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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, ...)
Application of ideas from EFT and renormalization group (V,,,. Similarity
Renormalization Group, ...)
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Quenching factor Q (%)

The puzzle of quenched of beta decays

Long-standing problem: Experimental beta-decay strengths

quenched compared to theoretical results.
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o I R M L B R = Renormalizations of the
Gamow-Teller operator?

=  Missing correlationsin

nuclear wave functions?

| Model-space truncations?

T ] = Two-body currents (2BCs)?
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G. Martinez-Pinedo et al, PRC 53, R2602 (1996)
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Quenching obtained from charge-
exchange (p,n) experiments.
(Gaarde 1983).
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Nuclear forces from chiral effective field theory

[Weinberg; van Kolck; Epelbaum et al.; Entem & Machleidt; ...]
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Two interactions from chiral EFT:
NNLOsat & 1.8/2.0 (EM)

~ :%: + ; —EXpt NNLO,.: Accurate radii and BEs
s -6 | ’ { = Simultaneous optimization of
S —Thdee 1 NNand3NFs
< g8k | "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
. | ; vVl i | 56NI:
d4 -04f ¢ NNLO_ | | A v"i “.i v- converge beyond ~°Ni
—0 6: ———/——— | | . " i 1 A Ekstrém etal, Phys. Rev.C 91, 051301(R) (2015).
’ 4He 8He 14C 160 40 Ca 48 Ca 56 Ni
' Y O(EM) 5 OI(EM) 1.8/2.0(EM): Accurate BEs
~ -51 m2.0/2.0(EM) 4 2.0/2.0(PWA) | Soft interaction: SRG NN
%J -6 | . : : BN from Entem & Machleidt
= _7’ A A | with 3NF from chiral EFT
< ! y | \ 4 v ; '
-8} . i i " om i —,—j K. Hebeler et al PRC (2011).
—of ; I ' | ' Y T. Morris et al, arXiv:1709.02786
‘He 1'°O 4OCa 48Ca N1 90Zr 100Sn (2017).



Saturation in nuclear matter from chiral
interactions
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The other chiral NN + 3NFs are from Binder et al, PLB (2014)




Energy (MeV)

Charge exchange EOM-CCSDT-1
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Charge exchange EOM-CCSDT-1

) (SIHIS) (DIAIS) (TIH|S)
Heespr—1 = |(S|H|D)Y (D|H|D) (T|V|D)
(SIVITY (D|V|T) (T|F|T)




Charge exchange EOM-CCSDT-1

~ Pspace |(S|H|S) (D|H|S) (T|H|S)
Heespr—1 = |(S|H|D) (D|H|D)| (T|V|D)
(SIV|ITY (D|V|T) (T|F|T)| Q-space




Charge exchange EOM-CCSDT-1

P-space [(S|H|S) (D|H|S)
Heespr—-1 = |(S|H|D) (D|H|D)

(S|v|T) (D|V|T)

(T
(T
(T

H|S)

vV
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D)
T) | Q-space

" Fock matrix, F, is invertible in any of the blocks.
" Bloch-Horrowitz is exact; iterative solution poss.

prRp + EPQ(W —_— HQQ)_lﬁQpRP = wRp

" No large memory for mult R; lanczos vectors
" Can only solve for one state at a time

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)



Normal ordered one- and two-body current

Gamow-Teller matrix element:

OAGTEOAS%-F Q%ZQA \/37TEA

. 4 Normal ordered operator:
= Ocr = 0% + Ok + O
AT gr =Uny +Uny + Uy
c3., C4 CD
1
O} = 2_ (oWl +5 ) (10 i)
/I’SEJ'3 Za]SEf

Oy = O\ {p'at + > > (pilOP|qi){p'q}

pq rq 1<Ey

1
Of = 1 > (pqlOP|rs){p'qsr}
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One- and two-body currents and normal ordering in
Coupled-Cluster

CCSD similarity transformed normal-ordered current operator: 1 = T1 -+ T2

3-body terms 6-Rody ter

Oct = e TOne! = e_TO]lVeT +e 182 el

Normal-ordered 1-body approximation



Benchmarks for Gamow-Teller transitions in 14C
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Theory to experiment ratios for beta
decays in light nuclei from NCSM

0 ¢ *Hy —° Hey
GT onl .
2 GT inzyBc ® "Heo —° Liy
s — 11
YRS "Beg =7 Liy
Q 7Be% %7 Li%
’ 0 1OC() %10 Bl
‘ 0 1400 _>14 Nl
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ratio to experiment

Role of 2BC in light nuclei
small except for the large
transition in 14O

NN at N4LO

Entem, Machleidt, Nosyk,
Phys. Rev. C 96,024004
(2017)

3NF at N2LO (local non-
local regulated)

2BC fit to triton half-life
(cD =0.45)

Consistently SRG-evolved
to 2.0fm™*

See Sofia’s talk for details



The role of 2BC in sd-shell nuclei

See Jason Holt’s talk

{ GTonly
44 @ GT+2BC
Shell Model
______ q=1
o 31— g=0.82(3)
S —— q=1.01(3)
e ] g=0.80(1)
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Theory (unquenched)

Ney, = 9F);
2>Als/, = 2°Mgs)
37K32 = 37 Ars)
3TK32 = 37 Arsp
30M g, - 30Al
26N a3 - 26Mg,
28A|3—>285i2
24Ne, - 24Nay
34p, _, 345,
3P12 = 33S3);
24Nay, - 24Mgy,

34 Pl — 34SO



Gamow-Teller transition in 1°0Sn

T. Morris et al, arXiv:1709.02786 (2017)

_s| ¢ 1. 8/2 O(EM) \4 2 2/2. O(EM) ]
;’ m 2.0/2.0(EM) A 2.0/2.0(PWA) ||
O -6} . : : : .
>, | A A
j—— — A |
< A : \ 4
ol 5 + —0— | —— . —.—
4He 160 40Ca 48Ca 56N1 QOZI. 1OOSn
Hinke et al, Nature (2012)
= 100Sn is doubly magicand in | —
the closest proximity to the e
proton dripline
» 100Gn js ideally suited for first =
principles approaches
= Largest known strengthin |

allowed nuclear B-decay




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

3 1+ 1+ Hinke et al, Nature (2012) 2.93(34) MeV
1+
P?‘ = N
T e\
S QQ‘ (24) 1,424 + x
[ | I
27 |1
% + 8" 24 [
o & &\ RN
D i z
— ||
8 . @) - %:—‘ 37 + x
2t 5+ 4\ 9 96 + x
of I% gi 64 \ t / 0
2p-2h 3p-3h eIns, EXP
|
1007y = Reproduce known 1* state at

2.93(34) MeV
* Predicta 7* ground-state for 1%In

F R 1P = E R.|P " Ground-state spin of 1%n can be
N :“| 0) H '““| 0/ measured by CRIS collab. at CERN

3p-3h charge-exchange EOM:



Super allowed Gamow-Teller decay of 199Sn
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Super allowed Gamow-Teller decay of 199Sn

}——>|J0N\ S!tn——‘
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Super allowed Gamow-Teller decay of 199Sn
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A simple interpretation of the
quenching of beta decays

1.1

O nao+3vrw Contributions pion
[[] N3LO+3NFLine
101 > 1e20em  exchange to the 2BC
<] 2.0/2.0 (EM) )
091 A 2220em  gives roughly half of the
V 2.0/2.0 (PWA) .
- b pastores00  Necessary quenching
' Y% Pastore 600
> 0 <> NNLOsat
T Ekstrom 450 . .
& termes  Contributions from the
0.6 (O Ekstrom 550
— =009 short range part
*3 T emRae accounts for the
0.4 remainder.
0.3+
_3 5 1 0 Interaction cD 2cs —c3  |A [GeV]|Ref.
o NNLOgat 0.817 11.46| 0.7 |[24]
) _ NN-N*LO +3Np; | 0.45 13.88| 0.7 |[37]
J. Menéndez, D. Gazit, A. Schwenk NN-N*LO +3Nugz| 0.45 13.88| 0.7
NN-N°LO +3Np, | 0.7 140 | 0.7 |[25]
PRL 107, 062501 (2011) 1.8/2.0 (EM) 1.264 140 | 0.7 |[23]
2.0/2.0 (EM) 1.271 140 | 0.7 |[23]
One-body normal ordering of 2BC in free 2.2/2.0 (EM) 1.214 14.0 | 0.7 |[23]
: 2.0/2.0 (PWA) —3.007 127 | 0.7 |[23]
Fermi gas Pastore 500 —1.847 140 | 1.0 |[26]
3.3 Pastore 600 —2.03 14.13| 1.0 |[26]
g~ 1— ph°c CD n { (2c4 — c3) + L Ekstrém 450 0.0004 13.22| 0.7 |[50]
F2 galN 3 6 Ekstrém 500 0.0431 12.50| 0.7 |[50]
i Ekstréom 550 0.1488 11.71| 0.7 |[50]




Role of 2BC and correlations

ESPM

w0l fF2220Em
=
)
./ \O - N3LO + 3NF 4 nL

- 1.8/2.0 (EM)

- 2.0/2.0 (EM)

The role of correlations and 2BC for
the family of EFT interactions

employed in this work.

Depending on whether one goes
along the upper or lower path the
role of correlations versus the role

of 2BC on the quenching is different.

S 4//
*
- Of course, only the sum of the
\ o
0:; —O no+3nFew  effects from correlations and 2BC
& & 10 12 14 16 18 are observable.

[Mgr|?
Interaction imar(o7)|? || MaT(o7)|? Imar|?| [Mcr|? g |q (ESPM)| AE [MeV]|BE/A [MeV]
NNLOgat 17.7 8.9 10.3 5.3 0.77 0.76 7.4 not converged
NN-N*LO+3Niy 17.2 9.6 8.7 5.4 0.75| 0.71 [6.3 8.1
NN-N*LO+3Npgr|  17.2 10.0(6) 7.6 5.3(6) [0.73| 066 3.6 8.9
NN-N?LO+3Nyy, 16.9 10.0(6) 8.1 55(6) 0.74| 069 |[6.1 7.6
1.8/2.0 (EM) 17.7 11.3(6) 7.4 5.1(6) [0.67| 065 |5.1 8.4
2.0/2.0 (EM) 17.7 10.7(6) 7.8 5.1(6) [0.69| 0.66 6.0 7.7
2.2/2.0 (EM) 17.7 10.1(6) 8.4 5.0(6) |0.70| 0.69 |[6.7 7.2
Batist et al. [6] 5.2+0.6 511 8.95

Hinke et al. [5]

9.173%




Neutrinoless BB-decay of 48Ca

(BT O[*8Ca)|? = (*¥Ti|0|**Ca) (*®Ca|OT[*3Ti)

Closure approximation with 0 qv 2 0 0
Gamow-Teller, Fermi and Tensor M o Mg" + Mz"

contributions:

The ground-state of #8Ca is computed in the CCSD approximation:
Hy|®o) = Eg|®0), Hy =e "Hye', T=T; + T3
The CC energy functional is expressed in term of left/right ground-states

(Po|(1+ A)Hn|Po) = Eo, (Pgl(1+ A)|Pg) = 1.

A= Z)\ZaaT+ Z)\ababaa

zgab



Neutrinoless BB-decay of 48Ca

48Ti is computed using a double FNR,M ‘ (I)()> — E,uR,u ‘ (I)O>

charge exchange equation of

motion method with 2p2hand (P | [, FN — (BT E
3p3h excitations < O‘ M < O‘ w

1

a 1 abc
R'u — Z Zrijbpgp;gnmj + % Z rijbkpngNijnmj
1jab 1jkabc
L,u — Z Z lfbpbpanjn;r- + % Z l;ijcpaprchinjn}
1jab 1jkabc

The Nuclear matrix element for OV in 48Ca is given by:
[(BBTi|0]*Ca)|? = (*8Ti|O]*¥Ca) (*¥Ca|OT|*®Ti)
= (Bo| LoOn|Po) (Po|(1 + A)OT n Ro|Po)




Ex [MeV]

3.5 1

3.0 1

2.5 1

2.0 4

1.5 1

1.0 1

0.5 A

0.0 4

48Tj from CR-EOM-CCSD(T)

1 1
ab _T_*T abc . T. . Tart
erij PaPpN;in; +ﬁ27”ijk PaPp Ne Nenjn,
1+ 3.5 1+ 3.42
B —324 2 —323 3 —3.93
3+ 2.87 - 297 3° 2.85
4= 2.74 4- 2.7 4+ 2.64
2+ 1.98 a 5:61 PE: .84
2+ 1.07 2" 1.14 5+ 1.03
Q-+ 0.0 0+ 0.0 Q- 0.0
EOM-CCSD CR-EOM-CCSD(T) EOM-CCSDT-1




48Tj from CR-EOM-CCSD(T)

1
ab . T..T abc T
R, 4 E Tij PaPpTyn +3|2 E Tijk papr Nkn]nl

Ba +

0 -12.69
I T 133 e S—
o 3+ -13.47 E -13.43
4+ -13.74 -13.8 .

-14 - 1491 4+ -14.01 b:’ngg
S 2 e s St
:];J 2+ -15.62
LLJ -16

0+ -16.44 27 -16.34
0+ -16.65
-17
0 -17.35
-18

EOM-CCSD CR-EOM-CCSD(T) EOM-CCSDT-1 FCl
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Neutrinoless Bp-decay of 48Ca

NME for OvBp

Method GT Fermi R ensor
CCSD 0.97 P\ -0.12

CCSDT-1(10) 9 -0.11
CCSDT-1(12??\ 0.11 -0.11
4)

CCSDT-1(1 0.45 0.10 -0.11

NME computed with the chiral NN + 3N interaction
1.8/2.0 (EM) [K. Hebeler et al PRC (2011)]
Model-space N, ., =10, hw = 22MeV.

Not fully converged

Consistent with IM-SRG results (See Jason Holt’s talk)



Summary

" Forces and 2BCs from chiral EFT explain the
guenching of GT strength in atomic nuclei
(Also see talk by Jason Holt).

" Make predictions for the super allowed GT
transition in 1%°Sn

* The NME for Ov[3p3 in ¥Ca from coupled-
cluster calcualtions consistent with IM-SRG
results and smaller than expected
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