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“No one trusts a model except the one who wrote
it; everyone trusts an observation, except the one
who made it.”

Harlow Shapley (1885-1972)
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Optical-model potentials (OMPs):
an effective interaction for nuclear reactions
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fully ab initio treatment is (usually) too hard... instead use optical potential

V(rg) = Uopt(T0)

Most empirical OMPs are substantially the same as they were in 1960:

A glorified particle-in-a-box (Woods-Saxon) with energy-dependent real and imaginary depths

Lawrence Livermore ‘a1 |
National Laboratory NOYSH -

LLNL-PRES-2009846 al Nuclear Security Administration



Many OMPs are available, but most lack uncertainty estimates

and agreement is spotty

10 4 Mass Energy D. Mic| UQ | Bib section
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. efforts until the last 5 years
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%" - " Mediocre model agreement
2 [285]
¥ even on the “easy stuff”
WLH 12 £ A <242 0<E =150 MeV % J v | [326] 324 . . .
1077 - (elastic scattering on magic
I JLMB A>30 TkeV < E<340MeV x v | x | [98] 3.24 systems up to 50 MeV)
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Building better phenomenological OMPs

" Improving methodology PRC 95, 024611 (2017) A. E. Lovell et al.
— Parameter inference: classical methods vs. MCMC and beyond PRC 102, 034601 (2020) C. D. Pruitt et al.

C
— OQutliers, correlations, and underestimated experimental error PRC 110, 064606 (2024) C. D. Pruitt et al. ,
.. PRC 112, 014302 (2025) O. C. Gorton, K. Kravvaris
— Empirical coverage over common data sets

" Improving traditional OMPs PRC 107 014602 (2023) C. D. Pruitt, J. Escher, R. Rahman
— What is the “wiggle room” (parameter uncertainty) in widely used PRL 131 212503 (2023) C. Hebborn, F. M. Nunes, A. E. Lovell
: PRL 133, 042501 (2024) Z. Y. Xu et al.
? ’
OMPs.I|ke CH89 and KD: PRC 110, 034602 (2024) A. J. Smith et al.
— What is the impact on downstream observables? PRC 112, 024604 (2025) K. A. Beyer et al.

" Improving scope

— Moving toward the driplines: how can we constrain models when we PRL 119, 222503 (2017) M. H. Mahzoon et al.
have no experimental reaction data? PRC 101, 044303 (2020) M. C. Atkinson et al.
N P , o , , , PRL 125, 102501 (2020) C. D. Pruitt et al.
— Linking structure and reactions with the Dispersive Optical Model EPJ Web of Conf. 322, 05001 (2025) C. D. Pruitt et al.

— Does OMP uncertainty matter for reactions on unstable systems?

We use OMPs throughout nuclear physics and nuclear data:

how much should we trust them, where, and why?
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Training a phenomenological OMP involves computing cross sections
via a scattering formalism (the calculable R-matrix)
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Even state-of-the-art phenomenological OMPs are several-
sigma discrepant with their training data
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Nucl. Phys. A 713 (2003) 231-310

OMP A E (MeV) x2/N x2/N X/ N X/ N
(this) (this)
Wilmore—-Hodgson [57] 40-208 0—15 11.2 7.4 9.2 6.7
Rapaport et al. [47] 40-208 7—-26 10.0 7.0 4.1 1.8
Varner et al. [4] 40-208 7—26 8.3 7.0 4.7 1.8
Walter—Guss [58] 53-208 10—80 6.3 6.1 2.3 1.3
Madland [59] 40-208 50—-200 8.6 4.5 6.9 1.2
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An abbreviated timeline of reaction-model UQ methodology

Training models to correlated data MCMC (Metropolis-Hastings) Fixed unaccounted-for uncertainties (UAUs), MCMC (stretch move)
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PRC 95, 024611 (2017) A. E. Lovell et al. PRC 97, 064612 (2017) A. E. Lovell and F. M. Nunes PRC 102, 034601 (2020) C. D. Pruitt et al.

Dynamic UAUSs, outlier rejection Gradient descent vs. MCMC comparison and empirical coverage ROSE: OMP emulation
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To retrain CH89 and KD with UQ, we built a pipeline using off-the-shelf MCMC and nuclear
data tools

M Logo credit:
‘ Nic Dronchi

[ TOMFOOL (The Optical Model Framework Out of LLNL) 1 &5
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Gorton]
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We equipped the KD OMP with uncertainties (KDUQ), enabling
extrapolation consistent with known scattering data
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C. D. Pruitt, J. E. Escher, R. Rahman, Phys. Rev. C 107 (2023) 014602

If you use the KD OMP, KDUQ is a drop-in extension providing model uncertainties (including correlations)
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Several reaction theory studies have propagated KDUQ
uncertainties into their results; TALYS integration underway

o o . .
o Transfer and knockout reactions Fission observables
D T2 Ar - (a) L8 —_
=10 3 14 Transfer = Santi and Miller, 2008 = Spencer et al, 1982 | [+ Gwin et al, 1084 = Badikov et al, 2007
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and are listed in Table III. linear fit of the transfer (blue) and knockout (red) error bars.
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from Nuclei in the Cosmos conference (2025) from NuFact conference (2024)
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Model uncertainties explain where new data are (or aren’t) useful

Neutron o, relative difference

(heavy-light)

¢

— = = KD OMP (standard)

experimental data

KDUQ OMP

Theory:
Nucl. Phys. A 713, 231 (2003) Koning and Delaroche
PRC 107 014602 (2023) C. D. Pruitt, J. Escher, R. Rahman

Data:

PRC 67, 044606 (2003) F. S. Dietrich et al.
NIM A 614, 468 (2010) R. Shane et al.
PRC 102, 034601 (2020) C. D. Pruitt et al.
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Building better phenomenological OMPs

" Improving methodology PRC 95, 024611 (2017) A. E. Lovell et al.
— Parameter inference: classical methods vs. MCMC and beyond PRC 102, 034601 (2020) C. D. Pruitt et al.

— Outliers, correlations, and underestimated experimental error PRC 110, 064606 (2024) C. D. Pruitt et al. .
.. PRC 112, 014302 (2025) O. C. Gorton, K. Kravvaris
— Empirical coverage over common data sets

" Improving traditional OMPs PRC 107 014602 (2023) C. D. Pruitt, J. Escher, R. Rahman
— What is the “wiggle room” (parameter uncertainty) in widely used PRL 131 212503 (2023) C. Hebborn, F. M. Nunes, A. E. Lovell
: PRL 133, 042501 (2024) Z. Y. Xu et al.
MPs like CH89 and KD? ’
v g eC. 57 and PRC 110, 034602 (2024) A. J. Smith et al.
— What is the impact on downstream observables? PRC 112, 024604 (2025) K. A. Beyer et al.

" Improving scope

— Moving toward the driplines: how can we constrain models when we PRL 119, 222503 (2017) M. H. Mahzoon et al.
have no experimental reaction data? PRC 101, 044303 (2020) M. C. Atkinson et al.
N P , o , , , PRL 125, 102501 (2020) C. D. Pruitt et al.
— Linking structure and reactions with the Dispersive Optical Model EPJ Web of Conf. 322, 05001 (2025) C. D. Pruitt et al.

— Does OMP uncertainty matter for reactions on unstable systems?

We use OMPs throughout nuclear physics and nuclear data:

how much should we trust them, where, and why?
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The Dispersive Optical Model (DOM) connects reactions to

structure via dispersivity and non-locality physical constraints

Microscopic and DOM self-energies
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Fully non-local DOM: 4#Ca and 2°%Pb
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Spectral functions that agree quantitatively with (e,e’p)

PRL 119, 222503 (2017) M. H. Mahzoon et al.
PRC 101, 044303 (2020) M. C. Atkinson et al.
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PRL 125, 102501 (2020) C. D. Pruitt et al.
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Particle number, binding energy, and valence single-particle energies
are powerful, universally available training data

N=50 N=62 From a non-local DOM, the hole propagator provides

7e50 | - RN the one-body density and structural observables:
00 O - Particle number (most important overall!)

0 H - - Binding energy (dictates deep-hole properties)

- Charge radius (dictates geometry)

| - Single-particle energies (dictates geometry and

shallow-hole properties)

N=28

- The propagator also enables self-consistent treatment
of reactions combining structure and scattering:

O Scattering data , .
Z=28 | ] Mass and particle number data - (e7e p) Cross SeCtlonS

[ charge radius data - (p,2p) cross sections
= (p,n) and (n,p) cross sections
Charge radius data range from IAEA database B parity—violating electron Scattering (neUtron SkinS)

Z=20 [ T[1 Depicted mass data range is notional only

] u On (e,e’p) and the DOM: Atkinson et al., Phys. Rev. C 98 (2018) 044627
On (p,2p) and the DOM: Yoshida et al., Phys. Rev. C 105 (2022) 014622
On neutron skins and the DOM: Mahzoon et al., Phys. Rev. Lett. 119 (2017) 222503

Structure data can provide meaningful constraints on scattering, even in the absence of experimental data
Lawrence Livermore \ / G
NS
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POTLUQ (LLNL global UQ DOM) preliminary results: 4:485458Cq

— S, KD

Very preliminary: — P KD
* At low asymmetries (**Ca), DOM neutron o Sova 40Ca

m— P, KDUQ

transmission coefficients are largely consistent 081 . 3 homrue
with KD/KDUQ at astrophysical energies

* At high asymmetries ©4%Ca), transmission o6
coefficients drop dramatically, driven by

shallow Fermi energy and particle-number 8
constraint (DOM fit recovers N=40 for ¢©Ca) & o]
* Dripline imaginary surface strength likely
weaker than shell model predictions of
spectroscopic-factor asymmetry dependence 027
* Spectral functions indicate considerable
broadening of deep holes, consistent with 0:0
understanding from (e,e’p) 10-3 102 10— 10° 10!

Energy (MeV)

Preliminary results show a larger isovector surface asymmetry dependence compared to non-dispersive models,

which would tend to reduce near-dripline (n,y) cross section predictions

Lawrence Livermore ot
National Laboratory N VYSE

LLNL-PRES-2009846 tional Nuclear Security Administration



POTLUQ (LLNL global UQ DOM) preliminary results: 4:485458Cq

Very preliminary:
* At low asymmetries (“>*8Ca), DOM neutron
transmission coefficients are largely consistent
with KD/KDUQ at astrophysical energies

* At high asymmetries ®+°8Ca), transmission
coefficients drop dramatically, driven by
shallow Fermi energy and particle-number
constraint (DOM fit recovers N=40 for ¢©Ca)

* Dripline imaginary surface strength likely
weaker than shell model predictions of
spectroscopic-factor asymmetry dependence

* Spectral functions indicate considerable
broadening of deep holes, consistent with
understanding from (e,e’p)

Ty; (E)

1.01 — s, KD

— P, KD

= S, KDUQ
= P, KDUQ
== 1 S, POTLUQ
== 1 P, POTLUQ

48Ca

0.8 1

0.6 1

““““-‘---——“-Q

/
-

103 102 10!
Energy (MeV)

10°

10t

Preliminary results show a larger isovector surface asymmetry dependence compared to non-dispersive models,

which would tend to reduce near-dripline (n,y) cross section predictions
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POTLUQ (LLNL global UQ DOM) preliminary results: 4:485458Cq

Very preliminary: 101 2 ko e
* At low asymmetries (**Ca), DOM neutron P xDUG >4Ca — ‘
transmission coefficients are largely consistent N rorrog
with KD/KDUQ at astrophysical energies 0.8 1

* At high asymmetries ®+°8Ca), transmission
coefficients drop dramatically, driven by 0.6 1

shallow Fermi energy and particle-number 8
constraint (DOM fit recovers N=40 for ¢©Ca) &
0.4
* Dripline imaginary surface strength likely
weaker than shell model predictions of
spectroscopic-factor asymmetry dependence 0.2
* Spectral functions indicate considerable
broadening of deep holes, consistent with 0:0
understanding from (e,e’p) 10-3 102 10— 10° 10!

Energy (MeV)

Preliminary results show a larger isovector surface asymmetry dependence compared to non-dispersive models,

which would tend to reduce near-dripline (n,y) cross section predictions
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POTLUQ (LLNL global UQ DOM) preliminary results: 4:485458Cq

e e . — S, KD
Very preliminary: 101 — p kb =g —
* At low asymmetries (“*8Ca), DOM neutron b xDUG Ca ‘
transmission coefficients are largely consistent S g

== : P, POTLUQ

with KD/KDUQ at astrophysical energies

* At high asymmetries ®+°8Ca), transmission
coefficients drop dramatically, driven by
shallow Fermi energy and particle-number
constraint (DOM fit recovers N=40 for ¢©Ca)

Ty (E)

* Dripline imaginary surface strength likely
weaker than shell model predictions of
spectroscopic-factor asymmetry dependence

* Spectral functions indicate considerable
broadening of deep holes, consistent with

understanding from (e,e’p) 10-3 10-2 10-1 109 10!
Energy (MeV)

Preliminary results show a larger isovector surface asymmetry dependence compared to non-dispersive models,

which would tend to reduce near-dripline (n,y) cross section predictions
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