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Calculating nuclear matrix elements

Nuclear matrix elements needed in low-energy new physics searches

( Final | Lieptons—nucteons| INitial ) = ( Final |/dxj”(x)J#(x) | Initial )

@ Nuclear structure calculation
of the initial and final states:
Shell model, QRPA, IBM,
Energy-density functional

Ab initio many-body theory
QMC, Coupled-cluster, IMSRG...

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

Effective theory of QCD
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Next generation Ov33: inverted hierarchy

Decay rate sensitive to
neutrino masses, hierarchy
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Matrix elements assess if
next generation experiments

fully explore “inverted hierarchy”
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Ov 3 decay nuclear matrix elements

Large difference in nuclear matrix element calculations: factor ~ 2 — 3

H(r) = neutrino potential

(OF | Yo mwrm Yo H (@ foy) - =Ferm B 7 (onom) Tensor
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[ eor *a t ]
7F Bv = {
Fomea T +e \ S 1 EDF: large NMEs
6 nsm TTIT x . . 7
5 fvore T X . L ] QRPA: wider range
r ‘m e A . . 1
> F A ™ x q .
& a4 . A 4 NSM: small NMEs
g . 1
3L I ; u é u B .
E: X iy *" 1 IMSRG ab initio
26 o T g + 1 “CaNME: quite small
L + 4
& .
o %, - w w L .1 Additional uncertainty:
48 76 82 100 116 130 136 150 “« : »
A ga quenching”?

Engel, JM, Rep. Prog. Phys. 80 046301 (2017)
M. Agostini, G. Benato, J. Detwiler, JM, F. Vissani, in preparation
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Correlations: proton-neutron pairing

Ovp3 B NMEs agree without nuclear correlations (very simplistic nuclei)

NMEs too large if proton-neutron pairing correlations are neglected
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Related to approximate SU(4) symmetry of the 3 H(r)ojoj7i7; operator
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Correlations: large configuration space

48Ca extended configuration space
from pf to sdpf, 4 to 7 orbitals
dimension 10° to 10°

*8Ca 0] state lowered by 1.3 MeV
nuclear matrix elements

enhanced only moderately 30%
Iwata et al. PRL116 112502 (2016)
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Javier Menéndez (UB)

QRPA IBM EDF SM SM SM
(pf)  (MBPT) (sdpf)
Also small effect of large space

with perturbative calculation

Coraggio et al. PRC 101 044315 (2020)

Likewise, very mild effect
found in 78Ge GCM calculations
Jiao et al. PRC96 054310 (2017)
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Nuclear shell model

Nuclear shell model configuration space
126 only keep essential degrees of freedom

@ High-energy orbits: always empty

82 @ Configuration space:

4ho where many-body problem is solved
— 30 @ Inert core: always filled
——20
Gl HIW) = E W) = Hoy [W)gy = E W)y
Ny G P Wyer = Calda): |ba) = ajah...aj|0)
Oho  os esIn2 2 «

Shell model codes (1 major oscillator shell)

~ 10" Slater dets. Caurier et al. RMP77 (2005)

>10* Slater dets. with Monte Carlo SM
Otsuka, Shimizu, Tsunoda

Dimension ~

((p+1),(\§3+2)u)((p+1)g)+2),,)

Hes obtained phenomenologically or with ab initio method: eg VS-IMSRG
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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

3N force

4N force

LO

X H

NLO

N’LO

N

N N e voN Ne v
"'n'$“jh

N IN NN

N'LO

N FEH 4 -

Weinberg, van Kolck, Kaplan, Savage, Wise, Epelbaum, MeiB3ner...

Park, Klos, Krebs, Baroni...

Short-range couplings
fitted to experiment once

Javier Menéndez (UB)
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Ab initio nuclear calculations

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

No-core shell model
(Importance-truncated)

[ L L L LA L IR B
In-medium SRG -130 -_t ; obtained in large many-body spaces
Hergert et al. PRL110 242501(2013) 40 8 ]
) , . S C - ]
Self-consistent Green’s function S s0f 8 3
Cipollone et al. PRL111 062501(2013) = - ]
Z -160 - © MR-IM-SRG 8 .
Coupled-clusters ks F = IT-NCSM T, 890
Jansen et al. PRL113 142502(2014) -170 - ¢ SCGF "=~ 7
% Lattice EFT ]
180 A ccC = AME 2012 ]
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Ab initio nuclear calculations

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

No-core shell model
(Importance-truncated)

In-medium SRG =
Hergert et al. PRL110 242501(2013) N
Self-consistent Green’s function “
Cipollone et al. PRL111 062501(2013) Mal T R
Coupled-clusters b
Jansen et al. PRL113 142502(2014) b
SN "R G A, credit: H. Hergert
™ ™ ™
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In-Medium Similarity Renormalization Group

The in-medium similarity renormalization group (IMSRG) method
uses a similarity (unitary) transformation

to decouple reference state from particle-hole excitations

Bogner, Schwenk, Hergert, Stroberg...

Op0n 1pth p2 3o 0p0h 1p-th p2h  3pdh

ot

Opoh

1pth

220
2 pth

3p3n

3p3n

(il H|7) (npnh|H (00)[®Pcore) = 0
The original Hamiltonian is “evolved”
by unitary transformations typically fixed by a given generator n
H=T+V = H(s) = U(s)HU'(s)

% = [n(s), H(s)] with n(s) = [G(s), H(s)]
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Valence-space IMSRG: first principles shell model

Use in-medium similarity renormalization group to obtain Hes
decouple A particles in valence space from core and high-energy orbitals

In addition to Hesr, VS-IMSRG provides the energy of the core
Stroberg et al. Ann. Rev. Nucl. Part. Sci. 69, 307 (2019)

IMSRG: unitary transformation: S0 Vel ace FOMHISRG
He = UTHU £
demands consistent transformation g, . '
for transition operators: PR
Ost = UTOU T oo
Magnus formulation for IMSRG 54 1sca
Parzuchowski et al. PRC96 034324 (2017) EENI bane == —

12 16 20 24 2812 16 20 24 28
hw (MeV) hw (MeV)
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Doubly-magic calcium and nickel isotopes

Calculations with NN+3N forces predict shell closures at °>Ca, °*Ca, "8Ni

22 Fo T T T T T T T T
20 Tl =1 Te— LSSM :
18 E® 3L % Thiswork —— MCSM e
Y ---- QRPA it
16 —em- IM-SRG LD
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8 —— MBPT Na A i
6F a-acc kNG 1 s
4L oo SCGF b
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Neutron Number N B A ﬁff,mb;‘f e o 82

51-54Ca masses [TRIUMF/ISOLDE] ARTICLE
%4Ca 2] state excitation energy [RIBF]

Hebeler, Holt, JM, Schwenk ARNPS 65 457(2015)

78Ni revealed as a doubly magic
stronghold against nuclear deformation

8Ni 2] state excitation energy [RIBF]
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B decay: “quenching”

B decays (e~ capture) main decay model along nuclear chart
In general well described by nuclear structure theory: shell model...
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Martinez-Pinedo et al. PRC53 2602(1996)

(F| Z[QA o 1My, [0~ 0.70yT

Gamow-Teller transitions: Deficient many-body approach,
theory needs o7 “quenching” or transition operator?
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Two-neutrino ECEC of 1%*Xe

Predicted 20vECEC half-life:
shell model error bar largely dominated by “quenching” uncertainty

1 G, gt (MR, R :Z<OH Znonta |[10) (il Xmommm 0))
T2vBB — 2 IA ' — Er — (M, + My)/2
—— XENONIT (this work)
XMASS (90% C.L)
1028 | - - XENON100 (90% C.L.)
: Suhonen
T JPG 40 075102 (2013)

2vECEC

Tl /2

Pirinen, Suhonen
PRC 91, 054309 (2015)

Coello Pérez, JM, Schwenk

1027 L PLB 797 134885 (2019)

! ! ! ! XENON1T
QRPA QRPA ET NSM

(2013) (2015) (2018) (2018) Nature 568 532 (2019)

Shell model, QRPA and Effective theory (ET) predictions
good agreement with XENON1T measurement of 2vECEC!
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B decay in very light nuclei: GFMC vs NCSM

Quantum Monte Carlo, No Core Shell Model g decays in A < 14
Pastore et al. PRC97 022501 (2018), Gysbers et al. Nature Phys. 15 428 (2019)

NNLO, ., (¢, = 0.82) AV18+IL7
Q’| 3H1 —3 He. ! ! !
<> or \ 2 2 ‘ ox ] 10C = lUB
only 6 67:
¢ GT +2BC A% Heo —° Liy ° &k L] Be — "Li(ex)
TBes 57 T )
‘ <> Be‘-; = Ll% LI 4 u "Be —>7L1(gs)
6, 6, .
.o 7B€§ -7 Lis *® u He —» Li
2 2
10 10 ¢ W He
Co =" B1 | | Ratio 0 EXPT @ sfme
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‘ o 1400 _)14 NI M Chouetal. 1993 - Shell Model - 1b
Il Il 1

0.95 1.00 1.05

1.10

ratio to experiment

No-core shell model

1.1 1
ratio to experiment

Quantum Monte Carlo

Very good agreement to experiment, except '°C (structure)
Impact of 2b currents small (few %), disagreement on sign
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Gamow-Teller 5 decay medium nuclei with VS-IMSRG

[ decays (e~ capture) challenge for nuclear theory
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Phenomenological models

need o7 “quenching”

Javier Menéndez (UB)

o

,,,,,, g=1
—— g=092(4)
—— q=0.75(3)

¢ This work
1 Shell model

|Mgy| theory (unquenched)

Gysbers et al. Nature Phys. 15 428 (2019)

Ab initio calculations including
meson-exchange currents

do not need any “quenching”

First principles

lecay matrix elements

Snowmass wkshop, July 2020

16/21



Origin of 5 decay “quenching”

Which are main effects missing in conventional 5-decay calculations?
Test case: GT decay of '°°Sn

O ESPM ® Correlations only
© zmcony @ m Relatively similar
- 1.8/2.0 (EM) and complementary
L 2.02.0 EM) impact of
L 2.2/2.0 (EM) @ nuclear correlations
Tt O F2.0m20(rwa) @ meson-exchange
Qd—:_?-o I 2.8/2.0 (EM) currents
.4"’-—:.95:—0 F NN-NLO + 3Nt
g ‘:5-:—0} O [ NN-NLO+ 3NLiw Gysbers et al.
Bl —0 M. Nature Phys. 15 428 (2019)
4 (IS é 1I0 1l2 1l4 1‘5 1I8
|Mer|?

Experiment: [Mgr|?> = 44752 Lubos et al. PRL122 222502 (2019)
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First principles NMEs in '2Be: radial cancellation

Quantum Monte Carlo calculations for very light 2Be
leads to very small NMEs M% ~ 0.4 — 0.5

e S

- Py
- lonnl (Rse[0.6, 0.8] fm)
(¢

— xR (Rse[0.6, 0.8] fim)

P (fm™)

r (fm)

Pastore et al. PRC97 014606 (2018)

Cirigliano et al. PRL120 202001(2018)

c(m™y

A=48 ——

A=76 ——

A=B2 ——
A=124
A=130 ——
A=136

1(fm)

JM et al. NPA818 139 (2009)

Cancellation between short- and long-range contributions to NME,
not observed in shell model or QRPA calculations of heavier nuclei

Implications for short-range contribution to 0v8/5 NME  E. Mereghetti’s talk
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First principles IMSRG NME for 48Ca

Complete nuclear correlations included in ab initio calculations
IMSRG (in-medium similarity renormalization group) for “Ca NME

Correlations systematically built on collective reference state
Generator coordinate method: deformation, isoscalar pairing

Benchmark against first principles NME in 6He
Basili et al. PRC102 014302 (2020)

14 F Raman Pritychenko
Best calculation I ® EMI1.82.0(12) ¢ =6 |
reproduces electromagnetic 12t ® EML820(16) B o =8 |
tranS|t|onS |n 48-]—' | ® EM2.0/2.0(16) ® emax=10
L0t * i
NME ~ 0.4/30% smaller I .
than nuclear shell model 08 o U |
I .. . ]
Yao et al. 0.6 | Extrap. © ]
PRL 124 232501 (2020) s s - o

B(E2:2" — 0%) [e*fm*]
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First principles IMSRG NME for 48Ca

Complete nuclear correlations included in ab initio calculations
IMSRG (in-medium similarity renormalization group) for “Ca NME

Correlations systematically built on collective reference state
Generator coordinate method: deformation, isoscalar pairing

Benchmark against first principles NME in 6He
Basili et al. PRC102 014302 (2020)

L0 T T T T T
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Best calculation TN ]
reproduces electromagnetic oot /A 1
itions in 48T AR 1
transitions in *°Ti B od / 1
NME ~ 0.4/30% smaller £ oo/ | 1
than nuclear shell model ok e S
Yz 1
Yao et al. —0.2f .
PRL 124 232501 (2020) [ @
—0.4 é -Il 5

72 [fm]

Javier Menéndez (UB) i inci decay matrix elements ~ Snowmass wkshop, July 2020 19/21



Ov 3 decay nuclear matrix elements

Large difference in nuclear matrix element calculations: factor ~ 2 — 3

H(r) = neutrino potential

(OF | Yo mwrm Yo H (@ foy) - =Ferm B 7 (onom) Tensor
n,m X

[ eor *a t ]
7F Bv = {
Fomea T +e \ S 1 EDF: large NMEs
6 nsm TTIT x . . 7
5 fvore T X . L ] QRPA: wider range
r ‘m e A . . 1
> F A ™ x q .
& a4 . A 4 NSM: small NMEs
g . 1
3L I ; u é u B .
E: X iy *" 1 IMSRG ab initio
26 o T g + 1 “CaNME: quite small
L + 4
& .
o %, - w w L .1 Additional uncertainty:
48 76 82 100 116 130 136 150 “« : »
A ga quenching”?

Engel, JM, Rep. Prog. Phys. 80 046301 (2017)
M. Agostini, G. Benato, J. Detwiler, JM, F. Vissani, in preparation
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2b currents in 53 decay

In O35 decay, two weak currents lead to four-body operator
when including the product of two 2b currents: computational challenge

Approximate 4b operator

Approximate 2b current .
as effective 3b operator

as effective 1b current

c d
= Ibe i
v
091 0
F a b
(a)

08 / (b)
07 .

O.éj N
05— ‘1(‘)0‘ - ‘2(‘)0‘ - ‘3(‘)0‘ 00
p [MeV]
(d) (e) (£)

|, ]

GT(1b+2b)/g,

Quenching reduced to ~ 20% ©
at p ~ m; for Ov33 decay Estimated effect ~ 10%
JM et al. PRL107 062501(2011) Wang et al. PRC98 031301 (2018)

Estimations suggest that 2b currents smaller in Ov33 than 3 decay
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Nuclear matrix elements key
for the design of next-generation tonne-scale Ov 35 decay experiments
and for fully exploiting the experimental results

@ First principles calculations
solve much of g decay “quenching” puzzle:
(almost) no need for “quenching”
when calculations include
additional correlations and two-body currents

@ Ab initio “8Ca NMEs quite small,
extension to heavier 3 nuclei in progress
using several many-body methods

@ First principles ?Be NME quite small
due to cancellation between
short- and long-range contributions
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Double Gamow-Teller strength distribution

Measurement of Double Gamow-Teller (DGT) resonance
in double charge-exchange reactions *Ca(pp,nn)*8Ti proposed in 80’s
Auerbach, Muto, Vogel... 1980’s, 90’s

Recent experimental plans in RCNP, RIKEN (*Ca), INFN Catania
Takaki et al. JPS Conf. Proc. 6 020038 (2015)
Capuzzello et al. EPJA 51 145 (2015), Takahisa, Ejiri et al. arXiv:1703.08264

SDPFMU J=2
SDPFMU J=0
rrrrrrrrrr GXPF1B J=2
---------- GXPF1B J=0

Promising connection to 53 decay, 40}
two-particle-exchange process,

especially the (tiny) transition
to ground state of final state

Shell model calculation
Shimizu, JM, Yako, PRL120 142502 (2018)
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Correlation of Ov 55 decay to DGT transitions

Double GT transition to ground state MPST = (Fys||[ 3, o x 5, 07 ° [lgs ) |°
very good linear correlation with Ov35 decay nuclear matrix elements
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Double Gamow-Teller
correlation with
Ov 3 decay holds

across nuclear chart
Shimizu, JM, Yako

PRL120 142502 (2018)

Common to shell model
energy-density functionals
interacting boson model,
disagreement to QRPA

Experiments at
RIKEN, INFN Catania may
access DGT transitions



Similar Ov3 and v~ decays?

Explore correlation between Ov33 and ~~ decays,
focused on double-M1 transitions

MG =5 (0F [X2n(ghln + gian)" |15 (1AS)) (15 (1AS)| 3= 1 (ghlm + ghom)"” |0f (DIAS))

MM Ex — (M; + M) /2

72t Toag 1 Similar initial and final states
_ but both in same nucleus
S sl e "*Ge double isobaric analogue statel  for electromagnetic transition
= . .
5 M1 and GT operators similar,
‘;5 4l B vy 1 physics of spin operator
£ M1 also angular momentum

75 | {1 Different energy denominator

7BSe

‘ ‘ ‘ ‘ ‘ Romeo, JM, Pefa-Garay, in progress
31 32 33 34 35
Atomic number, Z

Javier Menéndez (UB) i inci decay matrix elements  Snowmass wkshop, July 2020 21/21



Correlation of Ov 53 decay to v~ transitions

Good linear correlation between vy M1M1 and Ov 35 decays
obtained with nuclear shell model, holds for nuclei with A ~ 60 — 140

. Includes
P B8 nuclei:
) 7SGe,

. 8286,

‘e P . 130Tg,

19 . Pl 136% g

. - Romeo, JM,
o9 e Pefa-Garay,
05 1.0 15 20 25 30 35 in progress

M(03,—0;,)

Measurements of vy M1M1 decays could inform O35 NMEs!
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	Ab initio valence-space IMSRG

