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Introduction

o | will discuss two different many-body methods that treat both bound and scattering
states consistently

© No-core shell model with continuum (NCSMC) - ab initio
@ Dispersive optical model (DOM) - phenomenological

@ | will present different reaction calculations that benefit from their simultaneous
bound/scattering states

@ Results of these calculations warrant futher investigation of the nuclear force
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@ Reaction rates too low at solar energies in the lab
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@ Reaction rates too low at solar energies in the lab

@ Current evaluations depend on both theory and experiment

o Ideally, theory will accurately predict Sz4(E)
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The ab initio method: from NCSM to NCSMC
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The ab initio method: from NCSM to NCSMC
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The ab initio method: from NCSM to NCSMC
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The ab initio method: from NCSM to NCSMC
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The ab initio method: from NCSM to NCSMC
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The ab initio method: from NCSM to NCSMC
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The ab initio method: from NCSM to NCSMC
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NCSMC Calculation of 3He+*He well-converged, levels need shifting
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NCSMC Calculation of 3He+*He well-converged, levels
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NCSMC Calculation of 3He+*He well-converged, levels
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NCSMC Calculation of 3He+*He well-converged, levels

need shifting
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Now, what about the scattering wave function?

@ Compare to SONIK elastic scattering results to further probe ).
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Now, what about the scattering wave function?

@ Compare to SONIK elastic scattering results to further probe ).
@ Experiment done at TRIUMF in 2022 — lowest E measured to date
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Now, what about the scattering wave function?

@ Compare to SONIK elastic scattering results to further probe ).
@ Experiment done at TRIUMF in 2022 — lowest E measured to date
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@ What is the source of discrepancy at large angles?
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@ More repulsion is needed in the 1/27

channel
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@ More repulsion is needed in the 1/2% channel

o Explicitly add repulsion

Hi{/?(r, r') — ’Hi’/fr(r, Y+ V(r,r)
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@ More repulsion is needed in the 1/2% channel

o Explicitly add repulsion
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The 1/2" channel is responsible for this constant

@ More repulsion is needed in the 1/2% channel

e Explicitly add repulsion
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The 1/2" channel is responsible for this constant shift

@ More repulsion is needed in the 1/2% channel

e Explicitly add repulsion
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o With NN + 3N interaction treated consistently, two possibilities:



Why does our calculation lack suitable repulsion in the 1/2% channel?

o With NN + 3N interaction treated consistently, two possibilities:
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Why does our calculation lack suitable repulsion in the 1/2% channel?

o With NN + 3N interaction treated consistently, two possibilities:

1/2+

@ Calculation could be missing channels —1or

e Including p+°Li channel could have strong o

effect on phase shift ¥
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@ Need to compare more interactions
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Comparison with other theories
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o Excitation spectrum provides evidence of many-body correlations beyond mean-field
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M.C. Atkinson et al., PRC 98, 044627 (2018)
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o Excitation spectrum provides evidence of many-body correlations beyond mean-field

@ Momentum distribution is closely tied to the boundstate wavefunction
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The exclusive (e, €'p) reaction

@ Excitation spectrum provides evidence of many-body correlations beyond mean-field

@ Momentum distribution is closely tied to the boundstate wavefunction

@ Spectroscopic factor (Quenching...)
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The exclusive (e, €'p) reaction

@ Excitation spectrum provides evidence of many-body correlations beyond mean-field

@ Momentum distribution is closely tied to the boundstate wavefunction

@ Spectroscopic factor (Quenching...)
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@ Perturbative expansion of G leads to the Dyson equation
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@ Perturbative expansion of G leads to the Dyson equation
@ 2" corresponds to an optical potential
e Y*(r,r'; E) is nonlocal -
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Dispersive Optical Model (DOM)

Perturbative expansion of G leads to the Dyson equation
> * corresponds to an optical potential
Y*(r,r’; E) is nonlocal - \

ﬁ2 At /. N —
2M¢(r)+/dr Y, r' E)Y(r') = Ey(r)

Use the same functional form as standard optical potentials for the self-energy
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Dispersive Optical Model (DOM)

@ Perturbative expansion of G leads to the Dyson equation
@ 2" corresponds to an optical potential
e Y*(r,r'; E) is nonlocal ) _ )

-2
Lun)+ [ s (er ©)u(r) = Eulr)
1
@ Use the same functional form as standard optical potentials for the self-energy

Y r" E) = Vi(r, r'; E) + Vye(r, ' E) + Vo (r, ' E)
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Dispersive Optical Model (DOM)

@ Perturbative expansion of G leads to the Dyson equation
@ 2" corresponds to an optical potential
e Y*(r,r'; E) is nonlocal _

ﬁ2 At /. N —
2M¢(r)+/dr Y(r, r' E)Y(r') = Ey(r)

Use the same functional form as standard optical potentials for the self-energy

Y r" E) = Vi(r, r'; E) + Vye(r, ' E) + Vo (r, ' E)

Nonlocality is parametrized with
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Dispersive Optical Model (DOM)

@ Perturbative expansion of G leads to the Dyson equation
@ 2" corresponds to an optical potential
e Y*(r,r'; E) is nonlocal _

ﬁ2 At /. N —
2M¢(r)+/dr Y(r, r' E)Y(r') = Ey(r)

Use the same functional form as standard optical potentials for the self-energy

Y r" E) = Vi(r, r'; E) + Vye(r, ' E) + Vo (r, ' E)

Nonlocality is parametrized with

Can this also describe negative energy
observables?

/ —(r—r
Y*¥(r,r;E)=1" (r—; r ;E) e A ﬂ_%5_3
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@ The DOM makes use of complex analysis to formulate a consistent self-energy

o
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1 C. Mahaux, R. Sartor, Adv. Nucl. Phys., 20, 96 (1991)



Dispersive Optical Model (DOM)

@ The DOM makes use of complex analysis to formulate a consistent self-energy

@ Calculation could be missing channels

1 © 1
ReXyj(r,r'; E) = ReXyj(r,r'; er) — ;((—:F —E)P /ﬁ dE'Tm¥ y;(r, r'; E') [E —F

1 r 1
—1—;(6/: —E)P /_Oo dE'Tm¥y;(r,r'; E') [E — =

@ (subtracted) Dispersion relation constrains self-energy at all energies

1 C. Mahaux, R. Sartor, Adv. Nucl. Phys., 20, 96 (1991)
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Dispersive Optical Model (DOM)

@ The DOM makes use of complex analysis to formulate a consistent self-energy

@ Calculation could be missing channels

1 > 1 1

ReXyj(r,r'; E) = ReXyj(r,r'; er) — ;((—:F —E)P /ﬁ dE'Tm¥ y;(r, r'; E') [E = R—
1 er 1 1

—|—;(e,: - E)P /_Oo dE'Tm¥y;(r,r'; E') [E =

@ (subtracted) Dispersion relation constrains self-energy at all energies

@ This constraint ensures bound and scattering quantities are simultaneously described

1 C. Mahaux, R. Sartor, Adv. Nucl. Phys., 20, 96 (1991)
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o Parameters of self-energy varied to minimize x?



o Parameters of self-energy varied to minimize x?
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Fitting the Self-energy (*°Ca)

@ Parameters of self-energy varied to minimize 2
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Fitting the Self-energy (*°Ca)

@ Parameters of self-energy varied to minimize 2
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Fitting the Self-energy (*°Ca)

@ Parameters of self-energy varied to minimize 2

10%0

10

sr|

Z10%

do/dQ [mb
s

1010

1‘,“,%
h)

105

N

1020 —\

10' \\\%\:T\/
\r\-;'tvn"

nt9Ca

n+7Ca

o[>
5 51
10° % DD
D A
W e T T
-
poo bty e L Pt Lo ! L Ll
0 30 60 90 120 150 180 0 30 60 90 120 150 180 0 30 60 90 120 150 180 0 30 60 90 120 150 180
Oc.m. |deg] Ocm. |deg] Ocm. |deg) Ocm. |deg)

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

atkinson27@lInl.gov

Mack C. Atkinson

LLNL

o [mb|

o [mb]

800 |

p+i°Ca

0

4000
3500
3000
2500
2000
1500
1000

500

100
B [MeV]
T

150

200

n+4°Ca.

Otor —@—

Oreact —@—

1
100
Ejqy [MeV]

L
150

200

13



Fitting the Self-energy (*°Ca)

@ Parameters of self-energy varied to minimize 2

@ Reproducing the data means self-energy is found

n+“'Ca

- 7Ca

25
10% 10%0
10% - 20
102’—\
N
7 g0
S \\\_\_\/
10 0
15
_g 100 1= O 10k
o
1010 w B POV W e
D
10 [~
! m 5 - §
5k
100 % Seeee
o e
1“67\‘\""-...—«-...../
.
100 I e S IR I Ll I I Ll
030 60 90 120 150 180 0 30 60 90 120 150 180 030 60 90 120 150 180 030 60 90 120 150 180
Ocm. |deg] Oc.m. [deg] Ocom. [deg] Ocm. [deg]

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

atkin

son27@lInl.gov

Mack C. Atkinson LLNL

o [mb|

o [mb]

Experiment
DOM

0
4000

3500
3000
2500
2000
1500
1000

500

n+4°Ca.

Otor —@—
Oreact —@—

L L
100 150 200

Eup [MeV]

13



@ DWIA for exclusive reaction (C. Giusti's DWEEPY code)

Sa) = / X (N7 () 6ea(N)[Ska(E) V2
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DOM calculation of “°Ca(e, €'p)¥K

@ DWIA for exclusive reaction (C. Giusti's DWEEPY code)
(@) = [ X O 0)oea(0)[Sea( N2 e

@ DOM provides all ingredients

[ T, =100 MeV Nikhef —e— [ 7, =100 MeV Nikhef +~e—
DOM — - DOM —
100
g + +
S 10} 3/2 i 1/2
s 10E
Q E
£ 'E
@ Z=0.71+0.06 : Z=0.60+0.03
0.1k
L 1 L 1 L 1 L 1 L 1 E_ . 1 L 1 L 1 L 1 L
—200 —100 0 100 200 300 —200 —100 0 100 200 300
Pm H\[(‘V C]

/ T
M.C. Atkinson et al., PRC 98, 044627 (2018) P MeV/cl
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Want to study knockout in exotic

Experimental sketch for stable nuclei
+ \&
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K. Yoshida, M.C. Atkinson, K. Ogata, W.H. Dickhoff PRC 105, 014622 (2022)




T~ / dR tun$ (RIS (RIXSD (R)eiomkoRgn (R). "

@ Same DOM ingredients used

K. Yoshida, M.C. Atkinson, K. Ogata, W.H. Dickhoff PRC 105, 014622 (2022)




To get started, consider the stable “°Ca(p, 2p)*°K reaction

T~ [ dR (R (R (R)e 0 Rop, (R).

@ Same DOM ingredients used

By JdTEIQRQE [ub/(MeV 1)]

1
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TL [MeV]

K. Yoshida, M.C. Atkinson, K. Ogata, W.H. Dickhoff PRC 105, 014622 (2022)
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To get started, consider the stable “°Ca(p, 2p)*°K reaction

T~ [ dR (R (R (R)e 0 Rop, (R).

@ Same DOM ingredients used

| "SE” [ (p,2p) | (e,€p) ]
| DOM | 0.560 | 0.71+0.04 |
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To get started, consider the stable “°Ca(p, 2p)*°K reaction

T~ [ dR (R (R (R)e 0 Rop, (R).

@ Same DOM ingredients used

| "SE” [ (p,2p) | (e,€p) ]
| DOM | 0.560 | 0.71+0.04 |

)

@ Remember that S comes directly from X7,

82*(04 hy (X h;E)
— (1= qn> —q
57 ( OE

K. Yoshida, M.C. Atkinson, K. Ogata, W.H. Dickhoff PRC 105, 014622 (2022)
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To get started, consider the stable “°Ca(p, 2p)*K reaction

T~ [ dR (R (R (R)e 0 Rop, (R).

@ Same DOM ingredients used

| "SE” [ (p,2p) | (e,€p) ]
| DOM | 0.560 | 0.71+0.04 |

)

@ Remember that S comes directly from X7,

82*(04 hy (X h;E)
— (1= qn> —q
57 ( OE

o, /dTEAQFAQY [ub/(MeV s1?)|

@ Main difference is the probe = problem is likely V,, 0@ s 10 1 T T T80
TE [MeV]

K. Yoshida, M.C. Atkinson, K. Ogata, W.H. Dickhoff PRC 105, 014622 (2022)
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@ Try varying Vyy to see effect on S¢

dPoy, /dTEAQFAQY [ub/(MeV st?)]

10 | I T L L L
40 60 80 100 120 140 160 180

TL [MeV]
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Nucleus-informed pp interaction: V,, — [,

@ Try varying Vyy to see effect on S¢

Bop/dTEAQFAQY b/ (MeV sr?)]

o1 1 . 1

40 60 80 100 120 140 160 180

TL [MeV]
| Sf | Vw | (p2p) |
DOM FL 0.560 £ 0.05

DOM Mel 0.489 £ 0.05
DOM | Mel (free) | 0.515 + 0.05

K. Yoshida, M.C. Atkinson, K. Ogata, W.H. Dickhoff PRC 105, 014622 (2022)
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Nucleus-informed pp interaction: V,, — [,

@ Try varying Vyy to see effect on S¢

@ Dependence of S on choice of Vjyy is another sign
the problem lies in Viyy

Bop/dTEAQFAQY b/ (MeV sr?)]

10 | I U
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DOM FL 0.560 £ 0.05

DOM Mel 0.489 £ 0.05
DOM | Mel (free) | 0.515 + 0.05
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Nucleus-informed pp interaction: V,, — [,

@ Try varying Vyy to see effect on S¢ %
@ Dependence of S on choice of Vjyy is another sign 2
the problem lies in Viyn el
@ Interactions need information about the nucleus ;‘:’i;
»q;_
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Nucleus-informed pp interaction: V,, — [,

e Try varying Viyy to see effect on Sg

@ Dependence of S on choice of Vjyy is another sign
the problem lies in Viyy

@ Interactions need information about the nucleus

Bop)dTEAQFAQY b/ (MeV sr?)]
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Nucleus-informed pp interaction: V,, — [,

e Try varying Viyy to see effect on Sg

@ Dependence of S on choice of Vjyy is another sign
the problem lies in Viyy

@ Interactions need information about the nucleus
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Nucleus-informed pp interaction: V,, — [,

e Try varying Viyy to see effect on Sg

@ Dependence of S on choice of Vjyy is another sign
the problem lies in Viyy

@ Interactions need information about the nucleus

Bop)dTEAQFAQY b/ (MeV sr?)]

40 60 80 100 120 140 160 180

TE [Mev]
e Gpp ~ [ Gpom X Gpowm ' Sfr | Vw | (p2p) |
@ Similar to G-matrix, except this is calculated in DOM FL 0.560 + 0.05
finite nuclei DOM Mel 0.489 £ 0.05
DOM | Mel (free) | 0.515 £ 0.05
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Nucleus-informed pp interaction: V,, — [,

e Try varying Viyy to see effect on Sg

@ Dependence of S on choice of Vjyy is another sign
the problem lies in Viyy

@ Interactions need information about the nucleus

Bop)dTEAQFAQY b/ (MeV sr?)]

40 60 80 100 120 140 160 180
TL [MeV]

o Gpp ~ [ Gpom X Gpom L S [ Vww [ (p2p) |
DOM FL 0.560 + 0.05
DOM Mel 0.489 + 0.05
DOM | Mel (free) | 0.515 £ 0.05

K. Yoshida, M.C. Atkinson, K. Ogata, W.H. Dickhoff PRC 105, 014622 (2022)
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@ Similar to G-matrix, except this is calculated in
finite nuclei

e Good approximation for typical (p,2p) energies

atkinson27@lInl.gov Mack C. Atkinson LLNL



Summary

@ Ab initio calculation of 3He(c,y)"Be capture reaction using the NCSMC

e Simultaneous analysis of elastic and capture data reveals mild tension
e Lack of repulsion in 1/2% channel could be due to Vjyy or the lack of p+°Li channel

@ The DOM accurately predicts 4°Ca(e, e/p)3°K but not the very similar °Ca(p, 2p)*°K
reaction

o Likely cause of discrepancy in these knockouts is the pp interaction used in the DWIA

@ In both examples of the NCSMC and the DOM, the ability to simultaneously describe
bound and scattering states helped isolate areas of improvement

@ Resolution of these issues will lead to improved nucleus-induced reaction calculations

atkinson27@lInl.gov Mack C. Atkinson LLNL 18
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