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Symmetries 
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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
electric dipole

moments

nucleon decay and
neutron-antineutron

oscillation:

free and in nucleus
,N l X n n→ ↔
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The Way of EFT

QCD + QED
+ higher-dim

Chiral EFT

match
with

lattice,
…
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v Standard Model
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SMEFT

Examples:

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

Weinberg ‘79                                   

neutrinoless
double-beta

decay

2L∆ = T  violation

nuclear
electric dipole

moments

Weinberg ’79’89
Wilczek + Zee ’79
Abbott + Wise ’80
Claudson, Wise + Hall ’82
…
Buchmüller + Wyler ’86
de Rújula et al. ’91
…
Ng + Tulin ‘11

2B∆ =

nuclear decay
into mesons 
(+ lepton)

Rao + Shrock ’82
…
Buchoff + Wagman ’16

proper
renormalization

chiral symmetry
as a filter

systematic
expansion

Weinberg ’67
Salam ’68

…                                   
1B∆ =

illustrating
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more derivatives,
more fields,
isospin violation

Nuclei

Chiral EFT: nucleons and pions (and Deltas, Ropers?) + SM symmetries
-- including approximate chiral symmetry
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Weinberg ’90’91’92
Rho ’91

Ordóñez + vK ’92
vK ’94

Ordóñez, Ray + vK ’94,’96
…

projector on isospin I

SM QCD= + ,W ZQ m

QCDQ m Mπ 

…

…

…
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V = + +

T = (0)V +
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(1)ψ
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0n2ß decay
& renormalization

dim 5 2
T
eL eL

m
Cββ ν ν= = − + 2

23

1 L
ei i

i
m U m

Mββ ν
=

≡ ∝∑ v
,W ZQ m

Cirigliano, Dekens, De Vries, Graesser,
Mereghetti, Pastore + vK ’18

Cirigliano, Dekens, De Vries, Graesser,
Mereghetti, Pastore, Piarulli, vK + Wiringa ‘19
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bad news: unknown

good news: no new unknown 
parameter at NLO

calculable with lattice QCD
Davoudi + Kadan ‘21
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0n2ß decay
& renormalization

dim 5 2
T
eL eL

m
Cββ ν ν= = − +,W ZQ m

Cirigliano, Dekens, De Vries, Graesser,
Mereghetti, Pastore + vK ’18

Cirigliano, Dekens, De Vries, Graesser,
Mereghetti, Pastore, Piarulli, vK + Wiringa ‘19
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other charge-
independence
data needed
to disentangle

and

assuming

1C 2C

1 2C C+
1 2C C

0 2 ( )M dr C rν β = ∫
partial cancelation

0.75S

L

M
M



LO

nn

pp

np “      “chiral pot

Nijmegen
partial-wave analysis

120.15 0.80S

L

M
M

−

but ab initio
calculations 
needed for 

heavier nuclei

Jokiniemi, Soriano + Menéndez ‘21

robust feature
in heavier nuclei

Wirth, Yao+ Hergert ‘21

QMC

chiral pots



Nuclear EDMs
& the “chiral filter”
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Hockings + vK ’05
Merehetti, Hockings + vK ‘10

De Vries, Timmermans, Mereghetti + vK ’10
Maekawa, Mereghetti, De Vries + vK ‘11 

De Vries, Mereghetti, Timmermans + vK ’11 ’12
De Vries, Higa, Liu, Mereghetti, Stetcu, Timmermans + vK ’13

…

,W ZQ m

q term qEDM qCEDM

gCEDM
PSC

LRC

Possibility to disentangle symmetry-violating sources:
each breaks chiral symmetry in a particular way,

and thus produces different hadronic interactions

Buchmüller + Wyler ’86
de Rújula et al. ’91

…
Ng + Tulin ‘11
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0
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+
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q term qEDM qCEDM gCEDM, PSC LRC
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storage-ring measurements (COSY? CERN?)
could teach us about sources!
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qEDM and q 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
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Deuteron decay
& systematic expansion
(ΔB=1)

Oosterhof, De Vries, Timmermans + vK ‘21
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Wilczek + Zee ’79
Abbott + Wise ’80

Claudson, Wise + Hall ‘82

16

1

2

1,id id
BM

∝ 



17

d

…
x x

(0)ψ
(0)ψ

= ++ +  …

…

LO NLO
Q fπ<


nucleon decay

x

(0)ψ

… …

x

(0)ψ

+

…

+  …

two-nucleon decay

N3LO

NLO        scatteringnp
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lattice QCD: 4 2 5
+ meson

3 10 GeV
p l+

−
→

Γ ≈ ⋅  Aoki et al. ‘17

experiment: 0
1 34

+ 
1.6 10  y

p e π+
−
→

Γ > ⋅
vs.

Abe et al. ‘17

l mesons

vs. Dover, Goldhaber, Trueman + Chau ’81
Alvarez-Estrada + Sánchez-Gómez ‘82



Oosterhof, Long, De Vries, Timmermans + vK ’19
…
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Buchoff + Wagman ’16,W ZQ m

Deuteron decay
& systematic expansion
(ΔB=2)
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  2.5≈ smaller than pot models

34 ImN dd npm B aΓ = − + can be
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Q fπ<


unknownplain       oscillationnn NLO        scatteringnp scatteringnp

approximately independent
of       oscillation timenn 19

mesons

mesons

experiment: 1 311.18 10  yd
−Γ > ⋅

81.6 10 snnτ > ⋅
Aharmin et al. (SNO) ‘17 80.86 10 snnτ > ⋅ Baldo-Ceolin et al. (ILL) ‘94vs.

Dover, Gal + Richard ’83



Conclusion

20

EFTs connect symmetry violation
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
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