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&2 TRIUMF Major BSM Searches Worldwide

Worldwide search for BSM physics w/ neutrinos, dark matter, and radioactive molecules!
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° Noble Liquids (LXe, LAr) [RESS*S

Billions invested worldwide T theory of the nucleus is essential

Strategic planning for discovery (motivation) + interpretation



&2 TRIUMF Atomic Nucleus Drives New Physics Discoveries

Nuclear theory vital for SIX of eight key science drivers: Canadian SAP-LRP
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Binding energy (MeV)

&2 TRIUMF Neutrino-less (O pDouble-Beta (b bDecay

Neutrino own antiparticle <> 0 & bdecay

-66

— 2vpp
— OvBp (B.R. = 10?)
_68 n

-70 +

72

Arbitrary Units

74 |

=
2]
l‘lllllllllllllﬂlll Ill] l]ll

-76 i 1 1 1
30 31 32 33 34 35 36 37
Atomic number, Z

o.‘ f‘\
0 'l 1 1 I L L 'l l 1 1 L I ] ] 'l - ARA)
0 0.2 0.4 0.8 0.8 1
(Summed B Energy)!Qm3

Tremendous impact on BSM physics
Lepton-number violation

Majorana character of neutrino 1 ; 3

Matter/antimatter asymmetry

Absolute neutrino mass scale



Binding energy (MeV)
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Tremendous impact on BSM physics

Lepton-number violation/matter creation

Majorana character of neutrino ov55) L . N 5 3
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Absolute neutrino mass scale NME not observable: must be calculated




& TRIUMF Nature of Neutrino: 0 B [Decay

Next-generation searches probe Inverted Hierarchy *C“Se’zég:jd*
l
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& TRIUMF Status of 0 B BEDecay Matrix Elements

All calculations to date from extrapolated phenomenological models; large spread in results
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& TRIUMF

Status of 0 B BDecay Matrix Elements

All calculations to date from extrapolated phenomenological models; large spread in results
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& TRIUMF ADb Initio Approach to Nuclear Structure

Aim of modern nuclear theory: develop unified first-principles picture of structure and reactions

(Approximately) solve nonrelativistic Schrodinger equation

Hwn — Enwn

Ab initio
many-body
CourtelB®ptroberg I



& TRIUMF Ingredient I: Nuclear Forces

Chiral Effective Field Theory: low-energy expansion of QCD, nucleons + pions

High-energy information encoded in contact terms ey s Sl Efieciive-Riekd Theory
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& TRIUMF ADb Initio Approach to Nuclear Structure

Aim of modern nuclear theory: develop unified first-principles picture of structure and reactions

(Approximately) solve nonrelativistic Schrédinger equation @
l l w - E ( ' w / Ab Initio Cheat Sheet (polynomial scaling methods)
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& TRIUMF

Polynomially scaling methods tailored for doubly magic, semi-magic chains

Valence-space IMSRG: Novel approach for all open-shell nuclei
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*Key Advance* Valence-Space Approach
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Nucleus-Dependent Valence-Space Approach to Nuclear Structure

S.R. Stroberg] A. Calci, H. Hergert, J. D. Holt, S. K. Bogner, R. Roth, and A. Schwenk

Phys. Rev. Lett. 118, 032502 — Published 20 January 2017



& TRIUMF ADb Initio Approach to Nuclear Structure

Aim of modern nuclear theory: develop unified first-principles picture of structure and reactions

(Approximately) solve nonrelativistic Schrodinger equation

Hwn — Enwn
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2010 Quasi-exact methods for light nuclei (*60); limited capability for 3N forces
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TRIUMF

2016 Polynomially scaling methods (Coupled Cluster, IMSRG)
Progress to doubly magic °978Ni + semi-magic chains
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e-space

The 5-Year Revolution: 2022
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L TRIUMF Limits of Existence in Medium-Mass Region
Ab 1 niti o calfOdbuateons$rom He to 55%0(th)_0(exp)

! ] e Fe &
251 | & Confirmed dripline | | 8 MnC
d Last discovered o v
: Ti
é 5 Sc
2 f--rmos -
N § Ar .
o oo =, .« 1.0
.g i
15 '
= 0.8
S E |l nput H, 3Jbiodd yt o
g10] S ; @ Not biased towar
_____ S g— S 04
A SRR Ab initio| <
51 IMSRG 0.2
: 0.0 | ™  Ragnar Stroberg @
0 10 20 30 40 50 _
Neutron number N Ab Initio Limits of Atomic Nuclei
Known drip lines predicted within grsem o s

e
Ph)/SICS See synopsis: Predicting the Limits of Atomic Nuclei

Ab 1 niti o gui-dechodr npluit neas



&2 TRIUMF ADb Initio Progress: How Heavy Can We Go?

Tremendous progress in ab initio reach, largely due to valence-space IMSRG

Calculate essentially all propertiesallo f  n u ©INeZi ~&0
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Ab Initio Progress: How Heavy Can We Go?

Tremendous progress in ab initio reach, largely due to valence-space IMSRG
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2 TRIUMF

Takayukl Miyagi

Converged ab initio calculations of heavy nuclei

T. Miyagqi| S. R. Stroberg, P. Navratil, K. Hebeler, and J. D. Holt
Phys. Rev. C 105, 014302 — Published 3 January 2022

*KEY ADVANCE*
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&2 TRIUMF *Milestone Result*

Ab Initio Neutron Skin of 298Pb
Linked to Neutron Star Properties

nature ARTICLES
phySICS https://doi.org/10.1038/541567-022-01715-8

‘ ") Check for updates ‘

Ab initio predictions link the neutron skin of 2°Pb
to nuclear forces 80

Baishan Hu

Baishan Hu®'", Weiguang Jiang ©®2" |Takayuki Miyagi ®[**", Zhonghao Sun>%", Andreas Ekstrém?,
Christian Forssén©2%, Gaute Hagen©'>*®, Jason D. Holt®"7, Thomas Papenbrock ©55,
S. Ragnar Stroberg®® and lan Vernon™

208pp
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22 TRIUMF Ab Initio Neutron Skin of 208Pb

A%

News & views

Combine ab initio + machine learning advances

https://doi.org/10.1038/s41567-022-01782-x

I History Matching:3 4 frinmmml ausi bl eo Ahistoric matchfor nuclei and neutron stars

II: Calibration/importance sampling: 48Ca properties

B ALAnL fav iindaran
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11 Val idation . 208Pb pro pert|es from ab |n|t|0 Uncertainty estimation in previous work | Uncertainty estimation in this work
) ) . Low energy Ab initio 3 LEC prior Ab initio
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0.1 0.2 0.3 Nature Physics 18, 1196 (2022)
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Neutr on

Slope of symmetry energy (L) related to NS pressure
O(E/A)

Crucial for mass-radii relationship

3

P = p?

op

L=31

L

2PRBQ

=42

11

R (km)

12

13

Mirror charge radii, dipole/quadrupole polarizabilities
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Car | s oon-

£

= 0.15
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Correlations from ab initio 298Pb

Correlation between R, and
symmetry-energy slope (L)
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Potentially constrain nuclear forces:

Neutron star radii/mergers
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2016 Polynomially scaling methods (Coupled Cluster, IMSRG)
Progress to doubly magic °978Ni + semi-magic chains
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& TRIUMF New Scope

Rapid progress in ab initio reach: global + heavy

88

of 2024
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&2 TRIUMF New Scope of Ab Initio Theory

Rapi d progress gholadl i Al heavyeach:
Exciting applications to searches for BSM physi
88 4
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Ab Initio VS -IMSRG Campaign: Masses and Charge Radii

Extensive campaign for nuclear structure, nuclear astrophysics, | & 4.6 np VRS AY 2 F
and searches for physics beyond the standard model o ST f P
bl (i dzZNB mtpKnedich O& N=124128: Ab initio masses for
N=5082 Sn charge radii r-process nucleosynthesis
P.F Gustaffsoret al, Phys. Rev. Lett (under review B. Huet al. (in preparation)

13214050 masses for-process nucleosynthesis
A.Mollaebrahimiet al., Phys. Rev. Lett. XXXyyy(2025)

In ¢ Ag masses for structure df%Sn

M. Mougeoutet al., Nature Phys. 17, 1099 (202))
L.Nieset al, Phys. Rev. Lett. 131, 022502 (2023)
Z. Geet al,, Phys. Rev. Lett. 133, 132503 (2024) " =

7 = 50 it e

Y

] -
iy /_ I Reduced size of excited state isomer'##13in
- A. Vernon et al., Phys. Rev. Lett. (under review)

THE NI Y oAaadSaa crINNILGSEKS R
o | 2 0159y O K NHED v Wl & & adTH p
N=2850 Ni and Cu radii

R.P. de Grootet al,, Nature Phys. 16, 620 (2020
S.MalbrunotPhys. Rev. Lett. 128, 022502 (2022)
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Ab Initio VS -IMSRG Campaign: Spectra and EM Moments
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&2 TRIUMF Searches for BSM Physics
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& TRIUMF *Milestone Result*
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P.Gysbers'?, G.Hagen®34*, J.D.Holt®", G.R.Jansen®35, T.D. Morris3*¢, P.Navratil ®, T. Papenbrock ®34,
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Discrepancy between experimental and
theoretical f-decay rates resolved from
first principles




&2 TRIUMF Large-Scale Ab Initio GT Transitions

Ab initio survey of large GT matrix elements
Mgt =|<f\OGT”i>

2BC: Coupling of weak force to two nucleons

a

Ogr = 0> 4+ 02>,

-Light Y heavy mass regi

- Many-body correlations
- Consistent NN+3N forces + 2BC

el I«  ____________ news&uviews |
Beta decay gets the ab initio treatment

One of the fundamental radioactive decay modes of nuclei is p decay. Now, nuclear theorists have used first-principles
simulations to explain nuclear p decay properties across a range of light- to medium-mass isotopes, up to '°°Sn.
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Ab Initio Neutrinoless Double-Beta Decay Matrix Elements for BCa,
Ge, and ¥Se

A. Belley,|C. G. Payne, S.R. Stroberg, T. Miyagi, and J. D. Holt

Phys. Rev. Lett. 126, 042502 — Published 29 January 2021

Ab initio uncertainty quantification of neutrinoless double-beta decay in
Ge

Phys. Rev. Lett.
A. Belley,|J. M. Yao, B. Bally, J. Pitcher, J. Engel, H. Hergert, J. D. Holt, T. Miyagi, T. R. Rodriguez, A. M. Romero, S. R. Stroberg, and X. Zhang

Physical Sciences - Article

Ab initio calculations of neutrinoless ff decay refine

standard model two-neutrino neutrinoless . .-
neutrino mass limits P ncor Review
beta decay beta decay Status:

Jason Holt, JAntoine Belley] Takayuki Miyagi, Steven Stroberg nature pO['thliO




L TRIUMF The Year(s) We Lost Hope: Leading-Order Contact

Proper renormalization requires short-range contact term at leading order

Phy{:,TEE, SYNOPSIS

A Missing Piece in the Neutrinoless Beta- n p
Decay Puzzle

May 16, 2018 « Physics 11, s58 C].

The inclusion of short-range interactions in models of neutrinoless double-beta decay could impact the
interpretation of experimental searches for the elusive decay.

n P
New physics inside bl ob
Hi eemersgxchange

V. Cirigliano et al. PRL (2018), PRL (2022)

New paradigm for O B ecay: include long- and short-range terms

M
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Estimated to ~30% - no consistent way to assess with phenomenology



& TRIUMF ( More) Current

Updated phenomenology w/ short-range contact
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Uncertainty from sign of short-range term
New(er) results increase factors up to >10 uncertainty can we do better?
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Ab Initio Strategy: Predict in Heavy Nuclel

Converged NMEs for major pl'&et'Me l3Pel3eobal
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Strategy:

Converged NMEs for major players in global searches: 7°Ge, 1Mo, 130Te, 136Xe

Ab initio results: differences from models; large NMEs strongly disfavored

MOv

48Ca 76Ge 825e IOOMO 130Te 136Xe
§ w/oSR : : E | —e— VS-IMSRG

| EOm w/ SR | = IM-GCM

| 1 1 1 | | —@— ccsD-T1 |
—&— QRPA
[ — NsM
T —— IBM
> v —v— EDF

_BeII'ey et al., 1 v 1 1 N . . Phen. + —¢— GCF 1

| arXiv:2307.15156 i L AV & EFT

: 4 A

| Nature (under review) | R 1= ! a” 24 ¥ 1 ; 1
o I | sV H i I g
A i

I ! A 1 aw | < BN ! A
3 ‘v N oy E

v | A ] B l ERIims

_ J o] 7 « ] L | NI

| aB AL [ ¥ -- M5 : ta
H 4 : 8 H & :

o 1 * N
My Mm@l MY mEem My muam| MY mem| M MM M MM M mEmME] MY MM MY MEmME| MY MM MY MM ME MM

Ab inito Nuclear Models

Ab inito Nuclear Models

Ab inito Nuclear Models

Ab inito

Nuclear Models Ab inito

Nuclear Models

Ab inito Nuclear Models



2 TRIUMF Ab Initio Strategy: Predict in Heavy Nuclel

Converged NMEs for major players in global searches: 7°Ge, 1Mo, 130Te, 136Xe

Ab initio results: differences from models; large NMEs strongly disfavored
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L TRIUMF Why Smal

Correlations in wavefunction and operator drive small NMEs
Ab initio results: differences from models; large NMEs strongly disfavored
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& TRIUMF Ab Initio Strategy: Explore Correlations

L4

6Ge: Explore correlations with other observables from 34 interactions
No ab initio correlations, except DGT
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Use maghine learning for further insights? Belley et al., arXiv:2210.05809

Yao, Ginnett, Belley et al., PRC (2022)



& TRIUMF Ab I niti o Strategy

6Ge: Explore correlations with other observables from 34 interactions
No ab initio correlations, except DGT
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Use machine learning for further insights? Belley et al., arXiv:2210.05809
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2 TRIUMF Ab Initio Strategy: Explore Correlations

6Ge: Explore correlations with other observables from 34 interactions
No ab initio correlations, except DGT
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