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Atomic nuclei exhibit many emergent phenomena:

∆Sn = 2B(N,Z) −B(N − 1,Z) −B(N + 1,Z)
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Figure 12: The top panel shows the one-neutron separation energies as a func-
tion of neutron number for even-even nuclei with N > Z. The lines connect
nuclei with the same Z value. The bottom panel shows the differences between
one-neutron separation energies for the same set of even-even nuclei. The dashed
lines show the magic numbers 8, 20, 28, 50, 82 and 126.
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it would be expected that the angular correlation should
oscillate with a period given by jPJ½cosðψÞ�j2. As described
in Refs. [18,19], it is possible to infer from the oscillation
pattern of the data, the spin of the excited state. The
dependence of the yield on the angle ψ is shown in Fig. 3,
in which the data are compared with several Legendre
polynomials. The measured alpha spectrum and angular
correlation clearly point to the existence of a state at 22.4
(2) MeV with Jπ ¼ 5−.
In Fig. 4, we show the rotational band structure in 12C.

The ground state rotational band consisting of the levels 0þ,
2þ, 3−, 4�, and the newly measured 5− state, follow a
JðJ þ 1Þ trajectory. Also, the recently identified rotational

excitations with 2þ [17] and 4þ [18] of the Hoyle state form
a JðJ þ 1Þ sequence, albeit with a larger moment of inertia.
Finally, as we discuss below, the negative parity states
1− and 2− shown in Fig. 4 are assigned as members of the
bending vibration with almost the same moment of inertia
as the Hoyle band.
We present an analysis of the cluster states in 12C in

terms of oblate symmetric top which is a special case of the
algebraic cluster model [1,2]. In this approach, the three
alpha particles are located at the corners of an equilateral
triangle. Their relative motion is described by two
perpendicular Jacobi vectors, ~ρ and ~λ, one vector connect-
ing two points on the triangle and the second one along the
half angle perpendicular to it. The corresponding algebraic
model describing such a system is based on theUð6þ 1Þ ¼
Uð7Þ spectrum-generating algebra [1,2].
Of particular interest is the oblate symmetric top limit

which corresponds to the geometric configuration of three
α particles located at the vertices of an equilateral triangle.
The rotation-vibration wave functions of a triangular
configuration can be written as [1,2]

∣N; ðv1; vl22 Þ; K; LPi: ð1Þ

Here, N is the total number of bosons. The energy spectrum
consists of a series of rotational bands labeled by (v1, v

l2
2 ).

Here, v1 corresponds to the breathing vibration with A
symmetry and v2 to the doubly degenerate bending vibration
with E symmetry; l2 denotes the vibrational angular
momentum of the doubly degenerate vibration, L the angular
momentum,K its projection on the symmetry axis, andP the
parity. Since we do not consider the excitation of the α
particles, the wave functions describing the relative motion
have to be symmetric, i.e., jK∓2l2j ¼ 3m a multiple of 3
[1,2]. This imposes some conditions on the allowed values of
the angular momenta and parity. For vibrational bands with
(v1, 00), the allowed values of the angular momenta and
parity are LP ¼ 0þ; 2þ; 4þ; …, with K ¼ 0 and
LP ¼ 3−; 4−; 5−; …, with K ¼ 3. The threefold symmetry
excludes states with K ¼ 1 and K ¼ 2 and leads to the
lowest predicted LP ¼ 4� parity doublet in the (v1, 00)
vibrational band. The predicted LP ¼ 4� parity doublet both
in the ground band and the Hoyle band is a strong signature
of this model. For the bending vibration with (0, 11), the
rotational sequence is given by LP ¼ 1−; 2−; 3−; 4−;…,
with K ¼ 1, LP ¼ 2þ; 3þ; 4þ;…, with K ¼ 2 and
LP ¼ 4þ;…, with K ¼ 4. The degeneracy of the states
with the same value of the angular momentum L but
different value of K is split by the κ2 term in Eq. (2) [2].
Since in the application to the cluster states of 12C, the
vibrational and rotational energies are of the same order, we
expect sizeable rotation-vibration couplings.
In the Uð7Þ algebraic cluster model, the energy eigen-

values of the oblate top, up to terms quadratic in the
rotation-vibration interaction, are given by:

FIG. 3 (color online). The projection onto the ψ axis of the
angular correlations for the 22.4 MeV state. The data points are
corrected for the acceptance of the detectors and connected with a
(continuous black) line to guide the eye. They are compared with
the Legendre polynomials jP5½cosðψÞ�j2 (dashed blue line) as
well as for l ¼ 4 (dotted red line) and l ¼ 6 (dotted-dashed red
line). Note that due to the unknown m-substate population of the
Jπ ¼ 5− state, the height of the oscillations cannot be predicted,
but the oscillatory phase determines the angular correlation to
arise from a Jπ ¼ 5− state.

FIG. 4 (color online). Rotational band structure of the ground-
state band, the Hoyle band, and the bending vibration in 12C.
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Near the drip-lines: continuum-related emergent phenomena

application of modern optimization and statistical methods, together
with high-performance computing, has revolutionized nuclear DFT
during recent years.

In our study, we use quasi-local Skyrme functionals15 in the
particle–hole channel augmented by the density-dependent, zero-
range pairing term. The commonly used Skyrme EDFs reproduce total
binding energies with a root mean square error of the order of
1–4 MeV (refs 15, 16), and the agreement with the data can be signifi-
cantly improved by adding phenomenological correction terms17. The
Skyrme DFT approach has been successfully tested over the entire
chart of nuclides on a broad range of phenomena, and it usually per-
forms quite well when applied to energy differences (such as S2n), radii
and nuclear deformations. Other well-calibrated mass models include

the microscopic–macroscopic finite-range droplet model (FRDM)18,
the Brussels–Montreal Skyrme–HFB models based on the Hartree–
Fock–Bogoliubov (HFB) method17 and Gogny force models19,20.

Figure 2 illustrates the difficulties with theoretical extrapolations
towards drip lines. Shown are the S2n values for the isotopic chain of
even–even erbium isotopes predicted with different EDF, SLy421, SV-
min13, UNEDF015, UNEDF122, and with the FRDM18 and HFB-2117

models. In the region for which experimental data are available, all
models agree and well reproduce the data. However, the discrepancy
between various predictions steadily grows when moving away from
the region of known nuclei, because the dependence of the effective
force on the neutron-to-proton asymmetry (neutron excess) is poorly
determined. In the example considered, the neutron drip line is
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Figure 2 | Calculated and experimental two-neutron separation energies of
even–even erbium isotopes. Calculations performed in this work using SLy4,
SV-min, UNEDF0 and UNEDF1 functionals are compared to experiment2 and
FRDM18 and HFB-2117 models. The differences between model predictions are
small in the region where data exist (bracketed by vertical arrows) and grow

steadily when extrapolating towards the two-neutron drip line (S2n 5 0). The
bars on the SV-min results indicate statistical errors due to uncertainty in the
coupling constants of the functional. Detailed predictions around S2n 5 0 are
illustrated in the right inset. The left inset depicts the calculated and
experimental two-proton separation energies at N 5 76.

0 40 80 120 160 200 240  280

Neutron number, N

 0

 40

 80

 120

P
ro

to
n 

nu
m

b
er

, Z

Tw
o-proton drip lin

e

Two-neutron drip line

 90

 110

100

Z = 50

Z = 82

N = 50

N = 82

N = 126

N = 20

N = 184

 SV-min 

N = 28

Z = 28

230 244

N = 258
Drip line

Known nuclei

Stable nuclei

S2n = 2 MeV

Z = 20

232 240 248 256

Figure 1 | Nuclear even–even landscape as of 2012. Map of bound even–even
nuclei as a function of Z and N. There are 767 even–even isotopes known
experimentally,2,3 both stable (black squares) and radioactive (green squares).
Mean drip lines and their uncertainties (red) were obtained by averaging the
results of different models. The two-neutron drip line of SV-min (blue) is

shown together with the statistical uncertainties at Z 5 12, 68 and 120 (blue
error bars). The S2n 5 2 MeV line is also shown (brown) together with its
systematic uncertainty (orange). The inset shows the irregular behaviour of the
two-neutron drip line around Z 5 100.
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(66%), argon (32%), nitrogen (1%), and methane (1%).
The primary ionization electrons drift in a uniform electric
field, with a velocity of 0:97 cm=�s, towards a double-
stage amplification structure formed by parallel-mesh flat
electrodes. In the second multiplication stage, emission of
UV photons occurs. After conversion of their wavelength
to the visual range by a thin luminescent foil, these photons
are recorded by a CCD camera and by a photomultiplier
tube (PMT). The camera image represents the projection of
particles’ tracks on the luminescent foil. The signals from
the PMT are digitized with a 50 MHz sampling frequency
providing information on the drift-time which is related to
the position along the axis normal to the image plane. By
changing the potential of an auxiliary gating electrode, the
chamber can be switched between a low sensitivity mode
in which tracks of highly ionizing heavy ions can be
recorded, and a high sensitivity mode used to detect light
particles emitted during the decay. The pioneering research
on gaseous detectors with position sensitive optical readout
was performed by Charpak et al. [18]. To the best of our
knowledge the detector described here represents the first
application of this idea to nuclear physics studies.

The experiment was performed at the National
Superconducting Cyclotron Laboratory at Michigan State
University, East Lansing, USA. Ions of 45Fe were produced
in the reaction of a 58Ni beam at 161 MeV=nucleon, with
average intensity of 15 pnA, impinging on a 800 mg=cm2

thick natural nickel target. The 45Fe fragments were sepa-
rated using the A1900 fragment separator [19] and identi-
fied in flight by using time-of-flight (TOF) and energy-loss
(�E) information for each ion. The TOF was measured
between a plastic scintillator located in the middle focal
plane of the A1900 separator and a thin silicon detector
mounted at the end of the beam line. The silicon detector
also provided the �E signal. Identified ions were slowed
down in an aluminum foil and stopped inside the OTPC.
The acquisition system was triggered selectively when a
45Fe ion was identified. In this way, the corresponding
CCD image and the PMT time profile could be assigned
unambiguously to individual ions. The trigger signal was
also used to switch the OTPC to the high sensitivity mode
and to turn the beam off for a period of about 75 ms to
prevent other ions from entering the detector while waiting
for the decay of the stopped ion.

An example of a recorded radioactive decay event of
45Fe is presented in Fig. 1. A track of 45Fe ion entering the
chamber from left can be seen on the CCD image (top).
After 535 �s, two short and bright tracks occurred which
originated from the end of the 45Fe track. Their length,
inferred from the image and from the time distribution of
the total light intensity measured by the PMT (bottom),
agrees with the value of 2.3 cm expected for protons of
about 0.6 MeV in the counting gas of the OTPC. The CCD
image shown in Fig. 1, supported by the PMT time profile,
represents direct and clear proof of the occurrence of the
2p radioactivity in 45Fe.

Apart from the 2p decay leading to 43Cr, the nucleus
45Fe can also decay by �� transitions to excited states of
45Mn. The decay energy for this disintegration mode is
predicted to be about 18.7 MeV [6] and in consequence
many decay channels involving �-delayed particle emis-
sion are possible. In fact, it is expected that 100% of the��

decays of 45Fe are followed by charged particle emission
and that these particles have energies large enough to
escape the active volume of the OTPC in most cases [6].
Such decay channels, including �-delayed 2p and
�-delayed 3p emission, have also been observed and will
be published separately [20].

In the course of the 9-day experiment, 125 decays of
45Fe were observed, 87 of them proceeding by the direct 2p
emission and 38 by � decay followed by proton emission.
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FIG. 1 (color online). An example of a registered two-proton
decay event of 45Fe. Top: an image recorded by the CCD camera
in a 25 ms exposure. A track of a 45Fe ion entering the chamber
from left is seen. The two bright, short tracks are protons of
approximately 0.6 MeV, emitted 535 �s after the implantation.
Bottom: a part of the time profile of the total light intensity
measured by the PMT (histogram) showing in detail the 2p
emission. Lines show results of the reconstruction procedure
yielding the emission angles # with respect to the axis normal to
the image.
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exotic decay modes

45Fe

halos, Borromean systems

near-threshold
clustering

Low-energy virtual states, many-body resonances...

J. Erler et al., Nature 486, 509 (2012), K. Miernik et al., Phys. Rev. Lett. 99, 192501 (2007).
Figures stolen from A. Gade and M. Płoszajczak.
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Exotic emergent phenomena:
→ provide a unique way to probe properties of nuclear matter,
→ motivation for the exploration of the drip lines.

In the language of effective field theory (EFT):
•An effective separation of scale lies behind each emergent phenomenon.
•There are “natural” degrees of freedom that efficiently describe properties of
the system.

In the language of renormalization group (RG):
•There are low- and high-resolution descriptions of the system related by RG
transformations preserving observables.

Reformulation of fundamental questions in a more precise way:
•Origin of emergent phenomena (conditions)
→ Identifying and quantifying effective scale separations.

•Understand emergent phenomena “microscopically”
→ How to connect low- and high-resolution descriptions of the system

W. Nazarewicz, J. Phys. G 43, 044002 (2016).ANL & FRIB, MSU - Kévin Fossez 4



One of the goals of nuclear theory:
→ Describe consistently all nuclear properties from nucleons as degrees of freedom.

Two main strategies:
•Ab initio approaches. Promise to describe all many-nucleon phenomena as
exactly as possible with nuclear forces as the only input.

•Density functional theory. Could be exact if the “true” energy density func-
tional is found.
→ Great tools to study nuclear forces, minimal input, no ambiguity about the

proper degrees of freedom.
→ Do not provide the insight that identifying emergent scales explicitly gives,

only checks a posteriori that the information about emergent phenomena has
been properly encoded into nuclear forces.

Known issue: nuclei are strongly correlated Fermi systems made of a few up to
over 250 nucleons, and small changes in nuclear forces can and do produce large
changes on binding energies, especially for medium-mass and heavy nuclei.

W. Nazarewicz, J. Phys. G 43, 044002 (2016).ANL & FRIB, MSU - Kévin Fossez 5



To make my point clear:

What precision can we get on nuclear properties given input forces and their uncertainties?
What is the importance of emergent phenomena in the answer?

ANL & FRIB, MSU - Kévin Fossez 6



The nucleon-nucleon (NN) precision wall:

Predictive
power

Precision
∆E

10 MeV 1 MeV 0.1 MeV

“exp.
precision”

ab initio
QMC, NCSM, etc.

A = 2 − 100+

DFT
UNEDF0-2

A = 2 − 300+
phenomenological

shell model
USDB fine-tuned

descriptions

“NN precision wall”
nucleons as d.o.f. clusters/nucleons

as d.o.f.

precision
vs.

predictive power

S. Binder et al., PRC 93, 044002 (2016), PRC 98, 014002 (2018); M. Piarulli et al., PRL 120, 052503 (2018),
E. Epelbaum et al., PRC 99, 024313 (2019); R. Navarro Pérez et al., PRC 97, 054304 (2018)

ANL & FRIB, MSU - Kévin Fossez 7



Origin of the NN precision wall:

NN data
(∆x0 stat.)

NN
interaction

(∆x1 stat./syst.)

many-body
approach with
NN d.o.f.

many-body
observables

(∆x2 stat./syst.)

emergent
phenomena

Claim 1: Emergent phenomena magnify
details of the nuclear interaction making
small stat. uncertainties a problem.

Similar situation in complex system theory:
small ∆input → large ∆output.

Practical limit on ab initio precision?

ANL & FRIB, MSU - Kévin Fossez 8



Origin of the NN precision wall: a way out?

NN, cluster-
nucleon,

many-body data
(∆x0 stat.)

NN, cluster-
nucleon

interaction,
(∆x1 stat./syst.)

many-body
approach

with cluster-
nucleon d.o.f.

many-body
observables

(∆x2 stat./syst.)

emergent
phenomena

Claim 2: By using natural d.o.f., phe-
nomenological approaches “bypass” some
emergent phenomena, increasing their pre-
cision in exchange of an important loss in
predictive power.

→ Connection lost with the NN picture.
Can we recover it?

ANL & FRIB, MSU - Kévin Fossez 9



Connecting the two pictures using EFTs

High-resolution
description

Low-resolution
description

effective
field theory

Predictive
power

Precision
∆E

10 MeV 1 MeV 0.1 MeV

ab initio

DFT
phenomenological

shell model fine-tuned
descriptions

“NN precision wall”
nucleons as d.o.f. clusters/nucleons

as d.o.f.

shell model
EFT?

The shell model
offers the best
deal beyond

the NN picture.
Very successful

approach.

ANL & FRIB, MSU - Kévin Fossez 10



Making the nuclear shell model more fundamental is not a new idea:
→ Essentially three strategies were employed in the past.

1) Nuclear shell model approach as an effective theory. Never extended beyond 3He.
W. C. Haxton et al., Phys. Rev. Lett. 84, 5484 (2000)

2) Shell-model interactions from NN forces. The trade-off between precision and predictive power is not
used, mostly an extension of ab initio theory.

S. Bogner et al., Phys. Rev. C 65, 051301(R) (2002),
J. D. Holt et al., Nucl. Phys. A 733, 153 (2004),
L. Coraggio et al., Phys. Rev. C 2007, 024311 (2007),

S. K Bogner et al., Phys. Rev. Lett. 113, 142501 (2014),
G. R. Jansen et al., Phys. Rev. Lett. 113, 142502 (2014),
S. R. Stroberg et al., Phys. Rev. Lett. 118, 032502 (2017)

3) Core and valence degrees of freedom, and EFT for the core-valence and valence-valence interactions.
•Halo systems (3-body):
J. Rotureau et al., Few-Body Syst. 54, 725 (2013),
C. Ji and et al., Phys. Rev. C 90, 044004 (2014)
•Nuclear shell model (*):
L. Huth et al., Phys. Rev. C 98, 044301 (2018)

D. J. Dean et al., Prog. Part. Nucl. Phys. 53, 419 (2004) S. R. Stroberg et al., Ann. ReV. Nucl. Part. Sci. 69 (2019)ANL & FRIB, MSU - Kévin Fossez 11



Toward an in-medium EFT for the nuclear shell model
→ When does it make sense to assume an effective core?

Scale separation measure in 3-body halo EFT:

αhalo-EFT = SA−Ac

min[Ex(Ac),Sn,p(Ac)]
≈ E remove all valence nucleons

E remove/excite a nucleon from the core
<< 1

•Too restrictive to account for the shell model past achievements.

Tentative shell model scale separation measure:

α1 =
SA

S1(Ac)
≈ E remove a valence nucleon

E remove a nucleon from the core
< 1

•SA = SA−Ac /(A −Ac) and S1(Ac) = [Sn(Ac) + Sp(Ac)]/2.

•The effective core is not really “inert”, small excitations are allowed.

Traditional prescription:
•Large Sn/p(Ac).
•Spherical and coupled to 0+.
•Inert core.
→ Closed-shell nuclei.

C. A. Bertulani et al., Nucl. Phys. A 712, 37 (2002), R. Higa, Few-Body Syst. 50, 251 (2011),
E. Ryberg et al., Phys. Rev. C 89, 014325 (2014), C. Ji et al., Phys. Rev. C 90, 044004 (2014),
J. Rotureau et al., Few-Body Syst. 54, 725 (2013)

ANL & FRIB, MSU - Kévin Fossez 12



The effective core scale separation
→ Some “surprises”.

101 102

A

0.0

0.2

0.4

0.6

0.8

1.0

α
1

4He 16O 40Ca 208Pb

8−19B

5−8He
6−12Li
7−16Be

8−19B
5−7He(Z/N)
17−24O

18−26F
19−30Ne
17−22O(Z/N)

41−58Ca
41−44Ca(Z/N)
209−220Pb •Light and proton-rich nuclei

have good scale separations.

•The scale separation improves
along isotopic chains.

•Very good for “exotic” cores.

→ Suggests a special regime
(link with halo EFT)

Data from the ENSDF database.ANL & FRIB, MSU - Kévin Fossez 13



In-medium valence-space shell model interaction from EFT
→ What can we say about the valence-space interaction?

α1 =
SA

S1(Ac)
→ pA

p1
= premove a valence nucleon

premove a nucleon from the core
≈ 60 − 120MeV
115 − 193MeV

•Remark 1: p1 ∼ mπ ≈ 135 MeV → pionless EFT!
•Remark 2: p1 ∼ mπ >> pc where pc is the minimal momentum required to resolve details of
the core. One has pc ≈ h̵/(2rc) ∼ 23 − 50 MeV, with rc = 1.25A

1
3
c and Ac = 4 − 40.

Consequence:
→ Regime of halo structures reached for 0 < p < pc .
→ Regime of low-lying collective excitations reached for pc < p < pA (i.e. rc > r >> 1.4 fm).
→ Regime of shell-model structures (only) reached for pA < p < p1.

Convention: The low end of the momentum range given by pc defines the halo EFT limit.

S. Weinberg, Nucl. Phys. B 363, 3 (1991), C. Ordóñez et al., Phys. Rev. Lett. 72, 1982 (1994),
C. Ordóñez et al., Phys. Rev. C 53, 2086 (1996), E. Epelbaum et al., Rev. Mod. Phys. 81, 1773 (2009)

ANL & FRIB, MSU - Kévin Fossez 14



Some reasons to be optimistic
→ Pionless EFT including core-valence terms and a long-range contribution in the sd space.L. HUTH, V. DURANT, J. SIMONIS, AND A. SCHWENK PHYSICAL REVIEW C 98, 044301 (2018)

FIG. 3. Graphical representation of the RMS deviation from experiment for each fitted nucleus in the sd shell. The figure shows the results
for the chiral shell-model interactions at LO (left), NLO (middle), and NLOvs(right). The color coding of the RMS deviation is given in the bar
on the right. Isotopes with a small RMS deviation are colored green, while those with a large deviation are colored red. Each square shows the
isotope label and the number of fitted states in the bottom right corner. The text color changes from black to white for RMS deviations larger
than 0.7 MeV.

follows:

χ2 = 1

N − p

N∑
i=1

(
E

exp
i − Eth

i

σi

)2

, (7)

where N is the total number of states and p the number of
parameters (LECs) in the fit. The experimental energy E

exp
i is

taken from the data set mentioned above, and the theoretical
result Eth

i is obtained by diagonalizing the valence-space
Hamiltonian. For this, we use the shell-model code ANTOINE

[2,25]. The uncertainty σi is given by σ 2
i = (σ exp

i )2 + (σ th
i )2,

where we take the experimental uncertainty from the data set
and for the theoretical uncertainty we use a constant value
σ th

i = 0.1 MeV as in Ref. [4]. In future work, we will also
propagate the uncertainty from the EFT expansion, which we
explore here first after the fits in Sec. IV A. For the opti-
mization, we use the linear combination method, described
in Ref. [4]. The routine shows a fast and stable convergence,
but requires a linear dependence on our LECs, which rules out
uncertainty estimates that explicitly depend on the parameters.
We have also checked that the fit is stable under further
optimization with the POUNDERS algorithm [26,27] or using
the Nelder-Mead method [28]. Finally, we have considered
several starting points for the fits: all LECs set to zero; starting
from LECs fit to reproduce the USDA/B interactions; and
starting from LECs fit to reproduce MBPT TBME from chiral
NN + 3N interactions. We have observed that the fits based
on these starting points all lead to the same minimum.

As our theoretical uncertainty has no statistical interpreta-
tion, neither does the resulting χ2 value, and thus we instead
compare the RMS deviation to experiment for different inter-
actions. The RMS deviation is given by

RMS =
√√√√ 1

N

N∑
i=1

(
E

exp
i − Eth

i

)2
. (8)

C. Overview of comparison with experiment

In Fig. 3 we show the RMS deviation from experiment for
each fitted nucleus in the sd shell for the chiral shell-model
interactions at LO (left), NLO (middle), and NLOvs (right).
The RMS deviation is given by a color coding that ranges from
0 MeV (green) to 1 MeV (red). The results show a striking
improvement from LO to NLO and a further improvement
from NLO to NLOvs, where at NLOvs there are only a few
outliers with large RMS deviations. This demonstrates the
impact of the new CM-dependent operators.

We also show a quantitative overview of the comparison
with experiment in Fig. 4. The figure is divided into two rows,
where the upper row shows the difference between theoretical
and experimental ground-state energies and the lower row is
for the difference between theoretical and experimental exci-
tation energies. The columns show again the results for the
LO (left), NLO (middle), and NLOvs (right) shell-model in-
teractions. The gray (orange) bands show the σ (2σ ) intervals
given by the RMS deviation. The order-by-order improvement
from LO to NLO and from NLO to NLOvs, already seen
globally in Fig. 3, is clearly visible from the decreasing σ
bands from left to right and from the systematically decreasing
individual energy differences. Overall, we observe a very
good reproduction of experiment at NLOvs.

The results for the ground-state energies at LO in Fig. 4
show a systematic deviation from experiment with increasing
neutron richness, especially for the oxygen to silicon isotopes,
where the LO shell-model interaction leads to overbound
states with respect to experiment. This trend seems to be
resolved at NLO, where no clear pattern is visible. However,
at NLOvs there is again a deficiency in the isospin dependence
for the neon to aluminum isotopic chains. It will be interesting
to see whether this will be improved at N2LO, and whether
this can be traced back to the inclusion of three-nucleon forces
[29], which enter at N2LO.

Systematic trends of this type are not visible in the energy
differences for the excited states in Fig. 4. Note that the

044301-4

•Precision on binding energy of about 500 keV at NLOvs.
•Long-range contribution probably useless (see previous arguments).
•Small model space and monople correction used.
•Pionless EFT used as an in-medium interaction implicitely.

L. Huth et al., Phys. Rev. C 98, 044301 (2018)ANL & FRIB, MSU - Kévin Fossez 15



In-medium valence-space shell model interaction from EFT
→ How to make the interaction explicitely in-medium?

For p < p1 ∼ mπ the effective valence-space interaction ≈ pionless EFT, but it is not explicitely
an in-medium interaction.

Landau’s Fermi liquid theory:
•Effective theory at the surface of an infinite Fermi system (around pF ).
•Assumes that individual momenta of fermions satisfy pi = pF + δpi with δpi << pF .
→ Problems: pF ∼ 250 MeV and interaction formulated using relative momenta p = pi − pj .

Solution: Expand relative momenta around a finite momentum p0.
•We have p → p − p0 (idem p′) and so q = p′ − p → q and k = (p′ + p)/2→ k − p0.
•Example: k2:

(k − p0)2 = k2 − 2kp0 + p2
0 ∼ Q2 (1 + p0

Q
+ (p0

Q
)
2
) Introduce a new power counting

where p0 ∼ cdim
√p1 ∼ pc !

L. D. Landau, Sov. Phys. JETP 3, 920 (1957), L. D. Landau, Sov. Phys. JETP 5, 101 (1957),
L. D. Landau, Sov. Phys. JETP 8, 70 (1959), R. Shankar, Rev. Mod. Phys. 66, 129 (1994)

ANL & FRIB, MSU - Kévin Fossez 16



Pionless EFT around a finite momentum
→ Average contributions around p0.

V̂ (µ=0) = V̂ (ν=0) = CS + CT σ1.σ2

V̂ (µ=1) = (C2+C4σ1.σ2)p2
0+C7(σ1.p0)(σ2.p0)

V̂ (µ=3/2) = −2(C2 + C4σ1.σ2)k.p0 − i C5

2 (σ1 +σ2).(q × p0)

− C7 [(σ1.p0)(σ2.k) + (σ1.k)(σ2.p0)]

V̂ (µ=2) = C1q2 + C2k2 + (C3q2 + C4k2)σ1.σ2

+ i C5

2 (σ1 +σ2).(q × k)

+ C6(σ1.q)(σ2.q) + C7(σ1.k)(σ2.k)
+D2p4

0 +D14p2
0(σ1.p0)(σ2.p0)

LO NLO N2LO N3LO
ν = 0 ν = 2 ν = 4 ν = 6

µ = 0 x
µ = 1/2
µ = 1 x
µ = 3/2 x
µ = 2 x x
µ = 5/2 x
µ = 3 x x
µ = 7/2 x x
µ = 4 x x
µ = 9/2 x
µ = 5 x
µ = 11/2 x
µ = 6 x

ANL & FRIB, MSU - Kévin Fossez 17



In-medium valence-space shell model interaction from EFT

0

p0
∼ 11 − 14 MeV

p1
∼ 115 − 193 MeV

mπ

∼ 135 MeV

pA
∼ 60 − 120 MeVpc

∼ 15 − 50 MeV

pF
∼ 250 MeV

halo EFT
limit

“shell model
EFT”

ab initio
& DFT

ab initio
only?

Shell model EFT can be seen as pionless EFT re-expanded around the halo-EFT limit.

ANL & FRIB, MSU - Kévin Fossez 18



Take home message:
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Thank you for your attention!

Michigan State University:
•J. Rotureau.
•H. Hergert.
•S. Bogner.
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Coordinate space representation

•Simplest choice: p0 = p0ur along the relative postion of two nucleons.

V̂ (µ=0)(r) = (CS + CT σ1.σ2)δ(3)(r)

V̂ (µ=1)(r) = (C2 + C4σ1.σ2)p2
0δ
(3)(r) + C7p2

0(σ1.ur)(σ2.ur)δ(3)(r)

V̂ (µ=3/2)(r) = −i(C2 + C4σ1.σ2)p0∇rδ
(3)(r)

V̂ (µ=2)(r) = V̂ (ν=2)(r) +D2p4
0δ
(3)(r) +D14p4

0(σ1.ur)(σ2.ur)δ(3)(r)

•In the interaction channel c = (T = 1,S = 0,L = 0):

V̂ (µ=0,c)(r) = (CS − 3CT )δ(3)(r)

V̂ (µ=1,c)(r) = (C2 − 3C4 −
1
3C7)p2

0δ
(3)(r)

V̂ (µ=3/2,c)(r) = (C2 − 3C4)p0∇rδ
(3)(r)

V̂ (µ=2,c)(r) = V̂ (ν=2,c)(r) + (D2 −D14)p4
0δ
(3)(r)

Two extra terms below NLO (ν = 2). We
largely recovered the phenomenological in-
teraction at µ = 3/2.

ANL & FRIB, MSU - Kévin Fossez



Very preliminary (incomplete) results

•LO (µ = 0), c = (T = 1,S = 0,L = 0), 6He, E in MeV and Γ in keV, LECs not renormalized.

rc (fm) CS − 3CT E(0+) E(2+) Γ(2+)
0.6 -600 -0.987 1.329 708
0.8 -795 -0.977 1.250 549
1.0 -1010 -0.984 1.172 422
1.2 -1250 -0.967 1.098 327
1.4 -1525 -0.965 1.029 253
1.6 -1835 -0.969 0.969 198
1.8 -2180 -0.975 0.912 159

-0.972 0.824 113

•N2LO (µ = 3/2): rc = 1.2 fm, CS − 3CT = −1137, C2 − 3C4 = 742, C7 = 365, p0 = 0.9886. 8He only at 2p2h.
Eth Eexp Γth Γexp

6He E(0+) = −1.05 -0.972
7He E(3/2−) = −0.427 -0.527 Γ(3/2−) = 188 150
8He E(0+) = −3.03 -3.10 Γ(0+) < 0
8He E(2+) = 0.210 0.0 Γ(2+) = 584 600

But for rc = 1.2 fm:
Eth Eexp Γth Γexp

7He E(3/2−) = −0.186 -0.527 Γ(3/2−) = 144 150
7He E(1/2−) = 0.785 ∼ 0.84 Γ(3/2−) = 2777 ∼ 2150
8He E(0+) = −2.592 -3.10 Γ(0+) < 0
8He E(2+) = 0.723 0.0 Γ(2+) = 1002 600

The interaction is still being implemented
and tested in the sp space (continuum).
Only 6He g.s. optimized.

ANL & FRIB, MSU - Kévin Fossez



The problem of the core: scales in the shell-model picture

0 10 20 30 40 50 60

A

0.0

0.2

0.4

0.6

0.8

1.0

α
1

5−8He
6−12Li
7−16Be
8−19B

5−7He(Z ↔ N)
17−24O
18−26F
19−30Ne

17−22O(Z ↔ N)
41−58Ca
41−44Ca(Z ↔ N)

A new shell-model scale at the drip lines?
Isotope α1

5He -0.04
6He 0.02
7He 0.01
8He 0.04

Isotope α1
15C 0.08
16C 0.19
17C 0.14
18C 0.18
19C 0.15
20C 0.16
21C 0.14
22C 0.12

Isotope α1
25O -0.05
26O -0.02

SM

exotic-SM/
halo-EFT

By design α1 ∝ E/A for large A.

Data from the ENSDF database.ANL & FRIB, MSU - Kévin Fossez
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