J

10—6 4

—— NCSMC: v,

=== NCSMC: v+
o Data: 9
* Data: yp+m

0.6

E [MeV]

08

0 12 14

Zahnow et al. Z.Phys.A 351 229-236 (1995)

p T @& A @ata Orsay)

Capture O

—— NCSMC:
=== NCSMC: v,

do /dS) [mb/sr]

O [deg]

Isospin missing between the p is not well
predicted.
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” SHe 2nHalo nuclei

Halo structure

0.5r — NCSMC ]
& — - NCSM contribution
= 04F -
;.i i SRG-N'LO NN, A =20 fm"
= 03F .
g K=2, S=L=£5=£y4=01
g- 0.2 -
= 0.1 -
IU -
=]
E 0
o R
)
T _0.1 K=2, S=L=fy=4y=1 _
| L | L | L | (nad) ]
5 10 15 20 25
p (fm)
0 =12 model spacei.¢. Y

fm HO spatial box

Long-distance components are mandatory
to model fHe.




"He

M He 2nHalo nuclei

C. RomerdRedondo, SQuaglionet al. PRE1I17 (2016

||

A Reanalysis of data shows that ]

our ab initio calculation is more 54 -

€ =

Yy 7 accurate than expected. y | £

3 o ST |

z 22f . 6 22 % F . 2 E

;_g- L ____r-—'""" ..... He ] E 55_ Where is waldo? —E

& 20F A+ 420 =~ TE |+ SRl G i

W . ’5\ ) 1 3

E L = T 4E ® =

181 - e = 418 = E g T -

i —-wo-ooo R ) | ¥ 3F, + i i E

—_ T__-.— 1 | l /L | | | é 3§ ]] —— é

> 15F ' ' C | ERR S QE o+ R + 3

X [ 1 ~ E <> 2 3

2 f ] - P S

g 05F . 105 ) =

= C Pt ] = + 3

S oof T Th.  Exp| — NCSMC 00 QB odndn —_——e— 03

R o7 4 Tm | -~ NCSM ] E o -

%-0.5:- //’ w P EIHH ':-0.5 a2k 1 1 1 =
@ - e o §, mm ] 1.5 2.0 Expt.

(5‘-1.0_— | 1 L [ I 1 I 1-10 -1
4 6 8 10 "o 18 20 Agpi (Ffm )
Nm“ Alowk (fm ) \

4 o :
A Still significant room for improvements.

A Ab initio outputs from 2n-systems not yet used in

reactions model.
L )
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% Asymptotically vanishing eq

(a) Im(£) ® thresholds (b) Im(£) rotated continua
Complex '
continua SC8.||ng

—HH— ® g I

bound states 56 Re(E) » bound states 26 .Ne(E)

H resor?zrclit state : H() resonant state "\
(hidden)

(revealed)
AiAd definition of a resonance i S™fRat“Pt corresponds
S-matrix at the complex energy associated with the resonance
location. N : " ey
o) Y o) =) Q3 Q Y o(iQ)

ai) M) Y-

Spatially extended but
exponential fall off

Bound state
problem

Known

asymptotic [ (1 h—¥ Q&

Boundary limit
problem
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% Complex Scaling (CS) for st

g_erig?r?;ces are characterized by complex poles of the % (i © H) 5(QA 5(COA

. . . e A "TQA
The scattering solutions linked to a resonance typically € @9

diverge.
J ALO - o

However, complex scaling (CS) transforms these

solutions into square-integrable forms, making them

accessible via bound-state methods such as the NCSM. % (1 0 H) 6(QA I |
6(Q)A A O

"Wdefinition of the CS operator:

® bound states = continuum e Resonance

®oi A )
/

0.0 *—0—© 4 Ve S
¥ o Gho - %o ¥ A

o © e (69 (% ) (-  Hcs)(% )

Real(E)
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@

We want to develop a unique tool applicable to both nuclear structure and reactions,
to enhance our understanding of the strong force at low energy.

4 Structure A / Reactions \
J Extraction of resonance properties J Enabling us to study nuclear
for fine tuning interactions and breakup reactions including Final
N applications to astrophysics. p State Interaction (FSI)
J Calculation of complex charged
\ (and multi-neutron) nuclear decay. /
~
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Quality of the rotating Hamiltonia

CS Hamiltonian eigenvalues using EM N3LO interaction

hw= 20.00 MeV
0.0
— SE
% e, )
= =251 | Ca T Tl Tl
. N ’ Foree
— | T Ty T e,
s 504 ¢ e
_{m N *e
~— + + ......
- -
S T .
+ S
—10.0
10

5/15/2025
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/A A CS Hamiltonian derived from modern

radd previouslyD Ti#;

A The g.s. remains fixed and the discretized
continuum rotates by ¢J N

A Large basis is required (known but not

\ publicized).

EFT can be obtained up to more than T@® X

n

4
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Hidden truth

Hy 0 = 5.73
0 ] 0 [F150
200 5 Maximum model spaceachievable
" 1 0 x ¢ 1 1(100 nodes a box in
150 100 excesof 20fm)

—_
at

100 &

HO state i
HO state i
DO
(e}

W N
o Ot

a0
35

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
HO state j HO state j

/A The contour deformation from \
complex scaling induces a large
_ _ off-diagonal couplings;
Largeoff-diagonalcouplingm.e.s A The latter is a no-go theorem

for many-body practitioner as it
\ implies slow UV convergence. /

* The absolute value of the elements are shown

28
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% Similarity Renormalization Gr

E. D. Jurgenson, Ravratil R. JEurnstahit W [ wyise

o 00 YO
In configuration interaction methods we ~_——
need to soften interaction to address the Similarity
hard core. We use the Similarity- ‘90 o Transformation
. . _ ‘l‘ .,
kRenormallzatlon Group (SRG) method y < . — [~(OFR0 (]
N dy .,
— —Y
\ o Q

Evolution with
flow parameter |

Consistent evolution of
the imaginary part

5/15/2025 ERC NUCLEAR - KickOff



5/15/2025

Quality of the rotated Hamiltoni

Triton g.s. convergence with CS-Hamiltonian (—

—#— NN-bare
—#— NN + SRG
—=— NN + 3N-ind

Maximum model spaceachievable
0 x @m(30nodesaboxin excess

of 15fm)

Ti® rad)

—&— A=2.0

1 -
O A
_1 —
—92 4 —#— NN-bare
i —m— NN + SRG
] —=— NN + 3N-ind
—3 T T T

ERC NUCLEAR - KickOff

30
Nmax

'40 50' -0'2'0'4'0

Nmax

A

A SRG leads to faster convergence;
A Induced 3N-interaction needs to be

accounted for (as expected from
literature).

N

30



@
M Quiality of the rotated Hamiltoni

a g.s. convergence with CS+SRG NN Hamiltonian (— 1@ rad)

MeV]

Nmax

A Large 1 makes the CS-Hamiltonian to
Maximum model spaceachievable converge monotonously;

l’5f8fx )C (10 nodesaboxin excess A Smaller 1 is better for convergence;
of 8 fm

A Induced 6 o interaction is important.

A )

31
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@
M Quiality of the rotated Hamiltoni

a g.s. convergence with CS+SRG NN+3N Hamiltonian (— 1@ rad)

/A Induced 0 T interaction is not A
significant;
0 oevolution is made in the .
maximum model spaceachievable A The flow parameter is limited to at best
6 x o P A  due to the A=3 CI space needed

K for the evolution. Y
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