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a prototypical system for studying the

strong nuclear interaction

For details, see our recent preprint

Isak Svensson, Andreas Ekstrom, Christian Forssén arXiv:2304.02004 [nucl-th|
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Why ab tnitio nuclear theory?

Data uncertainty N
Data/ f R ~DModel discrepancy

Model parameters

R. J. Furnstahl, N. Klco, D. R. Phillips, S. Wesolowski Phys. Rev. C 92, 024005 (2015)
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Why ab 1nitio nuclear theory?

Data uncertainty N
Data/ f R ~DModel discrepancy

Model parameters hard scale
Ay

We have a model (an effective field theory) for describing data

I 0 1 2 k|
\ n M(a) =y (%) = ypef | 70 (2) 4! (g) 7 (2> T T (2)
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nucleon-nucleon
soft scale

scattering data
(~2000 of relevance)
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Why ab 1nitio nuclear theory?

Data uncertainty N
D.=M(a)+ 6D, + 6M,
Data/ f R ~Model discrepancy
Model parameters - d ccale @ 282 MeV

AX
770 MeV

We have a model (an effective field theory) for describing data
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--------- n M(a) =y (%) = ypef | 70 <2> +7, (g) +7, <2> + ...+ 7 (2>
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nucleon-nucleon The systematicity of the ab initio method creates an V
. e . . soft scale
inferential advantage since we claim to know Q a 140 MeV

scattering data

(~2000 of relevance) something about the model discrepancy.
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Data uncertainty N
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Model parameters - d ecale @ 282 MV
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SM; = Yyof i 2) We are uncertain about the

i=k+1 KA){/ expansion coefficients
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Predictions y¥) correlated across scattering energy & angle

adapted from J. A. Melendez, R. J. Furnstahl, D. R. Phillips, M. T. Pratola, S. Wesolowski Phys. Rev. C 100 (4), 044001 (2019)

QUANTIFYING CORRELATED TRUNCATION ERRORS IN ... PHYSICAL REVIEW C 100, 044001 (2019)
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Differences 9 L Coeflicients

1 ' ;
Q

0 0.5

O (7*. 2\ _ yk=Dpx. 2
we use Ypof = 0.5 (Idaho-N3LO) for polarization (oot & 6(0)) OE) = y® (@™ x) -y k(a . 3)
5 yI'ef(Q/A;()




J. A. Melendez, R. J. Furnstahl, D. R. Phillips, M. T. Pratola, S. Wesolowski Phys. Rev. C 100 (4), 044001 (2019)

A (Gaussian-process model for correlated oM

Quantify expansion coeflicients by evaluating the model at consecutive
chiral orders for a 2D grid of X; values (energles 1.1, and angles 6).

_)*

N n.b. we do this for a sensible chazce of @ =«
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A (Gaussian-process model for correlated oM

Quantify expansion coeflicients by evaluating the model at consecutive
chiral orders for a 2D grid of X; values (energles 1.1, and angles 6).

_)*

n.b. we do this for a sensible chmce of @ =«

We model the correlated expansion parameters as
a two-feature Gaussian process using a SQE kernel

—

y(x)|m, €, ~ €Pm, k(x',x; )]
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A (Gaussian-process model for correlated oM

Quantify expansion coeflicients by evaluating the model at consecutive
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Notation Definition Acronym Na,y N1,y Nef K';k:, (MeV) &2

Otot total cross section SGT 119 113 26.7 61 0.61°
ar Ttot (TJ,) — Otot (TT) SGTT 3 3 — — B

oL Otot (5) — Orot (22) SGTL 4 4 3.7 59 2.28*
Notation Tensor [llustration Acronym Na,y N1,y Neft b1, (MeV) é; (deg) c2

o(6) Too0o —»< DSG 1207 68 383.8 73 39 0.56

N
A(0) Doko :’\ A 5 1 5.0 70 37 0.66>
A.(6) Kokso —1>< AT 30 2 23.0 60 36 0.612
A, (0) Aoor a©-< AYY 58 4 19.4 60 33 0.97°
A.-(6) Aookk ;,_< AZZ 45 2 12.1 120 37 1.452
D(6) Dhnono —©—>< D 13 1 4.7 68 26 0.6
Dy (6) Konno —@—»(@/\' DT 36 5 33.6 41 45 0.522
DZ(6) Dosox 4&4 DOSK 8 1 3.1 59 29 0.522
A, (6) Prooo —»<' P 503 28 269.6 65 32 0.35°
NY.(6) Nonkr %{ NNKK 8 1 8.0 45 25 0.22?
NZ,(6) Nosk AQ NSKN 12 1 11.0 83 36 0.85%
NZ,(6) Noss % NSSN 4 1 4.0 78 31 0.622
b

R(6) D050 —1—»< R 5 1 5.0 74 32 0.677
R.(6) Kosso —1>< RT 29 3 24.2 87 28 0.592
R;(0) Kosko ;>< RPT 1 1 1.0 62 35 0.54°

We construct a model discrepancy for
each observable type (y) we condition
our inference on.

correlation lengths for np scattering

energies and angles in the ranges
40-120 MeV and 25—45 degrees.

small marginal variances

Isak Svensson, Andreas Ekstrom, Christian Forssén arXiv:2304.02004 [nucl-th|



The likelihood

Ny
pr(D|a, I) = | [ pr(Dyld, 1),
y=1

PT(Dy‘&a Iy) X €xXp

2lth,1 0 0

0 Zth,g 0

2th = : :
0 0 Zth,Ny |

Isak Svensson, Andreas Ekstrom, Christian Forssén arXiv:2304.02004 |nucl-th|




The likelihood

y=1 We emulate all ~2000 cross sections in <.
Takes 1s (non-threaded + Google JAX)

to evaluate likelihood and its derivatives.

2
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0 0 | <pf 102 /
hyNy - i .' -
] S 5 o FEINE N g, AN Y '5&@“"\‘ Mo #
;?‘% 1072 - 30 p B2 ROE+
(Bith,y)mn = COV[&UE? (fm),5yf'§)(fn)] < 1078 41 l ' - | (b)
0 500 1000 1500 2000

np scattering observable index

Isak Svensson, Andreas Ekstrom, Christian Forssén arXiv:2304.02004 [nucl-th] 8 See R. Furnstahl’s talk for more on emulators



row

Effects of a small marginal variance in the model discrepancy

total cross section (Ngatq = 119) differential cross section (Ng,¢4 = 1207)
column column
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row

Effects of a small marginal variance in the model discrepancy

total cross section (Ngatq = 119) differential cross section (Ng,¢4 = 1207)
COlumn Column
0 25 o0 7|5 1?0 0 250 500 750 1000
0 . 1.0 0 4 ' ! 1.0
neff E— 3 neﬂ' —-— 9
20 N
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(b) We used an entropy measure (Hill, 1973) to quantify the ‘effective dimension’

of the correlation matrices. Should we use something else?
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Irow

Effects of a small marginal variance in the model discrepancy

total cross section (Ngatq = 119)

column column
0 25 50 s 100 0 250 500 750 1000
O | | ] | O I | l l
20 - 200 -
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! |
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100 -
(b) We used an entropy measure (Hill, 1973) to quantify the ‘effective dimension’

of the correlation matrices. Should we use something else?
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differential cross section (Ng,t4 = 1207)
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Bayes’ rule: from likelihood & prior to posterior

e Collect N data points that we gather in a data vector D

—

® To explain the data, propose some model M, depending on parameters «
e Apply Bayes’ rule
Posterior Likelihood  Prior
pD|a,M,I) - p(a|M,I)
p(D|M,I)
Marginal likelihood

p(a |D,M,I) =

most likely not Rev. T. Bayes

- The prior encodes our knowledge about the parameter values before analyzing the data
- The likelihood is the probability of the data given a set of parameters
- The marginal likelihood (or model evidence) provides normalization of the posterior

—

- The posterior is the complete inference and resulting probability density for the parameters o



Setting up the prior for the model params’

— — —
p(a‘l)zp(aNN‘I)°p(anN‘I) 07426111+0.0246 . ’
—VU. (225 00246 A/ "72'
FAY * A o
[ *s ¢
i —— )
o N N
o —0 489_t8;}g§
L-TT] c, . NN contacts: iid normal
\“O ®----- o /\ 7 — > . —_— C
NILO p(a ‘1) —p(aNN‘I) _0-64;83%?
At = /(0,1 - 5%
o ... [
I nN exchange: Roy-Steiner
e p(@ D) = p(@ D
NNLO W N\
| €1,2,34 |
¢« 1 +... NI
S
A. Ekstrom, et al. Phys. Rev C 97, 024332 (2018) 11 .
D. Siemens et al, Phys. Lett B 770, 27-34 (2017)

W. Jiang, et al. Phys Rev C 102, 054301 (2020)



Hamiltonian Monte Carlo

m()ﬂtep}fth()ﬂ HMC Sample’f‘ O https:/ /github.com/svisak /montepython.git

r—-—=—=-7"~~=—-=-== r===="
I I | I
I | | I
I I | 1
| | | I
L - - - e
I I
I I
- --- + . .
I I
I |
r—=-=-= =TT 7"
I I I I
I I | I
I | | I
I I | I
S S |

credit: M. Betancourt arXiv:1701.02434

The LEC posterior is often multivariate (30 np/pp

LECs at
walk me

N3LO). Naive “guess and check” (random
ropolis) will fail exponentially. We use

Hamailton:

ian Monte Carlo (HMC) to take long jumps

in parameter space while staying in regions with

high prob

ability mass.

See D. Mondal’s talk for more on HMC 12

credit: https://chi-feng.github.io/mcme-demo/

S. Duane, et al. Phys. Lett B 195, 216 (1986)
[. Svensson, et al Phys. Rev. C 105, 014004(2022)
[. Svensson, et al Phys. Rev. C 107, 014001(2023)
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credible ranges for the model
parameters increase by a factor 1.5
when accounting for correlations in
the model discrepancy

np data reduces the prior credible
ranges for the /N parameters
C1s Cry C35,Cy by a tfactor 3-9
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The zN prior vs posterior MIAP

C1
0.0246
_0'74_24i0.0246

C3
—0.647° 318

The Mahalanobis distance (D3, = 9.95) between

the zN posterior MAP and prior (normal)
mean is far enough to be outside 95% of the
prior probability mass.

We need a better understanding of the
model discrepancy and the underlying EFT.

14
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Ay(0)

Posterior predictive distributions

seen data
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Nuclear Few-
(Global sensitivity analysis  dMany8ody

Emulating excited state energies of deformed atomic nuclei
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See K. Becker’s talk for more on GSA 16
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Nuclear Few-
(Global sensitivity analysis  dMany8ody

Emulating excited state energies of deformed atomic nuclei
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O

we developed a Gaussian process to quantify the correlated model discrepancy

(truncation error) of A-full chiral effective field theory at NLO and NNLO in np
scattering. Much of the essential machinery is in place (open source!).

we found that the correlated discrepancy has a small impact in A-full EFT up to NNLO.
Small difference between NLO and NNLO -> underestimated prediction errors.

problems abound:

- tension between zN and NN sectors. (maybe just misspecified discrepancy)

- sampling in high-dimensional spaces is always cha.
- do we have a sensible chiral EFT expansion? (like:

lenging.

y not)

- always a challenge to solve the many-body Schrodinger equation & quantify the

assoclated method errors.

emulators work like a charm and open up for many exciting and useful Bayesian

analyses in ab initio nuclear physics!



