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Lattice QCD

PHYSICAL REVIEW LETTERS

LQCD is computationally demanding
Nuclear Force from Lattice QCD

unphysical pion masses right now

requires larger lattices

exponentially small signal-to-noise ratio

difficult to identify bound states

growth of Wick contractions for large number of quarks
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Chiral Effective Field Theory (XEFT)
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E. Epelbaum et al. Rev. Mod. Phys. 81, 1773 (2009)
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Chiral Effective Field Theory (xEFT)
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Chiral Effective Field Theory (xEFT)
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Chiral Effective Field Theory (xEFT)
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Chiral Effective Field Theory (xEFT)
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Nuclear physics at NNLO (AE et al PRL 110, 192502 (2013))
Statistical Uncertainties at NNLO (AE et al J. Phys. 6. 42 034003 (2014))
Still many unresolved issues:

- order-by-order convergence
- uncertainties

- cutoff dependence

- power counting
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Chiral Effective Field Theory (xEFT)

o X
© XE M -

e
14 )

NNLO +
optimized‘IS |_+T At + T 1T,
4 ':‘ ';:‘ (X Y
! soft scag a 140 MeV

782 MeV

770 MeV

mass gap

Nuclear physics at NNLO (AE et al PRL 110, 192502 (2013))
Statistical Uncertainties at NNLO (AE et al J. Phys. 6. 42 034003 (2014))
Still many unresolved issues:

- order-by-order convergence mathematical optimization and
- uncertainties statistical regression are

- cutoff dependence indispensable tools
- power counting
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A Simultaneous Objective Function

Observable

NN scattering
ZH: Egs, r'p'l'-p, Q

N scattering
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3H: Egs, Pot-p, 11/2




A Simultaneous Objective Function
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A Simultaneous Objective Function
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A Simultaneous Objective Function
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A Simultaneous Objective Function

Simultaneous optimization critical in order to

e find the optimal set of LECs Z R2 (p)

e capture all relevant correlations between them i M

e reduce the statistical uncertainty.

Within such an approach we find that statistical

errors are, in general, small, and that the total error E R2 (p)

budget is dominated by systematic errors.
JTIVIN R <7UIN LENNN

Simultaneous NN NN

Observable LO NLO NNLO
NN scattering

°H: Egs, Ppt-p, Q

N scattering

3He . Egs, r'p'r-p

3H: Egs, Pot-p, 11/2
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Optimization Algorithm

POUNDerS Levenberg-Marquardt Newtons Method
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Computing derivatives

__Performance of numerical derivation

Derivative of y? (arbitrary units)

1078} [Finite differentiation] ]
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Computing derivatives

__Performance of numerical derivation

0% /0C, 500C p

i

2

-

> 7 02 i B
S 9% /0C?

= 10() i 1P1 1
0 4 B

:.6 9 Finite difference approximation of

~—" O | first and second order derivatives. i
NX ) 1 Form linear combinations of several

1 O_ - | function evaluations in the vicinity of y

——

@) the point of interest.

o 1079t -
> Computational expense: 3653 function

-'C_U‘ - 0_8 | evaluations for third order computation F| n|te d|ffe re nt|at|0n B
> of 1st and 2nd derivatives with respect

— B to 26 coupling constants.

D 1() 10 | . ) il
)

1077 104 107° 1079 1077

Step size (arbitrary units)



Precision

Performance of numerical derivation
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Precision

___Performance of numerical derivation
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Performance of numerical derivation
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Our Error Budget

theoretical error sources:
* systematic uncertainty (incorrect assumptions)
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* numerical uncertainty
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We safely neglect this.
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Our Error Budget
theoretical error sources: 2 _I_ 2
* systematic uncertainty (incorrect assumptions) O p— O
e statistical uncertainty (fitting) total - [ theor;)

* numerical uncertainty

Exp. value Ref. Oexp+method
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(Machine epsilon of float 10-1°)
We safely neglect this.




Our Error Budget
theoretical error sources: 2 _I_ 2
* systematic uncertainty (incorrect assumptions) 0} p— O
e statistical uncertainty (fitting) total - [ theorg

* numerical uncertainty

Exp. value Ref. Oexp+method

E(’H) —2.22456627(46)" [38] 0.47-10°%

E(*H) —8.4817987(25)* [38] 3.3-107°

E(*He) —7.7179898(24)* [38] 3.8-107°

E(*He) —28.2956099(11)* [38] 6.5-107°
Torp(H) 1.97559(78)" (65,73 0.78-1073
Torp(PH) 1.587(41) [65] 0.041
rpe-p(*He) 1.7659(54) [65] 0.013
rpe-p(He) 1.4552(62) [65] 0.0071

Qa 0.27(1)¢ 0.01
EL(®H) 0.6848(11) [68] 0.0011

_I_

2 (2
Otheory — | Y numerical T

Algorithmic origin, due to approximations in
the implementation of the computer model.
(Machine epsilon of float 10°16)

We safely neglect this.
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Estimating the model error
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Uncertainty Quantification

Statistical uncertainty in the parameter vector at the
optimum is given by the surface of the objective function.

Xrorm (P)

reasonable

XIZ]OI'm(pO) _I_ 1 -------------- domaln

Xr210rm (pO) e e e

Computational Experience With Confidence Regions and Confidence Intervals for Nonlinear Least Squares
J. R. Donaldson and R. B. Schnabel Technometrics 29 67 (1987)

Error estimates of theoretical models: a guide
J Dobaczewski, W Nazarewicz and P-G Reinhard, J. Phys.G 41 074001 (2014)
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Uncertainty Quantification

/Xz(p* + Ap) — x2(py) ~ %( Ap)TH(Ap) “n the parameter vector at the

o (D) rface of the objective function.
9 Opidp;

P=Px

/

N~ ~ ~

( Oa(p« + Ap) ~ Oa(p.) + (Ap)"J + %(AP)TH(AP)
= 0a(p«) + xTUTJy + %xTUTHUx le
2
Xnorm (p\ = Oa(p,) +x7T + %xTI:Ix. )
Xnorm P0) [“ Cov(A, B) = E[(Oa(p)~E[0A (9)])(Os(p)~E(Os(p)))
~ E[(Jaiz; + %f{A,ijximj — %ﬁA,iiUiz)

- 1 ~ 1~
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Computat o JAEJB T 2 (0‘ ) (HA © HB)G uares
J. R. Dona\\ J

Error estimates of theoretical models: a guide
J Dobaczewski, W Nazarewicz and P-G Reinhard, J. Phys.G 41 074001 (2014)




Error Propagation
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Simultaneous Optimization is Key

TA %I. Obtained wN parameters and their statistical
uncertainties for the NNLO potentials. ¢;, d; and e; are in
units of GeV ™!, GeV~2 and GeV ~? respectively.

—4.12(32) —3.56(13)
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Covariance Analysis
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what goes wrong: radii, binding energies, spectra, ...

o Theory NN+NNN
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what goes wrong: radii, binding energies, spectra, ...
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Interaction: NN+3NF(non-local) NNLO cutoff=450 MeV

Optimization: vary all LECs in NN+3NF simultaneously
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in-medium optimization: implementation
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NNLOs,: phase shifts and scattering observables
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NNLOs,c and the reproduction of input data

NCSM Energies and charge radii with NNLOsat CCSD Energies and charge radii with NNLOsat

Observable Theory Experiment D/Exp (%)
Egs(2H) -2.224574 | 2.224575(9) MeV 0.0
Fpt-p(2H) 1.978 1.97535(85) fm 0.1
Qp(2H) 0.270 0.2859(3) fm? 5.6
Po(H) 3.46% — —
Egs(3H) -8.52 -8.482 MeV 04
ren(H) 1.78 1.7591(363) fm 1.1

Egs(3He) -7.76 -7.718 MeV 0.5

ren(3He) 1.99 1.9661(30) fm 1.2

Egs(*He) -28.43 -28.296 MeV 0.5

ren(*He) 1.70 1.6755(28) fm 1.5
1Sy effective range expansion

Observable Theory Experiment D/Exp (%)

ann -18.93 -18.9(4) fm 0.2
T 2.855 2.75(11) fm 3.8
anp -23.728 -23.740(20) fm 0.0
T 2.798 2.77(5) fm 1.0
app -7.8258 -7.8196(26) fm 0.0
Fpp 2.855 2.790(14) fm 2.3

(Rn)2=-0.1149 fm2

Darwin-Foldy=0.033 fm?

Observable Theory Experiment D/Exp (%)
Egs(14C) 103.6 105.285 MeV 1.6
ren(14C) 2.48 2.5025(87) fm 0.9
Eqs(160) 124.4 127.619 MeV 2.5
ren(160) 2.71 2.6991(52) fm 0.4
Egs(220) 160.8 162.028(57) MeV 0.8
Egs(240) 168.1 168.96(12) MeV 0.5
Eqs(250) 167.4 168.18(10) MeV 0.5

|<8HellE1AlIBH>| = 0.6343
(empirical = 0.6848(11))

AT Q12
() = () + (B2 + (B2 + s
Rp=0.8775 fm o




NNLOs,c and the reproduction of input data

NCSM Energies and charge radii with NNLOsat CCSD Energies and charge radii with NNLOsat

1Sy effective range expansion

Observable Theory Experiment D/Exp (%)
Egs(2H) -2.224574 | 2.224575(9) MeV 0.0
Fptp(2H) 1.978 1.97535(85) fm 0.1
Qp(2H) 0.270 0.2859(3) fm? 5.6
Po(2H) 3.46% — —
Egs(3H) -8.52 -8.482 MeV 04
ren(3H) 1.78 1.7591(363) fm 1.1
Egs(3He) -7.76 -7.718 MeV 0.5
ren(3He) 1.99 1.9661(30) fmr

Egs(*He) -28.43 -28.296 Me'
ren(“He) 1.70 1.6755(28) fi

Observable Theory Experiment D/Exp (%)
Eqs(14C) 103.6 105.285 MeV 1.6
ren(14C) 2.48 2.5025(87) fm 0.9
Eqs(160) 124.4 127.619 MeV 2.5
ren(160) 2.71 2.6991(52) fm 0.4
Eqs(220) 160.8 162.028(57) MeV 0.8
Eqs(2%0) 168.1 168.96(12) MeV 0.5
Egs(250) 167.4 168.18(10) MeV 0.5

NNL Osat

reproduces the binding energies
and the charge radii of selected
psd-shell nuclei to 1%

Ten) = (Tpp) T UL,) g(”;) T

(Rn)2=-0.1149 fm2

Observable Theory Experimen
ann -18.93 -18.9(4) fir
Fnn 2.855 2.75(11) fr
anp -23.728 -23.740(20) fm.__
T 2.798 2.77(5) fm 1.0
app -7.8258 -7.8196(26) fm 0.0
Fpp 2.855 2.790(14) fm 2.3

Darwin-Foldy=0.033 fm?
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'O charge density and negative parity states
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Charge density
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Q M 2 - ]
0.02} | = Theory ok 0+
_ Experiment NNLO, Expt
oootr— Lo ol
0 1 2 3 4 o)
r (fm)
One-nucleon separation energies
NNLOsat Experiment
Sa('70) 4.0 MeV 4.14 MeV
Sn('60) 14.0 MeV 15.67 MeV
So('7F) 0.5 MeV 0.60 MeV
So('¢O) 10.7 MeV 12.12 MeV

N-CCSD(T)
hw=22 MeV, Nmax=14
E3max=16
NO2B HF basis
+leading order
NNN contribution
to the total energy

ab initio challenge:

E(3)=6.34 MeV

NNLOsat
E(3)=6.13 MeV, 90%
| p-1h excitation (pi/2-dsp)

| p-1h states sensitive to the particle-hole
gap (A=16/17 separation energies)

Experimental charge distribution data: H. DeVries, et al
At. Data Nucl. Data Tables 36, 494 (1987)



Spectra, binding energies and radii

N-CCSD(T)
3 : hw=22 MeV, Nmax=14
7§ N NNLO,,, SR E3max=16

S ' Expt. . ' NO2B HF basis

o 6 T 5 5 . . . E +leading order

g 5 -:\_ 1; ; ; L ; _/_;— NNN contribution

g 4 _:_ii’ ; L+ - S = to the total energy

3 3F Z Z - Z T2t TAn E Ground state energies in MeV:

: ' : +: : : : :

I'.El 2F =70 - e SR E 6L N3N2L.3wt 3%.%
1E ; 5 5 R 5 5 = SHe 30.9  31.5
Of—=ro == —=1 kgﬁ 0l ZT5 —mo i e 1

61f Hc UN 2F 209 AUF 2 2F 163.0 167.7

e 75 ] 179.1

Radii in fm:
charge matter  Exp.
SHe 1.91 —  1.959(16)
Li 222 —  2.217(35)
220 280 2.75(15)
240 2.95 —

'80 spectra compressed
E(2*)=0.7 MeV (exp. 1.9 MeV)




Spectra, binding energies and radii

N-CCSD(T)
hw=22 MeV, Nmax=14
E3max=16
NO2B HF basis

+|eading order
NNN contribution
to the total energy

Ground state energies in MeV:

NNLOsa:  Exp.

She. 304 32.0

SHe 30.9 31.5

Li 439 45.3

"“N 103.7 104.7

22F  [63.0 167.7

HE 751 179.1

8
7
> 6
S 5
?4
53
52

1

0

Radii in fm:
Calcium-40 charge matter  Exp.
SHe 1.91 —  1.959(16)

91 ; S
5 W) [ ) 569 (04, 25’0 o 2.80 2227251(?5)5)

240 2.95 s

'80 spectra compressed
E(2*)=0.7 MeV (exp. 1.9 MeV)




NNLOs,c and symmetric nuclear matter
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Simultaneous

optlmlzatlon is key!

NNLOop: + 3NFnisoo:

E/A=-15.5 MeV & k=14 fm"
34 =-13.5 MeV (!)

Coupled-cluster calculations of
nucleonic matter

G. Hagen et al.
PHYSICAL REVIEW C 89,014319 (2014)

NNLOsq: saturation properties
E/A =-14.59 MeV
ke = 1.35 fm-1
po =0.17 fm-3

incompressibility

inversely proportional to the compressibility.

cannot be measured directly, but related to e.g.
the giant monopole resonance (‘breathing
mode’) in finite nuclei.

J. . Blaizot Phys. Rep. 64, 171 (1980)




NNLOs,c and symmetric nuclear matter
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Simultaneous

optlmlzatlon is key!

NNLOop: + 3NFnisoo:

E/A=-15.5 MeV & k=14 fm"
34 =-13.5 MeV (!)

the three-nucleon force is

not independent of the

two-nucleon force ' : }X

Coupled-cluster calculations of
nucleonic matter

G. Hagen et al.
PHYSICAL REVIEW C 89,014319 (2014)

NNLOsq: saturation properties
E/A =-14.59 MeV
ke = 1.35 fm-1
po =0.17 fm-3

incompressibility

inversely proportional to the compressibility.

cannot be measured directly, but related to e.g.
the giant monopole resonance (‘breathing
mode’) in finite nuclei.

J. . Blaizot Phys. Rep. 64, 171 (1980)




Summary and conclusions

® “We are tightening the experiment-theory feedback loop™

¥ = —

|
|
I 4
| ) N ”
® Progress in ab initio nuclear physics using a consistently = 1:
. . . . | TTx ‘
in-medium optimized force: NNLOsq:. N :
(designed for masses and radii) -
3.5
¢ 0
. . — 34
® |n *3Ca, we have constructed a bridge to nuclear density
functional theory and predicted intervals for relevant =33 1 T y
observables. 3.2 1 | 1 )
3I.4 3I.5 3I.6 2I.O 2I.4 2.8 O.I15 0.I18 O.I21 0.2IOO O.ZIZS O.ZISO
. . . Rn (fm) ap (fm3) Rskin (fm) FW(Q)
® Next step: the optimization of N3LO NN+3NF. o
Performance of numerical derivation
2 182 4 a3 10° 3 :
- - S S - { Exp
® Much effort is going into estimating the uncertainty £ 10“\/\/_/\/ 2 100, o |
.y : : | 18 S
budget of chiral interactions and many-body calculations. = | g | NNLO
o 107° — Finite diff. £ 10°} -
T 10-8) . - Automatic diff. ||
Bl 00 ] - ‘
e : . 1070 07 0 0 T 10 TS0 100 150 200 250
® Advanced optimization/regression technology in place Step size (aritray unis) e V)

for uncertainty quantification in few-nucleon sector.

® Work in progress to include NNN scattering in
optimization.
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