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TWO CASE STUDIES



The search for something non-standard



dn ∼ 10−34e cm

The search for something non-standard

Energy

Energy frontier: produce new states on-shell

Precision frontier: measure effects from virtual  
new states (quantum effects)

Both frontiers have played a key role in the development of the Standard Model



The search for something non-standard

Certain precision experiments probe large energy scales indirectly 

Proton decay, neutrinoless double beta decay,  rare B-decays, Kaon mixing, Electric 
Dipole Moments, ……

For many experiments hadronic/nuclear theory is needed to interpret measurements



The plan of attack

1. A new look at Electric Dipole Moments 

2. Majorana neutrinos and neutrinoless double beta decay 



H = μ ⃗σ ⋅ ⃗B + d ⃗σ ⋅ ⃗E H = μ ⃗σ ⋅ ⃗B d ⃗σ ⋅ ⃗E

B E B Eσ σ
T/CP 

transformation

Electric dipole moments 101
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EDMs from CKM phase only appear at high-loop level and are very suppressed ! 

Electric dipole moments 101
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Electric dipole moments 101



εαβµνGαβG
µν = ∂µε

αβµν (AνFαβ + Aα
AβAν )

Gauge + Lorentz symmetries allow for a term

Total derivative and not relevant for QED but relevant for QCD (instantons)

abµn
µnabeq GGNew Standard Model parameter: theta-angle

This gap is ‘the strong CP problem’

𝜽 < 0.0000000001

Driven by neutron EDM experiments
Main motivation for axions

Strong Dragons



Many BSM models: EDMs at zero-, one-, or two-loop

df ( αem

π )
n me

Λ2
sin ϕCPV

If phase ~ O(1), then 𝛬 > 40 TeV (n=1), or 𝛬 > 5 TeV (n=2)

Unknown dragons

EDMs probe very high energy scales 

Important tests of electroweak baryogenesis 



Traditional Division of Labor

Two classes of EDM experiments

‘Paramagnetic’ EDMs ‘Diamagnetic’  EDMs

Systems with non-zero electron spin Systems with non-zero nucleon/nuclear spin
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Molecular revolution 
Last decade: huge progress on EDM measurements with molecules 

Much less progress on neutron or diamagnetic systems (nuclear/hadronic CPV)
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dThO ∼ 106 de

de < 4.1 ⋅ 10−30 e cm

Last decade: huge progress on EDM measurements with molecules 
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Polar molecules: huge EDM enhancement

Limit on eEDM is 10.000x stronger than neutron EDM limit (used to be 10-100x)



Molecular revolution 

dThO ∼ 106 de

de < 4.1 ⋅ 10−30 e cm

Last decade: huge progress on EDM measurements with molecules 

Polar molecules: huge EDM enhancement

And the future is bright.  What does this imply for the field ?

Much less progress on neutron or diamagnetic systems (nuclear/hadronic CPV)

Case study: QCD theta term

Limit on eEDM is 10.000x stronger than neutron EDM limit (used to be 10-100x)



Traditional limit on theta term
Traditional bounds from neutron EDM
First calculation Crewther et al ’79, essentially leading-order chiral perturbation theory 

ℒQCD = ℒkin − m̄q̄q − εm̄q̄τ3q +m⋆θ̄q̄iγ5q

m⋆ =
mumd

mu + md

m̄ = (mu + md)/2

εm̄ = (md − mu)/2

ℒχ+m = ℒχ −
m2

π

2
π2 − δmNN̄τ3N +ḡ0N̄τ ⋅ πN

ḡ0

q = (u d)T

π0,±



Traditional limit on theta term
Traditional bounds from neutron EDM
First calculation Crewther et al ’79, essentially leading-order chiral perturbation theory 

ℒQCD = ℒkin − m̄q̄q − εm̄q̄τ3q +m⋆θ̄q̄iγ5q

m⋆ =
mumd

mu + md

m̄ = (mu + md)/2

εm̄ = (md − mu)/2

ℒχ+m = ℒχ −
m2

π

2
π2 − δmNN̄τ3N +ḡ0N̄τ ⋅ πN

ḡ0

Nucleon mass splitting 
(strong part, no EM)

CP-odd pion-nucleon coupling 

ḡ0 = −
δmN

2fπ

1 − ε2

2ε θ̄ = (15.5 ± 2.5) ⋅ 10−3 θ̄

from lattice-QCD
e.g. Borsanyi et al ‘14 JdV et al ‘15

Relation valid up to N2LO corrections

q = (u d)T

π0,±



π0,±

ḡ0

Neutron EDM 
at 1 loop

dn = d̄n(μ = mN) −
egAḡ0

4π2Fπ (ln
m2

π

m2
N

−
πmπ

2mN )
The loop part gives dn ≃ − 2.5 ⋅ 10−16e cm θ̄ < 10−10

Lattice QCD for a full calculation. First non-zero calculations in recent years (still very uncertain)

dn = − (1.5 ± 0.8) ⋅ 10−16e cm Shindler, JdV, et al ‘19

dn = − (1.4 ± 0.4) ⋅ 10−16e cm Liang et al ’23 

Traditional bounds from neutron EDM
First calculation Crewther et al ’79, essentially leading-order chiral perturbation theory 

Traditional limit on theta term

Note: loop is divergent. Short-distance 
piece not calculable with ChpT



Theta limit from paramagnetic systems ?

Theta can induce a small electron EDM at order 

de ≃ 5 ⋅ 10−27 θ̄ e cm

α2
em Choi, Hoing ‘91

θ̄ < 10−3

But we are not measuring bare electrons!  Look at electron-nucleus CP-odd interactions

Flambaum, Pospelov, Ritz, Stadnik, ‘19

Mulder, Timmermans, JdV ’25
Dekens, JdV, Gialidi, Menendez, Mulder, Romeo ‘25
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de ≃ 5 ⋅ 10−27 θ̄ e cm θ̄ < 10−3

But we are not measuring bare electrons!  Look at electron-nucleus CP-odd interactions

Flambaum, Pospelov, Ritz, Stadnik, ‘19

Mulder, Timmermans, JdV ’25
Dekens, JdV, Gialidi, Menendez, Mulder, Romeo ‘25

e e

ΨA ΨA

CPV

Easiest example: a short-distance electron-nucleon interactions CS N̄N ēiγ5e N = (p n)T

ωHfF = (re de + rC CS)

Measurements with polar molecules aim to detect a level splitting induced by external E field

Molecular matrix elements. 
Computed with molecular many-body approaches

Meyer, Bohn ’08
Dzuba, Flambaum ‘09

Fleig, Jung ’18
Haase et al ‘21

Theta can induce a small electron EDM at order α2
em Choi, Hoing ‘91

Measured 



Induce Cs from hadronic CP violation

Easiest example: a short-distance electron-nucleon interactions CS N̄N ēiγ5e N = (p n)T

How can we induce from, for example, the QCD theta term?
π0,±

ḡ0
e e

Flambaum, Pospelov, Ritz, Stadnik, ‘19 Mulder, Timmermans, JdV ’25



Induce Cs from hadronic CP violation

Easiest example: a short-distance electron-nucleon interactions CS N̄N ēiγ5e N = (p n)T

How can we induce from, for example, the QCD theta term?
π0,±

ḡ0

ḡ0

γ

π0

γ

e e

N N

Flambaum, Pospelov, Ritz, Stadnik, ‘19 Mulder, Timmermans, JdV ’25

pion anomaly

Leading diagram = opposite sign from neutrons and protons. Summed over heavy nucleus:

| (Z − N )/A | ≃ 0.2  Suppression….. We should include NLO. 



Induce Cs from hadronic CP violation

Easiest example: a short-distance electron-nucleon interactions CS N̄N ēiγ5e N = (p n)T

How can we induce from, for example, the QCD theta term?
π0,±

ḡ0

ḡ0,1

γ

π0, η

γ

e e

N N

Flambaum, Pospelov, Ritz, Stadnik, ‘19 Mulder, Timmermans, JdV ’25

pion/eta anomaly Two-loop pion-photon loops 

π0

ḡ1

NLO includes isospin-breaking, strangeness corrections (eta), and two-loop
Total nucleus-averaged contribution 

CS(θ̄) = (0.75[10] − 0.72[22] + 0.74[33] + 0.86[20]) ⋅ 10−2 θ̄ = (1.6 ± 0.5) ⋅ 10−2 θ̄

No nuclear structure needed except for neutron and proton number 



Strong CP problem from molecules | θ̄ |HfF < 1.5 ⋅ 10−8

Limit is only 2 orders weaker than neutron EDM bound
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What about nucleon EDMs ?
Nucleon EDM (     ) induce Cs in combination with nucleon magnetic moments (     )

   

μ̄N d̄N

μ̄Nd̄N

Loop-momentum is ultrasoft (no pion mass) and photons couple to entire nucleus   

Dekens, JdV, Gialidi, Menendez, Mulder, Romeo ‘25

Diagrams are sensitive to nuclear structure
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μ̄N d̄N

μ̄Nd̄N

Loop-momentum is ultrasoft (no pion mass) and photons couple to entire nucleus   

Dekens, JdV, Gialidi, Menendez, Mulder, Romeo ‘25

EFT with ground-state nuclei, excited-state nuclei, electrons, and ultrasoft photons
   

Diagrams are sensitive to nuclear structure
   

C̄S = −
4α2me

mN ∑
n

An

Δn (3 log
m2

e

4Δn
2 − 1)

Δn =

An ∼ ⟨Ψ |dN ⃗σ |n⟩ ⋅ ⟨n |μN ⃗σ |Ψ⟩

Excitation energies (few MeV)
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Δn =

An ∼ ⟨Ψ |dN ⃗σ |n⟩ ⋅ ⟨n |μN ⃗σ |Ψ⟩

Excitation energies (few MeV)
   

Transitions and excitations computed with Nuclear Shell Model for BaF molecule
   C̄S(ultrasoft) ∼ 70 dp (e fm)−1

Significant nuclear uncertainty ~ 40% because depends on spectrum details 
   



What about nucleon EDMs ?
Nucleon EDM (     ) induce Cs in combination with nucleon magnetic moments (     )

   

μ̄N d̄N

μ̄Nd̄N

Two-nucleon contribution sensitive to nuclear binding momentum  q ~ 100 MeV
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Very similar to ‘neutrinoless double beta decay (0vbb)’ nuclear matrix elements
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4e4me

9mN ∑
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μ(i)d(i)

⃗q4
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Shell Model codes for 0vbb modified for EDM purposes (Menendez + Romeo)
   

Larger than ultrasoft because nuclear matrix elements scale with atomic number A 
This scaling agrees with a naive nuclear Fermi gas model 
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C̄S(potential) ∼ (−430 dp + 390dn) (e fm)−1

Thanks to Jon Engel for pointing this out
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Limits on nucleon EDMs from molecules

We can now combine everything to read off limits on nucleon EDMs

|dn,p |HfF < 10−23 e cm

Best limits from ThO and HfF (require A-scaling argument)

This is still 1000x weaker for neutron (direct) and 100x weaker for proton (from Hg)

But…….

Novel type of nuclear structure calculations for EDMs ! A lot to be explored !



The plan of attack

1. A new look at Electric Dipole Moments 

2. Majorana neutrinos and neutrinoless double beta decay 



P(νμ → νe) ∼ sin
Δm2L

2E

But neutrinos do have mass !

Neutrino masses

Original Standard Model (Weinberg 1967) neutrinos were massless particles

|Δm | ≃ 0.05 eVBiggest mass splitting:

Direct limits:  mνe
≤ 0.8 eV Cosmology (DESI 

2024) ∑ mνi
≤ 0.15 eV(IH)

KATRIN experiment

|δm | ≃ 0.008 eVSmallest:

∑ mνi
≤ 0.11 eV(NH)



Dirac or Majorana ?
Most promising way: look at `neutrinoless’ processes

K− → π+ + e− + e− pp → e+ + e+ + jets

X(Z, N) → Y(Z + 2,N − 2) + e− + e−



Most promising way: look at `neutrinoless’ processes

K− → π+ + e− + e− pp → e+ + e+ + jets

X(Z, N) → Y(Z + 2,N − 2) + e− + e−

Lifetime Experiment Year
76Ge GERDA 2018
130Te CUORE 2019

136Xe KamLAND-Zen 2024

8.0 ⋅ 1025 y
3.2 ⋅ 1025 y
3.8 ⋅ 1026 y

Note: age of universe ~  1010 year

Neutrinoless double-beta decay has never been seen but very tight limits !

Dirac or Majorana ?



Vary the lightest mass and the ordering

Interpreting 1026 years…. 

mββ = ∑
i

U2
eimi1/τ ∼ |M0ν |2 m2

ββ

= Effective neutrino mass 

Interpreting 1026 years…. 

Band from varying unknown phases

How close are experiments ?
Inverted Normal 

mββ = m1 c2
12c

2
13 + m2 s2

12c
2
13e

2iλ1 + m3 s2
13e

2i(λ2−δ13)



Inverted Normal 

KamLAND-Zen 
2024

Ton scale
Next-generation discovery possible if 
inverted hierarchy or mlightest >0.01 
eV

Interpreting 1026 years…. 

mββ = ∑
i

U2
eimi1/τ ∼ |M0ν |2 m2

ββ

= Effective neutrino mass 

Interpreting 1026 years…. 

Quite close !!

mββ = m1 c2
12c

2
13 + m2 s2

12c
2
13e

2iλ1 + m3 s2
13e

2i(λ2−δ13)



Anatomy of a decay

Energy

?

GeV

100 MeV

MeV

Γ0ν ∼ m2
ββ ⋅ g4

A ⋅ |M0ν |2 ⋅ G

m2
ββ

g4
A

|M0ν |2 = |⟨0+ |Vν |0+⟩ |2

G

Lepton-number-violating source (not necessarily neutrino mass)

From quarks to hadrons

Nuclear transition matrix element

Phase space factor

(Particle Physics)

(Hadronic Physics)

           (Nuclear Physics)

(Atomic Physics)



Light Majorana neutrinos (standard mechanism)
Neutrinos are still degrees of freedom in low-energy chiral EFT
Basically just use low-energy chiral Lagrangian with weak interactions

νL
νL



Light Majorana neutrinos (standard mechanism)
Neutrinos are still degrees of freedom in low-energy chiral EFT
Basically just use low-energy chiral Lagrangian with weak interactions

νL
νL

Vν(1S0) = (2G2
Fmββ)τ+

1 τ+
2

1
q2 [(1 + 2g2

A) +
g2

Am4
π

(q2 + m2
π) ] ⊗ ēLec

L

This is the leading-order ‘neutrino potential’



Leads to ‘long-range’ nn → pp + ee 

pn

pn
e
e Vν ∼

mββ

q2 q ∼ kF ∼ mπ

Contributions from virtual hard neutrinos

Naive-dimensional analysis tells us this is NNLO

Vshort
ν ∼

mββ

Λ2
χ

q ∼ Λχ ∼ 1 GeV

Light Majorana neutrinos (standard mechanism)



Leads to ‘long-range’ nn → pp + ee 

pn

pn
e
e Vν ∼

mββ

q2 q ∼ kF ∼ mπ

More contributions at higher orders in chiral perturbation theory

Loops at N2LO are divergent: come with counter terms

VN2LO
ν ∼ (Vfinite + VUV log

m2
π

μ2
+ VCT) ⊗ ēLec

L

Divergences absorbed by counter terms 

Cirigliano, Dekens, Mereghetti, Walker-Loud ‘17

At higher orders also ‘closure corrections’ and three-body effects e.g. Engel et al ’18 
Chambers-Wall et al  ‘25

Light Majorana neutrinos (standard mechanism)



pn

pn
e
e Vν = (2G2

Fmββ)τ+
1 τ+

2
1
q2 [(1 + 2g2

A) +
g2

Am4
π

(q2 + m2
π) ] ⊗ ēLec

L

Leading-order transition currents

Leading-order 0vbb current is very simple
No unknown hadronic input ! Only unknown is mββ

Many-body methods disagree significantly 

Original idea: study simpler nuclear systems
Not relevant for experiments but as a 
theoretical laboratory

From: Menendez et al review  ‘22



Neutron-Neutron → Proton-Proton
Study simplest nuclear process: nn → pp + ee

Derive wave functions from chiral effective field theory

LO 

NLO 

N2LO 

LO 

NLO 

N2LO 

Vstrong = C0 −
g2

A

4f 2
π

m2
π

q2 + m2
π

T = V + V G0 T

Weinberg 90’ 91’

Contact term low-energy constant fitted to 1S0 scattering length

Starting point of all ‘ab initio’ nuclear calculations 



Leading-order transition currents

C C 

p

p

e

e

ν 

n

n

Insert long-distance neutrino exchange into scattering states

∼ (1 + 2g2
A)( mNC0

4π )
2

( 1
ϵ

+ log
μ2

p2 ) New divergences 
Similar to pion-mass dependence of C0 in Kaplan/Savage/Wise ‘98

Phillips/Valderrama PRL ‘14

Cirigliano, Dekens, JdV, Graesser, Mereghetti, Pastore, van Kolck PRL ‘18



Leading-order transition currents

C C 

p

p

e

e

ν 

n

n

Insert long-distance neutrino exchange into scattering states

∼ (1 + 2g2
A)( mNC0

4π )
2

( 1
ϵ

+ log
μ2

p2 ) New divergences 

Cirigliano, Dekens, JdV, Graesser, Mereghetti, Pastore, van Kolck PRL ‘18

Logarithmic regulator dependence 

Divergence indicates sensitivity to short-distance physics (hard-neutrino exchange)

Suggest to add a counter term: a short-range nn → pp + ee operator 

Similar to pion-mass dependence of C0 in Kaplan/Savage/Wise ‘98
Phillips/Valderrama PRL ‘14



A new leading-order contribution
 

pn

pn
e
e ~ gNNν

n

n
p

p
e

e

‘Long-range’ neutrino-exchange
‘Short-distance’ neutrino exchange 
required by renormalization of amplitude

Short-distance piece depends on QCD matrix element

gν

This was initially unknown but has now been determined (long story for a technical talk)

Cirigliano, Dekens, JdV, Hoferichter, Mereghetti PRC ’19 PRL ’21 Richardson, Schindler, Pastore, Springer ‘21

gν

Davoudi, Kadam PRL ’21 Briceno et al ’19 ‘20 Tuo  et al.  ‘19;    Detmold, Murphy ’20 ‘22
Van Groffier JHEP ‘24 Yang, Zhao ’23  ’24  PRL ’25 (using relativistic NN theory)

51

The renormalized nn-> pp amplitude is now used as starting point for many-body 
nuclear calculations (‘fake data’)



Impact on realistic nuclei
Some results from last year (2307.15156 Belley et al) using VS-IMSRG
See also: Belley et al PRL ’24 for detailed 76Ge analysis 

Ab initio calculations find small long-distance NMEs compared to other methods 
Partially compensated by new short-distance interaction (50-100% effect)
More work needed to see where this will go 

Ab 
initio

Ab 
initio



Higher-order corrections in the nuclear shell model

Soft loops (Cirigliano et al ’17) and ultrasoft (Dekens et al ’24) calculated in chiral EFT

Implemented by Javier Menendez and collaborators (2408.03374) in Shell Model



Higher-order corrections in the nuclear shell model

Soft loops (Cirigliano et al ’17) and ultrasoft (Dekens et al ’24) calculated in chiral EFT

Implemented by Javier Menendez and collaborators (2408.03374) in Shell Model

Confirms that these effects are relatively small (usoft -10% corrections roughly)

Comforting that no other supposedly small corrections are found to be large !

Combination of EFT + lattice+  few-body + nuclear structure community 



Conclusions/Summary

Particle physics at a cross roads —> new colliders long time away
A lot of room for precision experiments 

Often requires nuclear and hadronic theory
Scale separation implies that EFT methods are very powerful

Two examples: molecular EDMs where theory is still in infancy
Neutrinoless double beta decay where theory is mature but still surprises

Very exciting to connect different communities (particle - hadronic - 
nuclear - cosmology) and study new ideas (heavy ion collisions for 0vbb !?)


