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2Outline

 Chiral forces and currents

 SRG evolution of forces and transition operators

 Calculations with the new N4LO NN by Entem, Machleidt and Nosyk

 Beta decays of light nuclei in NCSM

 Modification of the cD in the N3LO NN + 3N

 Impact on medium mass nuclei

 Beta decays of light nuclei

 Beta decay results for light nuclei with the N2LOsat, Hebeler’s EM 1.8/2.0, 

and an inconsistent N4LO NN + 3N
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From QCD to nuclei

Low-energy QCD

Nuclear structure and reactions

NN+3N interactions 

from chiral EFT

…or accurate 

meson-exchange 

potentials



4Chiral Effective Field Theory

 Inter-nucleon forces from chiral effective field theory

 Based on the symmetries of QCD

 Chiral symmetry of QCD (mumd0), spontaneously 
broken with pion as the Goldstone boson

 Degrees of freedom: nucleons + pions

 Systematic low-momentum expansion to a given order 
(Q/Λχ)

 Hierarchy

 Consistency

 Low energy constants (LEC)

 Fitted to data

 Can be calculated by lattice QCD

Λχ~1 GeV : 

Chiral symmetry breaking scale

N3LO NN+N2LO 3N 

(NN+3N400, NN+3N500)

N4LO500 NN

N2LOsat

NN+3N

+ N2LO 3N



5Currents in chiral EFT

 Meson-exchange current

 weak axial current

 one-body: LO - Gamow-Teller

 two-body: MEC

Application to Heavier Nuclei

Does inclusion of the MEC explain gA quenching?

The e↵ect of the inclusion is greater in heavier nuclei

SRG evolved matrix elements used in coupled-cluster and IM-SRG methods (up to Sn100)

Peter Gysbers (UBC/ TRIUMF) Ab Init io 2018 Feb 28, 2018 9 / 11

MEC 3N (NCSM)
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From QCD to nuclei

Low-energy QCD

Nuclear structure and reactions

NN+3N interactions 

from chiral EFT

…or accurate 

meson-exchange 

potentials

Many-Body methodsH Y = E Y

NCSM, NCSM/RGM, 

NCSMC, CCM, IMSRG, 

SCGF, GFMC, HH, 

Nuclear Lattice EFT…



7No-core shell model

 No-core shell model (NCSM)

 A-nucleon wave function expansion in the harmonic-oscillator (HO) basis

 Short- and medium range correlations

 Bound-states, narrow resonances

 Equivalent description in relative-coordinate and Slater determinant basis

1max  NN



8Leading terms of the chiral NNN force and axial currents

From NN &

pion-nucleon 

scattering
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medium-range (cD term) NNN force 

and the meson-exchange current 

appearing in nuclear beta decay

NNN parameters determined from the 3H binding energy and half life 
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LLNL-PRES-XXXXXX

New results compared to 2009 Letter (Gazit, 
Quaglioni, Navratil)

Leading terms of the chiral NNN force and axial currents

From NN &

pion-nucleon 

scattering
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Chiral EFT provides a link between the 

medium-range (cD term) NNN force 

and the meson-exchange current 

appearing in nuclear beta decay

NNN parameters determined from the 3H binding energy and half life 

Nuclear forces from chiral effective field theory

[Weinberg; van Kolck; Epelbaum et al.; Entem & Machleidt; …]

−
1
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From Sofia Quaglioni and Kyle Wendt

After 10 years…

corrected 

multiplicative factor

Dozens of papers 

affected
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From QCD to nuclei

Low-energy QCD

Nuclear structure and reactions

NN+3N interactions 

from chiral EFT

…or accurate 

meson-exchange 

potentials

Unitary/similarity

transformations

Identity or SRG

or OLS or UCOM …

Softens NN, induces 3N

Many-Body methodsH Y = E Y

NCSM, NCSM/RGM, 

NCSMC, CCM, IMSRG, 

SCGF, GFMC, HH, 

Nuclear Lattice EFT…
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Similarity Renormalization Group (SRG) evolution

 Continuous transformation driving Hamiltonian to band-diagonal form with respect to a chosen basis

 Unitary transformation

 Setting                          with Hermitian

 Customary choice in nuclear physics                …kinetic energy operator

 band-diagonal in momentum space plane-wave basis

 Initial condition

 Induces many-body forces 

 In applications to chiral interactions three-body induced terms large, four-body small

Ha =Ua HUa

+ Ua Ua

+ =Ua

+Ua =1

dHa

da
=

dUa

da
HUa

+ +UaH
dUa

+

da
=

dUa

da
Ua

+UaHUa

+ +UaHUa

+Ua

dUa

+

da

=
dUa

da
Ua

+Ha + HaUa

dUa

+

da
= ha, Ha[ ]

anti-Hermitian

generator

ha º
dUa

da
Ua

+ = -ha

+

ha = Ga, Ha[ ] Ga

dHa

da
= Ga, Ha[ ], Ha

éë ùû

Ga = T

Ha=0 = Hl=¥ = H l2 =1/ a



12SRG evolution for A-nucleon system

 Evolution induces many-nucleon terms (up to A) 

 SRG “magic” – determined completely in A=2 system,            determined in A=3 system, etc.

 In actual calculations so far only terms up to            kept

 Three types of SRG-evolved Hamiltonians used 

 NN only: Start with initial T+VNN and keep  
 NN+3N-induced: Start with initial T+VNN and keep
 NN+3N-full: Start with initial T+VNN+VNNN and keep

Ha = Ha

[1] + Ha

[2] + Ha

[3] + Ha

[4] +...+ Ha

[A]

Ha

[3]

Ha

[1] + Ha

[2]

Ha

[1] + Ha

[2] + Ha

[3]

Ha

[1] + Ha

[2] + Ha

[3]

α variation (Λ variation) provides a diagnostic tool to asses the contribution 

of omitted many-body terms, tests the unitarity of the SRG transformation 

Ha

[3]



13SRG evolution of general operators

SRG evolution of Operators in the NCSM
Peter Gysbers (McMaster), Angelo Calci (TRIUMF), Petr Navrát il (TRIUMF)

Background

Ab init io approaches in nuclear physics predict the observables based on the realist ic interact ions 

between nucleons. These interactions come from -EFT, here we use the following:χ

“NN+ 3N500”  is commonly used:

•  NN @ N3LO: Entem & Machleidt, 500MeV cuto2 [1]

•  3N @ N2LO: Navrát il, local 500MeV cuto2 [2,3]

“N4LO500 NN”  is new:

•  NN @ N4LO: Machleidt, 500MeV cuto2 [4,5]

The no-core shell model (NCSM) is a powerful method to perform these calculat ions.

The goal is to solve the eigenvalue problem:

In the NCSM the quantum state of the A-nucleon

Wavefunct ion is expanded in ant i-symmetric product

states of harmonic oscillator one-body states.

In this framework the wavefunct ions and energies will converge to the exact value as 

                     but @nite computational resources limit convergence. 

Solut ion: Similarity Renormalizat ion Group (SRG)

The SRG method uses a cont inous series of unitary tranformations of the Hamiltonian to 

decouple high-momentum and low-momentum physics, result ing in faster convergence of 

calculat ions [5]. 

This transformation is found through the evolut ion equation

                                        where                              and      

Improved convergence has a trade-o2 of inducing many-body terms.

Results: β-decay 

Summary and Outlook
● SRG evolut ion greatly improves the convergence of nuclear calculat ions. Operators must also be evolved to 

ensure convergence to the correct value. 
● This was used in the calculat ion of the β-decay stengths: 3HD 3He and 6HeD 6Li. The induced 3-body terms do 

not e2ect the Gamow-Teller and meson exchange current signi@cantly.
● Addit ionally 3HD 3He was used to determine the low-energy constant c

D
 in chiral MEC that will applied in the 

chiral 3N term added to the new N4LO500 NN interact ion.
● This method can be used for many operators and so will result  in the improvement of calculat ions for many 

observables including double-beta-decay, matter and charge radii, electric and magnetic mult ipole transit ions.

    

The SRG transformation maintains the same eigenvalues for the Hamiltonian

But to extract addit ional observables from the wavefunction while taking advantage of the SRG 

tranformation, the corresponding operators must be transformed [6].

                                                             where

The transformation matrix can be extracted from the eigenfunctions of the Hamiltonian

Implementat ion up to two-body terms:

The matrix U is calculated blockwise, for relat ive coordinate two-nucleon eigenstates:

The corresponding submatrix of     is evolved then diagonalized to produce a matrix 

Compute the matrix elements of the bare operator: 

Matrix elements of the evolved operator are: 

Convert ing from the two-nucleon Jacobi basis to the single part icle basis:

References

[1] D.R. Entem & R. Machleidt , PRC 68, 041001 (2003)

[2] P. Navrat il, Few-Body Syst. 41, 117 (2007)

[3] D. Gazit , S. Quaglioni, & P. Navrat il, PRL 103, 102502 (2009)

[4] D. R. Entem, N. Kaiser, R. Machleidt, &  Y. Nosyk, PRC 91, 014002 (2015)

SRG Evolut ion of Operators

“Gamow-Teller”  (1-body) +  “Meson Exchange Current”  (2-body)[8]    

Note: Operators in @gures evolved with respect to 

3HD 3He

[5] R. Machleidt , private communicat ion (2016)

[6] E. D. Jurgenson, et al, PRC 83, 034301 (2011)

[7] M. Schuster et al. PRC 90, 011301(R) (2014)

[8] T. S. Park et al. PRC 67, 055206 (2003) 

6HeD 6Li

X X

Hα , Oα : 

2-body part determined in A=2 system,

3-body part determined in A=3 system,

…
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SRG evolution of Operators in the NCSM
Peter Gysbers (McMaster), Angelo Calci (TRIUMF), Petr Navrát il (TRIUMF)
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Ab init io approaches in nuclear physics predict the observables based on the realist ic interact ions 

between nucleons. These interact ions come from -EFT, here we use the following:χ

“NN+ 3N500”  is commonly used:

•  NN @ N3LO: Entem & Machleidt, 500MeV cuto2 [1]
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The goal is to solve the eigenvalue problem:
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states of harmonic oscillator one-body states.
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ensure convergence to the correct value. 
● This was used in the calculat ion of the β-decay stengths: 3HD 3He and 6HeD 6Li. The induced 3-body terms do 

not e2ect the Gamow-Teller and meson exchange current signi@cantly.
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chiral 3N term added to the new N4LO500 NN interact ion.
● This method can be used for many operators and so will result  in the improvement of calculations for many 
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tranformation, the corresponding operators must be transformed [6].
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SRG evolution of Operators in the NCSM
Peter Gysbers (McMaster), Angelo Calci (TRIUMF), Petr Navrát il (TRIUMF)

Background

Ab init io approaches in nuclear physics predict the observables based on the realist ic interact ions 

between nucleons. These interact ions come from -EFT, here we use the following:χ

“NN+ 3N500”  is commonly used:

•  NN @ N3LO: Entem & Machleidt, 500MeV cuto2 [1]

•  3N @ N2LO: Navrát il, local 500MeV cuto2 [2,3]

“N4LO500 NN”  is new:

•  NN @ N4LO: Machleidt, 500MeV cuto2 [4,5]

The no-core shell model (NCSM) is a powerful method to perform these calculat ions.

The goal is to solve the eigenvalue problem:

In the NCSM the quantum state of the A-nucleon

Wavefunct ion is expanded in ant i-symmetric product

states of harmonic oscillator one-body states.

In this framework the wavefunct ions and energies will converge to the exact value as 

                     but @nite computat ional resources limit convergence. 
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The SRG method uses a cont inous series of unitary tranformations of the Hamiltonian to 

decouple high-momentum and low-momentum physics, result ing in faster convergence of 

calculat ions [5]. 

This transformation is found through the evolut ion equation

                                        where                              and      

Improved convergence has a trade-o2 of inducing many-body terms.

Results: β-decay 
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● SRG evolut ion greatly improves the convergence of nuclear calculat ions. Operators must also be evolved to 

ensure convergence to the correct value. 
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● This method can be used for many operators and so will result  in the improvement of calculations for many 

observables including double-beta-decay, matter and charge radii, electric and magnetic mult ipole transit ions.

    

The SRG transformation maintains the same eigenvalues for the Hamiltonian

But to extract addit ional observables from the wavefunction while taking advantage of the SRG 

tranformation, the corresponding operators must be transformed [6].

                                                             where

The transformation matrix can be extracted from the eigenfunctions of the Hamiltonian

Implementat ion up to two-body terms:

The matrix U is calculated blockwise, for relat ive coordinate two-nucleon eigenstates:
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16The NN interaction from chiral EFT

 Chiral NN potential up to N4LO 

 Set of five potentials constructed 

 Sequence of LO, NLO,…,N4LO

 Uncertainty quantification

 At N3LO and N4LO: 

 24 LECs fitted to the np scattering data 

and the deuteron properties

 Including ci LECs (i=1-4) from pion-

nucleon scattering

 N4LO NN fitted to data up to pion production 

threshold with 𝜒2/datum∼1.15
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18Properties of 3H, 3He and 4He with the new N4LO NN

 N4LO500 NN


3H

E = -8.08 MeV

point-proton radius = 1.62 fm


3He

E = -7.33 MeV

point-proton radius = 1.82 fm


4He

E= -26.61(2) MeV

point-proton radius = 1.475(5) fm



19Results: β-decay 3H! 3He

Ô = GT (1) ! Ô↵ = GT (1) + GT (2)
↵ + . . .

Operator:

Gamow-Teller (1-body)

hGT
(2)
↵ i A= 2 = h(GT (1) )↵ i A= 2 − hGT (1) i A= 2

Potential: “N4LO NN”

chiral NN @N4LO, Machleidt

PRC96 (2017), 500MeV cuto↵
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Peter Gysbers (UBC/ TRIUMF) Ab Init io 2018 Feb 28, 2018 7 / 11

3H3He β decay

Hamiltonian:

chiral NN with SRG 2- and 3-body induced

(except orange line: bare chiral NN)

Peter Gysbers (UBC/TRIUMF)



206He6Li β decay

Hamiltonian:

chiral NN with SRG 2- and 3-body induced

Peter Gysbers (UBC/TRIUMF)
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213H3He β decay

Determination of the cD parameter

relevant to chiral 3N force cD=-1.8         

(3N attractive)

Original EM 2003 N3LO NN cD=+0.8

(3N repulsive)

Results: β-decay 3H! 3He

Ô = GT (1) + MEC(2) ! Ô↵ = GT (1) + GT (2)
↵ + MEC(2)

↵ + . . .

Operator:

Gamow-Teller (1-body) + chiral

meson exchange current (2-body)

Park (2003)

Potential: “N4LO NN”

chiral NN @N4LO, Machleidt

PRC96 (2017), 500MeV cuto↵

LEC cD = − 1.8 determined
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λ = 1 , h̄⌦= 28

λ = 1.6

λ = 1.8

λ = 2.0

GT (1) + GT
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Peter Gysbers (UBC/ TRIUMF) Ab Init io 2018 Feb 28, 2018 8 / 11

Peter Gysbers (UBC/TRIUMF)



22Properties of 3H, 3He and 4He with the new N4LO NN + N2LO 3Nlnl

 N4LO500 NN


3H

E = -8.08 MeV

point-proton radius = 1.62 fm


3He

E = -7.33 MeV

point-proton radius = 1.82 fm


4He

E= -26.60(1) MeV

point-proton radius = 1.475(5) fm

 N4LO500 NN + N2LO 3Nlnl

3N fitted to 3H β decay and binding energy

c1= -0.73, c3= -3.38, c4= 1.69, Λloc= 650 MeV, Λ nonloc= 500 MeV, cD= -1.8, cE= -0.31 


3H

E = -8.48 MeV <V3N2𝜋>= -0.54 MeV <V3ND>= -0.32 MeV <V3NE>= 0.40 MeV

point-proton radius = 1.60 fm


3He

E = -7.73 MeV

point-proton radius = 1.78 fm


4He

E = -28.25(2) MeV <V3N2pi>= -2.16(5) MeV <V3ND>= -2.22(5) MeV <V3NE>= 2.41(5) MeV

point-proton radius = 1.46(1) fm

Preliminary



23Applications to β decays in p-shell nuclei and beyond 

 Does inclusion of the MEC explain gA quenching?

 In light nuclei correlations present in ab initio (NCSM) 
wave functions explain almost all of the quenching 
compared to the standard shell model

 MEC inclusion overall improves agreement with 
experiment

 The effect of the MEC inclusion is greater in heavier 
nuclei

 SRG evolved matrix elements used in coupled-cluster 
and IM-SRG calculations (up to 100Sn) 

Application to Heavier Nuclei

Does inclusion of the MEC explain gA quenching?

The e↵ect of the inclusion is greater in heavier nuclei

SRG evolved matrix elements used in coupled-cluster and IM-SRG methods (up to Sn100)

Peter Gysbers (UBC/ TRIUMF) Ab Init io 2018 Feb 28, 2018 9 / 11

MEC 3N (NCSM)
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Hollow symbols – GT

Filled symbols – GT+MEC

Both Hamiltonian and operators SRG evolved



24Original N3LO NN + 3N(400,500) vs. N2LOsat vs. new N3LO NN + 3Nlnl

 Local: chiral N3LO NN + N2LO 3N(500)
 cD=-0.2   cE=-0.205 (3H Egs=-8.48 MeV)


4He

 Local: chiral N3LO NN + N2LO 3N(400)
 cD=-0.2   cE=+0.098 (3H Egs=-8.32 MeV)


4He

 Non-local: chiral N2LOsat  NN + 3N
 cD=+0.8168 cE=-0.0396 (3H Egs=-8.53 MeV)


4He

 Local/Non-local: chiral N3LO NN + N2LO 3Nlnl

 cD=+0.7   cE=-0.06 (3H Egs=-8.44 MeV)


4He

<H>=-28.2530   <V3b_2pi>= -4.8124   <V3b_D>=  0.7414   <V3b_E>=  0.4255

<H>=-28.4939   <V3b_2pi>= -5.8819   <V3b_D>= -0.2206   <V3b_E>=  1.2665

<H>=-28.4596   <V3b_2pi>= -4.7260   <V3b_D>=  1.3897   <V3b_E>=  0.4174

<H>=-28.2839 <V3b_2pi>= -2.7173 <V3b_D>= -0.2801 <V3b_E>= -0.6630



25Original N3LO NN + 3N(400,500) vs. N2LOsat vs. new N3LO NN + 3Nlnl

 SCGF, GGF
 Carlo Barbieri, Vittorio Soma, Thomas Duguet, Francesco Raimondi
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3
LLNL-PRES-XXXXXX

New results compared to 2009 Letter (Gazit, 
Quaglioni, Navratil)

Leading terms of the chiral NNN force and axial currents

From NN &

pion-nucleon 

scattering
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Chiral EFT provides a link between the 

medium-range (cD term) NNN force 

and the meson-exchange current 

appearing in nuclear beta decay

NNN parameters determined from the 3H binding energy and half life 

Nuclear forces from chiral effective field theory

[Weinberg; van Kolck; Epelbaum et al.; Entem & Machleidt; …]

−
1

4

From Sofia Quaglioni and Kyle Wendt

After 10 years…

corrected 

multiplicative factor

Dozens of papers 

affected



27Applications to β decays in p-shell nuclei

Application to Heavier Nuclei

Does inclusion of the MEC explain gA quenching?

The e↵ect of the inclusion is greater in heavier nuclei

SRG evolved matrix elements used in coupled-cluster and IM-SRG methods (up to Sn100)

Peter Gysbers (UBC/ TRIUMF) Ab Init io 2018 Feb 28, 2018 9 / 11
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Filled symbols – GT+MEC
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28New N3LO NN + 3Nlnl applied to Ti isotopes

 TRIUMF TITAN Penning trap mass measurements & several ab initio calculations

Hebeler’s

magic 

interaction

Accidentally

magic 

interaction
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Application to Heavier Nuclei

Does inclusion of the MEC explain gA quenching?

The e↵ect of the inclusion is greater in heavier nuclei

SRG evolved matrix elements used in coupled-cluster and IM-SRG methods (up to Sn100)

Peter Gysbers (UBC/ TRIUMF) Ab Init io 2018 Feb 28, 2018 9 / 11

MEC 3N (NCSM)

NCSM

Hollow symbols – GT

Filled symbols – GT+MEC

0.5 0.6 0.7 0.8 0.9 1 1.1
|M

GT
| Ratio to Experiment

14
O -> 

14
N(ex)

10
C ->  

10
B

7
Be -> 

7
Li(ex)

7
Be -> 

7
Li(gs)

6
He -> 

6
Li

3
H -> 

3
He

EM 1.8/2.0

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
|M

GT
| Ratio to Experiment

14
O -> 

14
N(ex)

10
C ->  

10
B

7
Be -> 

7
Li(ex)

7
Be -> 

7
Li(gs)

6
He -> 

6
Li

3
H -> 

3
He

N
2
LO

sat

No SRG evolution 

NN SRG evolved, 

3N and operator not

cD=+0.82

cD=+1.26



30Chiral NNN interaction with N4LO contacts

 Ten contact terms

 Include spin-orbit contribution that helps to 
fix the famous Ay puzzle in p-d scattering

 I used the E7 (and E8) terms
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Extended Data Figure 4: Comparison of the computed n- He 
4  phase 

shifts below the fusion reaction threshold between two sets of 

NCSMC parameters (ℏω= 20 MeV,ΛSRG = 2.0 fm−1 ,𝑁m ax =
13 and ℏω= 16 MeV,ΛSRG = 1.7 fm−1 ,𝑁m ax = 11). An accurate 

R-matrix parametrization of experimental data49 is shown as a 

reference (purple crosses). 

 

 

 

 

 

 

 

 

 

 
 

 

𝑵max ℏ𝝎= 𝟐𝟎 MeV, 𝜦𝑺𝑹𝑮= 𝟐.𝟎 fm−𝟏 ℏ𝝎= 𝟏𝟔 MeV,  𝜦𝑺𝑹𝑮= 𝟏.𝟕 fm−𝟏 

7 78.70% 42.29% 

9 45.04% 18.85% 

11 25.68% 8.41% 

13 13.78% - 

Extended Data Table 2: Relative difference with respect to the extrapolated infinite model space result 

of the eigenvalue of the He (3 2⁄
+
) 

5  resonance described within the NCSM approach as function of 

the 𝑁m ax  parameter. 

 

 

 

Impact of the E7 term in n-4He scattering

NN+3N(500)

Preliminary

Work in progress…



32Applications to β decays in p-shell nuclei

Application to Heavier Nuclei

Does inclusion of the MEC explain gA quenching?

The e↵ect of the inclusion is greater in heavier nuclei

SRG evolved matrix elements used in coupled-cluster and IM-SRG methods (up to Sn100)

Peter Gysbers (UBC/ TRIUMF) Ab Init io 2018 Feb 28, 2018 9 / 11

MEC 3N (NCSM)

NCSM

Hollow symbols – GT

Filled symbols – GT+MEC

Inconsistent cD (+0.45) with 3H beta decay → 

enhancement of transitions in A=6,7 nuclei,

still quenching in A=14
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33Conclusions and outlook

 Ab initio calculations of beta decays with SRG evolved chiral forces:             

SRG evolution of the transition operators essential

 Role of 2-body currents small in light nuclei

 The same seen in the GFMC calculations

 We find a systematic improvement when consistent forces and currents are 

included

 Corrected cD term in N3LO NN + 3N leads to a substantially better description of 

medium mass nuclei

 SRG evolved transition operators provided for VS-IMSRG and CCM medium 

mass nuclei calculations
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Thank you!
Merci!


