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Nuclear forces from chiral effective field theory

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

We can use EFT to build
nuclear forces!
 Systematically improvable

Q v+1
0@) = (0k@) +0 (%)
» Connects different sets of
strong-interaction phenomena:
TN, NN, NNN

Two Body Three Body
Current Force




Nuclear forces from chiral effective field theory

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

( (data) nyFT) (0, A)) "

P(0; A,Data) oc exp | —= Z

ygg}gB(ﬁ, A)=m(0,A) + ugpr

0 = Set of Parameters (LECs)

A = Regularization Specification




Nuclear forces from chiral effective field theory

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

( (data) nyFT) (0, A)) "

P(0; A,Data) oc exp | —= Z

ygg}gB(é’, A)=m(0,A) + ugpr

Open Problems

How to choose regularization?
How to correctly order power counting?
What data should we fit?




Two Main Classes of Ab Initio Many-Body Methods

Quasi Exact Reference State
Quantum Monte Carlo Coupled Clusters Expansion
Direct Basis Expansion In-medium SRG

(Indirect Basis Expansion)

Exact many-body correlations Approximate many-body
correlations

Scale factorially in number Scale polynomially in
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Quasi-Exact Many-Body Methods

For only a few (< 12)
particles, one can construct
the many-body Hamiltonian

as a large matrix
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Many-body correlations are
iIncluded exactly!

20 22
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Uncertainty enters frOm the E. D. Jurgenson et al., PRC 87 054312 (2013)

basis truncation
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Quantifying Errors in Finite Oscillator Basis

R. J. Furnstahl et al., PRC 86 031301(R) Nmax
S. A. Coon et al. PRC 86 054002 _
Uyj (7“) — E Ci,n¢n (T)
_ _ n=0
E - Eexact — AE —

AER(L) + AEnix(L, &) = AEry (A)

S. N. More et al., PRC 87 044326
R. J. Furnstahl et al., PRC 89 044301




Quantifying Errors in Finite Oscillator Basis

Nmax

ui(r) = Y Cindn(r)

n=0

y§thy) = m(0, A) + URFT + UBasis

UBasis — VIR + vuv + Umixed

UIR 5
(1) /(Mos =1+ Y  Pr(B)e ™
- pm(B)




Coupled Clusters Expansion
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Coupled Clusters Expansion
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Reference State Methods (Coupled Clusters)

ygthY) — m(@, A) + UEFT 1 UBasis T WM.B. corr




Sub Conclusions

Uncertainty enters in
many places modern ab
initio calculations

Underlying interactions model
Basis systematics
Missing many-body correlations

The relative sizes of each
contribution can be observable
dependent

Prrr(6; A)

P(VEasis |03 0, V)

P (ugr|0; A)

( rad wa)

P(RI@, Wm.b.y UBasisy UEFT; A, ba N)

P(E|(9, Wm.b., UBasisy UEFT, Aa b7 N)



Nature Physms 12, 186-190 (2016) 10.1038/nphys3529
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Problems in Many-body Systems

Effective Field Theory fit to
A=2, 3, 4 body systems.
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Large extrapolations do
not go hand in hand
with predictive power!

Ar,, (fm)

E/A [MeV]

=400 MeV/c

=350 MeV/c

Binder, Langhammer, Calci, Roth, Phys. Lett. B. 736 (2014) 119-123



Catastrophic Errors?

O/® MR-IM-SRG(2)
0/m CCSD

7% CR-OC(2.3) EFT potentials have a

Asrg =1.88/2.24fm~1!

catastrophic systematic
error as the size of the
nucleus INcreases

< o O O O O

34 36 38 40 42 44 46 48 50 52 54 56 58 60 62

Son (N, Z) = E(N — 2, 2)

— E(N, Z)
O/® MR-IM-SRG(2)
30 Asra =1.88/2.24 fm ™!
o ¢ Gor’kov GF . . o
20 - | el Differential Quantities
10 =\ seem unaffected by
0 n this systematic error!

(¢) NN+3N-full

-10 38 40 42 44 46 48 50 52 54 56 58 60 62

A
H. Hergert et. al., Phys. Rev. C 90, 041302(R) (2014)




How to Address This Issue?

Fit eftective tfield theory to
ight nuclel and very low
energy scattering data.

Ekstrém, Jansen, KAW, et. al., PRC(R) 91, 051301(2015)
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How to Address This Issue?

Fit eftective tfield theory to
ight nuclel and very low
energy scattering data.

Ekstrém, Jansen, KAW, et. al., PRC(R) 91, 051301(2015)
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How to Address This Issue?

Exploit correlations between

| | | ICTI |

Fit effective field theory to predictions!

Iight nuclel and very low Differential quantities seem
energy Sca’[tering data unaffected by this systematic error!
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Exploiting Correlations Between Observables

Observables are correlated in heavy systems

(e.g. droplet model)
X. Roca-Maza, et. al., PRC 88, 024316 (2013)

What about lighter
systems”

10

E
>
0
=)
™~
-
3
q
=

AN 1 o0 O

3.20 3.28 3.36 3.44 3.52
R, (fm)

)

20 40 60 80 100 120 140
L (MeV)




Exploiting Correlations Between Observables

Observables are correlated in heavy systems
(e.g. droplet model)

apJ ~ (aR* 4+ b) ~ (aay, R+ bay, )(asR+by) + ...

EFT in lighter systems has
only a few parameters.

Many-body observables
must be correlated.

3.20 3.28 3.36 3.44 3.52

R_ (fm)

b




Neutron Radius and Skin of 48Ca

Hagen et al., Nature Physics 12, 186—190 (2016) 10.1038/nphys3529

0.15 0.18 0.21 34 35 3.6 2.0 2.4
R, (fm) R, (fm)

skin

ADb initio gives a a significantly thinner skin than DFT.
Ab initio and DFT give consistent prediction for ap.
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Implications for Neutron Stars

Hagen et al., Nature Physics 12, 186—190 (2016) 10.1038/nphys3529
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— [Hebeler et al. EPJA 50, 11 (2014)]
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A
QLMXB Analysis

[Lattimer and Steiner EPJA 50, 40 (2014)]
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Exploiting Correlations Between Observables

Observables are correlated in nuclear systems

EFT in lighter systems has
only a few parameters.

Many-body observables
must be correlated.

3.20 3.28 3.36 3.44 3.52
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But The Errors Are Correlated

Pthy(07 X\m)

A single model (potential)
gives us limited information
about the joint probability
distribution of two many-body
observables

31 32 33 34 35 36
Ry, (fm)




But The Errors Are Correlated

P (0, X) = / dm P (m) Py (O, X |m)

A single model (potential)
gives us limited information
about the joint probability
distribution of two many-body
observables

We can marginalize (integrate)
over a family of models to
better define our joint

31 32 33 34 35 3.6

R, (fm) probability distribution.




But The Errors Are Correlated

We can marginalize (integrate) experimental data to
further constrain our distribution.

P(0) = / AX Popy (O] X) Progo (X)




Can we compute:

Pthy(07 X\m)

Pthy(O, X) — de(m)Pthy(O, le)




Can we compute:

Py (O, X|m) = N({Om, X}, X0, x,.) More or less

P (0, X) = / dm P (m) Py (O, X |m)




Can we compute:
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Py (0, X) Z Py (O, X|m) Almost?




Can we compute:
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Can we compute:

Py (0, X|m) = N (O, 00, )N (Xm,0x,.) More or less

1 n
Piny (0, X) = — Y Py (O, X|m) Almost?

m=1
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With Small Random Correlation Coefficient
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With Large Random Correlation Coefficient
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Summary

Chiral Effective Field Theory provides a tool for
generating microscopic potentials.

Large systematic errors in many-
body calculation tend to spoil this
tool (EFT/model-independence)

Correlations between observables can
be exploited to fix these Issues

/A
Need to exploit these correlations in as 1.8 2.0 2.2 2.4 2.6
model independent manner as possible ap (fm?)

Need to be able to fully propagate uncertainties from
few-body input to many-body calculations
(derivatives w.r.t model parameters)






