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Nuclear physics from first principles

Ab-initio approach

 How do we construct the Hamiltonian and the currents starting from first

@™ = (™) G)

* How do we compute the nuclear wave functions?




Overview

e Chiral effective field theory
 The Hyperspherical Harmonics method

* Applications:

e The oL wave function and the a + d clusterization

 Magnetic form factors of light nuclel

e Summary



From QCD to nuclei
Chiral effective field theory (YEFT)

* Only Nucleons and Pions as
degrees of freedom

* Direct connection with QCD:
chiral symmetry (+ discrete
symmetries + Lorentz invariance)

 Low Energy Constants (LECs):
fitted on experimental data

* Organize the interaction as a
power expansion Q/Mqp,
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Some references for nuclear currents

- Phys. Rev. C 80, 034004 (2009)
Why chiral EFT? o s Phys. Rev. C 99, 034005 (2019)
* Consistent treatment of
Interactions with external probes - h;f/ §

(b) (c)

* You can add even BSM particles
(.e. dark matter, axions,...)
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_ | Spectra of muon capture

* Reliable estimate of the
uncertainties generated by the
theory
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| Order-by-order
expansion: control of

the truncation errors
AG et al., arXiv:2305.07568
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Computing the nuclear wave function

— plz
H_ZZ 1,],k

Solving the many-body problems for bound states

* A couple of examples

* Hyperspherical Harmonic method

A. Kievsky, et al., J. Phys. G, 35, 063101 (2008)
L.E. Marcucci, et al., Front. Phys. 8, 69 (2020)

 Neural Network quantum states

A. Lovato et al., Phys. Rev. Res. 4, 041378 (2022)
AG et al., arXiv:2308.16266 (2023)



Eigenvalue problem for bound state

 Rayleigh-Ritz variational principle

R (W(c)| H|¥(c))
— MMninn————
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* A possible choice for the variational wave function is

[w(c)) = 2 Ci

Complete orthonormal basis # Hyperspherical Harmonics

 (Generalized) Eigenvalue problem Z CJ-( f:] H | ]j-) = L,

J



Hyperspherical coordinates

* Kinetic energy in Jacobi vectors
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* Kinetic energy In hyperspherical coordinates
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The Hyperspherical Harmonic basis

. Eigenstates of the L*(Q) operator

Eigenvalue
Lz(Q)?[K](Q) = 3A — 5)?[1(](9)

The parameter we use to control

. our expansion
* The trivial case (A=2)

LX(0. )Y 1/ Q) = KK + DY ()

LY} \(6, ) = L(L + 1)Y; /6, $)



The HH wave function

Expansion on p | |
Laguerre polynomials  Spin and Isospin states

HH states

|
v =5) % [lll

[|IKST] J] |

Unknown variational
coefficients (I)P

la]

Sum over the even permutations

This permits to antisymmetrize the wave function
selecting specific qgquantum numbers



Construction of the basis |

» Geometric property of the HH 4

?[K](Qp) — Z [K] [K]?[K](Ql)

[K'|(K=K")

* Transform the sum over the permutations
on sum of geometric coefficients

2 = 2 2@ = Z[la’]

evenp evenp [a] [a']
\ Knowing the coefficients is
knowing the entire basis



Construction of the basis Il
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The dimension of the final
matrix to diagonalize is small



Matrix elements

* For any operator is possible to write it in the following way

AA = 1)

5 <HH[a] | é12 | HHﬁ) —

<HH[a] | Z Oij | HHﬁ) —

1<J

AA - 1) —
== 2 Pl Onal )
[a’],1/] l l

Only geometric (operator independent) Depends on the operator
Computationally expensive Implies few numerical integrations




The OL; wave function in the
HH basis



Convergence of the HH basis

°Li ground state

e |Interaction N3LO500 [1] SRG
evolved [2]

 No 3-body forces are considered

 Extrapolation is needed

E(K) = E(0) + e PK
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Binding energies [MeV]

The A=6 spectra

By fixing J it Is possible to obtain also the excited states
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The a + d clusterization

 The simplest approach is to consider the %Li as an a and a deuteron

Antisymmetry Q1
operator Bl (positive parity)

Cluster form factor




Cluster form factor

Which kind of information can we extract?

Spectroscopic factor

S = [ dr | f;(r) \2

0
S, S,
SRG 1.2 0.909 0.008
SRG 1.5 0.868 0.007
SRG 1.8 0.840 0.006
NNLO(sat) 0.805 0.002
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fo(r) [fm 4]

Cluster form factor

Which kind of information can we extract?
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An equation for the cluster form factor

* It is possible to derive an equation for the cluster form factor by
sandwiching (y,, ;| H — Ee;; | ws;;) = 0 [1,2)
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Insert a complete basis set Z | HH i ){HH | up to K

1] N. Timofeyuk, Nucl. Phys. A 632, 19 (1998) K]
2] M. Viviani et al., Phys. Rev. C 71, 024006 (2005)
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Extraction of the ANC

Co(r) [fm™]
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e Correct extrapolation of the

ANCs
 Same short range behavior as
before
B, Co G,
SRG 1.2 -3.00(1) -4.2(1) 0.12(2)
SRG 1.5 -2.46(2) -3.44(7) 0.07(2)
SRG 1.8 -2.02(9) -3.01(7) 0.05(1)
NNLO(sat) -1.15 -2.8(2) 0.03(1)
EXp. -1.4743 -2.91(9) 0.077(18)




Magnetic form factors of light
nuclel



Elastic scattering of electrons on nuclel

Scattered e
1017y =Kyt 1L, Ly kw 1 1y
A1 o\ 12 U XX
[(F101) 1P =LYz Lo/ ® + L™ + Ly, J”

= —Aro f—l —Fz(q)+ = 1 tan20./2 Fz(q) F; longitudinal form factor
ds [VI ec 475 2g° ) g Frtransverse form factor

Mott’s cross section (scattering of electrons from a point-like charge)

Incident e Virtual photon

q
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The electromagnetic currents
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How to fix the LECs |

Not including (d|” d;" d5 d} d5)
Using the magnetic moments T |
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Diffraction generated by tensor forces
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How to fix the LECs Il

This work

 Magnetic moments of d, 3He,

H (fix normalization)

e deuteron-threshold
electrodisintegration at

backward angles (fix dynamics)

P, = (E. p) Pa = (Mq.0)

S(Q2)[fm2/(MeV/sr)]
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Prediction of A=3 Magnetic Form Factor

Diffraction generated by the N— N

I I I I I I | I I _I I L I I
Impulse approximation - -
Meson exchange isovector --

Total — -
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The Isovector components
fill/generates the diffraction
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Naive truncation error estimate
Is YEFT able to describe large Q?
* Truncation errors (as
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Why does it work?

Isovector currents transform
S/T=0/1 Iin S/T=1/0 pairs

np dominance
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[PRL 98, 132501 (2007)]

6\
" He
5 ~ \\\. 4
10”1 3 S0 N " -~ "He
- l.t‘?\\“_\ . o 6L.
— [ ]
& NN\ 1
~ ]_045— .x\\ N R
O = lt'\\ ®
g B AN Be
b ’;_ "L e\
s N " ‘
— 10 3 3.\\
?l - ﬁ. N ONS
Q ol 80 N -
= 10°E 40 =l
- - —~ ~. .
z. ‘. \\\5\~\\\.\.-
QZ | N " . P \\\.‘:\'\A
J.O = * \\\\ \\‘ -
: Tt
0' "..‘.‘AG‘A‘ \‘\ \\\
EEN A ~
10§ S R L T T T YO,
- ‘T ....... ‘. “ -~
- tesinnge ta,
- R Y
10 | reeluge
- I [ I

SRC pair fraction (%)
o

: np pairs

- mBNL: C(p, ppn)/Clp, pp)
- oHall A: C(e, ' pn)/Cle, e'p)

" pp pairs
aHall A: C(e, ' pp)/C(e, €' pn)
 vHall A: C(e, e' pp)/Cle, ' p)

[Science 320;
1476 (2008)].

_ ¢CLAS: Cle, e’ pp)/Cle, e’ pn) :
S S . !
- I 11 :
I t
| | | |
300 400 500 600

Missing momentum (MeV/c)



Why does it work?

Universal behavior of isovector transitions

Universal 2-body
transition densities
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Summary

* The HH method is a powerful few-body approach for studying
light nuclei and their interactions with external probes.

. Calculation of °Li properties relevant for reactions (Spectroscopic factor
and ANCs)

o Study of electromagnetic currents in chiral EFT

 The HH method has been used in combination of the Kohn variational
principle for studying three and four-body scattering states

 And many more...
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