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Nuclear matrix element for neutrinoless double beta decay Rb®

m The NME for the Ov 33 transition from
10;) to [0])

M (0 — 0;) = (0 |O°|0}")

— the transition operator: exchange of light neutrinos and with closure approximation
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— the effective nuclear current
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Nuclear matrix element for neutrinoless double beta decay (& On

NSCL

— the transition operator in non-relativistic reduction form
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Nuclear matrix element for neutrinoless double beta decay Rb®

CL

Source of discrepancy among different models

m Different effective interactions
m Many-body methods with different level of approximations
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Jiao, Engel, Holt (2017)
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ab initio methods for neutrinoless double beta decay Rb®

NSCL

Ab initio methods in the sense that

m starts from a bare nucleon-nucleon interaction (fitted to NN scattering data)

m solves Schroedinger equation (for the many-body system) with a controllable
accuracy of approximations

— Benchmark calculations for light nuclei:

\/ Variational Monte Carlo calculation starting from the Argonne v18 two-nucleon
potential and lllinois-7 three-nucleon interaction for light nuclei S. Pastore et al.
(2017)

v/ No-core shell model calculations starting from chiral NN+3N interactions for light
nuclei P. Gysbers et al., R. A. Basili et al.

— Extension to medium-mass candidate nuclei:

/ Application of coupled-cluster (S. Novario, G. Hagen, T. Papenbrock et al.) and
valence-space in-medium similarity renormalization group (IMSRG) (C. Payne, R. Stroberg, J.
Holt et al.) method starting from chiral NN+3N interactions for 0w 33-candidate nuclei

v/ Merging the multi-reference IMSRG with generator coordinate method (GCM) starting from

chiral NN+3N interactions for O 33-candidate nuclei
JMY, B. Bally, J. Engel, R. Wirth, T. R. Rodriguez, H. Hergert, arXiv:1908.05424
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The IMSRG+GCM method: procedure

« Wave function of the reference state (0+)
define ' |0a7) = 3 e PIPNP 00)
Q

reference state

« Many-body density matrices

plsj?ur (d)reflAStu | ref)-

evolve » Normal-ordered operators
operators

H=EC (X)) + £"(2) + T (A) + W (2) 4 ...

in terms of irreducible densities
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observables
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The IMSRG+GCM method:

procedure

define
reference state

evolve
operators

extract
observables

* Flow equation:

B — po(s), Hs)

where the 7(s) = %UT(S) is the
so-called generator chosen to

decouple a given reference state from
its excitations.

H(0)

n(s)

Tsukiyama, Bogner, and Schwenk (2011)
Hergert, Bogner, Morris, Schwenk, Tsukiyama (2016)
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The IMSRG+GCM method: procedure

define
reference state

evolve
operators

extract
observables

* Flow equation:

* Magnus:
T. Morris (2015)

» + Evolved NLDBD operators:

0188 transition operator in IMSRG(2)

B — po(s), Hs)

where the 7(s) = %UT(S) is the
so-called generator chosen to

decouple a given reference state from
its excitations.
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The IMSRG+GCM method: procedure

B — po(s), Hs)

* Flow equation: s

define

_ dU(s) )
reference state where the 7(s) = TUT(S) is the

so-called generator chosen to

decouple a given reference state from
its excitations.

Ao < B,
* Magnus: U(s) = % % =D o adbey @)
T. Morris (2015) =0

evolve » + Evolved E2 operators:

(o) perators TXs) = eI = T 1[0, T + %[n, T +...

O for the irreducible two-body
density A28
« for the induced two-body EM
operator
u forthe @

extract
observables

ingl : see N. M. etal. (2017)
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The IMSRG+GCM method: procedure

« Wave function of low-lying states

define

reference state D = ; P IMZN Q)

« Hill-Wheeler-Griffin equation
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JMY, J. Engel, L. J. Wang, C. F. Jiao, and H. Hergert (2018)
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Applications G & i

m Starting from a chiral NN(N3LO) +3N (N2LO) interaction (evolved with the
free-space SRG) K. Hebeler et al. (2011)

= Benchmark calculations for light nuclei: 8He — 8Be and 220 — 22Ne
m Application to candidate 0v38 process: *8Ca — 8Ti
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Benchmark calculation: 0v33 from 8He to 8Be
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Figure: The potential energy surfaces from different calculations with ey, = 6, AQ = 16 MeV.
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Benchmark calculation: 033 from 8He to 8Be (ol

NSCL
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® IMSRG+PNAMP(Minimum): MY (GT/F/TE) = 1.40(1.19/0.28/—0.07)
® IMSRG+GCM: M% (GT/F/TE) = 0.17(0.19/0.04/—0.06)
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Benchmark calculation: 0v33 from 220 to 22Ne (ol
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Figure: The potential energy surface from PNP (VAP)+HFB calculation with eyj. = 6, iQ = 16 MeV.

m 220 is dominated by spherical state
= 22Ne is dominated by prolate deformed state
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Application: 0v34 from 220 to >’Ne
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Benchmark calculation: 0v33 from 220 to ?°Ne

Impact of the 3N interaction
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IMSRG+PNAMP (minimum)

= MO = 0.49 by the 2N+3N interaction
m M% = 0.34 by the 2N interaction

IMSRG+GCM

m M% = 0.43 by the 2N+3N interaction
m M% = 0.15 by the 2N interaction

Results from NCSM and CC calcualtions
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Application: 0v34 from #8Ca to “8Ti
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Application: 0v33 from #8Ca to *8Ti (ol

NSCL

IMSRG+GCM By IMSRG+CI
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m IMSRG+GCM: Low-energy structure of *8Ti is reasonably reproduced (spectrum
stretched). Inclusion of non-collective configurations from neutron-proton isoscalar
pairing fluctuation can compress the spectra further by about 6%.

m IMSRG+CI(TO — T1): the spectrum becomes more stretched in a larger model
space (more collective correlations).
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Application: 0v34 from #8Ca to “8Ti
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Configuration-dependent NME

The M9 is decreasing dramatically with the quadrupole deformation, but moderately
with ¢np at B = 0.2 in 48T,
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Application: 0v34 from #8Ca to “8Ti

riz [fm]

FRIB/MSU

Mo = /df12 C%(ni2)

= The quadrupole deformation in 48Ti changes
both the short and long-range behaviors

= Neutron-proton isoscalar pairing is mainly a
short-range effect
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Application: 0v33 from #8Ca to “8Ti R
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Application: 0v34 from *8Ca to “8Ti (preliminary results) (ol

NSCL
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Summary R

NSCL

Take-away messages:

= Worldwide ton-scale experiments are proposed to measure the O3 from which
the determination of neutrino mass relies on the NMEs.

m Several groups have begun programs to calculate the NMEs from first principles,
taking advantage of a flowering of ab initio nuclear-structure theory in the last
couple of decades.

m The multi-reference IMSRG+GCM opens a door to modeling deformed nuclei with
realistic nuclear forces (from chiral EFT). Many interesting phenomena of
low-energy physics (shape transition, coexistence, cluster structure) can be
explored within this framework.

= The NME from 48Ca — “8Ti is calculated from first principles.

What's next:
= Extension to heavier candidate nuclei, like 7Ge — 76Se and 136Xe — 36Ba.
= More benchmarks among several different ab initio methods for the NMEs.

= Quantification of uncertainties from different sources, impacts of induced
three-body operators, two-body currents, contact transition-operator term, etc
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Application: 0v34 from #8Ca to “8Ti
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Neutrinoless double beta-decay: contribution from nuclear physiﬁ&@

NSCL

pp decay (candidate) nuclei

4500
l&*Ca
4000
& 3500 iy J9Nd
% 3000 ."f(‘;d anMo
C>‘y 2500 g o Xe ! L
2000 o'Ge o!"Pd
1500 2 4 6 8 10 12 14
Natural Abundance (%)
10712
2 .
_ (mgg) 2 Nd
[0/~ = Go,, [-220 | M R
Me ~ B Zr 15Cd o
2 e L~
where the phase-space factor Gy, (~ 10~ 4yr—1) % o o
can be evaluated precisely Kotila ('12), Stoica ('13). :
The effective neutrino mass is related to the masses )
my and mixing matrix elements Ug of neutrino T o s w1 1m0 e

Mass number

species

FRIB/MSU Ab initio calculation of 0



