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From QCD to the Nucleus: Progress in Ab Initio Methods
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On the Importance of Capturing Collective Excitations

B(E2): Stroberg, PRC, 105, 034033 (2022)
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On the Importance of Capturing Collective Excitations

* Same for ff-decay studies:
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The Symmetry-adapted No-core Shell Model

Based on no-core shell model: ! 24g; E‘N o
* HO basis with parameters AQ, Np,ax (NAQ truncation). 61 vsnato pT—
e Ab initio NN interactions: AV18, JISP16, yEFT (N2LO, N3LO ...) 5 1 h,‘vlmjxlf (26 RN
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Recast basis into SU(3)/Sp(3,R) irreps that encode deformation and
collective motion.

* Exploit emergent (quasi-dynamical) SU(3)/symplectic coherent mixing

Dytrych et al., PRL (2020)
Selection of collective basis

: : : Full Selected
— wave functions concentrate in few irreps. 8 =
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Pushing the Limits of Ab Initio Calculations

Red Giant Stars
B—process S-pI’OCGS§ = o
o ( ==u“ llllllllllllll q nrj
i +
—
et . +
My gz ﬂﬂfm 30 | Giant0
Xitam, Pro%e® | % resonances
Bursts 'H"I:E T Wﬂj‘m}} 75 -
o B =k ol o NNLOopt,
process e 22 hQ=15MeV
Novad, ; ﬂﬂj dadloth < 10 shells
) ﬂfﬁm . 1S
ol | 5
Exp Th goélgNo ‘ -szo -I stable nuclide LTQJ 0 2
WNE & — A = | O lefm]
" . 54 -17.7(8) -193
- . Z " ~ \ \\ 2t
o N S N 32NE \ 0 ==
I — ] 2 pa— B 0" Expt. SA-NCSM
—_ — )+
" il UNE s 21
e | 2 * Only use bare interactions (no SRG/LS
'~ N renormalization).
- -7 . . .
A 1 $284Wa W“ (S *  Only NN contribution (3N included as
I | 0 R T LY an averaged contribution - NNLOsat)
()
Expt. Th.

Lsu September 2025  FRIB-TA Topical Program: Future directions in nuclear beta decay at FRIB



Ab Initio Description of Collectivity in Intermediate Mass Nuclei
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Ubiquitous Patter — Ideal for Machine Learning
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Ubiquitous Patter — Ideal for Machine Learning
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Impact of Clustering on the 3Li f Decay and Recoil Form Factors

_ - Sargsyan et al., PRL 128, 202503 (2022)
*  SA-NCSM calculations for 8Li — 8Be 3 decay in

ultralarge, symmetry-adapted spaces.

e Chiral EFT interactions (NNLOopt, NNLOsat, N3LO)
and JISP16.

* Computed recoil-order form factors j,, j3,d, b

Intruder states
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Energy (MeV)
|
S

-40"

4.0 S ——

[ o 0 = 110fm/750MeV [

35 N ., N . 0 S b T i -50

3.0 | N 3 ||| 1000 INNLO,,, ™5 N3LO ,
o . o % soofay. W 2 e * Snlle -60
‘E25 ¢ ¢ A a & S [ ]
& oA & | aM Sy, m_ 5 -2000 —_— e e
v < A 5 t & L W 2.0 3.0 40 5 10 15 20
220 - < . L N.
~ A o hQ=10 MeV X -1000F g LS i max
<15 - O hQ=15MeV - | a5 N
D al © \3 ";\\ . .

10 o hO=20 MeV : y * Reduces the systematic uncertainty

’ A h0=25MeV -1500 e ] .

0.5 i = from recoil-order terms on searches

Sl L el o ; o

0.0 ‘ - - . ‘ -2000+ . ] 0

“““““““““ - for tensor currents by more than 50%
4 6 8 10 12 Expt. 2.0 25 3.0 35 4.0
Ninax 002 (e fm?)

* Subsequent studies:

Berkey et al., “Improved Limit on Tensor Currents in the Weak Interaction fromSLi £ Decay, PRL 2022
Longfellow et al., “Improved Tensor Current Limit from B B Decay Including New Recoil-Order Calculations, PRL 2024
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Ab Initio Reactions:
Symmetry-adapted Resonating Group Method (SA-RGM)

* uc(r) describes the relative motion between the two

clusters. |\I'> _ Z d?‘gC(T) TQA{©- - @
* Asymptotic of u.(r) gives cross section for specific r

channel. C
* Requires internal wave functions and NN interaction. I
* Microscopic: full antisymmetrization + cluster
correlations. |(b> = Z Ci
* (Can be generalized to any number of clusters. i
[ - — {A Ir:a Ip; nlj; J} ] Main difficulty is to calculate:

A[®°2) (@)
|

(T. — (E — E.))uc(r) + ZC: /dr’VCC/ (r',ue (r') =0
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Symmetry-adapted Resonating Group Method (SA-RGM)

* Ab initio single-nucleon projectile reactions
 First results studied the influence of selected model
space on non-local potentials.
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Ab Initio Optical Potential

* Novel approach: SA-NCSM-GF. Evaluate
the single-particle time-ordered Green’s G(r,v'; B) = lim (V3| [ar + al] ] 1 ]
function from SA-NCSM wave functions. | =0 " E— (H - Eg —ie)(N - A)

lax + al,] [V
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31%+ BQ%_I_ &@ .. Summary

* Long range correlations are important for capturing collectivity.
e The use of symmetry-adapted basis allows the good reproduction of B(E2) values 250
without the use of effective charges. ol ; T E—
 SA-NCSM calculations in 8Li1 and 8Be found a correlation between Q2 and recoil ¢ Experiment
terms, leading to unprecedented constraints on the ab initio estimation of these
recoil terms.
* Prediction of intruder states in 8Be. o B B e am o wmo
* SA-RGM calculations of neutron elastic scattering up to 40Ca. Next developments
will include charge exchange reactions.
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TABLE I. Training and validation data sets. A data set for given
Nmax and A2 includes tens through hundreds to thousands of con-
figurations. Complete model spaces are denoted by Ny, whereas
selected model spaces are denoted as (N)Npax (e.g., for °Ne, (2)10
indicates the use of all basis states up to N = 2 and selected basis
states for N = 4, 6, 8, and 10). The number of inputs used in the
training data set shows the total number of N(A 1)S,S,S configura-
tions in all model spaces listed for each nucleus. Also shown is the
dimension (number of all basis states) of the largest / = 0 model
space listed for each nucleus.

Number of
Nucleus Niax hQ (MeV) inputs Dimension
Training data
‘He 6,8,10,12,14 22 696 5.80x10*
*He 6 15 218 3.18x10*
°Li 8 15 208 6.78x 104
*Be 8,10,12,(8)14 15 3417 1.53%108
¢ 8 15 1037 4.44x%10°
12¢ 6,(6)10, (6)12 15 3211 1.90x10°
e 6,(6)10 15 2113 403x103
50 8 20,25 4726 3.01x107
Validation data
ONe (4)6, (48, (2)10 15 7.18x10'
BMg (0)6 15 9.77x10°
248 4 20 2.59%107
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