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* Be7/ capture in EFT: next-to-leading order
(NLO)

* Bayesian analysis

 Questions

6/28/2016



Radiative Capture Reaction

;Be+p—-:2B+y



Radiative Capture Reaction

;Be+p—-:2B+y

—>

o= o7

6/28/2016



Radiative Capture Reaction

;Be+p—-ocB+y

—

C

o= °7

* Kinetic energy (E) between core (C) and nucleon(n)

* Photon takes away all the energy: Q value + E

* Particles carry spin (2 channels—> 2 sets of parameters)
* Electromagnetic dipole radiation (charge separation),
and governed by strong interaction
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Goal is to infer the S factor and its uncertainty
at near-zero energies based on theory



Motivations

W.C. Haxton, R.G. Hamish Robertson, and Aldo M. Serenelli,
Annu.Rev.Astron.Astrophys. 51,21 (2013)



Solar neutrino generation

p+p—o>?H+et+v, p+e +p—>2H+v,
99.76% l 0.24%
H+p—>3He+y
84.6% ' 15.4% 2.5%107°%
3He + 3He — *He + 2p *He + *He — 'Be + y He + p — *He + et + v,
99.89% t 0.11%
‘Be +e™— Li+ v, ‘Be+p—>%B+y
Li+p—2%He 88 — 8Be + et + v,

6/28/2016 PP I pp 11 pp 111 ;



Solar neutrino generation

p+p—>*H+et+v, p+e +p—2H+v,
99.76% k| 0.24%
|
CH +p—3He D
84.6% 15.4% 2.5 x 107%

[ | {
|
3He + 3He — *He + 2p GE+4HE—>?BE-{D He + p — *He + et + v,
99.89% | 0.11%

‘Be +e™— Li+ v,

I

Li+p—2*He E’B—:>8I3e+e++ve

Radiative Capture

‘Be+p—>5B+y
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Solar neutrino generation
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Flux (cm2s1)
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Solar neutrlno generatlon
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Solar neutrlno generation
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The capture reaction cross sections impact
solar neutrino oscillation experiments, and
solar modeling.
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Solar abundance problem

Table 1 Standard solar model characteristics are compared to helioseismic values, as determined
by Basu & Antia (1997, 2004)

Property® GS98-SFII AGSS09-SFII Solar
(Z/X)s 0.0229 0.0178 -

Zs 0.0170 0.0134 -

Ys 0.2429 0.2319 0.2485 + 0.0035
Rcz/Re 0.7124 0.7231 0.713 £+ 0.001
(8¢/c) 0.0009 0.0037 0.0

Zc 0.0200 0.0159 —

Yc 0.6333 0.6222 -

Zini 0.0187 0.0149 -

Yini 0.2724 0.2620 -

Based on surface properties from Based on surface properties from 3-D
I'D Convection Zone SimUIation convection zone simulation
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Solar abundance problem

Table 1 Standard solar model characteristics are compared to helioseismic values, as determined
by Basu & Antia (1997, 2004)

Property® GS98-SFII AGSS09-SFII Solar

Zc 0.0200 0.0159 _

Based on surface properties from Based on surface properties from 3-D

|1-D convection zone simulation convection zone simulation
High metallicity Low metallicity

High coreT Low coreT

Large neutrino flux Small neutrino flux
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Solar abundance problem: Helioseismology
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Solar abundance problem: Helioseismology
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The revised SSM does NOT agree with Helioseismology measurements



Solar abundance problem: Neutrinos

Table 2 Standard solar model (SSM) neutrino fluxes from the GS98-SFII and AGSS09-SFII SSMs, with associated
uncertainties (averaging over asymmetric uncertainties)®

v flux Emax (MeV) GS98-SFII AGSS09-SFII Solar Units
p4+p—H+et +v 0.42 5.98(1 £ 0.006) 6.03(1 £ 0.006) 6.05(1700%) 1010 ¢m—2 571
p+e +p—H+v 1.44 1441 £ 0.012) 1.47(1 £ 0.012) L46(17g01) 108 em™2 57!
Be4+e™ — TLi+v 0.86 (90%) 5.00(1 4 0.07) 4.56(1 £ 0.07) 4.82(1500) 10% em=2 57!
0.38 (10%)

5B > 8Be+et 4+ v ~15 5.58(1 + 0.14) 4.59(1 & 0.14) 5.00(1 + 0.03) 106 em=2 571
‘He+p — *He+et+v 18.77 8.04(1 £ 0.30) 8.31(1 £ 0.30) — 10° cm™2 57!
BN BCtet +v 1.20 2.96(1 £ 0.14) 2.17(1 £ 0.14) <6.7 108 em=2 57!
BO 5 BN 4et v 1.73 2.23(1 £ 0.15) 1.56(1 £ 0.15) <3.2 108 cm=2 57!
VF S 704et v 1.74 5.52(1 + 0.17) 3.40(1 + 0.16) <59 106 em=2 571
x2/ P 3.5/90% 3.4/90%

6/28/2016
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Solar abundance problem: Neutrinos

Table 2 Standard solar model (SSM) neutrino fluxes from the GS98-SFII and AGSS09-SFII SSMs, with associated
uncertainties (averaging over asymmetric uncertainties)®

v flux

Emax (MeV)

GS98-SFII

AGSS09-SFII

Solar

Units

5B — 8Be+eT +v

5.58(1 £ 0.14)

4.59(1 + 0.14)

5.00(1 £ 0.03)

109 em=2 §71

XLZKpagr

3.5/90%

3.4/90%
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Solar abundance problem: Neutrinos

Table 2 Standard solar model (SSM) neutrino fluxes from the GS98-SFII and AGSS09-SFII SSMs, with associated
uncertainties (averaging over asymmetric uncertainties)®

v flux

Ema (MeV)

GS98-SFII

AGSS09-SFII

Solar

Units

5B — 8Be+eT 4+ v

~15

5.58(1 £ 0.14)

4.59(1 + 0.14)

5.00(1 £ 0.03)

109 em=2 §71

Xzzpagr

3.5/90%

3.4/90%

Two models could be differentiated IF the theoretical errors and
those of solar neutrino experiments on 8B neutrino flux can be

reduced.
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EFT at N2LO

A simple picture due to scale separation; systematic
expansion (Lagrangian); uncertainty estimate

X.Z., K. Nollett and D. Phillips, PRC 89, 051602 (2014)
PLB 751, 535(2015); EP] Web Conf. | 13,06001 (2016).

6/28/2016 12



Then and now
o0 | | | | I

45 = _
B

40 |- -
35 F -
30 F _ -
25 I -
20 | 1] % ﬁ [ _
15 F | -

10 | | | l l
1960 1970 1980 1990 2000 2010 2020

year

S(0) (eV b)

Tombrello(1965), Aurdal(1970),
Rev.Mod.Phys.(1998), Rev.Mod.Phys(201 1)



Then and now
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Scale separation: spectrum
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Scale separation: spectrum

1.5866

3
- 1I°"He +*He

0. /095 1= ’
[16.36] 0.1375
I=2"T=1 'Be+p
B
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Scale separation: spectrum

L3866 vy 1 :
0429] 44 He+'He [16.36] 0.1375

J'=20T=1 TBc+p

3 8B

*B8: a shallow bound state in terms of proton+Be/
*Proton-Be/ s-wave has large scattering lengths
*Length scale ~ |/(momentum scale)
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Scale separation: spectrum

1.5866
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- 1I°"He +*He

0. /695 ™1 '
[16.36] 0.1375
I'=2"T=1" 'Be+p
B
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Scale separation: spectrum
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°B
Momentum scale Definition Value
JEG{; o~ QEQHCI;-;_-Uﬂ-fr{ 24.02 MeV
g V2MpBsg 15.04 MeV
A \_f 2M g Brg, 70 MeV
vV o~y v 2Mp(Bsg + E*) |30.53 MeV
Yo~ Y V2MpE* 26.57 MeV
Asg,, Asg, ~ 1 /7| scattering lengths Varies
rg ~ 1/A [ = 0 effective ranges Varies
dq ~ “,-‘2;"1‘1 scattering volume 1054.1 fm*
ry ~ A [ =1 effective “range” [-0.34 fm !
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Scale separation: spectrum

0./695 17 :
[16.36] 0.1375
1.5866 F=2"T=1  'Be+p
- 1'He +*He

8B Shallow bound state

)= -5:- = 715- Momentum scale Definition Value

) ) ko ~ 7y Q.OnapuMn  |24.02 MeV

7 vy V2MpBsp 15.04 MeV
Be A \/2M 5By, 70 MeV

vV o~y v 2Mp(Bsg + E*) |30.53 MeV

y k Yo~ Y V2MpE* 26.57 MeV
—,— = 0.2 Asg,, Gsg, ~ 1/7| scattering lengths Varies
A A ro ~ 1/A [ = 0 effective ranges Varies

kC dq ~ “,-‘2;"1‘1 scattering volume 1054.1 fm*

1) = -~ 1 ry o~ A [ =1 effective “range” [-0.34 fm !
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Scale separation: spectrum

1.5866
0420] 4 He+'He

0. /699 1]

[16.36] 0.1375

J'=20T=1 TBc-}-p

°B

Be and proton total spin can be | or 2, giving two
independent reaction “channels” > two sets of parameters

6/28/2016
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Scale separation: reaction
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Scale separation: reaction
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EFT quantifies this picture,
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Scale separation: reaction
LO ~

—> N
C_

© NLO

{——
by expanding S-matrix in terms of Qo \ ~0.2.
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EFT quantifies this picture,



EFT: N2LO
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EFT: N2LO
N SN NV N
) A Ty O

(D (ID) (111
LO: 4 parameters including C(BP),C
2

\ )‘JJ
W 10 LO -

(VID) (VIII) (IX)

I I

NLO: another 5 parameters including sy ¥ es,)
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EFT: N2LO
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LO: 4 parameters including C(gpz),C(spz) 1a(351)’ (s,)

\ »‘JJ \
N Lo Lo “ N L0 LO . TN

(V) (VD)
\\ LO .""‘:\.J \\ Lo ,°-x* \\ LO Core
- . °
/):\J_ ) U excitation
(VID) (VIII) (IX) l

NLSz)Sizgpother > parameters including Feg i Fsg 11 €1, Le,, |1—852



6/28/2016

Model independence

Potential models:
B. Davids and S.Typel
(2003)
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Model independence

Potential models:
B. Davids and S.Typel
(2003)

aY T
SN -0

. ~er
i T Microscopic calculation: -
' P. Descouvemont (2004) |
0.0 0.1 0.2 0.3 04 0.5 0.6

EFT reproduces other models
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Bayesian Analysis

Pr(G{£}D;T )oc Pr(D|g £ 1T )xPr(g LT )

!

Data. Here only En<0.5 MeV
direct capture data are used,
including Junghans, Filippone,
Hammache, Baby (32 in total)
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Bayesian Analysis

Pr(G{£}D;T )oc Pr(D|g £ 1T )xPr(g LT )
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Data. Here only En<0.5 MeV
direct capture data are used,
including Junghans, Filippone,
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Bayesian Analysis
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Bayesian Analysis

Pr(G{£}D;T )oc Pr(D|g £ 1T )xPr(g LT )

!

Theory, here S
factor
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Bayesian Analysis
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Bayesian Analysis

Pr(G{£}D;T )oc Pr(D|g £ 1T )xPr(g LT )

1

EFT parameters
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Bayesian Analysis
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Bayesian Analysis

Pr(G{£}D;T )oc Pr(D|g £ 1T )xPr(g LT )
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Bayesian Analysis
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Bayesian Analysis
Pr(G{£}D;T )oc Pr(D|g £ 1T )xPr(g LT )

G e

A Strieder
+ Baby
e ® Junghans BE1BE3 ]

0 200 400 600 800 1000 1200
E (keV)



Bayesian Analysis

Pr(G{£}D;T )oc Pr(D|g £ 1T )xPr(g LT )
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Bayesian Analysis

Pr(G{£}D;T )oc Pr(D|g £ 1T )xPr(g LT )
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Bayesian Analysis

Pr(G{£}D;T )oc Pr(D|g £ 1T )xPr(g LT )
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Bayesian Analysis

Pr(G{£}D;T )oc Pr(D|g £ 1T )xPr(g LT )

Pr(g’,{fi}{T)oc Exp[— #sysz—frr °) ]x Exp[ #fa( ) Jor flat dis.

j 2(75,- |
Pr(g|D:T)= [ 11, d& Pr(@,{;HD:T)

Monte-Carlo Markov-Chain =» ensemble of
parameters according to the parameter distributions
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S (eVDb) §'/S (MeV™1) §"/S (MeV—2)

Median 21.33 [20.67] 182 [~1.34] 31.96 [22.30]
+o 0.66 [0.60] 0.12 [0.12] 0.33 [0.34]
0 0.69 [0.63] 0.12 [0.12] 0.37 [0.38]

S(0 keV) [S(20 keV)]

E. G.Adelberger, et.al., Rev. Mod. Phys. 83, 195 (201 1)
recommend: S(0)=20.8+£0.7 (expt)+1.4 (theor) eV b



S (eVDb) §'/S (MeV™1) §"/S (MeV—2)

Median 21.33 [20.67] 182 [~1.34] 31.96 [22.30]
+o 0.66 [0.60] 0.12 [0.12] 0.33 [0.34]
0 0.69 [0.63] 0.12 [0.12] 0.37 [0.38]

S(0 keV) [S(20 keV)]

E. G.Adelberger, et.al., Rev. Mod. Phys. 83, 195 (201 1)
recommend: S(0)=20.8+£0.7 (expt)+1.4 (theor) eV b

We reduce the error by more than 50%!

6/28/2016 23



| i
04 045 05 055 0.6 0.65 -

G (fm ™)
o

0.2F
- |PDF for [c%, ,.C2 | 5
0.1k 0 R Ry -
- [and Cpp) + G )
OO:I 3 3+ v s 3 3 3 1 9 v v 3 1 4 v ¢ o 1 4 3 v 3 1 3 3 31 I:'
0.0 0.1 0.2 0.3 0.4 0.5 0.6

C#(fm™)

Tabacaru et.al., measurements by transfer reaction (large eclipse)
Nollett et.al., ab initio calculation (small eclipse) 2



I
| i
0.4 045 05 055 0.6 0.65 ]

2 2
C2,, +CPy) =0.564 (23)

G (fm ™)
O

0-2:' - Direct capture
= | PDF for (C(ZP) C(ZP)) reaction constrains
0'1:- and C(ZP +C5 .. total squared
0of : ANCs'
| 0.0 0.1 0.2 0.3 04 0.5 0.6
C#(fm™)

Tabacaru et.al., measurements by transfer reaction (large eclipse)
Nollett et.al., ab initio calculation (small eclipse) 2



—-10

6/28/2016

o 0.4 r
PDF for [Ly,e] | o2l
and 0.33 L(3P2)+6‘ 0
- -3
-0 o5 0.0 0.5 1.0



Ly (fm)

-5 F
" |PDF for L, ¢
- land 0.33 L(3P)+8
_10 L
—-1.0 -0.5 0.0 0.5 1.0
€

Core excitation and short range term
not distinguished by low energy data

6/28/2016 25



15;- 020«
10:_ 0.15;'
0.10 ¢
St ;
[ 0.05¢
0 0.00 i

00 0.1 02 03 04 05 06 0.7
Red for S=1, Blue for S=2.

6/28/2016 26



15[

10}

0

0.12F
0.10 f
0.08 |
0.06 |
0.04 |
0.02F
oootl
10 -5 0 5 10

6/28/2016

0.20 F
0.15
0.10 |
0.05 |
0.00

25F
20}
15}
10}
5t

0: : .
-0.10 -0.05 0.00 0.05 0.10 0.15

26




15[

10}

0

0.12F
0.10 f
0.08 |
0.06 |
0.04 |
0.02F
oootl o N
10 -5 0 5 10

6/28/2016

0.20 F
0.15
0.10 |
0.05 |
0.00

25F
20}
15}
10}
5t

0: : .
-0.10 -0.05 0.00 0.05 0.10 0.15

26




15[

10}

0

0.20 F
0.15
0.10 |
0.05 |
0.00

0.12F
0.10 f
0.08 |
0.06 |
0.04 |
0.02F
0.00 [

25F
20}
15}
10}

6/28/2016

-10

L L L L O L . r
= 0 S 10 <—0.10 -0.05 0.00 0.05 0.10 0.15
From left to right: Junghans (BEland BE3 ) Baby, Hammache, Filipponne



6/28/2016 EI] (Mew 27



0.0 /' 0.1 0.2 03 0.4 0.5

Include data: Filippone(1983),
Baby (2003), Hammache (2001) En (MeV) 27



0.5

|I| | I I T N N I BN SR ] ‘ 1 ]

00 7 01 0.2 03 \ 04
Y 4 \

Include data: Filippone(1983), Add lunshans BE3 (2010
Baby (2003), Hammache (2001) En (MeV) Jung (2010)




_Choice of data sets

!‘ T |
22 kv ;i
: \\ "J"
‘f
21 \ Add Junghans BE3 and BE|I
2 N (2010)
% 20 - \ #i __
! -
; : Rl
19 . .
F\ \{--------’- k #ﬂ## -
\ .-"-_ A’—‘_‘ ﬂ"'_‘-’
\ - — S\ #-’-—
18 'S AN .
N _a-
h"h — S\
4 el L . \
il | 1 )II | 1 1 1 ] ] 1 1 1 1 | 1 ‘\I 1 | 1 1 | 1
0.0 K4 0.1 0.2 0.3 N 04 0.5
Include data: Filippone(1983), En (MeV) Add Junghans BE3 (202!0)

Baby (2003), Hammache (2001)



EFT N2LO corrections



EFT N2LO corrections

* E2, MI contributions (S factor): < 0.01%



EFT N2LO corrections

* E2, MI contributions (S factor): < 0.01% ﬁ ‘\'\\PN
e Radiative corrections: ~0.1%
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e EFT N2LO currents: ~0.8%
* Notice B8 BE=136.4(1.0) keV:~ 0.8%
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EFT N2LO corrections

* E2, MI contributions (S factor): < 0.01% ﬁ “‘:PP.
* Radiative corrections: ~0.1%
* EFT s-wave scattering: ~0.8%

N N N \
oY =1 ¢.1:£ J):f—

e EFT N2LO currents: ~0.8%
* Notice B8 BE=136.4(1.0) keV:~ 0.8%

Recall EFT fitted to various potential model and RGM
calculation results: deviation <~1% up to |MeV (cm E).
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Questions

Pr(D‘g,{fi};T)m Exp[— %2} 2= #fa[s(g; E, )(1_";)_ D, ]2

2
i=1 oF

#sys—err 2 #para 0\
Pr(g. 45T ) oc Exp[— > Ziz ]x Exr{— > o = ) Jo" flat dis.

J S | 269|

* How to deal with normalization floating parameter?
[PS.Baranov,A.L.L'vov et.al,Physics of Particles and Nucleus, 32,

376 (2001)]
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Questions
X j; e #fa[s(g; E J1-&)-D.J

Pr(D\g’,{fi};T)oc Exp[—7 ) =

#sys—err 2 #para 0\
Pr(g {E )T ) o Exp[— 3 25;2 ]x Exp(— 3 (9.~ I ) ]or flat dis.

J S | 269|

* How to deal with normalization floating parameter?
[PS.Baranov,A.L.L'vov et.al,Physics of Particles and Nucleus, 32,

376 (2001)]
* Assign flat priors for parameters!? (red for Gaussian a0, blue

and green with flat a0 prior)
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Questions

N _0.5} 05-_ 1-& )—-D. 2
Pr(DIg.{&}: 04')(0_25') :
03F Jo2 | 0)2
Pr(g’,{fiHT)oco'z_ _°'22 %' ]orflatdis.
0.1f Jo Ggl

* How to deal with normalization floating parameter?
[PS.Baranov,A.L.L'vov et.al,Physics of Particles and Nucleus, 32,
376 (2001)]

* Assign flat priors for parameters!? (red for Gaussian a0, blue
and green with flat a0 prior)
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Questions

: £)-D, [
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20{&‘ )2
PT(Q,{fi: ; ] —] or flat dis.
* How t ir?
[PS. B, e ey NUClEUS, 32,
376 (2001)]

* Assign flat priors for parameters!? (red for Gaussian a0, blue
and green with flat a0 prior)
* Over fitting? Is there a best fit?
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* How to deal with normalization floating parameter?
[PS.Baranov,A.L.L'vov et.al,Physics of Particles and Nucleus, 32,

376 (2001)]
* Assign flat priors for parameters!? (red for Gaussian a0, blue

and green with flat a0 prior)
* Over fitting? Is there a best fit?
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* Acceptance is 15%, good?

* How about auto-correlation length?
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About MCMC

Acceptance is |15%, good!?
How about auto-correlation length?
Is 27000-samples enough?

How to estimate the error of error?



About MCMC

Acceptance is |15%, good!?
How about auto-correlation length?
Is 27000-samples enough?
How to estimate the error of error?

Comment on VEGAS algorithm due to
Lepage!?



Summary

EFT works for this reaction

Bayesian analysis is used to quantify
uncertainties

Choice of data sets, theoretical error, and
choice of priors have been tested

Questions



Back up
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Solar abundance problem: Neutrinos

Extract C+N abundance

H(50) H(EB) 107 | /
H(5O)SSM — | H(8B)SSM YC+N
x [1 4 0.006(solar) & 0.027(D) & 0.099(nucl) = 0.032(6;2)]
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Solar abundance problem: Neutrinos

A-few-percent
measurements
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Solar abundance problem: Neutrinos

4 A-few-percent
measurements

! l
H(50) HCB) 0.729 /

H(5O)SSM [dj(BB)SSM ] YCiN
x [1 4 0.006(solar) & 0.027(D) & 0.099(nucl) = 0.032(6;2)]

To be measure Extract C+N abundance
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Solar abundance problem: Neutrinos

To be measured A-few-percent
measurements

l l
H(5O) o(¢B) 1" ./

H(BO)SSM [d)(BB)SSM ] XC4N
x [1 £ 0.006(solar) & 0.027(D) & 0.099(nucl) £ 0.032(6;>)]

Extract C+N abundance

Knowing C+N can also be used to differentiate solar models.
However nuclear cross section error again needs to be
reduced.
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Solar abundance problem: Neutrinos

To be measured A-few-percent
measurements

l l
H(5O) o(¢B) 1" ./

H(5O)SSM [dj(BB)SSM] YC+N

« [1 4 0.006(solar) + 0.027(D) i 0.032(612)]

Knowing C+N can also be used to differentiate solar models.
However nuclear cross section error again needs to be
reduced.

Extract C+N abundance
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A successful solar model using new solar composition data
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A resolution is proposed to the| “solar abundance problem”. that is, the discrepancy between
helioseismological observations and the predictions of solar models, computed implementing state-
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