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Precision calculations go to the zoo

* A zoo of modern chiral effective field theory (EFT)
interactions is now available (cf. Robert’s talk)
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Zoo of precise many-body methods Zoo of interactions (maybe only 2 really...)
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Recent progress in fitting interactions

* Two-body: nucleon-nucleon (NN) sector
* LENPIC few/many-body NN calculations

* Ongoing work at Chalmers group beyond N2LO sim/sep
* Local chiral potentials with explicit Deltas

« BUQEYE: recent Bayesian exploration (in partial waves)

* TN sector: coefficients from Roy-Steiner analysis

* Three-body: NNN sector
» LENPIC fits of ¢y and cg + few/many-body calculations

Kai, Hermann, and Robert’s talks;

* More work with light nuclei in QMC

* BUQEYE+Chalmers to contrain ¢, and c¢ (Bayesian methods)



Case studies in NN parameter estimation

* Question: what is the value added of using
Bayesian methods, especially in the NN sector?

* Answer: can explore issues in a controlled setting

For *all* the details see:

Wesolowski et al., J Phys G 46, 045102 (2019)

* IMpact and incliusion or truncation errors

* Observable calculations are quick, as opposed to
few-body sector, so understand in NN sector first

e Ultimate products: making progress on UQ +
understanding and testing physics issues



Constraining and testing an EFT:
the user’s guide

1. Outline EFT and all sources of uncertainty

2. Be as explicit (i.e. Bayesian) as possible
(That doesn’t technically mean changing your procedure!)

3. Check your results. Validation is key.

For even more details see:

Wesolowski et al., J. Phys. G 43, 074001 (2016)



Setup: sources of uncertainty

yexp = Ytn T 5yth T 5yexp T 5ynum.

 Method/numerical errors (often well-controlled)

* Theoretical errors (don’t just exist in EFT)

* EFTs: truncation uncertainty
e EFTs: Correlations between observables (3NFs)

* Experimental errors, correlated or uncorrelated

Put together everything you know about each

source: in Bayes language these are “priors”



Propaganda: Follow the Bayes Way

pr(B|A, I)pr(A|l)

P = B

= pr(z|data, [) o pr(datalx, I) x pr(z|])

VO TV
posterior likelihood prior

Why use Bayesian statistics?
Parameter estimation: conventional optimization recovered as special case

Update expectations using Bayes’ theorem when have more information
Assumptions are made explicit (e.g. naturalness of LECs)

Clear prescriptions for combining errors

Statistics as diagnostics for physics

Model checking: we can test if our UQ model works and study sensitivities
Model selection: Is the A needed? Pionless vs. pionful formulations, ...

Particularly well suited for (any) EFT, but generally suited for theory errors



Parameter estimation

* Framework for parameter estimation

* Describing observables with theory:
yexp = Yin + 5yth + 5yexp

* Reduces to y? fitting without theory error

* But we know theoretical error exists, especially for
effective field theories

k 00
Yth = Yref Z CnQn 5yth — Yref Z CnQn
n=0

n=k-+1

For chiral EFT: Q = max{p, mr}/Ap



Parameter estimation

 What we want to calculate:

D) Any other background
e.g., EFT naturalness

pr<a’k | yexp7 ZeXp7 Eth?

EFT low-energy constants
at order k in the theory

* Posterior pdf with naturalness and truncation error:

pr(ak ‘ yexp’ ZGXP’ Eth) X pr(yexp ‘ yth? ZGXI” Zth)[pr(ak ‘ a’)]

Prior

* Naturalness: encoded in a “hyperparameter”
* Truncation error: X, theory error assumptions



Exploring projected posteriors

e Starting slow:

yexp = Yin 1 5yexp
 Work in a regime where theory error is very small

* High enough order where truncation error is small
* Regular least-squares likelihood with Gaussian prior

pr(c_ik‘yexpa Eexp) X pl“(’yexpfé_ik, ZeXp) pr(c_ik)
x e 3T Sap? w o—(@r)?/2a°

r = Yexp — Yth



Exploring projected posteriors
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Exploring projected posteriors
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Effect of the prior
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Including truncation errors

yexp = Yin —I_ 5yexp

Theoretical uncertainty takes this form, and we can put a
prior on the unknown higher-order coefficients c,

©.@)
L T — ~2
5yth — Y, ef SJ C’nQ Cn’C ~ N(O,C )
/ =2 o 2 (Yret)i C Q2k+2
(Eth uncorr. ) yref Z Q 51.7 k’max—>00/ 1 — QQ 5ij
n=k+1 '
(yref) (yref)] Qk+1Qk+1 b ’ a)
2 n
(Eth corr. ) (yref yref nzk;_1 Q J k:max—mol 1—Q; Q]

FOrm OT theory covariance IS quite simpile and IS

can be added to the experimental covariance!

Wesolowski et al., JPG 46, 045102 (2019)



Effect of including truncation errors

If we have absorbed effects of higher-order operators by
including theory errors, LEC extractions should be independent
of E,.,, the highest-energy datum used:

Hypothesis: (Daniel’s talk)
Coefficients can be modeled as Gaussian processes

Fimax [MeV| Fimax [MeV|

Uncorrelated assumption Correlated assumption

arxiv:1808:08211



Strategy and moving forward for 3N

* Nice, simple form of posterior

(note: can marginalize over hyperparameters to avoid tight assumptions)
e Sample using Markov Chain Monte Carlo (MCMC)
e Fast for NN, but few-body not as cheap to compute
e Goal: understand impact of uncertainties from 3N

 Strategy: fix NN and N and their uncertainties first
Using NNLOsep

* Theory uncertainty from fixed LECs and truncation error
2ith = 2k + XLLECs
* Then estimate ¢y and c¢, simpler 2D problem



Summary

* Important to understand full information content of data

* Most channels look Gaussian, but do statistical test before
approximations!

* Use of projected posterior plots as a physics diagnostic
illustrated by the fourth-order s-wave LECs =»parameter
degeneracy

* What is optimal trade-off between more data to determine
LECs more Ereusely and fit contamination at higher energies
of omitted higher-order EFT terms?

* Sensitivity to E ., removed with Bayesian UQ =»LECs should
be independent

* Accounting for truncation errors; verify with E_, plots
* Moving forward... 3NF



Moving forward

 Combined, full error propagation. Put truncation
error framework together with LEC error
propagation

* Cp and c¢g estimation, UQ for 3BFs, fuller analysis
and comparison with recent work

* Incorporation of GP model for truncation errors
into parameter estimation framework

* Additional open issues:

* Testing power counting
* Expansion parameter studies



Backup: Case studies in NN parameter
estimation

e Case study 1: Exploring projected posteriors
* Correlations between parameters
* Are there multiple modes?
* Parameter redundancy (occurs for three cases at N3LO)
e Gaussianity: do covariance approximations work?

* Case study 2: “E,,., plots”
« An EFT at order QX is missing terms ~QX*1
* We account for these missing terms

* Higher-order effects in data should not affect parameter
estimates at lower orders in the EFT

* E,... plots visualize this expectation: should “level off”
e Use ”SCS” interactions of Epelbaum, Krebs, and MeilSner



Backup: Full posterior pdf with theory error

* Using particular assumptions:

see for details
pr (@ | Yo Sesp; Sin) o o~ 37T Cexpt+Zen) " (dk)* /20
" =Yexp — Yth
* Theory and experimental errors add!
* Naturalness prior imposes a penalty on large LECs

* Form of theory error:

o . e kmax 2 _2 2k+2
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Exploring projected posteriors
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Effect of including truncation errors

Use partial-wave cross sections extracted from PWA phase shifts

Crs0 = —0.5879%
T i

Chso = 1.057512

Uncorrelated assumption

arxiv:1808:08211

Cis0 = —0.587501

Cigo = 1.0275:89
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