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Neutrino Oscillations

Neutrinos oscillate — they have a tiny mass
Beyond the Standard Model physics
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Simplified two-flavour picture
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require theoretical cross-sections.



The needs of the experimental programs
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The range of challenges is extreme;
ultimately we would like to be able to predict
both inclusive and exclusive cross sections
across a wide range of kinematics.

The experimental neutrino program is in need of
accurate theoretical calculations of neutrino-nucleus
cross-sections with quantified theoretical errors to
ensure a robust implementation of interaction models in
experiments

Collection }Jlbne view

Cosmic muon

A highly ionizing track

Interaction
vertex

Run 3469 Event 53223, October 21°*°, 2015



Single and Double Beta Decays

Binding energy (MeV)
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Single beta decay (Z,N) — (Z—l— 1,N— 1) +e+V,
Double beta decay (Z,N) — (Z+2,N— 2) +2e+2V,

Here the lepton number is conserved



Neutrinoless double beta decay
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Nuclear Physics for Neutrinoless Double Beta Programs

EXO-200 Coﬂaboration

Majorana Demonstrator

Neutrinoless double beta decay half-life T, ,210% years (age of the universe 1.4 x 10'° years)

1 ton of material is required to see few events per year

Decay Rate oc(nuclear matrix element)? x (mBB)2



Beta decay spectrum y
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®He Beta decay spectrum for BSM searches with NCSL, He6-CRES, LPC-Caen N

5‘ ®He beta-decay spectrum from NCSM

@n §§ e

© 7 N

— 15 - F \\
k ,/ \\\

- / N
NS C L | He6 CRES 5 10 /’/ === Gamow-Teller \\
1. EEm Nucl. structure error N
s/

Total theory error ‘\\

u

/ (b)

By 1 dl'  dly

%= =% = (1 + corrections)

T T T T T
0.0 0.5 1.0 15 2.0 25 3.0 3.5

m electron kinetic energy (MeV)
Glick-Magid et al. arXiv:2107.10212



Ground States’ Neutrinoless Double Accelerator Neutrino
Electroweak Moments, Beta Decay,
Form Factors, Radii Muon-Capture

EDM t$ SPIN EDM 1% SPIN

Experiments,
2 Lepton-Nucleus XSecs

TIME FORWARD TIME BACKWARD

w~few MeVs w~few MeVs
qg~0 MeV qg~10% MeV
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Electromagnetic Nuclear Rates for

Decay, Beta Decay, Astrophysics )
Double Beta Decay & JINA-CEE .gg’_ﬁe-rson Lab

inverse processes



Electron-Nucleus Scattering Cross Section
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Current and planned experimental programs rely on theoretical calculations at different kinematics



Strategy

Validate the Nuclear Model against available data for strong and electroweak observables

° , Electromagnetic Form Factors, s
e Electromagnetic and Beta decay rates, ...

e Muon Capture Rates, ...

e Electron-Nucleus Scattering Cross Sections, ...

Use attained information to make (accurate) predictions for BSM searches and precision tests

EDMs, Hadronic PV, ...

BSM searches with beta decay, ...
Neutrinoless double beta decay, ...
Neutrino-Nucleus Scattering Cross Sections, ...



Many-body Nuclear Interactions

Many-body Nuclear Hamiltonian

H=T+V = Zt +> v+ Y Vit

1<J <j<k

vj; and qu are two- and three-nucleon operators
based on experimental data fitting; fitted parameters

subsume underlying QCD dynamics

T T
T - -

Contact term: short-range
Two-pion range: intermediate-range r o< (2m,) ™"
One-pion range: long-range r o m;l

Phase Shift (deg)
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Hideki Yukawa

AV18+UIX; AV18+IL7
Wiringa, Schiavilla, Pieper
etal.

chiral TTNA
N3LO+N2LO Piarulli et

al.



Norfolk Two- and Three-body Potentials

Chiral 2N Force Chiral 3N Force
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body Interactions

Optimization of Nuclear Two

body

Development and Optimization of two-
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Jason Bub et al. in preparation
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Quantum Monte Carlo Methods

Minimize the expectation value of the nuclear Hamiltonian: H=T +Uij + Vl.}.,<
(Uy|H[Wy)

Fy=-——°">F
T ey =

using the trial wave function:

W) = [S [Ta+u;+ > Uijk,)]

i<j ki j

| DA(JMTT3))

ch(rij)

1<j

Further improve the trial wave function by eliminating spurious
contaminations via a Green’s Function Monte Carlo propagation in
imaginary time
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Energies

Energy [MeV]
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Many-body Nuclear Electroweak Currents

é//

Nuclear Charge Operator

A
p = Zpi +Zpi]~ + ...
i=1 1<J
one-body two-body Nuclear (Vector) Current Operator
A
J= ZJZ + ZJU + ...
i=1 i<j

e Two-body currents are a manifestation of

| Ly
two-nucleon correlations
e Electromagnetic two-body currents are
required to satisfy current conservation ,
: ﬂ S
qJ:[Hap]:[tl+UZ]+M]kap] Sp

Magnetic Moment: Single Particle Picture



Many-body Currents

LO :j(72j ~eQ2
e Meson Exchange Currents (MEC) ;e
Constrain the MEC current operators by N0 eq j ki
imposing that the current
N2LO : j=0) ~ eQ® I+
e Chiral Effective Field Theory Currents e = I I = I 1 D i P
Are constructed consistently with the two-body e Ji X
chiral potential; Unknown parameters, or Low
Energy Constants (LECs), need to be Electromagnetic Current Operator
determined by either fits to experimental
data or by Lattice QCD calculations SP et al. PRC78(2008)064002, PRC80(2009)034004,

PRC84(2011)024001, PRC87(2013)014006
Park et al. NPA596(1996)515, Phillips (2005)
Koélling et al. PRC80(2009)045502 & PRC84(2011)054008



Magnetic Moments of Light Nuclei

Single particle picture
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Electromagnetic Observables

EM decay
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Beta decay
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Beta Decay and Electron Capture in Light Nuclei
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Calculations based on

e chiral interactions and currents
NV2+3-la Norfolk unstarred
NV2+3-la* Norfolk* starred
Piarulli et al. PRL120(2018)052503
Baroni et al. PRC98(2018)044003

e phenomenological AV18+IL7
potential and chiral axial currents
(hybrid calculation)

Two-body currents are small/negligible;
Results for A=6-7 are within 2% of data;
Results for A=8 are off by a 30-40%;
Results for A=10 are affected by the
second J™=(1") state in '°B



Axial currents with A at tree-level

LO
A Two body currents of one pion range
“ r ) (red and blue) with ¢, ¢, from Krebs
;+ J ‘ N2LO et al. Eur.Phys.J.(2007)A32
(b) \—h')—)

Contact current involves the LEC ¢,
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Axial Two-body Transition Density
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NV2+3-la ; NV2+3-la*

enhanced contribution from
contact current in the
starred model gives rise to
nodes in the two-body
transition density

Two-body axial currents

I

long-range at N2LO and N3LO

X

contact current at N3LO



Scaling & Universality of Short-Range Dynamics
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NV2+3-la empty circles; NV2+3-la* stars
Different colors refer to different transitions



Nuclear Physics for Neutrinoless Double Beta Programs

EXO-200 Coﬂaboration

Majorana Demonstrator

Neutrinoless double beta decay half-life T, ,210% years (age of the universe 1.4 x 10'° years)

1 ton of material is required to see few events per year

Decay Rate oc(nuclear matrix element)? x (mBB)2



Neutrinoless Double Beta Decay

E '\JR_EDF & T 1 T T E
7 REDF w .
6 arPATu I 1 I A A =

- QRPACH  + KY i v 7 : i
S mBM2 m gk \ AN . _ 7
4 [ SM Mi I | I VTV ] l GeMOTe

FSMStMTk @ | i i ke : |

B T = - ] - B Xe
3+ = ™ — Z 107k

A ©o B e, wm 1 = |
o A :_® A7 £ :

- N 2%, ] 1072 3
o || | | L1 T | : :

48 76 82 96100 116124130136 150 [ i

n A 10_3? l | | -_| | L

Engel & Menendez Rep.Progr.Physs8U(2U1/)U46301 10 1070 107 107 50 100 150

mlighlesl (CV) A



Partial muon capture rates:

rvmc(avg.) _— 1495 8_1 i 19 8—1
Mexpt = 1496.0s7 4.0 s™

Ackerbauer et al. PLB417, 224(1998)

Momentum transfer g~ 100 MeV

Two-body correction is ~8% of total
rate on average for A=3

Garrett King et al. PRC2022

VMC calculations
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Partial muon capture rates:

[vme(avg.) = 1235 s+ 101 s

Mot = 1600 5 +330/-129 s°!
Deutsch et al. PLB26(1968)315

Garrett King et al. PRC2022

FRIB: extraction of the Gamow-Teller strength

A=11, A=12 PRC2022 J. Schmitt et al.

VMC calculations
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Neutrinoless Double Beta Decay Matrix Elements

operators

Cw) [fm™]

e These observables are particularly

2 sensitive to short-range and two-body
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SP et al. PRC97(2018)014606

momentum transfer in this process is of
the order of q ~ 200 MeV



Comparison with Shell-Model Calculations
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Closer agreement between
Shell-Model calculations with
Variational Monte Carlo results is
reached by

Increasing the size of the
model space
Wood-Saxon single particle
wave functions are
superion in describing the
tails of the densities wrt
harmonic oscillator wave
functions
Phenomenological
Short-Range-Correlations
functions further improve
the agreement



Correlations in neutrinoless double beta decay ME
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Beta decay spectrum

®He Beta decay spectrum for BSM searches with NCSL, He6-CRES, LPC-Caen
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°He Beta Decay Spectrum
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Beta Decay Spectrum
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Lepton-Nucleus scattering: Inclusive Processes

Electromagnetic Nuclear Response Functions

Ralq.w) = >0 (w+ Eog— Ef) [{ f10a()]0)]”
-

Longitudinal response induced by the charge operator O, = p
Transverse response induced by the current operator O, = j
5 Responses in neutrino-nucleus scattering

d? o
dwd )

= oM [vr Ri(q,w) + vr Rr(q,w)]

For a recent review on QMC, SF methods see
Rocco Front. In Phys.8 (2020)116



Lepton-Nucleus scattering: Data

Transverse Sum Rule
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Beyond Inclusive: Short-Time-Approximation

Deep Underground Neutrino Experiment

Short-Time-Approximation Goals:

Fermilab

e Describe electroweak scattering from A
> 12 without losing two-body physics

e Account for exclusive processes

e Incorporate relativistic effects

100% muon neutrinos

Stanford Lab article

e4u collaboration

Subedi et al. Science320(2008)1475


https://www.sanfordlab.org/article/why-dune-searching-origin-matter

Short-Time-Approximation

Short-Time-Approximation:

Based on Factorization
Response functions are given by the

that propagate
into a correlated pair of nucleons
Allows to retain both two-body
correlations and currents at the vertex
Provides “more” exclusive information in
terms of nucleon-pair kinematics via the
Response Densities

Response Functions o< Cross Sections

Rolg.w) =Y 0 (w+ Ey— Ef) |{ f|0a(a)|0)]’
f

Response Densities
Rlq,w) ~ / 0 (w+ Ey— Ey) dP'dp'D(p’, P';q)

P’ and p’ are the CM and relative momenta of
the struck nucleon pair



Transverse Response Density: e-*He scattering

Transverse Density ¢ = 500 MeV/c

D(e, Ecry) [MeV—2]

SP et al. PRC101(2020)044612



e-*He scattering in the back-to-back kinematic

Back to Back Kinematics q=500 MeV

Transverse Response
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GENIE validation using e-scattering
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Barrow, Gardiner, SP et al. PRD 103 (2021) 5, 052001

e STAresponses used to build the

cross sections

e Cross sections are used to

generate events in GENIE (a
Monte Carlo neutrino event
generator)

e Here, we use electromagnetic

processes (for which data are
available) to validate the generator

d? o

Toqq = oM [vL Ri(q,w) +vr Rr(q,w)]



GFMC SF STA: Benchmark & error estimate

Ee= 0.4694 GeV , © = 54.0 Ee= 0.6524 GeV ,0 = 54.0

1750 A
" —— GFMC 1b dg —— GFMC 1b
8000 ‘ —— GFMC 12b 1500 - — GFMC 12b
\ STA 1b STA 1b
_ STA 12b 1250 - STA 12b
> 6000 --- SF1b = -=- SF1b
O
2 j é Exp. % 1000 - % ¢ 4 _Exp.
£ 4000 A )
W I |1 = L7 )
# 4 He L
2000 - ,1:‘,: °
! ®
I' ® O
0 - - . —-‘ | ————_
0 50 100 150 iaoov 250 300 350 400 0 100 200 300 400 500
w[MeV] w[MeV]

Lorenzo Andreoli, et al. PRC 2021



STA for Carbon 12: Preliminary results

Transverse Density ¢ = 570 MeV

Cross section for E. = 0.519 GeV, 6. = 60.0°
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Lorenzo Andreoli et al. in preparation



Summary

Ab initio calculations of light nuclei yield a picture of
nuclear structure and dynamics where many-body
effects play an essential role to explain available data.
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>lose collaborations between
NP, LQCD, Pheno, Hep,
Comp, Expt, ...
are required to progress
e.g., NP is represented in the
Snowmass process

It's a very exciting time!
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Quantum Monte Carlo group
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webpage: Quantum Monte Carlo group



https://physics.wustl.edu/quantum-monte-carlo-group

Single and Double Beta Decays

Binding energy (MeV)
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Maria Goeppert-Mayer
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J. Menéndez arXiv:1703.08921v1

Single beta decay (Z,N) — (Z—l— 1,N— 1) +e+V,
Double beta decay (Z,N) — (Z+2,N— 2) +2e+2V,

Here the lepton number is conserved



Nucleon-Nucleon Potential
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The Deuteron

Constant density surfaces for a polarized deuteron in the M = =1 (left) and M = 0 (right) states

Carlson and Schiavilla Rev.Mod.Phys.70(1998)743



Magnetic Moments of Light Nuclei

Single particle picture
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Correlations in neutrinoless double beta decay ME
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