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R TRIUMF The Next Big Discovery: OvBp-decay?

Neutrino own antiparticle <> 0vf3[3 decay
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R TRIUMF

The Next Big Discovery: Ovpp-decay?

Progress in large-scale searches pushing towards IH
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R TRIUMF

The Next Big Discovery: Ovpp-decay?

Progress in large-scale searches pushing towards IH
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R TRIUMF Next Big Discovery: Nature of Dark Matter?

Many direct-detection searches underway worldwide From CDMS collaboration

WIMPs and Neutrons
scatter from the
Atomic Nucléus

]

/| Photons and Electrons
scatter from the
Atomic Electrons

Direct detection: X SM — X SM Observation of nuclear recaoil

Leading candidates: neutralinos
Couples primarily to scalar and axial-vector currents in atomic nuclei



R TRIUMF Next Big Discovery: Nature of Dark Matter?

Exclusion plots for WIMP-nucleon total cross section (spin-dependent)
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Differential cross section: compare results from different targets
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R TRIUMF Next Big Discovery: Nature of Dark Matter?

Exclusion plots for WIMP-nucleon total cross section (spin-dependent)
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Differential cross section: compare results from different targets
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R TRIUMF Predictions with Models

How well can nuclear models motivate experiments, predict beyond data?

two-neutron separation energies
25 1
i —e—Experiment
x HFBSLy4
4 HFBSKP
+ HFBD1S | 1 10:
| #* SkX :
o RHB-NL3 :
20 LEDF _ |
=
N L S
m .
15 -
A _ 0
| data exist
10 1 1 1 1 1 |
50 60 70 80 8
Neutron Number

Work well in regions where
informed by data



R TRIUMF

Predictions with Models

How well can nuclear models motivate experiments, predict beyond data?
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Spread in results = meaningful uncertainty?



R TRIUMF

Predictions with Models

How well can nuclear models motivate experiments, predict beyond data?
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Analogous picture in Ovpf3 decay
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QR TRIUMF Ovpp-Decay Nuclear Matrix Element Status

All calculations to date from extrapolated phenomenological models; large spread in results
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QR TRIUMF Ovpp-Decay Nuclear Matrix Element Status

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

Spin-Dependent Structure Factors

Phenomenological wfs + inconsistent bare operator (with two-body currents)
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ADb Initio Approach

R TRIUMF

Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions
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R TRIUMF Ab Initio Approach: Interactions

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

- Nuclear forces (low-energy QCD) H¢n — En¢n
- Electroweak physics

“The first, the basic approach, is to study the elementary particles, their properties and mutual
interaction. Thus one hopes to obtain knowledge of the nuclear forces.”
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R TRIUMF Effective Theory of Nuclear Forces

Chiral effective field theory: systematic expansion of nuclear interactions

Lo o(f) ;é = = Nucleons interact via contact and pion exchanges

Undetermined low-energy constants fit to 2,3,4-body data

NLO 0 (%) ﬁ) H _ — Consistent treatment of NN, 3N, 4N... forces

A2

‘;{‘ H Quantitative estimation of neglected orders possible

one-body currents at Q% and Q?
¢- N Consistent EW interactions

Quantifiable uncertainties possible
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H:V b d S atQ? Best fitting strategy for ~30
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R TRIUMF Ab Initio Approach: Many-Body Methods

Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions
- Nuclear forces (low-energy QCD) m% — En¢n

- Electroweak physics
- Nuclear many-body problem

“If the forces are known, one should, in principle, be able to calculate deductively the properties of
individual nuclei.”
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R TRIUMF Chronological Reach of Ab Initio Many-Body Methods

Moore’s law: exponential growth in computing power

Methods for light nuclei (QMC, NCSM) scale exponentially with mass
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R TRIUMF Chronological Reach of Ab Initio Many-Body Methods

Moore’s law: exponential growth in computing power
Methods for light nuclei (QMC, NCSM) scale exponentially with mass

Mid 2000’s polynomial scaling methods developed (coupled cluster, in-medium SRG,...)
Explosion in limits of ab initio theory
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R TRIUMF Chronological Reach of Ab Initio Many-Body Methods

Moore’s law: exponential growth in computing powe. = 2017: A>100
Methods for light nuclei (QMC, NCSM) scale exponentially with mass

Mid 2000’s polynomial scaling methods developed (coupled cluster, in-medium SRG,...)
Explosion in limits of ab initio theory
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R TRIUMF Breadth of Ab Initio Many-Body Methods

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

- Nuclear forces (low-energy QCD) m% = En¢n

- Electroweak physics
- Nuclear many-body problem
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R TRIUMF Breadth of Ab Initio Many-Body Methods

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

- Nuclear forces (low-energy QCD) m% = En¢n

- Electroweak physics
- Nuclear many-body problem
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R TRIUMF Breadth of Ab Initio Many-Body Methods

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

- Nuclear forces (low-energy QCD) m% = En¢n

- Electroweak physics
- Nuclear many- body problem
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R TRIUMF Breadth of Ab Initio Many-Body Methods

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

- Nuclear forces (low-energy QCD)
- Electroweak physics

- Nuclear many- body problem
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R TRIUMF Ab Initio Ovpp-Decay Predictions in the Shell Model

Conventional Shell Model: phenomenological wavefunctions
Ab initio valence-space: wavefunctions based on NN+3N forces from chiral EFT
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R TRIUMF Valence-Space In-Medium SRG

Explicitly construct unitary transformation from sequence of rotations
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R TRIUMF

ENO agrees to 1% with large-space methods (where calculations exist)
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Agreement with experiment deteriorates for heavy chains (due to input Hamiltonian)

Significant gain in applicability with little/no sacrifice in accuracy

Low computational cost: ~1 node-day/nucleus




R TRIUMF Ground States: From Oxygen to Nickel

Targeted valence space agrees to 1% with all large-space methods (where calculations exist)
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Significant gain in applicability with little/no sacrifice in accuracy
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R TRIUMF Breadth of Ab Initio Many-Body Methods

Aim of modern nuclear theory: Develop unified first-principles picture of structure and reactions
- Nuclear forces (low-energy QCD) m% — En¢n

- Electroweak physics
- Nuclear many-body problem
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R TRIUMF

Extrapolating Beyond Data

Stark contrast in extrapolations between model extrapolations and ab initio

two-neutron separation energies
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R TRIUMF Connection to Infinite Matter: Saturation as a Guide for Nuclei

Hebeler/Simonis NN+3N forces with reasonable saturation properties
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R TRIUMF Connection to Infinite Matter: Saturation as a Guide for Nuclei

Hebeler/Simonis NN+3N forces with reasonable saturation properties
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R TRIUMF

Hebeler/Simonis NN+3N forces with reasonable saturation properties

Connection to Infinite Matter: Saturation as a Guide for Nuclei
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R TRIUMF Forces with good saturation

Isotopic chains: dramatic improvement with respect to experimental data
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Forces with good saturation

Isotopic chains: dramatic improvement with respect to experimental data
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R TRIUMF Ground-State Properties in sd-Shell: F (Z=9)

Explore ground-state properties throughout medium-mass region
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R TRIUMF Ground-State Properties in sd-Shell: Ne (Z=10)

Explore ground-state properties throughout medium-mass region
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R TRIUMF

Explore ground-state properties throughout medium-mass region
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Ground-State Properties in sd-Shell: Na (Z=11)
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R TRIUMF Ground-State Properties in sd-Shell: Mg (Z=12)

Explore ground-state properties throughout medium-mass region
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R TRIUMF Ground-State Properties in sd-Shell: Al (Z=13)

Explore ground-state properties throughout medium-mass region
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R TRIUMF Ground-State Properties in sd-Shell: Si (Z=14)

Explore ground-state properties throughout medium-mass region
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R TRIUMF

Explore ground-state properties throughout medium-mass region

Ground-State Properties in sd-Shell:

Remarkable agreement with experiment
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Artifacts at neutron N=20 gap
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Ground-State Properties in sd-Shell: S (Z=16)

Explore ground-state properties throughout medium-mass region
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R TRIUMF Ground-State Properties in sd-Shell: Cl (Z=17)

Explore ground-state properties throughout medium-mass region
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R TRIUMF Ground-State Properties in sd-Shell: Ar (Z=18)

Explore ground-state properties throughout medium-mass region
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Ground-State Properties in sd-Shell: K (Z=19)

Explore ground-state properties throughout medium-mass region
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R TRIUMF Ground-State Properties in pf-Shell: Ca (Z=20)

Explore ground-state properties throughout medium-mass region
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R TRIUMF Ground-State Properties in pf-Shell: Sc (Z=21)

Explore ground-state properties throughout medium-mass region
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R TRIUMF Ground-State Properties in pf-Shell: Ti (Z=22)

Explore ground-state properties throughout medium-mass region

_I T I T 1T I T T T I T T T I T T T I T { T I T T T I I_ 20 _I T I T T T I T T T I T T T I T T T I T ! T I T 1T I I_
\ \ \ HH -35059b Ti §N>48 ] SEoe E
‘ ‘ ‘ | | [ 11 Il Z=28 oy : R : E
————————— i = P _Q\R@ : .
\ \ | I z W e ] S 0fE 4%wA : ]
= VL 2 C d gl : ]
\ \ | [T | g s L@ : .
% L S u [ bg\ N
o S 4sof B @ OF o\ Lo E
' [ _ _ _ 72529 FS -450-_ Ug . ] o ﬁ\bp\ ,0\ Q ]
‘ ‘ ‘ C S8, : ] ok %6 & ‘b/"\c;'
-500 - ©9%000000] : : 1
‘ ‘ ‘ _I 1 I 11 1 I 11 1 I 11 1 I 11 1 I 1 ; 1 I 11 1 I I- _5 _I 1 I 11 1 I 11 1 I 11 1 I 11 1 I 1 i 1 I 11 1 I I_

\ \ \ 44 48 52 56 60 64 68 44 48 52 56 60 64 68

\ \ Mass Number A Mass Number A
‘ ‘ ‘ LI I L I T 11 I LI I LI I T T 7T I LI I T T I*I T T I LI I T T T I T T T I TTT I T 1T I T]
_ 30 F : :

| S R =8 F Q2 : 5L ¢ : ]
u | | sE 4 - ]
\ \ | 2 “@ R 9 ]
<20 - > Lo |._ ""'I' o
o _a1_______ \777725272 : %o S2rilea 7
| l | I | I < BE o = [°3@ ¢ Q ]
“ 10k % < I ésta,ﬁQQo.do\d'\p_
, : 3 5 e TR A
Remarkable agreement with experiment SE OO VSIMSRG %000 B sagz ol ]
Ll " 0 EI 1 I 1 1 | I 1 1 1 I 11 | I 1 1 1 I I‘%’???? 0 _I 1 I 11 | I 1 1 1 I 1 1 1 I 1 1 1 I Iél I 1 1 | I I_

Probe dripline and beyond 4 48 52 56 60 64 68 4 48 52 56 60 64 68

Mass Number A Mass Number A

Artifacts at neutron N=40 ga
9ap JDH, Stroberg, et al., in preparation



R TRIUMF Ab Initio Dripline Prediction
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General agreement with model predictions

Significant differences arise for heavy nuclei



R TRIUMF Ab Initio Dripline Prediction
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Proton dripline: very good agreement with experiment



R TRIUMF Ground-State Properties in pf-Shell: V (Z=23)

Explore ground-state properties throughout medium-mass region
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R TRIUMF Ground-State Properties in pf-Shell: Cr (Z=24)

Generally deformed, new data from ISOLTRAP
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R TRIUMF

Explore ground-state properties throughout medium-mass region

Ground-State Properties in pf-Shell: Mn (Z=25)

Remarkable agreement with experiment

Probe dripline and beyond

Artifacts at neutron N=40 gap
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R TRIUMF Ground-State Properties in pf-Shell: Fe (Z=26)

Explore ground-state properties throughout medium-mass region
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R TRIUMF Ground-State Properties in pf-Shell: Ni (Z=28)

Explore ground-state properties throughout medium-mass region
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R TRIUMF Ab Initio for Structure of Lightest Tin Isotopes

Level ordering near 9'Sn controversial and unknown: insights from ab initio valence-space IMSRG
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Ab initio predicts 5/2* ground state, but within theoretical uncertainties



R TRIUMF Towards big questions: Ovpp-decay

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

- Nuclear forces (low-energy QCD)
- Electroweak physics
- Nuclear many-body problem
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20| emmin = °  Ovpp-decay candidates ]
| ! open- shell medium/heavy- mass; deformed
e, P - L
e L I 8Ca, 7GGel 82Se; 130Te, 136Xe W|thm reach

0o 20 40 60 80 100 120 140



R TRIUMF Ab Initio OvBp-Decay Predictions from Valence-Space IMSRG

Conventional SM: phenomenological wavefunctions

Ab initio SM: wavefunctions from chiral NN+3N forces

MOI/
M™ = Mgy — —5— + Mz
ga
M = (1> H(rap)oa - o 757 i)
CLb Neutrinoless

double beta decay

1) Ab initio energies in medium/heavy-mass region
Valence-space IM-SRG for all medium-mass nuclei



R TRIUMF

Conventional SM: phenomenological wavefunctions

MOI/
MOI/ ng —F 4 M%V
94
M& = {f1>  H(rap)oq - oy 7,07, i)
ab

16

14}
Ab initio SM: wavefunctions from chiral NN+3N forces ,,|

S 10t
8,

Energy (Me

1) Ab initio energies in medium/heavy-mass region

Ab Initio OvBp-Decay Predictions from Valence-Space IMSRG

6
4l
2
0

8+_ g
g o g
-
6 6" — 6" — 6 —
6+—rv 6+_ " 6+_5+— 6+ 5+
0 — 5 t —
47— . 4 — /R —
[ Jpe— 47— 4 e
PR, S R 4*—23;: 4" §+_
—2—
27— 2t — 2F—— 2F—
0F— 0F— 0" — 0F—
Experiment STD TNO usDB
18,)="0  |®,)=>Mg (fit)

Valence-space IM-SRG for all medium-mass nuclei

Deformation challenging for large-space methods




R TRIUMF

Ab Initio OvBp-Decay Predictions from Valence-Space IMSRG

Conventional SM: phenomenological wavefunctions

Ab initio SM: wavefunctions from chiral NN+3N forces 4*

MO =

MOI/ — MOI/ . F i MOI/ §
GT 9 T <,

gA I

m

+
+
-

MgVT = (f] ZH(Tab)Ua "O0b Ty Ty

IS
S
o

W
T 1 T 1

1) / Ab initio energies in medium/heavy-mass region

Valence-space IM-SRG for all medium-mass nuclei

Deformation challenging for large-space methods
First ab initio calculation of 7Ge/’¢Se

-666.61

76

Ge

76

Se

-661.60

-668.38

-662.07

IMSRG

Exp.

IMSRG

Exp.




R TRIUMF Ab Initio OvBp-Decay Predictions in the Shell Model

Conventional SM: phenomenological wavefunctions + bare operator
Ab initio SM: wavefunctions from chiral NN+3N forces + consistent effective operator

Ov
Ov __ Ov MF Ov
M = M%. — = + MY
9ga
Ov __ .
Mg = (O g S
ab Neutrinoless

double beta decay

1) / Ab initio energies in medium/heavy-mass region
2) Effective decay operator: decouple valence-space operator (analogous to Hamiltonian)

C d C d
\% M
a b a b

Payne, Stroberg, JDH, Menendez, in preparation



R TRIUMF Effective Valence-Space In-Medium SRG Operators

Explicitly construct unitary transformation from sequence of rotations

U=¢eY=¢eM_ . en

2 — 1
O =er0e™=0+[Q,0] + 5 [ [0 + -
< Step 1: Decouple core
d:)ouple Step 2: Decouple valence space =) (PIH|Q) -0

J Step 3: Decouple additional operators

valence excluded

9 B - ~
decouple <\Ijn|PHP | \Ifn> ~ <qu|H|qu>

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

|@0) = [1°0)

core




R TRIUMF
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11.6

Testing microscopic descriptions of collectivity

e Use GOSIA Coulomb-excitation code to extract matrix
elements

e Compare with NCSpM (LSU) and VS-IM-SRG (TRIUMF)

e NCSpM - does excellent job - expensive calculations

e VS-IM-SRG underpredicts strength - relatively
inexpensive - qualitative description excellent

" . 160
C [ ] Experiment o [ ) Experiment ]
Co(@) e Shell model, Ae™=0., Ae"=0. (b)) e Shell model, Ae"=0., Ae"'=0. T140
L 1.—1 — - - - Shellmodel, Ae"=0.36, Ae"=0.45 F 741 =~ — - - Shellmodel, Ae’=0.36, Ae"=0.45 ]
7 == Shell model, Ae"=0.35, Ae"=0.35 r 'z —_—— Shell model, Ae"=0.35, Ae"=0.35 J120
C ERE RN Shell model, Ae™=0.5, Ae"=0.5 c ERERE Shell model, Ae"=0.5, Ae'=0.5 1 ¥
- - NCSpM - —— NCSPM - 100&;
E —-_— IM-SRG - EM 1.8/2.0 E - IM-SRG - EM 1.8/2.0 ] ~
E r . —80 ¥
C R C e ‘e ] 7
C ST +\,-"¢'~ r ST . 1 «
- AR SRR ~_ .. — . eZ’\ .. 60 &
C S CARTIGRN —>5~.‘ .. o Pt SRR ] w
K S N Y RO s - s -~ 1 &
- RPN LTl L, TS . C S, S~o .‘.. 40
T PO B E oY sl =g NPT
o lu’- s" ,\5' o "l." B Tt _,'..'. ]
L ol ADLANN 1= R e AP P 20
CoT e SATE @l T ]
W I T T P P B B I I'.".".l_..1%-‘-:“."Il...l...l...[...I...I...I...l...l...l.'o
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Henderson et al., PLB



R TRIUMF Testing microscopic descriptions of collectivity

Assess nature of missing VS-IM-SRG E2 strength:

. B(E2):>®
BED™ | = BE)]™Y x —
z ¢ B(E2)T 1

If missing E2 strength isoscalar, expected “projected” B(E2) to match experiment

61— i Shell-model, Ae™=0., Ae"=0., Proton-rich projection
. . ) — i Shell-model, Ae"=0., Ae"=0., Neutron-rich projection
* P rOJ eCted B( E2) con SISte ntly 15 A) ove r/ _ - 4 Shell-model, Ae"=0.36, Ae"=0.45, Proton-rich projection
u nd er p r'Ed iCted by VS-l M-S RG ‘§ S 4 Shell-model, Ae"=0.36, Ae"=0.45, Neutron-rich projection
.. N ;'E-i N Bl IM-SRG, EM1.8/2.0, Proton-rich projection
* Missi ng Strength has consistent g 4 - IM-SRG, EM1.8/2.0, Neutron-rich projection
|Sovecto rcom pon e nt EH I IM-SRG Fit (mid-shell), Proton-rich: 1.152 + 0.072
o a e IM-SRG Fit (mid-shell), Neutron-rich: 0.863 + 0.054
* Promising for future development § o
§ r {]
g F
e Shell model (USDB) shows no consistent @ | T e i ;
- I S ) SIS 5
behaviour e e+ S S g‘?izﬁi
: A - A “
) P IR P B [ B 1 1 L, 214
16 18 20 22 24 26 28 30 32 34 36 38

Mass number



QR TRIUMF “Quenching” of g, in Gamow-Teller Decays

Long-standing problem in weak decays of nuclei: should g, be “quenched”?

free

Using ¢~ 0.77 x g& agrees with data

T(GT)
1.0 [ g .rﬁ—v-v-r]ﬁﬁ—7
FREE—NUCLEON EFFECTIVE / ]
= pd
= !
= | 1
<]
= _
&
m -
I Laaus PR R B

0 02 04 06 08 0 02 04 06 08 1
THEORY



R TRIUMF

Chiral Effective Field Theory — electroweak currents consistent with nuclear forces

o Yo

T T T
C3,C4 Cp C1,C3,C4 Cp
4
i ° s L] B |
L1 .
p 34 ILi
2 [
& (¢
- 6Li* * o IOB -
L ® |
= . 2H 6L' -
; 1 IOB*
0~@ GFMC(1b) . .
L @ GFMC(1b+2b) , . C i
_1|% EXPT o5¢ o _
L n 3He * * " _
[ ]
2 % s -
-3

Clear Importance in for M1 transitions in light nuciel

Two-body Currents in Nuclei

LA °Be(’/,” 31,) B(E2)

o X Be(*/,” 3/,) B(M1)
o x * 8B(3* 2%) B(MI)
o Xx 8B(1+ 2+) B(M1)
ox . LBt 29BMD
_® X SLi1+ 2Y)BMI)

* X "Be(!/,” 3,) B(M1)

€% Li("/, 3,) B(E2)

o X Li(',” 3,) BM1)
o X °Li(0* 1*) B(M1)

* EXPT @ GFMC(Ib) M GFMC(1b+2b)

0

1

2

Ratio to experiment

3



R TRIUMF Two-body Currents in Nuclei

Chiral Effective Field Theory — electroweak currents consistent with nuclear forces

C3,C4 CD C1,C3,C4 Cp
| T |
’ .* m lOC - lOB
7 7. .
o &« ~ Be — 'Li(ex)
7 7. .
o & - Be — Li(gs)
6 6, .
® X a He — Li
3 3
4 H — He
Ratioto EXPT @ gfmclb
¥ gfmce 1b+2b(N4LO)
M Chouetal. 1993 - Shell Model - 1b
| | |

1 1.1 1.2

Clear increase for GT transitions in GFMC - inconsistent forces/currents



QR TRIUMF “Quenching” of g, in Gamow-Teller Decays

VS-IMSRG calculations of GT transitions in sd, pf shells 3T 4 e work 7 New PR
. ] . ] shell model 25Als, - 2°Mgs),
Minor effect from consistent effective operator S
777777 a-! 26 26
Significant effect from neglected 2-body currents Il I :a ’ 28;_492
£ 32750
g’_ P 24NEO—)24N81
T(GT) & 14 34p, , 345,
1.0 [~ =g RS nanas RIUERRINERE
7 \E 3P = 33S3p
FREE—-NUCLEON / EFFECTIVE / ] Y Na/—>IVI3;
_ 0.8 | : . - 3P, 35,
Z / 3 ~ 4ZSC7—)42C36
=] J ¢ this work
E ’ -] [ shell model 42Tjg - 425¢,y
&d BV - PTigp
4 | =1 H3Tizp > 4Scyp
& o 21— Z=0.91(3) 451\; ! 451?(: !
2 5 o g=0.763) 7722 " lsp2
- g 435C7/2—)43C65/2
g N3 - Y Tisp
00 ‘L. 1o PPN SR B ﬁ1_ HScap - i
0 02 04 06 08 0 02 04 06 08 1 s~ "Tie
THEORY Tiz2 > *°Scap2
46SC4—)46Ti4
. g . . . V3 - 4T Tizp
Ab initio calculations explain data with unquenched g, °; 7 ; 3 S

Theory (unquenched)



QR TRIUMF “Quenching” of g, in Gamow-Teller Decays

Prediction from light nuclei to super allowed GT transition in 100Sn

q - NNLOgat
3 3 N
0 ‘ Hi —° Hey < O T L 2.2/2.0 (EM)
O GT onl —O g L 2.0/2.0 (EM)
y * 6| 67 ; 2BC e (= |
eg —° Liy s 1.8/2.0 (EM)
¢ 6T+ 28C \ | 2 - NN-N3LO+3Njq
‘ (} "Bes —' Lia | i - NN-N*LO+3Njne7
2 2 - L NN-N4LO+3N;qy
Q 7Be§ _>7 Li; g - Hinke et al.
2 2 — = - Batist et al.
¢ — { FESPM
| R 10Cy =19 B, P —t = L SMMC
A e—A 3 - LSSM
¢ O 1109 =11 Ny 9 2 - QRPA
' I I \4 T - FFS
0.95 1.00 1.05 1.10 & 8 10 1. 14 1o 18

ratio to experiment |Mgr|?

Agreement with data with no need for quenching



R TRIUMF Ab Initio 2vpp-decay

First benchmark to reproduce known shell-model results

0.16f ‘ ' ' ' ' ' ' 4_//‘\
¥ Ca gxla-pf | Vs = pf-shell, with no IMSRG evolution
018 ' reproduces ShM results [6]
0.12} - 0.12 ' T T T
GXPF1 —
GXPF1A —
0.10+ i 0.1}
N
o 0.08} - 0.08
= 3 |
0.06} { 006} |
& ol
5
0.04¢ 0.04
¢ 003846 | -
0.02 { o002} —
O'Ooo 2 4 6 8 10 12 12 O0 2 4 6 8 10 12 14

E, (MeV) Ex (MeV)



R TRIUMF Ab Initio 2vpp-decay

Consistent many-body wfs/operators from chiral NN+3N forces (no 2b currents)

0.16 0.16}

- 48 Ca gxla-pf - VS-IMSRG —

et S 1.8/2.0 (EM)
0.12} 1 0.12f
0.10} 4 0.10f
9
N
§ 0.08} 1 o.08}
0.06} {1 0.06}
0.04} 41 0.04} i
0.03846 R
— g =1
0.02}+ 4 0.02f .
q; =0.77
0.00 L s L s L L ' 0.00 : s L . . . ! : .
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 16 18
E, (MeV) E,. (MeV)

Payne, Stroberg, JDH, et al., in prep
VS-IMSRG: decrease in final matrix element

Likely missing contributions from intermediate states outside valence space



R TRIUMF Ab Initio 2vpp-decay

Consistent many-body wfs/operators from chiral NN+3N forces (with 2b currents)

0.16f

18 5 gxla-pf — ¢ =1 VS-IMSRG
0.14 { o1af| g; =1, MEC 1.8/2.0 (EM) 1
0.12} 1 012}
0.10f 1 o.10f
]
S 0.08} { o0.08}
0.06} 1 0.06}
0.04} 1 0.04f m |
0.03846 —7 L
0.02} {1 o0.02} 1
qp =0.77

0.00 : A : ' : : : 0.00 . - ' - : : : : :

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 16 18
E, (MeV) E, (MeV)

Payne, Stroberg, JDH, et al., in prep

VS-IMSRG: decrease in final matrix element

Likely missing contributions from intermediate states outside valence space
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Ab Initio Ovpp-decay

Consistent many-body wfs/operators from chiral NN+3N forces (no 2b currents)

0.10 ; : ; 0.10
- 8B Ca VS-IMSRG o

= 1.8/2.0 (EM) | i

0.00} 0.00}
-0.05} -0.05}
ELL‘ —0.10} 1 2& -0.10}
—0.15f —0.15}
-020F L\ gxla-pf | -0.20}
—0.25f /.__’_8 " —0.25}
~0.30 / ' ' ~0.30

? o—e hw=16 (MeV)
oo hw=24 (MeV) ||
T R— gxla-pf __
4 6 8 10
e

maxr

General cancellation between Fermi and Tensor contributions



R TRIUMF Ab Initio Ovpp-decay

Consistent many-body wfs/operators from chiral NN+3N forces (no 2b currents)

1.0 48 Ca VS-IMSRG 1.0

1.8/2.0 (EM)
Y \ 0 “ o8 \ e S axla-pf _ |
___________________ axla-pf __ )
& 0.6} \\\: : 0.6} \\,_\:
O
=

M(OI/)

0.4} - 0.4}
0.2 1 e e fiw=16 (MeV) |]
o o—e hw=24 (MeV)
0.0 \ . ! - 0.0 ' ' : '
4 6 8 10 4 6 8 10

€

(& ‘max

‘max

Final matrix element converged — significant decrease from phenomenology



R TRIUMF

Ab Initio Ovpp-decay

Ab initio: Consistent many-body wfs/operators from chiral NN+3N forces
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R TRIUMF Ab Initio Ovpp-decay

Ab initio: Consistent many-body wfs/operators from chiral NN+3N forces

o ‘ : ‘ ‘
E N|R—EDF A [ [ | T - Lol 48Ca
75 REDF v —
- QRPAJy wh ]
6 orPATu I 1 I Aa — 08 N\__! S gxla-pf __|
- QRPACH + | Pw i v 3 .
S~ BM2 = : N V A I \\:
5 ,F swm I R K VYTV 1 & 9
I ) — =
SMStM,Tk @ X [ .
= F r " _= R
3 [ | [\ —] 0.4}
- v ° o | | b o | I
2 A I 3 A
- | = - F ] 0.2
1 @ + s T 4 o fhw=16 (MeV) ||
C| = ] o—e hw=24 (MeV)
P il | | | | | | | ] . 0.0 ‘ ‘

4 6 8 10
emam

Consistent prediction from independent method
Two-body currents in progress — typically decrease NME



R TRIUMF Ab Initio Ovpp-Decay Predictions in the Shell Model

Standard SM: phenomenological wavefunctions + bare operator
Ab initio SM: wavefunctions from chiral NN+3N forces + consistent effective operator

MOI/
M™ = Mgy — —5— + Mz
9ga
MgVT = (f] ZH(rab)Ua b T;_sz_ i)
CLb Neutrinoless

double beta decay

1) / Ab initio energies in medium/heavy-mass region
2) / Effective decay operator: decouple valence-space operator

3) Operator corrections
Two-body currents S. Leutheusser (UBC/MIT)



R TRIUMF Towards big questions: WIMP-Nucleus Scattering

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

- Nuclear forces (low-energy QCD)
- Electroweak physics
- Nuclear many-body problem

| Particle attached me
N HFB reference 1 T .[Ff |
i - |
60t Valence space ; 5 |
T T T T - ‘ = AT O - :
o el 3 3
20/ b = 04 = WIMP-nucleus direct detection candidates |
| ! open-shgéll, medium/heavy-mass; deformed
e, P - e — - — — — — — — — = = = = = = = = = — = — = — — — — — — — - — — — — — — —
e L L o ~ WF,2Na,?"Al,29Si,"3Ge; '27],129.131Xe within reach |

0 20 40 60 80 100 120 140



R TRIUMF Ab Initio WIMP-Nucleus Response Functions (Isoscalar)

Ab initio: Consistent many-body wfs/operators from chiral NN+3N forces + 2b currents

Sa@) = DAL + 32 ([T + 1T

L>0 L>0
Soo(p) for YF Soo(p) for 27 Al
10% USDB, Bare Operators
Fit from [5]

IMSRG at emax = 6
IMSRG at emax = 8
Bare Operators, emax = 6
Bare Operators, emax = 8

B0

10

USDB, Bare Operators
Fit from [5]

IMSRG at emax = 6
IMSRG at emax = 8
Bare Operators, emax = 6
Bare Operators, emax = 8

102

10

Isoscalar Structure Factor (Sy(p))
Isoscalar Structure Factor (S (p))

1§ A

EM N3LO 2N Interaction [6]
Navratil N3LO 3N Interaction [7]

EM N3LO 2N Interaction [6]
Navratil N3LO 3N Interaction [7]
Bands from #Q from 16-24 MeV in Chiral Potential Bands from #Q from 16-24 MeV in Chiral Potential

250 300 350 0 150 200 300

Nucleon-to-WIMP Momentum Transfer (p (MeV)) Nucleon-to-WIMP Momentum Transfer (p (MeV)) Leutheusser, Stroberg, Holt

0



R TRIUMF Outlook

Fundamental physics
Effective electroweak operators: M1, GT,...

Effective Ovp3 decay operator

Ab initio valence-shell Hamiltonians
First ab initio prediction of nuclear driplines

Cross-shell spaces underway: Island of inversion

100 —— : ‘ ‘ ‘ WIMP-Nucleus scattering
| Measured | |
B Stable | | Outstanding issues
_ | | Controlled IMSRG(3) approximation
gol| ™= Single reference | > . o=t .
_ | ~ + E2operators problematic
Particle attached | s Conti . -
i P ontinuum essential beyond stability
W HFB reference | = Too-high 2+ energies at closed shells
Y Vale‘nce >pace a. > i ~ Quantify uncertainties
R e o omEEE =TT SR Stroberg
L | | e C. Payne
40t | 1 'l'l' e “('\42 TRIUMF S.Leutheusser H. Hergert
3 i " b THE D. Fullerton 4 ; Ila::i:j:howski S
[ . ’I‘l pritisi O 0. Drozdowski MICHIGAN STATE ) J. Simonis
! I oAF COLUMBIA ) A. Schwenk
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[ T — = THE UNIVERSITY P. Navratil xa N
T B [ [ of NORTH CAROLINA
00 20 40 ‘ @ o cnarer 3 ENGE C’ EJN:E&.SI&TO%O J. Menéndez




