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FRIB: Opening New Frontiers in Nuclear Science 
  

2 

Achieving this goal involves developing predictive theoretical models that allow us to understand the 
emergent phenomena associated with small-scale many-body quantum systems of finite size. The detailed 
quantum properties of nuclei depend on the intricate interplay of strong, weak, and electromagnetic 
interactions of nucleons and ultimately their quark and gluon constituents. A predictive theoretical 
description of nuclear properties requires an accurate solution of the nuclear many-body quantum 
problem — a formidable challenge that, even with the advent of super-computers, requires simplifying 
model assumptions with unknown model parameters that must be constrained by experimental 
observations.  

Fundamental to Understanding 

The importance of rare isotopes to the field of 
low-energy nuclear science has been 
demonstrated by the dramatic advancement in 
our understanding of nuclear matter over the 
past twenty years. We now recognize, for 
example, that long-standing tenets such as 
magic numbers are useful approximations for 
stable and near stable nuclei, but they may 
offer little to no predictive power for rare 
isotopes. Recent experiments with rare 
isotopes have shown other deficiencies and 
led to new insights for model extensions, 
such as multi-nucleon interactions, coupling 
to the continuum, and the role of the tensor 
force in nuclei. Our current understanding has 
benefited from technological improvements 
in experimental equipment and accelerators 
that have expanded the range of available 
isotopes and allow experiments to be 
performed with only a few atoms. Concurrent 
improvements in theoretical approaches and 
computational science have led to a more 
detailed understanding and pointed us in the 
direction for future advances.  

We are now positioned to take advantage of these developments, but are still lacking access to beams of 
the most critical rare isotopes. To advance our understanding further low-energy nuclear science needs 
timely completion of a new, more powerful experimental facility: the Facility for Rare Isotope Beams 
(FRIB). With FRIB, the field will have a clear path to achieve its overall scientific goals and answer the 
overarching questions stated above. Furthermore, FRIB will make possible the measurement of a majority 
of key nuclear reactions to produce a quantitative understanding of the nuclear properties and processes 
leading to the chemical history of the universe. FRIB will enable the U.S. nuclear science community to 
lead in this fast-evolving field. 

 
Figure 1: FRIB will yield answers to fundamental questions 
by exploration of the nuclear landscape and help unravel 
the history of the universe from the first seconds of the Big 
Bang to the present.  
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No-Core Configuration Interaction calculations

Barrett, Navrátil, Vary, Ab initio no-core shell model, PPNP69, 131 (2013)

Given a Hamiltonian operator

Ĥ =
∑

i<j

(p⃗i − p⃗j)2

2mA
+
∑

i<j

Vij +
∑

i<j<k

Vijk + . . .

solve the eigenvalue problem for wavefunction of A nucleons

ĤΨ(r1, . . . , rA) = λΨ(r1, . . . , rA)

Expand wavefunction in basis states |Ψ⟩ =
∑

ai|Φi⟩

Diagonalize Hamiltonian matrix Hij = ⟨Φj |Ĥ|Φi⟩

No-Core CI: all A nucleons are treated the same

Complete basis −→ exact result

In practice

truncate basis

study behavior of observables as function of truncation

Progress in Ab Initio Techniques in Nuclear Physics, Feb. 2015, TRIUMF, Vancouver – p. 2/50

Expand eigenstates in basis states

No Core Full Configuration (NCFC) – All A nucleons treated equally



Daejeon16 NN interaction

Based on SRG evolution of Entem-Machleidt “500” chiral N3LO to

followed by Phase-Equivalent Transformations (PETs) 

to fit selected properties of light nuclei.

A.M. Shirokov, I.J. Shin, Y. Kim, M. Sosonkina, P. Maris and J.P. Vary,

“N3LO NN interaction adjusted to light nuclei in ab exitu approach,”

Phys. Letts. B 761, 87 (2016); arXiv: 1605.00413 

GS radius also agrees with experiment to within 1%

λ = 1.5 fm−1



  

UHU † =U[T +V ]U † = Hd ,   the diagonalized H
H eff ≡UOLSHUOLS

† = PH effP= P[T +Veff ]P
UP ≡ PUP

!UP ≡ P !UPP≡ UP

UP†UP

H eff = !UP†Hd
!UP = !UP†UHU † !UP = P[T +Veff ]P

We conclude that:
UOLS = !UP†U
Similarly, we have effective operators for observables:
Oeff ≡ !U

P†UOU † !UP = P[Oeff ]P

  

W P ≡ PUP

!UP ≡ P !UPP≡ W P

W P†W P

OLS Transform:
Unitary transformation
that block-diagonalizes
the Hamiltonian – i.e. it
integrates out Q-space
degrees of freedom. 

H 

PHeffP	
 

QHeffQ	

P Q 

P 

Q 

Nmax 

PHeffQ	=	0	

QHeffP		
		=	0	

Consistent observables

J.P. Vary, et al., 
PRC98, 065502 (2018); 
E, !, Q, GT, 0"##, 
in 2-nucleon systems
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The “double Okubo-Lee-Suzuki transform” = valence Heff and Oeff
A.F. Lisetskiy, B. R. Barrett, M. K. G. Kruse, P. Navratil, I. Stetcu,  J. P. Vary,  Phys. Rev. C. 78, 044302 (2008) 
E. Dikmen, A.F. Lisetskiy, B.R. Barrett, P. Maris, A. M. Shirokov, J.P. Vary, Phys. Rev. C. 91, 064301 (2015) 
N.A. Smirnova, B.R. Barrett, Y. Kim, I.J. Shin, A.M. Shirokov, E. Dikmen, P. Maris and J.P. Vary, arXiv:1909.00628

P’H’EFFP’
Nmax=0



Derive Veff TBMEs for valence systems using the NCSM
“Double Okubo-Lee-Suzuki” approach

All calcs (exc IMSRG) use spe’s from USDB & TBME’s with A-1/3 scaling
DJ16A has modest monopole adjustment
N.A. Smirnova, et al., arXiv: 1909.00628

What’s next:  Nmax = 6;  
Chiral NN + 3N; Veff for pf-shell



Benchmark:      MR-IMSRG with NCSM 
System:            6He    6Be assuming isospin symmetry
Correlation:       emax = Nmax + 1 
Interaction:        EM500 (SRG at 2.0fm-1)
Basis:                Harmonic Oscillator with ℏΩ = 20 MeV

ISU – UNC – MSU collaboration

J. Engel and J. Menendez, Rept. Prog. Phys. 80, 046301 (2017)



ISU – UNC – MSU collaboration; R. Basili, et al., in preparation
Benchmark 0!ββ-decay matrix elements for 6He -> 6Be

Ground State Energy and Square Radii

Ground State Energy Square Radius



ISU – UNC – MSU collaboration; R. Basili, et al., in preparation
Benchmark 0νββ-decay matrix elements for 6He -> 6Be
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ISU – UNC – MSU collaboration; R. Basili, et al., in preparation
Benchmark 0νββ-decay matrix elements for 6He -> 6Be

Our result for total |NME| at Nmax = 12: 

4.1485 

Compare with the result from Peter Gysbers (this meeting) who uses the
same NN interaction and 0!"" -decay operator, but also includes 3NF
and isospin breaking effects:

3.9543

The difference is 5% 
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International 
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P. Maris, J. Vary
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Calculation of three-body forces at N3LO

Goal

Calculate matrix elements of 3NF in a partial-

wave decomposed form which is suitable for 

different few- and many-body frameworks

Challenge

Due to the large number of matrix elements, 

the calculation is extremely expensive.

Strategy

Develop an efficient code which allows to 

treat arbitrary local 3N interactions. 

(Krebs and Hebeler)

U.-G Meissner

Consistent strong and electroweak interactions from Chiral EFT

Current Focus

Introduce momentum space regulators 

to facilitate gauge invariance

Extensive studies of the NN systems: 

moments, form factors and transitions

Light nuclei: magnetic moments, 

GT quenching, M1 transitions

Medium weight nuclei with coupled cluster 

Longer term – sd-shell and pf-shell (Veff ) 

Develop operators consistent through N3LO 
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Optimal cD (cE) selected via ND scattering analyses: 

LENPIC: E. Epelbaum, et al., Phys. Rev. C99, 024313 (2019); arXiv: 1807.02848

 
f r
R
⎛
⎝
⎜⎜⎜
⎞
⎠
⎟⎟⎟= 1−exp − r2

R2
⎛

⎝
⎜⎜⎜

⎞

⎠
⎟⎟⎟

⎛

⎝
⎜⎜⎜

⎞

⎠
⎟⎟⎟

6
Coordinate space regulator:

-3

-2

-1

0

-5 0 5 10 15

c E

cD

R = 0.9 fm
R = 1.0 fm

Fits to 3He 
gs Energy



4
He

6
He

6
Li

7
Li

8
He

8
Li

8
Be

9
Li

9
Be

10
Be

10
B

11
B

12
B

12
C

-100

-90

-80

-70

-60

-50

-40

-30

-20

G
ro

u
n

d
 s

ta
te

 e
n

er
g

y
 (

M
eV

)

(0
+
, 0)

(0
+
, 1)

(0
+
, 2)

(0
+
, 0)

(1
+
, 1)

(2
+
, 1)

(3/2
-
, 1/2)

(3/2
-
, 3/2)

(3/2
-
, 1/2)

(3/2
-
, 1/2)

(3
+
, 0)

(0
+
, 0)

(1
+
, 0)

(0
+
, 1) chiral EFT interaction with

semilocal regulator R = 1.0 fm

(J
p
, T)

LO, NLO, and N
2
LO

N
2
LO without 3N forces

Expt. values

16
O

-180

-160

-140

-120

LO, NLO, and N
2
LO

N
2
LO without 3N forces

Expt. values

LENPIC NN + 3NFs at N2LO: E. Epelbaum, et al., Phys. Rev. C99, 024313 (2019); arXiv:1807.02848 

Grey bands – chiral perturb. theory uncertainty
Blue bars – extrapolation and SRG evolution

uncertainty



P. Maris, I.J. Shin and J.P. Vary, NTSE2018 Proceedings, arXiv: 1908.00155 
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LENPIC collaboration (in process) – adopts momentum space regulators

Note: we are working to retain dependence on external momentum transfer

Nuclear Axial Current Operators       e.g. Krebs, et al., Ann. Phys. 378, 317 (2017) 



Regularization

• Regularization apply only pure two body sector.

• Pion exchange terms are regularized by LENPIC semi-local

coordinate space regulator: (1� er
2/R2

)
6
.

• Contact terms are regularized by non-local Gaussian regulator

in momentum space with cut-o↵ � = 2/R .
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1S0 to deuteron gs transition 
in harmonic oscillator trap

LENPIC NN and GT operators 
LENPIC regulator: R=1.0 fm

ℏΩ = 5 MeV ℏΩ = 10 MeV

ℏΩ = 20 MeV
Stronger trap => larger enhancement
from N2LO relative to LO.

Soham Pal, et al, in preparation



Now consider the M1 operator



Chiral Power Counting Scheme

• Chiral expansion parameter, Q 2 {m⇡/�b, p/�b} .

• ⇢1B operator starts contributing at Q�3
. This order is

considered as LO for both charge and current operators.

• At LO (Q�3
) there is no contribution of J operator

• No correction to the ⇢ or J appear at Q�2

• First contribution to J1B and first correction to J2B
(isovector) both appear at Q�1

. This order is considered as

NLO.

• No correction to J2B at N2LO (Q0
)

• First isoscalar correction to J2B appears at N3LO (Q+1
). We

are only interested in N3LO currents for the deuteron.

1

------



Low Energy Constants in Chiral EM Current

• One body current appearing at NLO contains two LEC’s:

iso-scalar and iso-vector anomalous magnetic moment of

nucleon. The values of µs and µv are taken to be 0.88 and

4.706 respectively in unit of nuclear magneton.

• Two body iso-vector current appearing at NLO contains one

LEC: d̄18 originating from N2LO Chiral Pion-Nucleon

Lagrangian. d̄18 = -10.14 GeV�2
.

• Two body iso-scalar current at N3LO contains one LEC: d̄9
originating from N2LO Chiral Pion-Nucleon Lagrangian.

• Contact term at N3LO contains one LEC: L2 originating from

NLO Chiral Nucleon-Nucleon Lagrangian.

• L2 = -0.149 fm4
and d̄9 = - 0.06 GeV�2

are used in this work.

2



Figure 1: Magnetic Moment of Deuteron.
9

Deuteron gs magnetic moment with LENPIC NN and M1 operators
Regulator R = 1.0 fm

Shiplu Sarker, et al., in preparation

Change less 
than 1% at 
N3LO and at
convergence
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1S0 to deuteron gs transition 
in harmonic oscillator trap

LENPIC NN and M1 operators 
LENPIC regulator: R=1.0 fm

HO basis = 20 MeV

Shiplu Sarker, et al., in preparation

Stronger trap => larger enhancement
from N2LO relative to LO.



Progress: 
Completed LENPIC NN+NNN at N2LO paper: PRC99, 024313 (2019);
arXiv:1807.02848

Completed studies of model 2-body systems: PRC98, 065502 (2018); 
arXiv: 1809:00276

Implement electroweak operators in finite nuclei:

Benchmark A=6 calculations of 0ν2β-decay with UNC & MSU groups (paper in 
preparation – results reported today)

MFDn postprocessor code for scalar and non-scalar observables; 
Iowa State – Notre Dame collaboration (in testing stage)

Develop extrapolations with Artificial Neural Networks: 
A. Negoita, et al., PRC99, 054308 (2019); arXiv:1810.04009

Outlook:
Expand treatment to full range of EW operators within Chiral EFT
at NLO, N2LO & N3LO (studies underway – GT & M1 progress reported today)

Extend effective EW operator approach to medium weight nuclei with “Double OLS” 
approach (initial sd-shell Veff investigations completed: N. Smirnova, et al; 
arXiv:1909.00628)
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