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• Lecture 1 (Tuesday 10:30-12:00):  
Philosophy and Landscape of EFTs  


• Lecture 2 (Thursday 10:30-12:00):  
CP-violation in EFT 

2 lectures on EFT, at a fairly elementary level

Timetable



CP violation in EFT
Lecture 2



What is CP
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What is CP

ℳ(A → B)CP relates and ℳ(Ā → B̄)

CPT relates ℳ(A → B) and ℳ(B̄ → Ā)

CPT is conserved in any relativistic and unitary QFT 

Note that CPT implies in particular ℳ(A → A) = ℳ(Ā → Ā)

If A is a one-particle state
ℳ(A → A) = p2 − m2

A + imAΓA

ℳ(Ā → Ā) = p2 − m2
Ā + imĀΓĀ

It follows mA = mĀ ΓA = ΓĀ

that is the masses and total lifetimes of particles and its antiparticle are the same

It follows ∑
B

∫ dΠn |ℳ(A → B) |2 = ∑̄
B

∫ dΠn |ℳ(Ā → B̄) |2

However, for a  particular B it is possible that |ℳ(A → B) |2 ≠ |ℳ(Ā → B̄) |2

if CP is not conserved
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SMEFT

Known SM   
Lagrangian Higher-dimensional 

SU(3)C x SU(2)L x U(1)Y invariant  
interactions added to the SM

ℒSMEFT = ℒSM +
1

ΛL
ℒD=5 +

1
Λ2

ℒD=6 +
1

Λ3
L

ℒD=7 +
1

Λ4
ℒD=8 + …

Question of the day: what are the sources of CP violation in the SMEFT Lagrangian ?



Φ = ∫
d3k

(2π)32Ek [a(k)e−ikx + b†(k)eikx]
Φ† = ∫

d3k
(2π)32Ek [b(k)e−ikx + a†(k)eikx]

annihilates 
particle

creates 
antiparticle

annihilates 
antiparticle

creates 
antiparticle

Φ ↔ Φ† exchanges particles with antiparticles,  
thus it describes charge conjugation  C

CP on  spin-0 scalars

For parity even scalar this is also the action of CP ,  
for pseudoscalar there is a minus sign



2-component fermions

4-component Dirac fermion Ψa a = 1…4
Convenient for P and C conserving theories, like QED and QCD   
Extremely inconvenient when Majorana fermions are involved,  
or when discrete symmetries are discussed 

Split the Dirac fermion into halves: Ψa = (ψα

ψ̄c·α) α = 1,2

The 2 halves transform independently under the Lorentz symmetry.  
The Lorentz algebra is equivalent to SU(2)xSU(2):   
- upper 2-component spinor      transforms under the first SU(2),  
- lower 2-component spinor     transforms under the second SU(2)

ψ
ψ̄ c

Thus the 2-component spinors are fundamental building blocks 

·α = 1,2

In the 2-component language:
Dirac mass:

Majorana mass:

ℒ = m ψ cψ + m ψ̄ ψ̄ c

ℒ = M ψ ψ + M ψ̄ ψ̄

By convention, I’ll be always working in the basis where the masses are real

describes a pair of spin 1/2 fermions



2-component fermions

4-component Dirac fermion Ψa a = 1…4
Convenient for P and C conserving theories, like QED and QCD   
Extremely inconvenient when Majorana fermions are involved,  
or when discrete symmetries are discussed 

Split the Dirac fermion into halves: Ψa = (ψα

ψ̄c·α) α = 1,2

The 2 halves transform independently under the Lorentz symmetry.  
The Lorentz algebra is equivalent to SU(2)xSU(2):   
- upper 2-component spinor      transforms under the first SU(2),  
- lower 2-component spinor     transforms under the second SU(2)

ψ
ψ̄ c

Thus the 2-component spinors are fundamental building blocks 

·α = 1,2

 At high energies, E>>m,    
  describes spin 1/2 particle with negative helicity (left-handed),  
 describes spin 1/2 particle with positive  helicity (right-handed). 

ψ
ψ̄ c

ψ ↔ ψ̄c exchanges left and right,  
thus it describes parity operation P



2-component fermions

Ψ = ∑
h=±

∫
d3k

(2π)32Ek [a(k, h)u(k, h)e−ikx + b†(k, h)v(k, h)eikx]
4-component spinor wave functions

u = (x
ȳ) v = (y

x̄)

The same in terms of 2-component spinor 

ψ = ∑
h=±

∫
d3k

(2π)32Ek [a(k, h)x(k, h)e−ikx + b†(k, h)y(k, h)eikx]
ψ c = ∑

h=±
∫

d3k
(2π)32Ek [b(k, h)x(k, h)e−ikx + a†(k, h)y(k, h)eikx]

annihilates 
particle

creates 
antiparticle

annihilates 
antiparticle

creates 
particle

ψ ↔ ψc exchanges particles with antiparticles,  
thus it describes charge conjugation  C

Ψ = ( ψ
ψ̄c)



ψ ↔ ψ̄cP:

ψ ↔ ψcC:
CP: ψ ↔ ψ̄

ψc ↔ ψ̄c

The same in the language of Dirac spinors:  ΨL ↔ Ψ̄L, ΨR ↔ Ψ̄R

Example of Yukawa interactions:

ℒ = y h ψcψ + ȳ h ψ̄ ψ̄c

CP transformation, assuming the real scalar h is CP-even:* 

CP[ℒ] = y h ψ̄cψ̄ + ȳ h ψψc

* I’m glossing here over the signs, to avoid discussing how spinor indices are contracted

CP[ℒ] = ℒ only if the Yukawa coupling y  is real

CP is violated if y is complex  (in the basis where masses are real)

Re[y] h Ψ̄Ψ − iIm[y] h Ψ̄γ5Ψ
Dirac notation:

CP on  spin-1/2 fermions



CP on  spin-1/2 fermions

ψ ↔ ψ̄cP:

ψ ↔ ψcC:
CP: ψ ↔ ψ̄

ψc ↔ ψ̄c

Example of Fermi interactions:

CP transformation:

CP[ℒ] = − 2C+
V ((pe)(n̄ν̄) − (nce)(p̄cν̄)) − 2C̄+

V((p̄ē)(nν) − (n̄cē)(pcν))

CP[ℒ] = ℒ only if the coupling  is realC+
V

−C+
V p̄γμn ēLγμνL − C̄+

Vn̄γμp ν̄LγμeLℒ = −C+
V (p̄σ̄μn + pcσμn̄c) ēσ̄μν−C̄+

V(n̄σ̄μp + ncσμp̄c) ν̄σ̄μe

= −2C+
V ((p̄ē)(nν) − (n̄cē)(pcν)) − 2C̄+

V((pe)(n̄ν̄) − (nce)(p̄cν̄))

Dirac notation:

CP is violated if the coupling  is realC+
V

σ0 = σ̄0 = 1 σi = − σ̄i = [ ⃗σ ]i



CP on spin-1 vectors

Aμ → − AμA0 → A0, Ai → − AiP: C: A0 → − A0, Ai → AiCP:

CP violation is often associated with phases in the Lagrangian, but not always !

Consider CP acting on spin-1 vector fields : Aμ = (A0, Ai)

It follows the field strength transforms as F0i = ∂0Ai − ∂iA0 → F0i, Fij = ∂iAj − ∂jAi → − Fij,

FμνF̃μν ≡
1
2

ϵμναβFμνFαβ = 2ϵijkF0iFjk → − 2ϵijkF0iFjk = − FμνF̃μνThen 

Thus e.g. the Higgs interaction ℒ ⊃ c̃γγ
h
v

FμνF̃μν is CP odd,  
even though it has no complex phase 

Similarly one can show that e.g. the cubic gauge coupling:

ℒ ⊃
c̃3G

Λ2
f abcGa

μνGb
νρG̃c

ρμ
is CP odd,  

even though it has no complex phase 

Weinberg operator



CP on spin 1/2  and spin 1 interactions

Another example of dipole interactions

ℒ = d ψcσμνψFμν + d̄ ψ̄σ̄μνψ̄cFμν

σμν =
i
2 [σμσ̄ν − σνσ̄μ] σ̄μν =

i
2 [σ̄μσν − σ̄νσμ] σ0 = σ̄0 = 1 σi = − σ̄i = [ ⃗σ ]i

Aμ → − AμA0 → A0, Ai → − AiP: C: A0 → − A0, Ai → AiCP:

ℒ ⊃ 2d ψ cσ0iψ F0i + 2d̄ ψ̄σ̄0iψ̄ c F0i → 2d ψ̄ cσ0iψ̄ F0i + 2d̄ ψσ̄0iψ c F0i

Looking only at one part of the expression but the result the same for all components of :Fμν

= 2d ψ̄ cσ̄0iψ̄ F0i + 2d̄ ψσ̄0iψ c F0i

CP[ℒ] = ℒ only if dipole couplings d  are real
CP is violated if d is complex

Real part of d corresponds to anomalous magnetic moment of fermion  (CP conserving)ψ
Imaginary part of d corresponds to anomalous electric moment of fermion  (CP violating)ψ



CP violation at D=4



Standard Model

ℒD=4 = −
1
4 ∑

V∈B,Wi,Ga

VμνVμν −
g2

S

32π2
θGa

μνG̃a
μν

+ ∑
f∈q,u,d,l,e

if̄γμDμ f

−(ūYuqH + d̄YdH†q + ēYeH†l + h . c . )
+DμH†DμH − λ(H†H)2

Dμ f = ∂μ f − igsGa
μTaf − igLWi

μ
σi

2
f − igY BμYfVa

μν = ∂μVa
ν − ∂νVa

μ + g f abcVb
μVc

ν

The most general Lagrangian up to D=4 consistent with these principles is just the SM Lagrangian 

Yukawa couplings are complex in general, thus they can provide source of CP violation 



• After redefining away all the phases, 2 sources of CP violation 
remain in the D <= 4 part of the SMEFT


• One is the phase in the CKM matrix, describing charged current 
interactions between W and left-handed quarks. 
The effects of this phase have been observed in the B-meson, 
D-meson, and kaon systems. The value of this phase seems to 
be generic, that is it is consistent with order random one phase 
in the quark Yukawa couplings  


• The other is a combination of the θ parameter and the phase of 
the determinant  of the quark matrix. This phase should lead to 
an EDM of the neutron and composite nuclei. The effects of this 
phase have not been observed so far and we have only stringent 
limits. It is a mystery why this phase, unlike the former one, does 
not take a generic value   

CP violation in the Standard Model



CP violation at D=5



ℒD=5 =
3

∑
α,β=1

[cαβ

ΛL
(LαH)(LβH) +

c̄αβ

ΛL
(H†L̄α)(H†L̄β)]

= (1 +
h
v )

2 v2

ΛL

3

∑
α,β=1

[cαβνανβ + c̄αβν̄αν̄β]

SMEFT at dimension-5

H → (
0

v/ 2)
Lα → (να

eα)

CP[ℒD=5] = (1 +
h
v )

2 v2

ΛL [cαβν̄αν̄β + c̄αβνανβ]
Neutrino masses can violate CP if they are complex!

ℒSMEFT = ℒSM +
1

ΛL
ℒD=5 +

1
Λ2

ℒD=6 +
1

Λ3
L

ℒD=7 +
1

Λ4
ℒD=8 + …



SMEFT at dimension-5
In QFT it is awkward to work with complex and off-diagonal masses, so we usually 

diagonalize the mass matrix and remove the phases by field redefinition

ℒD=5 ⊃
v2

ΛL

3

∑
α,β=1

[cαβνανβ + c̄αβν̄αν̄β] να → UαjνjRotate

Unitary PMNS matrix

cαβνανβ → UαicαβUβjνiνj Choose UTcU = − diag(c1, c2, c3)

ℒD=5 ⊃ −
v2

ΛL

3

∑
i=1

[ciνiνi + c̄iν̄iν̄i] mνi
= ci

v2

ΛL
= |ci |eiϕi

v2

ΛL

Rephase νi → Piνi, Pi = e−iϕi

ℒD=5 ⊃ −
3

∑
i=1

mνi[νiνi + ν̄iν̄i]
Masses are now real and all traces of CP violation vanish…



SMEFT at dimension-5

να →
3

∑
j=1

UαjPjνj Pi = e−iϕi

ℒD=5 ⊃ −
3

∑
i=1

mνi[νiνi + ν̄iν̄i]… not so fast
SMEFT Lagrangian at D=4 contains 

the CC interactions between leptons and W

ℒD=4 ⊃
gL

2
W−

μ

3

∑
α=1

ℓ̄ασ̄μνα + h . c .

ℒD=4 →
gL

2
W−

μ

3

∑
α,j=1

UαjPj ℓ̄ασ̄μνj + h . c .

CP violation migrated from the neutrino mass matrix to charged-current interactions of leptons 

CP-violating if U or P are complex 

U =
c12c13 s12c13 e−iδs13

−s12c23 − eiδc12s13s23 c12c23 − eiδs12s13s23 c13s23

s12s23 − eiδc12s13c23 −c12s23 − eiδs12s13c23 c13c23

PMNS matrix U is totally analogous,  
to the CKM matrix for quarks  

(though numerically it is very different)

The phase δ is called the Dirac phase  

These are qualitatively new phases 
compared to the quark sector

They are called the Majorana phases  

Pi = eiϕ (eiα/2 eiβ/2 1)



Neutrino oscillations in QFT

ℳ(ST → S′ eαT′ eβ) =
3

∑
k=1

ℳ(S → S′ eανk)ℳ(νkT → Teβ)
q2 − m2

k + iϵ
≡

3

∑
k=1

ℳP
αkℳD

βk

q2 − m2
k + iϵ

S T
L

S’
T’

ℓ+
α

ℓ−
β

P(να → νβ) =
∑3

k,l=1 exp (−i
L(m2

νk
− m2

νl
)

2Eν ) ∫ dΠPℳP
αkℳ̄P

αl ∫ dΠDℳD
βkℳ̄D

βl

∑3
k,l=1 ∫ dΠP |ℳP

αk |2 ∫ dΠD |ℳD
βl |

2

Oscillation probability

⃗q

ν ν



Neutrino Oscillations

P(να → νβ) =
∑3

k,l=1 exp (−i
L(m2

νk
− m2

νl
)

2Eν ) ∫ dΠPℳP
αkℳP*

αl ∫ dΠDℳD
βkℳD*

βl

∑3
k,l=1 ∫ dΠP |ℳP

αk |2 ∫ dΠD |ℳD
βl |

2

ℒD=4 →
gL

2

3

∑
α,k=1

{W−
μ UαkPk (ℓ̄ασ̄μνk) + W+

μ U*αkP*k (ν̄kσ̄μℓα)}
Neutrino production: ℳP

αk ∼ U*αkP*k ℳP*
αl ∼ UαlPl

Neutrino detection: ℳD
βk ∼ UβkPk ℳD*

βl ∼ U*βlP*l

P(να → νβ) =
3

∑
k,l=1

e−i Δ2
kl

2Eν U*αkUαlUβkU*βl

P(ν̄α → ν̄β) =
3

∑
k,l=1

e−i Δ2
kl

2Eν UαkU*αlU*βkUβl

Δ2
kl ≡ m2

νk
− m2

νl

The Majorana phases cancel out in neutrino oscillations



CP violation in Neutrino Oscillations

P(να → νβ) =
3

∑
k,l=1

e−i Δ2
kl

2Eν U*αkUαlUβkU*βl

P(ν̄α → ν̄β) =
3

∑
k,l=1

e−i Δ2
kl

2Eν UαkU*αlU*βkUβl

P(να → νβ) − P(ν̄α → ν̄β) = 2i
3

∑
k,l=1

e−i Δ2
kl

2Eν Im[U*αkUαlUβkU*βl]

P(να → νβ) − P(ν̄α → ν̄β) = ± s12s13s23c12c2
13c23 sin δ[sin( Δ2

21L
2Eν ) − sin( Δ2

31L
2Eν ) + sin( Δ2

32L
2Eν )]

In the usual parametrization of the PMNS matrix, for   α ≠ β

CP violation is hard…  
- At least 3 neutrinos must exist in nature 
- All 3 mixing angles have to be non-trivial 
- All 3 mass splittings have to be non-zero  
- The Dirac phase needs to be different from 0 and from π 

Fortunately, it seems that these conditions are fulfilled in the real world,  
barring confirmation about the Dirac phase…

while for  ,α = β P(να → να) − P(ν̄α → ν̄α) = 0 by CPT
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FIG. 1. The upper (middle) panel shows the reconstructed
neutrino energy spectra for the SK samples containing
electron-like events in (anti)neutrino-mode beam running.
The uncertainty shown around the data points accounts for
statistical uncertainty. The uncertainty range is chosen to in-
clude all points for which the measured number of data events
is inside the 68% confidence interval of a Poisson distribution
centred at that point. The solid stacked chart shows the pre-
dicted number of events for the CP -conserving point �CP = 0
separated according to whether the event was from an oscil-
lated neutrino or antineutrino or from a background process.
The dashed lines show the total predicted number of events
for the two most extreme CP -violating cases. The lower ta-
ble shows the measured (expected for �CP = �⇡

2 ) number of
events in each electron-like SK sample. For all predictions,
normal ordering is assumed, and sin2 ✓23 and �m2

32 are at
their best-fit values. sin2 ✓13, sin

2 ✓12 and �m2
21 take the val-

ues indicated by external world average measurements [2].
The parameters accounting for systematic uncertainties take
their best-fit values after the near-detector fit.
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FIG. 2. Distribution of the particle identification (PID) pa-
rameter used to classify Cherenkov rings as electron-like and
muon-like. Events to the left of the blue line are classified as
electron-like and those to the right as muon-like. The filled
histograms show the expected number of single ring events
after neutrino oscillations. The PID algorithm uses prop-
erties of the light distribution such as the blurriness of the
Cherenkov ring to classify events. The insets show examples
of an electron-like (left) and muon-like (right) Cherenkov ring.

they decay. Identifying both muon and electron neutrino
interactions in both the neutrino- and antineutrino-mode
beams allows us to measure the probabilities for four os-
cillation channels: ⌫µ ! ⌫µ and ⌫̄µ ! ⌫̄µ, ⌫µ ! ⌫e and
⌫̄µ ! ⌫̄e.

We define a model of the expected number of neutrino
events as a function of kinematic variables measured in
our detectors with degrees of freedom for each of the os-
cillation parameters and for each source of systematic
uncertainty. Systematic uncertainties arise in the model-
ing of neutrino-nucleus interactions in the detector, the
modeling of the neutrino production, and the modeling
of the detector’s response to neutrino interaction prod-
ucts. Where possible, we constrain the model using ex-
ternal data. For example, the solar oscillation param-
eters, �m2

21 and sin2(✓12), which T2K is not able to
measure, are constrained using world average data [2].
Whilst we are sensitive to sin2 ✓13, we use the combina-
tion of measurements from the Daya Bay, RENO and
Double Chooz reactor experiments to constrain this pa-
rameter [2], as they make a much more precise mea-
surement than using T2K data alone (see upper panel
of Figure 3). We measure the oscillation parameters by
doing a marginal likelihood fit of this model to our near

CP violation in Neutrino Oscillations

T2K,  
1910.03887

Some mild preference  
for δ ∼ − π/2 δ = − 1.89+0.70

−0.58

Best fit

Another triumph of SMEFT?  
As expected by power counting arguments, CP violation first observed at D=4, then at D=5…



Interlude: why is CP violation hard

ℳ(A → B) = reiϕ ℳ(Ā → B̄) = re−iϕ

CP violating amplitudes:

where r is real and  φ is a CP violating phase in the Lagrangian

Rates:

R(A → B) ∼ |ℳ(A → B) |2 = r2

R(Ā → B̄) ∼ |ℳ(Ā → B̄) |2 = r2

In this simple example, CP violation present at the amplitude level 
is invisible at the level of observables



Interlude: why is CP violation hard

ℳ(A → B) = r1eiϕ1 + r2eiϕ2 ℳ(Ā → B̄) = r1e−iϕ1 + r2e−iϕ2

CP violating amplitudes:

where r1 and r2 are real and  φ1 and φ2 are CP violating phases in the Lagrangian

Rates:

In this less simple example, CP violation present at the amplitude level 
is invisible at the level of observables

R(A → B) ∼ |ℳ(A → B) |2 = r2
1 + r2

2 + 2r1r2 cos(ϕ1 − ϕ2)

R(Ā → B̄) ∼ |ℳ(Ā → B̄) |2 = r2
1 + r2

2 + 2r1r2 cos(ϕ1 − ϕ2)



Interlude: why is CP violation hard

ℳ(A → B) = r1eiη1eiϕ1 + r2eiη2eiϕ2 ℳ(Ā → B̄) = r1eiη1e−iϕ1 + r2eiη2e−iϕ2

CP violating amplitudes:

where r1 and r2 are real,  
φ1 and φ2 are CP violating (weak) phases in the Lagrangian,  

and η1  and η2 are CP conserving (strong) phases from the dynamics

Rates:

In this much less simple example, CP violation present at the amplitude level 
finally survives at the level of observables

R(A → B) ∼ |ℳ(A → B) |2 = r2
1 + r2

2 + 2r1r2 cos(ϕ1 − ϕ2 + η1 − η2)

R(Ā → B̄) ∼ |ℳ(Ā → B̄) |2 = r2
1 + r2

2 + 2r1r2 cos(ϕ1 − ϕ2 − η1 + η2)

R(A → B) − R(Ā → B̄) = 4r1r2 sin(η2 − η1)sin(ϕ1 − ϕ2)



ℳ(A → B) = r1eiη1eiϕ1 + r2eiη2eiϕ2 ℳ(Ā → B̄) = r1eiη1e−iϕ1 + r2eiη2e−iϕ2

Interlude: why is CP violation hard

R(A → B) − R(Ā → B̄) = 4r1r2 sin(η2 − η1)sin(ϕ1 − ϕ2)

In neutrino oscillations,  
the interfering amplitudes come from contributions of different mass eigenstates 
the weak phase comes  the PMNS matrix,  
and the strong phases come from neutrino propagation in coordinate space 

In addition: P(νe → νμ) − P(ν̄e → ν̄μ) = X ⟹ P(νe → ντ) − P(ν̄e → ν̄τ) = − X

by conservation of probability… that’s why at least 3 neutrinos have to involved

More generally, strong phases can also come from loops, and from the width 



SMEFT at dimension-5

ℒSMEFT ⊃
gL

2
W−

μ

3

∑
α,j=1

UαjPj ℓ̄ασ̄μνj + h . c . CP-violating if U or P are complex 

U =
c12c13 s12c13 e−iδs13

−s12c23 − eiδc12s13s23 c12c23 − eiδs12s13s23 c13s23

s12s23 − eiδc12s13c23 −c12s23 − eiδs12s13c23 c13c23

PMNS matrix U is totally analogous,  
to the CKM matrix for quarks  

(though numerically it is very different)

The phase δ is called the Dirac phase  

Pi = eiϕ (eiα/2 eiβ/2 1)

These are qualitatively new phases 
compared to the quark sector

They are called the Majorana phases  

Are these physical ???Almost there



Neutrino antineutrino oscillations

S T
L

S’
T’

ℓ+
α ℓ+

β

R(να → ν̄β) ∼
3

∑
k,l=1

mνk
mνl

E2
ν

exp (−i
L(m2

νk
− m2

νl
)

2Eν )∫ dΠPℳP
αkℳ̄

P
αl ∫ dΠDℳD

βkℳ̄
D
βl

Transition rate

⃗q

ν ν̄



Neutrino Antineutrino Oscillations

ℒSMEFT ⊃
gL

2

3

∑
α,k=1

{W−
μ UαkPk (ℓ̄ασ̄μνk) + W+

μ U*αkP*k (ν̄kσ̄μℓα)}
Neutrino production: ℳP

αk ∼ U*αkP*k ℳP*
αl ∼ UαlPl

Anti-Neutrino detection: ℳD
βk ∼ U*βkP*k ℳD*

βl ∼ UβlPl

R(να → ν̄β) ∼
3

∑
k,l=1

mνk
mνl

e−i Δ2
kl

2Eν U*αkUαlU*βkUβl(P*k )2(Pl)2

R(ν̄α → νβ) ∼
3

∑
k,l=1

mνk
mνl

e−i Δ2
kl

2Eν UαkU*αlUβkU*βl(Pk)2(P*l )2

Δ2
kl ≡ m2

νk
− m2

νl

R(να → ν̄β) ∼
3

∑
k,l=1

mνk
mνl

E2
ν

exp (−i
L(m2

νk
− m2

νl
)

2Eν )∫ dΠPℳP
αkℳ̄

P
αl ∫ dΠDℳD

βkℳ̄
D
βl

Majorana phases don’t cancel out!



Neutrino-Antineutrino Oscillations

R(να → ν̄β) ∼
3

∑
k,l=1

mνk
mνl

e−i Δ2
kl

2Eν U*αkUαlU*βkUβl(P*k )2(Pl)2

R(ν̄α → νβ) ∼
3

∑
k,l=1

mνk
mνl

e−i Δ2
kl

2Eν UαkU*αlUβkU*βl(Pk)2(P*l )2

Take the limit for  simplicity s13 → 0

R(νe → ν̄μ) − R(ν̄e → νμ) ∼ mν1
mν2

c2
12s

2
12 sin(α − β)sin( Δ2

21L
2Eν )

Majorana phases control CP violation in neutrino-antineutrino oscillations 
The effect occurs even in the 2-neutrino oscillation limit

Unfortunately, the effect is very suppressed by the small neutrino masses,  
and may never be observed…

De Gouvea et al 
hep-ph/0211394 



CP violation at D= 6



SMEFT at dimension-6

ℒSMEFT = ℒSM +
1

ΛL
ℒD=5 +

1
Λ2

ℒD=6 +
1

Λ3
L

ℒD=7 +
1

Λ4
ℒD=8 + …

The fields Gz and G± do not correspond to new physical degrees of freedom (they

kinetically mix with the massive gauge bosons and can be gauged away). From now

on until Chapter 5 I will work in the unitary gauge and set G± = 0 = Gz. The

scalar field h corresponds to a scalar particle called the Higgs boson. Its mass can be

expressed by the parameters of the Higgs potential as

m2
h
= 2µ2

H
= 2�v2. (2.19)

2.2 Dimension-6 operators

Bosonic CP-even

OH (H†H)3

OH⇤ (H†H)⇤(H†H)

OHD

��H†DµH
��2

OHG H†H Ga
µ⌫G

a
µ⌫

OHW H†HW i
µ⌫W

i
µ⌫

OHB H†H Bµ⌫Bµ⌫

OHWB H†�iHW i
µ⌫Bµ⌫

OW ✏ijkW i
µ⌫W

j
⌫⇢W k

⇢µ

OG fabcGa
µ⌫G

b
⌫⇢G

c
⇢µ

Bosonic CP-odd

O
H eG H†H eGa

µ⌫G
a
µ⌫

O
HfW H†H fW i

µ⌫W
i
µ⌫

O
H eB H†H eBµ⌫Bµ⌫

O
HfWB

H†�iH fW i
µ⌫Bµ⌫

OfW ✏ijkfW i
µ⌫W

j
⌫⇢W k

⇢µ

O eG fabc eGa
µ⌫G

b
⌫⇢G

c
⇢µ

Table 2.2: Bosonic D=6 operators in the Warsaw basis.

We turn to discussing operators with canonical dimensions D=6 in Eq. (2.1).

Their importance for characterizing low-energy e↵ects of heavy particles has been

recognized long ago, see e.g. [21, 35]. More recently, advantages of using a complete

and non-redundant set of operators have been emphasized. The point is that seem-

ingly di↵erent higher-dimensional operators can have the same e↵ect on on-shell am-

plitudes of the SM particles. This is the case if the operators can be related by using

equations of motion, integration by parts, field redefinitions, or Fierz transformations.
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This leads to non-trivial and often counter-intuitive relations between operators. For

example, by using equations of motion one can establish equivalence between purely

bosonic operators, and a linear combination of 2- and 4-fermionic operators! Thus,

starting from the set of all distinct D=6 operators that can be constructed from the

SM fields, a number of these operators will be redundant as they are equivalent to

linear combinations of other operators. The redundant operators can be removed to

simplify the EFT description, and to establish an unambiguous map from observables

to the EFT Wilson coe�cients. A minimal, non-redundant set of operators is called

a basis.

Yukawa

[O†
eH

]IJ H†Hec
I
H†`J

[O†
uH

]IJ H†Huc
I
eH†qJ

[O†
dH

]IJ H†Hdc
I
H†qJ

Vertex

[O(1)
H`

]IJ i¯̀I �̄µ`JH† !DµH

[O(3)
H`

]IJ i¯̀I�i�̄µ`JH†�i
 !
DµH

[OHe]IJ iec
I
�µēcJH

† !DµH

[O(1)
Hq

]IJ iq̄I �̄µqJH† !DµH

[O(3)
Hq

]IJ iq̄I�i�̄µqJH†�i
 !
DµH

[OHu]IJ iuc
I
�µūcJH

† !DµH

[OHd]IJ idc
I
�µd̄cJH

† !DµH

[OHud]IJ iuc
I
�µd̄cJH̃

†DµH

Dipole

[O†
eW

]IJ ec
I
�µ⌫H†�i`JW i

µ⌫

[O†
eB

]IJ ec
I
�µ⌫H†`JBµ⌫

[O†
uG

]IJ uc
I
�µ⌫T a eH†qJ Ga

µ⌫

[O†
uW

]IJ uc
I
�µ⌫ eH†�iqJ W i

µ⌫

[O†
uB

]IJ uc
I
�µ⌫ eH†qJ Bµ⌫

[O†
dG

]IJ dc
I
�µ⌫T aH†qJ Ga

µ⌫

[O†
dW

]IJ dc
I
�µ⌫H̄†�iqJ W i

µ⌫

[O†
dB

]IJ dc
I
�µ⌫H†qJ Bµ⌫

Table 2.3: Two-fermion D=6 operators in the Warsaw basis. The flavor indices are
denoted by I, J . For complex operators (OHud and all Yukawa and dipole operators)
the corresponding complex conjugate operator is implicitly included.

Because of a humungous number of D=6 operators, and because establishing

equivalence between operators may be time consuming, identifying a basis is not a

14

(R̄R)(R̄R)

Oee ⌘(ec�µēc)(ec�µēc)

Ouu ⌘(uc�µūc)(uc�µūc)

Odd ⌘(dc�µd̄c)(dc�µd̄c)

Oeu (ec�µēc)(uc�µūc)

Oed (ec�µēc)(dc�µd̄c)

Oud (uc�µūc)(dc�µd̄c)

O0
ud

(uc�µT aūc)(dc�µT ad̄c)

(L̄L)(R̄R)

O`e (¯̀̄�µ`)(ec�µēc)

O`u (¯̀̄�µ`)(uc�µūc)

O`d (¯̀̄�µ`)(dc�µd̄c)

Oeq (ec�µēc)(q̄�̄µq)

Oqu (q̄�̄µq)(uc�µūc)

O0
qu

(q̄�̄µT aq)(uc�µT aūc)

Oqd (q̄�̄µq)(dc�µd̄c)

O0
qd

(q̄�̄µT aq)(dc�µT ad̄c)

(L̄L)(L̄L)

O`` ⌘(¯̀̄�µ`)(¯̀̄�µ`)

Oqq ⌘(q̄�̄µq)(q̄�̄µq)

O0
qq

⌘(q̄�̄µ�iq)(q̄�̄µ�iq)

O`q (¯̀̄�µ`)(q̄�̄µq)

O0
`q

(¯̀̄�µ�i`)(q̄�̄µ�iq)

(L̄R)(L̄R)

Oquqd (ucqj)✏jk(dcqk)

O0
quqd

(ucT aqj)✏jk(dcT aqk)

O`equ (ec`j)✏jk(ucqk)

O0
`equ

(ec�̄µ⌫`j)✏jk(uc�̄µ⌫qk)

O`edq (¯̀̄ec)(dcq)

Table 2.4: Four-fermion D=6 operators in the Warsaw basis. Flavor indices are
suppressed here to reduce the clutter. The factor ⌘ is equal to 1/2 when all flavor
indices are equal (e.g. in [Oee]1111), and ⌘ = 1 otherwise. For each complex operator
the complex conjugate should be included.

be more easily linked to collider observables such as (di↵erential) cross sections and

decay widths.

Deriving collider predictions in an EFT with higher-dimensional operators involves

several subtleties that need to be taken into account.

• In the SM, the electroweak parameters gL, gY , v are customarily determined

from input observables: the electromagnetic coupling constant ↵, the Z boson

mass mZ , and the muon lifetime ⌧µ. In the presence of D=6 operators the

SM relations between the input observables and the Lagrangian parameters

can be distorted. For example, the bosonic operator OHD contributes to the

16



SMEFT at dimension-6

ℒSMEFT = ℒSM +
1

ΛL
ℒD=5 +

1
Λ2

ℒD=6 +
1

Λ3
L

ℒD=7 +
1

Λ4
ℒD=8 + …

The fields Gz and G± do not correspond to new physical degrees of freedom (they

kinetically mix with the massive gauge bosons and can be gauged away). From now

on until Chapter 5 I will work in the unitary gauge and set G± = 0 = Gz. The

scalar field h corresponds to a scalar particle called the Higgs boson. Its mass can be

expressed by the parameters of the Higgs potential as

m2
h
= 2µ2

H
= 2�v2. (2.19)

2.2 Dimension-6 operators
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O
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Table 2.2: Bosonic D=6 operators in the Warsaw basis.

We turn to discussing operators with canonical dimensions D=6 in Eq. (2.1).

Their importance for characterizing low-energy e↵ects of heavy particles has been

recognized long ago, see e.g. [21, 35]. More recently, advantages of using a complete

and non-redundant set of operators have been emphasized. The point is that seem-

ingly di↵erent higher-dimensional operators can have the same e↵ect on on-shell am-

plitudes of the SM particles. This is the case if the operators can be related by using

equations of motion, integration by parts, field redefinitions, or Fierz transformations.
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Table 2.4: Four-fermion D=6 operators in the Warsaw basis. Flavor indices are
suppressed here to reduce the clutter. The factor ⌘ is equal to 1/2 when all flavor
indices are equal (e.g. in [Oee]1111), and ⌘ = 1 otherwise. For each complex operator
the complex conjugate should be included.

be more easily linked to collider observables such as (di↵erential) cross sections and

decay widths.

Deriving collider predictions in an EFT with higher-dimensional operators involves

several subtleties that need to be taken into account.

• In the SM, the electroweak parameters gL, gY , v are customarily determined

from input observables: the electromagnetic coupling constant ↵, the Z boson

mass mZ , and the muon lifetime ⌧µ. In the presence of D=6 operators the

SM relations between the input observables and the Lagrangian parameters

can be distorted. For example, the bosonic operator OHD contributes to the
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This leads to non-trivial and often counter-intuitive relations between operators. For

example, by using equations of motion one can establish equivalence between purely

bosonic operators, and a linear combination of 2- and 4-fermionic operators! Thus,

starting from the set of all distinct D=6 operators that can be constructed from the

SM fields, a number of these operators will be redundant as they are equivalent to

linear combinations of other operators. The redundant operators can be removed to

simplify the EFT description, and to establish an unambiguous map from observables

to the EFT Wilson coe�cients. A minimal, non-redundant set of operators is called

a basis.

Yukawa

[O†
eH

]IJ H†Hec
I
H†`J

[O†
uH

]IJ H†Huc
I
eH†qJ

[O†
dH

]IJ H†Hdc
I
H†qJ

Vertex

[O(1)
H`

]IJ i¯̀I �̄µ`JH† !DµH

[O(3)
H`

]IJ i¯̀I�i�̄µ`JH†�i
 !
DµH

[OHe]IJ iec
I
�µēcJH

† !DµH

[O(1)
Hq

]IJ iq̄I �̄µqJH† !DµH

[O(3)
Hq

]IJ iq̄I�i�̄µqJH†�i
 !
DµH

[OHu]IJ iuc
I
�µūcJH

† !DµH

[OHd]IJ idc
I
�µd̄cJH

† !DµH

[OHud]IJ iuc
I
�µd̄cJH̃

†DµH

Dipole

[O†
eW

]IJ ec
I
�µ⌫H†�i`JW i

µ⌫

[O†
eB

]IJ ec
I
�µ⌫H†`JBµ⌫

[O†
uG

]IJ uc
I
�µ⌫T a eH†qJ Ga

µ⌫

[O†
uW

]IJ uc
I
�µ⌫ eH†�iqJ W i

µ⌫

[O†
uB

]IJ uc
I
�µ⌫ eH†qJ Bµ⌫

[O†
dG

]IJ dc
I
�µ⌫T aH†qJ Ga

µ⌫

[O†
dW

]IJ dc
I
�µ⌫H̄†�iqJ W i

µ⌫

[O†
dB

]IJ dc
I
�µ⌫H†qJ Bµ⌫

Table 2.3: Two-fermion D=6 operators in the Warsaw basis. The flavor indices are
denoted by I, J . For complex operators (OHud and all Yukawa and dipole operators)
the corresponding complex conjugate operator is implicitly included.

Because of a humungous number of D=6 operators, and because establishing

equivalence between operators may be time consuming, identifying a basis is not a
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CP violation in leptonic dipoles

ℒ ⊂
i
2

de[ecσμνe − ēσ̄μνēc]FμνElectron's EDM in the Lagrangian: ℒ ⊂ −
i
2

deēσμνγ5eFμν

Dipoles in the SMEFT Lagrangian:

ℒD=6 ⊃
c̄eB

Λ2
ecσμνH†LBμν + h . c . →

c̄eBv cos θW

2Λ2
ecσμνeFμν + h . c .

Dictionary: de = −Im[ceB]
v cos θW

2Λ2

|de | < 1.1 × 10−29e ⋅ cm =
1.7 × 10−16

GeV
ACME limit:

It follows Λ ≳ 109 GeV | Im[ceB] |



CP violation in leptonic dipoles

The reach of electron EDM depends on the hypothesis about the Wilson coefficient ceB

Λ ≳ 106 TeV 5 orders of magnitude 
above LHC!ceB ∼ 11

2 ceB ∼
me

v

Λ ≳ 106 TeV | Im[ceB] |

Λ ≳ 103 TeV 2 orders of magnitude 
above LHC!

3 ceB ∼
1

16π2

me

v
Λ ≳ 102 TeV 1 order of magnitude 

above LHC!

Unlikely there is new physics below 100 TeV, because CP violation seems generic in nature 
and electron's EDM does not violate any other symmetry than CP and chiral symmetry 



EDM as a lightning rod

Alioli et al. 
1703.04751 

range contributions that appear at the same chiral order. Here we use the uncertainty estimate
of Ref. [11].

The contributions of c̃uu�u and c̃ dd
�d
, the up- and down-quark EDMs, are known with O(15%) un-

certainties [138–140], while the strange contribution is still highly uncertain. While considerable
e↵ort is underway for the calculation of the qCEDM contribution to the nucleon EDM [141–143],
the best estimate at the moment comes from QCD sum rules, and has an estimated 50% uncer-
tainty [131–134]. Finally, the Weinberg operator appears with the largest uncertainty, O(100%),
based on a combination of QCD sum-rules [144] and naive dimensional analysis estimates [87].
Combining these results, we find

dn =
⇣
(43± 27)C̃us us

1LR + (210± 130) C̃us us

2LR + (22± 14) C̃udud

1LR + (110± 70) C̃udud

2LR

�(0.93± 0.05) c̃uu�u � (4.0± 0.2) c̃ dd
�d

� (0.8± 0.9) c̃ ss
�d

�(3.9± 2.0) c̃uugu � (16.8± 8.4) c̃ dd
gd

± (320± 260)v2C
G̃

⌘
⇥ 10�9 e fm ,

dp =
⇣
� (56± 30) C̃us us

1LR � (280± 150) C̃us us

2LR � (42± 26) C̃udud

1LR � (210± 130) C̃udud

2LR

+(3.8± 0.2) c̃uu�u + (1.0± 0.1) c̃ dd
�d

� (0.8± 0.9) c̃ ss)
�d

+(9.3± 4.6) c̃uugu + (9.2± 4.2) c̃ dd
gd

⌥ (320± 260)v2C
G̃

⌘
⇥ 10�9 e fm. (61)

Finally, using the nuclear calculations of Refs. [127, 145–155] we can predict nuclear EDMs
in terms of ḡ0,1 and dn,p

dD = (0.94± 0.01)(dn + dp)� (0.18± 0.02)
ḡ1
2F⇡

e fm ,

dHg = �(2.8± 0.6) · 10�4 ·

(1.9± 0.1)dn + (0.20± 0.06)dp

�
✓
0.13+0.5

�0.07

ḡ0
2F⇡

+ 0.25+0.89

�0.63

ḡ1
2F⇡

◆
e fm

�
,

dXe = (0.33± 0.05) · 10�4 ·

(�0.32± 0.02)dn + (0.0061± 0.001)dp

+

✓
0.10+0.53

�0.037

ḡ0
2F⇡

+ 0.076+0.55

�0.038

ḡ1
2F⇡

◆�
e fm ,

dRa = (7.7± 0.8) · 10�4 ·
✓
�19+6.4

�57

ḡ0
2F⇡

+ 76+227

�25

ḡ1
2F⇡

◆
e fm . (62)

The nucleon EDM contributions to dRa have, as far as we know, not been calculated but are
expected to be small compared to the large pion-exchange contributions.

The estimates of the nucleon and nuclear EDMs in Eqs. (61) and (62) are a↵ected by large
hadronic and nuclear uncertainties. Several matrix elements are consistent with zero and the
large uncertainties allow for cancellations between di↵erent contributions, which can significantly
a↵ect the constraints on the ⇠ij couplings. Therefore, when setting constraints, we vary the
hadronic and nuclear matrix elements within their allowed ranges in order to minimize the total
�2. This corresponds to the Rfit approach for treating theoretical errors as defined in Ref. [156].
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as B ! Xq� and KL ! ⇡0e+e� (�F = 1). The matching onto �F = 1 penguin operators and
�F = 2 operators relevant for meson-antimeson mixing, which involve two insertions of ⇠, are
discussed in Appendix A. A similar analysis for SM-EFT operators involving the Z boson was
recently reported in ref. [84].

3.1 Tree-level e↵ective Lagrangian

The combination of the SM left-handed charged current and the RHCC generates at low-energy
one semileptonic four-fermion and two four-quark operators. Including the four-fermion opera-
tors induced by the SM at tree level, we have

L = �4GFp
2

�
V ⇤
ij d̄

j�µPLu
i ⌫̄�µPLl + ⇠⇤ij d̄

j�µPRu
i ⌫̄�µPLl + h.c.

�

�
2X

a=1

⇣
Cij lm

aLL
Oij lm

aLL
+ Cij lm

aLR
Oij lm

aLR
+ Cij lm ⇤

aLR

�
Oij lm

aLR

�†⌘
, (30)

where PL,R = (1⌥ �5)/2, i-m are flavor indices, and the four-quark operators are defined as

Oij lm

1LL
= d̄m�µPLu

l ūi�µPLd
j , Oij lm

2LL
= d̄m↵ �µPLu

l

�
ūi
�
�µPLd

j

↵ ,

Oij lm

1LR
= d̄m�µPLu

l ūi�µPRd
j , Oij lm

2LR
= d̄m↵ �µPLu

l

�
ūi
�
�µPRd

j

↵ , (31)

where ↵, � are color indices. The tree-level matching coe�cients at the scale mW are given by

Cij lm

1LL
(mW ) =

4GFp
2
V ⇤
lm
Vij , Cij lm

1LR
(mW ) =

4GFp
2
V ⇤
lm
⇠ij , Cij lm

2AB
(mW ) = 0 , (32)

where A,B 2 {L,R} and hermiticity implies C lm ij ⇤
1LL

= Cij lm

1LL
. As usual, the SM couplings scale

as two inverse powers of the electroweak scale, Ci LL ⇠ 1/v2, while the ‘left-right’ operators
induced by the RHCC scale as two inverse powers of the scale of new physics, Ci LR ⇠ ⇠/v2 ⇠
1/⇤2. We neglect four-quark operators that are quadratic in ⇠ and are suppressed by v2/⇤2

with respect to the linear terms.
The operators in Eq. (30) need to be evolved to lower energies. While the semileptonic

operators are not a↵ected by QCD RG evolution, the anomalous dimensions of the four-quark
operators are defined by [85,86]

d

d logµ
(C1AB, C2AB)

T =
↵s

4⇡

X

n=0

⇣↵s

4⇡

⌘
n

�(n)
AB

(C1AB, C2AB)
T , (33)

and, at lowest order, we have

�(0)
LL

=

0

@ � 6

Nc
6

6 � 6

Nc

1

A , �(0)
LR

=

0

@
6

Nc
0

�6 �6N
2
c�1

Nc

1

A . (34)

The solution of the RGE for the operators of interest is given in Tab. 7.
The semileptonic operators in Eq. (30) a↵ect leptonic and semileptonic decays of mesons

and the � decay of baryons. In particular, ⇠ is the only dimension-six operator in the SMEFT
that induces a tree-level charged-current coupling of right-handed quarks to left-handed leptons,
allowing for clean low-energy tests. The coe�cients of the four-quark operators Oi LR have an
imaginary part which leads to CP violation even if all generation indices are the same. They
therefore induce large tree-level contributions to observables such as EDMs and ✏0/✏.
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3.2 One-loop contributions to �F = 0 and �F = 1 operators

Next we consider loop diagrams, which can induce important contributions to processes such
as B ! Xq�, KL ! ⇡0e+e� and to EDMs. At linear order in ⇠, the most important operators
that are generated are dipole operators and the Weinberg three-gluon operator, described by

L =

✓
� gs

2

X

ij2{u,c}

muj
Cij

guū
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◆
Gb

µ⇢G
c ⇢

⌫ ,

(35)

where we chose to factor the mass of the right-handed quark or lepton out of the definition of
the dipole operators. The lepton dipoles receive a contribution from ⇠tb at two loops, which,
neglecting neutrino mass e↵ects, is diagonal in lepton flavor. We discuss this contribution in
Appendix B. The operators in Eq. (35) satisfy the RGEs
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.(37)

At lowest order �dipole is given by [86–89]

�(0)
dipole

=

0

BBB@

8CF �8CF 0

0 (16CF � 4Nc) 2Nc�ij

0 0 Nc + 2nf + �0

1

CCCA
. (38)

The mixing between the tree-level operators C1,2LR and the dipole operators was computed in
Ref. [90] for down-type dipoles, and it is given by [90,91] 2

�(0)
dipole,dLR

=
1

(4⇡)2

0

BBB@

32Qu

Qd

⇣
1 + 2

3

Qd

Qu

⌘
160Qu

Qd

16

3
�8

0 0

1

CCCA
. (39)

2
We thank M. Misiak for providing us the expression of �

(0)
dipole,dLR for general charges Qd and Qu [91].
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The mixing between the tree-level operators C1,2LR and the dipole operators was computed in
Ref. [90] for down-type dipoles, and it is given by [90,91] 2
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We thank M. Misiak for providing us the expression of �

(0)
dipole,dLR for general charges Qd and Qu [91].
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Nuclear dipoles pick up many  
contributions from many  
CP violating operators; 

even more when  RG running is  
taken into account

At D=6

At D=4

dn = − 0.003(7)(20) e fm[θ + arg det Mq]  Bhattacharya et al.  
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SMEFT at dimension-6

ℒSMEFT = ℒSM +
1

ΛL
ℒD=5 +

1
Λ2

ℒD=6 +
1

Λ3
L

ℒD=7 +
1

Λ4
ℒD=8 + …

The fields Gz and G± do not correspond to new physical degrees of freedom (they

kinetically mix with the massive gauge bosons and can be gauged away). From now

on until Chapter 5 I will work in the unitary gauge and set G± = 0 = Gz. The

scalar field h corresponds to a scalar particle called the Higgs boson. Its mass can be

expressed by the parameters of the Higgs potential as

m2
h
= 2µ2

H
= 2�v2. (2.19)

2.2 Dimension-6 operators

Bosonic CP-even

OH (H†H)3

OH⇤ (H†H)⇤(H†H)

OHD

��H†DµH
��2

OHG H†H Ga
µ⌫G

a
µ⌫

OHW H†HW i
µ⌫W

i
µ⌫

OHB H†H Bµ⌫Bµ⌫

OHWB H†�iHW i
µ⌫Bµ⌫

OW ✏ijkW i
µ⌫W

j
⌫⇢W k

⇢µ

OG fabcGa
µ⌫G

b
⌫⇢G

c
⇢µ

Bosonic CP-odd

O
H eG H†H eGa

µ⌫G
a
µ⌫

O
HfW H†H fW i

µ⌫W
i
µ⌫

O
H eB H†H eBµ⌫Bµ⌫

O
HfWB

H†�iH fW i
µ⌫Bµ⌫

OfW ✏ijkfW i
µ⌫W

j
⌫⇢W k

⇢µ

O eG fabc eGa
µ⌫G

b
⌫⇢G

c
⇢µ

Table 2.2: Bosonic D=6 operators in the Warsaw basis.

We turn to discussing operators with canonical dimensions D=6 in Eq. (2.1).

Their importance for characterizing low-energy e↵ects of heavy particles has been

recognized long ago, see e.g. [21, 35]. More recently, advantages of using a complete

and non-redundant set of operators have been emphasized. The point is that seem-

ingly di↵erent higher-dimensional operators can have the same e↵ect on on-shell am-

plitudes of the SM particles. This is the case if the operators can be related by using

equations of motion, integration by parts, field redefinitions, or Fierz transformations.
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This leads to non-trivial and often counter-intuitive relations between operators. For

example, by using equations of motion one can establish equivalence between purely

bosonic operators, and a linear combination of 2- and 4-fermionic operators! Thus,

starting from the set of all distinct D=6 operators that can be constructed from the

SM fields, a number of these operators will be redundant as they are equivalent to

linear combinations of other operators. The redundant operators can be removed to

simplify the EFT description, and to establish an unambiguous map from observables

to the EFT Wilson coe�cients. A minimal, non-redundant set of operators is called

a basis.

Yukawa

[O†
eH

]IJ H†Hec
I
H†`J

[O†
uH

]IJ H†Huc
I
eH†qJ

[O†
dH

]IJ H†Hdc
I
H†qJ

Vertex

[O(1)
H`

]IJ i¯̀I �̄µ`JH† !DµH

[O(3)
H`

]IJ i¯̀I�i�̄µ`JH†�i
 !
DµH

[OHe]IJ iec
I
�µēcJH

† !DµH

[O(1)
Hq

]IJ iq̄I �̄µqJH† !DµH

[O(3)
Hq

]IJ iq̄I�i�̄µqJH†�i
 !
DµH

[OHu]IJ iuc
I
�µūcJH

† !DµH

[OHd]IJ idc
I
�µd̄cJH

† !DµH

[OHud]IJ iuc
I
�µd̄cJH̃

†DµH

Dipole

[O†
eW

]IJ ec
I
�µ⌫H†�i`JW i

µ⌫

[O†
eB

]IJ ec
I
�µ⌫H†`JBµ⌫

[O†
uG

]IJ uc
I
�µ⌫T a eH†qJ Ga

µ⌫

[O†
uW

]IJ uc
I
�µ⌫ eH†�iqJ W i

µ⌫

[O†
uB

]IJ uc
I
�µ⌫ eH†qJ Bµ⌫

[O†
dG

]IJ dc
I
�µ⌫T aH†qJ Ga

µ⌫

[O†
dW

]IJ dc
I
�µ⌫H̄†�iqJ W i

µ⌫

[O†
dB

]IJ dc
I
�µ⌫H†qJ Bµ⌫

Table 2.3: Two-fermion D=6 operators in the Warsaw basis. The flavor indices are
denoted by I, J . For complex operators (OHud and all Yukawa and dipole operators)
the corresponding complex conjugate operator is implicitly included.

Because of a humungous number of D=6 operators, and because establishing

equivalence between operators may be time consuming, identifying a basis is not a
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(R̄R)(R̄R)

Oee ⌘(ec�µēc)(ec�µēc)

Ouu ⌘(uc�µūc)(uc�µūc)

Odd ⌘(dc�µd̄c)(dc�µd̄c)

Oeu (ec�µēc)(uc�µūc)

Oed (ec�µēc)(dc�µd̄c)

Oud (uc�µūc)(dc�µd̄c)

O0
ud

(uc�µT aūc)(dc�µT ad̄c)

(L̄L)(R̄R)

O`e (¯̀̄�µ`)(ec�µēc)

O`u (¯̀̄�µ`)(uc�µūc)

O`d (¯̀̄�µ`)(dc�µd̄c)

Oeq (ec�µēc)(q̄�̄µq)

Oqu (q̄�̄µq)(uc�µūc)

O0
qu

(q̄�̄µT aq)(uc�µT aūc)

Oqd (q̄�̄µq)(dc�µd̄c)

O0
qd

(q̄�̄µT aq)(dc�µT ad̄c)

(L̄L)(L̄L)

O`` ⌘(¯̀̄�µ`)(¯̀̄�µ`)

Oqq ⌘(q̄�̄µq)(q̄�̄µq)

O0
qq

⌘(q̄�̄µ�iq)(q̄�̄µ�iq)

O`q (¯̀̄�µ`)(q̄�̄µq)

O0
`q

(¯̀̄�µ�i`)(q̄�̄µ�iq)

(L̄R)(L̄R)

Oquqd (ucqj)✏jk(dcqk)

O0
quqd

(ucT aqj)✏jk(dcT aqk)

O`equ (ec`j)✏jk(ucqk)

O0
`equ

(ec�̄µ⌫`j)✏jk(uc�̄µ⌫qk)

O`edq (¯̀̄ec)(dcq)

Table 2.4: Four-fermion D=6 operators in the Warsaw basis. Flavor indices are
suppressed here to reduce the clutter. The factor ⌘ is equal to 1/2 when all flavor
indices are equal (e.g. in [Oee]1111), and ⌘ = 1 otherwise. For each complex operator
the complex conjugate should be included.

be more easily linked to collider observables such as (di↵erential) cross sections and

decay widths.

Deriving collider predictions in an EFT with higher-dimensional operators involves

several subtleties that need to be taken into account.

• In the SM, the electroweak parameters gL, gY , v are customarily determined

from input observables: the electromagnetic coupling constant ↵, the Z boson

mass mZ , and the muon lifetime ⌧µ. In the presence of D=6 operators the

SM relations between the input observables and the Lagrangian parameters

can be distorted. For example, the bosonic operator OHD contributes to the
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This leads to new CP violating interactions of the Higgs boson with electroweak vector bosons  

ℒD=6 ⊃
cHB̃

Λ2
H†HBμν B̃ μν +

cHW̃

Λ2
H†HWa

μνW̃a
μν +

cHW̃B

Λ2
H†σaHW̃a

μνBμν Bμν = ∂μBν − ∂νBμ

B̃ μν = ϵμναβBαβ

ℒSMEFT ⊃
h
v [2m2

WW+
μ W−

μ + m2
ZZμZμ

+c̃wwW+
μνW̃−

μν + c̃γγFμν F̃ μν + c̃zγFμνZ̃μν + c̃zzZμνZ̃μν]
SM interactions

New CP violating interactions

4 couplings  from 3 Wilson coefficients   c̃vv cHB̃, cHW̃, cHW̃B

Thus SMEFT predicts one relation between these CP violating couplings 

These couplings will affect the Higgs production rates and decay width,  e.g. Higgs decay to two photons 
γ

γ

hh

Γ(h → γγ) = Γ(h → γγ)SM(1 + #16π2 | c̃γγ |2 )

O(1) number

CP violation in Higgs sector



CP violation in Higgs sector

Γ(h → γγ) = Γ(h → γγ)SM(1 + #16π2 | c̃γγ |2 )
The Higgs branching ratio to photons is known at the 10% level 

16π2 | c̃γγ |2 ≲ 0.1 ⟹ | c̃γγ | ≲ 3 × 10−2

Translated to the scale of new physics ℒD=6 ⊃
cHB̃

Λ2
H†HBμν B̃ μν

c̃γγ ∼ cHB̃
v2

Λ2
⟹ Λ ≳ 1.5 TeV |cHB̃ |

Only new physics close to the TeV scale can be probed 
(this is the feature of all Higgs physics, not only for CP violating Higgs couplings )

Note that this observable cannot distinguish CP-violating and CP-conserving contributions

Higgs decays to either two positive or two negative helicity photons 
and the relative phase between the two is affected by the CP violating coupling. 

However, polarisation of high-energy photons is very difficult (impossible?) to observe 

Bishara et al 
1312.2955



CP violation in Higgs sector

CP violating observable can be constructed for 3- and more-body final states of Higgs decay

h

`
�

`
+

�

Z, �

Figure 1: Feynman diagrams for the processes h ! `�`+� where ` = e, µ.

There are a number of specific realizations of the above scenario, with applications in both a
hadron collider and a lepton collider. In this paper we focus primarily on the process h ! `

+
`
�
�. In

the SM, the `
+
`
� pair could come from an intermediate Z boson or a photon. We allow the interme-

diate vector boson to be on or o↵ shell and do not distinguish between them in our notation. This
process can be used to probe the possible CP violating h�� and hZ� couplings. Similarly one can
consider the decay h ! `

+
`
�
Z in which case CP violating hZ�, and hZZ couplings are probed. We

will also discuss ff̄ ! Z/� ! hV , which is related to h ! 2`+ V by crossing symmetry, and can
also be used to probe CP violating h��, hZ� and hZZ couplings. For all of these cases the strong
phase is provided by the width of the Z boson propagating in the intermediate state, while the
weak phases may arise from new physics Higgs couplings to matter.

2 CP Violation in h ! `
�
`
+
� Decays

We first focus on the process h ! `
�
`
+
� shown in Fig. 1. The couplings of the Higgs boson to Z�

and �� can be parametrized with the following Lagrangian,

L �
h

4v

⇣
2AZ�

2 F
µ⌫

Zµ⌫ + 2AZ�
3 F

µ⌫ eZµ⌫ + A
��
2 F

µ⌫
Fµ⌫ + A

��
3 F

µ⌫ eFµ⌫

⌘
, (3)

where v = 246 GeV, Vµ⌫ = @µV⌫ � @⌫Vµ and eVµ⌫ = 1
2✏µ⌫⇢�V

⇢�. We work with e↵ective Higgs
couplings for which the SM predicts A

ZZ
1 = 2 at tree level and A

i
2 . O(10�2

� 10�3) at 1-loop
(i = Z�, ��) . The A

i
3 are first induced at three loop order [41] and totally negligible. We take A

i
2,3

to be momentum independent and real as is done in [42–44]. Thus we are neglecting any potential
strong phases in the e↵ective couplings, but which in the SM are negligible [31, 45]. Since the A2

operators are CP-even and A3 are CP-odd, CP violation must be proportional to products of A
i
2

and A
j
3 in Eq. (3). In h ! 4` we can have CP violation for i = j and i 6= j [35] because of the ability

to form CP-odd triple products from the four visible final state momenta. As we will see, in the
case of the 3-body h ! `

�
`
+
� decay we only obtain CP violation for i 6= j due to the strong phase

condition discussed above, i.e. the Breit-Wigner propagators of the intermediate vector bosons of
the interfering amplitudes must be distinct.

To see how CP violation arises in h ! `
�
`
+
� decays it is instructive to analyze the process in

terms of helicity amplitudes. Below we treat the leptons as massless and work in the basis where
they have the spin projection +1/2 (R) or �1/2 (L) along the direction of motion of `

� in the rest
frame of the `

�
`
+ pair. We define the z-axis by the direction opposite to the motion of photon,

which has the polarization tensor ✏
±1 = (0, 1, ±i, 0)/

p
2. The angle ✓1 is then the polar angle of `

�

in the rest frame of `
+
`
�. Note that for massless leptons, `

+ and `
� must have the same helicity

3

Process
h → γ Z /γ* → γℓ+ℓ−

ℒSMEFT ⊃
h
v [c̃γγFμν F̃ μν + c̃zγFμνZ̃μν]

All conditions for CP violation reunited: 
- weak phase due to CP violating couplings of photons and Z to the Higgs 
- strong phase thanks to the relatively large Z width 
- interference of different amplitudes with different weak and strong phases   
- Polarization of Z/γ* can be probed by looking at the distribution of the lepton decay angle θ 

in the rest frame of intermediate Z/γ* 
dΓ(h → γℓ+ℓ−)

d cos θ
= (1 + cos2 θ)Aeven + cos θ Aodd

Aodd ∼
ΓZ

mZ (#1c̃γγ + #2c̃zγ)
Thus CP violation can be in principle observed in the Higgs sector (also in h→ ZZ→ 4l, h→ττ, …) 

However, the sensitivity remains only for new physics around the TeV scale

Chen et al. 
1405.6723



Have you checked EDMs?



Higgs vs EDM

2

Operator Coupling

�
p
2'

†
' q̄L Y

0
u uR '̃ OY ytCY = [Y

0
u]33

� gsp
2

q̄L� · G�
u
g uR '̃ Og ytCg = [�

u
g ]33

� g0p
2

q̄L� · B �
u
B uR '̃ O�,Wt ytQtC� = �[�

u
B + �

u
W ]33

� gp
2

q̄L� · Wa
⌧
a
�
u
W uR '̃ ytCWt = [�

u
W ]33

� gp
2

q̄L� · Wa
⌧
a
�
d
W dR ' OWb ybCWb = [�

d
W ]33

TABLE I: High-scale operators in SU(2) ⇥ U(1) invariant
form [45, 46] (left column) and mapping to the operators and
couplings used in this letter (center and right column). qL

represents the L-handed quark doublet, ' is the Higgs dou-
blet, and '̃ = i�2'

⇤. gs, g, g
0 denote the SU(3), SU(2), and

U(1) gauge couplings, yt,b = mt,b/v, and � · X = �µ⌫X
µ⌫ .

The couplings C↵ are related to the 33 components of the
matrices Y 0

u and �u,d
g,B,W in the quark mass basis.

the full constraints of gauge invariance as they are linear
combinations of the explicitly SU(2)⇥U(1)-invariant op-
erators of Refs. [45, 46], expressed in the unitary gauge.
The correspondence to the standard basis is provided in
Table I. The couplings C↵ have mass dimension [�2] and
are related to properties of the top quark, such as elec-
tric and magnetic dipole moments (dt = (emtQt)c̃� and
µt = (emtQt)c�).

To constrain c↵ and c̃↵ we use direct and indirect
probes. Direct probes involve top quark production (sin-
gle top, tt̄, and tt̄h) and decay (W -helicity fractions, lep-
ton angular distributions) at colliders. We include CPV
e↵ects in the angular distributions of the decay products
of a single top [52], while we neglect CPV observables in
tt̄ and tt̄h production/decay [53–61] as these are not yet
competitive. Indirect probes involve top quarks in quan-
tum loops, a↵ecting both high-energy (Higgs production
and decay, precision electroweak tests) and low-energy
observables (b ! s� and EDMs).

Indirect constraints rely on operator-mixing via renor-
malization group (RG) flow and on threshold correc-
tions arising from integrating out heavy SM particles
(t, h,W,Z). In Table II we summarize the operators that
are generated from Eq. (1) to leading order in the strong,
electroweak, and Yukawa couplings. These include the
light quark electromagnetic and gluonic dipoles (flavor
diagonal and o↵-diagonal entries relevant to b ! s�), the
Weinberg three-gluon operator, and operators involving
Higgs and gauge bosons. To a good approximation, these
operators close under RG evolution, and in particular the
top dipoles mix into and from chirality-conserving top-
Higgs-gauge couplings at three-loops [46–49].

There are several paths to connect the high-scale Wil-
son coe�cients in (1) to the operators in Table II and
low-energy observables. These paths are determined by
the RG equations

dCi

d lnµ
=

X

j

�j!i Cj , (3)

FIG. 1: Representative diagrams contributing to the mix-
ing of C� into C'W̃ ,'B̃,'W̃B,quqd,lequ (top panel), and the
mixing of the latter into light fermion electroweak dipoles
(bottom panel). The square (circle) represents an operator
(quark mass) insertion. Solid, wavy, and dotted lines repre-
sent fermions, electroweak gauge bosons, and the Higgs, re-
spectively.

and possibly threshold corrections. In Table III we pro-
vide a synopsis of the induced low-scale couplings (left
column) and the observables they contribute to (right
column). Several of these paths have already been ana-
lyzed in the literature. Here we briefly recall the dom-
inant paths for each operator, paying special attention
to a novel two-step path that connects the top EDM and
W-EDMs (c̃� and c̃Wt) to low energy. A detailed analysis
is presented in Ref. [50].
There are three paths that constrain the top elec-

tromagnetic dipole coupling C� through indirect mea-
surements. First, C� induces down-type EDMs (C� !
C

(d,s)

� ) via a flavor-changing W loop, suppressed by the
CKM factor |Vtd,ts|2. Similar one-loop diagrams induce
b ! s� dipole operators [62, 63]. Next, at one loop C�

induces the top gluonic dipole Cg, which in turn at the
top threshold generates the three-gluon Weinberg cou-
pling C

G̃
. Finally, there is a new two-step path: first

C� induces the anomalous couplings of the Higgs to
electroweak bosons, as well as anomalous couplings of
the top quark to light fermions, namely C'W,'B,'WB ,
C

'W̃ ,'B̃,'W̃B
, and Clequ,quqd (see top diagrams in Fig. 1).

These couplings in turn mix at one loop (see bottom di-

agrams in Fig. 1) into the electromagnetic dipoles C
(f)

�

(f = e, u, d, s) [64, 65]. Focusing on the electron, the
relevant anomalous dimensions are

�c̃�!C{'B̃,'W̃B,lequ}
=

NcQt

16⇡2
y
2

t
{1� 4Qt, 1,

3g02ye
2Ncyt

} , (4)

�{C'B̃ ,C'W̃B ,C
(3)
lequ}!c̃

(e)
�

= � ↵

⇡Qe s
2

W

⇥

⇢
�3t2

W
,
3

2
(1 + t

2

W
), 4QtNc

1

g2

yt

ye

�
. (5)

This new “two-step” path leads to light fermion EDMs.

γ

γ h
e e

c̃γγ

ℒSMEFT ⊃
h
v

c̃γγFμν F̃ μν ℒ ⊂
i
2

de[ecσμνe − ēσ̄μνēc]Fμν

By dimensional analysis: 
(or RG running) de ∼

c̃γγ

16π2

mee
v2

|de | <
1.7 × 10−16

GeV
ACME limit | c̃γγ | ≲ 10−5

Unless conspiracy, electron EDM limit exclude CP violating Higgs coupling to photon 
large enough to be ever observable at the LHC  
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γ,g,νi,e,μ,τ + u, d, s, c  2 GeV

γ,νi,e,μ + hadrons  

γ,νi,e,μ + pions and kaons 100 MeV

γ,g,νi,e,μ,τ + u, d, s, c, b  

100 GeV

1 MeV γ,νi,e

γ,νi

γ,g,W,Z,νi,e,μ,τ + u, d, s, c, b, t + h  

100 TeV
???



Borrowed from J. Kamenik

CP violation in flavor physics

ℒD=6 ⊃
c1

Λ2 [(dcs)(d̄cs̄c) + h . c . ]+ …

One slide about 5 hour topic....



CKM element

ℒWEFT ⊃ −
2Vud

v2 { (1+ϵL) ēLγμνL ⋅ ūLγμdL

+ϵR ēLγμνL ⋅ ūRγμdR

+ϵT
1
4

ēRσμννL ⋅ ūRσμνdL

+ϵS
1
2

ēRνL ⋅ ūd

−ϵP
1
2

ēRνL ⋅ ūγ5d} + h . c .

v =
1

2GF

≈ 246 GeV

Normalization scale,  
set by Fermi constant

Pseudo-scalar

Scalar

Tensor

V+A

V-A

CP violation in nuclear physics
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γ,g,νi,e,μ,τ + u, d, s, c  2 GeV
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Illustration #4

Fermi EFT



• At a scale of order 2 GeV  the quarks of WEFT becomes 
strongly interacting


• Below that scale, the useful degrees of freedom are no 
longer quarks but hadrons: baryons and mesons 


• We have to switch our EFT description to take into account 
the new degrees of freedom (and the lack of quarks)


• I focus on a special sector of the that EFT, which describes 
beta transitions involving nucleons (protons and neutrons) 
and leptons


• I call this the Fermi EFT 

From WEFT to Fermi EFT



ℒWEFT ⊃ −
2Vud

v2
(ēLγρνL)(ūLγρdL) + h . c .

This interaction leads to beta decays, in particular to the neutron decay

d → ue−ν̄ ⇒ n → pe−ν̄

Amplitude for the latter process is 

M(n → pe−ν̄e) = −
2Vud

v2
⟨pe−ν̄e | (ēLγρνL)(ūLγρdL) |n >

= −
2Vud

v2
⟨e−ν̄e | (ēLγρνL) |0 > ⟨p | (ūLγρdL) |n >

= −
2Vud

v2 (ū(pe)γρPLv(pν))⟨p | (ūLγρdL) |n >

= −
Vud

v2 (ū(pe)γρPLv(pν)){⟨p | (ūγρd) |n > − ⟨p | (ūγργ5d) |n > }

PL ≡
1 − γ5

2

where u(p), v(p) are the usual spinor wave functions for particle and antiparticles

From WEFT to Fermi EFT
Let us take only SM-derived interactions for the start:



M(n → pe−ν̄e) = −
Vud

v2 (ū(pe)γρPLv(pν)){⟨p | (ūγρd) |n > − ⟨p | (ūγργ5d) |n > }
Fermi EFT

Due to strong QCD interaction, the quark matrix element cannot be calculated perturbatively 

However, with the input from dimensional analysis and QCD (approximate) symmetries 
they can be reduced to a few unknowns,  

which can be subsequently calculated on the lattice or using phenomenological models 

⟨p | (ūγρd) |n > = ū(pp)[gV(q2)γρ +
g̃TV(q2)

2mn
σρνqν +

g̃S(q2)
2mn

qρ]u(pn)

⟨p | (ūγργ5d) |n > = ū(pp)[gA(q2)γρ +
g̃TA(q2)

2mn
σρνqν +

g̃P(q2)
2mn

qρ]γ5u(pn)

q ≡ pn − pp

Lorentz invariance + Parity of QCD  implies



M(n → pe−ν̄e) = −
Vud

v2 (ū(pe)γρPLv(pν)){⟨p | (ūγρd) |n > − ⟨p | (ūγργ5d) |n > }
Fermi EFT

⟨p | (ūγρd) |n > = gVū(pp)γρu(pn) + 𝒪(q)
⟨p | (ūγργ5d) |n > = gAū(pp)γργ5u(pn) + 𝒪(q)

q ≡ pn − pp

For beta decay processes, and especially for neutron decay, recoil is much smaller than 
nucleon mass. Therefore at the leading order one can approximate

where gV=gV(0) and gA=gA(0) are now numbers, called the vector and axial charges 

 Furthermore, in the isospin symmetric gV=1, because the quark current is the isospin current 
One can prove that departures of gV from one are second order in isospin breaking, thus tiny 

M(n → pe−ν̄e) = −
Vud

v2 (ū(pe)γρPLv(pν)){ū(pp)γρu(pn) − gAū(pp)γργ5u(pn) + 𝒪(q)}
All in all



Fermi EFT

ℒFermi ⊃ −
Vud

v2
(ēLγρνe){(p̄γρn) − gA(p̄γργ5n)} + h . c. + 𝒪( q

mn )

M(n → pe−ν̄e) = −
Vud

v2 (ū(pe)γρPLv(pν)){ū(pp)γρu(pn) − gAū(pp)γργ5u(pn) + 𝒪(q)}
ℒWEFT ⊃ −

2Vud

v2
(ēLγρνe)(ūLγρdL) + h . c .

The non-perturbative parameter gA  appearing in this matching  
has to be calculated on the lattice or measured  in experiment

Matching

as our n→p e ν  amplitude can be obtained from this effective Lagrangian

Lattice

gA = 1.271 ± 0.013

Experiment

gA = 1.27536 ± 0.00041



ℒWEFT ⊃ −
2Vud

v2 { (1+ϵL) ēLγμνL ⋅ ūLγμdL

+ϵR ēRγμνL ⋅ ūRγμdR

+ϵS
1
2

ēRνL ⋅ ūd

+ϵT
1
4

ēRσμννL ⋅ ūRσμνdL

−ϵP
1
2

ēRνL ⋅ ūγ5d} + h . c .

Fermi EFT
Now let’s take into account  

non-SM interactions in WEFT

ℒFermi ⊃ −C+
V p̄γμn ēLγμνL

−C+
A p̄γμγ5n ēLγμνL

−C+
S p̄n ēRνL

−
1
2

C+
T p̄σμνn ēRσμννL

+C+
P p̄γ5n ēRνL +h . c .

At nucleon scale, we then get  
more general set of interactions

C+
V =

Vud

v2
1 + ΔV

R(1 + ϵL + ϵR)

C+
A = −

Vud

v2
gA 1 + ΔA

R(1 + ϵL − ϵR)

C+
T =

Vud

v2
gTϵT

C+
S =

Vud

v2
gSϵS

C+
P =

Vud

v2
gPϵP

Dictionary is  
obtained along 
the same lines  
as in SM case

T.D. Lee and C.N. Yang (1956) 

gS = 1.02 ± 0.10, gT = 0.989 ± 0.034

Flag’19

Gupta et al

1806.09006 

Gonzalez-Alonso et al 
1803.08732 

gA = 1.251 ± 0.033

gP = 349 ± 9

ΔV
R = 0.02467(22)

Hayen   
2010.07262

Seng et al 
1807.10197

ΔA
R − ΔV

R = 4.07(8) × 10−3

Short-distance 
radiative corrections



Down the rabbit hole
ℒFermi ⊃ −C+

V p̄γμn ēLγμνL

−C+
A p̄γμγ5n ēLγμνL

−C+
S p̄n ēRνL

−
1
2

C+
T p̄σμνn ēRσμννL

+C+
P p̄γ5n ēRνL +h . c .

This is a relativistic Lagrangian,  
and may not be most convenient to use 

for non-relativistic processes 

In neutron decay the momentum transfer is much smaller then the nucleon mass,  
due to the tiny mass splitting between neutron and proton. 

It is thus convenient to change variables in the Lagrangian,   
and use non-relativistic version of the  neutron and proton quantum fields 

N →
e−imNt

2 (1 + i
σ ⋅ ∇
2mN )ψN + 𝒪(∇2), N = p, n

ℒNR
Fermi ⊃ −(ψ̄pψn)[C+

V ēLνL+C+
S ēRνL] − (ψ̄pσkψn)[C+

A ēLσkνL+C+
T ēRσkνL] + 𝒪(∇/mn)

In these variables, and expanding in powers of ∇,  the Lagrangian simplifies

It is clear that pseudoscalar couplings do not affect neutron decay at leading order



ℒNR
Fermi ⊃ −(ψ̄pψn)[C+

V ēLνL+C+
S ēRνL] −

3

∑
k=1

(ψ̄pσkψn)[C+
A ēLσkνL+C+

T ēRσkνL] + 𝒪(∇/mn)

Non-relativistic Fermi EFT

This Lagrangian can also describe beta decays of nuclei: N → N′ e−ν̄

ℳ = − ℳF[C+
V (x̄3y4) + C+

S (y3y4)] −
3

∑
k=1

ℳk
GT[C+

A (x̄3σky4) + C+
T (y3σky4)]

where the Fermi and Gamow-Teller matrix elements are 

ℳF ≡ ⟨𝒩′ | ψ̄pψn |𝒩⟩ ℳk
GT ≡ ⟨𝒩′ | ψ̄pσkψn |𝒩⟩

Fermi transitions
Calculable from group theory 

in the isospin limit

Gamow-Teller transitions
Difficult to calculate 
from first principles

The use of non-relativistic EFT allows one to reduce the problem of calculating 
amplitudes for allowed beta transitions of nuclei to calculating 

two nuclear matrix elements

Forbidden transitions correspond to higher order terms in the non-relativistic expansion



Observables in beta decays

Eν = pν = mN − mN′ − Ee

N

N’

eν
peθeθν

N → N′ e∓ν

pν

Neutrino energy

Electron energy/momentum

Ee = p2
e + m2

e

dΓ
dEedΩedΩν

= F(Ee){1 + b
me

Ee
+ a

pe ⋅ pν

Ee
+ A

⟨J⟩ ⋅ pe

JEe
+ B

⟨J⟩ ⋅ pν

JEν

+c
pe ⋅ pν − 3( pe ⋅ j)( pν ⋅ j)

3EeEν [ J(J + 1) − 3(⟨J⟩ ⋅ j)2

J(2J − 1) ] + D
⟨J⟩ ⋅ ( pe × pν)

JEeEν }

ℒNR
Fermi ⊃ −(ψ̄pψn)[C+

V ēLνL+C+
S ēRνL] −

3

∑
k=1

(ψ̄pσkψn)[C+
A ēLσkνL+C+

T ēRσkνL]
Effective Lagrangian describing allowed nuclear beta decays:

Information about  the Wilson coefficients can be accessed by measuring lifetimes and correlations

J



Constraints on the CP-conserving Wilson coefficients

Superallowed

Neutron

Mirrror

AA, Gonzalez-Alonso, Naviliat-Cuncic 
2010.13797 

v2Re

C+
V

C+
A

C+
S

C+
T

=

0.98571(41)
−1.25707(55)

0.0001(10)
0.0004(12)

̂Vud
gA
ϵR
ϵS
ϵT

=

0.97377(41)
1.251(33)

−0.009(13)
0.0001(10)
0.0005(13)



CP-violating observables in beta decays

dΓ
dEedΩedΩν

= F(Ee){1 + b
me

Ee
+ a

pe ⋅ pν

Ee
+ A

⟨J⟩ ⋅ pe

JEe
+ B

⟨J⟩ ⋅ pν

JEν

+c
pe ⋅ pν − 3( pe ⋅ j)( pν ⋅ j)

3EeEν [ J(J + 1) − 3(⟨J⟩ ⋅ j)2

J(2J − 1) ]+D
⟨J⟩ ⋅ ( pe × pν)

JEeEν }
The triple correlation D is CP-violating

D = − 2r
J

J + 1

Im[C+
V C̄+

A − C+
S C̄+

T]
|C+

V |2 + |C+
S |2 + r2[ |C+

A |2 + |C+
T |2 ]

r ≡ ρC+
V /C+

A

C+
V =

Vud

v2
1 + ΔV

R(1 + ϵL + ϵR)

C+
A = −

Vud

v2
gA 1 + ΔA

R(1 + ϵL − ϵR)

C+
T =

Vud

v2
gTϵT

C+
S =

Vud

v2
gSϵS

Back to the quark level Lagrangian:

ℒWEFT ⊃ −
2Vud

v2 { (1+ϵL) ēLγμνL ⋅ ūLγμdL

+ϵR ēLγμνL ⋅ ūRγμdR

+ϵT
1
4

ēRσμννL ⋅ ūRσμνdL

+ϵS
1
2

ēRνL ⋅ ūd} + h . c .
D = −

4ρ
1 + ρ2

J
J + 1

Im[ϵR]+𝒪(ϵ2
X)



Constraints from D parameter

For neutron, the current PDG combination Dn = (−1.2 ± 2.0) × 10−4

This translates into the constraint 

Im ϵR = (−1.4 ± 2.3) × 10−4

D = −
4ρ

1 + ρ2

J
J + 1

Im[ϵR]+𝒪(ϵ2
X) ℒWEFT ⊃ −

2Vud

v2
ϵR ēLγμνL ⋅ ūRγμdR + h . c .

D-parameter probes the CP violating part of the V+A currents in the  WEFT Lagrangian

ρn ≈ − 3gA ≈ − 2.2Jn = 1/2 Dn ≈ 0.86 Im[ϵR]

ϵR =
1

2Vud
cHud

v2

Λ2

Up the ladder to the SMEFT:

Λ ≳ 10 TeV |cHud |



Have you checked EDMs?


