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Why is 3He(*He,Y) important?

Accurate knowledge
of 3He(*He,Y)
needed to reliably
predict amount of
’Be in the Sun

Therefore key for
prediction of 8B
solar neutrino flux

BBN implications,
but | will not discuss
those here

‘He + ‘He —He + 2p

Adelberger et al., Rev. Mod. Phys. 83, 195 (2011)
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This is an extrapolation problem
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Outline

SHe + 4He—/Be + Y is an important extrapolation problem

How Halo Effective Field Theory can help

Building the pdf for Halo EFT parameters from S-factor and
branching-ratio data

Physics output

Summary and Future Work



Halo EFT

A> qcore; A=Rhnao

Define Rpio=<r2>12, Seek EFT expansion in Rcore/Rhalo. Valid for A<Rpaio

Typically R=Rcore~2 fm.And since <r2> is related to the neutron separation

energy we are looking for systems with neutron separation energies less than
| MeV

By this definition the deuteron is the lightest halo nucleus, and the pionless
EFT for few-nucleon systems is a specific case of halo EFT



Lagrangian: shallow S- and P-states
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c, n:“‘core’’,“neutron’ fields. c: boson, n: fermion.
O, TT;: S-wave and P-wave fields

Minimal substitution generates leading EM couplings

Additional EM couplings at sub-leading order



p-wave bound states and capture thereto

Hammer & DP, NPA (2011)

At LO: p-wave In halo described solely by its ANC and binding energy

1
ui(r) = Ai exp(—v17) (1 Sl W) = \/QmRB
1
Capture to the p-wave state proceeds via the one-body E| operator:
“external direct capture” : RO
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NLO: piece of the amplitude representing capture at short distances,
represented by a contact operator=rthere is an LEC that must be fit
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SHe + *He—7/Be + ygj at LO in Halo EFT

Zhang, Nollett, DP, in preparation; cf. Rupak, Higa, Vaghani, EPJA (2018)

In this system Rcore~ 1.5 fm, Rhaio ~3 fm; scale of Coulomb interactions:
kc=Q.Qn0eMMr=17 MeV; a~10s of fm, both ~Ralo
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Scattering wave functions are linear combinations of Coulomb wave

functions Fo and Go. Bound state wave function=the appropriate
Whittaker function.

e2ﬂn
S(E) =

3
- (Zy ke’ C? | | Sl E:S(E)) + | D(E)

Three parameters
Can also predict capture to the excited 1/2-in 7Be at leading order



Additional ingredients at NLO

Zhang, Nollett, DP, hys. Lett. B751, 535 (2015), arXiv:1708.04017;
Ryberg, Forssen, Platter, Ann. Phys. (2016)
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Three more parameters at NLO

Effective range (can add shape parameter which enters at N3LO)

LECs associated with contact interaction, [ and [,

Can also consider contact interaction for D-wave capture, L, (enters at N4LO)



Data for 3He + ‘He—/Be + Yk,

59 S-factor data below 2 MeV CMEs
Seattle (S) 3%
Weizman 2.2%
Luna (L) 2.9%
Erna 5%
Notre Dame 8%
Atomiki 5.9%

In general use activation data, to avoid photon emission asymmetry systematic;
recoil data from Erna; prompt measurements from Notre Dame

Deal with CMEs by introducing six additional parameters, &;

Plus 32 branching-ratio data: CMEs assumed absent there



Building the pdf

%2 needs to include cross-section and branching-ratio data
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Mild Bayesian priors:

Independent gaussian priors for &; centered at zero and with
width=CME

Other EFT parameters, a, r; L, and two ANC:s assigned flat priors,
corresponding to natural ranges

Probability e X2 sampled using Markov Chain Monte Carlo



SHe(*He,Y) results

Zhang, Nollett, DP, in preparation cf. Higa, Rupak, Vaghani, EEPJA

El external direct capture

to a shallow p-wave bound =
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Impact of different data sets

Floating data within
quoted CME crucial for
achieving data consistency

Pdf gets narrower when
either of the precise, low-
energy data sets are
included

Seattle data push S(0) to
higher values, but still
possible to find
concordance between
Seattle, Luna, and older
data
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5(0) and its correlants

S(0) = 0.57810 012 keV b

of. SFIl: S(0) = 0.56 + 0.03 keV b

Br(0) = 0.4069 0%

Mostly consistent with other
analyses, but .50 higher than that

of deBoer et al.

How to tell difference”?

A>(1.5MeV)
S
S

|. Measure P(cos ©) dependence
2. Tight constraints on scattering

parameters from capture data alone 002E e, TR 5
0.52 0.54 0.56 0.58 0.60 0.62

S(0)(keV b)



Summary

EFT separates long- and short-distance dynamics, this facilitates
reproduction of “reasonable models” through suitable parameter choices

Extrapolation problem then formulated as a marginalization over models

pr(S(0)|data, I) = /dmodelspr(S(O)]model, I') pr(model|data, I)

Application of Halo EFT to 3He(*He,Y)’Be produces new S(0), consistent
with SFll, but with factor two smaller uncertainty

S(0) =0.5787701> eV b

This NLO result is a “good fit” and has natural EFT parameters

Cf deBoer’s analysis that produces |.50 lower number:illuminates that real
data tension is between scattering data and Seattle capture data

Asymmetry measurements would be illuminating, possible with St. George!?



Lessons, future work

Precise extrapolation can be done even when you don’t have lots of
data

Model uncertainty can be accommodated, and standard methods
may over-estimate it. It helps to be doing EFT...

Priors ultimately diagnosable: unconstrained parameters return the
prior, and the results we looked at were not sensitive to different
choices of prior.

Projected posterior reveals which combinations of parameters are
constrained/affect this observable

Simultaneous fit to 3He + 4He scattering data is next step

Especially interesting because of ongoing TRIUMF experiment
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Halo nuclei
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A halo nucleus as one in which a few (1, 2, 3,4, ...) nucleons live at a significant

distance from a nuclear core.

Halo nuclei are characterized by small nucleon binding energies, large interaction
cross sections, large radii, large E| transition strengths.


http://nupecc.org

What it does and doesn’t do

It doesn’t:

Need or discuss spectroscopic factors
Need or discuss (interior) nodes of the wave function

Seek to compete with ab initio calculations for structure

It does:

Connect structure and reactions, including in multi-nucleon halos
Collect information from different theories/experiments in one calculation
Treat same physics as cluster models, in a systematically improvable way

Provide information on inter-dependencies of low-energy observables,
including along the core + n, core + 2n, core + 3n, etc. chain



Dressing the p-wave state

Bertulani, Hammer, van Kolck (2002); Bedaque, Hammer, van Kolck (200:3)

Dyson equation for (cn)-system propagator

> A1+ n1po — p?/(2My.)] — Xr (D)

Here both A and g| are mandatory for renormalization at LO

D~ (p)

20T 2 F X
mgrgik* |3 .

Reproduces ERE. But here (cf. s waves) cannot take r|=0 at LO

If aj > 0 then pole is at k=iy| with Bi=Y2/(2mR):

I — i - s + regular
e Meg; 71+ 3% Do P2 [(2My .} -+ By J




Halo EFT as a “super mode

I”

Halo EFT is also the EFT of all the models used to extrapolate the cross

section in “Solar Fusion II”

Differences are sub-% level between 0 and 0.5 MeV

Size of S(0) over-predicted in all models; curves rescaled in SFll fits

Parameters generally obey a~1/ Rhﬁlf"L r ~Reore, L~Rcore, as expected

Cery 90y Tesy
0.200687 15.9977 1.18336
0.200661 24.9966 1.36338
0.200655 33.9933 1.44879
0.109001  -4.14549  6.79899

TABLLE IV: The EI'T parameters

for scattering length, effective rang
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