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Nuclear physics is ubiquitous among many fields of science
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Nuclear physics is ubiquitous among many fields of science
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@ Neutrinos observed from the sun do not match solar model predictions

pp chain

Adelberger et al., Rev Mod Phys 83 195 (2011)



@ Neutrinos observed from the sun do not match solar model predictions

@ Largest uncertainty comes from nuclear reaction rates

pp chain

Adelberger et al., Rev Mod Phys 83 195 (2011)



@ Neutrinos observed from the sun do not match solar model predictions

@ Largest uncertainty comes from nuclear reaction rates

0.6
0.55
= 0.5
3
<045
=3
m 04
3
©w 0.35 Weizmann i Madrid
LUNA = Notre Dame
0.3 Seattle ATOMKI
ERNA el
0.25
1
0.1
Ee.m. [MeV]

Adelberger et al., Rev Mod Phys 83 195 (2011)

pp chain




@ Neutrinos observed from the sun do not match solar model predictions
@ Largest uncertainty comes from nuclear reaction rates

@ Need nuclear theory to accurately predict S3a(E)
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@ Neutrinos observed from the sun do not match solar model predictions
@ Largest uncertainty comes from nuclear reaction rates

@ Need nuclear theory to accurately predict S3a(E)

@ How to calculate this?
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No exact form of Viyn(r, r')J

(TH+V)(r,r,....ra) = EV(ri, r,...,ry)  Profon neutron

Vun is fit to NN scattering data )
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No exact form of Viyn(r, r')J

(T+V)W(r1ar27 - ) Ew(’la’?a 7A) proton neutron

Vi is fit to NN scattering dataJ
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The ab initio method: No-core shell model with continuum (NCSMC)
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The ab initio method: No-core shell model with continuum (NCSMC)
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The ab initio method: No-core shell model with continuum (NCSMC)
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The ab initio method: No-core shell model with continuum (NCSMC)
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The ab initio method: No-core shell model with continuum (NCSMC)
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The ab initio method: No-core shell model with continuum (NCSMC)
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NCSMC prediction consistent with higher-energy fusion data
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NCSMC prediction
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NCSMC prediction
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NCSMC prediction consistent with higher-energy fusion

data

o Elastic-scattering and fusion cross sections should be consistent
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NCSMC prediction consistent with higher-energy fusion

data

o Elastic-scattering and fusion cross sections should be consistent

e Missing SLi+p?
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NCSMC prediction consistent with higher-energy fusion data

o Elastic-scattering and fusion cross sections should be consistent

e Missing SLi+p?
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NCSMC method is intractable for
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NCSMC method is intractable for larger nuclei — how to proceed?

10 +— Current Limit
105 4
/
T
c 10° A J/
9 J/ —— 4He
& / —— 6Li
@ 104 —— 8Be
E — 10B
E — 12C
) — 160
10% 1 ——- 19F
~=- 23Na
27Al
10° T T T v T r
0 2 4 6 8 10 12 14

Fidelity of the calculation —

&P ’V>

(A-a)

WS, Mgy a)+ Y [ 1,6 A,
A v

Scaling even worse for full NCSMC J

mackenzie.c.atkinson@gmail.com Mack C. Atkinson LLNL



NCSMC method is intractable for larger nuclei — how to proceed?
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Larger coverage with mean-field theory (Density Functional Theory)

Proton number Z (up to 118)

Neutron number N (up to 258)
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Larger coverage with mean-field theory (Density Functional Theory)
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Larger coverage with mean-field theory (Density Functional Theory)

Still structure only! J

Often oversimplifies the problem

Proton number Z (up to 118)

Neutron number N (up to 258)
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Scattering and structure are typically treated separately — not ideal!

Known isotopes

Standard Optical Potentials are

N Stable solopes applied across the nuclear chart, but
FRIB fast beams > 1 pps lack nuclear structure
* ——
Vopt
z &)
N
C. Hebborn et al., J. of Phys. G 50, 060501 (2023)
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Scattering and structure are typically treated separately — not ideal!

Known isotopes Standard Optical Potentials are
®  Stable isotopes applied across the nuclear chart, but
FRIB fast beams > 1 pps lack nuclear structure

Vopt

Dispersive Optical Model

The DOM strikes a balance between computational cost and a consistent treatment of bound
and continuum dynamics
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Exact DOM Vopt




Gpowm: Single-Particle Propagator
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Gpowm: Single-Particle Propagator
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Dispersive Optical Model (DOM): uniting structure and continuum
o Self-energy: X*(r,r'; E) = Vope(r, r'; E)

Gpowr: Single-Particle Propagator
Exact DOM Vopt
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Dispersive Optical Model (DOM): uniting structure and continuum
@ Self-energy: Y*(r,r'; E) = Vopt (1 v E)

Dispersive Correction

1 o ImXy(r,r'; E')
ReZgj(r, r'; E) = %,P /_oo dE/#

Gpowr: Single-Particle Propagator
Exact DOM
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Dispersive Optical Model (DOM): uniting structure and continuum
e Self-energy: X*(r,r'; E) = Vipi(r, r'; E)

Dispersive Correction

ImXgj(r,r'; E")
E - E

1 o
ReXyj(r,r'; E) = —77/ dE’
—00

s

Gpowr: Single-Particle Propagator

@ This constraint ensures bound and scattering quantities are simultaneously described

Exact DOM Vopt
o &3 - © .
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o Parameters of self-energy varied to minimize x?

M.C. Atkinson et al., PRC 98, 044627 (2018)



Constraining the self-energy of 4°Ca

@ Parameters of self-energy varied to minimize 2
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Constraining the self-energy of 4°Ca

@ Parameters of self-energy varied to minimize 2
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Constraining the self-energy of 4°Ca

@ Parameters of self-energy varied to minimize 2

@ Reproducing the data ensures an accurate self-energy
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@ Electron interaction means clean knockout reactions

M.C. Atkinson et al., PRC 98, 044627 (2018)




@ Electron interaction means clean knockout reactions

@ Cross section is closely tied to the boundstate wavefunction
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@ Electron interaction means clean knockout reactions
@ Cross section is closely tied to the boundstate wavefunction

o Evidence of physics beyond mean-field: Spectroscopic Factor
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Electron scattering: the exclusive “°Ca(e, ¢'p)**K reaction

@ Electron interaction means clean knockout reactions
@ Cross section is closely tied to the boundstate wavefunction

@ Evidence of physics beyond mean-field: Spectroscopic Factor

Old Mean-Field
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M.C. Atkinson et al., PRC 98, 044627 (2018) D [MeV /cl
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Electron scattering: the exclusive “°Ca(e, ¢'p)*°K reaction

@ Electron interaction means clean knockout reactions
@ Cross section is closely tied to the boundstate wavefunction
@ Evidence of physics beyond mean-field: Spectroscopic Factor
o DOM allows first consistent calculation
DOM Prediction &
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@ Proton knockout can be used in both stable and exotic nuclei

M.C. Atkinson et al., Front. Phys. 12, 1505982 (2025) M.C. Atkinson et al., PRC 105, 014622 (2022)
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@ Proton knockout can be used in both stable and exotic nuclei

M.C. Atkinson et al., Front. Phys. 12, 1505982 (2025)
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@ Proton knockout can be used in both stable and exotic nuclei

@ Discrepancy caused by using free V,

M.C. Atkinson et al., Front. Phys. 12, 1505982 (2025)
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Now consider knockout with a hadronic probe: “°Ca(p, 2p)*°K

@ Proton knockout can be used in both stable and exotic nuclei

@ Discrepancy caused by using free V,

@ Dress Vp, to include effect of proton propagating through nucleus
(propagator Gpon)

M.C. Atkinson et al., Front. Phys. 12, 1505982 (2025) M.C.
Electron probe: “°Ca(e, €/p)*K Proton probe: %0
z | S
% 3/21
! @ <
—200  —100 o B\Iev ifi() 200 300 (:7 Bl 60 80 11:;,0 I\Iiz\!’!] 140 160 180 o
v V.
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Outlook

@ Use dressed V,,, in reactions throughout nuclear chart
@ Synergizes with global DOM effort
e Reactions with exotic nuclei (e.g. >?Ca)

e Investigate e and v scattering with “°Ar for DUNE

o Work already begun to analyze JLab experiment on
4OAr(e, e'p)3°Cl

. . . . epiadd utron number ()
@ Investigate impact of Vjyy on Helium fusion = pesmen number (9

Proten number (2)

pHp > Hre'+y,

ZHep -)1 SHesy

Sanford Underground

IHed TBety
Research Facility He+He > Be+y
Fermilab
Beter S TLity, "Betp > “Bty
/ Li+p > “He+‘He B > tBe*+e'+v,
NEUTRINO
PRODUCTION ®Be* > ‘He+‘He
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He+3He > 4
DETECTOR He+?He > ‘He+2p

B
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