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Why nuclear Physics is (still) cool?

« Atomic nuclei are strongly interacting many-body systems exhibiting fascinating properties
including: shell structure, pairing and superfluidity, deformation, and self-emerging clustering.
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* Understanding their structure, reactions, and electroweak properties within a unified framework
well-rooted in quantum chromodynamics has been a long-standing goal of nuclear physics.



QCD and the nuclear Hamiltonian

» Owing to its non-abelian character, QCD is strongly nonperturbative at “large” distances.

o Lattice-QCD is the most reliable way of “solving”
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QCD in the low-energy regime, and it promises to
provide a solid foundation for the structure of nuclei
directly from QCD

*The applicability of Lattice-QCD is limited to few
body systems, (A<4), and to a nuclear physics in
which the pion mass must be kept much higher
than the physical one.
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* Quark and gluons do not exists in the physical spectrum as asymptotic states

 Effective theory: non relativistic nucleons interacting via instantaneous potentials




The nuclear Hamiltonian

* Ab initio approaches are based on the non relativistic hamiltonian

The Argonne vig is a finite, local, configuration-space potential controlled by ~4300 np and pp
scattering data below 350 MeV of the Nijmegen database
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Three-nucleon interactions effectively include the lowest nucleon excitation, the A(1232)
resonance, end other nuclear effects
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Ab Initlo nuclear methods

Ab initio approaches accurately predict the energy spectrum of light nuclei
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Ab Initlo nuclear methods

The nuclear electromagnetic current is constrained by the Hamiltonian through the continuity equation

V - Jem +i[H, Jpy] =0

» The above equation implies that Jgy; involves * They are essential for low-momentum and
two-nucleon contributions. low-energy transfer transitions.
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L epton-nucleus scattering

The inclusive cross section of the process in which a lepton scatters off a nucleus can be written
in terms of five response functions

do
dEydSy

X [UOOROO =+ vzszz _ UOZROZ

=+ vajasza: + Ua:yRa:y]

 In the electromagnetic case only the longitudinal
and the transverse response functions contribute /

[Wo)

* The response functions contain all the information on target structure and dynamics

Rap(w,q) = ) (WolJL(a)| W) (¥¢[J5(q)[Wo)d(w — Ef + Eo)
f
* They account for initial state correlations, final state correlations and two-body currents
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Lepton-nucleus scattering

* At (very) large momentum transfer, scattering off a nuclear target reduces to the sum of scattering
processes involving bound nucleons =3 short-range correlations.
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» Relativistic effects play a major role and need to be accounted for along with nuclear
correlations (Non trivial interplay between them)

* Resonance production and deep inelastic scattering also need to be accounted for



Euclidean response function
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The system is first heated up by the transition operator.
Its cooling determines the Euclidean response of the system

Eop(1,q) = (Uo|J] (q)e ™ HEIT J5(q)| W)

Same technique used in Lattice QCD, condensed

matter physics...




12C electromagnetic response

* We inverted the electromagnetic Euclidean response of 1°C

 Very good agreement with the experimental data. Small contribution from two-body currents.
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12C electromagnetic response

* We inverted the electromagnetic Euclidean response of 1°C

 Very good agreement with the experimental data. Small contribution from two-body currents.
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12C electromagnetic response

* We inverted the electromagnetic Euclidean response of 1°C

 Very good agreement with the experimental data. Small contribution from two-body currents.
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12C electromagnetic response

* We inverted the electromagnetic Euclidean response of 1°C

 \Very good agreement with the experimental data once two-body currents are accounted for
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12C electromagnetic response

* We inverted the electromagnetic Euclidean response of 1°C

 \Very good agreement with the experimental data once two-body currents are accounted for
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12C electromagnetic response

* We inverted the electromagnetic Euclidean response of 1°C

 \Very good agreement with the experimental data once two-body currents are accounted for
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12C neutral-current response

» We were recently able to invert the neutral-current Euclidean responses of 12C

12C neutral-current response at ¢ = 570 MeV
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12C neutral-current response

» We were recently able to invert the neutral-current Euclidean responses of 12C

12C neutral-current response at ¢ = 570 MeV
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Scaling properties of the GFMC responses

* Within the global Fermi gas model, an analytic expression for the response functions can be derived

Ras(w,q) =~ / Ak 0(kr — [K)O(k + al — kr) ([jk Ik + a) (k + aljsk)3(w — Epiq + Ep)

* The longitudinal and transverse response functions have the same functional form: “nuclear
dynamics” is singled-out from single-nucleon transitions

Rp T 26:255% (1 —9¢7)8(1 — w@x

e The scaling functions are defined as

L) = ke x AL > JERC) = S (=001~ )

» Scaling properties of nuclear response functions highlight interesting information about nuclear
structure and dynamics.



Scaling properties of the GFMC responses
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Scaling properties of the GFMC responses
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* We studied the GFMC non-relativistic
scaling functions of “He and 2C

R
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* The results are consistent with
scaling of zeroth, first and second
kinds

» Despite the non relativistic nature of
the calculation, all the scaling functions
are strongly asymmetric, with a tail
extending to the large  region.
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Scaling properties of the GFMC responses

» We identified the longitudinal scaling function with the proton-density response
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Nuclear dynamics surprises

* Beyond impulse approximation effects are important. Particularly enlightening is the comparison
between the nucleon and proton responses

Ryp =Y (0lph (@) f){flonp(@)|0)d(Ey +w — Ey)

f
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GFMC “4He cross sections

E, =300 MeV, 6, = 60 deg

E, =300 MeV, 0, =75 deg
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do /dQddw [nb/sr/MeV]

GFMC “4He cross sections
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Conclusions

*The two-body currents enhancement is effective in the entire energy transfer domain.

« ‘He and '°C results for the electromagnetic response obtained using Maximum Entropy
technique are in very good agreement with experimental data.

* Two-body current contributions enhance the longitudinal and transverse axial responses

 Quantum Monte Carlo is suitable to compute cross-sections, not only responses

Disclaimer

The continuity equation only constraints the longitudinal components of the current

The transverse component and the axial terms are phenomenological (the coupling constant is fitted on the tritium beta-decay)

Two- and three- body forces not fully consistent

I The theoretical error arising from modeling the nuclear dynamics cannot be properly assessed I
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Chiral EF]

In chiral-EFT, the symmetries of quantum chromodynamics, in particular its approximate chiral
symmetry, are employed to systematically constrain classes of Lagrangians describing the interactions
of baryons with pions as well as the interactions of these hadrons with electroweak fields

NN potential NNN potential NNNN potential
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A-full local chiral potential

M. Piarulli, et al. PRC 94 (2016) 054007

We have complemented the historical “Argonne” approach by considering a local chiral A -full

potential giving an excellent fit to the NN scattering data that can be readily used in QMC.

« Closer connection with QCD

« Consistent MEC being constructed

 Reliable theoretical uncertainty estimation

model order Epr., (MeV) Nppinp X2 /datum

b LO 0-125 2558  59.88
b NLO  0-125 2648  2.18
b N2LO  0-125 2641  2.32
b N3LO 0-125 2665  1.07
a N3LO 0-125 2668  1.05
¢ N3LO 0-125 2666  1.11
a N3LO 0200 3698  1.37
b N3LO 0-200 3695  1.37
¢ N3LO 0200 3693  1.40
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A-full local chiral potential

The experimental A<12 ground- and excited state energies are very well reproduced by the local
NN-+NNN chiral interaction
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To-do list

 Calculation of the charged-current response functions of 12C

* Implement consistent A-full potential and currents. Note that some of the three-body force
parameters also enter the two-body axial current
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