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1. Motivation
• Predictive power beyond existing data

2. Methods
• Effective field theory (EFT)
• Ab initio many-body methods

3. Selected results
• Binding energies / dripline
• β decay

4. Reaching beyond A “ 100
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Prediction

Constrained by
experiment

Theoretical
models

Fit to data
‰

predictive
power

Tsang et al. 2012
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Difficulties in nuclear structure

Nuclear forces
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Spin/isospin-dependence,
tensor force, 3N forces. . .

The many body problem

• Pauli-principle Ñ antisymmetrized wave
function

• Short-range repulsion Ñ correlations,
configuration mixing
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Effective field theory (EFT)

• To begin, choose degrees of freedom
and write down the most general theory
allowed by the relevant symmetries.

• At low momenta „ Q, high-momentum
physics („ Λ) is not resolved

• Organize the infinite number of terms

in the theory in powers of
´

Q
Λ

¯

• Higher powers should be less important

Low-energy nuclear physics

• Degrees of freedom: nucleons and pions

• Typical scale: Q „ kF À mπ „ 200 MeV

• Breakdown scale: Λ „ mρ „ 700 MeV

Weinberg 1990; Ordóñez and Kolck 1992; Bedaque and VanKolck 2002; Kaplan, Savage, and Wise 1996; Epelbaum 2010; Machleidt and Entem 2011. . .
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Challenges: Power counting

∆p1232q resonance

Ep∆q-EpNq « 300 MeV

Bound states Ñ IR divergences
Deuteron BE = 2.22 MeV ! mπ

And of course, 2π „ mρ{mπ . . .
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Ab initio many body methods

H|Ψy “ E|Ψy
• An exact solution to an exact problem

• A systematically improvable solution to a
systematically improvable problem

• The problem (i.e. the Hamiltonian) should
not know or care about the solution
(many-body method)
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Ab initio methods for light systems

No Core Shell Model
(diagonalization in HO basis)

|Φ1y |Φ2y |Φ3y . . .

Scaling:

ˆ

n
A

˙

“ n!
A!pn´Aq!

Quantum Monte Carlo

|Ψy 9 lim
τÑ8

e´τH |Φy

Scaling: 2A A!
N !Z!
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Ab initio methods for medium-mass systems

Many-body Perturbation
Theory

+ + +

Scaling: νth order „ Opn2νq

Brueckner G-matrix

+ + + + ...

Scaling: Opn4q

Random Phase
Approximation

+ + + +

Scaling: Opn3q ´Opn4q

Coupled
Cluster

|Ψy “ eT̂ |Φy

Self-Consistent
Green’s Function

gpωq “ gp0qpωq`Σ˚pωq gp0qpωq

In-Medium Similarity
Renormalization Group

d
dsHpsq “ rηpsq, Hpsqs

+ + + + + + + + + + +

Scaling: Opn6q, higher corrections „ Opn7q, etc.
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Results

Selected Results

Ab initio: results with interactions from χEFT
;

: Generally without error estimation; ; Generally with inconsistent power counting
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Oxygen
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Hagen et al. 2009; Roth et al. 2012; Cipollone, Barbieri, and Navrátil 2013; Hergert et al. 2013; Jansen et al. 2014; Stroberg et al. 2017; (&refs therein)
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Saturation and binding energies

Nuclear matter

(9 density)

Finite nuclei

Hebeler et al. 2011; Simonis et al. 2017; [ see also Hagen et al. 2014; Carbone, Rios, and Polls 2014; Drischler, Hebeler, and Schwenk 2016; Tews et al. 2016]
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Energy systematics of isotopic chains

Simonis et al. 2017
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The neutron dripline
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Dripline: Two-neutron separation energies

Deviation from experiment
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Dripline

• Theory error bars based on rms deviation
from experiment.

• Inflated error bars near shell closures.
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Dripline
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Beta decay

“Quenching” in Gamow-Teller decays

Currents from χEFT

~K

LO, στ

~K

Heavy meson
exchange

cD

π
~K

Pion exchange
c3, c4

Mart́ınez-Pinedo et al. 1996; Gysbers et al., (under review)

Ragnar Stroberg (Reed College) Observables in Medium-Mass Nuclei July 18, 2018 18 / 28



Beta decay

Light nuclei with NCSM

0.95 1.00 1.05 1.10

ratio to experiment

14O0 →14 N1

10C0 →10 B1

7Be 3
2
→7 Li 3

2

7Be 3
2
→7 Li 1

2

6He0 →6 Li1

3H 1
2
→3 He 1

2

στ only

στ + 2BC

0

1

2

3

E
xp

er
im

en
t

34P1 →34 S0

24Na4 →24 Mg4

33P1/2 →33 S3/2

34P1 →34 S0

24Ne0 →24 Na1

28Al3 →28 Si2

26Na3 →26 Mg2

30Mg0 →30 Al1

37K3/2 →37 Ar3/2

37K3/2 →37 Ar5/2

25Al5/2 →25 Mg5/2

19Ne1/2 →19 F1/2
this work

shell model

q = 1

q = 0.95(5)

q = 0.80(1)

0 1 2 3

Theory (unquenched)

0

1

2

3

E
xp

er
im

en
t

46Sc4 →46 Ti4

45Ti7/2 →45 Sc7/2

48Sc6 →48 Ti6

47Sc7/2 →47 Ti7/2

47V3/2 →47 Ti5/2

43Sc7/2 →43 Ca5/2

45V7/2 →45 Ti5/2

45Ti7/2 →45 Sc7/2

45V7/2 →45 Ti7/2

42Ti0 →42 Sc1

42Sc7 →42 Ca6

this work

shell model

q = 1

q = 0.92(3)

q = 0.76(3)

Medium-mass
with

VS-IMSRG

sd shell Ñ

pf shell Ñ

Gysbers et al. (under review)

Ragnar Stroberg (Reed College) Observables in Medium-Mass Nuclei July 18, 2018 19 / 28



Beta decay

“Superallowed”
Gamow-Teller decay

of
100Sn (N=Z=50),

calculated with
coupled cluster

method.
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Getting heavy

Prospects for reliable calculations of nuclei with A ą 100
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Getting heavy

The current limit: 100Sn
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2
12L̂

2
abL̂

2L̂2Λ̂2xxNL, N1L1;Lab|nblbnalayy1

ˆ xxNcmLcm, N2L2; Λ|NLnclcyy2

$

&

%

la lb Lab
1
2

1
2

S1

ja jb Jab

,

.

-

$

&

%

Lab lc L
S1

1
2

S12

Jab jc J

,

.

-

$

&

%

L1 L2 L12

S1 S2 S12

J1 J2 J12

,

.

-

ˆ

"

lc L Λ
L1 L Lab

*"

Lcm L2 Λ
L1 L L12

*"

Lcm L12 L
S12 J J12

*

Simonis et al. 2017; Binder et al. 2013; Roth et al. 2014; Binder et al. 2014; Lascar et al. 2017
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Summary

• EFT and ab-initio many-body methods allow the possibility
to obtain theoretical predictions with quantified
uncertainties where no experimental data exist.

• Hurdles remain:
• What is the optimal power counting?
• How to rigorously estimate uncertainties of non-perturbative

many-body methods?

• Application to probabilistic predictions of the dripline

• Consistent picture of quenching of GT strength from A “ 3
to A “ 100

• Algorithmic developent and/or approximation schemes
needed to push beyond A “ 100
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Thank you

Thank you!
Veff
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Ordóñez, C. and U. van Kolck (1992). “Chiral lagrangians and nuclear forces”. In: Phys. Lett. B 291.4, pp. 459–464. issn: 03702693. doi:

10.1016/0370-2693(92)91404-W.

Roth, Robert et al. (2012). “Medium-Mass Nuclei with Normal-Ordered Chiral NN+3N Interactions”. In: Phys. Rev. Lett. 109.5, p. 052501. issn: 0031-9007.

doi: 10.1103/PhysRevLett.109.052501. url: http://arxiv.org/abs/1112.0287http://link.aps.org/doi/10.1103/PhysRevLett.109.052501.

Roth, Robert et al. (2014). “Evolved chiral NN+3N Hamiltonians for ab initio nuclear structure calculations”. In: Phys. Rev. C 90.2, p. 024325. issn: 0556-2813.

doi: 10.1103/PhysRevC.90.024325. url: http://link.aps.org/doi/10.1103/PhysRevC.90.024325.

Samyn, M. et al. (2004). “Further explorations of Skyrme-Hartree-Fock-Bogoliubov mass formulas. III. Role of particle-number projection”. In: Phys. Rev. C 70.4,

p. 044309. issn: 0556-2813. doi: 10.1103/PhysRevC.70.044309. url: http://link.aps.org/doi/10.1103/PhysRevC.70.044309.

Simonis, J. et al. (2017). “Saturation with chiral interactions and consequences for finite nuclei”. In: Phys. Rev. C 96.1, p. 014303. issn: 2469-9985. doi:

10.1103/PhysRevC.96.014303. arXiv: 1704.02915. url: http://arxiv.org/abs/1704.02915http://link.aps.org/doi/10.1103/PhysRevC.96.014303.

Stroberg, S. R. et al. (2017). “Nucleus-Dependent Valence-Space Approach to Nuclear Structure”. In: Phys. Rev. Lett. 118.3, p. 032502. issn: 0031-9007. doi:

10.1103/PhysRevLett.118.032502. url: http://link.aps.org/doi/10.1103/PhysRevLett.118.032502.

Tews, I. et al. (2016). “Quantum Monte Carlo calculations of neutron matter with chiral three-body forces”. In: Phys. Rev. C 93.2, p. 024305. issn: 2469-9985.

doi: 10.1103/PhysRevC.93.024305. url: https://link.aps.org/doi/10.1103/PhysRevC.93.024305.

Tsang, M. B. et al. (2012). “Constraints on the symmetry energy and neutron skins from experiments and theory”. In: Phys. Rev. C 86.1, p. 015803. issn:

0556-2813. doi: 10.1103/PhysRevC.86.015803. url: https://link.aps.org/doi/10.1103/PhysRevC.86.015803.

Ragnar Stroberg (Reed College) Observables in Medium-Mass Nuclei July 18, 2018 27 / 28

https://doi.org/10.1006/adnd.1995.1002
https://doi.org/10.1016/0370-2693(92)91404-W
https://doi.org/10.1103/PhysRevLett.109.052501
http://arxiv.org/abs/1112.0287 http://link.aps.org/doi/10.1103/PhysRevLett.109.052501
https://doi.org/10.1103/PhysRevC.90.024325
http://link.aps.org/doi/10.1103/PhysRevC.90.024325
https://doi.org/10.1103/PhysRevC.70.044309
http://link.aps.org/doi/10.1103/PhysRevC.70.044309
https://doi.org/10.1103/PhysRevC.96.014303
http://arxiv.org/abs/1704.02915
http://arxiv.org/abs/1704.02915 http://link.aps.org/doi/10.1103/PhysRevC.96.014303
https://doi.org/10.1103/PhysRevLett.118.032502
http://link.aps.org/doi/10.1103/PhysRevLett.118.032502
https://doi.org/10.1103/PhysRevC.93.024305
https://link.aps.org/doi/10.1103/PhysRevC.93.024305
https://doi.org/10.1103/PhysRevC.86.015803
https://link.aps.org/doi/10.1103/PhysRevC.86.015803


References IV

Weinberg, Steven (1990). “Nuclear forces from chiral lagrangians”. In: Phys. Lett. B 251.2, pp. 288–292. issn: 03702693. doi: 10.1016/0370-2693(90)90938-3.

url: http://www.sciencedirect.com/science/article/pii/0370269390909383.

Ragnar Stroberg (Reed College) Observables in Medium-Mass Nuclei July 18, 2018 28 / 28

https://doi.org/10.1016/0370-2693(90)90938-3
http://www.sciencedirect.com/science/article/pii/0370269390909383

