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Progress in Ab Initio Calculations

[ cf. HH, Front. Phys. 8, 379 (2020) |
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Many-Body Methods: Paradigms f‘

e Coordinate Space C ) figure: D. Lee
it . - SRS
e Quantum Monte Carlo S
. e NS e
e Lattice EFT T L ool
‘.‘5‘”‘ y oW
NS - ' S
e Configuration Space: Particle-Hole Expansions g 4

e Many-Body Perturbation Theory (MBPT)

e (No-Core) Configuration Interaction (aka Shell Model, €
(NC)SM) — —

e Coupled Cluster (CC)
e |n-Medium Similarity Renormalization Group (IMSRG)

e Self-Consistent Green’s Functions (SCGF / ADC)

e Configuration Space / Coordinate Space: Geometric
Expansions

e deformed HF(B) + projection
e projected Generator Coordinate Method (PGCM)
e symmetry-adapted NCSM
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Many-Body Methods: Paradigms

Recent(-ish) Reviews:

HH, Front. Phys. 8, 379 (2020)

S. Gandolfi, D. Lonardoni, A. Lovato and M. Piarulli, Front. Phys. 8, 117 (2020)
D. Lee, Front. Phys. 8, 174 (2020)

V. Soma, Front. Phys. 8, 340 (2020)

also see
“What is ab initio in nuclear theory?”, A. Ekstrom, C. Forssen, G. Hagen, G. R. Jansen, W. Jiang, T.
Papenbrock, Front. Phys. 11, 1129094 (2023)
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In-Medium SRG Methods




Many-Body Methods: Configuration Space (.
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< | ‘ > excitations relative
to reference state:

construct particle-hole excitations of a reference normal-ordering

state - usually an optimized mean-field Slater
determinant
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Decoupling in A-Body Space
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 identify the parts of the operator H which couple reference state to excitations
e eliminate them with unitary (IMSRG) or general similarity transformations (CC)
e efficient: polynomial scaling, no need to construct matrix !
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Correlations in Nuclei
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Collective (aka static) correlations, e.qg.
due to intrinsic deformation:

- I
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Symmetry Breaking and Restoration

4y 2p,, Nilsson 10
I S — orbitals
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Oscillator

* preak spherical symmetry to capture
static correlation from deformation

e restore symmetry by constructing (specific)
superpositions of all rotations of intrinsic
state (aka projection)
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Symmetry Breaking and Restoration

deformed configurations (not a real nucleus)

difference from spherical w.f.
with same basis size /length scale

0.15

0.10

Additional projections
for other broken symmetries (e.g.,
particle number) - significant
overhead!

0.05

I0
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Correlations in Nuclei

: AMP-CCSD
N MR-IMSRG(2) + GCM (aka IM-GCM) |

-~ expansion

included through
~ symmetry breaking
and restoration
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In-Medium Similarity Renormalization Group ﬁ

FRIB

HH et al., Phys. Rept 621, 165; Phys. Scr. 92, 023002
S. R. Stroberg et al., Ann. Rev. Nucl. Part. Sci, 69, 307
J. M. Yao et al., PRC 98, 054311; PRL 124, 232501

e IMSRG can be used to build specific types of correlations into RG-

improved interactions and operators e

reference

e |deally, IMSRG captures correlations that are complementary to target
method

e mean-field or correlated reference state(s) for a specific nucleus
define(s) operator basis for IMSRG evolution

evolve

e diagnostic: flow is unitary if all relevant operators are included operators

e examples:
e (MR-)IMSRG(2) aka In-Medium HF / PHFB
e \Valence-Space IMSRG for Shell model / VS-CI

extract

e |n-Medium No-Core Shell Model / NC-CI observables

e |n-Medium Generator Coordinate Method (IM-GCM)
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Selected Applications




Shape Coexistence: 32Mg

EM1.8/2.0, iw = 12MeV,e, = 8
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. Dynamié correlations captured by IMSRG...

b,

E. F Zhou et al., PLB 865, 139464 (2025) & arXiv:2603.07363

* bring absolute energies close to experiment (E=-249.7 MeV (AME) vs. -249.5 MeV
(extrapolated theory))

e reveal prominent prolate deformation of the ground state
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N=20 Island of Inversion: 32-34Mqg

EM1.8/2.0, ho = 12MeV. ¢,,, = 8

E. F Zhou et al., PLB 865, 139464 (2025) & arXiv:2603.07363
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N=20 Island of Inversion: 33Mg (ﬁ.\ FR.B

E. F Zhou et al., PLB 865, 139464 (2025) & arXiv:2603.07363
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Shape Coexistence: N=20 Island of Inversion Region

r‘\ FRIB

E. F Zhou et al., arXiv:2603.07363
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76(3e / 76Se Structure '

A. Belley et al., PRL 132, 182502 (2024)
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IMSRG Emulators G\g

J. A. Davison et al., in prep.

e non-invasive ROM
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e DMD doesn’t work
. - well for Magnus

B Energy first-order sensitivity S; {101 -9.24+6.86 MeV - -
(ambitious) goal: emulate formulation - switch

.- Energy total sensitivity St 40000
to PMMs
full H(s) or €2(s) from snapshots = . . 1

(O(10-100M) coefficients) SRR T * access to H(s) may
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Parametric Matrix Models

Correlation Plot of Magnus operator PMM = 16, 4 particle, 4 holes, PB

B. Clark et al., in progress

Correlation Plot of Magnus operator PMM = 16, infinite matter training points = 30
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e DMD fails to emulate €2(s) unless training is done at large s, but PMMs work

promising first results for parametric emulation (schematic models, neutron matter
@N3LO)
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Epilogue




Questions, Thoughts, Caveats ﬁ

e pragmatic perspective: experimental impact (currently) hinges on accuracy more so
than precision (?)

 fine to have accurate, fine-tuned interactions among or alongside families of non-
implausible ones

e \What observables should we get right first?
e |s that even the right question to ask?
e phase shifts within truncation uncertainties (non-collective)
e peta decays: non-collective, expansion impacted by symmetry, ...

e collectivity not fully controlled in medium-mass & heavy nucleli

e scales of A-body system may not cleanly separate few-/many-body physics
 related to previous item - scales associated with emerging collectivity

e we conflate them if we use input from many-body system and truncated many-body
methods (model space, many-body expansion) - need to be careful
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Questions, Thoughts, Caveats
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Questions, Thoughts,

Caveats

0.4

0.3

[fm?]

A

res
-
DO

O (e

0.1

0.0

I I | I I

1.8/2.0 (EM) -
W 1.8/2.0 (EMT7.5)
B ANNLOgo

/
W
\ I’ 00 BCCSD r
| I == == VS-IMSRG(2) L)
Y/ ¢ Exp. X\
>~
| | S 1
100 110 120 130
A

P. Demol et al., arXiv:2602.22030

Similar features are seen in heavier
nuclel, e.g., tin chain

artificial features (shell structure
exaggerated/pairing hindered?)

EMY7.5 produces increase in
charge radius in 1345n...

... but by “warping” the shell
structure, as shown by Demol et
al.
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What's Next?

e improved truncations: (MR-)IMSRG(3) + factorized approximations, tailored operator bases
e several hybrid approaches: IM-GCM, IM-NCSM, IM-DMRG / VS-DMRG, ...
e (MR-)Equation of Motion IMSRG
e replicating closed-shell results (EM & charge changing) of Parzuchowski et al. with new code
e response functions (incl. Lorentz integral transform)
e next: correlated reference states, particle attachment/removal
e finite temperature
e model reduction, compression & tensor factorization for IMSRG, EOM & IM-GCM
e DMD and PMM emulators for uncertainty quantification / sensitivity analysis

e applications
e |M-GCM (+enhancements) for multiple experiments
e nuclear observables for BSM physics (beta decays for CKM unitarity, Schiff moments, ...)
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Supplements




Questions, Thoughts, Caveats r

FRIB
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Chiral Effective Field Theory

Two-nucleon force Three-nucleon force Four-nucleon force

LO (Q0) >< +-c- nucleon [figure by H. Krebs]
pion
NLO (Q2) X ‘:/1 [] [j _ contact force
N2LO (Q3) (::::0 ‘::\1 +-@--9 .---X X
- 11
o Y kot b LB Y PR L

. organization in powers (Q/ A)()” allows systematic improvement

\

* low-energy constants fit to NN, 3N data (future: from Lattice QCD (?))

* consistent NN, 3N, ... interactions & transition operators by coupling to gauge fields
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Decoupling
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Decoupling f.

E [MeV]

FRIB
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Decoupling
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e absorb correlations into RG-improved Hamiltonian:
U(sYHU (s)U(s) | VY )=EU(S)I|Y)
e reference state is ansatz for transformed, less correlated reference state:

U(s)|¥,) = | D)
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Evolution of Effective Single-Particle Energies ﬁ.

FRIB

C. R. Ding et al., PRL 136, 052501 (2026)
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Evolution of Effective Single-Particle Energies F‘\

FRIB

C. R. Ding et al., PRL 136, 052501 (2026)
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L _ . , cf. g4, quenching,
* |Jow-resolution interactions already exhibit much ¢ [P Gysbers et al., Nat. Phys. 15, 428]

symmetries at the mean-field level emergence of rotational bands,
[M. Caprio et al., PLB 719, 179;

e Dbehavior is consistent in non-relativistic and relativ. < - sunel a’-’tPRX 15, 011028]
etc.
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Shape Coexistence: N=20 Island of Inversion Region

FRIB

E. F Zhou et al., arXiv:2603.07363
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Shape Coexistence: N=20 Island of Inversion Region (g

FRIB

E. F Zhou et al., arXiv:2603.07363
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AMP-CCSD: Ne, Na, Mg Isotopes

- (o)
o
1 I 1 1 1

N

Z. H. Sun et al.,, PRX 15, 011028 (2025)
Z. H. Sun et al., arXiv:2409.02279

)
1 I 1 1

o
1 I 1 1

i

f

e AMP-CCSD for even

and odd Ne, Na, Mg
Isotopes

} 1} }

e emulators for UQ

¥ exp. .
2+ ANNLO e rotational bands and
2+ ANNLO B(E2,27 = 0")

f 1.8/2.0 (EM) values in very good

agreement with data

. I" ™ -  consistent results for
*.! * - : ﬁ : ﬁ EM1.8/2.0 and a family
o R S S of 8000+ AN2LO
. . . . . . | , Interactions
20Ne 22Ne 24Ne 26Ne 28Ne 30Ne 32Ne 34Ne
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AMP-CCSD: Z~80 Region

B.S. Hu et al., PRC 110, L011302 (2024)
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 ab Initio calculations poised to offer insight into rich shape coexistence phenomena
IN N=Z nuclel near 80/Zr

e challenges: computational cost restricts model size, effects of shape mixing, ...
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IM-GCM: Reshuffling of Correlations
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M. Frosini et al., EPJA 58, 64 (2022)

FRIB

e s-dependence is a built-

in diagnostic tool for IM-
GCM (not available in
phenomenological

GCM)

e |f operator and wave
function offer sufficient
degrees of freedom,
evolution of observables
IS unitary

e need richer references

and/or IMSRG(3) for
certain observables
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Quenching of Gamow-Teller Decays g\.

FRIB

P Gysbers et al., Nature Physics 15, 428 (2019)

13 “Ne,, - °F b 3 ¥Sc, - *Ca,
This work . ¢ This work
‘ 37K3/2 37Ar5/2 *Tip > *Sc
Shell model e e Shell model 0 1
AI5/2 I\/|95/2 45V R 45_|_I
- - 7/2 7/2
K Ar
] p— N 32 N 3/2 45_|_I R 45SC
+— = 7/2 7/2
é —— g=0.96(6) Na; - “"Mg, é
g 3
§ Al > ©8i, hd V2, = PTig
= —
©) 24 24 o
= Ne, Na, S 47 47
= i — Voo — T
1 34P1 3480 3/2 5/2
47 47
Sc,., = T
33P1/2 - 3383/2 " "
**Na, — **Mg, *Tiyp = *°Scy
34 34 :
0 ' | ' | ' P1 ~ SO 0 T [ T [ T 468C4 - 46T|4
0) 1 2 3 0) 1 2 3
|Ms| theory (unquenched) |Ms1| theory (unquenched)
o calculations require quenching factors of the weak axial-vector couling g4

e VS-IMSRG explains this through consistent renormalization of transition operator, incl. two-body
currents
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76GGe: Neutrinoless Double Beta Decay ﬁ

A. Belley et al., PRL 132, 182502 (2024)

a 68% confidence interval including €gm 1+ b - ° state Of the art StUdy

68% confidence interval including €em and Eygrr

- 68% confidence interval including €gm, Eyert @and Eop - : ° complementary
8 68% confidence interval including €em, €yert, Eop and emsr | [ 7 methods: IM-GCM &

— Mean NME I | VS-IMSRG

+ [ | e explores interactions,
many-body and EFT
truncations, contact

term, ...

MOv

* |everages novel
emulators

e [dentifies main
drivers of uncertainty
and what to improve

(}x\ 0.0 0.5 1.0 1.5 neXt
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(IM-)NCSM for Super-Allowed Decays
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(IM-)NCSM for Super-Allowed Decays
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Super-Allowed Beta Decays

e Super-allowed beta decays constrain
|V, |in the CKM matrix

* Precision treatment requires radiative
corrections that are sensitive to nuclear

structure: o, and Oy

0.226 -

e ab initio calculations of A = 10,14 decays in EO'Q% |

light nuclei using NCSM and QMC [Gennariet — A

al., PRL 134, 012501; Cirigliano et al., PRC 110, 055502; King | \ \% ‘[Kavg]

et al., arXiv:2509.07310] 0.222 - | | us

| .

e use IM-NCSM to extend mass range **Mg, | Vo

26m | . Unitarity

Al, 0.220 | | \ | |
0.970 0.972 0.974 0.976 0.978 0.980

 benchmarks for CC, IM-GCM, VS-IMSRG, ... Vo
e test exact sum over intermediate states vs. image credit: M. Gennari

new EFT approach
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Flow Parameter

Model- and Data-Driven:
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Partly data-driven (emulation in p, n)
and physics-informed (emulation in s, ¢;)

And it’s differentiable!

PNM EOS with Uncertainty Bands from PMM-IMSRG, N2L0sim 500 290
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Time-Dependent Response from the IMSRG
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e Linear response of A to a perturbation B, with IMSRG improvement (U = U(s)):
Ryp(t, 1) = (Yo | [A(D), BU)]| W) = (@y| UAOU", UB()U'] | @)

e fixt' =0, expand time-dependence (=time evolution due to H(s)) & Fourier transform

Ris®) = ¥ (2= 8,0\, Qat,, i, = (Dy] [[UHUT .uAUT®, UBUT] D)
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