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Motivation - Astrophysics
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PP The energy production in the sun is dominated by
the pp-chain pp −→ d + e+ + νe.

Hep The Hep process produce the highest energy solar
neutrinos through the reaction,
3He + p −→4He + e+ + νe.

SNII SN type II - Energy transfer to the matter behind the
accretion shock through inelastic reactions.

NS The 7Li, 11B nucleosynthesis reaction chains are
dominated by the neutrino flux.

4He(ν, ν′p)3H(α, γ)7Li(α, γ)11B
4He(ν, ν′n)3He(α, γ)7Be(e−, νe)

7Li
12C(ν, ν′p)11B
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Motivation - Nuclear Physics
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JA Better understanding and control of the nuclear weak
current.

gA For neutron gA = 1.2695± 0.0029, As A grows
gA −→ 1.

Q This quenching should emerge from 2-body currents
and correlations.
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Weak interaction with Nuclei

The weak Hamiltonian

HW = − G√
2

Z
dxjµ(x)Jµ(x)

The leptonic current

〈f |jµ(x)|i〉 = lµe−iq·x

The nuclear current

J0
µ = (1− 2 sin2 θW )

τ0

2
JV

µ +
τ0

2
JA
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The Nuclear Current

Currents derived from EFT NLO Chiral Lagrangian
and are accurate to N3LO.

The resulting currents contain the standard 1–body
currents and the EFT derived 2–body current,

JV,A
µ = JV,A

µ (1body) + JV,A
µ (2body)

Charge conservation. The vector current must fulfill

∇ · JV (x) = −i[H, JV
0 (x)]

The nuclear vector current contains convection and
spin terms J(q) = Jc(q) + Js(q). At low q Js(q) is
suppressed.

At low energy, the vector current MEC are implicitly
included via the Siegert theorem.
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The Nuclear Current

For the axial current the MEC must be included
explicitly.

At leading order the axial MEC contains two terms
with one free parameter dr.

(a) One-pion exchange term.
(b) Renormalization, or contact, term.

The MEC are fixed by the triton half-life.

The renormalization coefficient depends on the
cutoff.

The contact term is related to N2LO 3-nucleon force.

In SNPA the situation is very similar, i.e. one free
parameter fixed by the triton half life.
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The Nuclear Current - Experimental tests

How can we test this current?

We have one good measurement, the triton half-life (used
the set dr) and many predictions ...

The astrophysical cross sections are too low to be
measured.
3He + µ −→3 H + νµ - precise but equivalent to 3H
β-decay.

µ capture on 4He or on D - low accuracy data.

In EFT dr is related to the NNN force. Well, not
exactly what we have in mind ...

β-decay of heavier nuclei

shift the problem to the theoretical field !!!
The first candidate is 6He.
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the long wavelength q −→ 0 limit

For low momentum transfer qR ≈ 7 · 10−3ωA1/3 ¿ 1.
The multipole expansion converge very fast.

At q = 0 the leading operators are the
Fermi and Gamow-Teller

F =
1√
4π

τ±

GT = −i gA

r
2

3
[σ ⊗ Y0(r̂)]

(1)
M τ±

The 2–body currents contribute mainly
to the GT, EA

1 multipole.

The sub-leading operators,

C
A
0 (q) =

i
√

4π
σ · ∇

L
A
0 (q) = igA

qr

3
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V
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3
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q
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V
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q
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Solving the Schrödinger equation
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The Effective Interaction Hyperspherical Harmonics (EIHH)
HH expansion in 4 steps

1. Remove the center of mass

~r1, ~r2, . . . ~rA −→ ~Rc.m., ~η1~η2 . . . ~ηA−1

2. Introduce hyperspherical coordinates

~η1~η2 . . . ~ηA−1 −→ ρ =
q

η2
1 + η2

2 + . . . + η2
A−1, Ω

3. Expand the wave function using hyperspherical harmonics

Ψ(ρ, Ω) =
X

K≤Kmax

R[K]Y[K](Ω)

4. Solve the Schrödinger equation

H = −1

2

 
∂2

∂ρ2
+

3A− 4

ρ

∂

∂ρ
− K̂2

ρ2

!
+
X
i<j

Vij +
X

i<j<k

Vijk

Two problems

1 The HH basis has no good permutational symmetry.
(Anti)Symmetrization must be enforced.

2 The convergence of the HH expansion is notoriously slow
and must be accelerated.
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X
i<j

Vij +
X

i<j<k

Vijk

Two problems

1 The HH basis has no good permutational symmetry.
(Anti)Symmetrization must be enforced.

2 The convergence of the HH expansion is notoriously slow
and must be accelerated.
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4-body ground-state

Convergence of the EIHH method for 4He binding energy Eb [MeV] and root mean

square matter radius 〈r2〉
1
2 [fm] with AV18 and AV18+UIX potentials.

AV18 AV18+UIX

Kmax Eb 〈r2〉
1
2 Eb 〈r2〉

1
2

6 25.312 1.506 26.23 1.456
8 25.000 1.509 27.63 1.428
10 24.443 1.520 27.861 1.428
12 24.492 1.518 28.261 1.427
14 24.350 1.518 28.324 1.428
16 24.315 1.518 28.397 1.430
18 24.273 1.518 28.396 1.431
20 24.268 1.518 28.418 1.432

FY [Nogga] 24.25 28.50
FY [Lazauskas] 24.22 1.516
HH [Viviani] 24.21 1.512 28.46 1.428

GFMC [Wiringa] 28.34 1.44
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The JISP16 NN Potential

The JISP16 reproduce the NN phase shifts
in the range 0− 300MeV.

Binding Energies

AV18+UBIX JISP16 Nature

D 2.24 2.24 2.24
3H 8.48 8.37 8.48
3He 7.74 7.66 7.72
4He 28.5 28.3 28.3
6He - 28.7 29.29
6Li - 31.5 31.99

AV18+UBIX - Argonne V18 + Urbana IX

JISP16 - J-matrix Inverse Scattering
Potential, Shirokov et al.

The BE of Shirokov et al. are somewhat
different from ours.
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Beta decay
Calculating half-lives

The comparative β-decay half-life

(f T1/2)t = (2Ji + 1)
τ log(2)

|F|2 + fA
fV

g2
A|GT|2

The Gamow-Teller and Fermi operators

GT ≡ 〈Ψf ||
X

j

σjτ
+
j ||Ψi〉

F ≡ 〈Ψf ||
X

j

τ+
j ||Ψi〉

The constants

gA =1.2695± 0.0029

τ log(2) = 6146.6± 0.6 sec

fA/fV =1.00529

For 6He

(f T1/2)t = 812.8± 3.7sec =⇒ |GT(6He)|expt = 2.161± 0.005

For 3H
(f T1/2)t = 1129.6± 3sec =⇒ |GT(3H)|expt =1.6560± 0.0026

For triton |F | = 0.99955(15)
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Beta decay
The GT matrix element

3H β-decay

Potential GT|LO
AV18+3NF Wiringa 1995 1.598(2)
Bonn+3NF Machleidt 2001 1.621(2)
Nijm+3NF Stoks 1994 1.605(2)
N3LO+3NF Gazit 2009 1.622(2)

UCOM Bacca 2009 1.65(1)
JISP16 This work 1.6524(2)
Nature 1.656(3)

6He β-decay

Potential GT|LO
AV18/UIX Schiavilla 2002 2.250(7)
AV18/IL2 Pervin 2007 (VMC) 2.220(20)
AV18/IL2 Pervin 2007 (GFMC) 2.182(25)
AV8’/TM’ Navratil 2003 2.283(2)

JISP16 This work 2.225(2)
Nature 2.161(3)

Conclusion

The 1-body current underpredicts the 3-body GT, 〈3H||GT||3He〉, matrix element
and overpredicts the 6-body, 〈6He||GT||6Li〉, one.
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Beta decay
Adding 2-body current

The Gamow-Teller 6He - 6Li matrix element

Potential 1-body 2-body
AV18/UIX Schiavilla 2002 (VMC) 2.250(7) 2.281(7)
AV18/IL2 Pervin 2007 (GFMC) + 2B (VMC) 2.182(25) 2.213(25)
JISP16 This work 2.225(2) 2.198(7)
Nature 2.161(3)

The VMC calculation with SNPA MEC made things even worse for 6He !

HH calculations with EFT 2-body currents work to reconcile theory and experiment !

EFT 2-body currents lead to ”quenched” GT matrix element for the 6-body system.
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Beta decay
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Conclusions

1 The 1-body current underpredicts the 3H β-decay GT.

2 It overpredicts the 6He β-decay GT.

3 2-body currents derived from SNPA meson exchange model work in the wrong
direction for 6He !

4 In contrast, EFT 2-body currents lead to reconciliation between thoery and
experiment.

5 The onset of the gA quenching is evident in 6He and reproduced by the EFT 2-body
currents.

S. Vaintraub, N. Barnea, D. Gazit, Phys. Rev. C 79, 065501 (2009).
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