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s of Hadrons

Cl

. Nucleonlc Densities

ituent

Degrees of Freedom

0 %" ©

Quarks, Gluons

¢

7  Constituent Quarks

Ab initio o @ G

Baryons, Mesons

Protons, Neutrons

and Currents
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Collective coordinates

A story of multiple scale

Energy (MeV)

Scale
separtion

940
Neutron mass

770
p Meson mass

140
Pion mass

8
Proton separation
energy in lead

1.32
Vibrational
state in tin

0.043
Rotational
State in Uranium

Resolution

» Goal: Solving the Schrodinger equation (SE) for an A-body
system:

Hiy/" T > =Elp’/"T >

* Nucleons are considered as point-like particles.

 The SE is solved by considering two and many-body interactions

between nucleons
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(i) Research directions

Complexity of
many-body
solution

/® Nuclear theory is data
driven.

® The lack of accuracy of ab
initio structure methods
impedes the development
\ of reactions modeling.

\

)

Credits H. Lenske

29/06/2026
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active domain / \

« Variational;

e Orthonormal basis;
» Controllable parameters (Nyax,
E1,.«€tc...);
 UV/IR convergence.
\ J %

Superposition of Slater determinants:

|Llii,\>/l = Z Cacbg(?l; '--;FA) = A0|(D8p0h> + zAOI’ ‘q)?p1h> + -
IM-SH a a’

MpMh

Optimization of mixing coefficients, one-body Hilbert space:

@5 SE[P] jpary =0 = Z Ap(Dy |H|DPp) = EA,
\ L B R R
SE[W] jpzy = (P|[A.T][¥) = 0 = [h(p), p] = G(0)

- Generalized Brillouin (GB) equation

af aif a;a;|p)

-

“In-Medium” Shell Model
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@

Complexity of
scattering

blem
‘ pro
@

€ © Nuclear theory is data N
driven.

® 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 we

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

One way to solve the many-body problem

4 _ T\ — . T Can address bound and
Y = [AAJ"T) = E ‘ Aaj,t = Q
vesu = 1AL 14aj;"t,) B low-lying resonances (short
Mixing % A-body |AJ™T) gy boo(Rém.) range correlations)
harmonic

coefficients(unknown) Second quantization

/ "\

oscillator states

Advantage of HO CI 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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M Resonating group method for NC

S. Quaglioni, P. Navratil PRL101 (2008).

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

4  _ Ty _ Can address bound and

Y = [AAJ"T) = E ‘ Aaj = ’

vesu = 1AL l4ajz"t,) B low-lying resonances (short
Mixing / A-body [AA™T) s P00 (Réim.) range correlations)

harmonic

oscillator states Second quantization

CoefﬁCientS(unknown)

rA—a,a
(A) — d (A a,a) “ (@A—a) a
Yrem = r
(A-a) (@) ¢ =
l/)al 1/) 6(1‘ - rA—a,a)
Relatlve_ wave Channel Cluster expansion
f(‘jrr]‘kf:‘)ﬁ’)‘ Antisymmetrizer basis technique
Many-body basis is twice as large as Wy sy NCSM/RGM
. 1/)('4 D ¢ 3 Nmax Cluster formalism for

elastic/inelastic

° C((Z) (= }[Nmax
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@

Internal region External region

Q V-="Vn+Vcoul V'=Vcoul

Uc(r) = ) Aenfa(P)
0

A

u.(r > a) is a known asymptotic

Y

Decomposition on a Lagrange mesh.

NCSMC can be cast as Bloch-Schrodinger equation:
(C—EDX =Q(B)

And solved using R-matrix, which in the eigen basis
of C — EI reads: _ \"Yac¥ac!

RCC’ -
L E,—E

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

Configuration Interaction (Cl):
gl = |AYTT) = Z‘ |Aaj,™t,) - Eigen-value problem — Matrix diagonalization:
a

NCSM ~— 0
= £
y / / A-body Pn = Endn
Mixing :
harmonic

CoefﬁCientS(unknown) NO Core She” MOdel (NCSM)
« HO wavefunctions;
« Single particle basis;
« Jacobi basis.

oscillator states

p@ z J d7 Go@ A, cpf;;‘“'“)> NCSM with continuum (NCSMC):
v / / \ « For computing reactions and exotic nuclei.
Relative wave Channel
f(ﬂrf‘kfzﬁ’)‘ Antisymmetrizer basis
C N
Limitations:

» Resonance properties cannot be accessed directly.
* Reaction channels must be introduced manually.

A /
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@
M Matrix elements of translationally inva

» Translational invariance is preserved (exactly!) also with SD cluster basis

z ulf l’f’

SD

(D]T’"T (b]”T

T
cb{, T

(51 fA 1 1o (31 ---EA—l)

SD

Observables calculated in the

What we calculate in the “SD”
channel basis

translationally invariant basis

pa
R

&) 08.) i (Rem)

« Advantage: can use powerful second quantization techniques

T
ol

(o0
SD
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3 ---SgA—1)|q)1];7:~T> X

<CI)] ata

SD SD

sp SD

(A—a) (A—a) i
pA-a) |I Matrix inversion
c.m.

/
e
7
4

|¢(A a)> |l/)ccrlz>(Pnl(FA—a,a)

vr

(cbf, ,

TL'
aTaTaa|CI>] > , etc
SD
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% Coupled

S. Baroni, P-Navratikaae

NCSMC equati

® i o, ) (& e

These are basically the

1 NCSM g “form factors” is used in
— E reaction theory.
g Nrem

Scattering matrix (and observables) are obtained from
matching to known asymptotic solutions using whatever
scattering solver.
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” Example: Structure of 6Li conti

Correct asymptotic
conditions

O
6 <
240 40002  Expt
~— R
A 407 1+
- 3.83 =15 - . . . ;
L 3.24(9) ] Allowing d+a clustering in the g.s. gives
— +
| 28T 2 - access to ANC.
';:' N L 210 3N fOI’C _
. I [ =0.024 - Co [fm_l/z] 2.695 2.91 (9)
T 032 ]
- e : C,[fm=1/2] —0.074 —0,077 (18)
. N 1+ 4
- B i Gz ~0.027 0.025 (6)
2y NN+3N ] Co
I NCSM  (extrapolated) | 1L. D. Blokhintsev et al. PRC48 (1993).
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Example: Structure of 6Li conti

heavy ions fons
Halil
20-50 MeV

recoiled &
scattered
incidence

Expt NCSMC i
" NN+3N NN
417 1427 422
=15 ['=342 1=368
2" 500 3.13
2.8377 4 | _2. = 1
RS kT =151
2.10
3N force: =053 7
gt 105 ¢ ]
07117 T =007 |
[ =0.024 .
-0.76
g.s. §

1+ B
-14743 7 149

6 .
L 5.40
4F 383 2
L ; % 3.24(9)
— | 2.10
> of '
= :
- % 0.99(9)
£ F 086 —
m -
-0.33
L o.s.
| % -1.58(4)
oL a.8.
_NN NN+3N
NCSM (extrapolated)

g.s. o8,

29/06/2026
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“He(d,d) *He angular distribution

2.93 MeV ||
6.96 MeV
8.97 MeV E
12.0 MeV H

x20:
X5 |
X2 E
x1 ]
1% ) ] ) 1 -
60 120 180
0, [deg]
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“He(d,y)°Li radiative capture at astro

C. Hebborn, G. Hupin at al. PRL129 (2022

S-factor of radiative capture and

EM contributions 2.00

—— NN+3Ne-pheno

10-° ; .
et NN-only
10_6 roTT NN+3Nloc " 7

107} (011 |10l )=

—— NACRE II
—— LUNA 2017
—— NN+3N,-pheno

Ratio with NACRE IIL

A-2) (A —-2)
E 107 BBN range <‘1% M]‘ (F) '4)
z (@ =2) (a=2)

e Total E2+E14+M1

+(Q |]\/[1(T_1>,T_2>)| e ) 0.00

S0t 1o

/ compared to data evaluation.

« Ab initio calculations show the importance of the M1
transition (neglected in cluster models).

* Reduction of the capture rate uncertainty by factor of

>

J
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n-*He scattering: NCSMC vs Fadd

Benchmark: scattering phase shifts NCSMC/FY

120_ AALBBLBANANAAN LS, ban
90 -
60 - . o
~ 30+ 000°° .-
00 2 o -
o Plﬁ R-matrix
0 -
w I-N3LO
Faddeev-
-30 - Yakubovsky
- —— NCSMC

E_"(MeV)

R. Lazauskas, PRC 97 (2018).*

*there is a more recent paper with 3N force.

Good agreement between
the two methods.

%o

29/06/2026
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§ [deg]

Accuracy and precision of the nuclea

150
120 |
90 F
60 |

30 Hf

—e, expt.

- NzLosa.t :
——= N9LO+N?L0O(400) i
— — N®LO+N?LO(500)

— —
= —
.. T

E kin [MGV]

1 3Nvs
I NN “bare”

—
——
—— — —

Some of the shortcomings of the nuclear
interaction can already be probed in p-shell
nuclei through reactions.

dknown since the work of K. Nollett]

29/06/2026

0 4 8 12 16
Ekzn [MGV]
R-matrix results from G. Hale
/- The 3N interactions influence mostly the p-
waves.
« Conservative estimate of EFT accuracy
\ illustrated by the spread of 3N force predictions. D
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Uncertainty quantifications using Ga

K. Kravvaris et al. PRC102, 024616 (2020)

Sensitivity to ¢y and cg

1257

100 1

751

o

251

N4LO+N2LO-loc.

Phase Shift (degrees)

|

N3LO+N2LO-Inl

Phase Shift (degrees)

0 2 4 6 8 10
Center of Mass Energy (MeV)

\
NN-N4LO + 3N-N2LO cannot reproduce the

p-wave splitting.

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

CE

cp -
-1 0 1 2 3 -1 0 ] , 3
- 3 i
0.0 : j___, -
e
—0.21 -: -'.- <
g 3H,*He 5He
K e—
| 0 20
6 — NCSMC
? [N I\ T r
g ENDF/B-VIII
? . Experiment
5
2.
0.

0o 2 4 6 & 100 2 4 6 8 10
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®)

} - Dying E(pbdlﬂg Human synthesis
- - Bang bwmass -- massive Mo stabl sctopes -
fuson stars stars
RER o come g uep o NN 0060 0
ﬁra "neuron whie . e
fi dwarfs CAr
Foln e R akd

.aKmEm,Sn. 3]'1 VW Cr Mn Fe Co Ni E—u&n.ﬂ h%éﬁ

23" 24 25 za @7 E@ @’

“‘I..ﬂﬂ.ﬁﬂ-ﬁ-llﬂﬁ.ﬂﬂ

Cs Ba _ Hi Ta W Re Os Ir Pt Au Hg T Pb Bi Po At Rn
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(B') (pﬂ')

Q'Q“’\q'
S . i K
1p1h L
excitation i $ S
o £
~ s-shell >
vooR
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3H(d,n)*He fusion reaction: benchmar

Angular distribution at 8 = 0°

T T T 5107 T I T T 5
. + L -
5 10k Adjusted to 3/, I ]
. —1 ’
— resonance centroid 107 ¢ f E
= 5.10-2F ’ ]
[F] b - C A 7
= I / ]
10tE . T / i
—

2 C ’ Z 102 / |
- £. r E
= ) - - b | 51073 4 3
= 5 10Y + - S / ]
< L - / 4

"‘l" - < _3 A
w2 I~ ® Experimental data < 1 O keV }O i E "' e o =0 cvalutated data®* ?
o NCSMC—pheno 5.10 4 — NCSMC — pheno ]
2-10°F NCSMC r -~ NCSMC i
Lal 1 1 [ T | 1 . 1 Lol 1 I 1

5- 10 10! 2. 10! 5- 10! 102 2. 102 1072 51077 101 51071 1(0
Ec.m. (kev) Ed [1\’16\/]

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

(. N

The S-factor is globally well reproduced.

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

N Shape of the angular distribution agrees with recent evaluation. D
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S-factor; NCSM

3H(d,n)*He fusion reaction: impa

C vs binary cluster

2 101 | Cluster basis (D g.s. 105
= only)

= 100 . Cluster basis 120

% 6 100 no °He s‘tructure NCSMC (D g.s. only) 65

T [ . A comma \ ] NCSMC 55

| — NCSMC — pheno “ 7
210'F Eﬁifm V — 1 NCSMC-pheno 50
TR SR 7 ST T A X 1 _ .
E.. [keV] R-matrix 48

G.M. Hale, et al. PRL 59 (1987).

+
Structure of the 5H‘¢§ 3/, resonance

o\

Q O’\%

1100

570

160

110
98
74

e O
..... :I .6.:I.i‘.].............. sasssssssasssnsnsnnnnanannnn ° Importance Of Structure Of neighboring
excitation ; resonances is magnified in transfer
O reactions.
s-shell
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3H(d,n)*He fusion reaction: Mode
+
Convergence of 3/, resonance

hw=20 MeV | hw=16 MeV
ASRG=2'O fm_l ASRG=1'7 fm_l

78.70% 42.29%

45.04% 18.85%
11 25.68% 8.41%
13 13.78% -

29/06/2026

/ "\

SHe resonances

+h)

4He phase shifts

—— Q=20 MeV, Npax=13
—==h0=16 MeV, Nyax=11
x  expt.

-30

-60

-90

Ekz‘n [MCV]

H continuum

3/2+ resonance converges the fastes
with Aw = 16 MeV, understood from
major shell splitting.

n-*He elastic scattering independent
of HO frequency and SRG flow.

ENST — Workshop High precision in multi-channel reactions




3H(d,n)*He fusion reaction: Model

Convergence wrt 2H continuum

Convergence with N__.

30 ! — 9d+4d*| —_ 1d|+0d* — A ' T Nm'ﬂx=11"
— = Td44d*  ----- 0d+0d* 9 10! - Nuw=9 |
—_ - = Bd+3d* ——=cluster basis _| '
% »r Sdigd* f =
= 90 _ =T )
= 20 Continuum discretization = 107 pases 3
15 ~ virtual °2H breakup = B 1
o | s I = . .
E1f 2 :
iy - -
5
oo 2.10° T
50 100 150 200 510 10T 2107 5100 102 2102
Eem. (keV) E. . [keV]
SHe resonances / Discretization of 2H is essential for \
the reproduction of the S-factor.
> : :
;b@ « Stable behavior with respect to the
N
_ @ number of 2H pseudo states.
9
. O -
H continuum .+ Converged with Nyyax. )
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Differential cross section E > E

3H(d,n)*He fusion reaction:

backgro

M e KX XXX

__ NN+3N
——= NN+3N-induced

3.7
LI L L L L |.| IE‘:Q‘Q(‘I\I;V)I 11
0'025#‘ B Ey=397(MeV) B
-*A* A Eq=497(MeV) 7]
0.020 E'l —— NCSMC, Ep=2.2 MeV —
S0 TR —=- NCSMC, Ep=397 MeV |
'5 0.015™ \'\,{ K — - NCSMC, Ep=4.97 MeV
LT d e Data [exfor] _
c% ‘% 0.010
0.005 Sacimy e oS
0'000|||I|||I|||I—|||I|||I|||—
0 30 60 90 120 150
Oc.m. (deg)
Low-Iying p-waves resonances
A
oV —
o —=©
1p1h
excitation

s-shell

remaining discrepancies of low-

be seen.

* No effects of the adjustment of the

3/," resonance position (i.e.
K NCSMC=NCSMC-pheno).

lying background phase-shifts can

K Away from the DT fusion peak, the \

4
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3H(d,n)*He fusion reaction: influen

Deviations from pure s-wave

Deviations from pure s-wave

1.20 + L .I I E;{p;rillnerlltai d:ttal I -I -I' INC;SI\I'ICI— I Sotro p i C 1.20F L .I I E:CD(:EIi]IIleIIlt‘di déllt.al I -I -I' INCI‘S]\I'ICI_
L —— NCSMC—pheno i ' L —— NCSMC—pheno 2
o 060 ey ., s case = 0.60F E
% r ° o : ° N / eu')/ 7
£ 000 g 000
o L] =, L B
o] - o
=2 = =060 =
g —000r ! ]
Z i 21201 ~Z
—1.20 B o
L - —1.80 7
—180Ci s v v o v b b b I I A A A A A AN AT A B A A A A A
0 30 60 90 120 150 0 30 60 90 120 150
Gc.m. (deg) gc.m. (deg)
Ep = 139 keV Ep, =175 keV

P. Bém et al., Few-Body Syst. 22 (1997).

» Influence of p- and d-waves in the slope and + Overall good reproduction of data: collision
bump of a“l‘el/ 5 respectively. matrix is expected to be accurate.
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3H(d,n)*He fusion reaction: impa

120 F~
90 |
60T J=1/2 J=1
30 I S-wave
E
S, 0 \ /
Lo L
-30 | =3,
60 |
90 |
Y S T P T SR
0 4 8 12 16 20 24
Eszn, [MeV]
: : + +
3N force impacts: 3/, and 1/," resonances.

 Tensor like force is essential to model the

» The thresholds (i.e. nuclear masses). I

» The positions and splitting between the

ENST — Workshop High precision in multi-channel reactions




3He(d,p)*He fusion reaction: m

/' 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

k agreement with data.

®m BAI3
® LA16 o\ |
NCSMC—pheno
——- NCSMC

aO-rel

29/06/2026

102 2 510
e, (keV)

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 F ) Jf *
o AW
©1.00

0.90 -

i

0 30 60 90 120 150
fem. [deg]

T I T I T
® KL56

—— NCSMC-—pheno
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t 3He(d, p)*He: analyzing tenso

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
L m Fp = 0424 (MeV) === NCSMC-—pheno _ - ° & o ° ™ ° o o B
=, 0.02F I A it Y 0450 —0  * ° ]
— | - - 5-‘.\_ = -
e § R S S S W B W
0.06 EFH e e 0.60" " w Ep=0424(McV) === NCSMC-pheno |
TR A Ep=0641(MeV)  — - NCSMC-pheno 4 = EEEEEEEE RN
003_ = T~ | EE 04:5 ___,_--""
e 030 T
ot ] 0.80 A
0.25F = i A Ep=0641(MeV) = —-- NCSMC-pheno |
B 7 LA A N N
= 0.00 _ 0404 & & &4 4 2 4 4 s b _
CDQ_ : 101 == T T T T T T R T I T T T Y Y O O I
e 0'25:HI:HIH:%H:IH:I:H_ 030 60 90 120 150
E: 0.25+ :‘_E_P_z__o; 34 (MeV) === NCSMC-pheno _ ec'm' (deg)
< i e Mo om e - W.H. Geist, et al. PRC60 (1999).
z 0.00¢7# JE S e
7 0.25 P S
+ 0.50+ A_l.—EQ.: 0.6|41(MeV) ! —_- NICSMC—phIeno — / . .
2y L T TS i Deviations from a pure s-wave of the
L="A A D A A as .
= 0.00F g T R analyzing tensors are globally
. I T T T T T T T T T T T T Y T . . .
0.50; 0 60 o0 10 Lo reproduced in shape but their amplitude
Ocm. (deg) is not.

A )
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®
M DT polarized thermonuclear fusion

G. Hupin, S. Quaglioni and P. Navratil, Nat. Commun:103SSIN20S

Enhancement factor and reaction ix
rate

Ep = 100 keV [
-
- LZUD L35
L 10 132 Reactant spins are
08 o prepared in a
0 0.75 configuration
0.60 |
0.0 :
—1.0
10 o5 o4 '
0 05 ~20 olar
P:q. L0 daP do 1 3
1095_|1|II| T T T T T TT1T] T T |: 6—9(9)26_9(0) 1+§pZZAZZ(9)+EquZCZ,Z(9)
= 5.10°F §
| B -
2 2,108+ 3

ﬁ Predictions for polarized 3H(d, n)*He \

|
HQ 108:— =
m; 5107 - enhancement factor and reaction rate.
T — Bmi* - Confirmation of maximum enhancement (§ = 1.5)
~ 1U ===+ Unpolarizec ] .
g 10t - gnwc’h atlfi Ha]eg scenario.
r I hv:é{;.lg‘tllloll : . » .
T SN T N T 1oV A N T » Ab initio calculation shows that § = 1.38 can be

T [keV] K achieved in lab. /
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max o
quZ ] pZZ

1.50

1.48

1.43

1.40

Confirmation of the original prop

| pure s-wave
_ gain

| = NCSMC-—pheno; full

l-.....___-

23 97 24.06 3 7
I 1 | I I
21.64 ¥osr g
. 21252139=~ =3 3
""""" — 19.96 5

= =~ NCSMC-—pheno; s—wave J”:(%+, %Jr)

(STEN]

+

(S5}

+
31t
+

19.1419.26 1931

i 16.792 sj

7 SH+d

LS %]

16.84

0.0 0.4 0.8
ED (Me\/)

K 6 = 1.5 only valid at E~O.

29/06/2026

* 6 can be greater than 1.5 due to d-
wave.

« Pure s-wave picture gives the right

K of the energy dependence.

»

order of magnitude but not the shape

4
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Anisotropies from polarized reac

Angular distribution in different

polarization scenarios

® %

Total cross section increased

o/ = can., polarized

=== Lab. (neutron angle), polarized

o Lab. (*le angle), polarized
I T T N N T T T T T T T O T

N I I [ I B B I O O

7 A

4 & .
;o ———cm., unpu]arlzed

—_—————

1 1 |

0 30

29/06/2026

60

90
8 (deg)

120 150

® —©~

On average no effects

= c.m., polarized
& === can, unpolarized

----- Lab. (neutron angle), polarized

o Lah. (*He angle), polarized
el N T T A T T T YT T T O T T T Y Y O

P ——

Y A N

| I

O

0 30 60 90 120 150

6 (deg)

J=1/2
J,=—1/2

=1
Jz=1

® -

Total cross section decreased

Spin tensor properties of the deuteron give the angular shape.
(same as in 3He(d, p)*He)
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L e O I O B O

e e e 2 ]

c.m., polarized

=== c.n., unpolarized E
. 7777 Lab. (neutronangle), polarized

oo Lab, (e angle), polarized

[T B R TH R

0 30 60 90 120 150
0 (dog)

1




(4)
Prom =

Relative wave
function

(unknown)
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DD fusion

HH and Kohn variational principle for DD fusion

NCSMC phase shifts NN+3N-LNL
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M. Viviani, L. Girlanda et al. PRL130 122501 (2023).
Excellent agreement with data for the low- Reasonable agreement with R-matrix analysis
energy fusion. of data over large energy range.
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% NCSM/RGM with boosted NC
K. Kravvaris, S. Quaglioni et al. PLB856, 138930 (2024

One way to solve the many-body problem
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From a+ao. scattering to a clustering in
K.Kravvaris, S. Quaglioni et al. PLB856, 138930 (2024
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3N regulator choice strongly
affected resonance positions;

NN+3NInl give best agreement
with experimental data.

Ab initio NCSM/RGM calculation of\
a—a. scattering using chiral NN+3N;

4
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From a+a. scattering to o clustering in 2
K.Kravvaris, S. Quaglioni et al. PLB856, 138930 (2024

Evidence of channels selectivity

Evolution of 2Be with cluster structure
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