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Outline

[Microscopic] ab-initio studies of few-nucleon reactions of astrophysical interest

@ Introduction: when an approach is
@ microscopic
e ab-initio

Theoretical ingredients:

o Nuclear interaction
o Electroweak nuclear currents

@ Nuclear reactions of astrophysical interest:

e reactions of interest for stellar evolution models (SSM)
e reactions of interest for Big Bang Nucleosynthesis

@ ... and beyond:

e reactions of interest for energy production via nuclear fusion

@ Conclusions and outlook
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Introduction: microscopic ab-initio studies (1)

I Nuclear observable XI

Cross section of A; + Ay = A+~
Cross section/polarization obs. for electron scatt. off AX

@ Phenomenological Cluster methods = sometimes the only way
Nucleus = system of clusters depending on the considered situation
o Li=“*He+ ?Hor%Li= *“He+n+p

e 'Be = p+ °Li or 3He + *He

o “Model-dependent” predictions

@ Microscopic methods
e Nucleus = system of A nucleons

@ interacting among themselves — structure
@ interacting with external electroweak probes — reactions
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Introduction: microscopic ab-initio studies (I1)

Microscopic — ab-initio

Ingredients:
© realistic description of nuclear interactions [fixed]
@ realistic description of electroweak currents [fixed]

© exact (ab-initio) method to solve the quantum-mechanical problem
[only controllable approximations are allowed]

=- | True predictions for observable X

Ideal case: robust procedure to estimate the theoretical error
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W(r) = — r)—h—n;[V(r)—i—Bd]u(r) - 0

u(r) = GCse @ r>rg where oo = W
u(r) = Ccsin(kr) r<rn where k = \/m(Vo — By)/h?
v

Realistic potential — numerical solution

V(r)

Numerical algorithms:

@ Numerov method [accurate for A = 2]

; T @ Expansion on a given basis
; ° ...
-V, ! ... and the nuclear interaction is much more complicated!
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Expansion on a given basis

V(r) = ZCuLu(’)yu ZC/KZSM

@ ¢, known functions vs. ¢;,: unknown coefficients
@ Rayleigh-Ritz var. principle = eigenvalue-eigenvector problem = ¢, & E

5 (W(r)|H — E[W(r)) =0

@ Phenomenological potential AV18
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The nuclear Hamiltonian

H = Z +ZVU+ZVUk+

i<j i<j<k

2

@ Non-relativistic approach — ;m

@ Nucleons interact in pairs — V;

@ Nucleons are not point-like: the presence of
nucleon k changes the shape of nucleons i/,
— Vi (same as the Earth-Moon-Sun system)

e Empirical evidence of Vjy: B(A > 2)uy, < B(A > 2)eyp with only Vj;

@ Empirical evidence of no Vjy, ...
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History: phenomenological approach

Theoretical framework until >~ 20 years ago
e V; — AV18

18
Vi = Y folri) Op(Pj)
p=1

@ O,(7;j): 18 operators dictated by theory+data. They are:

I, (o7 - 0}),S5,L- S, L% L*(oi - 0),(L- S))] @ [L, (77 - 75)]
+Tij, Tij(oi - o), TiiSij, (7iz + 7j.2)

Sj =3(oi-Fj)(oj - Fy) —oi-0j &Tjj =37 Tjz =7 7;

e f,(rij): functions with ~ 40 parameters, fitted to A =2
experimental data — \?/datum ~ 1

o Vi — UlX or IL7: typically much simpler model, with 2-3
parameters fitted to B(A = 3,4)
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J. Carlson et al., Rev. Mod. Phys. 87, 1067 (2015)

Very successful, but ...
@ no connection with physics of hadrons (QCD)
@ difficult to estimate the theoretical uncertainty

@ mild connection between potentials and currents

— Chiral Effective Field Theory (ChEFT)
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Chiral Effective Field Theory (ChEFT)

Nuclear physics
@ low-energy QCD

@ nuclear force = residual Neutron Proton
color force @@ \
N n )
QCD

e DOF: quarks, gluons

Virtual
@ non-Abelian theory

ll’ Prot N it
non-perturbative at low
energies QCD ChEFT
@ DOF: nucleons, pions,
(A-isobar)
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Two-nucleon interaction

Additional A-full
graphs

L0 (@/A° >< ’+ @ Lagrangian consistent with
low-energy QCD symmetries

KOl DAL S e b b (o)

T DD TR e towmamenum expasion

41

vro@ay 4] - b1 -

@ high-energy DOF — contact
terms

@ LECs = fit to experimental

N'LO (/A" #i lj 1\ ?Lj e
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Hierarchy of nuclear force

A-less Addltmnal in A-full Aless Addtonal in Afull
Lo A=my ~300MeV ~ 2m, 28 =y ~ 300MeV ~ 2y

S 00 R Il
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7
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M. Piarulli and I. Tews, Front. Phys. 7, 245 (2019)
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Regularization scheme and cutoff function

Lcherr = V

Divergent terms appear for
@ high momentum

@ short distances

Regularization of V' — cutoff functions
e f(p',p;A\) or f(r',r; R) = non-local V — p-space
e f(p'—p;N\)or f(r;R) = local V — r-space [better with Coulomb]

e f(p' — p;N\) for m-exchange and f(p’, p; A) for contact terms —
semi-local V — p-space
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Regularization scheme and cutoff function
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Potentials

Name Space  Order(s) Locality = A  max Frap A or (R, Rs)
EMN450 p LO - N%LO non-local -less 300 MeV 450 MeV
EMN500 D LO —~N%LO non-local -less 300 MeV 500 MeV
EMN550 P LO - N*LO non-local -less 300 MeV 550 MeV
NVIa r N3LO local -full 125 MeV  (1.2,0.8) fm
NVIb r N3LO local -full 125 MeV  (1.0,0.7) fm
NVIla r N3LO local -full 200 MeV  (1.2,0.8) fm
NVIIb r N3LO local -full 200 MeV  (1.0,0.7) fm

[EMN] D. R. Entem, R. Machleidt, and Y. Nosyk, Phys. Rev. C 96, 024004 (2017)
[NV] M. Piarulli et al., Phys. Rev. C 91, 024003 (2015)
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Same degree of success/accuracy as the phenomenological approach!

M. Piarulli et al., Phys. Rev. Lett. 120, 052503 (2018)
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Electroweak current in ChEFT

Adding electroweak field as DOF @ Similar expansion for the electromagnetic current
Axial current @ |Interplay interaction-current in ChEFT
Lo A \ / N/
(@Q/A)3 N »
x (a) 1B /’\ g
/ ! /%
N'LO ﬁ/‘% ./‘J' 1 ™ ji
@Q/A0)7 . .
(b) RC () A @ LECGs fitted to experimental data
) @ 5 LEGs in j, — u(A =2,3), deuteron
N3LO : cp Gm(g?) and d(e, €’)pn at threshold
(Q/A)° @ 2-LEC in j;, — B(®H) & 3H S-decay half-life
(d) OPE (e) CT

3H > 3He + e~ + %

A. Gnech and R. Schiavilla, Phys. Rev. C 106, 044001 (2022)
A. Gnech et al., Phys. Rev. C 109, 035502 (2024)
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nuclei: magnetic m
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Magnetic structure of light nuclei: magnetic form factors
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G. Chambers-Wall et al., Phys. Rev. Lett. 133, 212501 (2024)
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Not everything works ... p+ d — p + d elastic scattering
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SELECTED RESULTS

for NUCLEAR REACTIONS of ASTROPHYSICAL INTEREST
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The p+p — d + e + e reaction  (Ms thesis of V. Barlucchi)

p+p—7H+e +v, 99,77 % 0.23% p+e +p—2H+v, ‘
0
B%2% 2H+4p-3He+y ~— ‘He+p—'He+e'+v, | ) i
1500 @ first reaction of the
SHe + *He — 7Be + y —|"”“ pp-chain — solar-v fluxes
TBot o = Li 4 vy BetpoBry @ suppressed by
_ I I e weak interaction
*He + *He — ‘He + 2p “Li + p — “He + ‘He °B — ®Be* + e* + vy ‘ .
| e Coulomb barrier

“Be* — ‘He + ‘He ‘

Low energy (E ~ 6 keV) = quantum tunnelling — o(E) « Pg(E) = e~ "V mp/E
S-factor

_ -1
@ isolate nuclear physics S(E) = Eo(E)Pg (E)

1

1 1
@ varies slowly at low energies 5(0) + S'(0)E + 55”(0)’52 + 65W(0)E3
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Expansion parameters - fixed current order

S(E) calculated in the E = 3 — 30 keV range — Taylor expansion to get S(0), S’(0), etc.

[i* fixed at N3LO]

Potential S(0) S’(0)/S(0) S”(0)/S(0) S™(0)/5(0)
[1072% MeV fm?] [MeV 1] [MeV—2] [MeV—3]
EMN450 N3LO 4.090 10.59 347.2 —6917
EMN500 N3LO 4.091 10.59 346.9 —6911
EMN550 N*LO 4.089 10.59 347.0 —6914
NVIa 4.062 10.61 348.9 —7099
NVIb 4.061 10.61 348.7 —7100
NVIIa 4.036 10.61 348.9 —7096
NVIIb 4.030 10.61 348.7 —7095

To be noticed:
@ NV models | vs. NV models Il
@ EMN ChEFT non-local pot. vs. NV ChEFT local pot.
— differences in the d wave functions
@ S5’(0)/5(0), S”(0)/S(0) etc — model-independent
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Theoretical err

Theoretical uncertainties — truncation chiral expansion of
@ interactions

@ currents

S(E) calculated at N"LO

n E k _ (m E)4+m§r
S"(E):Sref(E)ch(E) (Q/E )) ° Q(E) - (mppE)7/2+er
k=0 b @ A, = 600 MeV

Truncation error o, (E) ~ contribution of order n+ 1

n—k+1
on(E) = max l:{lsk(E) = Sk—1(E)| (%f)) }
K

J. A. Melendez et al., Phys. Rev. C 100, 044001 (2019)
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Truncation error - interaction

Current fixed at

@ N2LO for EMN LO, NLO g
7.5]
@ N3LO for EMN N2LO, N3LO and NV .
6.5)
EMN ?G.ll
Potential o§™t(0) of"*(0) o5t(0) o%(0) =
5.0
EMN450 0940 0216 0.050 0.011 %45
EMN500 0944 0218 0.051  0.011 N
EMN550 0955 0.220 0051  0.012 o
o (0) in unit of 10723 MeV fm? 5 5 5 % 5 7
E [keV]
NV
5 E) - S E
wvia (E) = Swviio(£) — oM(0) = 0.016 x 1023 MeV fm?

o (E) = .

KolIn25 - DPG-Spring meeting 25 /39
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Truncation error - current

Interaction fixed at
@ N3LO in both EMN and NV

x107%

Potential o§"r(0) oS (0) o™ (0)

EMN450  0.928 0.049 0.013
EMNS500  0.931 0.049 0.011
EMNS550  0.933 0.049 0.011

NVIa 0.924 0.049 0.011

L0 NVIb 0.923 0.049 0.011
3. NVIIa 0.918 0.049 0.011
5 10 15 20 2 30 NVIIb 0.917 0.049 0.011

E [keV]
o$Ur(0) in unit of 10723 MeV fm?
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Final results

A. Gnech et al., Phys. Rev. C 109, 035502 (2024): procedure used for p~ +d — n+n+ vy,

002107

(S(E)) =D _Si(E) P;

|

o§(E) = (S*(E)) — (S(E))* + ZU?(E) P;

for EMN potentials
for NV potentials

eI

0i(E) = o™ (E) + oS (E)

5 10 15 20 25 30
E [keV]

Semnnv(0) = 4.069 (1 4 0.007) x 10~ MeV fm?

Trunc.

To be compared with: Solar Fusion Il
[B. Acharya et al., arXiv: 2405.06470 (2024) to be published in Rev. Mod. Phys.]

S(0) = 4.090 (1 4 0.005 £ 0.010) x 102> MeV fm? ! no local ChEFT potential
Trunc. Syst.
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Laura E. Marcucci (Univ. Pisa & INFN-Pisa)

Dn—'H+etv
2)'H+n->2H+y I

20} - - Adelberger (2011)

3)?H+'H- He+y
4)°H+?H - He +n
5)2H+2H - H+'H

15 Griffiths (1963)

S factor (eV b)

o

6) °H +*H - *He + n
7)°H+*He > Li+y
8)*He +n—*H+'H
9)*He + *H - *He + 'H
10) *He + *He - 'Be +y
11)Li+ 'H - *He + *He
12) 'Be +n— 'Li+'H
13) “He + *H- °Li +y
14) °Li + 'H - *He + *He

BBN and d abundance: the ?H(p, v)3*He reaction

LUNA data
V. Mossa et al., Nature 587, 210 (2020)

2.5 —e— LUNA data (this work)
—— Fit (this work)

+—o— Tisma (2019)

—————— Marcucci (2016)

—+— Casella (2002)
+—— Schmid (1997)
—v—i Ma (1997)

Griffiths (1962)

0.5
ol
0
0 50 100 150 200 250 300
E (keV)
10°(D/H)gpNn =  2.52+0.03 4 0.06
VvSs.
10°(D/H)exp =  2.527 4 0.030

R.J. Cooke et al., Astrophys. J. 885, 102 (2018)

Phenomenological approach (AV18/UIX) — what is the theoretical uncertainty?

= ChEFT [work in progress]

March 12
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The ?H(p, v)*He reaction - ChEFT - PRELIMINARY

5L 4
=15 -
0 ]
g F 4
& L 4
w1 -

I o }! + Tisma (2019)
F .;’ + LUNA (2020
| --- Marcucci et al. (2016) [AV18/UIX]
0.3 L /"i/ — NV potentials - preliminary
0 L 1 1 Il ‘ 1 1 1 Il | Il 1 1 | 1 1 1 ‘ 1 1 1 Il ‘ Il 1 1 1
0 50 100 150 200 250 300
E, . [keV]
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The ?H(p, v)*He reaction - angular distribution

3
do -
an = 1+;af”f(c059°m~)} T
0.05F
: ¥
«-0.75 ot t $ i
o [ —=— experimental results _+ ;
L . ~0.05
_o.s0f —=— ab-initio calculations i ]
L -0.10—
I 50700 750 200 20 800 850 400
-0.85-
L Nﬂowi—
-0.90 :
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oo °°“3 + + .H. | \
E 70,05;\'\1\“7"\‘
-1.00 F
C1 L 1 ! ! L ! -otop l
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50 El
T, lkeV]

Tp [keV]

K. Stéckel et al., Phys. Rev. C 110, L032801 (2024)
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BBN and d abundance: d(d, p)*H and d(d, n)*He

1000 ——rrrrrs——rrrrry

Lattuada (2016)
Tumino (2011)
Leonard (2006)
Greife (1995)
Present calculation

T
PoE e x

=
=]

S-tactor [keV b]

T
L
ot
o

d(d.n)’He

/

a

Li (2017)

Li (2015)
Tumino (2011}
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Greife (1995)

ETETETH R
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F
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Present calculation

cond 0l

ddpy’H

A

1
Soot 0,01 0,1
E_, [MeV]

I 0,001

M. Viviani et al., Phys. Rev. Lett. 130, 122501 (2023)
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Not only nuclear astrophysics: the “quintic”’ suppression factor

ﬁ [ e e

d(d, n)®He & d(d, p)3H suppressed in S-wave - -+ P

F Present calculation

s == T-matrix (p)

L =--n T-matrix (n)

251 oo R-matrix (p)
[ o--e R-matrix (n)
[ +—+ RRGM (p)

200 +—+ FY Uzu (p)

S »— FY Deltuva (p)

L #--+ FY Deltuva (n)
.
.

= “neutron lean”
reactors

=)

=)
tn

d(dp)’H
d(dn)’He

e
o
orTTT T T

- | |
250 300 350 400 450 500 550

T, (keV)

| ——
150 200
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What have we learned:

Lot of reactions at reach (A=2,3,4--+)
In general “good” ab-initio predictions

Predictions accompanied by theoretical error estimate

Some “puzzles” still there

Q@ p+d— 3He+n
@ A, -puzzle in p + d elastic scattering
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Puzzles: 1) p+d — *He +

@ calculation to be performed with the non-local ChEFT potentials (EMN)
@ calculation to be extended to higher energy values

Casella_2002 ‘ p(

Ma_1997 Vi
et
Mossa 2020 / Y3t/ o e
Schmid 1097 g f
Tisma 2019 ¥ g

Turkat.2021 o}
Warren_1963
10°¢
G JE
ig?p& D(p.7)'He _Esﬁ

"% %H% Sl 0w

1079 1071 100 1073 10! 100

1077

101151 191 151 11 1O 11

S factor (MeV b)

AS/S

Energy (MeV) Energy (MeV)
E = 262.9 keV 222.8 keV 166.1 keV 99.5 keV
LUNAT 2.156(58) 1.791(45) 1.375(36) 0.850(22)
Bayes Model Analysis>  2.181(45)(3)  1.834(38)(2) 1.376(28)(1) 0.873(18)(4)
NV-ChEFT 2.32(3) 1.96(3) 1.46(2) 0.92(2)

1 V. Mossa et al., Nature 587, 210 (2020)

2 A. Walker-Loud, https://github.com/nrp-g/leaner, Solar Fusion Ill, arXiv: 2405.06470 (2024)
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PRELIMINARY

25 T T T T T T T T T T T T ‘ T /\/’ T T
N b
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o ]
§ L P i
g F B -
— P
w1 p _
i B +  Tisma (2019)
L e +  LUNA (2020)
L J,/' ---- Marcucci et al. (2016) [AV18/UIX]
0.5 L "i/ —— NV potentials - preliminary
F )‘,,»” +  SFIII - Bayes Model Analysis
0 L 1 1 Il ‘ 1 1 1 Il | Il 1 1 | 1 1 ‘ 1 1 1 Il ‘ Il 1 1 1
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Puzzles: 2) the A,-puzzle in p 4 d elastic scattering

N3LO 2N contact interactions E. Filandri et al., Few-Body Syst. 65, 57 (2024)
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Conclusions and outlook

Ab-initio approaches are a powerfull tool for

@ providing insights on the nature of nuclear interactions and nuclear
systems more in general;

@ providing predictions together with a robust estimate of theoretical
uncertainties. )

Outlook: many ideas

@ Move to A > 3,4

@ Move to hypernuclear systems

o ChEFT for hypernuclear interactions and currents
e ab-initio approaches for bound and scattering hypernuclear states
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