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Nuclear matrix elements for new physics searches

Neutrinos, dark matter studied in
experiments using nuclei

Nuclear matrix elements
depend on nuclear structure
crucial to anticipate reach
and fully exploit experiments
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Calculating nuclear matrix elements

Nuclear matrix elements needed in low-energy new physics searches
( Final | Liepons—nucieons| INitial) = ( Final |/dxj“(x)JM(x) | Initial )

e Nuclear structure calculation
of the initial and final states:
Shell model, QRPA, IBM,
Energy-density functional
Ab initio many-body theory
GFMC, Coupled-cluster, IM-SRG...

Lepton-nucleus interaction:
Hadronic current in nucleus:
phenomenological,

effective theory of QCD
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Ov 3 decay nuclear matrix elements
Large difference in nuclear matrix element calculations: factor ~ 2 — 3
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Ov 3 decay nuclear matrix elements
Large difference in nuclear matrix element calculations: factor ~ 2 — 3
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Shell model matrix elements in two shells

48Ca—*8Ti 0v53 decay 3f —
. . 48
Enlarge configuration space . Ca
from pf to sapf, 4 to 7 orbitals w2k -
I . = -
Test excitation energy of 0 in Z .
48Ca off by 1.3MeV in pf shell -
Yy p 1} I |
6 T T 0 L L L
= SM QRPA IBM EDF SM SM SM
5r o acM 1 (pf)  (MBPT) (sdpf)
4r dunes  conassn 1 Nuclear matrix element
L3l 8 = o #= increases moderately 30%
2 kesc ° ¢ | Ilwata et al. PRL116 112502 (2016)
e T | Likewise, very mild effect

found in GCM calculations of 76Ge

*Teca ®ca "Ge "Ge ©se "Ge dJiaoetal. PRC96 054310 (2017)
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Heavy-neutrino exchange nuclear matrix elements

Contrary to light-neutrino-exchange, for heavy-neutrino-exchange decay
shell model, IBM, and EDF matrix elements agree reasonably!
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In general, nuclear matrix elements
can be expressed in terms of

Light and Heavy v exchange ones
Cirigliano et al. JHEP 12 082 (2017)



Tests of nuclear structure

Spectroscopy well described: masses, spectra, transitions, knockout...
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B —
DGT and Ov343: heavy nuclei and 35 emitters
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° DGT transition to ground state

very good linear correlation
with Ov 35 matrix elements
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DGT explored @RIKEN, INFN
can give insight to Ov 33 decay
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Correlation across nuclear chart
from Ca to Ge and Xe

Common to nuclear shell model
energy-density functional theory
and interacting boson model

0 < MBB <5

disagreement to QRPA

MOPR(0s — 0F) Shimizu, JM, Yako, PRL120 142502 (2018)



B —
Two-neutrino 53 decay and ECEC

Test of Ov35 decay: comparison of predicted 2v 55 decay vs data

Shell model 1o
reproduce 2v 33 data 2
including “quenching” =10 2 =z _
common to 3 decays = g _ S1318
in same mass region Tl - 1 HENE
+% = 3 9] P-4
Shell model prediction & g g S
. o
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48Ca measurement! = e=
n 1020

@

QRPA ET NSM Exp. limits
Coello Pérez, JM, Schwenk, arXiv:1809.04443

Shell model, QRPA and Effective theory
predictions of '?Xe 2vECEC suggest
experimental detection in near future
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B —
[ decays

[ decays (e~ capture) main decay model along nuclear chart

In general well described by nuclear structure theory: shell model...
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Ab initio many-body methods

Oxygen dripline using chiral NN+3N forces correctly reproduced
ab-initio calculations treating explicitly all nucleons
excellent agreement between different approaches
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Chiral effective field theory

Chiral EFT: low energy approach to QCD, nuclear structure energies
Approximate chiral symmetry: pion exchanges, contact interactions
Systematic expansion: nuclear forces and electroweak currents

2N force
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Park, Baroni, Krebs...

2b currents applied to
vd scattering (SNO),

- 3H p-decay, 1 moment...




B decay in very light nuclei: GFMC vs NCSM

Quantum Monte Carlo, No Core Shell Model g decays in A < 10
Pastore et al. PRC97 022501 (2018), G. Hagen et al., INT-18-1a program
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Very good agreement to experiment, except '°C (structure)
Irm%ct of 2b currents small (few %), disagreement on sign



B decay in medium-mass nuclei: IMSRG

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

this work
0 shell model 2515 - M5

VS-IMSRG calculations of GT transitions in sd, pf shells 1 A ENe=

Minor effect from consistent effective operator

g,
Significant effect from neglected 2-body currents s> ¥Mg;
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Open questions: contact operator

, 5 2b currents

. . Two-body currents in 53 deca
Contact light-neutrino operator y pB y
C d
+ 3
a b
Cirigliano et al. PRL120 202001(2018) (a) (b)
Unknown coupling value
Short-range character
N PBe - C © (@ (© 0]
- lonl (Rse‘fa.a, 0.8] fn)
~ - IR (Rse[0.6.0.8] fm) .
E Estimated effect ~ 10%
s Wang et al. PRC98 031301 (2018)
compared to ~ 20%
-0s ; ; - . in 5 decay (“quenching”)
. () JM et al. PRL107 062501(2011)




Summary

Nuclear matrix elements are key
for the design of next-generation tonne-scale Ov 33 decay experiments
and for fully exploiting the experimental results

* Present matrix element calculations disagree
suggested convergence of QRPA results
Need improved calculations,
guidance from other nuclear experiments

e Ab initio calculations in light nuclei
solve much of g decay “quenching” problem
ab initio matrix elements in 33 emitters soon!

* Double GT transitions, '**Xe 2v34 decay,
pursued in RIKEN, INFN, XMASS, XENON
promising insight on Ov 3 matrix elements

16/17




Nuclear structure factors for dark matter scattering

Cross section depends on nuclear structure factors F:
spin-independent (Sl), spin-dependent (SD), coherent pion coupling...
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Fc;r/ 1a7rgon, fluorine, germanium... very soon in the arXiv, stay tuned!
1



Collaborators

= N,

N
C ’ THE UNIVERSITY OF TOKYO

@

TECHNISCHE
UNIVERSITAT
 DARMSTADT

NIVERSIDAD AUTONOMA

DE MADRID
(IPHC

17/17

T. Otsuka
T. Abe

Y. Utsuno

E. A. Coello Pérez
G. Martinez-Pinedo
A. Schwenk

A. Poves
T. R. Rodriguez

E.Caurier
F. Nowacki

NS Graduate School of Science
2 University of Tokyo

Center for Nuclear Study (CNS)

alsalx[|

D’Wn':l JTIVN DTN

Hebrew Universiy of Jerusalem
= THE UNIVERSITY
" of NORTH CAROLINA
1 at
CHAPEL HILL

S
I

N. Shimizu
Y. Tsunoda
K. Yako

M. Honma

D. Gazit

J. Engel

N. Hinohara

Y. lwata




