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Electron-nucleus scattering

Theoretical understanding of nuclear effects is extremely important
for experimental programs
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Ab-initio description of nuclei

e Nuclear interaction

e Electroweak interaction of leptons with nucleons

o Computational method
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Many-body nuclear interaction

Many-body Nuclear Hamiltonian: Argonne vis + Urbana X

H = ZT —I-E’Uzj—l— vak

1<J 1<g<k

Quantum Monte Carlo methods:
Use nuclear wave functions that minimize the expectation value of E

(Y| H )
(Yle)

The evaluation is performed using Metropolis sampling

by = > ki
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Nuclear \\Wave Functions

Variational wave function for nucleus in J state
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Two-body spin- and isospin-dependent correlations
J— P(r..
Uij = Zp 12(rij) ij
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Electromagnetic interactions

Phenomenological Hamiltonian for NN and NNN

The interaction with external probes is described in terms on one- and two-body
charge and current operators

Charge operators

A
p=> pi+ ) pij+t--.
i=1

i<j
Current operators

A
jzzji+zjij+"°
i=1

1<Jg

one-body two-body
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Short-time approximation

Pastore et al. PRC101(2020)044612

Quasielastic scattering cross sections are expressed in terms of response function

The sum over all final
states is replaced by a
two nucleon propagator

Response functions

Ro(g,w) = 25(6«’ + By — Ey)|(f|0a()[0)|°

dt .
Ra(g,) = / B (5, Of (@)e O (q) )

Ote-iHtQ — (ZOTJFZO ) ZHt(ZO +Zow)

1<) 7 <]
_ Z OT thO + Z OT thO
73
+ z (O,}LG_ZHtOZ’j 4 O,:-rje_ZHtOz‘
7]
—|—Ol—Lj€_th0ij) + ... /

Fermilab Theory Division seminar - Lorenzo Andreoli



Short-time approximation

Pastore et al. PRC101(2020)044612

Quasielastic scattering cross sections are expressed in terms of response function

Response functions

Ro(q,w) =Y 6(w+ Ey — Ef)|{f|Oa(q)|0)|’
f

Response densities

RSTA (g, ) ~ / 5(w + Ey — Ef)de dEunD(e, Eom; q)

STA: scattering of a correlated pair of nucleons inside a nucleus
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Transverse response density

: 4
Transverse Density g = 500 MeV/c Electron scattering from *He:

2,000 /\
e Response density as a function of (E,e)

o Give access to particular kinematics for
the struck nucleon pair

Ecm [MeV] e [MeV]
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Back-to-back kinematic

Transverse Response Density [MeV |
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We can select a particular kinematic, and
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Benchmark

L.A., S. Pastore, N. Rocco, et al. arXiv:2108.10824

« We benchmarked three different methods based on the same
description of nuclear dynamics of the initial target state

« Compared to the experimental data for the longitudinal and
transverse electromagnetic response functions of 3He, and the
inclusive cross sections of both 3He and 3H

« Comparing the results allows for a precise quantification of the
uncertainties inherent to factorization schemes

11

Fermilab Theory Division seminar - Lorenzo Andreoli



Benchmark

Green's function Monte Carlo
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L.A., S. Pastore, N. Rocco, et al. arXiv:2108.10824

Stort-time approximation
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Spectral function P, probability
distribution of removing a
nucleon with momentum k
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Elastic contribution

RSTA(Q, CU) ~ /5(w - EO — Ef)de dEcmD(€7 Ecm; q)
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3H Longitudinal response at 300 MeV
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Benchmark

Longitudinal and transverse response function in 3He

q = 300 MeV q = 500 MeV q = 700 MeV
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Relativistic corrections

Necessary to include relativistic correction at higher momentum g

q = 700 MeV
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Cross sections

3He

E.=0.2872 GeV, © = 54.0
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Cross sections

3H

E.= 0.3677 GeV, © = 54.0
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Heavier nuclel

Computational complexity of response functions and densities:

Wave-function ‘He 20
Spin 24 16 4096
| Al 6 924
|lsospin
Z\(A—-2)!

Pairs AA—-1)/2 6 66 /

%1,000 ‘He
<
Response densities: E, e grid : o
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Heavier nuclel

Optimization was necessary to tackle heavier nuclei

> dt
Ra(q,w)z/ _ez(w—l—Ei)t<\Pi

oo 2T

Ol (a)e ""*0q(q) |¥;)

 Parallelization - MPl and OpenMP:

Variational Monte Carlo is almost perfectly parallelizable, but with increased system size
memory becomes a constrain

« Refactoring of the code

« Computational algorithms and approximations:
variation of integration ranges (r, R) for struck nucleon pair
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Heavier nuclei: 12C

700 T T I I

fight o_em eorront Optimization specific to 2c
i left wf - .
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a0t | calculations:
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< dt
Rofgw) = [ 5o
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Heavier nuclel

Comparison for 3H, /2k MC configurations, 40x40 points inr, R integration

Original: After optimization:

e ~1Bk core hours o ~1.8k core hours
(LA et al arXiv:2108.10824)

Additional approximations reduce the computation time:
r, Rintegration up to 8, 5 fm

reduction of grid spacing in relative energy e
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Response densities for '*C

Transverse Density ¢ = 570 MeV

Longitudinal Density ¢ = 570 MeV

E [MeV]

Longitudinal and transverse response densities in 2c

q=5/7/0 MeV
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Response functions for 1*C

2c - q=570 MeV
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Current and future projects

e Elastic contribution
e Relativistic corrections

« Collaboration with GENIE to include response densities in event
generator
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Relativistic corrections

Necessary to include relativistic correction at higher momentum g

q = 700 MeV
e Include kinematics J» —_ oSmaels
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GENIE event generator

URA Visiting Scholars Program funding, collaboration with GENIE experts at Fermilab

I_ I g ht Sy Ste m S . Total Transverse Nonrelativistic Scaling Functior

e Responses and response densities w/o the elastic peak L=
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GENIE event generator

URA Visiting Scholars Program funding, collaboration with GENIE experts at Fermilab
Light systems:

e Responses and response densities w/o the elastic peak

e Finer grid and study of interpolation methods

« Implement densities into GENIE:

- currently responses have been implemented
(J. Barrow, S. Gardiner, S. Pastore, M. Betancourt, and J. Carlson. Phys. Rev. D 103, 052001)

- at the moment GENIE has a way of "making up” that information rather than a direct
theoretical prediction
- test interpolation and morphing scheme

 More momenta for 2C

« EW currents
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Collaborators:

S. Pastore, M. Piarulli
J. Carlson, S. Gandolfi, A. Lovato, N. Rocco, R. Wiringa

S. Gardiner, J. Barrow, M. Betancourt
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