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Quenching factor Q (%)

A 50 year old problem:
The puzzle of quenched of beta decays
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Quenching obtained from charge-
exchange (p,n) experiments.
(Gaarde 1983).

R(GT) Expt.

Renormalizations of the
Gamow-Teller operator?
Missing correlationsin
nuclear wave functions?
Model-space truncations?
Two-body currents (2BCs)?

G. Martinez-Pinedo et al, PRC 53, R2602 (1996)
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Trend In realistic ab-initio calculations
Explosion of many-body methods (Coupled clusters, Green’s function Monte
Carlo, In-Medium SRG, Lattice EFT, MCSM, No-Core Shell Model, Self-Consistent
Green’s Function, UMOA, ..)) ® 1006
Application of ideas from EFT and renormalization group (V... Similarity
Renormalization Group, ...)
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Oxgyen chain with interactions from chiral EFT
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Hebeler, Holt, Menendez, Schwenk, Annu. Rev. Nucl. Part. Sci. 65,457 (2015)



Nuclear forces from chiral effective field theory

[Weinberg; van Kolck; Epelbaum et al.; Entem & Machleidt; ...]
NN 3N 4N

~ = Developing higher orders and higher rank
(3NF, 4NF) [Epelbaum 2006; Bernard et al
2007; Krebs et al 2012; Hebeler et al 2015;
Entem et al 2017, Reinert et al 2018...]

] ®" Propagation of uncertainties on the
Ik : horizon [Navarro Perez 2014, Carlsson et
al 2015]

I [ = Different optimization protocols [Ekstrom
: et al 2013, Carlsson et al 2016]

* |mproved understanding/handling via SRG
[Bogner et al 2003; Bogner et al 2007]

|- , + | * Jocal / semi-local / non-local formulations
H /N /I\! [Epelbaum et al 2015, Gezerlis et al
2013/2014, Reinert et al 2018]

,) d ¢ 8| 1 ‘ ) m | = Chiral EFT’s with explicit Delta isobars
? I f | [Krebs et al 2018, Piarulli et al 2017,
Ekstrom et al 2017]




Nuclear forces from chiral effective field theory

[Weinberg; van Kolck; Epelbaum et al.; Entem & Machleidt; ...]
NN 3N 4N
From Sofia Quaglioni and Kyle Wendt
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A family of interactions from chiral EFT

S :%: | + SR —Expt NNLO,,: Accurate radii and BEs
s -6 | ’ { = Simultaneous optimization of
S —7f4ee 1 4 NNand3NFs
< —8kE | "r E
g _of . ‘ﬁ | "; | -‘; -'v—__ " Include charge radii and binding
—— ; — —  energies of 3H, 3%He, 14C, 160 in
2 0.0f<e- —— = 4— 4— 4— —o—{ the optimization
E _o2F | e | ‘ -1 = Harder interaction: difficult to
S _oalooa WY 0 ¢l converge beyond *®Ni
| ¢ NNLO,,, o V-
—0.6 ———— | | ", " i 1 A Ekstrém etal, Phys. Rev.C91, 051301(R) (2015).
’ 4He 8He 14C 160 40 Ca 48 Ca 56 Ni
' eias O(EM) 5 Ol(EM) 1.8/2.0(EM): Accurate BEs
. . v 2. . . .
~ =5} m2.0/2.0(EM) 4 2.0/2.0(PWA) | Soft interaction: SRG NN
%J -6 | . : : BN from Entem & Machleidt
:):_. -7} N A A v | with 3NF from chiral EFT
~ \ 4 v
[ -8 J— . i i " = —,—j K. Hebeler et al PRC (2011).
-9} ; I ' | ' 9 T. Morris et al, PRL (2018).
4He 160 40Ca 48Ca 56N1 QOZr IOOSn



Phase Shift (deg) Phase Shift (deg)

Phase Shift (deg)

PHYSICAL REVIEW C 96, 024004 (2017)

High-quality two-nucleon potentials up to fifth order of the chiral expansion
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“ R. Machleidt,>" and Y. Nosyk?
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NCSM results for 4He with N4LO (NN-only)
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Fit 3N and 2BC contacts to triton half-life

O=a6TMN + MEC? — O, =6TW 4+ 6T?) + MECP) + ...

Operator: L7
) A oo hQ =28 s GTW+GTY
Gamow-Teller (1-body) + chiral . -6 — GTW 4 MEC®
' )\ -3 ot 1+ or® 1+ MEC?
meson exchange current (2-body) — > ) \

Park (2003) i 1701
H/F\]168
Potential: “N*LO NN” o
o chiral NN @ N4LO, Machleidt G 1o
=

PRC96 (2017), 500MeV cutoff

1.64 -
@ LEC ¢p = —1.8 determined M
1.62 1
N4LO500 NN (¢p = —1.8 in MEC), A2 = 20MeV
+ * """"" T 0 2 4 6 8 10 12 14

C3,C4 C1,C3,Cq Cp

From: P. Gysbers, P. Navratil, S. Quaglioni



Theory to experiment ratios for beta
decays in light nuclei from NCSM

NNLO.., (c, = 0.82)
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Theory to experiment ratios for beta
decays in light nuclei from NCSM

N4LO(EM ) + 3N, SRG-evolved to 2.0fm™ (¢, =-1.8)

0‘ 3H% 3 He%
‘0 6He0 —0 Li;
7Be§ %7 Lii
¢ 0 : ;
0 GT only 7 7T
® ¢ GT +28BC Beg =" Lig
‘ o 1OCO _>1O Bl
‘ 0 1400 %14 Nl

0.9 1.00 1.0 1.10

i . Entem, Machleidt & Nosyk,
ratio to experiment

PRC 96, 024004 (2017)



Theory to experiment ratios for beta
decays in light nuclei from NCSM

N4LO(EM ) + 3N, SRG-evolved to 2.0fm™ (¢, =-1.8)
0 ¢ “Hy =% Hey

‘0 6He0 —0 Li;

N N 7 7 N
In QMC calculations of beta-decays 2BC Be% — Ll%

increase the GT strength by 2-3%

S. Pastore et al, PRC 97, 022501 (2018). G:T only Bes —' Lis
I | l :T —|— 2BC 2 2
P ok m ¢ _ o
10 10
® &k O Be — Li(ex) <> CO — B1
o O "Be — 'Li(gs) 4 4
* 5 e 't | @ O MO0p =" Ny
& H - He !
Ratio to EXPT .1.9 iﬁﬁ iz+2b(N4L0) ) 1 ) 1 O .
B Chouetal. 1993 - Shell Model - 1b . Entem, Machleidt & NOSYk,
g | | O experiment

i i1 12 PRC 96, 024004 (2017)



100Sn - a nucleus of superlatives

‘;, VPinBon Va8 pd b
::S 52 "%re wjl'-e e |"%re u : _ 1
A b ™ Heaviest self-conjugate
¥ s doubly magic nucleus

49 y 99In min mln win win 1°1n win .

. el e ™ Largest known strength in
d a6 | Bd| “pd| **pd| *°pd| *°Pd| "Pd| *°Pd| *Pd|""Pd '°‘Pd d I |Owed n UCI ear B-decay

N=Z 46 47 48 49 50 51 5 53 54 55 56 | Ideal nUCIeus for high_
mmceoas|  Order CC approaches

Allowed, not0 — 0
l:| Superallowed Fermi 0 — 0

V

Quantify the effect of quenching
: s & s« 7 s s w |fromcorrelationsand 2BCs

Hinke et al, Nature (2012)



PHYSICAL REVIEW LETTERS 120, 152503 (2018)

Structure of the Lightest Tin Isotopes

T. D. Morris,'* J. Simonis,™* S. R. Stroberg,”® C. Stumpf,’ G. Hagen,™' J.D. Holt,” G.R. Jansen,”
T. Papenbrock,"” R. Roth,” and A. Schwenk™™**
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Coupled cluster calculations of beta-decay
partners

Diagonalize H — B_THNBT via a novel equation-of-motion technique:
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Coupled cluster calculations of beta-decay
partners

Diagonalize H — e_THNeT via a novel equation-of-motion technique:
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Charge exchange EOM-CCSDT-1

~ P-space (5@5) (D\IE\S) (T|V]S)
Heespr—1 = |(S|H|D)Y (D|H|D) (T|V|D)
(S|VITY (DIV|T)Y (T|F|T)| a-space

" Bloch-Horowitz is exact; iterative solution poss.
FPPRP -+ HPQ(W — FQQ)_lﬁQpRp = wRp

= Q-space is restricted to: Epgr = €p + €4 + €r < Eamax
" No large memory required for lanczos vectors

" Can only solve for one state at a time

= Reduces matrix dimension from ~10° to ~10°

W. C. Haxton and C.-L. Song Phys. Rev. Lett. 84 (2000); W. C. Haxton Phys. Rev. C 77, 034005 (2008)
C. E. Smith, J. Chem. Phys. 122,054110 (2005)



Energy [MeV]

1001n from charge exchange coupled-cluster
equation-of-motion method

N

=

1. 8/ 2.0 ( E IVI)
1 2.9 1+ 2.84
1+ 2.67
100 | N
. g o : 13
8t —m ——__1.04
2 043 FE /o048 Ny
N\ / ' 5+ 0.31 5+ 0.24
.2“ /—3%3 + 0.19 4+ 0.16
T ———-U_0.06 * 0.12 6 —————__0.06
8*/ \__0.0 1Y/ \__0.0 1Y/ \__0.0
EOM-CCSD EOM-CCSD(T) EOM-CCSDT-1

Hinke et al, Nature (2012)

1+ 2,721 + x
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< [e}
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@) 1,424 + x
P i
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2% I I } 673 +x
G| Lilf
.\
(3%) — 037 + x
4—\ @ L/Wx
(5%) e X

ﬂ
]

Charge-exchange EOM-CC with perturbative corrections accounting for excluded 3p3h states:
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Convergence of excited states in 190In
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N,..=10




Normal ordered one- and two-body current

A A 1 2
Gamow-Teller matrix element: OgTm = Oé% + O % = gAl\/ EA

A 1 : E
:'“" Normal ordered operator:
c3, C4 OGT — ON _I_%

Benchmark between NCSM and CC for the large transition in 4O using NNLO,

Method |\ Mat(oT)| | Mc|
EOM-CCSD 2.15 2.08
EOM-CCSDT-1 1.77 1.69
NCSM 1.80(3) 1.69(3)




Super allowed Gamow-Teller decay of 199Sn

- 1.8/2.0 (EM)
GT: 7-11 - 2.0/2.0 (EM)
MEC+GT: 5-7 - 2.2/2.0 (EM)
- 2.0/2.0 (PWA)
- 2.8/2.0 (EM)
- NN-N4LO+3N|n|
- NN-N3LO+3N|n|
- NNLOg,t
- Hinke et al.
- Batist et al.
- ESPM
- SMMC
- LSSM
- QRPA
- FFS

EM
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Convergence of GT transition in 100§n
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Role of 2BC and correlations in 190Sn

O ESPM ® Correlations only
@ 2BConly ® Full

- 1.8/2.0 (EM)

- 2.0/2.0 (EM)

IQEQ‘D—D - 2.2/2.0 (EM)
de—o - 2.0/2.0 (PWA)
OE =0 [ 2820(EM)
O 4;05>O - NN-N3LO + 3N 4L
o 4:'5':'_2_:>— O | NN-N“LO + 3N .
lﬂk"?— - NNLOsyt




The small role of short-ranged 2BC on GT decay

12

11 ~

10 -
o

l_

O 81
=

- 7_/./0/’%
6_

1 —— 1.8/2.0 (EM)

J. Menéndez, D. Gazit, A. Schwenk
PRL 107,062501 (2011)

One-body normal ordering of 2BC in free
Fermi gas

ph3c? cp I I
~ 1 — — — _ _—
1 F2 < dgaA 3% )+ gm

1.0
1.8/2.0 (EM)
0.9 p=0.08fm™3
QB_F-_-"‘.=======.=======.======='=======.===‘==q
0.7 1
0.6 —— Fermi gas
—— EOM-CCSDT-1

o5 +—74m—m—m—m—m4—"+—+—+— 7T+ 7T

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Cp
K Short-ranged
> contact term of

2BC (heavy meson
exchange)



Neutrinoless BB-decay of 48Ca

-1 m. 2
[T{);/Q (0;{— N O}i—)] _ GOI/ j\[OI/‘Q (<7725,3>>

Me
Ovpp
3} ' = ' "1+ The NME for OVBp
: 48Ca : differ by a factortwo to
[ - ' six dependingon the
w 2t .
S | — ; method
| — 1 * Needtodeterminethe
1 — Bk NME more precisely
= with quantified
ol : : . : . ] uncertainties
QRPA - BMEEDE PR MBPT) (suph * What does ab-initio
calculations add to this

Nuclear matrix element for neutrinoless
double beta decay in 48Ca using different
methods. From Y. lwata et al, PRL (2016).

picture?



Neutrinoless Bp-decay of 48Ca
[(BBTi|0]*¥Ca)|? = (*¥Ti|O|**Ca) (**Ca|OT|**Ti)

= (®g|LoON|®0) (Po|(1 + A)OT y Ro|Po)
Closure approximation with (QV

Gamow-Teller, Fermi and Tensor MGT |
contributions: gA

2
:) j&fﬁy/ 1+ ]Vfgyj

Compute “8Ti using a double charge exchange equation of motion

method: ENRM|(I)O> =FE,R,|®0)

1 a 1 abc
]%#,:: g::g::7};722p27%1?7_% é%i :E:: 2;7}%1pbfVTka%%7%,

ijab 1jkabc

1 i
Zlabpbpa T+ 36 Z LpePabb NchinZ”;r

zgab 1jkabc



BB-decay of 48Ca

=3 (07 10ar[1,;)(1,;7[Ocr|0;")
B E,u _Ei Q55/2

7

1

— (07O
07 | “UH —E, + Qgs/2

Ocrl0;")

_ 1
= (Pg|LoOcT=

Ogt|Po)
H—E;+ Qps/2




Lanczos continued fraction method

__ 1 __
M= (®y|LoOaT = Ogr|P
(Pol| Lo GTH_Ei‘l‘QBB/Q at|Po)

Define left/right Lanczos pivots: <50‘ — <(I)0’L05GT ‘y0> — 6GT|(I)O>

- 1
M?¥ = (Ig|vp) 2
(a0—=Qpp/2)— 2
(al_QBB/Q)_(a2—QBB/2) — ...

* Lanczos continued fraction method, see e.g. Engel, Haxton, Vogel
PRC (1992), Haxton, Nollett, Zurek PRC (2005), Miorelli et al PRC
(2016).

 Matrix elementis converged to machine precision after ~10
iterations.

 Need more than 50 1* states convergedin #3Sc (300-400 Lanczos
iterations) if we sum explicitly over intermediate states



BB-decay of 48Ca with KB3G shell-model

interaction
05 | | | | | | | | | |
Horoi et al, PRL (2007).
il LA DL DL DL DL | '+ o o FCI -
0 /% — EOM-CCSD
' +— EOM-CCSDT-1
§0 i
g
Q 03F 5 —
Q i ol — Full CI
Q ses CR-CC(2,3)
2 - - CISDTQ
0.2 —
o b A 1
-3 -2 -1 0 1 2 -3
Gap shift (MeV) 4
0.1 $— — —— —
—e— \
0 | | | | | | | | | | |
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M2Y(GT)

BB-decay of 48Ca

The role of 3p3h excitations in the ground-state of “®Ti

0.055 -
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Bl Experiment
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The role of 3p3h excitations in the intermediate 1* states of 43Sc

BB-decay of 48Ca

0.10 A

0.02 -

0O O U1 AN O

* —— Experiment

Qpp/2(MeV)




Gamow-Teller strengths in 48Ca

GT-strength computed using the Lanczos method and EOM-CCSDT-1
No 2BCs, strength function folded with a Lorentzian of width 0.5MeV.

3.0 ’ —— 1.8/2.0(EM)
- —.— KB3G
‘ Exp

2.0 - M

. gl PRELIMINARY
1.5 A A
1.0 1
0.5 -
0.0 -
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