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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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Techniques: =

' Cryogenic (Ge, Si, etc.) [ 2

* Solid Scintillator (Nal, Cs)
° Noble Liquids (LXe, LAr) [RESS*S

Billions invested worldwide T theory of the nucleus is essential

Strategic planning for discovery (motivation) + interpretation



Binding energy (MeV)

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

Neutrino own antiparticle <> 0 & bdecay
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Tremendous impact on BSM physics
Lepton-number violation

Majorana character of neutrino 1 ; 3

Matter/antimatter asymmetry

Absolute neutrino mass scale
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Tremendous impact on BSM physics
Lepton-number violation

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
Normal R 1 %
Inverted 1
: Gehf°
I I V; I V; 1 I
I vV, o Xe
% 107! KamLAND-Zen (**Xe) l
D2, © 7.53 10°° eV (solar) == Ve = '
Mass? 210 5 A3 13 e s? _ -V, =
D[ © 243 10°° eV (atmospheric) E [
1074 3
I : 7 :
v, I Vs ; - [
i " KATRIN/PS
m§ =% i Cosmology
107°F -
. Loavvnnl gl Lo el 1 lllllll:llllilllLlll
o) ! . , ; 3 10* 10° 1072 10 50 100 150
1% L v _
<T1/2 ) =G @ <m55> <m55> — Z Ueim; mlightest (eV) A
i=1

Spread from Nuclear Matrix Element; bands do not represent rigorous uncertainties



&2 TRIUMF Status of 0 B EDecay 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
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Ab initio
many-body
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& 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

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

Valence-space IMSRG: Novel approach for all open-shell nuclei

Hwn — Enwn
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Ab initio Y scope
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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

TRIUMF

Scope
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TRIUMF

Scope

2016 Polynomially scaling methods emerge (Coupled Cluster, IMSRG, etc.)

Progress to doubly magic °978Ni and semi-magic chains
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The Six-Year Revolution: Ab Initio 2022
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L TRIUMF Predicting Ab Initio Limits of Atomic Nuclel
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& TRIUMF

Ab Initio Progress: How Heavy Can We Go?

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

Calculate essentially all properties all o f
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Ab Initio Progress: How Heavy Can We Go?

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

Calculate essentially all properties all o f
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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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& TRIUMF

Limited by typical memory/node: €1 + €2 + €3 < E3pax = 18

Clever storage
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208Ph now straightforward:
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& TRIUMF

Ab Initio Neutron Skin of 208PDb

nature

physics

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

Baishan Hu

Christian Forssén ©®2, Gaute Hagen©'>®, Jason D. Holt

M Weiguang Jiang
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& TRIUMF *Milestone Result*

Ab Initio Neutron Skin of “°®Pb
Linked to Neutron Star Properties

phys ARTICLES ~

p YSICS https://doi.org/10.1038/541567-022-01715-8

OPEN
Ab initio predictions link the neutron skin of 2°°Pb

to nuclear forces

280

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'

IUPAP EARLY CAREER SCIENTIST PRIZES IN NUCLEAR PHYSICS 2025

Baishan Hu received his prize “for pioneering ab initio nuclear theories that
extend precision calculations to heavy and strongly deformed nuclei—
advancing our understanding of nuclear structure, dense nuclear matter, and
physics beyond the Standard Model.”



& TRIUMF Scope of Ab Initio: 2016

2016 Polynomially scaling methods (Coupled Cluster, IMSRG)
Progress to doubly magic °978Ni + semi-magic chains
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&2 TRIUMF Scope of Ab Initio Theory: Today

Rapid progress in ab initio reach: global + heavy

Exciting applications to searches for BSM physics!
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L2 TRIUMF  Major Questions in Nuclear Structure/Astrophysics

8Ni (this work)
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ADb Initio VS

Expansive campaign for nuclear structure,
astrophysics, and BSM physics searches

N=5082 Sn charge radii
P.F.Gustaffsoret al, Phys. Rev. Lett (under review
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B. Huet al,,
Nature Physic48, 1196

N=124128: Ab initio masses for
r-process nucleosynthesis
B. Huet al. (in preparation)

13214050 masses for-process nucleosynthesis
A.Mollaebrahimiet al., Phys. Rev. Lett. (under review)
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- A. Vernon et al., Phys. Rev. Lett. (under review)

Masses of Cd isotopes for N=82 shell closure
V. Manea et al., Phys. Rev. Lett. 124, 092502 (2020)
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R.Silwalet al., Phys. Lett. B 833, 137288 (2022)
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Ab Initio VS -IMSRG Campaign:

Expansive campaign for nuclear structure,
astrophysics, and BSM physics searches

Spectra and EM Moments

Magnetic moments from O to Bi Spectroscopy of?¢1%Sn and'**Cd
_ T.Miyagiet al., Phys. Rev. Lett 104, 014324 (2021.)Miyaget al.,Phys. Rev. C 105, 014302 (2022)
0* states in%%Kr
D. Walteret al.,Phys. Lett. B 862, 139352 (2025)

Spectroscopy 0%2Sn,1394n and31Sh

L=82 e = = - K. Whitmoreet al.,Phys. Rev. C 102, 02432D20)

EM Moments of 47,49Sc

S.W. Baet al, Phys. Lett B 829, 137064 (2022)
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Reduced size of excited state isomer#y.13]n
A. Vernon et al., Phys. Rev. Lett. (under review)

EM moments of neutrorrich Sb isotopes
S. Lecheet al.,Phys. Lett. B 847, 138278 (2024)

I N=5682 In EM moments
N =126 J.Kartheinet al.,Nature Phys. 20, 1719 (2024)
A. R. Vernon et al., Phys. Rev. C (under review)
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£ o S.D. Chen et al., Phys. Lett. B 843 138025 (2023)
t KéaaAol ftm nipnS@hAacsomp b

P. J. Li et al., Phys. Lett. B 855, 138828 (2024)

. T. Kowai et al., Phys. Lett. B 827, 136952 (2022)
B 20 ¢d DNI & Si ygpmay wewand [ Shd o
Z=2
Spectroscopy of?Sc 1 N=8 Spectroscopy of74C]
- = ' Spectroscopy off%Sc ancboTi
Physicd ettersB 819, 13643¢2021) N = 2 Physical Review C 104 (4), 04483122) p Py
Spectroscopy of3F

Phys. Revi. C 104 (2), 02432021)
Spectroscopy of*?:5Ar for N=32
H. Crawfordet al., PhyS. Rev. C 103, L061303 (2022} B.D. Linh et al., Phys. Rev. C 109, 043312 (2024)

Physical Review C 102 (6), 064320 (2020)



2 TRIUMF Searches for

i Neutron
standard model two-neutrino neutrinoless

beta decay beta decay

Neutrinoless double -beta decay Dark matter direct detection Super -allowed Fermi transitions

scattered
0 neutrino

~ g )
e
'secondary
recoils

Neutrino scattering Symmetry -violating moments Atomic theory



&£ TRIUMF *Milestone Result*

Two-Body Currents for Gamow-Teller
Transitions and g, Quenchlng

Ab initio survey of GT matrix elements

¢ Th
A Many-body correlations 1 | A
A Consistent NN+3N forces + 2BC e
Broad experimental agreement with g,=1.25 & Iy

TH ORY

LETTERS nature,
https://doi.org/10.1038/541567-019-0450-7 phySICS

Discrepancy between experimental and

theoretical f-decay rates resolved from
first principles

P.Gysbers'?, G.Hagen®34*, J.D.Holt®", G.R.Jansen®35, T.D. Morris3*¢, P.Navratil ©®, T. Papenbrock ®34,
S.Quaglioni®7, A.Schwenk?®°°, S, R. Stroberg'"? and K. A. Wendt’




& TRIUMF

O B [Decay for All Major Players: 7°Ge

1OO|\/|O ,130Te’136xe

standard model two-neutrino
beta decay

neutrinoless
beta decay

A3

. &— i A "“‘"
A. Belley L. Jokiniemi l. Ginnett J. Pitcher A.Todd T. Shickele

Ab Initio Neutrinoless Double-Beta Decay Matrix Elements for Ca,
Ge, and ¥Se

A. BelleyC. G. Payne, S.R. Stroberg, T. Miyagi, and J. D. Holt

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

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

Phys. Rev. Lett.
A. BelleyJJ. 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
neutrino mass limits Status:

Jason Holt |Antoine Belley, Takayuki Miyagi, Steven Stroberg nature portfolio




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

Proper renormalization requires short-range contact term at leading order

Phy{:,T(% 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 blob:
High-energy 3 exchange

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

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

M
MOV—>ML+MS=MGT+9—2F+MT+MCT
A

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



& TRIUMF ( More) Current

Compiled values updated w/ phenomenology + short-range contact

48Ca 7GGe BZSe IOOMO 130Te 136Xe
I f w/o CT 1 —&— QRPA
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Nuclear Models

Nuclear Models

Nuclear Models

New(er) results increase factors up to >10 uncertainty

Nuclear Models

Nuclear Models

can we do better?

Nuclear Models
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TRIUMF ADb Initio Strategy: Predict in Heavy Nuclel

Converged NMEs for major players in global searches: °Ge, 1°°Mo, 130Te, 136Xe
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Belley et al., arXiv:2307.15156
Nature (under review)



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
48Ca 76Ge 825e IOOMO 130Te 136Xe
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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
48Ca 76Ge 825e IOOMO 130Te 136Xe
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& TRIUMF Why Small Matrix Elements?

Correlations i n wavefunction and operator dri
Ab 1 nitio resul ts: I|darfofee rdgMrEcsaetsy Ishfraovno rnmeodd e | s

—o— VS-IMSRG —a— CCSD-T1 —<¢— NSM —v— EDF 8- EFT

—a— IM-GCM —a&— QRPA —»— |IBM —— GCF
sl 136 ¢ w/oSR ]
; Xe v = w/ SR
4'_ No IMSRG evolution of Ogy, \ ]

[ ¢ seniority 0 component of W.

[ < 3 _
3 No IMSRG evolution of Og,, 4 . ]
o i full VS-IMSRG diagonalization. A : 1
S | a3 :

2+ ]
| I s 3

1} - A ]
[ * Consistent tansfomaton of Og,. 2

0 B i
My M My M

ADb Initio Nuclear Models



& TRIUMF Ab Initio Strategy: Explore Correlations

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

N r=-0.46 _ r=-0.43 | 0.50 rl= 0.p7 r=0.77 EXpt.
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> o0’ e [0 o (0
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Use machine learning for further insights? Bel eyal .22 1a0r. X0i5\8:0 ¢

Yad,i nnkdelteeyal .2,03P



&2 TRIUMF Machine Learning for Sensitivity Analysis

Explore dependence on chiral EFT LECs: requires many samples (as in  2%Pb)
Use gaussian processes as an emulator

Multi -Fidelity Gaussian Process: connects few (complicated) high-fidelity data points (e.qg., full
IMSRG) w/ many lowfidelity data points (HF, low e,,,, etc)

o o I
Difference function fit with Gaussian process: predict HF from LF A==
Deep Gaussian Process. Neural network links multiple GP L - ?_#1.{ - - .H___,..-f‘ '
o . fi ——t o (1
Include outputs of previous fidelity as new HF point: i R I T <Y
Improves modeling of difference between LF and HF {
¥ | ¥z | Iy

Adapted for multi output:
Multi -Output Multi -Fidelity Deep Gaussian Process (MM -DGP)

Bel,, ei tcher et al



&L TRIUMF MM-DGP Emulator for IMSRG: Sensitivity Analysis

Newly developed MM-DGP data-driven emulator for VS-IMSRG

Sensitivity analysis: Connect long-range 0 b ecay to terms in nuclear forces
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&£ TRIUMF MM-DGP Emulator: Correlation w/ 1S, Phase Shift

Clear correlation with 1S; phase-shift
Strong correlation emerges for energies > 50MeV

Correlation Coefficient

Bel, eRi tcher C
ar 2408. 02169 .. nn

0 5ID 160 15|0 260 25|.0 300 350
Lab Energy [MeV]

Constrained by part of i1 nteraction for the



& TRIUMF Ab Initio Strategy: Explore Correlations

Explore correlations with other observables from systematic analysis (34 interactions)
Few clear correlations, except DGT in 7°Ge
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Novel correlation with measured 1S, phase shift!



&2 TRIUMF Rigorous Ab Initio Uncertainties for "°Ge

Consider all physics contributing to theoretical error in On b decay

Y = Yum—-pDCP + €emulator T €EEFT T+ €many —body =+ €operator

Foa 68% degree of belief interval including gem 1L b A
68% degree of belief interval including ggq and &yerr

Nuclear many-body problem treated o e ||
w/ newly developed ML emulators j — Mean NME

Construct PPD for NME in 76Ge

MOU
—

Dramatically reduced uncertainty [ }

compared to nuclear models - }‘ ’

Nucl ear Model s .
76Ge - 76Se '

0

@\z?' & cggvx,,,% & x,,,:qo(}x,,,% qf?é\ &
Ab Initio Uncertainty Quantification of Neutrinoless Double-Beta ¢ & & & & &
Decay in "°Ge

A. Belley, J. M. Yao (32;1HB), 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 (3KZ8)

Phys. Rev. Lett. 132, 182502 — Published 30 April 2024




& TRIUMF Updated Predictions in Heavy Nuclel

Converged NMEs for

PPD

maj or ‘fBleaWetF elis ke gl obal se

|l ndependent agrees with previous spread
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2 TRIUMF Ab Initio Strategy: Impact on Worldwide Searches

Impact for current searches: large matrix elements disfavored, lowers expected rates
Current experlmental reach T improved with effects of contact term
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&2 TRIUMF ADb Initio Strategy: Impact on Ton-Scale Searches

Impact for next-generation searches: sensitivities from LEGEND, SNO+, nEXO, CUPID

Effectof short-r ange term i mpr ov e s Y8 peavraimajerplayar reach
DNMELR I
@NMELMSR I
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1 SNQ
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3 e
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3 S Bt
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1072 y.q 136y @ 1
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. . Bel Bt I 387 X1L G
Uncertainty reduced by over one order of magnitude! Notorod ( ﬁ Tder r



L TRIUMF Combined Limits: Likelihood Functions
Obtain likelihood functions from experiments I convert decay rates to mgg

Me Tov
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