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tAb initio calculation for atomic nuclei

3

H|Ψn〉 = En |Ψn〉

H = Trel+
A∑

i<j
VNN

ij +
A∑

i<j<k
V3N

ijk︸                  ︷︷                  ︸
from chiral EFT

■ Compute properties of nuclei by solving the
nuclear many-body Schrödinger equation with
systematically improvable many-body methods,
using realistic inter-nucleon interactions
(typically NN+3N) derived from chiral effective
filed theory (EFT)

■ Many-body methods: NCSM, QMC, HH, · · ·
(for light system A ≲ 16), and MBPT, CC,
SCGF, IMSRG, · · · (for heavier systems)See e.g., Hergert et al., Front. Phys. (2020)

Hebeler, Phys. Rept. (2021)
and ref therein
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tChiral EFT for nuclear forces

Fig. from Hebeler, Phys. Rept. (2021)
See e.g., Epelbaum et al., Rev. Mod. Phys. (2009)
Machleidt et al., Phys. Rep. (2011)
Krebs, Eur. Phys. J. A (2020)

■ A low-energy effective theory of QCD with
pions/nucleons (and optionally the Δ) as
degrees of freedom, constrained by chiral
symmetry and its breaking

■ Expansion parameter Q/Λb ' 1/3
■ Short-distance (high-energy) physics encoded

in low-energy constants (LECs), fitted to NN
scattering & few-body observables 2H, 3H, · · ·

■ Systematically improvable and allows for
uncertainty quantification

■ Nuclear currents coupling to external probes
(photons, electrons, neutrinos, etc.) can be
derived consistently
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tValence-space in-medium similarity renormalization group (VS-IMSRG)

H|Ψn〉 = En |Ψn〉 Heff |ΨP
n 〉 = En |ΨP

n 〉

H = Trel +
A∑

i<j
VNN

ij +
A∑

i<j<k
V3N

ijk
Heff = [U(s)HU† (s)]s→∞

Oeff = [U(s)OU† (s)]s→∞

■ The large model-space eigenvalue problem mapped to a tractable valence-space (P space) problem

■ Particle-hole excitations from P to Q encoded in the effective Hamiltonian & operators

■ Diagonalizing Heff → energies and wavefunctions → other observables

5

Unitary transformations U(s)
−−−−−−−−−−−−−−−−−−−−−−→
Decouple P space from Q space

Hergert et al., Phys.
Rep. (2016)
Stroberg et al., Ann.
Rev. Nucl. Part.
Sci. (2019)
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tHighlights of ab initio calculations with VS-IMSRG
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tHighlights of ab initio calculations with VS-IMSRG
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tHighlights of ab initio calculations with VS-IMSRG
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GT quenching puzzle explained in ab initio calculations
by taking into account the many-body correlations and
two-body currents
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tVS-IMSRG calc. of 𝛽-decay half-lives
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Expt.: Taniuchi et al., Nature (2019); Xu et al., PRL (2014)

■ 78Ni ground-state energy and low-lying spectra are
well described using VS-IMSRG with the
1.8/2.0 (EM) interaction Hebeler et al., PRC (2011)

■ The leading 2BC appears at N2LO, sharing same
LECs as the leading 3NF

Fig. from Menéndez et al., PRL (2011)

■ GT operators are evolved by VS-IMSRG to include
the correlations coupled to the space outside

■ 2BC increases the total half-life by reducing the GT
transition strength
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ZL, Miyagi and Schwenk, arXiv:2509.06812
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tVS-IMSRG calc. of 𝛽-decay half-lives
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Total Gamow-Teller (dominant) half-lives of
N = 50 isotones with VS-IMSRG

■ Half-lives of waiting point nuclei
(N = 50, 82, 126, . . . neutron-rich
nuclei) are critical inputs for r process
simulations, but less known
experimentally

■ 2BC increases the total half-life

■ Expt. half-lives are well described with
the 1.8/2.0 (EM) interaction

■ No need to quench gA in ab initio
calculations

10

N = 50

gA = 1.27

ZL, Miyagi and Schwenk, arXiv:2509.06812

1.8/2.0 (EM): Hebeler et al., PRC (2011)
ΔN2LOGO (394): Jiang et al., PRC (2020)
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tVS-IMSRG calc. of 𝛽-decay half-lives
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■ 2BC reduces B(GT) strength systematically → increase the total half-life

■ Quite different running sums of t−1
fi between 1.8/2.0 (EM) and ΔN2LOGO (394) due to

different B(GT) (related to wavefunctions) and phase space factors (related to energies)
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ZL, Miyagi and Schwenk, arXiv:2509.06812

1.8/2.0 (EM): Hebeler et al., PRC (2011)
ΔN2LOGO (394): Jiang et al., PRC (2020)
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tDirect detection of WIMP via elastic SD WIMP-nucleus scattering
■ Low-momentum-transfer Lagrangian density with axial-vector-axial-vector coupling

LSD
𝜒 = −GF√

2
𝜒̄𝜸𝛾5𝜒 ·

∑
q

Aqq̄𝜸𝛾5q Engel et al., Int. J. Mod. Phys. E (1992) Jungman et al., RP (1996)

■ At one-nucleon level ∑
q Aqq̄𝜸𝛾5q → ∑A

i=1 (J 0
i,1b + J 3

i,1b ) Menéndez et al., PRD (2012) Klos et al., PRD (2013)

J0
i,1b =

1
2

a0𝝈i, J3
i,1b =

1
2

a1𝜏
3
i

{ (
1 − 2

Λ2
A

Q2
)
𝝈i −

[
g𝜋NNF𝜋

(Q2 + M2
𝜋 )m2

NgA
− 2

Λ2
A

]
(Q · 𝝈i )Q

}
■ Differential cross section of elastic spin-dependent (SD) WIMP-nucleus scattering

d𝜎SD

dQ2 =
8G2

F
(2J + 1)v2 SA (Q) , SA (Q) =

∑
𝜆=1,3,5,...

{
| 〈J | |L5

𝜆 | |J〉 |
2 + | 〈J | |T el5

𝜆 | |J〉 |2
}

■ Longitudinal L5
𝜆𝜇, transverse electric T el5

𝜆𝜇 and transverse magnetic T mag5
𝜆𝜇 (does not contribute to SA)

operators from multipole decomposition of nuclear current J Brase et al., PRC (2026)

J(Q) = 4𝜋
∑
𝜆𝜇

i𝜆+1
{
L5
𝜆𝜇 (Q)Y∗

𝜆𝜇 (Q̂) + T el5
𝜆𝜇 (Q)𝚿∗

𝜆𝜇 (Q̂) + T mag5
𝜆𝜇 (Q) [i𝚽𝜆𝜇 (Q̂) ]∗

}
■ SA (Q) = a2

0S00 (Q) + a0a1S01 (Q) + a2
1S11 (Q) 12
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tDirect detection of WIMP via elastic SD WIMP-nucleus scattering
■ Low-momentum-transfer Lagrangian density with axial-vector-axial-vector coupling

LSD
𝜒 = −GF√

2
𝜒̄𝜸𝛾5𝜒 ·

∑
q

Aqq̄𝜸𝛾5q Engel et al., Int. J. Mod. Phys. E (1992) Jungman et al., RP (1996)

■ At one-nucleon level ∑
q Aqq̄𝜸𝛾5q → ∑A

i=1 (J 0
i,1b + J 3

i,1b ) Menéndez et al., PRD (2012) Klos et al., PRD (2013)

J0
i,1b =

1
2

a0𝝈i, J3
i,1b =

1
2

a1𝜏
3
i

{ (
1 − 2

Λ2
A

Q2
)
𝝈i −

[
g𝜋NNF𝜋

(Q2 + M2
𝜋 )m2

NgA
− 2

Λ2
A

]
(Q · 𝝈i )Q

}
■ The isovector J3

i,1b is identical to the axial-vector weak neutral current by replacing a1 by gA

■ 2BC present at N2LO in chiral EFT Krebs, Eur. Phys. J. A (2020) Hoferichter et al., PRD (2020)

J3,1𝜋
2b,12 = − a1

2F2
𝜋

[𝝉1 × 𝝉2 ]3
[
c4

(
1 − QQ·

Q2 + M2
𝜋

)
(𝝈1 × k2 ) +

c6
4
(𝝈1 × Q)

]
𝝈2 · k2

M2
𝜋 + k2

2

− a1

F2
𝜋

𝜏3
2

[
c3

(
1 − QQ·

Q2 + M2
𝜋

)
k2 + 2c1M2

𝜋
Q

Q2 + M2
𝜋

]
𝝈2 · k2

M2
𝜋 + k2

2
+ (1 ↔ 2) ,

J3,ct
2b,12 =

a1
gA

[
− d1𝜏

3
1

(
1 − QQ·

Q2 + M2
𝜋

)
𝝈1 + (1 ↔ 2) − d2 (𝝉1 × 𝝉2 )3 (𝝈1 × 𝝈2 )

(
1 − ·QQ

Q2 + M2
𝜋

) ]
13
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tExisting calculations of SD structure factors
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Fig. from Klos et al., PRD (2013)
𝜌, c3, c4 → uncertainty band

■ Approximate 2BC: NO1B approx. w/ spin- and isospin-symmetric
Fermi gas as the reference state with density 𝜌 = 2k3

F/(3𝜋2)
→ 𝜌-dependent eff. 1BC: Jeff

i,2b (𝜌) =
∑

occupied j
(1 − Pij )J3

ij

■ Phenomenological calc.: Menéndez et al., PRD (2012)
Klos et al., PRD (2013) Pirinen et al., NPA (2019)

Hoferichter et al., PRD (2020) Kasurinen et al., PRC (2025) ...

■ Ab initio VS-IMSRG calc.: Hu et al., PRL (2022)

■ SA (Q = 0) = (J+1) (2J+1)
4𝜋J

[
(a0 + a1)〈Ŝp〉 + (a0 − a1)〈Ŝn〉

]2

〈Ŝp(n) 〉 ≡ 〈JM = J | ∑Z(N)
ip(n)=1

1
2𝝈ip(n) |JM = J〉

129,131Xe: odd N → 〈Ŝn〉 > 〈Ŝp〉

■ Define Sp with a0 = a1 = 1 and Sn with a0 = −a1 = 1:

Sp (Q) = S00 (Q) + S01 (Q) + S11 (Q)
Sn (Q) = S00 (Q) − S01 (Q) + S11 (Q) 14
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tExisting calculations of SD structure factors
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𝜌, c3, c4 → uncertainty band
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Aalbers et al., PRL (2025)

■ Large uncertainty from 𝜌
in Jeff

i,2b (𝜌)

■ Propagate into the
WIMP-nucleon cross
section calculation

Uncertainty band of Aalbers et al.,
PRL (2025):

■ Pirinen et al., NPA (2019)

■ Hoferichter et al., PRD (2020)

■ Hu et al., PRL (2022)

all with NO1B 2BC
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■ Multipole decomposition of 2BC using NuHamil by T. Miyagi Miyagi, EPJA (2023)

■ VS-IMSRG evolution → Heff, L5, eff
𝜆𝜇 , and T el5, eff

𝜆𝜇 in valence space

■ Diagonalize Heff in the valence space to get the ground-state wavefunction |J〉
■ Calculate the nuclear matrix elements 〈J| |L5, eff

𝜆𝜇 | |J〉 and 〈J| |T el5, eff
𝜆𝜇 | |J〉 and therefore the

structure factor Sij(Q) and then Sp,n(Q)
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tComputational setup for 19F, 29Si, 129,131Xe with full leading 2BC
■ NN+3N interactions 1.8/2.0 (EM) and ΔN2LOGO (394) and consistent 2BCs

Hebeler et al., PRC (2011) Jiang et al., PRC (2020) Krebs et al., Ann. Phys. (2017) Hoferichter et al., PRD (2020)

■ Basis (build on top of harmonic oscillator basis with ℏ𝜔 = 12 or 16 MeV):
■ Hartree-Fock (HF): solve HF equation truncated by eHF

max = (2n + l)max Stroberg et al., PRL (2017)
eHF

max = 12 for 19F, 29Si and eHF
max = 10 for 129,131Xe → emax = eHF

max in VS-IMSRG evolution

■ Natural orbitals (NAT): diagonalize 1B density matrix w/ perturbative corr. Hoppe et al., PRC (2021)
truncated by eNAT

max = 14 → emax = 10 in VS-IMSRG evolution

■ V3N
ijk matrix elements are restricted by E3max = (ei + ej + ek)max = 24 Miyagi et al., PRC (2022)

■ Valence space:
■ 19F and 29Si: sd-shell

■ 129,131Xe: {2s1/2, 1d3/2,5/2, 0g7/2, 0h11/2} (orbitals between the magic numbers 50 and 82)

■ Effective Hamiltonian and operators are truncated up to NO2B level Stroberg et al., PRL (2017)
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tConvergence w.r.t. model-space parameters ℏ𝜔 and emax for 129,131Xe
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■ HF basis: eHF
max = emax in VS-IMSRG evolution

■ Faster convergence with ℏ𝜔 = 12 MeV,
especially for ΔN2LOGO (394)
→ take ℏ𝝎 = 12 MeV

■ Prohibitively expensive for VS-IMSRG
evolution with emax = 12 in such calculations,
since we have to do VS-IMSRG evolution for
each momentum
→ take emax = 10 in VS-IMSRG evolution

■ NAT basis capture correlations from a larger
model space (here eNAT

max = 14) by concentrating
their effects into the most important low-lying
orbitals, so that a truncated space (here
emax = 10) retains more of the relevant physics
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■ NAT basis: eNAT
max = 14

→ emax = 10 in VS-IMSRG evolution
→ captures correlations in the larger model space

■ Nice convergence pattern with ℏ𝜔 = 12 MeV

■ HF basis: emax = 8 → emax = 10

■ emax = 10: HF basis → NAT basis

■ Slower convergence for Sp with ΔN2LOGO (394)

■ Take the spread between HF and NAT basis with
emax = 10 as the uncertainty band
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tConvergence w.r.t. model-space parameters ℏ𝜔 and emax for 129,131Xe
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Sp calculated from ΔN2LOGO (394) converges slower
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■ S00, S01, and S11 are well
converged → small uncertainty
from model space

■ The larger uncertainty band for
Sp with ΔN2LOGO (394) is due
to the delicate cancellation
between positive S00 (q) +S11 (q)
and negative S01 (q):

Sp (Q) = S00 (Q)+S11 (Q)+S01 (Q)

■ Sn is well converged with
ΔN2LOGO (394) since

Sn (Q) = S00 (Q)+S11 (Q)−S01 (Q)
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■ Klos et al., PRD (2013): phenomenological shell model calculation with NO1B 2BC in FG model
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■ Klos et al., PRD (2013): phenomenological shell model calculation with NO1B 2BC in FG model
■ Hu et al., PRL (2022): ab initio calculation using VS-IMSRG with NO1B 2BC in FG model
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■ Klos et al., PRD (2013): phenomenological shell model calculation with NO1B 2BC in FG model
■ Hu et al., PRL (2022): ab initio calculation using VS-IMSRG with NO1B 2BC in FG model
■ FG 2BC Sp,n: Our ab initio calculation similar to Hu et al., PRL (2022) but with larger model space
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tStructure factors of 129Xe and 131Xe from full 2BC
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■ Klos et al., PRD (2013): phenomenological shell model calculation with NO1B 2BC in FG model
■ Hu et al., PRL (2022): ab initio calculation using VS-IMSRG with NO1B 2BC in FG model
■ FG 2BC Sp,n: Our ab initio calculation similar to Hu et al., PRL (2022) but with larger model space
■ Full 2BC Sp,n: Our ab initio calculation using VS-IMSRG with full leading 2BC
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■ Xe: even Z and odd N
→ spin mainly carried by
neutrons
→ Sn > Sp

■ Full leading 2BC
→ no 𝜌 dependence
→ uncertainty reduction

■ The difference between
1.8/2.0 (EM) and
ΔN2LOGO (394) is much
larger than the uncertainty
band from the model
space
→ UQ for interaction
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■ Much lighter nuclei, HF
basis with ℏ𝜔 = 16 and
emax = 12 is enough to get
converged results

■ 19F: odd Z → Sp > Sn

■ 29Si: odd N → Sn > Sp

■ Results from 1.8/2.0 (EM)
and ΔN2LOGO (394) are
quite different
→ UQ for interaction
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tSummary and outlook

Summary
■ First ab initio calculation of SD nuclear structure factors with full leading 2BC without approximation

■ Eliminates the uncertainty associated with 𝜌 in previous NO1B approximations

■ Reduction of uncertainty will propagate into the elastic SD WIMP-nucleon scattering analysis

Outlook
■ Study the impact of the uncertainty reduction of nuclear structure to the limits of elastic SD

WIMP-nucleon cross section

■ Quantify the uncertainty arising from nuclear interaction and higher-order 2BCs

Thank you for your attention!
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tTotal half-life T1/2 of 𝜷-decay
n Total 𝛽−-decay half-life from initial ground state:

t−1
fi =

1
𝜅

∫ W0

1
C(W)F(Z, W)

√
W2 − 1W(W0 − W)2dW

n Gamow-Teller (GT) transition (dominates)

CGT (W) = B(GT) = 1
(2Ji + 1) | 〈Ψf (Jf ) | |GT | |Ψi (Ji ) 〉 |2

t−1
fi = 1

𝜅 B(GT)f0

f0 =
∫ W0

1
F(Z, W)

√
W2 − 1W(W0 − W)2dW

GT1B =
A∑

k=1
gA ®𝜎k𝜏

−
k , GT2B =

A∑
i<j

A−
ij

32

gA cD c3, c4

Park et al., PRC 67 (2003) 055206

Menéndez, Gazit and Schwenk, PRL 107 (2011) 062501

Krebs, EPJA 56 (2020) 234

T−1
1/2 =

∑
f t−1

fi

Zhi et al., PRC, 87 (2013) 025803; Behrens and Bühring, NPA, 162 (1971) 111
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