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• Fails to explain gravity

• Fails to explain most of the mass and energy of the universe

• Fails to explain neutrino mass and oscillation.

• Fails to explain the matter-antimatter asymmetry.

How should we search beyond the Standard 
Model to explain these shortcomings?
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2. Cosmo+Astro Frontier
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3. Precision frontier

< MeV Scale

https://commons.wikimedia.org/w/index.php?curid=21701588
https://creativecommons.org/licenses/by-sa/3.0
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In all cases, nuclear theory inputs are required in order to interpret experimental 
results:

• Superallowed  decay: Corrections from Standard Model  and .

• : Nuclear matrix elements .
• Electric Dipole Moment: The nuclear Schiff Moment.

• Dark Matter Scattering: WIMP Scattering structure factor .
• …

β δNS δC

0νββ M0ν

SA
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Nuclear Theory Challenges
Understanding nuclear structure from microscopic physics

H |Ψ⟩ = E |Ψ⟩

Nuclear Interactions Wave functions Observables 

Figures courtesy of J. Muñoz

⟨Ψ |O |Ψ⟩
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-EFTχ
Expansion order by order of the nuclear forces

NN 3N 4N

LO
(Q/⇤�)0

NLO
(Q/⇤�)2

N2LO
(Q/⇤�)3

N3LO
(Q/⇤�)4

+ ... + ...

+ ...

The different low energy coupling 
constants (LECs) are fitted to few-
nucleon data to absorb the effect of 
higher order terms

Three- (and higher-)body forces 
needed
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The VS-IMSRG 

Valence Space In Medium Similarity Renormalization Group

Charlie Payne, Master’sThesis, UBC (2018)

©Visionlearning
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The VS-IMSRG 
Valence Space In Medium Similarity Renormalization Group

Bare Hamiltonian Valence-space is 
decoupled

Core is decoupled

Ĥ(0) Ĥ(s) = eΩc(s)Ĥ(0)e−Ωc(s)
Ĥ(s) = eΩv(s)Ĥce−Ωv(s)

Ĥc = eΩc(∞)Ĥ(0)e−Ωc(∞)

Truncations 
• emax: Truncations for 1-body states. Is given by 2n+l. 

• IMSRG(2) : All operators are truncated at the 2-body level.
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Ab initio Revolution 

Python version 
on github!
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Charge-Parity-Time (CPT) symmetry is simultaneously conserved in the 
Standard Model

C: e → − e
P:  (in spherical coordinates, even(odd)  is even(odd) under parity transformation)x → − x l

T: t → − t

Both P and CP(=T) are violated very slightly in the Standard Model.

Effects are so small that parity is considered to be conserved in standard 
nuclear calculations. 

Parity Violation
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PV forces: The anapole moment

• Arises from weak corrections to EM currents 
(probes hadronic weak sector)

• Observed in one isotope (133Cs)

• Offer precision test of the Standard Model

• Possible extensions with Z’ low mass boson

• Nuclear contribution arise from term κA

Why add PV?

PVTV forces: The nuclear EDM

• EDM violates both P and T symmetry separately

• Assuming point like nucleon, effects would be 
completely shielded by electron cloud

• Observable due to higher order effect given by the 
nuclear Schiff moment

• Contribution normally given in terms of  and 
 which are isoscalar, isovector and isotensor 

contributions

a0, a1
a2
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Nuclear Theory Challenges
Understanding nuclear structure from microscopic physics

H |Ψ⟩ = E |Ψ⟩

Nuclear Interactions Wave functions Observables 

Figures courtesy of J. Muñoz

< OPV > ∝ ∑
k

⟨ΨgsJπ |OPV |ΨkJ−π⟩⟨ΨkJ−π |VPV |ΨgsJπ⟩
Egs − Ek
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Valence Space Issue

4He core 

Excluded

space

Proton Neutron

Valence

space

15N

Ground state wave function can be 
computed in the valence space.

Opposite parity states are absent 
from the valence space!

< OPV > ∝ ∑
k

⟨ΨgsJπ |OPV |ΨkJ−π⟩⟨ΨkJ−π |VPV |ΨgsJπ⟩
Egs − Ek
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Solutions to Valence Space

1.Multi-shell valence space

Miyagi et al., Phys. Rev. C 102, 034320 (2020).

Cons
• Valence space is harder to 

diagonalize (problematic for 
heavier nuclei).

• Need to compute many 
intermediate states to converge.

• Intermediate states are harder to 
compute correctly in the 
IMSRG(2).
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Solutions to Valence Space

2.Parity violating IMSRG
Use IMSRG to decouple PV part of interaction, inducing a PC operator.

π+ π−

π+

π−

⟨O⟩ = ⟨OPV⟩ ∝ ∑
k

⟨ΨgsJπ |OPV |ΨkJ−π⟩⟨ΨkJ−π |VPV |ΨgsJπ⟩
Egs − Ek

π+ π−

π+

π−

⟨O⟩ = ⟨OPC⟩ = ⟨ΨgsJπ |OPC |ΨgsJπ⟩
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IMSRG flow
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matrix elements we 
want to suppresse.g. 

, …ηij =
fij

fii − fjj
dH(s)

ds
= [η(s), H(s)]

For operators:  
dO(s)

ds
= [η(s), O(s)]

Normal Ordered Two-Body approximation

0-body 1-body 2-body

= [η(s), H(s)]0B + [η(s), H(s)]1B + [η(s), H(s)]2B + [η(s), H(s)]3B + . . .
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PV-IMSRG flow

Remarks: 

• With no truncation, at any point in the 
flow:  

• For a unitary flow  
constant in the full model space 

• At s=0 :  and 
 

• At s= :  and 
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Remarks: 

• With no truncation, at any point in the 
flow:  

• For a unitary flow  
constant in the full model space 

• At s=0 :  and 
 

• At s= :  and 
 

⟨O⟩ = ⟨OPC⟩ + ⟨OPV⟩
⟨O⟩(s) = ⟨O⟩

⟨OPC⟩ = 0
⟨O⟩ = ⟨OPV⟩(0)

∞ ⟨OPV⟩ = 0
⟨O⟩ = ⟨OPC⟩(∞)

Pros: 

• Only requires grounds state 
expectation value. 

• No dependency on intermediate 
states. 

Cons: 

• Requires 4x the amount of 
commutator evaluation. 

• Extra flow is also truncated, possible 
truncation errors. 
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Preservation of Unitarity
To avoid cost of the PV-IMSRG, we can first decouple the PC Hamiltonian 
before doing the PV-IMSRG.

Beginning of PV-IMSRG
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Going to the p-shell
Exact sum and PV-IMSRG results in small model space (emax = 1, all orbit in sp-shell).
Exact sum in full sp-shell, PV-IMSRG computed in p-shell valence space.

sp-shell

Proton Neutron

4He core 

Proton Neutron

p-shell
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Preservation of Unitarity
First decouple the core and then the valence-space.


Get error of about 25% due to truncation errors.

Start of valence-space decoupling
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Anapole Moments
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Schiff Moments
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