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Symmetries 
Standard Model (SM) “explains” everything, except: 

 neutrino masses sterile neutrinos?
Majorana neutrinos  lepton-number (L) violation

galaxy rotations, lensing dark matter?
modification of gravity?

matter-antimatter imbalance
baryon-number (B) violation

time-reversal (T) violation

Physics beyond the SM (BSM) 

neutrinoless
double-beta

decay:
nn ppee→

in nucleus

nucleon and nuclear
T-violating E&M

form factors

nucleon decay and
neutron-antineutron

oscillation:

free and in nucleus
,N l X n n→ ↔

without requiring additional light degrees of freedom
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MQM
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2 2( ) ( )E EF Sq q qd H′− ≡ + + −

EDM
electromagnetic 
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The Way of EFT

QCD + QED
+ higher-dim

Chiral EFT

match
with

lattice,
…

Q

(cPT)

?TM 

unknown physics

EW , ,
100 GeV

Z WM m m



v Standard Model
+ higher-dim

run
RG

QCD

V
4, , ,

1Ge
NM m m fρ ππ 



nuc , , ,
100 MeV

1 NNM f r mπ π 



q

γ

G

...

“SMEFT”

“WEFT”

......

ϕ

N
γ

Example: T



SMEFT

accidental
(approximate)

symmetries

SMEFT SM dim 5 dim 6 dim 9= = == + + + + +     

Weinberg ‘79                                   

neutrinoless
double-beta

decay
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nuclear
electric dipole

moments

Weinberg ’79’89
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nuclear decay
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Buchoff + Wagman ’16

proper
renormalization
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more derivatives,
more fields,

isospin violation

Chiral EFT
nucleons and pions (and Deltas, Ropers?)

SM symmetries (including approximate chiral symmetry)

( ) ( )
,

2

2

0

2

2 2
EFT

2 0 2 0
0

2

1

1 ( )
2

2 2
1
2 I

N

A

I
I I

I

gN i N

N N P C C N

fm

m

Nm

π µ π

π

π

σ

γ

+

+ +

=

 = − + 

 
+ + + ⋅

∂

⋅ + 
 

−

∇
∂ ∇

∇+ + +

+

∑

π π

τ π















Weinberg ’90’91’92
Rho ’91

Ordóñez + vK ’92
vK ’94

Ordóñez, Ray + vK ’94,’96
…

projector on isospin I

QCDQ m Mπ 

…

…

…

Chiral EFT



V = + +

T = (0)V +

…

…

…

…
+ …

(0)V

(0)V

+ (1)V + …

+ …

LO
NLO for 

ψ

…

LO

NNQ M>


NNQ M<


LO for                  ,

NLO, …  

+ + +

distorted-wave perturbation theory

…

…

…

…

…

…

…

(0)V
…

…
(1)V

…

…

= + + …

+ …

LO NLO

2 344 00 MeVN
A

N
N

f
m

M
g

fπππ
= 



…

ψ

ψ
…

…
K

…

…
(0)K

…

…

…

…

(0)ψ

(0)ψ

(0)ψ

(0)ψ (0)ψ

(1)ψ

(1)K (0)K= + + +   …

DWPT

…

=

ψ

ψ
…

…
1K

…

ψ

ψ
…

…
2K

…

+ +   …

… …

LO
NLO, …  



Most applications of
chiral potentials and kernels

to date
violate RG invariance

This Photo by Unknown Author is licensed under CC BY-NC

We will return 
to this

https://flickr.com/photos/peplop/4541043923
https://creativecommons.org/licenses/by-nc/3.0/
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Key to disentangle TV sources:
each breaks chiral symmetry in a particular way,

and produces different hadronic interactions

Mereghetti, Hockings + v.K. ’10
De Vries et al, ‘13

q term

qCEDM

qEDM

gCEDM

PSC

LRC

a chiral pseudo-vector: same as quark mass difference

a chiral vector

a rank-2 chiral tensor

another rank-2 chiral tensor

{ }1,8,w wσ →
chiral invariants: cannot be separated at low energiesCI

link to P,T-conserving charge symmetry breaking
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Where are the differences?

PV, TV pion-nucleon coupling

short-range EDM contribution

PV, TV two-nucleon contact 

terms related by 
chiral symmetry
+ higher orders six LO couplings

for EDMs
cf. Barton ’61

and nuclear followers

three-pion coupling
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different orders;
two-derivative interactions
also appear at higher order

pion physics
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comparable to
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interactions

N.B. 2 3 3g N Nπ τ in high orders for all sources up to dim 6

0 2
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1)

2) for q, link to CSB, e.g.

using lattice QCD (Beane et al ’06)
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Crewther et al ’79
Thomas ’95

…
Hockings + v.K. ‘05

Narison ‘08
Ottnad et al ’10

De Vries et al  ’10’11
…

0
TJ = + + + …

LO for all sources

 ensures RG invariance
 brings in two parameters

 can provide estimates in terms of
pion parameters at “reasonable”
renormalization scale 

order depends on source
short-ranged; long-ranged;

Nucleon EDFF (to NLO) 
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Nuclear EDFFs & MQFFs (at LO) 



deuteron EDFF; pert pions – full EFT calculation

scale of
momentum

variation
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cf.  Liu + Timmermans ‘04
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1 3.71κ 
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θ term qEDM qCEDM gCEDM, PSC LRC

p nd d ( )1 ( )1

( )1 ( )1 ( )1

( )1 ( )1

d nd d

( )1( )1( )1

h nd d

t hd d ( )1 ( )1 ( )1( )1 ( )1

+ specific
relations
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QCD

Q
M 

  
 

3He

3H

2 H

1H

storage-ring measurements 
could teach us about sources!

Farley et al. ’04
…
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  
 


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2
QCD

Q
M 

  
 



2

2
QCD

Q
M 

  
 



qEDM and θ term( )0.84h t n pd d d d+ +

3h t dd d d+  qCEDM and LRC
qEDM( )0.94h t n pd d d d− −

e.g.

nucQ M



sensitive to inconsistency

E. Mereghetti, U. van Kolck, Ann. Rev. Nucl. Part. Sci. 65 (2015) 215



mixing of partial waves with different parity

1 3
0 0S P−

{ }3 1
11

,S D P−

mixing anglechannels

0SPε

10 10,SP DPε ε

1 3
0 0S P−

11SPε3 3
1 1S P−

0g

1g

isospin

0I =

3 0I =

3 1I = ±

1I =

0SPδε

TV NN Scattering



q term

(0)
TV =

…

…

0 0SP gε

J. de Vries, A. Gnech, S. Shain, 
Phys. Rev. C 103 (2021) L012501

50 MeVCME =

25 MeVCME =
10 0SP gε

50 MeVCME =

50 MeVCME =
10 0DP gε

+ 1 1 23sC C C≡ −

N2LO

LO

LO

2

2
QCDM

m
Q f

π

π

θ
 
  
 



2

32
QCDM

m Q
f

π

π

θ
 
  
 

 (NDA)

 appears only beyond deuteron
 in principle accessible in charge-symmetry-breaking

pion production, e.g.                    

( )0 05 MeV 0.01SP gε =

0dd απ→

0g



3 13 31tC C C≡ +

( ) ( )EFT 13 3 31 3C NN N S N C N N N S Nµ µ
π µ µτ τ= + ∂ + ⋅∂ + 

qCEDM, LRC

(0)
TV =

…
+ 1 1 23sC C C≡ −

 appears beyond deuteron
 not directly obtained from other experiments

0g

+ 1g +
11SPε converges with cutoff

similar cutoff dependence0SPδε

gCEDM, PSC, qEDM potential relevant for EDMs only at subleading orders

explains at least in part the dependence
of matrix elements on short-range physics 



 Fully consistent triton and helion EDFFs;  

additional LECs at LO?

 Revised organization of interactions

 Other nuclear EDFFs and MQFFs in same framework; 

additional work on strong interactions and ab initio methods needed
cf. Yang, Ekström, Forssén, Hagen, Rupak + v.K. ‘23

What’s needed?



The promise of nuclear ab initio methods

BUT INCONSISTENT WITH EFT…



 Mean-field methods 
in terms of the same LECs? 

 More comprehensive analysis of SMs

( ) ( )0 0 1 1 2 2 1 1 2 2
3

22
NA

NS mg a g a g a g b C
f

Cm b
π

= + + + +

cf.

J. Dobaczewski, J. Engel, M. Kortelainen, P. Becker, 
Phys. Rev. Lett. 121 (2018) 232501

( ) ( ) ( )EFT 5 0 1 3 0 1 3 0 1 34S S T T P P
N

ei e N C C N e e N C C v S N ee N C C S N
m

µµ ν µ
π µνγ τ σ τ τ

∂  = + + + + + + +  

Dekens, De Vries, Jung + Vos ’19

 LECs in terms of SMEFT sources
 hierarchy for each source
 SMs for nuclei

eS ′



Conclusion

EFTs connect symmetries violation
from beyond the Standard Model to nuclear physics

in a controlled and systematic way

Chiral symmetry allows 
partial separation of symmetry-violating sources

Renormalization requires
short-range physics missed by nuclear models

Power counting leads to
organization of interactions in nuclear environment

But still…
plenty for PhD students to do with nuclear EDMs, MQMs, and SMs
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