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Several high-precision potentials on the market: Nuclear Landscape
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Chiral forces: current status
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FIG. 5: (Color online) Ground-state energies from CR-CC(2,3) for (a) the NN+3N-induced Hamiltonian starting from the N*LO and N?LO-
optimized NN interaction and (c) the NN+3N-full Hamiltonian with A3y =400 MeV/c and Asy = 350 MeV/c. The boxes represent the
spread of the results from @ = 0.04 fm* to @ = 0.08 fm*, and the tip points into the direction of smaller values of @. Also shown are the
contributions of the CR-CC(2,3) triples correction to the (b) NN+3N-induced and (d) NN+3N-full results. All results employ A2 = 24 MeV
and 3N interactions with Es,,, = 18 in NO2B approximation and full inclusion of the 3N interaction in CCSD up to E3na, = 12. Experimental
binding energies [32] are shown as black bars.

Chiral interactions are qualitatively OK, but systematically overbinds and generates too small charge radii.
The discrepancies increase with mass number.
Figure from S. Binder et al., arXiv 1312.5685 (2013)




Current Work: Expanded objective function

. -

. B 1 O(&)q,g — O
min | f(@) =) - P
d q 9

Terms included in the objective function

potential:

Nucleon-Nucleon scattering data

1S0 effective range expansion

Pion-Nucleon scattering phase shifts

Energy and saturation momentum
of symmetric nuclear matter from
MBPT2

G. Hagen et al. Phys. Rev.C 89,014319 (2014)




Nuclear forces from chiral EFT
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Nuclear forces from chiral EFT
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Nuclear forces from chiral EFT
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E. Epelbaum et al. Rev. Mod. Phys. 81, 1773 (2009)
R. Machleidt et al. Phys. Rep. 503, | (2011)




Nuclear forces from chiral EFT
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Nuclear forces from chiral EFT
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E. Epelbaum et al. Rev. Mod. Phys. 81, 1773 (2009)
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Nuclear forces from chiral EFT
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Low-energy constants at NNLO

2 LECs
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The contact potential

parametrizes the unresolved shortrange
nuclear interaction.

In conventional meson theory, the short

range force is described by heavy-meson

exchange. The heavy mesons can’t be
resolved in ChPT.




Low-energy constants at NNLO

two new parameters that can be
determined from the A>2 systems

The contact potential

parametrizes the unresolved shortrange
nuclear interaction.

In conventional meson theory, the short
range force is described by heavy-meson

exchange. The heavy mesons can’t be
resolved in ChPT.
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Our first study, at next-to-next-to-leading order (NNLO), shows that there is
room for improvement. Chi2 drops from ~10-20 to 3. Optimization has an
impact on nuclear structure!

A. Ekstrom et alPRL 110, 192502 (201 3)
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Our first study, at next-to-next-to-leading order (NNLO), shows that there is
room for improvement. Chi2 drops from ~10-20 to 3. Optimization has an
impact on nuclear structure!

A. Ekstrom et alPRL 110, 192502 (201 3)




Oxygen isotopes
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Oxygen from NCSM-objective function
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Oxygen from NCSM-objective function
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Oxygen from NCSM-objective function
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Oxygen from NCSM-objective function
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7tN LECs: overview

piN-Krebs piIN-BM NN-PWA [NNLO (Juelich)| N3LO (Idaho) NNLOopt

cl | [-1.13,-0.75] [ -0.81£0.12 | -0.76x0.07 -0.81 -0.81 -0.9186

c3 | [-551,4.77] | -4.70+1.16 | -4.78+0.10 3.4 -3.2 -3.8887

c4 [3.34,3.71] 3.40£0.04 | +3.96x0.22 +3.40 +5.40 +4.3103
piN-Krebs: The most recently published, and to fourth order, analysis of the

piN scattering phase shifts up to pLab=150 MeV [GW06,KH86] 1232 MeV

piN-BM: Analysis of KA84 piN scattering phase shifts pLab=40-97
NN-PWA. Nijmegen PWA analysis of NN scattering data, with the long range

physics described by subleading chiral two-pion exchanges
NNLO (Juelich): pion-nucleon couplings taken from piN-BM, but c3 chosen on the
larger side within the uncertainty. This value is consistent with the Entem
Machleidt analysis of NN data.
N3LO (Idaho): Guided by fitto NN data < A.less A-full

NNLOopt: Guided by fit to NN data 940 MeV

938 MeV

E. Epelbaum et al. Rev. Mod. Phys. 81, 1773 (2009)

E. Epelbaum et al. Eur. Phys.]. A19,401 (2004)
R.Machleidt et al. Phys. Rep. 503, | (2011)

A. Ekstrom et al. Phys. Rev. Lett. | 10, 192502 (2013)

M Erahsel s R & BRy 20208 Ba4001 (2003

resonance saturatio




7tN LECs: our results

piN-Krebs piIN-BM NN-PWA [NNLO (Juelich)| N3LO (Idaho) NNLOopt
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c3 [-5.51,-4.77] -4.70+1.16 -4.78+0.10 -34 -3.2 -3.8887
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7tN LECs: our results
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NNLOopt uncertainty estimates (ongoing)
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SIMPLE ESTIMATES of the statistical uncertainties
of the LECs that come from the experimental cross
section errors.

Pros: fast and gives a first hint on the uncertainty and
sensitivity of the potential with respect to
variations in the parameter values

Cons: neglects all parameter correlations.

(Only OK in the gaussian limit, i.e. where the chi2 curve is parabolic)
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NNLOopt (Tlab<I25) uncertainty estimates
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POTENTIAL: NNLOopt, further optimized wrt scattering data below Tlab=125.0 MeV
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NNLOopt (Tlab<125) uncertainty estimates
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NNLOopt (Tlab<I25) uncertainty estimates
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Phase shift sensitivity
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Phase shift sensitivity
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Phase shift sensitivity
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|SO: well reproduced.

3PO0: sensitive to data and impossible to

reproduce above |25 MeV at NNLO

|P|: data beyond |25 MeV very important
for constraining the uncertainty.




Correlations will be important
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Summary

The expanded objective function can generate N2LO interactions
that simultaneously describe the ground state energy and radii in the
oxygen isotopic chain.

POUNDerS shows great promise to deliver state-of-the-art
optimized nuclear forces for practical calculations.

The piN LECs require a careful analysis, and might be attributed with
large uncertainties.

Outlook: Correlated uncertainty estimates.
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Optimization strategy

Set the parameters x of the NN interaction
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Optimization strategy
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Nuclear force from chiral effective field
theory LO,NLO,NNLO, N3LO(NN-only).
Every parameter changed on the fly.

N

observables from R matrix inversion. ICS

A=2 3.4 bound state observables from |
No-Core Shell-Model in Jacobi " Many-body
coordinates. e

scattering data.

Fast and derivative-free optimization ;,
routine called POUNDerS ~

IALYSIS




i)
W
O
O _______________+___+________________________+__.
— | i I [Exp
< M °
3, NNLO
N t_ +2 ! +O + & % -
- 0 I NLo |7
O RS E
= % [E SRS E
® S = Q
n
& 3 | . o A [NNLO o 5 o
g AR I Yo Y
o0 | |[nLo
O ikl ST CTTTLTTT TS
0 h | Tlew [45]5)3
+2+3 +4 +3 +2 +O —
S (RO NNLO| || 8
e Ten o ol S|
= T 1 T|~No |5 8%
||||||||||||||||||||||||||| b0 (.
.A“w Rl < "~ o Ova/ W_ M_U(L\ _.m.
0 0 e |92]9
0+3 +2 +4 +2 +0
oMl < [ | [ | T|wwoll 12
n cn +O+2+4 +2 +0
Q || | N’LO
T bt
AvUA (ASIN) AS1ouyg




