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“All the matter that makes up all the living organisms and ecosystems, 
planets and stars, throughout every galaxy in the universe, is made of 
atoms, and 99.9% of the mass of all the atoms in the (visible) universe 
comes from the nuclei at their centers which are over 10,000 times smaller 
in diameter than the atoms themselves”  

    NRC Decadal Study Report 

•  Introduction 
o  Questions  
o  Principles 

•  Science 
•  Perspectives 



Philip Bredesen, Governor of Tennessee 2003-2011, PAC05 welcome address 
(he earned a bachelor's degree in physics in 1967 from Harvard University in 1967) 

“People who truly understand something, who truly have command of a subject, 
can explain it at some level to anyone who asks and is willing to try to understand 
an answer. The point is that if you were asked about something and had to resort to 
that's all very complicated and until you take a course in differential equations and 
then give me a blackboard I can't possibly make you understand, that that was more 
often a signal of a failure of the physicist to have a real command of the issue than 
of the failure of the person asking the question.	



We are doing an inadequate job of explaining why what we do is 
important 

I have adapted it to my own life is the "Wal-Mart Test." When I propose to take 
some course of action in the public sector, I do a thought experiment and imagine 
how I will explain it to the Wal-Mart checkout person. Let me clear that I don't 
mean in any way dumbing-down the idea, I mean taking the principle that if I 
understand well enough what I am doing, I can cogently explain it to another human 
being with a different reference point. If I can successfully do this thought 
experiment, I have the makings of a plan.”	



What about YOU? 



The Nuclear Landscape 
•  QCD transition (color singlets formed): 10 ms 

after Big Bang (13.8 billion years ago) 
•  D, 3,4He, 7Be/7Li formed 3-50 min after Big 

Bang 
•  Other nuclei born later in heavy stars and 

supernovae 

The Nuclear Landscape and the Big Questions (NAS report) 

•  How did visible matter come into being and how does it 
evolve? (origin of nuclei and atoms) 

•  How does subatomic matter organize itself and what 
phenomena emerge? (self-organization) 

•  Are the fundamental interactions that are basic to the 
structure of matter fully understood? 

•  How can the knowledge and technological progress 
provided by nuclear physics best be used to benefit society? 



How did visible matter come into being and how 
does it evolve? 

The radioactive galaxy demonstrates the continuing formation of new 
radioactive isotopes. 

26Al distribution 
along galactic 

plane 
 

T=7.2·105 yr 
Eγ=1.809 MeV 

A 'snapshot' view of ongoing nucleosynthesis in the Galaxy 
by COMPTEL and INTEGRAL…  



Reaction networks 
(captures, decays) 

rp-process 

r-process 

n-star crust 
processes 

Chandra 

Swift 

Keck 

Hubble 

Apache Point 

LSST 
(High Priority ASTRO 2010) 

LOFT (early 2020s ?, ESA) 

How are atoms cooked in the Cosmos? 
Chemical evolution 

FRIB, FAIR, RIBF, … 

NuSTAR 
 

Most elements are created in violent stellar 
explosions, and orbiting telescopes are 
capable of measuring these creation rates. 
 
To interpret observations, however, we must 
understand reactions occurring in stellar 
explosions that create and destroy rare 
isotopes. 
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The radioactive galaxy demonstrates the continuing formation of new 
radioactive isotopes 



Nuclear structure 
Nuclear reactions 
New standard model 

Hot and dense quark-gluon matter 
 
Hadron structure 

Applications of nuclear science 

Hadron-Nuclear interface 
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DFT 

collective 
models 

CI 

ab initio 

LQCD 

quark 
models 

scale 
separation 

To explain, predict, use… 

How are nuclei made? 
Origin of elements, isotopes 



11Li 
100Sn 
240Pu  
298U 

Theory of nuclei is demanding 

Input 
Forces, operators 

•  rooted in QCD 
•  insights from EFT 
•  many-body interactions 
•  in-medium renormalization 
•  microscopic functionals 
•  low-energy coupling constants 

optimized to data 
•  crucial insights from exotic 

nuclei 

Many-body 
dynamics  

•  many-body techniques 
o  direct ab initio schemes  
o  microscopic CI 
o  nuclear DFT  

•  high-performance computing 

Open  
channels 

•  nuclear structure impacted by couplings 
to reaction and decay channels 

•  clustering, alpha decay, and fission still 
remain major challenges for theory 

•  unified picture of structure and reactions 



The frontier: neutron-rich calcium isotopes 
probing nuclear forces and shell structure in a neutron-rich medium  

RIBF@RIKEN 
Steppenbeck et al 
Natrure (2013) 
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TABLE I. Measured average frequency ratios R̄ and mass excess (ME) with total error of 51,52Ca and 51K, compared to the
AME2003 mass excess. The * indicates that the AME2003 value for 51K is based on an extrapolation.

Isotope Reference R̄ = ⌫c,ref/⌫c ME (keV) MEAME03 (keV) ME�MEAME03 (keV)
51Ca 58Ni 0.87961718(42) �36338.9(22.7) �35863.3(93.8) �475.6(96.5)
52Ca 58Ni 0.89691649(187) �34260.0(101.0) �32509.1(698.6) �1751.0
52Ca 52Cr 1.00043782(158) �34235.8(76.4) same �1726.7

52Ca Average: �34244.6(61.0) same �1735.5(701.3)
51K 51V 1.00062561(28) �22516.3(13.1) �22002.0(503.0)⇤ �514.3(503.2)
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FIG. 2. (Color online) Two-neutron separation energy S2n as
a function of neutron number N for the potassium (circles),
calcium (square), and scandium (triangles) isotopic chains.
Points enclosed by a circle are not based completely on ex-
perimental values in AME2003. The symbols connected by a
dotted line are based on the TITAN mass values (mass val-
ues for 49,50Ca and 47�50K are taken from Ref. [16]), while the
symbols connected by solid lines are those from the AME2003.

transfer reactions. However, the uncertainties reported
are 2–10 times larger than those obtained from the re-
actions. All masses tabulated in the AME2003 disagree
with the presented measurement by more than 1�. More
recently, a TOF mass measurement was completed at the
GSI storage ring [35]. This does not agree with any of
the previous measurements and deviates by 1.3� from
the value presented in this Letter. For 52Ca, the existing
mass value is derived from a TOF measurement [28] and
a �-decay measurement to 52Sc [36]. Neither measure-
ment agrees with our precision mass. No experimental
data exists for the mass of 51K.

Our new TITAN mass measurements for 51,52Ca and
51K are presented in Table I. The mass of 51Ca devi-
ates by 5� from the AME2003 and is more bound by
0.5 MeV. We find a similar increase in binding for 51K
compared to the AME2003 extrapolation. For the most
neutron-rich 52Ca isotope measured, the mass is more
bound by 1.74 MeV compared to the present mass table.
This dramatic increase in binding leads to a pronounced
change of the derived two-neutron separation energy S

2n

in the vicinity of N = 32, as shown in Fig. 2. The re-

sulting behavior of S
2n in the potassium and calcium

isotopic chains with increasing neutron number is signif-
icantly flatter from N = 30 to N = 32. This also dif-
fers from the scandium isotopes, derived from previously
measured mass excess with large uncertainties or from
the AME2003 extrapolation. The increased binding for
the potassium and calcium isotopes may indicate the de-
velopment of a significant subshell gap at N = 32, in line
with the observed high 2+ excitation energy in 52Ca[36].

Three-nucleon forces have been unambiguously estab-
lished in light nuclei, but only recently explored in
medium-mass nuclei [2, 6, 7, 37, 38]. These advances
have been driven by chiral e↵ective field theory, which
provides a systematic expansion for NN, 3N and higher-
body forces [39], combined with renormalization group
methods to evolve nuclear forces to lower resolution [40].

We follow Ref. [6] and calculate the two-body inter-
actions among valence neutrons in the extended pfg

9/2

shell on top of a 40Ca core, taking into account valence-
core interactions in 13 major shells based on a chiral
N3LO NN potential evolved to low-momentum. Chiral
3N forces are included at N2LO, where the two shorter-
range 3N couplings have been fit to the 3H binding en-
ergy and the 4He charge radius. For valence neutrons
the dominant contribution is due to the long-range two-
pion-exchange part of 3N forces [2, 6]. In Ref. [6], the
normal-ordered one- and two-body parts of 3N forces
were included to first order, and an increased binding
in the vicinity of N = 32 was predicted. Here, we im-
prove the calculation by including the one- and two-body
parts of 3N forces in 5 major shells to third order, on an
equal footing as NN interactions. This takes into ac-
count the e↵ect of 3N forces between nucleons occupying
orbits above and below the valence space. For the single-
particle energies (SPEs) in 41Ca, we study two cases: The
SPEs obtained by solving the Dyson equation, where the
self-energy is calculated consistently in many-body per-
turbation theory (MBPT) to third order; and empirical
(emp) SPEs where the pf -orbit energies are taken from
Ref. [4] and the g

9/2

energy is set to �1.0 MeV.

In Fig. 3 we compare the theoretical results obtained
from exact diagonalizations in the valence space to the
TITAN and AME2003 values for the two-neutron sep-
aration energy and for the neutron pairing gap calcu-

lated from three-point binding-energy di↵erences, �(3)

n =

TITAN@TRIUMF 
Gallant et al, PRL (2012) 

CC theory 
Hagen et al., PRL (2012) 

�
��
���
	�
�

�	��
�����
�	


44 48 52

0

4

2

��

DFT theory 
Erler et al., Nature (2012) 

52Ca mass 
54Ca mass 

54Ca 2+ 

54Ca: 20 protons, 34 neutrons 
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Assessing the limits of the nuclear landscape 

Erler et al. 
Nature 486, 509 (2012)  



Quantified Nuclear Landscape (2) 
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How does subatomic matter organize itself and what phenomena emerge? 

Shell energy 

Lattimer,  
Annu. Rev. Nucl. Part. Sci. 
62, 485 (2012) 
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What is the nature of extended nucleonic matter? 
 

Exploring connection between neutron rich matter 
in the Cosmos and in the laboratory through 
isovector (N-Z) observables (skins, T=1 modes, 
electric dipole polarizability…). 

What do regular patterns in the behavior of 
nuclei tell us about the nature of nuclear forces? 

 
Studies of regularities and periodicities of nuclear 
shells in neutron-rich and superheavy nuclei.  

M. Bender et al.  
Phys. Lett. B 515, 42 (2001) 



Bohr’s picture still serves 
as an elucidation of the 
physical and chemical 
properties of the elements. 

Revising textbooks on nuclear shell model… 

1949!

Nobel Prize 1963!
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How does subatomic matter organize itself and what phenomena emerge? 
(cont.) 

What is the nature of emergent phenomena in 
atomic nuclei? Nucleonic pairing in various spin 
and isospin channels; in finite nuclei and extended 
nucleonic matter. New collective modes related to 
skins and angular momentum. The large-amplitude 
collective motion, such as fission and shape 
coexistence. 
 
How can finite nuclei exhibit phase transitional 
behavior? Phase transitions between regions 
characterized by different many-body symmetries. 
Critical- and triple point searches as a function of 
particle number, spin, and temperature. Re-entrant 
phenomena. 
 
How can nuclear structure and reactions be 
described in a unified way? Understanding the role 
of the quantum openness in nuclei.  Elucidating the 
role of reaction thresholds on appearance of 
collective cluster states. 
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Proposed by Hoyle 1953… 
Experiment: 
ISOLDE, iThemba, HIγS, RCNP, 
ANU, ANL, Aarhus, JYFL, KVI, 
Birmingham… 
THEORY: 
JUGENE, ALCF 



The landscape of two-proton radioactivity 
E. Olsen et al,  

PRL 111, 139903 (2013); E: PRL 111, 139903 (2013) 

New	
  terra	
  incognita	
  

se
qu

en
0a

l	
  
sim

ul
ta
ne

ou
s	
  

NSCL	
  

48Ni 
2p 

GSI	
  -­‐	
  FRS	
  

31Ar  β3p 

ISOLDE	
  

6He   α +	
  d	
  



8 9 10 11 12 13 14 15
R (km)

0

1

2

M
 (M

so
la

r)

�l �

�l �

1.4 

1.97(4) 

NN

�l �

�l
�

0.30 fm

0.15 fm

l�

N
N

+NNN

Gandolfi et al. PRC85, 032801 (2012) 

SV-min

CAB=0.82

0.8 0.9 1.1 1.21.0
R(1.4 M  )/R.

_

R sk
in

(20
8 Pb

)/R
sk

in

_

0.8

0.9

1.1

1.2

1.0

The covariance ellipsoid for the 
neutron skin Rskin in 208Pb and the 
radius of a 1.4M⊙ neutron star.  
The mean values are: R(1.4M⊙ )=10 
km and Rskin= 0.17 fm. 

J. Erler et al., PRC 87, 044320 (2013) 

From nuclei to neutron stars (a multiscale problem) 

Major uncertainty: density 
dependence of the symmetry 
energy. Depends on T=3/2 3N 
forces 
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Limits of Mass and Charge: Superheavies 

	
  
A/Z	
  

	
  
Setup	
  

	
  
Laboratory	
  

	
  
Publica4on	
  

	
  
283112	
   SHIP	
   GSI	
  Darmstadt	
  

	
  
Eur.	
  Phys.	
  J.	
  A32,	
  251	
  (2007)	
  

283112	
   COLD	
   PSI-­‐FLNR	
  (JINR)	
  
	
  

Nature	
  447,	
  72	
  (2007)	
  

286,	
  287114	
  
	
  

BGS	
   LBNL	
  (Berkeley)	
   P.R.	
  LeU.	
  103,	
  132502	
  (2009)	
  

288,	
  289114	
  
	
  

292,	
  293116	
  

TASCA	
  
	
  

SHIP	
  

GSI	
  –	
  Mainz	
  
	
  

GSI	
  Darmstadt	
  

P.R.	
  LeU.	
  104,	
  	
  252701	
  (2010)	
  
	
  

Eur.	
  Phys.	
  J.	
  A48,	
  62	
  (2012)	
  
	
  

294117	
  
287,288115	
  

TASCA	
  
TASISpec	
  

GSI	
  –	
  Mainz	
  
	
  

	
  P.R.	
  LeU.	
  111,	
  112502	
  (2013)	
  

294117	
  
	
  

TASCA	
   GSI	
  –	
  Mainz	
   Feb.	
  2014	
  



Towards long-lived Superheavy Nuclei 

long-lived SHE 

S. Cwiok, P.H. Heenen, W. Nazarewicz 
Nature, 433, 705 (2005) 
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Are the fundamental interactions that are basic to the structure 
of matter fully understood? 

Rare isotopes with enhanced sensitivity to fundamental symmetries provide 
opportunities for discovering new physics beyond the Standard Model 

Experimental tests of the Standard Model 
•  Searches of atomic EDM in rare isotopes 
•  Tests of parity violation (anapole moment of Fr) 
•  Studies of superallowed β decays in N≃Z nuclei to test the CKM matrix 

unitarity 
•  β-ν angular correlation for the search of exotic scalar and tensor couplings 
•  Measurement of asymmetry-longitudinal polarization correlation in β decay 

to test deviations from maximal parity violation  
 
Nuclear structure calculations relevant to SM tests 
•  Isospin mixing corrections for superallowed beta decays 
•  Calculations of nuclear anapole moments for parity violation tests 
•  Calculations of Schiff moments for atomic EDM searches 
•  Calculations of nuclear 2νββ  and 0νββ matrix elements and comparison 

with observables  
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Rare Isotopes and fundamental symmetry tests 
Superallowed Fermi 0+ →0+ β-decays            Atomic electric dipole moment 

ANL 
ISOLDE 
Jyväskylä 
Munich 
NSCL 
TAMU 
TRIUMF… 
Warsaw, Tennessee.. 

|Vud|2 + |Vus|2 + |Vub|2 = 0.99935(67)

The violation of CP-symmetry is 
responsible for the fact that the Universe 
is dominated by matter over anti-matter 

•  Closely spaced parity doublet gives rise 
to enhanced electric dipole moment  

•  Large intrinsic Schiff moment 
•  199Hg (Seattle, 1980’s – present) 
•  225Ra (Starting at ANL and KVI) 
•  223Rn at TRIUMF 
•  Potential at FRIB (1012/s w ISOL target 

(far future); 1010 initially 



Experiment 



PERFORMANCE DEVELOPMENT PROJECTED
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NOVEMBER  2013

1teraflop=1012 flops 
1peta=1015 flops (today) 
1exa=1018 flops (next 10 years) 

Tremendous opportunities 
for nuclear theory! 

33.9 pflops  

Theoretical Tools and Connections to Computational Science 
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• Experimental data are well 
reproduced by theory over 
the whole range of 
momentum transfers;

• Two-body terms become 
appreciable only for q > 3 
fm−1, where they interfere 
destructively with the one-
body contributions bringing 
theory into closer 
agreement with experiment.
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• Data from M. Chernykh et al., Phys. Rev. Lett. 105, 022501 (2010)

• Right panel [ftr(k)/k2] proportional to M(E0) at k = 0

• Large errors at small k due to large Monte Carlo errors

• Can get better value at k = 0 by computing
R

drr2r2⇢tr(r)

• Results with best 0+
2 wave function in good agreement with data

12C: ground state and Hoyle state 
state-of-the-art computing 

Epelbaum et al., Phys. Rev. Lett. 109, 
252501 (2012). Lattice EFT 
Lahde et al., Phys. Lett. B 732, 110 (2014). 

Pieper et al., QMC 

Wiringa et al.  Phys. Rev. C 89, 
024305 (2014); A. Lovato et al., 
Phys. Rev. Lett. 112, 182502 (2014) 
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Experimental context: some thoughts… 
• Beam time is difficult to get and expensive. Theory should 
be more involved in assessing the impact of planned runs and 
projects. 

•  Helping planning future experiments and experimental programs 
•  Assessing the uniqueness and usefulness of an observable, i.e., its 

information content with respect to current theoretical models 
•  Are estimated errors of measured observables meaningful? 
•  What experimental data are crucial for better constraining current 

nuclear models? 
• New technologies are essential for providing predictive 
capability, to estimate uncertainties, and to assess 
extrapolations 

•  Theoretical models are often applied to entirely new nuclear systems 
and conditions that are not accessible to experiment 
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Information content of future measurements 
Nuclear theory is developing tools to deliver uncertainty quantification and error 
analysis for the assessment of new experimental data. Theoretical tools can also be 
used to assess the information content of an observable with respect to current 
theoretical models, and evaluate the degree of correlation between different 
observables.  

M.	
  Kortelainen	
  et	
  al.,	
  Phys.	
  Rev.	
  C	
  88,	
  031305	
  (2013)	
  



"It is exceedingly difficult to make predictions, particularly about the 
future” (Niels Bohr) 



Some Anticipated NS/NA Greatest Hits: next 20 years  

•  We will know the site of the r-process 

•  We will understand the weak interaction rates that drive electron-capture supernovae 

•  We will understand the origin of the abundance patterns seen in the oldest observable 
stars 

•  We will know the nuclear equation of state for normal and neutron matter from 0.1 to 
twice the saturation density 

 
•  We will have predictive theory — based on forces firmly rooted in QCD — that will tell 

us the limits of isotopes and elements 
 
•  We will know if long-lived superheavy elements exist in nature 
 
•  We will understand the mechanism of clustering and other aspects of open many-

body systems 
 
•  We will have a quantitative microscopic model of light-ion fusion and heavy-nuclei 

fission that will provide the missing data for nuclear security, astrophysics, and energy 
research  

 
•  We will improve the sensitivity of EDM searches in atoms by one to two orders of 

magnitude over current limits 

•  We will compute essential nuclear matric elements for fundamental symmetry tests in 
nuclei 



Big science has had a great run for the last 60 years: Manhattan 
project, Sputnik and space exploration, the explosion and 
excitement of particle physics and accelerator; the rationale was 
obvious and easy. But those rationales are getting long in the tooth 
now, and need to be reinvigorated.	


	


(...) the reality is that resources are scarce, the reality is that big 
science needs resources that only the government can supply, and 
the reality is that those scarce resources will go to those things that 
ordinary citizens think are important to themselves and to their 
children and to our nation. That's our job, to remake that connection 
in the 21st century.	


	


There's nothing wrong or demeaning in this; even Michelangelo 
had patrons who had a seat at the table and needed to be satisfied.	



Philip Bredesen, cont. 



Outlook  

• Cool  
• Deals with fundamental and complex 
•  Interdisciplinary 
• Relevant 

The study of atomic nuclei makes the connection between the 
fundamental building block of matter, complex systems, and the cosmos 

•  Significant progress and discoveries worldwide in the physics of nuclei 
and nuclear astrophysics 

•  Comprehensive and validated theory of nuclei on the horizon 
•  World-class science program 

Thank You 
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http://physics.aps.org/articles/v3/44 

…as seen by the QCD phase diagram …as seen by astrophysicists 

Pethick and Ravenhall, Annu. Rev. Nucl. Part. 
Sci. 45, 429 (1995) 

The	
  Nuclear	
  Landscape…	
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The Grand Nuclear Landscape 
(finite nuclei + extended nucleonic matter) 
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Prog. Part. Nucl. Phys. 59, 432 (2007) 

€ 

λn ~ Δ n



Beane et al. PRL 97, 012001 (2006) 

The challenge and the prospect: 
NN scattering on Lattice 



Optimizing the nuclear force 
input matters: garbage in, garbage out 

A. Ekström et al.,  Phys. Rev. Lett. 110, 192502 (2013) 

•  The derivative-free minimizer POUNDERS 
was used to systematically optimize NNLO 
chiral potentials 

•  The optimization of the new interaction 
NNLOopt yields a χ2/datum ≈ 1 for laboratory 
NN scattering energies below 125 MeV. The 
new interaction yields very good agreement 
with binding energies and radii for A=3,4 
nuclei and oxygen isotopes 

•  Ongoing: Optimization of NN + 3NF 
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http://science.energy.gov/np/highlights/2014/np-2014-05-e/ 

•  Used a coarse-grained representation of the 
short-distance interactions with 30 
parameters 

•  The optimization of a chiral interaction in 
NNLO yields a χ2/datum ≈ 1 for a mutually 
consistent set of 6713 NN scattering data 

•  Covariance matrix yields correlation between 
LECCs and predictions with error bars. 

Navarro Perez, Amaro, Arriola,  
Phys. Rev. C 89, 024004 (2014) and  
arXiv:1406.0625 
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COARSE-GRAINED NN POTENTIAL WITH CHIRAL . . . PHYSICAL REVIEW C 89, 024004 (2014)

TABLE VII. Deuteron static properties compared with empirical/recommended values and high-quality potential calculations. We list
binding energy Ed , asymptotic D/S ratio η, asymptotic S-wave amplitude AS , mean-squared matter radius rm, quadrupole moment QD ,
D-wave probability PD , and inverse matter radius 〈r−1〉.

This work Emp./Rec. [36–41] δ shell [15] Nijm I [9] Nijm II [9] Reid93 [9] AV18 [10] CD-Bonn [11]

Ed (MeV) Input 2.224575(9) Input Input Input Input Input Input
η 0.02473(4) 0.0256(5) 0.02493(8) 0.02534 0.02521 0.02514 0.0250 0.0256
AS (fm1/2) 0.8854(2) 0.8845(8) 0.8829(4) 0.8841 0.8845 0.8853 0.8850 0.8846
rm (fm) 1.9689(4) 1.971(6) 1.9645(9) 1.9666 1.9675 1.9686 1.967 1.966
QD (fm2) 0.2658(5) 0.2859(3) 0.2679(9) 0.2719 0.2707 0.2703 0.270 0.270
PD 5.30(3) 5.67(4) 5.62(5) 5.664 5.635 5.699 5.76 4.85
〈r−1〉 (fm−1) 0.4542(2) 0.4540(5) 0.4502 0.4515

two-body information (see, however, [25]), it opens up an
interesting possibility regarding the inclusion of known isospin
breaking effects at the OPE and TPE levels (see, e.g., [26] for
a review). The small correction found in Ref. [27] requires an
assumption on the regularization at short distances, which in
our approach is equivalent to treating the 1S0 channels for np
and pp states as independent from each other.

The correlation ellipses for c1, c3, and c4 are presented for
1σ , 2σ , and 3σ confidence levels in Fig. 1. The numerical
values can be looked up in Table VI and compared to other

TABLE VIII. δ-shell potential parameters Vi,n (in fm−1) with
their errors for all operators. We take N = 3 equidistant points with
$r = 0.6 fm. Rows marked with ∗ indicates that the corresponding
strength coefficients are not independent. In the first line we provide
the central component of the δ shells corresponding to the EM effects
below rc = 1.8 fm. These parameters remain fixed within the fitting
process.

Operator V1,x V2,x V3,x

r1 = 0.6 fm r2 = 1.2 fm r3 = 1.8 fm

VC[pp]EM 0.0072555 0.0065592 0.0016129
c 0.395(2) −0.022(3) −0.0119(9)
τ 0.030(2) −0.036(1) 0.0025(2)
σ −0.021(2) 0.041(1) −0.0002(2)
στ −0.0410(8) 0.0417(7) 0.0021(1)
t 0.0 −0.002(2) 0.0008(2)
tτ 0.0 0.1029(7) 0.0043(1)
ls −0.1253(5) −0.117(3) 0.0003(3)
lsτ −0.0418(2) −0.025(1) −0.0016(1)
l2 −0.2416(5) 0.022(3) 0.0005(2)
l2τ −0.0636(3) −0.008(1) 0.00012(8)
l2σ −0.0551(4) 0.000(1) 0.00003(9)
l2στ −0.0127(1) −0.0027(4) −0.00001(3)
ls2 0.1614(4) 0.030(5) −0.0012(4)
ls2τ 0.0538(1) 0.024(2) −0.0010(1)
T 0.006(1) −0.0003(2) −0.00005(9)
σT ∗ −0.006(1) 0.0003(2) 0.00005(9)
tT ∗ 0.0 0.0 0.0
τz∗ 0.0 0.0 0.0
στz∗ 0.0 0.0 0.0
l2T ∗ −0.0010(2) 0.00004(4) 0.00001(1)
l2σT ∗ 0.0010(2) −0.00004(4) −0.00001(1)

determinations based on NN and πN information (see, e.g.,
Ref. [28] for many more πN determinations).

The PWA of the Nijmegen group with the same χTPE
potential [13] but a different short-distance representation,
included data up to ELAB ! 500 MeV and gave c1 =
−4.4(3.4) GeV−1 which is different from our findings that
make it compatible with zero. We remind the reader that
our NN analysis involves larger statistics (see Table IV) for
ELAB < 350 MeV and hence the overall smaller uncertainties
are not surprising. Similar to the Nijmegen group [13], we
find a strong anticorrelation between c1 and c3. This allowed
them to fix c1 although the error estimate is based on taking
the πN value for c1 = −0.76(7) GeV−1. In our case, if we
take c1 = −0.76 GeV−1 as input we get after readjusting
c3 = −4.42(7) GeV−1 and c4 = 4.47(16) GeV−1, where again
our errors are smaller presumably due to larger statistics for
ELAB < 350 MeV.

The Nijmegen group found strong correlations of the chiral
constants with the pion-nucleon coupling constant [13,14]
when it is different from the recommended value f 2 = 0.075
[23,24]. This is the fixed value we took in both the selection
of data in our previous work [15,16] as well as here. We chose
not to change the coupling constant value, because this will
have some impact on the data selection.

The recent values based on a χTPE fit up to TLAB !
125 MeV [29] are 2σ compatible with ours although no
errors are reported, so it is unclear how many of the given
digits are statistically significant. We find that lowering the
energy range of the fit increases the uncertainties, making
χTPE statistically irrelevant in that energy range (see also
the discussion in Ref. [30] in connection to nuclear matrix
elements). In Ref. [31] an error analysis of chiral constants
from low-energy NN data and the deuteron using the N2LO
χTPE based on a Monte Carlo, i.e., nonparametric, error
propagation, was carried out revealing a branching structure in
the three planes spanned by c1, c3, and c4. It would be useful,
though computationally costly, to carry out such error analysis
in our scheme.

V. ERROR PROPAGATION

In Table VII we show our results for the deuteron static
properties with their propagated errors and compared with
our previous PWA and other high quality potentials. As we
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Yue	
  Shi	
  et	
  al.,	
  PRC	
  90,	
  014308	
  (2014)	
  

High-K states in SHE  
•  unique structural indicators 
•  isomerism 
•  impact Qα	



see also Jachimowicz et al. 
arXiv:1401.3953, PRC in press 
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Ab initio, with NN and 3N forces: 
§  Quantum Monte Carlo 12C 
§  No-Core Shell Model 14F, 14C 
§  Coupled-Cluster  17F, 56Ni, 61Ca 

Determining the nucleon interactions 
from QCD/symmetries of QCD 

How to explain the nuclear landscape from the bottom up? Theory roadmap 
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How do collective 
phenomena emerge from 
simple constituents? 

How can complex systems 
display astonishing 
simplicities? 

What are unique 
properties of open 
systems? 

How do nuclei shape 
the physical universe? 

What is the origin of 
the elements? 
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What is the New 
Standard Model? 

Profound intersections 



Over the last decade, tremendous progress has been made in 
techniques to produce and describe  designer nuclei, rare 
atomic nuclei with characteristics adjusted to specific research 
needs and applications 

+ 
+ 
+ 
+ 
+ 

- 
- 
- 

- 
- 

225Ra 

45Fe 

18F,22Na 149Tb 

nuclear structure 

astrophysics 
applications 

tests of 
fundamental laws 

of nature 

Some nuclei are more important than others 



r-process 
Future facility reach 
(FRIB) 

N=82 

N=126 

The r-process is thought to occur in 
supernovae or neutron star mergers; it 
produces half of the atomic nuclei 
heavier than iron 

⇒ Masses, T1/2, Pn values 
⇒ n-capture reactions through surrogate (d,p) transfer studies 

Bruenn et al., APJL 767, L6 (2013) 


