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Presentation Outline

* Motivation: why and how we study the nuclear force, chiral effective
field theory, generative machine learning

* Project Details: goal of project, model architecture
* Preliminary Results: 'S, neutron-proton channel
* Future Extension: next steps for this project



Motivation

AlM

* The nuclear interaction is essential for describing atomic nuclei and

matter in astrophysical environments.

Ab 1nitio predictions link the neutron skin
of “®Pb to nuclear forces

Baishan Hu'*, Weiguang Jiang®*, Takayuki Miyagi'***, Zhonghao Sun®%* Andreas Ekstrom?, Christian
Forssén?*, Gaute Hagen®?!, Jason D. Holt"7, Thomas Papenbrock®®, S. Ragnar Stroberg®?, Ian Vernon!?
ITRIUMF, 4004 Wesbrook Mall, Vancouver, BC V6T 2A3, Canada. 2Department of Physics, Chalmers University of Technology, SE-412 96 Géteborg,
Sweden. ®Technische Universitét Darmstadt, Department of Physics, 64289 Darmstadt, Germany. 4ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum
fiir Schwerionenforschung GmbH, 64291 Darmstadt, Germany. 5Deparf;ment of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996,
USA. 6Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA. 7Dcpaﬂ:m(‘.nt of Physics, McGill University, 3600 Rue University,
Montréal, QC H3A 2T8, Canada. BDepartment of Physics, University of Washington, Seattle, Washington 98195, USA. gPhysics Division, Argonne National
Laboratory, Lemont, Illinois 60439, USA. 10Department of Mathematical Sciences, Durham University, Stockton Road, Durham, DH1 3LE, UK. *contributed

equally. M\:cvrresponding author: christian.forssen@chalmers.se

Source: ESO, An isolated
neutron star in the Small
Magellanic Cloud
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Motivation

 Chiral effective field theory is an effective tool for studying the nuclear
force.

%&0)(19, p') =Cs + Cro; - 02
V=Vip+Vy + Vg
‘/C(tO) (ISO) = élso — 471'(03 — 3CT)

Vo =V + v v 4. :
Vo) (180) = Cus, (0° + )
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Motivation

* In recent years, advancements in the field of machine learning have
led to the development of generative models that can produce new
data from existing data distributions.

* One of these are normalizing flows.

Base density Transformed density

7 \ , Ilﬂlll
= /) fone - (nla) = 0
= [ | > = R
= / fllll Illlll"\,\ Normalizin gF low \-b / A \.."R,‘_ /I."I \"-\
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Source: Simon Boehm, The Normalizing Flow Network
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Project Details

Optimized Chiral Nucleon-Nucleon Interaction at Next-to-Next-to-Leading Order
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Project Details

TABLE I.  Parameters of NNLO,, at A =500 MeV and Aggg =700MeV [3,21]: ¢; (inGeV ™),
C (in 10* GeV~2), and C (in 10* GeV~*). The number of decimal digits in the parameters ensure
that the phase shifts, in degrees, are computed with a four decimal digit precision.

LEC Value LEC Value LEC Value

¢ —0.918 63953 cs —3.888 68749 C4 431032716
Ccrr —0.151366 04 c? —0.15214109 e —0.15176475
Cis, 2.404 021 94 Css 0.928 384 66 Cis, —0.158434 18
Cip 0.417 045 54 Csp, 1.26339076 Csp, —0.782 658 50
Cig _3p 0.618 14142 Csp, —0.677808 51
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FIG. 1 (color online). Computed np phase shifts of the opti-
mized NNLO potential of this work (solid, red line), the NNLO
potential of Ref. [3] (dashed, blue line), and the N3LO potential
[4] (green, dotted line) compared with the Nijmegen phase shift
analysis [18] (solid dots) and the VPI/GWU analysis SM99 [43]
(open circles).
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—[ LECs J Infer :

LECs J S
* 3
N

o

=

=

Phase shift:
dsimulator (LECs)

[ Gaussian KDE = puaow(0) H Loss: compare ppgow (6) VS Prheory (6) ]




Preliminary Results

Counts (1)

Normalizing Flow Distribution of élso

120 —
100 —
80—3
GD—f
40—3

20

| 1
—0.155

o
—0.154

—0.153 —0.152

Cis, (10* GeV™?)

B Normalizing Flow
=== N2LOgp

| T
—0.151 —0.150

10



Preliminary Results

Normalizing Flow Distribution of Clg,
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Preliminary Results

1S, Phase Shift at 1 MeV
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Preliminary Results

1S, Phase Shift at 5 MeV

160 Experiment
—~ .
— 1205 to
~— . 20
v 3 mEm Normalizing FI
hd ] ormalizing Flow
- 80 —
= ]
@) 60 o
O ]
40 —
20 -
0 |

63.4 63.5 63.6 63.7

6180 (rad)



Preliminary Results

Counts (1)

1S, Phase Shift at 10 MeV
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Preliminary Results

Counts (1)

1S, Phase Shift at 25 MeV
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Preliminary Results
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Preliminary Results

Counts (1)

1S, Phase Shift at 100 MeV
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Preliminary Results

Counts (1)

1S, Phase Shift at 150 MeV
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Preliminary Results

1S, Phase Shift at 200 MeV
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Preliminary Results
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Future Extension
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* We hope to apply this technique to nuclear many-body calculations

and nuclear three-body forces.

Force (nuclear force) generated

Flectron Atom by the exchange of mesons

two-nucleon force three-nucleon force

two-nucleon force three-nucleon force
that operates between that operates among

Proton 2 nucleons 3 nucleons
Neutron — Proton Neutron ’
‘ Meson/ uclec

Nucleus ‘ '

Momentarily
excited

Source: Institute of Science Tokyo,
Unraveling the Origins of the
Universe: Physicist Kimiko
Sekiguchi Finds Experimental
Proof of three-nucleon force
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* The primary way of studying the nuclear interaction is by viewing it
through a scattering process.

hz 2 / / 1y —
_MV Y (r) + /dr V(r|r')yn(r') = Enthn(r)

V (k|k') R(k'|ko)
K2 — k2

M
R(k|ko) = V (ko) — P/dk’
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i [6simu1ator(LECS) ]

l

i [ Loss: compare §gimulator (LECS) vs 8N21,0 (LECs)
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Adih = Cayvg(p/Ap)" ™

Cave = (C(50 MeV) + C(100 MeV) + C(150 MeV) + C(200 MeV)) /4,
where C(E) = [fexp — 6n|Q " Vand Q = max(p/Ap, M/ Ap)
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