
Beta decay with the
valence space IMSRG

What works, what doesn’t,
and what kind of precision
can we expect?

Ragnar Stroberg

University of Washington

“Precise beta decay calculations
for searches for new physics
ECT*, Trento
April 11, 2019

Veff

dH
ds
“ rη,Hs

Based on work done with
Matt Martin, Kyle Leach,
and Jason Holt



Outline

The method
• Valence-space in-medium similarity renormalization

group (VS-IMSRG)

Applications to β decay
• Superallowed Fermi decay
• Isobaric Mass Multiplet Equation
• Isospin breaking correction δC
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Motivation

Why is ab-initio shell model attractive for treat-
ing super-allowed 0` Ñ 0`?

• Relevent nuclei are mostly open-shell & medium mass

• We have lots of success/experience with phenomenologcial
shell model

• Ab initio shell model interactions come with well-defined
spatial wave functions

• More direct connection to the EFT degrees of freedom

• (Hopefully) more rigorous error estimation
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In-Medium Similarity Renormalization Group

H “ E0 `
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Flowing Hamiltonian: Hpsq “ UpsqHU :psq

Generator: ηpsq “
dU

ds
U : ”

Hodpsq

∆

Flow equation:
dH

ds
“ rηpsq, Hpsqs

Fixed point: Hod
psq “ 0 Ñ

dH

ds
“ 0

IMSRG(2): Truncate operators at 2-body level

Wegner 1994; G lazek and Wilson 1993; Tsukiyama, Bogner, and Schwenk 2011; Hergert et al. 2016; Hergert et al. 2018
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Valence Space In-Medium Similarity Renormalization Group

c

v

q
Define Hod as all terms connecting valence
configurations to non-valence configurations.

Hod
” xv|H|cy ` xq|H|cy ` xq|H|vy

` xvv|H|ccy ` xqv|H|ccy ` xqq|H|ccy

` xvv|H|vcy ` xqv|H|vcy ` xqq|H|vcy

` xqv|H|vvy ` xqq|H|vvy

When Hodpsq Ñ 0,

xcore|Hpsq|corey`xv|Hpsq|vy`xvv|Hpsq|vvy

is a shell-model effective interaction.

Bogner et al. 2014; SRS et al. arXiv:1902.06154
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(Ensemble) Normal Ordering

Minimize impact of neglected 3+ body terms by normal ordering
all operators w.r.t finite reference |Φy.

“ ` `

xΦ|ta:a: . . . aau|Φy “ 0

|Ψy « |Φy ñ xΨ|ta:a:a:aaau|Ψy « 0

For open-shell systems, use equal filling approx (ensemble normal ordering) for reference.
N.B. This rewriting is exact. Any choice yields exact answer when A-body terms are kept.
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Relation to phenomenology
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Relation to phenomenology

Phenomenological 2-body matrix elements are scaled as A1.{3
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Relation to phenomenology
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Consistent transformation of observables

Hpsq “ UpsqHU :psq ñ Opsq “ UpsqOU :psq

dH

ds
“ rηpsq, Hpsqs ñ

dO
ds

“ rηpsq,Opsqs

Magnus formulation:

Upsq ” eΩpsq
ñ Opsq “ eΩpsqOe´Ωpsq

“ O ` rΩpsq,Os ` 1
2
rΩpsq, rΩpsq,Oss ` . . .

Flow equation for Ωpsq:
dΩ

ds
“ ηpsq ` 1

2
rηpsq,Ωpsqs ` . . .

Morris, Parzuchowski, and Bogner 2015; Parzuchowski et al. 2017
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What are we missing?

Two approximations:

1. Truncation of single particle

basis: 2n` ` ď emax „ 14

2. Truncation of 3+ -body operators

e “ 0

e “ 1

e “ 2

e “ 3

e “ 4

0s

0p

0d, 1s

0f, 1s

0g, 1d, 2s

. . .

H

ηrη2b, H2bs „
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What’s the small parameter?

Cluster hierarchy H2b ą H3b ą H4b . . . justified if ρR3
! 1

R

R
ρ „ 0.16 fm´3

ñ R ! 1.1 fm

xH3by „

ż

d3r1d
3r2d

3r3 |ψ1|
2
|ψ2|

2
|ψ3|

2
loomoon

ρ

V pr12, r13q
loooomoooon

„V0θpR´rq

„
`

4π
3 R

3ρ
˘2
V0

ż

d3r1|ψ1|
2
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What’s the small parameter?

Rules of thumb:

• So long as the IMSRG is integrating out short-distance
interactions, the cluster hierarchy is maintained.

• Elimination of long-distance physics (collective
rotational/vibrational modes) will induce unsuppressed
many-body forces.

• Mean-field type effects will typically be captured, as will
correlations in the valence space. (More on this later).
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Superallowed Fermi β decay

Ft “ ftp1` δ1Rqp1` δNS ´ δCq

|MF|
2 “ |M0

F|
2p1´ δCq

δ1R,∆R „

n

p e

W

γ,Z
ν̄

`

δNS „

n

p

p

p e

W

γ,Z
ν̄

(isospin breaking)

(structure-independent
radiative correction)

(structure-dependent
radiative correction)

Towner and Hardy 2010
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Nuclear-structure-dependent radiative correction δNS

n

p

p

p e
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γ,Z
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γ
x

n

p

p

p

x`

• Weak axial current
contributes to ∆J “ 0 decay.

• Issues with gA quenching?
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Isospin-breaking correction δC

Towner and Hardy split it up: δC “ δC1
loomoon

configuration
mixing

` δC2
loomoon

wave function
mismatch

0.0
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VS-IMSRG:

δC “

!

Hpppsq‰Hnnpsq‰Hpnpsq

)

+
!

τ psq “ UpsqτU :psq
)

+
!

xφHF
p |τ |φHF

n y ‰ 1
)

(The separation is not totally clean.)

Hardy and Towner 2015
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Isospin mixing correction δC

K. Leach, CIPANP 2018 conference
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Isobaric Mass Multiplet Equation

Tz “ ´1 Tz “ 0 Tz “ `1

E

EpTzq “ a` bTz ` cT
2
z

Connection to the δC correction:

|Ψ˘y “
1?
2
τ˘|Ψ0y ` |δΨ˘y

δC “„ xδΨ˘|τ˘|Ψ0y

b „ xΨ0|τ´Hτ`´ τ`Hτ´s|Ψ0y` xδΨ`|τ`H|Ψ0y

c „ xΨ0|τ´Hτ``τ`Hτ´|Ψ0y`xδΨ`|τ`H|δΨ0y
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Isobaric Mass Multiplet Equation

EpTzq “ a` bTz ``cT
2
z

Jπ=0`, T=1 multiplets
with 14ďAď74

14O14N

valence space definition:

M. Martin M.S. Thesis, Colorado School of Mines (2019)
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Isospin mixing correction δC

K. Leach, CIPANP 2018 conference
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Isospin mixing correction δC
Some possible issues:

• Is it converged in the basis truncation?

• Ambiguity in choice of normal-ordering ref. |Φy:
Should we take the initial or final nucleus?
Something else? Does it matter??
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Radial wave functions
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Thank you!

Summary

• IMSRG allows a non-perturbative derivation of shell model parameters

• Historical phenomenological adjustments can be understood as correcting
for missing 3N physics

• Structure correction δC can be calculated

• Dependence of δC on interaction, basis size, reference needs careful study

• Also in the (nearish) future: δNS

Collaborators:

J. Holt

NSCL/FRIB/MSU S. Bogner, H. Hergert

Colorado School of Mines K. Leach, M. Martin

TU Darmstadt A. Schwenk

Mainz J. Simonis
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Appendix

Additional figures
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E2 transitions—severe underprediction of strength
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Dependence on choice of interaction
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Spectra

Stroberg et al. 2016
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Magnetic dipole observables
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