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Why heavy nuclei?
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B stable nuclei

NCSM, GFMC, CC, SCGF, MBPT, IMSRG, ... ,
known nuclei

e.g. S. R. Stroberg, et al., Phys. Rev. Lett. 126, 022501 (2021).
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Why heavy nuclei?

Proton number

https://wwwkm.phys.sci.osaka-u.ac.jp/en/research/r01.html
[Double beta decay]
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° E n Double beta decay Neutrinoless ST

which emits anti-neutrinos double beta decaf,

Direct Detection

1 2 6 — Electron

Backgrounds:
ve=ye’
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N- N
. N= N+ a,¢
Nucleus . v N= v N’

F. S. Queiroz, arXiv:1605.08788.

outer crust 0.3-0.5 km
jons, electrons

inner crust 1-2 km
electrons, neutrons, nuclei

outer core ~ 9 km
neutron-proton Fermi liquid

few % electron Fermi gas

B stable nuclei
g:grclz)SIljor:lIasma? known nUC|ei
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Nuclear ab initio calculation
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Non-perturbative

Quarks & gluons
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Nuclear many-body problem

+ Green’s function Monte Carlo

+ No-core shell model

+ Nuclear lattice effective field theory

+ Self-consistent Green’s function

+ Coupled-cluster

+ In-medium similarity renormalization group

+ Many-body perturbation theory
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Nuclear interaction from chiral EFT @ SERNEHAREY Y —

Center for Computational Sciences

Weinberg, van Kolck, Kaiser, Epelbaum, Glockle, Meil3ner, Entem, Machleidt, ...

NN NNN

Lagrangian construction + ><
LO gA ¢--- Csr

+ Chiral symmetry

+ Power counting -:::j t] ><C ----- v

o o)
Systematic expansion T ha

+ Unknown LECs

+ Many-body interactions %] +

+ Estimation of truncation error s |+{ ><+ >K

NNLO

Taken from A. Ekstrom et al., Phys. Rev. C 97, 024332 (2018).
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Hl\Ij> — Eg.s.|\Ij>
BQHe_QiFQN;) = B 5 eﬂ|\p> o |
ﬁ|ref) = B, |ref) Similarity transformation

N Y e A D W

\ :
|\II> = Co g/ + cpqg/ + CPYs Eﬁ chfstu@/ + ...
* Multiply e

]
ref) = E/ All the complicated stuff is taken over by Q.
How can we find () operator?

+ Coupled-cluster method (CCM), in-medium similarity renormalization group (IMSRG), ...

Multiply e to both side

Similarity transformation

ref> |1p1h> [2p2h> ref> |1p1h> [2p2h>

=
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o L H. Hergert et al., Phys. Rep. 621, 165 (2016).
Similarity renormalization group S| R.eg%?obgtrga Stal. Annu. Rev. Nes, part.Bci. 69, 307 (2019).
H(s) =U'(s)H(s = 0)U(s) H. Hos 0
dU
dH
) lns), 1 (s)

The anti-Hermitian generator n(s) is arbitrary.

How can we choose the functional form to suppress the off-diagonal MEs?
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o L H. H |, Phys. Rep. 621, 165 (2016).
Similarity renormalization group S| R.eg%?gtbgtrga Stal. Annu. Rev. Neo, port_ el 69, 307 (2019).
H(s) =U'(s)H(s = 0)U(s) H. Hos 0
dU (s)
= — U
7. n(s)U(s)
dH(s)
1) _ o) 1)

: 1 (S
simio sxamie: - (17 )t v oo)- 30
+ 2 x 2 Hamiltonian da(s)
ZSS = —x(s) = z(s) = z(0) exp(—s) Exponential decay of the off-diagonal ME.

note : [0g, 03] = 2ioq
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o L H. Hergert et al., Phys. Rep. 621, 165 (2016).
Similarity renormalization group S| R.eg%?obgtr; Stal. Annu. Rev. Nes, part.Bci. 69, 307 (2019).
H(s) =U'(s)H(s = 0)U(s) H. Hos 0
dU (s)
— _n(s)U
7. n(s)U(s)
dH
) lns), 1 (s)

: : c+ z x ot z(s)
A simple example: H(s) = ( e ) =cl + z(s)os +x(s)o1 n(s) = 5%02
+ 2 x 2 Hamiltonian da(s)
ZSS = —x(s) = z(s) = z(0) exp(—s) Exponential decay of the off-diagonal ME.
An expect (' ] i x(s)oy Off-diagonal MEs need to be suppressed Anti-Hermit
NS = 2 z(s) ’ Energy gap from the diagonal MEs (Anti-Hermitian) 10



In-medium similarity renormalization group approach S
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dQ

= nls) — H19s),m(s)] + -+

H(s) = M H(s = 0)e ) ~ E(s) + Y fi2(s){alaz} + 411 > " Ti23a(s){alabasas}
12

1234

n(s) =Y ma(s){alaz} + D n125:(5){alalasas}

1234

N2 = 1arctan < 212 )
2 fi1 — fo2 + 1212

n = —arctan < ! )
1234 5 |

A1234 = F1212 + F3434 - F1313 - F2424 - F1414 - I-12323

Approximation:
+ H(s) and n(s) are two-body operators.

+ A few % error in the ground-state energy
and radius

-160F

-180

[ref> |1p1h> |2p2h>

=

[ref> |1p1h> |2p2h>

Ground-state energies of °O isotopes
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- H. Hergert, Front. Phys. 8, (2020).
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In-medium similarity renormalization group approach S
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I~ n(s) — 219(s),n(s)] +

H(s) = e H(s = 0)e ) =~ E(s) + Z fi2(s){alag} + = Z T1234(s){alalasas}

1234

Z ma(s){alas} + Z 11234 (5){alajaqas}

1234
Mo = 1arctan < 2f12 )
2 Ji1 — fao2 + 1212
7 = 1 arctan < 211234 )
1234 = =
2 fi1 + fa2 — f33 — faa + A1234

A1234 = F1212 + F3434 - F1313 - F2424 - F1414 - 112323

Approximation:
+ H(s) and n(s) are two-body operators.

+ A few % error in the ground-state energy
and radius

Ground State Energy [a.u.]

[ref> |1p1h> |2p2h>

[ref> |1p1h> |2p2h>

=

—128.64

—128.72

—128.80

—128.88

—128.96

—129.04

G. Tenkila et al., arXiv:2212.08188

: Ne atom -~ cosbr
N -9- em;:s
B -A- ena=10
5 o: .............................. C _C_SE)_
g IMSRG
- A~
: At DS 22 RRRR R R RRR
- CCSD(T)
o s s e
3.0 3.3 3.6 3.9 4.2 4.5 4.8
Clau."1]

Basis parameter
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NN+3N Hamiltonian (harmonic oscillator basis)

Parameters controlling numerical calculations

+ Frequency (hw) e=3
E3=5

+ emax (number of major shells) \

+ E3smax (sum of 3B HO quanta) \

hw
One has to increase emax and E3smax until results i
converge!

Limited Esmax does not allow to access heavy systems.
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NN+3N Hamiltonian (harmonic oscillator basis)
Parameters controlling numerical calculations

+ Frequency (hw)

+ emax (number of major shells) —1060 - - :
132
+ Esmax (sum of 3B HO quanta) ~1070} Sn -
J % 1.8/20(EM)
100 51 ¥ rsq __-1080F ! \ emax =14, hw=16 MeV .
-0~ full fO’e'O_O 300 *Ca 1 3 / Q
af 0 - R 1.8/2.0 (EM) s ) \
~ 10 e el 1 2 —1090F I o .
o 100 GEB ,@"O’ s ‘\‘ emax = 14, hw=16 MeV y I \o
J] 2 100 GB. 2 s —400f - o
5 1 o - Q\ 1100} ¢ _
Q o T B .
=00 o 1 -0t °s i
o ® e ~1110 } _ -
10-2 R emax=16 | 74T 0000 | No sign of convergence!
12 16 20 24 28 32 36 40 é é 1'0 1'2 1'4 116 1'8 Y -1120 1 1 I
E3max For 10 15 20 25 30

E3max
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1 o
Hamiltonian: H = thpc Cpt Z ’qupqc C CaCp T 3¢ Z ’Up'q'r'pqrc Cq Cr/CrCqCp

Residual 3N

Normal ordering :é

2 , : T el Z PRI
H EO + Z fp 'p - C /Cp + Fp q’'pq - Cp/Cq CqCp . —|' % Wp’q"r’pqr : Cp’cq’crlc'l"cqcp .
P p q'pq p'q' ' pqr

Input of post mean-field calc. (NO2B)

Effect of residual 3N CC calculations from S. Binder et al., Phys. Rev. C 87, 021303 (2013).

SN[ | Solid: with W term
Q=28 MeV | Dashed: without W term

] W term: only ~ 1% of the total gs energy!

v

g 0 12 NO2B approximation (neglect W term) 15

-—— — - - ——




NO2B 3N storage scheme

Store only the matrix elements entering NO2B approximation.

File size (GB)

NO2B _
V p'q'r'pgr — V;?’q’r’pqr
106 1 ' 1 § 1 | 1 ! I v 1 ' I v 1
] G—G'e—o
--0-- full é’O,G’
4 L - -
10" —e— NO2B o2
102 === e — = — == ———————
10° .
10-2 ' €max =16

12 16 20 24 28 32 36 40
E3max

Eg.s. (MeV)
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S

Determined by symmetry of one-body density matrix
c.f. parity and rotational symmetry for a spherical reference

~1060 ’ : :
~1070 f ,N 1329 -
© R 1.8/20(EM)
—1080 1 ‘¢ emax =14, hw=16 MeV
I \
~1090 | I ® -
I \
é ©
—1100 Q_Now possible!
°
°
~1110 F 0000000 -
~1120 ' : '
10 15 20 25 30
E3max 10
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Asymmptotic behavior expected from the 2nd order MBPT.

n n = 3(2n + )

o The same form can be expected for any operators

Fitting parameters dominated by one-body part, e.g., radius

vvvvvvvvvvvvvvvvvvvvvv

! b O MBPT(2), €max = 14 -
—~1060 F IMSRG, €ax = 14

< -1080 ¢
q) L
=
N
w o
(2]
ul  -1100Ff

-1120

17
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Asymmptotic behavior expected from the 2nd order MBPT.
y n ,u%3(2np—|—lp)
) |+c

E(Bsmax) = A7z [(E:smax _

o The same form can be expected for any operators

Fitting parameters dominated by one-body part, e.g., radius

..................... —1600 T T T | T T T T T T

! G O MBPT(2), ema=14 | 208p) ® e =12

~1060 | IMSRG, €max =14 A o0 O en. =14
[ ' ~1625F © O Emax=16 -

| : o 0 1

< -1080F = A S

% _ 3 —-1650 7

= ]
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ui' -1200} ~1675 OAAA_____ ]

O MBPT(3)
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Why heavy nuclei?

Proton number

https://wwwkm.phys.sci.osaka-u.ac.jp/en/research/r01.html

[Double beta decay]

Double beta decay
which emits anti-neutrinos

28
20
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L

82 wt Accessible! @H

111
- H

[ 126

Neutrinoless T
double beta decay 1

L 111
_—

outer crust 0.3-0.5 km

ions, electrons

inner crust 1-2 km F. S. Queiroz, arXiv:1605.08788.

electrons, neutrons, nuclei

outer core ~ 9 km

neutron-proton Fermi liquid
few % electron Fermi gas

20

inner core 0-3 km - Stable nUC|e|
quark gluon plasma? ]
known nuclei

19

Neutron number



Proton number
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Infinite nuclear matter & neutron star = HHEBEmREEY Y —
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82
9 A\ 82
O
/7' \(00\\
A\
(1/126\0\0
W
QO
50 i ®
$0
50
28 Extrapolating to the infinite system
20
28
20

B stable nuclei

H 8 ,

i known nuclei
4 20

Neutron number
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Infinite nuclear matter & neutron star = SHERBERREY Y —
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8 2 } 1 outer crust 0.3-0.5 km

Proton number

1
e=S,+ Lx + §Knaz2 + 0(5173)

P ions, electrons

inner crust 1-2 km
—4—— electrons, neutrons, nuclei

IIIIIIIIII

outer core ~ 9 km
neutron-proton Fermi liquid

few % electron Fermi gas

Neutron matter curve 1 L
2 3 ,
E=E&p + §K$ + O(x ) \\: gﬂirrlgrgelig;n;)lasma?
9 .
© Symmetric matter curve J. Margueron et al., Phys. Rev. C 97, 025806 (2018).
- 25 T T T T T
S
) 2 ’
< > p, density
) 15
% b 1P PO 2
— 1L ]
e 3 00 L (MeV
0.5 - 2 1 -
g ’
" Solve TOV equation 0 ' ' ' ' '
8 dP Gm P A3 P 2Gm -1 10 M 12 13 1 '1'5 0
A <1+ p?> <1+ 3 ) <1 -~ ) known nuclei
4
21

Neutron number



Correlation connecting finite and infinite systems

HBKF

S HuRFHREY 5 —

Center for Computational Sciences

S(208Pb) (fm)

Figure taken from B. Alex Brown, Phys. Rev. Lett. 85, 5296 (2000).

Correlation from MF calculations

0.3

0.2

0.1

0.0

Veyme = fol + x0P) + %z,u 0P, (K6 + 5K
+ (1 + Pk’ - 8k
bl + 6P p R) S, 1
—~~ °
5 S
) o
N o X
N—" .
[
~ °
7 o®
— m o o —
[ ]
o
| | | |
-50 0 50 100 150

slope of neutron EOS

Motivation:

Robustness of the correlation

200

Small L

Pn(L1)
Pp

v
-

Narrower prediction of Rskin(2°8Pb)

T G —p

Rskin Rskin

For L1 < L2, pn(L2) < pn(L1)
— Rn(L1) < Rn(L2)
— Iskin(L1) < rskin(L2)

*Assumption: proton radius is fitted. 22
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Non-implausible (NI) samples

+ 17 Unknown LECs @ Delta-full N2LO accepted  rejected
—o—9—o—o— 0
< Constraints: \ ‘
Compute
+ Naturalness: LECs should be O(1) \ \ -
S
o
+ Steps: —o— «\m"
(Ot
+ (1) Generate a random 17 dimensional vector 0 | P ¢
Exp.
+ (2) Evaluate the selected observables XP Target observable

+ (3) Measure how the calculated observables are far from the experiments. If it is too far, 6 is
implausible and rejected.

Out of ~ 10° parameter sets, 34 non-implausible (NI) interactions were found.

23



Theory — experiment
total error

Neutron skin thickness of 208Pp s —— =

+ Sampling 17 parameters in (delta-full) chiral Ry (fHe) e S—— 1%

EFT such that the parameter set is E(*He) 1
consistent with some selected data. \/ A0

+ Proton-neutron scattering phase shifts, :: b | PREX 4 .
E(°H), Rp(?H), Q(*H), E(*H), E(*He), ol —_ ;f‘f
Rp(*He), E('°0), and Rp('°0). S il s =
=
40 e el. MF
~ 109 parameter sets |::> 34 NI parameter sets 20 1 +TAﬁr i r:sr.]nﬁlo .
5 B 5

Rskin 208pp (fm)
B. Hu, W. Jiang, T. Miyagi, et al., Nat. Phys. 18, 1196 (2022).




Neutron skin thickness of 203Pb -

+ Assign weights according to the
reproduction of 48Ca data, known as

importance resampling method. \/
L(D|6;)
Wi = 34 )

L(D|6;) = N(D, ngp + U>2<EFT + oyB)

B. Hu, W. Jiang, T. Miyagi, et al., Nat. Phys. 18, 1196 (2022).

Theory — experiment

total error

E(*H)

R,(‘He)
E(*He)

R,(°0)

E(1GO)

R,(**Ca)

E,, (*’Ca)

E/A(**Ca) —

1.9%

1.6%

1.1%

3.3%

19%

6.9%



Neutron skin thickness of 203Pb

+ Assign weights according to the
reproduction of 48Ca data, known as
importance resampling method.

_ L(D]6,)
> i1 L£(D]6;)

L(D|6;) = N(D, Ue2xp + 0>2(EFT + oyB)

1

+ The weighted samples are approximately

equivalent to the samples extracted from
p(elD) PPD = {Otarget(H) 10 ~ P(9|480a)}

B. Hu, W. Jiang, T. Miyagi, et al., Nat. Phys. 18, 1196 (2022).

v
v

<

Theory — experiment
total error

R,(‘He)
E(*He)

R,(°0)

E(1GO)

48
R,(**Ca)
E,, (*’Ca)

E/A(**Ca) —

3.3%

19%

6.9%

ap(**Ca)

13%

— e e 5.8%

ap(*°®Pb)
208
R,(***Pb)

EIA(®Pb) —

3.3%
9.3%




Theory — experiment
total error

Neutron skin thickness of 208Pp s —— =

Rp(4He) — 1.1%

+ Assign weights according to the
reproduction of 4Ca data, known as
importance resampling method. o .

w; = (D|0) R,(**Ca) — I I 3.3%
Z_y 1 (D|0 ) J(*Caj - 19%

E(*He) 1.9%

16o 1.6%

2 48 | 9%

L(D|6;) = N(D, 0%, + 0yprr + oB) FACCa) ot

ap(**Ca) 13%

a,2°°Pb) e ey w— 5 8%

' R,(2%Pb) 3.3%

+ The weighted samples are approximately EIA(®Pb) 9.3%

o Neutron skins
Observable  median 68% CR 90% CR \/ |

Ryiin (*°Ca) 0.164  [0.141,0.187]  [0.123,0.199] o o os

Rgkin (?°®PDb) 0.171  [0.139,0.200]  [0.120,0.221] i

skin

(®°®Pb) (fm)




HBKF

Neutron skin of 298Pb @ SENEMEEY Y —

Center for Computational Sciences

Ab initio prediction 0.14 < Rskin(?8Pb) < 0.275 1 PREX
0.20 is relatively narrow. 0.250 -

c 0.225

o : E 0.200{ —<fp—+ro4 |

Constraining on S-wave scattering phase 2
shift rules out thick Rskin(20Pb). 2 0175 4

E 0.150 <

T 0.125- H > r’=0.61
Correlation connecting few- and many-body +
systems — }

0.075

30.0 325 350 37.5 40.0 425 450 47.5
np 6(1Sy) at 50 MeV (degrees)

28
B. Hu, W. Jiang, T. Miyagi, et al., Nat. Phys. 18, 1196 (2022).



Ongoing development

Construction of a fast and accurate emulator

+ parametric matrix model p. Cook et al., arXiv: 2401.11694 Hang Yu
Daféhd .
Mver Ground-state energy of 44Ca
-300-_1 T T T T IT'WJEI
106 IMSRG emulator
]
With the emulator, one can explore =l g
eth =
: L : , OQ ol 2
+ Impact of 3N interaction in medium-mass nuclei dg o
< Observables to further constrain LECs in ChEFT i e
=
—600 E
L
IMSRG results 29

* See S. Yoshida’s talk for the details of the eigenvector continuation AR AR . e A B R
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The nuclear ab initio calculations of heavy nuclei are becoming feasible.

We combined the state-of-the-art techniques to predict the neutron skin of 2°8Pb, including the
possible uncertainties.

The well-known Rskin(2°8Pb) vs L correlation can be found in ab initio calculations.

NN scattering phase-shift is crucial to constrain Rskin(?°8Pb).

More things need to be done.
+ Better quantified uncertainty, Cutoff independence, CREX vs PREX, ...
The same strategy can be applied to other research.

+ Ovbb decay, WIMP-nucleus scattering, electric dipole moment, ...

30
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Valence-space in-medium similarity renormalization group S ;j;ﬂﬁm%tyg_
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. frozen core

— : valence
- . outside
ds? 1
=5 = 0s) = 5[Q(s), n(s)] + -
Core Valence Outside | Core Valence Outside n(s) = Z 7712(3){5{@2} + Z ’r]1234(5){a1a$a4a3}
o evolution g 12 1234
Q @)
o (O]
3 * : ris — Larctan ( 212 )
o 12 = =
§ g 2 fir = faa +T1212+ A
5 < n L a,rctan ( 21234 )
= 2 M1234 = =
2 3 f11 + fo2 — f33 — faa + A1234 + A
O

L : A =T r —T —T —-T —T
Similarity transformation 1234 1212 1+ 13434 1313 2424 1414 — 1 2323

H H(s) = e™® He ™) |
f12,T'1234 : matrix element we want to suppress
H(s) ~ E(s)+ > fia(s){alaa} + 7 > T1asa(s){alalasas}
Z ' 1221 o O(s) = ) 0e ) = O (5) + Z (’)12 MHalaz} + = Z (’)1234(8){a1a2a4a3}

1234 33

s: flow parameter
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Initial Hamiltonian is expressed with respect to nucleon vacuum

1 1
H = thqa;;aq + 1 Z qursa;r,agasar + %%qmtuagﬁa};alauatas

pq pars

+ Hamiltonian normal ordered with respect to a single Slater determinant

1
H = Ey+ prq{a aql + — Z Tpers{alalasar} + 36qur3tu{apa Talayasas}

pqrs

1
EO = thqppq + 5 E V}quspprpqs Z qurstuppqutprua qurs = %qrs + Z ‘/;)qtrsuptu

Pq pqrs pqrstu tu
1
qu = tpq + Z ‘/prqsprs + 5 Z Vprsqtuprtpsua qurstu = V})qrstu
s rstu
+ Normal ordered two-bogy (I\LQZB roximati on 1
g ?qu m Z qurs{a' a'safr} 37

pq’rs



WEKF

E3max extrapolation S HENF@REY Y-

Center for Computational Sciences

One has to make sure that HF results are well converged.

: . L ~ 2]
Assuming that the employed nuclear interaction is soft enough: Eeorr = Eyppr
Capij = Viﬁ?} Z bkijknk
zyabFaij

[2]
With an optimal frequency, MP(2) energy can be approximated as Evspr & 4hQ Z e +ej—eq—ep

abij

NNy/3N
V; Vabkzyk

. A ZJab 5 3max,€a TAbTEL
® MP(2) enegy difference between E3max and E3max+1: Brinr = 2hﬂzazez+ej+ek—ea—eb—ek Homesatort

VNN 7NN exp{_ [meo(ea +ep — € — ej)]”} VAN o V3Nexp{— [meo(ea +e,+ex—e —ej —ex)
Y ¥

® Further assumption: A ’ Alx
2 X" 1 nonf 1 1
. AEl[\/I]BPT ~ AX exp [ o ] ) X = E3max - M, O'_n = m € <A2n + A2n)
One finds: . NN e
: . . E(Esmax) = Ay2 [(?’ma—x_u) ] +C 38
After integrating the above, one obtains: " o



Esmax convergence in heavy nuclei

File size (GB)
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E€max = 16
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E3max

— =U+v+w +W

NOZ2B approx.

NO2B approximation error ~ a few %

[S. Binder et al., Phys. Rev. C 87, 021303 (2013).]
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TM, S. R. Stroberg, P. Navratil, K. Hebeler, and J. D. Holt, Phys. Rev. C 105, 014302 (2022).

0 MBPT(2), €max = 14 |
_1060 B ;O IMSRG, emax - 14 .
: 132G
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—1080
- 0O
o RIS
—1100
L LV e TP T ] Exp.
(a) SSeecos
Previous Iimité
_1120..|...|.1.|...|...|...
12 16 20 24 28
E3max
. E3max_/i "
Asymptotic form: E =~ Ay: Kf> ]+Eoo 39
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™, S. R. Strober%, I;.SNavrétil, K. Hebeler, and J. D. Holt, Phys. Rev. C 105, 014302 (2022).
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Rad

Empirical Gaussian fit
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Non-implausible interactions

« Sequentially rule out the possibility:
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o Target set Z Active  Input NI Proportion
- Wave outputs systems inputs  samples fraction space NI
] 1 6 x5 np scattering 5-7 10°-107 10107 32.10°°
— —— 2 3 A=2 7 108 2310 3.0-10°7
E i 1 | 3 6 A=24 13 108 3.4-107° 9.2.10°%
4 8 A=2416 17 5-10% 8.6-10°° same
final 38 all above 17 4,337 7.8-10°3 same
| D — [
[ I i | |
; ' L] i
! 1
- 8| N o
M. B i || E
.- L CUNN. | [} (T Pl
i ! |
i ! |
i ! |
i ! |
=31 | ' = q & — -
i i i
W K| ®N NI NIL
A S A8 S 1A O A O 9 606 o M S 1A o aa o 9
Cspo Ca Css1 Csp Cim Csm ]

Ciso Cssy
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History-matching observables

Observable z €exp Emodel Emethod  Eem PPD

E(*’H)  -22246 0.0 0.05 0.0005 0.001% —2.227907
R,(*H)  1.976 0.0 0.005 0.0002 0.0005%  1.98%5:%1
Q(*H) 0.27 0.01 0.003 0.0005 0.001%  0.2879:92
E(*H)  -8.4821 0.0 0.17 0.0005 0.01% —8.5470:3
E(*He) -28.2957 0.0 0.55 0.0005 0.01% —28.8619-3
Ry(*He)  1.455 0.0 0.016 0.0002 0.003%  1.4773:%3
E(*%0) 12762 00 10 075 0.5% —126.2752
R,(*°0) 258 0.0 0.03 001 0.5% 2571008

Calibration observables

Observable z €exp €model Emethod  Eem PPD

E/A(*8Ca) -8.667 0.0 054 0.25 —  —8.581072
E,+(*®Ca) 383 00 05 0.5 — 3.7910 58
R,(*®Ca) 3.39 0.0 011 0.03 — 3.367013

Validation observables

Observable z €exp Emodel Emethod  Eem PPD

E/A(*°®*Pb) -7.867 0.0 054 0.5 i —8.0615-23
R,(**®Pb) 545 0.0 0.17 0.05 — 5.4310-2%
ap(*®*Ca)  2.07 0.22 006 0.1 - 2.301034
ap(®**®Pb) 20.1 0.6 0.59 0.8 — 22.612%
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Error assignments

AE/A [MeV] (IMSRG-CCSD,Tapprox)

. 12°8Pb method uncertainty for E/A
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208ph method uncertainty for Rein
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