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&2 TRIUMF Major Underground Facilities Worldwide

Worldwide searches for BSM physics involving neutrinos and dark matter

Ov3 Decay Dark Matter Direct Detection
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&2 TRIUMF Nuclear Theory for BSM Searches

Exclusion plots for Ovp[3 decay + WIMP/v scattering require nuclear theory
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&2 TRIUMF Nuclear Theory for BSM Searches

Exclusion plots for Ovp[3 decay + WIMP/v scattering require nuclear theory
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Nuclear matrix element: rate of decay Structure functions for WIMP/v scattering




&2 TRIUMF Nuclear Theory for BSM Searches

Exclusion plots for Ovp[3 decay + WIMP/v scattering require nuclear theory
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2 TRIUMF Status of Ovpp-Decay Matrix Elements

All calculations to date from extrapolated phenomenological models; large spread in results
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All models missing essential physics: correlations, single-particle levels, two-body currents
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Status of Ovpp-Decay Matrix Elements

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

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

(Approximately) solve nonrelativistic Schrodinger equation

H% — Enwn

Ab initio
many-body

Courtesy, S. R. Stroberg



&L TRIUMF Ab Initio Approach to Nuclear Structure

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

. A . . Quantum Chiral Effective-Field Th
(Approximately) solve nonrelativistic Schrodinger equation Chromodynamics p; R é,’,’
= E, 0 ' P24
- / (virtual) ‘
n nY¥n @ ©.
‘ + " } ><‘ Chiral Effective Field Theory © NNforce : NNNforce :NNNN force
2 Xl
Consistent treatment of LO

- 2N, 3N, 4N, ... forces

- Electroweak physics Q
many-body NLO :
Quantifiable uncertainties

Interactions Q +

1.8/2.0, N2LOgqo, N3LO, \
(2.0/2.0, N4ALO \L)
34 non-implausible

Courtesy, S. R. Stroberg
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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

o

Hwn — Enwn

Courtesy, S. R. Stroberg

(D

Ab Initio Cheat Sheet (polynomial scaling methods)

CC: Coupled cluster theory

a,b,... *

S M

IMSRG: In-medium similarity renormalization group
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SCGF: Self-consistent Green’s function
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&L TRIUMF Ab Initio Approach to Nuclear Structure

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

(Approximately) solve nonrelativistic Schrodinger equation

Hw,n — E,n wn Valence-space approach

for open-shell nuclei

q _____ _____
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LA Vi—® =—  Valence-space Hamiltonian
O
C|l 2888 8229 Decoupled core
cc cv vw vq qq cc cv vv vg qq cC cv vv vq (QqQ

lHeffv Oeff

qq vq vv cv ccC
qq vq vv cv ccC
qq vq vv cv cC

shell
-
Courtesy, S. R. Stroberg

Extends ab initio to scope of traditional nuclear shell model

<ij| H(s = 0) |kl > < ij| H(s) |kl >

< ij| H(s) |kl >



2 TRIUMF Valence-Space IMSRG

Explicitly construct unitary transformation from sequence of rotations

1 2H
U:gQ:enn,,,@m 77:§arctan( d)—h.c.

A
1
H:eQHe_Q:H—|—[{LH]—|—§[Q7[Q’HH_|_...

All operators truncated at two-body level IMSRG(2)

. Tsukiyama, Bogner, Schwenk, PRC 2012
IMSRG(3) in progress Morris, Parzuchowski, Bogner, PRC 2015

~

Step 1: Decouple core

= =

Can we achieve accuracy
decouple  Of large-space methods?

B) = [1°0)

excluded

core




2 TRIUME Valence-Space IMSRG

L4

Explicitly construct unitary transformation from sequence of rotations

1 2H
U:@Q — elln n:§arctan( Ad> — h.c.

1
H:eQHe_Q:H—|—[{LH]—|—§[Q7[Q’HH_|_...

excluded

All operator_s truncated at two-body level IMSRG(2) Tsukiyama, Bogner, Schwenk, PRC 2012
IMSRG(3) in progress Morris, Parzuchowski, Bogner, PRC 2015
- Step 1: Decouple core
“)  Step 2: Decouple valence space (PHIE) WPIHIQ) =0
_____________ decouple
2 <
% Can we achieve accuracy
>

_____________ decouple  Of large-space methods?

< i i i (QIH|P) 0 (QIH|Q)

B) = [1°0)

core




2 TRIUME Valence-Space IMSRG

L4

Explicitly construct unitary transformation from sequence of rotations

1 2H
[J = Q:e”n,,,@m n:§arctan( d)—h.c.

A
¥ Qrr,—9 1
H =e¢"He :H+[Q,H]+§[Q7[Q’HH+...
~ 1
O=e"0e ™ =0+1[Q,0] + 5 Q,[Q,0]] + -
g Step 1: Decouple core
“)  Step 2: Decouple valence space PIHEIR) (PIH|Q) =0

excluded

decouple

————————————— Wi Step 3: Decouple additional operators

!

E e (U, |PHP | 0,)) ~ (U;|H|T,)

) < . - - (QIH|P) —0 (QIH|Q)

16 Careful benchmarking essential
|®0) =1[70)




&L TRIUMF Ab Initio Approach to Nuclear Structure

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

(Approximately) solve nonrelativistic Schrodinger equation

H% — Enwn

} ” } >< Methods Exact up to Truncations

Single-particle basis €,,,,x = 2n + [
Storage limits of 3N forces €1 + €2 + €3 < E3pax
& Many-body operators: e.g., CCSD(T), IMSRG(2)

lHeﬁa Oeff

shell
-

Courtesy, S. R. Stroberg
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Progress of Ab Initio Theory Since 2010

2010: Limited capabilities for 3N forces; %0 heaviest
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Ab Initio Progress: How Heavy Can We Go?

Tremendous progress in ab initio reach, largely due to polynomially scaling methods!
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2 TRIUMF

Global Ab Initio Calculations:
Proton/Neutron Driplines

ADb Initio Limits of Atomic Nuclei

S.R. Stroberg, J. D. Holt, A. Schwenk, and J. Simonis
Phys. Rev. Lett. 126, 022501 — Published 12 January 2021

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



&2 TRIUMF Ab Initio Goes Global!

Long considered the domain of DFT or shell model

ADb initio calculations of ~700 nuclei from He to Fe!

— Oth) _ »(exp)
s | (A~ rms=3.30 |00=0"" -0
A4 / B-W Mass formula: ~3.5MeV (Z<28)
;\ {//I ‘
0 | AN I | DFT: 0.6-2.0 MeV
\ 5 “
\ ‘/
54 Q’/V
0Fgs
| |
| | |
0 20 40

Input Hamiltonians fit to A=2,3,4 — not biased towards known data

Apply to proton/neutron driplines separation energies?



2 TRIUMF

rms deviation from experiment — model for theoretical uncertainties
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Obtain PPD for separation energies
p(SeXplgth, Sth, Sexp)

-1 Total probability to be bound

Pbound — H/ dSZpr(gZXp‘Sth, Sth, Sexp)
o 0
a € {n,p,2n,2p}

Determine probabilities for each nucleus



&2 TRIUMF Dripline Predictions to Medium Mass Region

Predictions of proton and neutron driplines from first principles

—— Fe &

251 | & Confirmed driplineﬂ ; 4 Mn
Cr

§ Last discovered TR v

Ti
Sc

af SRR — - G
N § Ar &
) N 00909090909 900000 - NN 1.0
_g i
151
g 0.8
= -
2 5 0.6
. " [} SN : 0
a 101 B e ; E
_____ — L TR 8 0.4
=R Ab initio &
5| e IMSRG 0.2
’ 0.0
0 10 20 30 40 50

Neutron number N
Known drip lines predicted within uncertainties (artifacts at shell closures)

Ab initio guide for neutron-rich driplines
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Ab Initio Progress: How Heavy Can We Go?

Tremendous progress in ab initio reach, largely due to polynomially scaling methods!
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Calculate essentially all properties all of nuclei..

.uptoN,Z~50

Key Limitation

N

3NF matrix element storage
e] + e+ €3 S E3max
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Ab Initio Progress: How Heavy Can We Go?

Tremendous progress in ab initio reach, largely due to polynomially scaling methods!

Calculate essentially all properties all of nuclei..
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2 TRIUMF

Converged Calculations
In Heavy Nuclel

Converged ab initio calculations of heavy nuclei

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




2 TRIUMF Ab Initio Calculations of Heavy Nuclei
Limited by typical memory/node: €1 + €2 + €3 < B30 = 18

No sign of convergence in '32Sn - E or Ry, —900 , 25
106 ! 1 ! 1 i 1 I 1 I 1 I 1 I 1 I é o~ :
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&2 TRIUMF Ab Initio Calculations of Heavy Nuclel

Limited by typical memory/node: 1 + e2 + €3 < E3ppax = 18

Clever storage reduces needs by factor of 100!
106 —————————7—

— é
o
o~ full i

= 10°r —o— NO2B ,e’Q:’ .
O o®

_&J 102 | 100_GB_ FFmmmm= o ——————— -
n fol |
2 j] |

- 100t o | | y
’ |
9 | !

10_2 1 L 1 ! 1 L 1 L | L elma)-( =I 16 L

12 16 20 24 28 32 36 40
E3max

First converged ground-state properties of 132Sn!

Opens heavy region to ab initio...
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—-1000
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2 TRIUMF

Size of N=70 gap well converged at E;,,=28 for neutron-rich Sn, In, Cd!
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0.0 T i e e s s s -—]11/2T
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New capabilities: converged spectra in N=82 region
Converged (overpredicted) doubly magic 132Sn

Can we go heavier?



2 TRIUMF Convergence in Heavy Nuclei: 2%8Pb

Previous limit, no hope of convergence in 2%8Pb g.s. energy...

—1600 T T 3 T T T T T T T T
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2 TRIUMF Convergence in Heavy Nuclei: 2%8Pb

Previous limit, no hope of convergence in 2%8Pb g.s. energy

Improved Ls3max = 18 — 28 clear convergence

_1600 1 1 l 1 1 1 | | | | | 1 1 1 1 8
: 208Pp O emax=12
05 O emax=14 208
\
o 0n &@ €max = 18 \\ Estimated from previous limit

Energy (MeV)

~1650 1F X -
1 AN
: N ~ 40 MeV
~1675 : A 1 F T -
I =t eSS ee—
., Courtesy, T. Miyagi. -1681.50(1) MeV
_1700 ' 1 | 1 1 1 1 1 1 1 1 1 1 1 1
14 16 18 20 22 24 26 28 30 32 34 12 14 16 18
E3max emaX

First converged ab initio calculation of 208Ppb!



2 TRIUMF

Ab Initio Analysis: Neutron Skin of 2°8Pb
Linked with neutron star properties

nature ARTICLES

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

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

Baishan Hu®'", Weiguang Jiang ®2" |Takayuki Miyagi ©->*", Zhonghao Sun>¢", Andreas Ekstr6m?,
Christian Forssén ©2%, Gaute Hagen©®'">¢, Jason D. Holt ®'7, Thomas Papenbrock ©>¢,
S. Ragnar Stroberg®® and lan Vernon™ _~ Outer crust

. Atmosphere

_— Inner crust

208pp

Outer core

Nuclear EOS




&2 TRIUMF Neutron Skin of 208Pb
Combine TRIUMF/ORNL/Chalmers advances!
I: History Matching confronted with A=2,3,4 data + 1°0

10° calculations spanning EFT parameter space at N2LO

34 non-implausible interactions

Q(%H) -4—$ 3.9%

Rp(2H) _——

E(ZH) :z

E(3H) -ﬁrﬁ

Rp(4He) S
E(*He)
Rp(160) -

E(160) — e —




&2 TRIUMF Neutron Skin of 208Pb

Combine TRIUMF/ORNL/Chalmers advances!
I: History Matching confronted with A=2,3,4 data + 190

10° calculations spanning EFT parameter space at N2LO

34 non-implausible interactions

IIl: Calibration use %Ca E/A, E(2*), R,, dipole polarizability

Importance resampling — statistically weight interactions
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2 TRIUMF Neutron Skin of 208Pb

Combine TRIUMF/ORNL/Chalmers advances!
I: History Matching confronted with A=2,3,4 data + 160

10° calculations spanning EFT parameter space at N2LO

34 non-implausible interactions

II: Calibration use “48Ca E/A, E(2*), R,, dipole polarizability

Importance resampling — statistically weight interactions

Ill: Validation 208Pp E/A, R, + 48Ca/?2%8Pb DP from ab initio

Clear quality description of data
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& TRIUMF Neutron Skin of 208Pb

Combine TRIUMF/ORNL/Chalmers advances!
I: History Matching confronted with A=2,3,4 data + 160

10° calculations spanning EFT parameter space at N2LO

34 non-implausible interactions

II: Calibration use “48Ca E/A, E(2*), R,, dipole polarizability

Importance resampling — statistically weight interactions

IIl: Validation 208Pb E/A, R, + 48Ca/2%8Pb DP from ab initio

Clear quality description of data

IV: Prediction - posterior predictive distribution for neutron skin

R.1in(2°8Pb)= 0.14-0.20fm (68% credible level)

Consistent(ish) with extracted
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E('0)
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)
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———

—

.

0.1 0.2 0.3
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2 TRIUMF

Infinite Matter Equation of State

Explore correlations between finite nuclei and nuclear EOS

Use same 34 non-implausible interactions

Reveals correlation as seen in mean field models

L =37-63 MeV

Constrain forces potentially from:
Neutron star radii/mergers

Mean field accommodates large range of skins

Tighter range from
ab initio calculations
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&2 TRIUMF Confrontation with R, of 48Ca

Newly extracted neutron skin in 48Ca

Use same 34 interactions — predictions in good agreement with CREX result

Constraints on Nuclear Symmetry Energy Parameters
J. Lattimer (2023)
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TRIUMF

Ab Initio Progress: How Heavy Can We Go?

Tremendous progress in ab initio reach, largely due to polynomially scaling methods!

Calculate essentially all properties all of nuclei..
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up to...

Recalibrating Ab Initio Progress

Rapid progress in ab initio reach, due to valence-space approach...

& TRIUMF
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2 TRIUMF Searches for BSM Physics
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2 TRIUMF

Searches for BSM Physics
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2 TRIUMF

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

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’
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TRIUMF

Beta-Decay “Puzzie”: Quenching of g,

Long-standing problem in weak decays: experimental values systematically smaller than theory

Mgt =<f\OGT\i> Oat = 0,2 + 053¢

Using ¢! &~ 0.77 x ¢'}°° agrees with data

T(GT)
1.0 r~.r—.—.——7
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= I
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o : /./(
ré; 0.4 - ’
| : . ;
0.2 9 Large Mgy
' in sd sheII
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0 O 2 0. 4 0 6 O. 8 0 02 04
THEORY

Brown, Wildenthal (1985)

N ¢ v lN N e \Y% N N e \Y%
A

A

17_'*1‘"4)‘ «r -

Missing wavefunction correlations
Renormalized VS operator?
Neglected two-body currents?
Model-space truncations?

Explore in ab initio framework
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&£ TRIUMF Large-Scale Efforts for Ab Initio GT Transitions

Calculate large GT matrix elements

Mgt = g, (f|OcaTli)
Ocr = Oy + O35

- Light, medium, and heavy regions
- Benchmark different ab initio methods
- Range of NN+3N forces

- Consistent inclusion of 2BC

NUCLEAR PHYSICS

Beta decay gets the ab initio treatment

One of the fundamental radioactive decay modes of nuclei is § decay. Now, nuclear theorists have used first-principles
simulations to explain nuclear 8 decay properties across a range of light- to medium-mass isotopes, up to °°Sn.

50
Known isotope
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No-Core Shell Model
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&2 TRIUMF GT Transitions in Light Nuclei + 19°Sn

NCSM in light nuclei, CC calculations of GT transition in 19°Sn from different forces
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Large quenching from correlations in 190Sn
Addition of 2BC further quenches; reduces spread in results



2 TRIUMF

Solution to g,-Quenching Problem

VS-IMSRG calculations throughout sd and pf shells

3

¢ This work
] Shell model

sd-shell

Mg+l experiment

O T I T I

0 1 2
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Mg+l experiment
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34P1 . 3480
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ga — 1.25|
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¢ lower pf-shell .~
"1 Shell model
2 | q=1
—— q=0.92(4)
—— g=0.75(3)
I""
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Ab initio calculations across the chart explain data with unquenched g,
Refine results: improvements in forces and many-body methods

42807 N 420a6
42Ti0 N 428C1
45V7/2 - 45Ti7/2
45Ti7/2 - 458‘37/2
8¢y, - PCag,
45V7/2 - 45Tis/z
47Vs/z - 47Tis/z
YSc,, — iy

45Ti7/2 - 45SC7/2

3¢, — “Ti,



&2 TRIUMF Complete GT Picture: Light to 1°°Sn

Ab initio calculations throughout sd and pf shells

5 4 p-shell 9sd, pr=0.80(0.08) : | Qsd, pr=0.95(0.11)
¢ sd-shell
.| P pf-shell . ,
,4{ IOOSn O /,/ _ - //
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o l vl
Jifo)
1 AM 0 1 (9
zad 4 = 1.25
0 . lg | Stroberg (2021)
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Ab initio calculations across the chart explain data with unquenched g,
Including p-shell: g=0.99(21)
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Odd-even staggering
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Laser Spectroscopy: Charge Radii of Cu Isotopes

of charge radii across Cu chain
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Cu isotopes, odd-even staggering well reproduced
Ab initio competitive with DFT (fit to reproduce odd-even staggering)

nature_
physics

‘ M) Check for updates

LETTERS

https://doi.org/10.1038/541567-020-0868-y

OPEN
Measurement and microscopic description of

odd-even staggering of charge radii of exotic
copper isotopes

R. P. de Groote ®'2, J, Billowes?, C. L. Binnersley?, M. L. Bissell?, T. E. Cocolios ®",

T. Day Goodacre®*5, G. J. Faroog-Smith®", D. V. Fedorov®¢, K. T. Flanagan?, S. Franchoo’,
R. F. Garcia Ruiz*#°, W. Gins'?, J. D. Holt ©57, A, Koszoriis', K. M. Lynch®, T. Miyagi®,

W. Nazarewicz®", G. Neyens'?, P.-G. Reinhard'?, S. Rothe ©®3#, H. H. Stroke®, A. R. Vernon'?,
K. D. A. Wendt™, S. G. Wilkins©®34, Z. Y, Xu' and X. F. Yang ®'®




&£ TRIUMF Laser Spectroscopy: Charge Radii of Ni Isotopes

Study charge radii systematics across Ni isotopic chain
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Multiple ab-initio methods largely agree within uncertainties
Ab initio (again) competitive with DFT



2 TRIUMF EM Moments in Neutron-Rich In Isotopes

Electromagnetic moments of entire In chain — sharp increase at N=82

A A
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Article
o Nuclear moments ofindiumisotopes reveal
Ab initio reproduces trends of new measurements abrupt change at magic number 82

Neglected physics: two-body meson-exchange currents

https://doi.org/10.1038/s41586-022-04818-7  A.R. Vernon'**™, R. F. Garcia Ruiz**™, T. Miyagi®, C. L. Binnersley', J. Billowes', M. L. Bissell',
J. Bonnard®, T. E. Cocolios®, J. Dobaczewski®’, G. J. Farooq-Smith?, K. T. Flanagan'®,

G. Georgiev®, W. Gins®*', R. P. de Groote*"°, R. Heinke*", J. D. Holt>', J. Hustings®,
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&2 TRIUMF Impact of Two-Body M1 Currents

Ab initio calculations throughout the nuclear chart | X splimit
ORI F B s % 1
Including 2bc consistent with input forces RSO, E;E;.er ¥ '
37C1(3/24) F X O ° i
Magnetic moments significantly improved oy @ X 0 ]
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2 TRIUMF

Neutrinoless Double Beta Decay NMEs
for Major Players: °Ge, (1°°Mo),'3%Te, 13°Xe

Ab Initio Treatment of Collective Correlations and the Neutrinoless
Double Beta Decay of *Ca

J.M. Yao, B. Bally, J. Engel, R. Wirth, T. R. Rodriguez, and H. Hergert
Phys. Rev. Lett. 124, 232501 — Published 11 June 2020

ADb 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

ctandard modelth it heutrinatess Coupled-Cluster Calculations of Neutrinoless Double-8 Decay in

48
beta decay beta decay Ca

S. Novario, P. Gysbers, J. Engel, G. Hagen, G.R. Jansen, T. D. Morris, P. Navrétil, T. Papenbrock, and S. Quaglioni
Phys. Rev. Lett. 126, 182502 — Published 7 May 2021
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TRIUMF

Current Status of NMEs

Calculations to date from phenomenological models; large spread in results
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Compiled values from: Engel and Menéndez (2017); Brase et al, PRC (2022)

All models missing essential physics: correlations, single-particle levels, two-body currents

Address with ab initio theory



2 TRIUMF

Benchmark with quasi-exact NCSM, IT-NCSM, IM-GCM, and CC in light systems: A=6-22

6.0 1

Strategy I: Benchmark NMEs in Light Nuclei
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Reasonable to good agreement in all cases

Pursue true double-beta decay candidates!
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2 TRIUMF Strategy llI: “Uncertainties” from Input Forces

“Uncertainty” bands from input NN+3N forces with 5 chiral Hamiltonians

VS-IMSRG: clear convergence for 48Ca, "Ge, 82Se
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L TRIUMF Strategy ll: “Uncertainties” from Many-Body Methods

Calculations in 48Ca from IM-GCM and CC theory using same interactions

Key development: treatment of deformation in CC and IMSRG
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&2 TRIUMF First Ab Initio Results

Ab initio NMEs generally smaller than phenomenology; less spread from uncertainties
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| —v— EDF § 1 Phen. 1
| 90— GCF o 1 1
o & EFT l *
Q | 4‘ 4. *
Q L 4 4
3 A
S 4 T T J I}
I | I !
! Y T Abinitio {I ¢ T
2t 5 T+ + |
L " mgm 1 i 1 2 ]
_Ab initio | & | 7 _
evE) et '
o 1

Ab initio results agree within uncertainties!

Promising results, but...



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

Proper renormalization requires short-range contact term at leading order

PhyéTC‘S SYNOPSIS

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

May 16,2018 « Physics 11, s58 Cl €

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

n p
New physics inside blob:
High-energy v exchange

< Cirigliano et al. PRL (2018)

New paradigm for Ovp3 decay: include long- and short-range terms

M
MO”—>ML+MS:MGT+9—2F+MT+MCT
A



L TRIUMF The Year We Regained Hope: Coupling Constant Fit

Match nn — pp+ee amplitude from approximate QCD methods: estimate contact term to 30%

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

6 6
O L He —»°Be
4 L+S o ¢ EM(1.8/2.0) 1.8/2.0 (EM) ¢ M ¢ MY 4+MmMY
o ¢ EMN(2.0) ¢ -
o ¢ LNL(2.0) 48Ca
0 ¢ AN?LOgo(2.0)
8He —»8Be o ¢ AN2LOgo() A
VS-IMSRG | |
04 EM(1.8/2.0) FQ-' : ‘76 '
o EMN(2.0) Ge
O LNL(2.0) IM-GCM 0 0
N IT-NCSM oNLOcel) ¥ —— 82Se
- %ca-*®*Ti  wmeem 130
o ¢ EM(1.8/2.0)(€max = 6) I'Q'I ' ‘ ' Te
o ¢ EM(1.8/2.0)(emax = 8)
X EM(1.8/2.0)(€pax = 10) ¢ —0— 136Xe
O ‘ EM(1.8/2.0)(extra.)
012345678 0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
MOV MO\)

Increase of 40% (76Ge) to 60% (139Te/13%Xe)
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—e— Parent ref.

TRIUMF

Converged NMEs for major players in global searches: 76Ge, 130Te, 136Xe

—=— Daughter ref.

e m Complete 3N forces

ADb Initio Predictions in Heavy Nuclei

Ml EM(1.8/2.0)
W EM(2.0/2.0)

Ml Aco
W N3LOn

Wl NALOwn.

76Ge i:

I+

136Xe_:

IPrevious -
T limit B ]
T T
| | i 5 | | . | | | | | | | i : : . %, |
16 18 20 22 24 00 16 18 20 22 24 26 28 16 18 20 22 24 26 28 00
E3max E3max E3max

14

12

emax

-10

Belley et al, in prep



&2 TRIUMF Towards Ab Initio Calculation of %Mo

Final competitive candidate in worldwide searches: AMoRE, NEMO 3, CUORE...
Highly mid-shell, difficult for SM - access with p-h truncations in KSHELL

26 22 F
24 F
20 F
CPP ©
1.8
20 F
1.8 1.6
5.25 T
-0.60 5.00
4.75
-0.65
_ 450 F
“ 070 F S 425
-0.75 | 4.00 = “IMSRG(2), 1.8/2.0 (EM)
3.75 €max = 14, Ezmax =28, hw =12 MeV/]
-0.80
3.50 I . . .
—-0.200 T . 4ph 6ph 8ph full
-0.225 - Belley et al, in prep -
—0.250 |- -
- —-0.275
—0.300 [~
-0.325
_0.350 - L] L - L
- Final results with multiple NN+3N forces coming soon!



2 TRIUMF Ab Initio Predictions in Heavy Nuclei

Converged NMEs for major players in global searches: 76Ge, 190Mo 130Te, 136Xe

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

M +Ms | 1 1 | & wpocCT

—& IM-GCM | . w/CT

| —e— CCSD-T1

" —A— QRPA T T T T
- —4— NSM t t ' ¢
L —>— IBM | | | !
| —v— EDF 1 Phen. 1 L - il
e o/ NN [ Rt e T N (N A | [ AN AN SR A | | E R N
R i F i I } I 1
T Ab initio

| —e— VS-IMSRG}

o qy

[o¢]

S|opoly Jes|anN

)]

MOvBB
N
l —
R ]

Belley et al, in prep



2 TRIUMF Impact of Ab Initio NMEs on Worldwide Searches

Impact for next-generation searches: Large matrix elements disfavored, lowers expected rates
Current experimental reach — more than an order of magnitude diminished

1

Ab initio
ohen | AP initio|
Phen.
1071 T T -
Phen.
>
2
A _
« 10 2
Q.
S
\'
1073
76Ge 130Te 136x @
_4 1 1
1010‘4 1073 1072 1071
Miightest [€V]

Belley et al, in prep



Impact of Ab Initio NMEs on Worldwide Searches

AL

<« TRIUMF

Impact for next-generation searches: Large matrix elements disfavored, lowers expected rates

Current experimental reach — improved with effects of contact term,

Phen.

I Phen.

1

Ab initio Phen.

1071
Phen.

1071

<Mpgg > [e\/]
=
<

<mpgg > [eV]
=
<

1073
76Ge 130Te 136x @

1073

7GGe 130Te 136Xe

1071
Miightest [€V]

1072

1074

1074 1073

_4 1 1
1010_4 1072 1071
Miightest [€V]

Not the end of the story: estimate three-body corrections + two-body currents
Belley et al, in prep

1073



L TRIUMF  Strategy lll: Correlation with Structure Observables

’6Ge: Explore correlations with other observables from systematic analysis (34 interactions)

Few clear correlations, except DGT

] 0.46 _ 0.43 | 0.50 rfl= 0.p7 r=0.77 Expt.
r=-0. r=-0. = - 3 Y
g ‘=l . el ~:°.T: ’E . —— EM(2.0/2.0)
< “gl.s. el g 8027 e [t —— AN2LOgo(394)
01 offi", 9 1 o [Pl ] oo ] &'e ] "‘ —— NN + N3LO + 3N\,
. . . . . . . . . . NN + N4LO + 3N ;.
—-700 —-600 —-700 —-600 0 10 0 1 0 1 2
Egaient [MeV] Edaughter [MeV] QO"BB [MeV] EX parent [MeV] EX daughter [MeV]
4_ - .
r=-0.19 L= 0.39 r= 0.86 BN
@ 2F——% = . N - A / \
) rui e o \
Q- ..osfos ®e ® '.:oo : ® ':.:.9
0 :.). % (O 9:0 03 ® :,%:: ..o.
TH- Belley et al., arXiV:2210.05809
: : : : : : . . . : : Belley et al., in preparation
3.75 4.00 4.25 —0.25 0.00 0.25 -1 0 1 0 2
Ren [fm] M Mo MO8

Maybe with first excited 2+ states?



L TRIUMF  Strategy lll: Correlation with Structure Observables

Explore correlations with other observables from systematic analysis (34 interactions)

Few clear correlations, except DGT

Similar picture in 136Xe... BUT no correlation with 2+

3_ i i i
, . r=-0.46 o r=-0.46 s =-0.29 . r =-0140 s F=-0.28
N ] ] ] ]
? 1+ .. .|= .. ‘g .".O ‘ O)., ‘ ...O /T
o o o o ol® P % ° Sye 'g‘s o 0%
= o e QRO R ] s
—1 j
1200 —1000 ~1200 —1000 0 10 ) 0 1 0.0 0.5 0 ovss 2
.S. .S. 2 2 v
Eporent IMeV]  EG. pier [IMeV]  Qougp [MeV]  Ex. 2+ [MeV] EX. 33 nter [MeV] M




2 TRIUMF MM-DGP Emulator: Sensitivity Analysis

Explore correlations with other observables from systematic analysis (34 interactions)
Similar sensitivity as found in 28Pb study!

26
Ground state energies MIE)U

I Main component sensitivity I Main component sensitivity
[ Total sensitivity [ Total sensitivity
351 | 95%Cl

70 |  95%Cl

25

Sensitivity (%)
3

Sensitivity (%)
8

8

Belley Pitcher et al., in preparation

10

Highly sensitive to C1S0 - possible correlation with 'Sy phase shift (observable!)



& TRIUMF MM-DGP Emulator: Correlation w/ 'S, Phase Shift

Explore correlations with 1S, phse shift from 34 non-implausible interactions

Long-range component in 48Ca

T T T T T T T T T T T
1.0-r=-0.09 1 r=0.12 i
° °
o T - PO—— S EEL L
@ 0.5F ° = ° -
Q ° o® . ° ° . ° . .o ° ° L
O 4 0} ® p [
L ——— r _ __'__L_'_.-. o _
00 .. ° p. :ﬁ o X -r‘—'..
) o° 3 o ®
-05~ o’ - ___!_°_ ________ -
I I I I L I T I I I I I I I I I
55.0 575 60.0 625 65.0 67.5 70.0 60 62 64 66 68 46 48 50 52 54
615°(1 MeV) 615°(5 MeV)

0vBB

| | | | | | |
325 35.0 37.5 40.0 425 45.0 15 20 25 30 35

625°(50 MeV) 5159(100 MeV) 6150(200 MeV)

Clear correlation with (measured!) 1S, phase shift at high scattering energies
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TRIUMF MM-DGP Emulator: Correlation w/ 'S, Phase Shift

Explore correlations with 1S, phse shift from 34 non-implausible interactions
Long-range component in 48Ca, 7°Ge

3 T T T T T T T T T T ] T T T L
r= '007 P r= 009 ° r= 059 ’’’’’’ °
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615°(1 MeV) 6150(5 MeV) 6150(25 MeV)

Clear correlation with (measured!) 1S, phase shift at high scattering energies
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& TRIUMF MM-DGP Emulator: Correlation w/ 'S, Phase Shift

Explore correlations with 1S, phse shift from 34 non-implausible interactions
Long-range component in 48Ca, °Ge, 139Te
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Clear correlation with (measured!) 'S, phase shift at high scattering energies



& TRIUMF MM-DGP Emulator: Correlation w/ 'S, Phase Shift

Explore correlations with 1S, phse shift from 34 non-implausible interactions
Long-range component in 48Ca, 7°Ge, 139Te, 136Xe
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Clear correlation with (measured!) 1S, phase shift at high scattering energies



L TRIUMF  Strategy lll: Correlation with Structure Observables

Explore correlations with other observables from systematic analysis (34 interactions)
Few clear correlations, except DGT in 76Ge
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Now clear correlation with measured 'S, phase shift!



L TRIUMF  Strategy lll: Correlation with Structure Observables

Explore correlations with other observables from systematic analysis (34 interactions)
Few clear correlations, except DGT in 76Ge

41 Next steps towards “final” ab initio NMEs + analysis ot.
.. A(1.8/2.0)
100
g 2 Finalize Mo results A(2.0/2.0)
0. Extract uncertainties on NMEs from MM-DGP sensitivity analysis (with CT)  2L0co(394)
N+ N3LO + 3N n
Many-body uncertainties from other ab initio methods (when possible) V + N4LO + 3N,
Uncertainty from closure approximation
4 Include sub-leading finite-momentum two-body currents
@ 2F Calculations of (and correlation with ?) 2vpf} decay
= .| <| Explore exotic exchange mechanisms
- oy e arXiv:2210.05809
: : : : : : : . . . . . : " : Belley et al., in preparation
3.75 4.00 4.25 —0.25 0.00 0.25 -1 0 1 10 20 30 0 2
Ren [fm] Mot mPer 615°(100 MeV) MOVPE

Now clear correlation with measured 'S, phase shift!



&2 TRIUMF New Scope of Ab Initio Theory

Possible to access most nuclei relevant for BSM searches!

2022

¥ 0vfBp candidates o 2010
* D WIMP/v o 2013
* S| WIMP/v @ 2016
4 T-violation = 2019
+ P-violation = 2022

3 1
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2 TRIUMF

Nuclear Structure/Astrophysics

Present and Future for Ab Initio Theory
Fundamental Symmetries/BSM Physics

Development of forces and currents
Ab initio to 2°8Pb: neutron skin, r-process
Dripline predictions to medium-masses
Evolution of magic numbers:

masses, radii, spectra, EM transitions
Multi-shell theory:

Islands of inversion, forbidden decays

Atomic systems

*T. Miyagi, B. S. Hu, L. Jokiniemi*

923 TRIUMIE A Belley, I Ginnett, C. G. Payne

M. Bruneault, J. Padua

THE
UNIVERSITY oF S- Leutheusser

BRITISH
COLUMBIA E.Love

K. Evidence, D. Kush

MCGill G. Tenkila, H. Patel, V. Chand

UNIVERSITY
, X. Cao

S. R. Stroberg N. Vassh

EW operators: GT quenching, muon capture

Ovpp decay matrix elements + DGT/ECEC/Dg
WIMP-Nucleus scattering for dark matter detection
Coherent elastic neutrino-nucleus scattering
Superallowed Fermi transitions
Symmetry-violating moments: EDM, anapole...

Work in progress

Higher-order many-body physics: IMSRG(3)
Monte Carlo shell model diagonalization
Extension to superheavy nuclei
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&2 TRIUMF Strategy llIb: Sensitivity Analysis

Explore dependence on chiral EFT LECs: requires many samples (as in 2%3Pb)
Use gaussian processes as an emulator

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

Gnitial parameter spaca

Difference function fit with Gaussian process: predict HF from LF

Design of experiments
. . . . T
When relation between LF and HF is complicated, MFGP fails ! l
Obtain LF responses Y; at X;| | Obtain HF responses Y, at X,
|
Build a MTGP model for
the LF model
|
v
Calculate the difference between LF and HF responses at X,
v
Build a MTGP model for the difference model
]
Build the MM GP model

|
C End D)




&2 TRIUMF Strategy llIb: Sensitivity Analysis

Explore dependence on chiral EFT LECs: requires many samples (as in 2%3Pb)
Use gaussian processes as an emulator
Multi-Fidelity Gaussian Process: connects few (complicated) high-fidelity data points (eg, full IMSRG)

w/ many low-fidelity data points (HF, low e, €tc) Q @ e
Difference function fit with Gaussian process: predict HF from LF //
Deep Gaussian Process: Neural network links multiple GP

Include outputs of previous fidelity as new HF point: o & @

Improves modeling of difference between LF and HF @)

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

Belley Pitcher et al., in preparation
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TRIUMF

MM-DGP Emulator: Ground-State Energies

Testing MM-DGP: use delta-full chiral EFT at N2LO
Improved energy predictions with high-fidelity training points

Low-Fidelity — High-Fidelity
°l % Prediction % Prediction
4 Training dat oo ¢ Training dat +
) )
A - -
)H“ 9Ge | | | m -
12000 emax = 10 + } emax = 12

EBarent (VS-IMSRG)

EBarent (VS-IMSRG)

Belley, Pitcher et al. in prep.



2 TRIUMF MM-DGP Emulator: Ovpp-Decay

‘(%

Testing MM-DGP: use delta-full chiral EFT at N2LO
Improved energy predictions with high-fidelity training points

Low-Fidelity —l High-Fidelity

15.01 ¢ Predictions 150/ ¢ Predictions

¢ Training data ¢ Training data }
12.51 | 125 H

v

10.0

10.0 {
|y + |
O 751 b & je
2 ., H
= ", = .
2 5o - 2 +H
a » Y 5.0 R
S L) s %
2.5 L Y
; 2.5 #“ +
0.0 | . +
76Ge 0.0 ) 76GGe
—2.5 1 emax = 10 €max = 12
' -2.51.
25 0.0 2.5 5.0 7.5 10.0 12.5 15.0 25 0.0 2.5 5.0 7.5 10.0 12.5 15.0
M,(_)V (VS-IMSRG) M,(_)" (VS-IMSRG)

Belley, Pitcher et al. in prep.



& TRIUMF

Ab Initio Approach to ISB and
Superallowed 0*— 0*

Editors' Suggestion

Testing isospin symmetry breaking in ab initio nuclear theory

M. S. Martin, S. R. Stroberg, J. D. Holt, and K. G. Leach
Phys. Rev. C 104, 014324 — Published 30 July 2021

Neutron



&2 TRIUMF Superallowed Fermi Transitions

0*— 07 transitions: most stringent constraint on V4 from corrected (parameterized) lifetime

Gv = GpVyq, where ft =

(isospin limit)
2G%,

K/G?
Ft:ft(1—|—5/ [1_(50_5NS>] = E
i 2V2 (1 + AY)

0.978

[ (Vua) = 0.97364(14) |}
0.976 1 x*/3 = 0.830, CL = 48%

=S 4
3 0974 - .

0.972 1

0.970 -

0t - 0t neutron mirror pion



2 TRIUMF

0*— 07 transitions: most stringent constraint on V4 from corrected (parameterized) lifetime

Gv = GpVyq, where ft =

Ft = ft(1 + 031 — (6c — Ons)]
0.978 -

0.976 1

<
S

0.972 1

0.970 -

262,

(isospin limit)

K/GE

- 2V2 (14 AY)

(Vua) = 0.57364(14)

x?/3 =0.830, CL = 48%

0t - 0t neutron

mirror

pion.

[Mp|* = |Mp|*(1+dc)

Superallowed Fermi Transitions

Isospin-symmetry
breaking

Structure-independent
radiative correction

Structure-dependent
radiative correction



&2 TRIUMF Superallowed Fermi Transitions

0*— 07 transitions: most stringent constraint on V4 from corrected (parameterized) lifetime

Gv = GgVy,4, where ft = (isospin limit) |MF’2 — |M2’2(1 + 0 Isospin-symmetry

2
2Gv breaking

2
Ft=ft(1+0x[1— (6c —dns)] = /Gy

2Vu2d(1 — Ag) Structure-independent
5 radiative correction
0.978 - . R ™
1| (Vuq) = 0.97364(14) |1 1
0.976 1 22/3 = 0.830, CL = 48% T T
| n
F@ ] 1 1 1 [ ] i
5 0.974 - s T == == y 7\ e
_ 1 { I I ,\’Y/v\ StrL_Jct.ure-depen.dent
0.972 A T T T ONGg ~ v | radiative correction
i W
0.970 , :
0t - 07 neutron mirror pion. - p

Nuclear structure theory
Isospin symmetry correction
dominates uncertainty in medium/heavy nuclei (and simple operator to calculate)



L TRIUMF Progress of Ab Initio Theory Since 2010

2010: Limited capabilities for 3N forces; 10 heaviest

" N EEEnd

54} : " m gummE = B

: = mmm '

50 Z=50 ---cccindmiiiiiinianninns c-alulcl;-=-'-n-~-u-} ----------------------
' ' Em EnEw ;

- N
; N EEN NN
5 m IIII: @

Towner, Hardy: Phenomenological shell model
Difficult to assign rigorous theoretical uncertainties
No connection to underlying nuclear/weak forces

Can we treat with ab initio theory?
Relevant nuclei typically open shell
Medium to heavy mass region
Uncertainty quantification; connection to QCD

Courtesy: H. Hergert, A. Belley
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&2 TRIUMF Explore ab initio isospin symmetry breaking

Isobaric mass multiplet equation (IMME) relates energies between members of multiplets
E(T,) = a+ bT, + cT?

Compare ab initio with experimental determination of IMME coefficients to gauge success

Calculate all nuclei relevant for superallowed transitions; 2 NN+3N forces



&2 TRIUMF Ab initio IMME: bare vs IMSRG

Isobaric mass multiplet equation (IMME) relates energies between members of multiplets

E(T,) = a+ bT, + cT?

2800 900 -
—e— Bare 1.8/2.0 (EM) 1.8/2.0 (EM) —e— Bare 1.8/2.0 (EM) 1.8/2.0 (EM)
. 26001 —s— Bare N2LO. N2LOqyt 800{ —=— Bare N?LOg N?LOsat
> —+— Experiment —— Experiment
X~ 2400 )\\. 7001
< 2200 3 600
N 3
~, 2000 L 500+ \
m
400 -
+
& 1800+ %
300- m
1600 -
- - - - - - 200 - - - - - -
10 18 26 34 42 50 10 18 26 34 42 50
Mass Number (A) Mass Number (A)

Bands: normal ordering reference dependence
Overall little effect/improvement when applying IMSRG transformation for both b, c



L TRIUMF Ab initio IMME: bare vs IMSRG
Isobaric mass multiplet equation (IMME) relates energies between members of multiplets
E(T,) = a+ bT, + cT?

Compare VS-IMSRG b, ¢ coefficients to HF and results from a uniform charged sphere

2800

Woods Saxon Sphere

IMSRG (N?LO,,,)
—a— Skyrme HF —4— Experiment
2600 IMSRG (1.8/2.0 (EM))

600}

\
*\
2400} ] !

' \
400 —
1
2200} 1 ‘\‘”\.s‘\’_._k ', | %
roo
! 1
<l 2000} . 200 ;
1
1800| M ‘{}. ]
\
\ /4
y :

A3 (keV)

32

c (keV)

b+

1600f

\
YR/
4{ Woods Saxon Sphere IMSRG (N%LO,,,)
IMSRG (1.8/2.0 (EM)) —4— Experiment
1400 I I I I I I I I I I I I I I 1 1 1 —200 L L L L L L L L L L L L L L L L
10 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70 74 10 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70 74
Mass Number (A)

Mass Number (A)

Systematics already largely captured (better) by mean field or charged sphere

Ambiguous results... turn to superallowed Fermi transitions



2 TRIUMF Superallowed Fermi Transitions

0*— 0* transitions: most stringent constraint on V4 from corrected (parameterized) lifetime
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&£ TRIUMF Treatment of SD Radiative Corrections in NCSM

Compton amplitude in the NCSM

= Nuclear matrix elements for yW-box /
1) Express currents in momentum space A A
2) Multipole expansion of current operators
3) Connect currents to effective one—body operators

Lanczos continued fractions
method to compute Green’s
functions!

T3(QO7Q2) = —4ﬂi%\/ Msz Z(2J+ 1)
J=1

X <A)\fJfo| |:T%ag(q) G(Mf‘;w

+ T?bmag(Q*G(Mz’ — qo + i€) T%(Q) + T?bel(Q) G(M; — qo +i€) [ (q) |A/\iJiMi>

T (q) + 755()| G (M + qo +ie) T (q)

Courtesy, M. Gennari



&£ TRIUMF Treatment of SD Radiative Corrections in NCSM

Comment on many-body convergence Preliminary
TYW.NCSM(Q2 = 0) for 19C - 19B transition
~0.7647 —#— (19B|| [GTIGpuc [M1]]]20C)
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Next step: implement in VS-IMSRG for all superallowed nuclei Courtesy, M. Gennari
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2 TRIUMF Superallowed Fermi Transitions

Ab initio calculations of all cases with 1.8/2.0 (EM) interaction

Standard approach (T/H): Split contribution
0c = 0c1 + 0¢2

Configuration mixing wavefunction mismatch
Ab initio approach: calculate directly
2 02
| Mp|” = |Mp|"(1—-dc)

| Mp|?
2

Mp = (Vp||7|[W;)

oc =1
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Superallowed Fermi Transitions

& TRIUMF
Ab initio calculations of all cases with 1.8/2.0 (EM) interaction
Standard approach (T/H): Split contribution 2
0c = 0c1 + 0c2
Configuration mixing ~ wavefunction mismatch _
Ab initio approach: calculate directly i) 1

[Mp|* = |Mp|*(1 - dc)

2

Mp = (Vp||7|[W;) 0

oc =1

Results comparable to T-H and DFT

e Towner-Hardy (SM-WS)
e Satula et al. (DFT)

e Holt-Leach (SM-VS-IMSRG)
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Z. of Daughter

40

Leach, Holt, arXiv:1809.10793



2 TRIUMF Convergence Issues

Can we provide rigorous uncertainty estimates?
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Significant effect from 1b to 1b+2b
Significant reference-state dependence in some cases; ( nvergence with e«

Large effect from CC with continuum indicates generally difficult for ab inito



2 TRIUMF Potential Improvement: Natural Orbitals Basis

NAT
Natural Orbitals (perturbatively improved) basis: so0 f Henom :
~520 F F78Ni eHENAT— 14

Add perturbations caused by interactions ~540

between particles to the HF-basis system > _s560 [

E —580 —

00 —600 |

H n 620
W) = [0)+ Y (—L) |) |
_ HO - E(O) —640 F Frommmmmsm—m—-—-——-

n=1 3.9 F

o 3.8 —

: . H n 37 |

B =B+ (oH (—L) |®) T

_ HO — E(O) e °F

n=1 = 55t

< 34 f

3.3 —

Dramatic improvement in energies and radii 32 f
Can it help with superallowed convergence? 2 16 20 24 28 32 12 16 20 24 28 3
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&L TRIUMF Potential Improvement: Natural Orbitals Basis
Natural Orbitals (perturbatively improved) basis:

Add perturbations caused by interactions
between particles to the HF-basis system
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Dramatic improvement in energies and radii

Can it help with superallowed convergence?



2 TRIUMF Potential Improvement: Natural Orbitals Basis

L4
Natural Orbitals (perturbatively improved) basis:

Crd6-V46
. . V46 Crd6
Medlum mass. Towner & Hardy Towner & Hardy
consistent results for NAT orbitals chosen
potentially small reference-state dependence -
still unclear e, convergence o6, P
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2 TRIUMF Potential Improvement: Natural Orbitals Basis

L4
Natural Orbitals (perturbatively improved) basis:

Si26-AI26
Al26 Si26

Medium mass:

consistent results for NAT orbitals chosen
potentially small reference-state dependence -

still unclear e,,5, CcOnvergence 071 max
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Lighter systems
“quirks” in convergence...
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Work still in progress...



&£ TRIUMF Ab Initio SD WIMP/v-Nucleus Response Overview

Use three NN+3N chiral interactions with consistent chiral currents

Overall similar to phenomenology at low g, largest discrepancies in 1%/|

I ANNLOGo(394) M NNLOg,: WM 1.8/2.0(EM) - Helm KIein-NystrandJ
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New structure functions for all SD direct-detection candidates



