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Analysis of indirect reaction require accurate
description of the reaction

Need to have accurate reaction description and
reliable quantification of uncertainties




Analysis of indirect reaction require accurate
description of the reaction

Need to have accurate reaction description and
reliable quantification of uncertainties

Three main ingredients in any models:

1) Interactions grounded in the
underlying theory

2) Use an accurate model

3) Quantify uncertainties



|deally, we want to describe all reactions from nucleon’s
degrees of freedom, with interactions derived from QCD
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Ab initio predictions have provided accurate evaluation
of reaction rates
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But they are (for the moment) stuck to light systems and low energies*..

*new methods being developed (Bonaiti, Johnson, Kimura)



Often we are using few-body models to describe
these reactions
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Microscopic Hamiltonian 2 > Effective Hamiltonian
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Solve the 3-body problem with 3-b Hamiltonian (prior vs post form):
H3Y = Topig+ Vit + Vbt + hog = Tq + Vist + V4 +
(+3-b force almost always neglected)
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What we want to
Solve the 3-body problem with 3-b Hamiltonian (prior vs post form): learn from data

H3b ~ T6Li—A + Vocg% opt + had ~ Td + Vopt + Vd@
(+3-b force almo s neglected)

Compute observables, compare with data and deduce information about



~or example, ANCs of /O were extracted
from B3C(a,n)**0 data
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~or example, ANCs of /O were extracted
from B3C(a,n)**0 data

Transfer data {\ 170 ANCs r\ R-matrix evaluation
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~or example, ANCs of /O were extracted
from B3C(a,n)**0 data

But different ANCs obtained from JUNA... Leads to different evaluation
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For example, ANCs of /O were extracted
from B3C(a,n)*0 data

But different ANCs obtained from JUNA... Leads to different evaluation
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First we do not know the Hamiltonian
accurately...

H3b ~ T6Li—A + Vo% opt + h ad =~ Td + Voa Vopt + haA

Potentials (Woods-Saxon) fitted to scattering data e _ _
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First we do not know the Hamiltonian
accurately...

H3b ~ T6Li—A + Vo% + VodpAt + had ~ Td + Vo%dt + VodpAt +

Potentials (Woods-Saxon) fitted to scattering data Effective interaction for a-d
Often 6-12 parameters... Anything you can find to
constrain it...

— Parametric uncertainties (often not quantified)

Phase shift analysis
- Model uncertainties (often not quantified)

Structure prediction for
Sometimes there are not even data to fit to... spectroscopic amplitudes...
rely on global parametrization



Second, we do not know the exact solution to the few-
body problem.. Many (imperfect) models exist
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‘ect) models exist

' One-step description of the reaction
— cheaper computationally

Exact but computationnally expensive




Second, we do not know the exact solution to the few-
body problem.. Many (imperfect) models exist
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d —> Many models which are accurate for
Beam energy different energy regimes and targets....

[Figure courtesy of F. Nunes]
Choose wisely... And be critical ©



What can we do to improve reaction analysis?

1) Use state-of-the art predictions to ground our interactions
2) Use improved reaction models

3) Quantify uncertainties
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Recent ab initio prediction for °Li reproduce both
scattering and S-factor with reduced uncertainties
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Recent ab initio prediction for °Li reproduce both
scattering and S-factor with reduced uncertainties
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Reanalysis of transfer data using °Li description informed
by ab initio prediction
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Reanalysis of transfer data using °Li description informed
by ab initio prediction explains the discrepancy
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Reanalysis of transfer data using °Li description informed
by ab initio prediction explains the discrepancy
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(°Li,d) transfer data were also usec

o

constrain ANCs relevant for astrophysics...
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These ANCs were determined from different model

TABLE XIII Summary of o particle asymptotic normalization coefficients of the two subthreshold states at E, = 6.92 and
7.12 MeV. Because the CN reaction data does not place strong constraints on the ANCs (and are sometimes inconsistent), the
values obtained from transfer studies are adopted as the best estimates for this analysis. For comparison, theoretical values,
and those deduced from R-matrix analysis are also shown.

ANC, (fm~1/?)

Ref. 6.92 MeV, 27 712 MeV, 1-

Theory

Descouvemont] ( 1987D E|1.34>< 10°

Sparenberg| (2004) 1.445(85)x 10°

Dufour and Descouvemont| (2008) 1.26(5)x 10°

R-matrix ‘

Barker and Kajino| (1991 19x10°

Azuma et al. q'1994'bq ) [k 1.90x 10 Not a |Way5
Angulo and Déscou'vemont‘ 42000D .02x10° . .
Buchmann| (2001) 28733 x10° unce rta I ntles
Matei et al.| (2008) 2.3(4)x10°

Tischhauser et al.| (2009) [F1.54(18) x 10°

Tang et al.| (2010 1.67x10° 1.96x10'

Schiirmann et al.| (2012) 1.5x10° 1.94x10™

Sayre et al.[(2012) 1.59x10°

Transfer

Brune et al.| (1999) 1.14(10)x10° 2.08(20) x10'*

Belhout et al.] (2007 [IL.40(50) x 10 1.87(54)x 10

Oulebsir et al.| (2012 1.44(28)x10° 2.00(35)x 10

Avila et al.[ (2015) 1.22(7)x10° 2.09(14) x10**

2 ~o transformed to ANCq by
b ~4 transformed to ANC, by

Sparenberg

2004).

Dufour and 1

¢ Renormalized by |Oulebsir et

Descouvemont‘ (]2008b.

al.[ (2012).




These ANCs were determined from different model
of 1°C(ax, y)**O

and taken in the R-matrix evaluation

(keV or fm~1/2)

JT E, (MeV) 'y, or ANC, I'p, or ANC, | P
this work lit. this work lit. this work lit. this work lit.
— (4,0) (15,1)
0~ 12.7954(; 127937 40907 40
ot 0.0 58 13.9(19)
ot 6.0494(10) 1560(100)
ot 12.049(2) 1.5(5)
(220,50) (37,70)
0t 15 (BGP) ~11.900{730°77) x10° 42055770
1- 7.1165(14) 2.08(20) x 10 0.98(12)
1- 9.5868(:;;;2) 9.585(11) 382;2% zayvay " »
_ , 11, , )
17 12.449350  12.440(2) 99.2(} 91(6) 17802 11 -003137 0025
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1~ 17.09 (BGP) 500
- (7,1) (61,15)
1 20 (BGP) 15.6,,,)x10° 270 55170
1" 13.6646(7)  13.664(3) —10.3(7.  8(3) 61.1032))  55(3)
2+ 6.9171(6) C.1420) x 10°_J 0.45(13)
2+ 9.8445(5) 2o
2t 11.505500)  11.520(4) 83.0(5'0) 71(3)
2t 12.9656(,;;)  13.02(1) -349(33) 150(10) 1.82(7% -4.0(5:0)
2+ 15 5.5(73) x10° -8.1(10%)
3” 6.12989(4) 139(9) 1.88(23)
3~ 11.5058?33% 11.60(2) 902%2;3) 800(100) o .
— 10,3 42,9 2,1 13,0
37 13.1412(7%)  13.129(10) 72.95%) 90(14) -1.113) 1 20.5(15")) 20
3" 13.2650 13.259(2) 12.837) 9(4) 3.66(;",) 4.1 117433 8.2(11)
3~ 20 (BGP) —22(;5) x10°
4t 1035817  10.356(3) 26.13(373) 26(3)
4t 11.0967(16) 0.28(5)
4* 15 (BGP) 2.57 x 103337
5 14.66 (BGP) 1.22 x 103’ 8




Reanalysis using °Li ab initio prediction leads to a
reduction of 12C(a, y)°0 of 21% at 300 keV!
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Reanalysis using ®Li ab initio prediction leads to a
reduction of 12C(a, ¥)'°0 of 21% at 300 keV!
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Unexplained discrepancies in (’Li,t) data used
to constrain ANCs of 160
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Similar discrepancy in transfer analysis were
observed for spin orbit partners...

36S(p,d)3°S measured with 98 states identified!
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Recent work suggests that it could be ¢
spin-orbit terms in the optical potentia

36S(p,d)3°S measured with 98 states identified!
(band associated with UQ on optical potentials)
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Reanalysis of these data quantifying all
Interaction uncertainties

Elouan Boucheron

Bayesian analysis for UQ associated to optical potentials in 12C(”Li,t)1®0O
(First time for heavy ion transfer)
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The optical potentials uncertainties do not
seem to explaln the dlscrepancy

‘

Elouan Boucheron
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The optical potentials uncertainties do not
seem to exp\aln the dlscrepancy

7 12C(7L| t)160

(b)

M
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Ida

Elouan Boucheron

Other attempts to quantify model uncertainties
also do not explain the discrepancy.. (preliminary)

- Two step mechanism

- Adding excited states of 12C



The optical potentials uncertainties do not
seem to explain the discrepancy...

0.3F

0.2F

12C(7Lj,t)160

(a) T

Z ok 1
‘

Elouan Boucheron

Other attempts to quantify model uncertainties
also do not explain the discrepancy.. (preliminary)

- Two step mechanism




What can we do to decrease the uncertainties in
direct reactions and validate reaction analysis?

Measure various channels and identify ratio of observables that cancel uncertainties

elastic
/ C( scattering

- & —°°_> inelastic

’ N\ scattering
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k breakup

(both exp & theory!)




What can we do to decrease the uncertainties in
direct reactions and validate reaction analysis?

Measure various channels and identify ratio of observables that cancel uncertainties

(both exp & theory!)

elastic
scattering

inelastic
scattering

breakup



11Be on “C @ 67AMeV
as case study

e Start from realistic potentials

e Consider random variations of o e R
all potentials parameters around ;7
their realistic values
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1Be on “C @ 67AMeV
as case study

e Start from realistic potentials

e Consider random variations of
all potentials parameters around

their realistic values
 Compute the cross sections
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1Be on “C @ 67AMeV
as case study

e Start from realistic potentials

e Consider random variations of
all potentials parameters around

their realistic values
 Compute the cross sections
 Compute the ratios
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11Be on 12C @ 67AMeV ’
as case study .

N
— %’&‘x 10 [b sr

— d%,’g[b sr-1] Ro

. _ _ -1
— (55%“5)5=0.1Mev x 0.1 [bsr~! Mev~-1] Bl Rg [MeV™']

e Start from realistic potentials

e Consider random variations of
all potentials parameters around

their realistic values

* Compute the cross sections

* Compute the ratios

* Compute the sensitivity factor

. ARE(EaG)
98(E,9) = R, JaEdq

_ _AR(9)
90(0) - Adabu/dﬂ,
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Summary and prospects

Indirect reactions helps constrain astrophysical reactions inaccessible experimentally
- Need for accurate reaction theory and quantified uncertainty

Leveraging state-of-the-art available predictions for nuclei improves these constraints
— Explain the LUNA/JUNA discrepancy for 13C(a, n)°0
- Predict a 21% reduction of 2C(a, )0 at 300 keV
- What about other reaction probed with (°Li,d)?

Still discrey

Ir range
- Optical §

yet)

Need for new measurements Involving multiplie channels (when possiole)...
— Possibility to decrease theoretical uncertainties by taking ratios



Thank you for your attention, my collaborators,...

|! B Lawrence Livermore e
National Laboratory ] ]

Sofia Quaglioni Kostas Kravval Gregory Potel
JG|U ‘.-J & &
is Argonne

NNNNNNNN

PiemeCapel . \AsomatORY

Melina Avila

pASE: 9

Guillaume Hupin

<& TRIUMF

Petr Navratil  peter Gysbers



Thank you for your attention, my collaborators,
and the few-body reaction group at MSU

Filomena Nunes Chloé Hebborn Ibrahim
Abdurrahman

Manuel Andy Smith Zetian Ma
Catacora Rios



