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@ What is ab initio nuclear calculation?

@ Elastic v-nucleus scattering

@ Inelastic charged and neutral current v-nucleus scattering

@ Summary
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|. Ab initio nuclear theory
for neutrino-nucleus scattering
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Effective field Quantum many-

theory body theory Exotic nuclei

Nuclear force: NCSM, NCSM/

Shell evolution
NN + 3N + RGM,NCGSM VO

Nuclear shapes &

I\?CMSCIi/I symmetries

Electroweak currents: EET Neutron skin

1 body + 2 body + ... Brenormalized VMBPT Halo structure
/bare Rare decays

CC Collective motions

IMSRG -
SCGF Clustering

NN scattering data;
few-body observables

Y LYe, XF Yang, H Sakurai and BSHu. Invited review article, Nature Reviews Physics (2024)
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Nucleons, A

BSHu, W G Jiang, T Miyagi, Z H Sun, et al., Nat Phys 18, 1196 (2022)
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Theory — experiment

total error

N
(
L
oL T1"~J
<o, =T T ¢t
30.0 32.5 35.0 37.5 40.0 42.5 45.0 47.5
np 6(1Sy) at 50 MeV (degrees)
& Agreement with NN scattering data in 1S0
channel precludes large neutron skin
& CEvVNS mainly probes neutron distribution,
neutron skin is important for CEVNS
0.2
R...(c"°Pb) (fm)
BSHu, et al., Nat Phys 18, 1196 (2022)
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R. Machleid(, D.R. Entem / Physics Reports 503 (2011) 1-75
Electroweak currents

2N Force 3N Force

C
C1,C3,Cy D €3, Cy Cp

Chiral EFT provides a

systematic scheme for
constructing consistent
interactions & currents

Quantifiable
uncertainties
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P Gysbers, et al., Nat Phys 15, 428 (2019) B Acharya, BSHu, et al., arXiv:2311.11438 (2023)
Accepted by Phys Rev Lett (2024)
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Il. Ab initio nuclear theory for CEVNS

/-
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Coherent Elastic Neutrino-Nucleus Scattering (CEvVNS)

A neutrino interacts a nucleus via exchange of a Z, and the nucleus recolls as a whole

8 1960s: “theory of the unified weak and electromagnetic interaction,
and prediction of the weak neutral current”

Sheldon Glashow, Abdus Salam, and Steven Weinberg

1979

& 1973: discovery of a weak neutral current in a neutrino experiment at CERN
F.J. Hasert et al., Phys Lett B 46, 138 (1973)

& 1974: CEVNS suggested by Daniel Freedman
D.Z. Freedman, Phys Rew D 9, 1389 (1974)

& 2017: Observation of CEVNS by COHERENT collaboration
D. Akimov et al. (COHERENT). Science 357, 1123 (2017)

Baishan Hu - ORNL (2024/5/19)

11



d G2M M, T T 2 G2M MT T
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Q,, = Z0y, + NOj

oL =0.0714, Q) = —0.9900 ?
Radiative corrections ? Negligible ?
CEVNS mainly probes neutron distribution
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D Akimov et al. (COHERENT). Science 357, 1123 (2017)
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L
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| ( > ) G*F L <q2> . Details:
4m, M. Hoferichter et al., PRD 102 (2020) 074018
L.A. Ruso et al., arXiv:2203.09030 (2022)
oM . : : : :
Nuclear 7 . mainly from neutron distribution
response F? . spin-orbit correction
functions =", yial-vector contribution: two-body currents important
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»

M D = 1 CEVNS mainly probes neutron distribution;
Fq7) = [ e p(r)d’r This dominant nuclear response is usually assumed to be equal for
proton and neutron. But this is clearly not the case.

*

)

i LM T(Q) O\ Mm

LM’T(Q) \/a[ =1
| A spin expectation values

7 —>O

L4 @) = Z O1Mm
127 i—1

*
p(r) is assumed to be a uniform density with radius Ry and a Gaussian profile with a folding width s
' 7
gHelm(QZ) — 3]1 (QR()) e—q2S2/2 RO — C + 2 ’ SS
Ko ¢ = (123418 — 0.60), a=0.52, s=0.9 fm
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® ANNLOgo
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‘ N4LO+3N|n|
LSSM
SPM

19|: 23Na 27A| 29Si 7BGe 127| 129)(9 131)(e

BSHu, et al, Phys Rev Lett 128, 072502 (2022)
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BSHu, et al., In preparation (2024)
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B ANNLOGo(394) W NNLOg,; I 1.8/2.0(EM) Helm Klein-Nystrand
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B F, IMSRG W Fa(w/o 2BC) IMSRG 1l F4 LSSM

Fa(w/o 2BC) LSSM ]
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D. Akimov et al. (COHERENT). Phys. Rev. Lett. 129, 081801 (2022) Number of photoelectrons (PE)

BSHu, et al., In preparation (2024)
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lll. Inelastic charged and neutral current v-nucleus scattering
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pp
'Be 861keV

'Be 384keV
13N

0.2 0.30.4 0.7
E, [MeV]

B. Dutta, W. C. Huang, BSHu, L. Strigari, Y. Zhuang, In preparation (2024)
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Summary

Ab initio form factors/nuclear responses
for 19F, 22Na, 27Al, Si, 40Ar, Ge, 127], 133Cs, Xe

VS-IMSRG: from light to heavy nuclei;
Chiral EFT 1b + 2b currents

Inelastic charged and neutral current neutrino-nucleus scattering;
BSM constrains

This research used resources of the Oak Ridge Leadership Computing Facility at the Oak Ridge
National Laboratory, which is supported by the Office of Science of the U.S. Department of
Energy under Contract No. DE-AC05-000R22725.

Thank you !
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40 50 60 70 80
Neutron number

BSH, et al., In preparation (2024)

less than 0.3% In heavy nuclei,

about 1% in light nuclel
2 2 / 2 2 2
R =c“+ gﬂ' a — Ss

3 (gR)
Frem(q?) = 2 (;] ) e 752 ¢ =(123A"-0.60) fm
1 a =052 fm, s = 0.9 fm
o 1.5% level

QF = 0.0714, Q% = — 0.9900
Q! = —1, QP = 1 —4sin’0y,

W

sin’@y, = 0.23122 =+ 0.00003

less than 10/(-6)%

3%(19F), 0.1%(23Na), 0.03%(73Ge),
less than 0.007%(127] and 133Cs)
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D. Akimov et al. (COHERENT). Phys. Rev. Lett. 126 (2021) 012002
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To compute the properties of complex nuclei from first principles,
there are two significant issues:

H =T+

Quantum Chromodynamics (QCD) becomes highly non-perturbative
at the low energy scale relevant to nuclear physics

Solve many-body Schrodinger equation ranging
from 2 to 208, even up to an infinite number of strongly interacting particles

Baishan Hu - ORNL (2024/5/19) 29



- H= 3T B B v
=1

1<j 1<j<k
Solve many-body Schrodinger equation Ex: 300 orbits to study 12C
H|yy==E |y} The total number of Slater determinants is:
Ngim 300 300 4
= X ~ 10
'ty =) Clo> dim (6) (6>
i=1

Numerical budgets:

H. = (d2 | H| HA
ij (@;"| ‘ng) 1) 2<dim < 105 = exact diagonalization

2) 105 <dim < 1010 = few E, (Lanczos)

Hyp o e Hlndim ¢ C, 3) dim > 1010 = intractable
. ' | =EY
H, - H, C, G Scale exponentially with mass A
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In-Medium Similarity Renormalization Group (IMSRG); named driven SRG in quantum chemistry
drive the Hamiltonian towards a band- or block-diagonal form via continuous unitary transformation

‘ e M)es) = ] .. ‘

(i|H(s =0)]j) (1| H(s = 00)]j)
Coupled cluster theory (CC .
p ry (CC) [ o ThT
T'=T +1T +71T;+ --- _
ly) = e |p?) Lo E=(D|H|D) e~ TeT # 1
Tl — Z tphagah
h<es, p><e; 0= <(D2],Z |H | >
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NN unknown LECs: 2 (LO) + 7 (NLO) + 15 (NSLO)
3N unknown LECs: 2 (N2LO)

R. Machleidt, D.R. Entem / Physics Reports 503 (2011) 1-75

2N Force 3N Force 4N Force

parameter

— MOd el
True function
Samples
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Zexp — Zth(‘g) T Emodel T €em T Emethod T 8exp

E

E

E

exp :
model :

method :

cm °

l. Vernon, et al, Statistical Science 29 (2014) 81; l. Vernon, et al, arXiv:1607.06358v1(2016)

Zexp — <th T ézth T 5Zexp

2
| z(0) — z7*P|

Var (zM(6) — z7*P)

11.2(9) —

experimental uncertainty

EFT truncation 1,,(0) = max I.(0) > ¢y,
ZEZL
model-space truncations,

ab initio many-body solvers cv=3, Pukelheim’s three-sigma rule

emulator precision/sharing
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http://abinitio.triumf.ca/2020

| D. Frame, et al, PRL121 (2018) 032501
CCSD compute 160 109 times:

All 9000 nodes of ORNL'’s Frontier run 100 years

—— SPCC(5) (points 1-5)
——= SPCC(3) (points 1 3)
& CCSD

round-state energy (MeV)

{
1
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I_:I(‘gi) =T+ ‘A/(Hi) fori=1, ... Ngc &f’

H(6) |w(6)) = E6) |w(6)) é

Nec ;;D

[W(0)) = D c;lw(6) 2
i=1

H(0) |w(05)) = E(@,)N | w(0,))

A 2.0 2.5 3.0 3.5 4.0
Hij — <l//(6’l) |H(9@) | 1/1(19]», N ij = <W(‘91) | W(@]» Low-energy constant Cig, ( 10* GeV ™ %)
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