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Brief Philosophy of EFT
Part 1



Role of scale in physical problems
Some distribution  
of electric charges 

r

Near 
observer

Far 
observer

R

L

Near observer, L~R, needs to know the position of every charge to describe electric field in her proximity  

Far observer, ,  can instead use multipole expansion:r ≫ R V( ⃗r ) =
Q
r

+
⃗d ⋅ ⃗r

r3
+

Qijrirj

r5
+ …

Far observer is able to describe electric field in his vicinity using just a few parameters: 
the total electric charge , the dipole moment , eventually the quadrupole moment , etc…. Q ⃗d Qij

Higher order terms in the multipole expansion are suppressed by powers of the small parameter (R/r). 
 One can truncate the expansion at some order depending on the value of (R/r) and experimental precision

Far observer, like Molière's Mr. Jourdain,  
discovers that he has been using EFT all his life  

On the other hand, far observer can only guess the "fundamental" distributions of the charges, 
as many distinct distributions lead to the same first few moments   

∼ 1/r ∼ R /r2 ∼ R2/r3



Consider a theory of a light particle  
interacting with a heavy particle H

ϕ

At large momentum scales, p2 >> mH2,  
we see propagation of the heavy particle H. 

Long range force acting between light particles ϕ

P(p2) =
1

p2 − m2
H + iϵ

≈

1
p2 + iϵ

p2 ≫ m2
H

−
1

m2
H

p2 ≪ m2
H

Heavy particle H propagator in momentum space:

ℳ ∼
g2

p2 + iϵ ℳ ∼
g2

m2
H

At small momentum scales, p2 << mH2,  
propagation of the heavy particle H 

effectively leads to a contact interaction 
between light particles ϕ

H
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Role of scale in quantum field theory



At small distance scales, |x1-x2| << 1/mH,  
the heavy particle H propagates.  

Force acting between light particles ϕ

At large distance scales, |x1-x2| >> 1/mH,  
propagation of the heavy particle H suppressed. 
Interaction looks like a delta function potential 

P(x1, x2) ∼ exp(−mH |x1 − x2 | )

mH ∼ ΔE ≪
1

|x1 − x2 |
∼

1
Δt

⇒ ΔEΔt ≪ 1 mH ∼ ΔE ≫
1

|x1 − x2 |
∼

1
Δt

⇒ ΔEΔt ≫ 1

Heavy particle H propagator in coordinate space:

Consider a theory of a light particle  
interacting with a heavy particle H

ϕ H
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Role of scale in quantum field theory



• Processes probing  distance scales , equivalently  energy scales , 
cannot  resolve the propagation of H


• Then, intuitively, exchange of heavy particle H between light particles  should be 
indistinguishable from a contact interaction of   


• In other words, the effective theory describing  interactions should be well 
approximated by a local Lagrangian, that is, by a polynomial in  and its 
derivatives 

L ≫ mH E ≪ mH

ϕ
ϕ

ϕ
ϕ

This is the generic way how the effective theory description arise in particle physics, 
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Role of scale in quantum field theory



Figure 5: One-loop Feynman diagrams contributing to the �� ! �� scattering ampli-
tude in the toy model described by the Lagrangian Eq. (2.1) in the limit �1 = 0.
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from which the observable di↵erential cross-section can be calculated. Here �� is the
wave-function renormalization which however vanishes at one loop in the unbox basis,
and MS prescription consists in dropping the 1/✏̄ poles in the amplitude. Demanding
that SEFT

4
is renormalization-scale independent, one obtains the RG equation for the

Wilson coe�cient C4,
dC4
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It is instructive to repeat the same calculation in the box basis. O↵-shell, the 2-to-2
amplitude reads
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Much as for the two point function, the on-shell matrix elements M̃EFT

4
and M

EFT

4
are

di↵erent, and the two have a di↵erent momentum dependence. However, the S-matrix
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Role of scale in quantum field theory

Effective theory approach works beyond tree level
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Figure 5: One-loop Feynman diagrams contributing to the �� ! �� scattering ampli-
tude in the toy model described by the Lagrangian Eq. (2.1) in the limit �1 = 0.
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Much as for the two point function, the on-shell matrix elements M̃EFT

4
and M

EFT

4
are

di↵erent, and the two have a di↵erent momentum dependence. However, the S-matrix
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This works also for higher loops, and with both heavy and light particles in the loops



Effective field  theory

How to build an EFT

Bottom up Top down

Starting with a set of particles 
we build the Lagrangian  

describing all their possible interactions 
obeying a prescribed set of symmetries 
and organised in a consistent expansion 

Starting with a given theory  
(effective or fundamental) 

we integrate out degrees of freedom 
heavier than some prescribed mass scale 
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These Lectures 



Introducing SMEFT

Part 2



Elementary particles we know today

This set of particles are the propagating degrees of freedom (at least) right above the 
electroweak scale,  that is at 100 GeV - 1 TeV E ∼

graviton



Elementary particles we know today

In these lectures gravity is decoupled and ignored (good assumption in most of  
laboratory experiments). Otherwise the relevant EFT is called GRSMEFT.

graviton



SMEFT
SMEFT is an effective theory for these degrees of freedom:

1. Locality, unitarity, Poincaré symmetry 
2. Mass gap: absence of non-SM degrees of freedom  

at or below the electroweak scale 
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry 

strictly respected by all interactions and spontaneously 
 broken to SU(3)xU(1) by a VEV of the Higgs field

incorporating certain physical assumptions:

Field SU(3)C SU(2)L U(1)Y Name Spin Dimension
Ga

µ 8 1 0 Gluon 1 1
W k

µ 1 3 0 Weak SU(2) bosons 1 1
Bµ 1 1 0 Hypercharge boson 1 1
Q 3 2 1/6 Quark doublets 1/2 3/2
U c 3̄ 1 -2/3 Up-type anti-quarks 1/2 3/2
Dc 3̄ 1 1/3 Down-type anti-quarks 1/2 3/2
L 1 2 -1/2 Lepton doublets 1/2 3/2
Ec 1 1 1 Charged anti-leptons 1/2 3/2
H 1 2 1/2 Higgs field 0 1

Table 1. Transformation properties of the SM fields under the SM gauge group. We also

display the spin of the associated particle and the canonical dimension of the field. The matter

fields (rows 4-8) come in 3 copies (generations), labeled by the generation index J = 1 . . . 3, where

Q = (q1, q2, q3), U c = (uc
1, u

c
2, u

c
3) ⌘ (uc, cc, tc), Dc = (dc1, d

c
2, d

c
3) ⌘ (dc, sc, bc), L = (l1, l2, l3),

Ec = (ec1, e
c
2, e

c
3) ⌘ (ec, µc, ⌧ c). Here qJ and lJ are SU(2) doublets: q1 =

✓
u
d

◆
, q2 =

✓
c
s

◆
, q3 =

✓
t
b

◆
,

l1 =

✓
⌫e
e

◆
, l2 =

✓
⌫µ
µ

◆
, l3 =

✓
⌫⌧
⌧

◆
. The generation indices will be often suppressed to reduce the

clutter.

for example, the chiral 4th generation was definitely excluded by the Higgs production
rate measurements at the LHC. Even though, at present, one cannot formally exclude
the existence of non-decoupling new physics, and some wiggle room remains for certain
constructions, it is a very unlikely possiblity in my opinion. Focusing on decoupling new
physics, and thus restricting our scope to SMEFT, seems a very reasonable assumption.

One last comment to close this section: note that assumptions #1-#3 do not restrict
the SMEFT Lagrangian to be renormalizable. There was a time in the history of particle
physics when renormalizability was hailed as a sacred priniciple that every succesful quntum
theory should obey. Now the pendulum has swung in the opposite direction, and we think
that every fundmental QFT description of realitiy corresponds to a non-renormalizable
EFT. Now, in some case that EFT may be well approximated by a renormalizable QFT, as
is the case for physics at the electroweak scale. We think of this as an accident due to a large
separation between the electroweak scale and the scale suppressing the non-renorrmalizable
interactions. However we expect that these non-renormalizable interactions are present in
the Lagrangian, and will become apparent when enough experimental precision is achieved.

3 Constructing SMEFT

This section reviews a systematic way to construct the SMEFT Lagrangian. The fields
corresponding to the SM particles and their representations under the gauge symmetry are
summarized in Table 1. Using these fields as building blocks we will write down the most
general Lagrangian consistent with the assumptions spelled out in Section 2.
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Note on fermion conventions

I am using the 2-component spinor formalism

A Dirac fermion is described by a pair of spinor fields   with the kinetic and mass terms   f and f̄ c

ℒ = if̄σ̄μDμ f + if cσμDμ f̄ c − mf c f − mf̄f̄ c σμ = (1,σ)
σ̄μ = (1, − σ)

f̄ ≡ f*

To translate to 4-component Dirac notation use 

F = ( f
f̄ c), F̄ = (f c f̄), γμ = ( 0 σμ

σ̄μ 0 )
For example 

f̄σ̄μ∂μ f = F̄Lγμ∂μFL

f cσμ∂μ f̄ c = F̄Rγμ∂μFR

f c f = F̄RFL

f̄ f̄ c = F̄LFR

F̄ ≡ F†γ0

See the spinor bible 
[arXiv:0812.1594]   
for more details



SMEFT power counting

ℒSMEFT = ℒD=2 + ℒD=3 + ℒD=4 + ℒD=5 + ℒD=6 + ℒD=7 + ℒD=8 + …
We can organize the SMEFT Lagrangian  in a dimensional expansion: 

1. Locality, unitarity, Poincaré symmetry 
2. Mass gap: absence of non-SM degrees of freedom  

at or below the electroweak scale 
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry 

strictly respected by all interactions

 Since Lagrangian has mass dimension , by dimensional analysis the couplings 
(Wilson coefficients) of interactions in  have  mass dimension   

[ℒ] = 4
ℒD [CD] = 4 − D

Each  is a linear combination of SU(3)xSU(2)xU(1) invariant interaction terms (operators) 
where  is the sum of canonical dimensions of all the fields entering the interaction

ℒD
D

Standard SMEFT power counting:  where  ,   

and  is identified with the mass scale of the UV completion of the SMEFT,

CD ∼
cD

ΛD−4
cD ∼ 1

Λ

In the spirit of EFT, each  should include a complete and non-redundant set of interactionsℒD



 SM Lagrangian
Higher-dimensional 

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

ℒSMEFT = ℒD=2 + ℒD=3 + ℒD=4 + ℒD=5 + ℒD=6 + ℒD=7 + ℒD=8 + …

At sufficiently high energies, such that we can ignore particle masses,  
amplitudes for physical processes take the form

ℳSMEFT = ℳSM + CD=5E + CD=6E2 + CD=7E3 + CD=8E4 + …

∼ ℳSM +
c5E
Λ

+
c6E2

Λ2
+

c7E3

Λ3
+

c8E4

Λ4
+ …

Standard SMEFT power counting sets up the rules for expanding  
the amplitudes and observables  in powers of the new physics scale .  

For  expansion can be truncated at some , depending on the desired precision 
Λ

E ≪ Λ D

SMEFT power counting



Experiment: μH ∼ 100 GeV

ℒSMEFT = ℒD=2 + ℒD=3 + ℒD=4 + ℒD=5 + ℒD=6 + ℒD=7 + ℒD=8 + …

SMEFT

ℒD=2 = μ2
HH†H

Unsolved mystery why , 
which is called the hierarchy problem   

μ2
H ≪ Λ2

Only a single D=2 operator  can be build from the SM fields:

Philosophy of EFT: μH ∼ Λ ≳ 1 TeV

From the point of view of EFT, the hierarchy problem is a breakdown of dimensional analysis



ℒD=3 = 0

ℒSMEFT = ℒD=2 + ℒD=3 + ℒD=4 + ℒD=5 + ℒD=6 + ℒD=7 + ℒD=8 + …

SMEFT

Simply, no gauge invariant operators made of SM fields 
exist at canonical dimension D=3

The absence of D=3 operators is a feature of SMEFT, but not a law of nature.  
E.g. in SMEFT, where one also has singlet neutrino, one can write down  ν

ℒνSMEFT
D=3 =

1
2

νcMννc + h . c .



Strictly speaking,  has not been observed directly. Its value is known within SM hypothesis, but not within SMEFT, without additional assumptions.  
Observation of double Higgs production (receiving contribution from cubic Higgs coupling) will be a direct proof that  is there in the Lagrangian. 

λ
λ

ℒSMEFT = ℒD=2 + ℒD=3 + ℒD=4 + ℒD=5 + ℒD=6 + ℒD=7 + ℒD=8 + …

SMEFT

Experiment: all these interactions at D=4 above have been observed, except for  θ̃

Note that  has no physical consequences,  while  can be eliminated by chiral rotation θBBμνB̃μν θWWk
μνW̃k

μν

Dμ f = ∂μ f + igsGa
μTaf + igLWi

μ
σi

2
f + igY BμYf

Va
μν = ∂μVa

ν − ∂νVa
μ − g f abcVb

μVc
ν

G̃a
μν ≡

1
2

ϵμναβGαβ a

H̃a = ϵabH*b

ℒD=4 = −
1
4 ∑

V∈B,Wi,Ga

VμνVμν + ∑
f∈Q,L

if̄σ̄μDμ f + ∑
f∈U,D,E

if cσμDμ f̄ c

−(UcYuH̃†Q + DcYdH†Q + EcYeH†L + h . c . ) + DμH†DμH − λ(H†H)2

+θ̃Ga
μνG̃a

μν,

D=4 is special because it doesn't contain an explicit scale (marginal interactions) 

Q =
q1
q2
q3

=

(u
d)

(c
s)

( t
b)

L =
l1
l2
l3

=

(νe
e )

(νμ
μ )

(ντ
τ )

Uc =
uc

cc

tc

Dc =
dc

sc

bc

Ec =
ec

μc

τc



• At dimension 5, the only gauge-invariant operators one can construct are the so-
called Weinberg operators, which break the lepton number


• After electroweak symmetry breaking they give rise to Majorana mass terms for 
the SM (left-handed) neutrinos with the mass matrix 


• Neutrino oscillation experiments strongly suggest that these operators are present  
(unless neutrino masses are of the Dirac type)

M = − v2C

ℒD=5 = (LH)C(LH) + h . c . →
1
2 ∑

J,K=e,μ,τ

v2CJK(νJνK) + h . c .

SMEFT at dimension-5

H → (
0

v/ 2)

This is a huge success of the SMEFT paradigm:  
corrections to the SM Lagrangian predicted at the next order in the EFT expansion, are 

indeed observed in experiment!

ℒSMEFT = ℒD=2 + ℒD=4 + ℒD=5 + ℒD=6 + ℒD=7 + ℒD=8 + …

Weinberg (1979) 
 Phys. Rev. Lett. 43, 1566 



SMEFT at dimension-5

ℒSMEFT ⊃ −
1
2

(νMν) + h . c .
Neutrino masses or most likely in the 0.01 eV - 0.1 eV ballpark  
 (though the lightest neutrino may even be massless)

It follows that the dimension-5 Wilson coefficient is of order  GeV C ∼
1
Λ

with Λ ∼ 1015

M = − v2C

One one hand, that is perfect, because it suggests that  
the basic SMEFT assumption, ,  is indeed satisfiedΛ ≫ v



SMEFT at dimension-5

However,  GeV leads to a psychological problemΛ ∼ 1015

If this is really the correct estimate, then we will never see any other effects  
of higher-dimensional operators, except possibly of the baryon-number violating ones :/ 

ℒSMEFT = ℒD=2 + ℒD=4 + ℒD=5 + ℒD=6 + ℒD=7 + ℒD=8 + …

If   then naive SMEFT counting suggest  , , 

 and so on

ℒD=5 ∼
1
Λ

ℒD=6 ∼
1

Λ2
ℒD=7 ∼

1
Λ3

ℒSMEFT ⊃ −
1
2

(νMν) + h . c . M = − v2C



?

Career opportunities



SMEFT at dimension-5

Dimension-5 interactions are special because they violate lepton number L.  
More generally, all odd-dimension SMEFT operators violate B-L 

If we assume that the mass scale of new particles with B-L-violating interactions  is ,  
and there is also B-L-conserving new physics at the scale   , then the estimate is  

ΛL
Λ ≪ ΛL

Alternatively, it is possible (and likely) that there is more than one mass scale of new physics

ℒSMEFT = ℒD=2 + ℒD=4 + ℒD=5 + ℒD=6 + ℒD=7 + ℒD=8 + …

However, this conclusion is not set in stone 
It  is possible that  the true new physics scale is not far from TeV,  

but its coupling to the lepton sector is very small 

 ,   , , ,  and so onℒD=5 ∼
1

ΛL
ℒD=6 ∼

1
Λ2

ℒD=7 ∼
1

Λ3
L

ℒD=8 ∼
1

Λ4

ℒSMEFT ⊃ −
1
2

(νMν) + h . c . M = − v2C

If   then naive SMEFT counting suggest 

 , , ...

ℒD=5 ∼
1
Λ
ℒD=6 ∼

1
Λ2

ℒD=7 ∼
1

Λ3



SMEFT at dimension-6

ℒSMEFT = ℒD=2 + ℒD=4 + ℒD=5 + ℒD=6 + ℒD=7 + ℒD=8 + …

At dimension-6 all hell breaks loose
Grządkowski et al 

arXiv:1008.4884 

ℒD=6 = CH(H†H )3 + CH□(H†H ) □ (H†H ) + CHD |H†DμH |2

+CHWBH†σkH Wk
μνBμν + CHGH†H Ga

μνGa
μν + CHWH†H Wk

μνWk
μν + CHBH†H BμνBμν

++CWϵklmWk
μνWl

νρWm
ρμ + CG f abcGa

μνGb
νρGc

ρμ

+CH G̃ H†H G̃ a
μνGa

μν + CHW̃ H†H W̃k
μνWk

μν + CH B̃ H†H B̃ μνBμν + CHW̃BH†σkH W̃k
μνBμν

+CW̃ ϵklmW̃k
μνWl

νρWm
ρμ + CG̃ f abc G̃ a

μνGb
νρGc

ρμ

+H†H(L̄HCeHĒc) + H†H(Q̄H̃CuHŪc) + H†H(Q̄HCdHD̄c)

+iH†DμH(L̄C(1)
Hl σ̄μL) + iH†σkDμH(L̄C(3)

Hl σ̄μσkL) + iH†DμH(EcCHeσμĒc)

+iH†DμH(Q̄C(1)
Hqσ̄μQ) + iH†σkDμH(Q̄C(3)

Hqσ̄μσkQ) + iH†DμH(UcCHuσμŪc)

+iH†DμH(DcCHdσμD̄c) + {iH̃†DμH(UcCHudσμD̄c)

+(Q̄σkH̃CuWσ̄μνŪc)Wk
μν + (Q̄H̃CuBσ̄μνŪc)Bμν + (Q̄H̃CuGTaσ̄μνŪc)Ga

μν

+(Q̄σkHCdWσ̄μνD̄c)Wk
μν + (Q̄HCdBσ̄μνD̄c)Bμν + (Q̄HCdGTaσ̄μνD̄c)Ga

μν

+(L̄σkHCeWσ̄μνĒc)Wk
μν + (L̄HCeBσ̄μνĒc)Bμν + h . c . }+ ℒ4−fermion

D=6



|H |6 |H |2 Ga
μνGa

μν

|H |2 Wa
μνWa

μν| H |2 W a
μν W̃ a

μν
|H |2 Ga

μν G̃ a
μν | H |2 Bμ ν Bμ ν

| H |2 Bμ ν B̃ μ ν
Ga

μνGa
νρ G̃ a

ρμ



OH = (H†H)3

OH□ = (H†H) □ (H†H)

OHD = |H†DμH |2

OHG = H†H Ga
μνGa

μν

OHW = H†H Wk
μνWk

μν

OHB = H†H BμνBμν

OHWB = H†σkH Wk
μνBμν

OW = ϵklmWk
μνWl

νρWm
ρμ
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Bosonic CP-even operators ℒSMEFT ⊃ ∑
X

CXOX
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Bosonic CP-even operators

SMEFT at dimension-6

These affect single Higgs boson couplings  
to SM gauge bosons. For example  

 

For operators inducing couplings to photons and 

gluons bounds of order  , while 

 from Higgs physics alone 

CHGH†HGa
μνGa

μν = CHG
(v + h)2

2
Ga

μνGa
μν → vCHGhGa

μνGa
μν

|C | ≲
1

(10 TeV)2

|CHD | ≲
1

(TeV)2
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Bosonic CP-even operators

SMEFT at dimension-6

Peculiar effect...  

CH□(H†H) □ (H†H) → − v2CH□(∂μh)2
Contributes to the kinetic term of the Higgs boson

Together with the SM kinetic term:

ℒSMEFT ⊃
1
2

(∂μh)2(1 − 2v2CH□)
To restore canonical normalization,  

we need to rescale the Higgs boson field:

h → h(1 + v2CH□)
All Higgs boson couplings present in the SM  

are modified in a universal way!
h
v [2m2

WW+
μ W−

μ + m2
ZZμZμ] →

h
v (1 + v2CH□)[2m2

WW+
μ W−

μ + m2
ZZμZμ]

h
v

mf f̄ f →
h
v (1 + v2CH□)mf f̄ f

Bounds of order  |CH□ | ≲
1

(TeV)2
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SMEFT at dimension-6

Affects cubic Higgs boson coupling 

 

Currently weak bounds of order 

CH(H†H)3 =
CH

8
(v + h)6 →

5vCH

2
h3

|CH | ≲
1
v2
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SMEFT at dimension-6

Induce anomalous triple gauge couplings 
Bounds on the electroweak ones lead to  

,  

bounds on the gluon ones much weaker

|CW | ≲
1

(3TeV)2

Bosonic CP-even operators
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SMEFT at dimension-6

Bosonic CP-even operators

These affect electroweak precision observables  
(W boson mass, Z branching fractions),  

which are measured at per-mille level at LEP 

Bounds of order  |C | ≲
1

(10 TeV)2
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Bosonic CP-even operators

Similar constraining power  
of Higgs and electroweak constraints  

on these particular operators 
Interesting synergy 7
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FIG. 2: S-T fit using our combined Higgs and electroweak likelihood. We assume the only non-negligible Wilson coe�cients of
dimension-6 operators at the scale mZ are c'D and c'WB . This is equivalent to the usual fit to the oblique S and T parameters
via the map in Eq. (7). We show the 1� preferred region separately for Higgs (blue) and electroweak (orange) data. The red
contours mark the 1�, 2�, and 3� preferred regions using the combined likelihood.

Obviously, this simple example is not using the full flavourful power of our approach. Nevertheless it is useful to
present here in order to connect and compare to previous works. For the Wilson coe�cients at the scale mZ we find

C'WB = 0.0027 ± 0.0028 TeV�2
, C'D = �0.0170 ± 0.0094 TeV�2

, (8)

with the correlation coe�cient ⇢ = �0.74. This translates to S = 0.035 ± 0.038, T = 0.066 ± 0.036. The best fit
ellipses are shown in Fig. 2, for the combined likelihood, and for the electroweak and Higgs likelihoods separately. It
can be seen that the LHC Higgs data contribute to constraining the S parameter, mostly via measurements of the
h ! �� rate [14].

B. Custodial vector resonance model

Another example we consider is the model with an SU(2) triplet V
I

µ
of massive vector resonances coupled to the

SM Higgs, lepton l and quark q doublets as

L �
1

2
V

I

µ

 
igHH

†
⌧

I
DµH � igHDµH

†
⌧

I
H +

X

i

gli l̄i⌧
I
�

µ
li +

X

i

gqi q̄i⌧
I
�

µ
qi

!
, (9)

where i = 1, 2, 3 is the SM generation index, and we allow the couplings to be flavour-non-universal. This kind of
resonances and interactions arises e.g. in composite Higgs or warped extra-dimensional scenarios. The parameter
space of our simplified model is characterized by 7 couplings gk and the resonance mass M . Assuming U(3)q ⇥ U(3)l

flavour symmetry would reduce the number of independent couplings to three: gH , gl and gq. Integrating out the
massive resonance leads to the SMEFT with the following Wilson coe�cients of the operators in Table I:

[C(3)
'l

]ii = �
gHgli

4M2
, [C(3)

'q
]ii = �

gHgqi

4M2
, C'⇤ = �3

g
2
H

8M2
, [Cf']ii = �

g
2
H

yfi

4M2
, [Cll]1221 = �

gl1gl2

2M2
. (10)

where yfi =
p

2mfi
v

is the Yukawa coupling of the fermion fi, f = u, d, l. As usual, only the ratios coupling/mass are
available to a low-energy observer. Thus the SMEFT parameter space describing our simplified model is 7-dimensional
in the generic case, and 3-dimensional in the U(3)q ⇥ U(3)l limit. We ignore the e↵ects of the operator Q', which
only a↵ects double Higgs production and is very weakly constrained at present. Four-fermion operators other than



These affect single Higgs boson couplings  
to SM gauge bosons, and triple gauge couplings 
But also, via loop effects other CP observables,  

such as e.g. electron EDMs

SMEFT at dimension-6

This assumption of the two-scale expansion gives us a rationale for exploring the SMEFT
Lagrangian at D = 6 and higher, and we will tacitly make it in all of the following.

So what are the dimension-6 operators in SMEFT? At D = 2 there is a single operator;
the D = 4 Lagrangian can fit a t-shirt; at D = 5 there is basically a single operator but,
taking into account the generation structure, it counts as 12 operators9 At D = 6, all hell
breaks loose: we have... wait for it... 3045 independent operators. They contribute to
phenomenology in virtually all areas of particle physics, such as Higgs physics, electroweak
precision observables, flavor physics, nuclear physics, electric dipole moments, and much
more. Let us make a quick survey of dimension-6 operators, using the set proposed in
Ref. [9] and known under the name of the Warsaw basis. To organize the presentation, they
can be divided into several classes:

LD=6 = L
bosonic
D=6 + L

Yukawa
D=6 + L

vertex
D=6 + L

dipole
D=6 + L

4�fermion
D=6 . (3.10)

The bosonic operators, as the name suggest, are constructed out of the SM gauge and
Higgs fields, without involving any fermionic fields. In the Warsaw basis there are 15
bosonic operators:

L
bosonic
D=6 =CH(H†H)3 + CH⇤(H

†H)⇤(H†H) + CHD|H
†DµH|

2 + CHWBH
†�kHW k

µ⌫Bµ⌫

+CHGH
†H Ga

µ⌫G
a

µ⌫ + CHWH†HW k

µ⌫W
k

µ⌫ + CHBH
†H Bµ⌫Bµ⌫

+CW ✏klmW k

µ⌫W
l

⌫⇢W
m

⇢µ + CGf
abcGa

µ⌫G
b

⌫⇢G
c

⇢µ

+C
H eGH

†H eGa

µ⌫G
a

µ⌫ + C
HfWH†H fW k

µ⌫W
k

µ⌫ + C
H eBH

†H eBµ⌫Bµ⌫

+C
HfWB

H†�kH fW k

µ⌫Bµ⌫ + CfW ✏klmfW k

µ⌫W
l

⌫⇢W
m

⇢µ + C eGf
abc eGa

µ⌫G
b

⌫⇢G
c

⇢µ, (3.11)

where ⇤ ⌘ @µ@µ. Already this relatively small subset of dimension-6 operators contains rich
phenomenology. Let us give a few examples. CH changes the shape of the Higgs potential,
in particular it affects the cubic Higgs boson self-coupling - perhaps the last major milestone
to be measured at the LHC. CH⇤ contributes to the Higgs boson kinetic term and thus,
indirectly, affects universally all Higgs boson production and decay rates. The following
two operators contribute to electroweak precision observables measured long ago by the
LEP collider. CHD contributes to the mass difference between the W and Z bosons, while
CHWB contributes to the kinetic mixing between the photon and the Z boson. In fact,
these two are just the famous oblique S and T parameters of Peskin and Takeuchi [10] in
another (more modern) guise. CHWB as well as the Wilson coefficients CHG, CHW , CHB

in the second line contribute to the ever important Higgs boson interaction strengths with
gluons and photons, which have been measured at the LHC. In the third line, CW and CG

induce anomalous cubic interactions of electroweak gauge bosons and gluons, respectively.
The final two lines contain CP violating interactions. They can be searched for in colliders,
but more easily discernible effects appear via their loop contributions to electric dipole
moments of the electron or the neutron.

9
C5 in Eq. (3.8) is a symmetric matrix in the generation space, thus it has six independent complex

components. A complex operator, that is to say one that is distinct from its hermitian conjugate, by
convention is counted as two operators.
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SMEFT at dimension-6

OeH = H†H(L̄HĒc)
OuH = H†H(Q̄H̃Ūc)
OdH = H†H(Q̄HD̄c)

Yukawa-like operators 

ℒSMEFT ⊃
3

∑
I,J=1

[OfH]IJ[CfH]IJ + h . c .

These affect single Higgs boson couplings  
to SM fermions. Bounds depends on the flavor 

but typically don't exceed |C | ≲
1

(1 TeV)2



SMEFT at dimension-6

O(1)
Hl = iH†DμH(L̄σ̄μL)

O(3)
Hl = iH†σkDμH(L̄σ̄μσkL)

OHe = iH†DμH(EcσμĒc)

O(1)
Hq = iH†DμH(Q̄σ̄μQ)

O(3)
Hq = iH†σkDμH(Q̄σ̄μσkQ)

OHu = iH†DμH(UcσμŪc)

OHd = iH†DμH(DcσμD̄c)

OHud = iH̃†DμH(UcσμD̄c)

These affect electroweak precision observables  
(W boson mass, Z branching fractions),  

which are measured at per-mille level at LEP 

Bounds of order  |C | ≲
1

(10 TeV)2

Vertex-like operators



These affect anomalous magnetic and electric 
moments of SM particles at tree level 

Bounds depend on flavor and can be very strong,  
especially for the first generation

SMEFT at dimension-6

The next class of dimension-6 operators we discuss are Yukawa-like interactions:

L
Yukawa
D=6 =H†H(L̄HCeHĒc) +H†H(Q̄H̃CuH Ū c) +H†H(Q̄HCdHD̄c) + h.c. (3.12)

Here, each CfH is a 3 ⇥ 3 complex matrix in the generation space, thus each comes with
18 free parameters, which makes 54 parameters overall. These operators contribute to
the fermion masses, but that is unobservable because it merely renormalizes the unknown
Yukawa matrices in Eq. (3.7). The observables effect is the modification of the Higgs
boson Yukawa couplings to the fermions. In the SM, the Yukawa coupling is not a free
parameter but it is uniquely fixed by the fermion’s mass. In the presence of the operator is
Eq. (3.12) that relation no longer holds, and the Higgs boson couplings to fermions become
free parameters independent of fermion masses. Moreover, a qualitatively new effect of
flavor violation in Higgs interactions may appear. That is to say, the Higgs boson can
couple to two fermions from different generations, e.g. L � h⌧̄ µ̄c, which does not occur in
the SM.

Next we have vertex-like operators:

L
vertex
D=6 =iH† !D µH(L̄C(1)

Hl
�̄µL) + iH†�k

 !
D µH(L̄C(3)

Hl
�̄µ�kL) + iH† !D µH(EcCHe�

µĒc)

+iH† !D µH(Q̄C(1)
Hq

�̄µQ) + iH†�k
 !
D µH(Q̄C(3)

Hq
�̄µ�kQ) + iH† !D µH(U cCHu�

µŪ c)

+iH† !D µH(DcCHd�
µD̄c) +

⇥
iH̃†DµH(U cCHud�

µD̄c) + h.c.], (3.13)

where H† !D µH ⌘ H†DµH�DµH†H. As before, the Wilson coefficient CHf are matrices in
the generation space, but now only CHud is a general complex matrix, while the remaining
ones are Hermitian matrices (thus with 9 free parameters each). This adds up to 81 free
parameters in Eq. (3.13). These operators contribute to the W and Z bosons interactions
with fermions, which have been precisely measured in the LEP, Tevatron, and LHC colliders.
Several qualitatively new effects are introduced by Eq. (3.13). One is the W boson couplings
to right-handed quarks, e.g. L � Wµ(tc�µb̄c), whereas in the SM W couples only to left-
handed quarks. Another is tree-level flavor-changing neutral currents, that is Z boson
couplings to quarks or leptons of different generations, e.g. L � Zµ(b̄�̄µs).

Next, we have dipole-like operators

L
dipole
D=6 =(Q̄�kH̃CuW �̄µ⌫Ū c)W k

µ⌫ + (Q̄H̃CuB�̄
µ⌫Ū c)Bµ⌫ + (Q̄H̃CuGT

a�̄µ⌫Ū c)Ga

µ⌫

+(Q̄�kHCdW �̄µ⌫D̄c)W k

µ⌫ + (Q̄HCdB�̄
µ⌫D̄c)Bµ⌫ + (Q̄HCdGT

a�̄µ⌫D̄c)Ga

µ⌫

+(L̄�kHCeW �̄µ⌫Ēc)W k

µ⌫ + (L̄HCeB�̄
µ⌫Ēc)Bµ⌫ + h.c. (3.14)

Given that CfV are 3⇥3 complex matrices in the generation space, the above introduces 144
free parameters. An important effect of the operators in Eq. (3.13) is their contribution to
the anomalous magnetic dipole moment of fundamental particles. In particular, the Wilson
coefficients [CeW ]22 and [CeB]22 contribute to the muon g� 2 which, at the time of writing,
may or may not deviate from the SM prediction. The imaginary parts of these Wilson
coefficients contribute to electric dipole moments. Finally, the operators in Eq. (3.13) in
can mediate certain processes that are forbidden in the SM, e.g. the µ! e� decay.

– 18 –σμν =
i
2 [σμσ̄ν − σνσ̄μ] σ̄μν =

i
2 [σ̄μσν − σ̄νσμ]



SMEFT at dimension-6

These affect a wide range of physics.  
Bounds can be very strong, especially for baryon-number violating operators 

and for certain flavor- or lepton-flavor-violating operators 

ℒ4−fermion
D=6 = (L̄σ̄μL)Cll(L̄σ̄μL) + (EcσμĒc)Cee(EcσμĒc) + (L̄σ̄μL)Cle(EcσμĒc)

+(L̄σ̄μL)C(1)
lq (Q̄σ̄μQ) + (L̄σ̄μσkL)C(3)

lq (Q̄σ̄μσkQ)

+(EcσμĒc)Ceu(UcσμŪc) + (EcσμĒc)Ced(DcσμD̄c)

+(L̄σ̄μL)Clu(UcσμŪc) + (L̄σ̄μL)Cld(DcσμD̄c) + (EcσμĒc)Ceq(Qσ̄μQ)

+{(L̄Ēc)Cledq(DcQ) + ϵkl(L̄kĒc)C(1)
lequ(Q̄

lŪc) + ϵkl(L̄kσ̄μνĒc)C(3)
lequ(Q̄

lσ̄μνŪc) + h . c . }
+(Q̄σ̄μQ)C(1)

qq (Q̄σ̄μQ) + (Q̄σ̄μσkQ)C(3)
qq (Q̄σ̄μσkQ)

+(UcσμŪc)Cuu(UcσμŪc) + (DcσμD̄c)Cdd(DcσμD̄c)

+(UcσμŪc)C(1)
ud (DcσμD̄c) + (UcσμTaŪc)C(8)

ud (DcσμTaD̄c)

+(QcσμQ̄c)C(1)
qu (UcσμŪc) + (QcσμTaQ̄c)C(8)

qu (UcσμTaŪc)]

+(QcσμQ̄c)C(1)
qd (DcσμD̄c) + (QcσμTaQ̄c)C(8)

qd (DcσμTaD̄c)

+{ϵkl(Q̄kŪc)C(1)
quqd(Q̄lD̄c) + ϵkl(Q̄kTaŪc)C(1)

quqd(Q̄lTaD̄c) + h . c . }
+{(DcUc)Cduq(Q̄L̄) + (QQ)Cqqu(ŪcĒc) + (QQ)Cqqq(QL) + (DcUc)Cduu(UcEc) + h . c . }.

4-fermion operators 



SMEFT up to dimension-6
SMEFT Lagrangian up to dimension-6 provides a convenient framework for a bulk of 

precision physics happening today.  
In particular, it allows one to quantify the strength of different observables



SMEFT up to dimension-6
SMEFT Lagrangian up to dimension-6 provides a convenient framework for a bulk of 

precision physics happening today. 
Moreover, it leads to correlations between different observables, e.g. due to  
symmetry relating charged and neutral currents, and due to the interplay of tree- and 

loop-level contributions to observables

SU(2)W

Importance of global fits collecting results 
 from different types of experiments !



coefficients, including all correlations. We find the following 1� intervals
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Global fits with SMEFT up to dimension-6

Breso-Pla et al 
arXiv:2301.07036   

 collisions 
W boson mass and decays 
Drell-Yan at LHC and Tevatron 
Neutrino scattering on electrons 
Atomic parity violation 
Parity-violating electron scattering 
Nuclear beta decays 
Semi-leptonic decays of pions and kaons 
Trident muon production in  scattering 
Leptonic and hadronic tau decays  

 scattering on nuclei (coherent to not)

e+e−

ν

ν

Ingredients

Only 65 dimension-6 Wilson coefficients 
simultaneously constrained in this fit.  

Can do better :)  

Correlation matrix



SMEFT at higher dimensions

Number of baryon-number-conserving operators as function of D and number of generations Nf

ℒSMEFT = ℒD=2 + ℒD=4 + ℒD=5 + ℒD=6 + ℒD=7 + ℒD=8 + …

Nf=0 Nf=1 Nf=2 Nf=3 ...

Dimension-5 0 2 6 12 ...

Dimension-6 15 76 582 2499 ...

Dimension-7 0 22 212 948 ...

Dimension-8 89 895 8251 36971 ...

... ... ... ... ... ...



SMEFT at higher dimensions

Exponential growth of the number of operators with the canonical dimension D

Henning et al 
arXiv:1512.03433 
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Figure 1. Growth of the number of independent operators in the SM EFT up to mass dimension
15. Points joined by the lower solid line are for one fermion generation; those joined by the upper
solid line are for three generations. Dashed lines are to guide the eye to the growth of the even and
odd mass dimension operators in both cases.

information (i.e. setting all spurions equal to unity), but still retaining Nf dependence:

# Dim 13 = �109Nf +
159296
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(which exhibit some rather large prime numbers!). The number of independent operators
evaluated for Nf = 1 and Nf = 3 up to dimension 15 are plotted in Fig. 1. We see the
growth is exponential, which is to be expected on general grounds [43].

5 Discussion

The method we have outlined in this paper can be extended trivially to determining the
content and number of higher dimension operators for any four-dimensional relativistic
gauge theory with scalar and fermionic matter. The master equation is eq. (3.16), which
needs to be modified from the SM to the theory of interest. The pieces of eq. (3.16)
which are SM specific are the gauge groups (and as such the Haar measures that need to be

– 17 –

Nf = 1

Nf = 3

ℒSMEFT = ℒD=2 + ℒD=4 + ℒD=5 + ℒD=6 + ℒD=7 + ℒD=8 + …

For complex operators

complex conjugates counted


as separate operators



SMEFT at higher dimensions

SMEFT at dimension-6: Grzadkowski et al 
arXiv: 1008.4884 

SMEFT at dimension-5: Weinberg (1979) 
 Phys. Rev. Lett. 43, 1566 

SMEFT at dimension-7: Lehman 
arXiv: 1410.4193

SMEFT at dimension-8: Li et al 
arXiv: 2005.00008

SMEFT at dimension-9: Li et al 
arXiv: 2012.09188 

Code to generate a basis at arbitrary dimension in SMEFT: Li et al 
arXiv:2201.04639 



Beyond dimension-6

Moreover, a qualitatively new phenomenon may arise at higher dimensions  

At tree level, light-by-light scattering  
receives contribution from dimension-8,  

which in some situations may compete with  
lower order loop contributions 

ℒD=8 ⊃ (BμνBμν)2 + …

Neutron-antineutron oscillations 
arise at dimension-9 ℒD=9 ⊃ ϵabcϵdef(d̄ad̄d)(qbqe)(qcqf ) + …

In all such cases however, you need to argue validity of your EFT 
and  why you don’t expect  any larger effects of new physics  

from operators of lower dimensions

ℒSMEFT = ℒD=2 + ℒD=4 + ℒD=5 + ℒD=6 + ℒD=7 + ℒD=8 + …

CP violating 3Z vertex   
in SMEFT from integrating out 2HDM 
arises via a dimension-12 operator!  

ℒD=12 ⊃ C12[H†D2(HH†H)]2 + h . c .

You need to be aware of the existence of higher-dimensional operators,  
whenever you need to argue validity of the EFT description



Beyond dimension-6

Moreover, a qualitatively new phenomenon may arise at higher dimensions  

ℒSMEFT = ℒD=2 + ℒD=4 + ℒD=5 + ℒD=6 + ℒD=7 + ℒD=8 + …
You need to be aware of the existence of higher-dimensional operators,  

whenever you need to argue validity of the EFT description

If experiment pinpoints a coefficient of some operators of dimension-6, 
then subleading dimension-8 operators will provide precious information 

C6 ∼
g2

*

M2
C8 ∼

g2
*

M4
Only determines 

coupling over mass scala 
of new physics

May allow disentangle  
coupling and mass



CP violation in SMEFT
Part 3 



What is CP

P:

⃗r ↔ − ⃗r
⃗p ↔ − ⃗p

LR

⃗S ⃗S

C:
⃗S ⃗S

CP: R

⃗S

L

⃗S

⃗r ↔ − ⃗r
⃗p ↔ − ⃗p

RR



CP formalism



Φ(x) = ∫
d3k

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

d3k
(2π)32Ek [b(k)e−ikx + a†(k)eikx]

annihilates 
particle

creates 
antiparticle

annihilates 
antiparticle

creates 
antiparticle

C : CΦ(x)C−1 = Φ†(x)

Define charge conjugation 
as operator exchanging  

particles and antiparticles 

CP on spin-0 scalars

P := PΦ(t, x)P−1 → ηΦ(t, − x) Parity act trivially on scalars,  
and flips sign for pseudo-scalars

CP : (CP)Φ(t, x)(CP)−1 = ηΦ†(t, − x)
In SMEFT

CP : H(t, x) =
1

2 ( G1(t, x) + iG2(t, x)
v + h(t, x) + iG3(t, x)) → H†(t, − x) =

1

2 ( G1(t, − x) − iG2(t, − x)
v + h(t, − x) − iG3(t, − x))

In particular the Higgs  boson is CP even

Ca(k)C−1 = b(k)
Cb(k)C−1 = a(k)



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



Parity for 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

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

exchanges left and right,  
thus it corresponds to parity

Pψα(t, x)P−1 = ψ̄c ·α(t, − x),
Pψc

α(t, x)P−1 = −ψ̄ ·α(t, − x),



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 = ( ψ
ψ̄c)

Cψ(t, x)C−1 = ψc(t, x),
Cψc(t, x)C−1 = ψ(t, x) .

Ca(k)C−1 = b(k)
Cb(k)C−1 = a(k)



CP:

Example of Yukawa interactions:

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

y

CP on spin-1/2 fermions
Pψα(t, x)P−1 = ψ̄ c ·α(t, − x),
Pψ c

α(t, x)P−1 = −ψ̄ ·α(t, − x),
Cψ(t, x)C−1 = ψ c(t, x),

Cψ c(t, x)C−1 = ψ(t, x) .

(CP)ψα(t, x)(CP)−1 = ψ̄ ·α(t, − x)
(CP)ψc

α(t, x)(CP)−1 = −ψ̄c ·α(t, − x)

(CP)∫ d4xh[yψ cψ + y*ψ̄ ψ̄ c](t, x)(CP)−1 ≡ (CP)∫ d4xh[yψ c αψα + y*ψ̄ ·αψ̄ c ·α](t, x)(CP)−1

= ∫ d4xh[yψ̄ c·αψ̄ ·α + y*ψαψ c
α](t, − x) = ∫ d4xh[yψ̄ ·αψ̄ c ·α + y*ψ c αψα](t, x)

≡ ∫ d4xh[y*ψ cψ + yψ̄ ψ̄ c](t, x) .

So CP violation is always associated with 
phases in the Lagrangian, right ? 



CP on spin-1 vectors
Consider CP acting on spin-1 vector fields : Vμ = (V0, Vi)

It follows that the -like terms transform as θ

PV0(t, x)P−1 = V0(t, − x),
PVk(t, x)P−1 = −Vk(t, − x),
CVμ(t, x)C−1 = −Vμ(t, x) .

(CP)V0(t, x)(CP)−1 = −V0(t, − x),
(CP)Vk(t, x)(CP)−1 = Vk(t, − x) .

(CP)∫ d4xVμνṼμν(x)(CP)−1 ≡
1
2

ϵμναβ(CP)∫ d4xVμνVαβ(x)(CP)−1

= 2ϵijk(CP)∫ d4xV0iVjk(x)(CP)−1 = 2ϵijk(CP)∫ d4x[∂0Vi − ∂iV0][∂jVk − ∂kVj](x)(CP)−1

= 2ϵijk ∫ d4x[∂0Vi + ∂iV0][∂jVk − ∂kVj](t, − x)

= −2ϵijk ∫ d4x[∂0Vi(t, x) − ∂iV0(t, x)][∂jVk(t, x) − ∂kVj(t, x)] = − ∫ d4xVμν(x)Ṽμν(x) .

In particular, the QCD  -term is CP-odd θ



CP on spin-1 vectors

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

ℒSMEFT ⊃ CH B̃ H†HBμν B̃ μν is CP odd,  
even though it has no complex phase 

ℒSMEFT ⊃ CG̃ f abcGa
μνGb

νρ G̃ c
ρμ

is CP odd,  
even though it has no complex phase 

(yet another) 
Weinberg operator

(CP)V0(t, x)(CP)−1 = −V0(t, − x),
(CP)Vk(t, x)(CP)−1 = Vk(t, − x) .

By the same token: 



CP on spin 1/2  and spin 1 interactions

Another example is dipole interactions

ℒSMEFT ⊃ [CeB]11(l̄1Hσ̄μνēc)Bμν + [CeB]*11(e
cH†σμνl1)Bμν

CP is violated if the Wilson coefficient   is complexCeB

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

By the similar  calculation as before 

(CP)∫ d4x[[CeB]11(l̄1Hσ̄μνēc) + [CeB]*11(e
cH†σμνl1)]Bμν(x)(CP)−1

= ∫ d4x[[CeB]*11(l̄1Hσ̄μνēc) + [CeB]11(ecH†σμνl1)]Bμν(x)



CP violation at D=4



ℒSMEFT = ℒD=2 + ℒD=3 + ℒD=4 + ℒD=5 + ℒD=6 + ℒD=7 + ℒD=8 + …

SMEFT at dimension-4

Dμ f = ∂μ f + igsGa
μTaf + igLWi

μ
σi

2
f + igY BμYf

Va
μν = ∂μVa

ν − ∂νVa
μ − g f abcVb

μVc
ν

G̃a
μν ≡

1
2

ϵμναβGαβ a

H̃a = ϵabH*b

ℒD=4 = −
1
4 ∑

V∈B,Wi,Ga

VμνVμν + ∑
f∈Q,L

if̄σ̄μDμ f + ∑
f∈U,D,E

if cσμDμ f̄ c

−(UcYuH̃†Q + DcYdH†Q + EcYeH†L + h . c . ) + DμH†DμH − λ(H†H)2

+θ̃Ga
μνG̃a

μν,

Q =
q1
q2
q3

=

(u
d)

(c
s)

( t
b)

L =
l1
l2
l3

=

(νe
e )

(νμ
μ )

(ντ
τ )

Uc =
uc

cc

tc

Dc =
dc

sc

bc

Ec =
ec

μc

τc



• 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 one phases in the 
quark Yukawa couplings  


• The other is a combination of the   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   

θ̃

CP violation at dimension-4



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

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



CP violation in Neutrino Oscillations

T2K shows some mild preference  
for δ ∼ − π/2 δ = − 1.97+0.97

−0.70

Best fit

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

4 20
th

Conference on Flavor Physics and CP Violation, Oxford, MS, 2022
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FIG. 5: Comparison of the T2K constraint on �CP�✓23 to the NOvA and Super-K experiments. T2K and Super-K have
very consistent best fit values of �CP but prefer di↵erent octants of ✓23. T2K and NOvA both prefer the upper octant of
✓23, but have best fit points which sit outside of each other’s 90% confidence level.

VIII. POTENTIAL OF JOINT FITS WITH
OTHER EXPERIMENTS

A comparison of the T2K �CP-sin
2 ✓23 constraint

to those of Super-K [10] and NOvA [11] is shown in

figure 5. T2K’s best fit value of �CP is very consis-

tent with that of Super-K but lies outside of NOvA’s

90% confidence limit contours. There does, however,

remain overlap at of the 90% confidence levels across

both mass orderings, and while T2K does not strongly

prefer a mass ordering, NOvA’s constraint has a �CP

dependence to this preference, and its best fit value

for �CP within the inverted ordering is closer to that

of T2K’s.

A joint fit of the T2K and NOvA data should break

some of the degeneracy between T2K and NOvA by

exploiting the more vacuum like measurement of T2K

and the stronger mass ordering dependent matter ef-

fects of NOvA. Similarly, there are very strong mat-

ter e↵ects over the 13,000 km baseline of Super-K, as

well as ✓23- and �CP-dependent e↵ects on the Super-K

spectra which T2K can constrain.

In addition to these joint analyses with other ex-

periments, upgrades to the T2K experiment [12] will

allow for better constraints on the PMNS parameters.

These are discussed in more detail in [5].

IX. SUMMARY

T2K has the current world leading constraint on

the value of �CP and excludes CP-conservation to the

90% confidence level and from its 90% credible inter-

vals. Though there are di↵erences between the T2K

and NOvA best fit values, the 90% confidence inter-

vals have overlap, particularly in the case of inverted

ordered neutrino masses. A joint fit is underway to re-

solve this di↵erence and will exploit the di↵erent sen-

sitivities of each experiment to break apart the highly

degenerate PMNS mixing parameter space. Similar

fits are underway between T2K and Super-K which

has a very large baseline for its upward going atmo-

spheric neutrinos.
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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

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 = ℒD=2 + ℒD=4 + ℒD=5 + ℒD=6 + ℒD=7 + ℒD=8 + …
Grządkowski et al 

arXiv:1008.4884 

ℒD=6 = CH(H†H )3 + CH□(H†H ) □ (H†H ) + CHD |H†DμH |2

+CHWBH†σkH Wk
μνBμν + CHGH†H Ga

μνGa
μν + CHWH†H Wk

μνWk
μν + CHBH†H BμνBμν

++CWϵklmWk
μνWl

νρWm
ρμ + CG f abcGa

μνGb
νρGc

ρμ

+CH G̃ H†H G̃ a
μνGa

μν + CHW̃ H†H W̃k
μνWk

μν + CH B̃ H†H B̃ μνBμν + CHW̃BH†σkH W̃k
μνBμν

+CW̃ ϵklmW̃k
μνWl

νρWm
ρμ + CG̃ f abc G̃ a

μνGb
νρGc

ρμ

+H†H(L̄HCeHĒc) + H†H(Q̄H̃CuHŪc) + H†H(Q̄HCdHD̄c)

+iH†DμH(L̄C(1)
Hl σ̄μL) + iH†σkDμH(L̄C(3)

Hl σ̄μσkL) + iH†DμH(EcCHeσμĒc)

+iH†DμH(Q̄C(1)
Hqσ̄μQ) + iH†σkDμH(Q̄C(3)

Hqσ̄μσkQ) + iH†DμH(UcCHuσμŪc)

+iH†DμH(DcCHdσμD̄c) + {iH̃†DμH(UcCHudσμD̄c)

+(Q̄σkH̃CuWσ̄μνŪc)Wk
μν + (Q̄H̃CuBσ̄μνŪc)Bμν + (Q̄H̃CuGTaσ̄μνŪc)Ga

μν

+(Q̄σkHCdWσ̄μνD̄c)Wk
μν + (Q̄HCdBσ̄μνD̄c)Bμν + (Q̄HCdGTaσ̄μνD̄c)Ga

μν

+(L̄σkHCeWσ̄μνĒc)Wk
μν + (L̄HCeBσ̄μνĒc)Bμν + h . c . }+ ℒ4−fermion

D=6



SMEFT at dimension-6

ℒSMEFT = ℒD=2 + ℒD=4 + ℒD=5 + ℒD=6 + ℒD=7 + ℒD=8 + …

ℒD=6 = CH(H†H )3 + CH□(H†H ) □ (H†H ) + CHD |H†DμH |2

+CHWBH†σkH Wk
μνBμν + CHGH†H Ga

μνGa
μν + CHWH†H Wk

μνWk
μν + CHBH†H BμνBμν

++CWϵklmWk
μνWl

νρWm
ρμ + CG f abcGa

μνGb
νρGc

ρμ

+CH G̃ H†H G̃ a
μνGa

μν + CHW̃ H†H W̃k
μνWk

μν + CH B̃ H†H B̃ μνBμν + CHW̃BH†σkH W̃k
μνBμν

+CW̃ ϵklmW̃k
μνWl

νρWm
ρμ + CG̃ f abc G̃ a

μνGb
νρGc

ρμ

+H†H(L̄HCeHĒc) + H†H(Q̄H̃CuHŪc) + H†H(Q̄HCdHD̄c)

+iH†DμH(L̄C(1)
Hl σ̄μL) + iH†σkDμH(L̄C(3)

Hl σ̄μσkL) + iH†DμH(EcCHeσμĒc)

+iH†DμH(Q̄C(1)
Hqσ̄μQ) + iH†σkDμH(Q̄C(3)

Hqσ̄μσkQ) + iH†DμH(UcCHuσμŪc)

+iH†DμH(DcCHdσμD̄c) + {iH̃†DμH(UcCHudσμD̄c)

+(Q̄σkH̃CuWσ̄μνŪc)Wk
μν + (Q̄H̃CuBσ̄μνŪc)Bμν + (Q̄H̃CuGTaσ̄μνŪc)Ga

μν

+(Q̄σkHCdWσ̄μνD̄c)Wk
μν + (Q̄HCdBσ̄μνD̄c)Bμν + (Q̄HCdGTaσ̄μνD̄c)Ga

μν

+(L̄σkHCeWσ̄μνĒc)Wk
μν + (L̄HCeBσ̄μνĒc)Bμν + h . c . }+ ℒ4−fermion

D=6



CP violation by electron EDM

Dimension-6 SMEFT Lagrangian contains:

ℒD=6 ⊃ [CeB]*11e
cσμνH†LBμν + h . c . →

[CeB]*11v cos θW

2
ecσμνeFμν + h . c .

ℒdipole = −
Δμe − ide

4
Fμν(ecσμνe) + h . c .Compare it to

de = − 2 2 cos θWv Im [CeB]11

Resulting tree-level contribution to electron EDM is 



ℒ ⊃ iēσ̄μ∂μe + iecσμ∂μēc − me[ece + h . c . ]
−qeeAμ(ēσ̄μe) − qeeAμ(ecσμēc) − {Δμe − ide

4
Fμν(ecσμνe) + h . c . }

Why this particular interaction is identified as EDM...

eα =
1

2 {e−imet(ψ +
i

2me
σ ⋅ ∇ψ)

α
− eimet(ψ†

c −
i

2me
σ ⋅ ∇ψ†

c )
α
} + 𝒪(∇2),

ē ·α
c =

1

2 {e−imet(ψ −
i

2me
σ ⋅ ∇ψ)

α
+ eimet(ψ†

c +
i

2me
σ ⋅ ∇ψ†

c )
α
} + 𝒪(∇2) .

Change of variables to non-relativistic degrees of freedom

where  is a non-relativistic electron field, and  is a non-relativistic positron field. ψ ψc

Plugging this change of variables into kinetic terms: 

iēσ̄μ∂μe + iecσμ∂μēc − me[ece + h . c . ]= iψ†∂tψ +
1

2me
ψ† ∇2ψ + iψ†

c ∂tψc +
1

2me
ψ†

c ∇2ψc + 𝒪(∇3),

shows that   and   satisfy the Schrodinger equationψ ψc

CP violation by electron EDM



eα =
1

2 {e−imet(ψ +
i

2me
σ ⋅ ∇ψ)

α
− eimet(ψ†

c −
i

2me
σ ⋅ ∇ψ†

c )
α
} + 𝒪(∇2),

ē ·α
c =

1

2 {e−imet(ψ −
i

2me
σ ⋅ ∇ψ)

α
+ eimet(ψ†

c +
i

2me
σ ⋅ ∇ψ†

c )
α
} + 𝒪(∇2) .

Change of variables to non-relativistic degrees of freedom

Now plugging this change of variables into the interaction terms (ignoring positrons): 

−qeeAμ(ēσ̄μe) − qeeAμ(ecσμēc) − {Δμe − ide

4
Fμν(ecσμνe) + h . c . }

= −qeeVψ†ψ −
iqee
2m

Akψ† ∇kψ + (qee
me

+ Δμe)Bk(ψ† σk

2
ψ) + deEk(ψ† σk

2
ψ),

Show that the  parameter corresponds to interaction of the electric field with 
electron's spin

de

CP violation by electron EDM



|de | < 1.1 × 10−29e ⋅ cm =
1.7 × 10−13

TeVACME limit:

It follows Im [CeB]11 ≤
1

(1.9 EeV)2

CP violation by electron EDM

de = − 2 2 cos θWv Im [CeB]11



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

Λ ≳ 106 TeV 6 orders of magnitude 
above LHC!

Im [CeB]11 ∼
1

Λ21

2 Λ ≳ 103 TeV 3 orders of magnitude 
above LHC!

3 Λ ≳ 102 TeV 2 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 

Im [CeB]11 ≤
1

(1.9 EeV)2

Im [CeB]11 ∼
ye

Λ2

Im [CeB]11 ∼
gY ye

16π2Λ2

CP violation by electron EDM



ℒSMEFT = ℒD=2 + ℒD=4 + ℒD=5 + ℒD=6 + ℒD=7 + ℒD=8 + …

ℒD=6 = CH(H†H )3 + CH□(H†H ) □ (H†H ) + CHD |H†DμH |2

+CHWBH†σkH Wk
μνBμν + CHGH†H Ga

μνGa
μν + CHWH†H Wk

μνWk
μν + CHBH†H BμνBμν

++CWϵklmWk
μνWl

νρWm
ρμ + CG f abcGa

μνGb
νρGc

ρμ

+CH G̃ H†H G̃ a
μνGa

μν + CHW̃ H†H W̃k
μνWk

μν + CH B̃ H†H B̃ μνBμν + CHW̃BH†σkH W̃k
μνBμν

+CW̃ ϵklmW̃k
μνWl

νρWm
ρμ + CG̃ f abc G̃ a

μνGb
νρGc

ρμ

+H†H(L̄HCeHĒc) + H†H(Q̄H̃CuHŪc) + H†H(Q̄HCdHD̄c)

+iH†DμH(L̄C(1)
Hl σ̄μL) + iH†σkDμH(L̄C(3)

Hl σ̄μσkL) + iH†DμH(EcCHeσμĒc)

+iH†DμH(Q̄C(1)
Hqσ̄μQ) + iH†σkDμH(Q̄C(3)

Hqσ̄μσkQ) + iH†DμH(UcCHuσμŪc)

+iH†DμH(DcCHdσμD̄c) + {iH̃†DμH(UcCHudσμD̄c)

+(Q̄σkH̃CuWσ̄μνŪc)Wk
μν + (Q̄H̃CuBσ̄μνŪc)Bμν + (Q̄H̃CuGTaσ̄μνŪc)Ga

μν

+(Q̄σkHCdWσ̄μνD̄c)Wk
μν + (Q̄HCdBσ̄μνD̄c)Bμν + (Q̄HCdGTaσ̄μνD̄c)Ga

μν

+(L̄σkHCeWσ̄μνĒc)Wk
μν + (L̄HCeBσ̄μνĒc)Bμν + h . c . }+ ℒ4−fermion

D=6

CP violation by electron EDM



CP violation by electron EDM

ℒD=6 ⊃ {(L̄HCeBσ̄μνĒc)Bμν + h . c . }+ CHBH†H BμνBμν + iCH B̃ H†H Bμν B̃ μν

dCeB

d log μ
= −

gY

8π2 (CHB + iCH B̃ )Ye + …

This operators mix under renormalization group

Solving it

Im CeB(mZ) =
gY

8π2
YeCH B̃ (Λ)log( Λ

mZ )

It follows

|CH B̃ (Λ) | ≲
1

(200 TeV)2 × log(Λ/mZ)
This is a very strong constraint,  

allowing CP violating corrections to Higgs coupling to weak gauge bosons of order  10−6

Im [CeB(mZ)]11 =
gY

8π2

2me

v
CH B̃ (Λ)log( Λ

mZ )



CP violation by neutron EDM

dn = [(43 ± 27)ImCus us
1 LR + (210 ± 130)ImCus us

2 LR + (22 ± 14)ImCud ud
1 LR + (110 ± 70)ImCud ud

2 LR

−(0.93 ± 0.05)ImCuu
γu − (4.0 ± 0.2)ImCdd

γd − (0.8 ± 0.9)ImCss
γd

−(3.9 ± 2.0)ImCuu
gu − (16.8 ± 8.4)ImCdd

gd + (320 ± 260)Ĉ G̃]v2 × 10−22e cm,

Define WEFT Lagrangian at low scale as

ℒWEFT ⊃ { − Cij lm
1 LR(d̄mσ̄μul)(uc

i σμdc
j ) − Cij lm

2 LR(d̄m aσ̄μul b)(uc
i bσ

μdc
j a)

−
gs

2 ∑
i, j=u,c

muj
Cij

guūiσμνTaūc
j G

a
μν −

gs

2 ∑
i, j=u,c

mdj
Cij

gdd̄iσμνTad̄c
j G

a
μν

−
equ

2 ∑
i, j=u,c

muj
Cij

γuūiσμνūc
j Fμν −

eqd

2 ∑
i, j=u,c

mdj
Cij

γdd̄iσμνd̄c
j Fμν + h . c . }

+
gs

3
f abcĈ G̃ G̃a

μνGb
μρGc

νρ

The neutron EDM is given in terms of these parameters as 

Alioli et al. 
1703.04751 

dn = (0.0 ± 1.1) × 10−26e cmnEDM experiment:



dn = [(43 ± 27)ImCus us
1 LR + (210 ± 130)ImCus us

2 LR + (22 ± 14)ImCud ud
1 LR + (110 ± 70)ImCud ud

2 LR

−(0.93 ± 0.05)ImCuu
γu − (4.0 ± 0.2)ImCdd

γd − (0.8 ± 0.9)ImCss
γd

−(3.9 ± 2.0)ImCuu
gu − (16.8 ± 8.4)ImCdd

gd + (320 ± 260)ĈG̃]v2 × 10−9e fm,

Neutron EDM as a lightning rod
Nuclear dipoles pick up many  

contributions from many  
CP violating SMEFT operators 

(and even more when  RG running  
is  taken into account)

At D=6

At D=4

CG̃ f abc G̃ a
μνGb

νρGc
ρμ

(Q̄HCdGTaσ̄μνD̄c)Ga
μν(Q̄H̃CuGTaσ̄μνŪc)Ga

μν

(Q̄HCdBσ̄μνD̄c)Bμν

(Q̄H̃CuBσ̄μνŪc)Bμν

iH̃†DμH(UcCHudσμD̄c)
ϵkl(Q̄kTaŪc)C(8)

quqd(Q̄lTaD̄c)

−UcYuH̃†Q − DcYdH†Q
θ̃Ga

μνG̃a
μν

dn = − 0.00148(14)(31)[ 16π2

g2
s

θ̃ +
1
Nf

arg det Mq] e fm Liang et al.  
2301.04331 



nEDM measurement implies 

ℒWEFT ⊃ { − Cij lm
1 LR(d̄mσ̄μul)(uc

i σμdc
j ) − Cij lm

2 LR(d̄m aσ̄μul b)(uc
i bσμdc

j a)

−
gs

2 ∑
i, j=u,c

muj
Cij

guūiσμνTaūc
j G

a
μν −

gs

2 ∑
i, j=u,c

mdj
Cij

gdd̄iσμνTad̄c
j G

a
μν

−
equ

2 ∑
i, j=u,c

muj
Cij

γuūiσμνūc
j Fμν −

eqd

2 ∑
i, j=u,c

mdj
Cij

γdd̄iσμνd̄c
j Fμν + h . c . }

+
gs

3
f abcĈ G̃ G̃a

μνGb
μρGc

νρ

ℒD=6 ⊃ (Q̄H̃CuBσ̄μνŪc)Bμν + h . c .

Matching: Cuu
γu = −

3 cos θWv

2emu

[CuB]11

| Im[CuB]11 | ≲
1

(13 PeV)2
at 95% CL

CP violation by neutron EDM



CP violation by neutron EDM

Another less trivial example ℒD=6 ⊃ iH̃†DμH(UcCHudσμD̄c) + h . c .

ℒSMEFT ⊃
gL

2
W+

μ [ν̄eσ̄μe + Vudūσ̄μd +
v2

2
[CHud]11ucσμd̄c] + h . c .

This operator induces (complex) W boson couplings to right-handed quarks

Integrating out the W boson, the effective theory below the electroweak scale 
 contains a certain 4-quark interaction 

ℒWEFT ⊃ − Vud[CHud]11(d̄σ̄μu)(ucσμd̄c) + h . c .

ℒWEFT ⊃ { − Cij lm
1 LR(d̄mσ̄μul)(uc

i σμdc
j ) − Cij lm

2 LR(d̄m aσ̄μul b)(uc
i bσμdc

j a)

−
gs

2 ∑
i, j=u,c

muj
Cij

guūiσμνTaūc
j G

a
μν −

gs

2 ∑
i, j=u,c

mdj
Cij

gdd̄iσμνTad̄c
j G

a
μν

−
equ

2 ∑
i, j=u,c

muj
Cij

γuūiσμνūc
j Fμν −

eqd

2 ∑
i, j=u,c

mdj
Cij

γdd̄iσμνd̄c
j Fμν + h . c . }

+
gs

3
f abcĈ G̃ G̃a

μνGb
μρGc

νρ

Cud ud
1 LR = Vud[CHud]11Matching:

| Im [CHud]11 | ≲
1

(100 TeV)2

nEDM measurement implies 

Probes scales of 100 TeV, e.g. in left-right symmetric models



CP violation by molecules

ℒD=6 ⊃ ϵkl(L̄kσ̄μνĒc)C(3)
lequ(Q̄

lσ̄μνŪc) + h . c .

Tensor 4-fermion operators: 

These lead to charged current interactions (relevant e.g. for tensor contributions to  beta 
decay),  as well as to neutral current interactions  

ℒSMEFT ⊃ − [C(3)
lequ]1111Vud(ēσ̄μνēc)(ūσ̄μνūc)

This in turn affect rotation frequency of  paramagnetic molecules

ωThO ≈ − 16Im[C(3)
lequ]1111108TeV2 mrad/s Dekens et al 

1810.05675

| Im[C(3)
lequ]1111 | ≲

1
(40 PeV)2

This leads to a strong constraint



CP violation by meson mixing

|KS⟩ ≃ |K0
+⟩ + ϵK |K0

−⟩
|KL⟩ ≃ |K0

−⟩ + ϵK |K0
+⟩

Kaon mass eigenstates

|K0
±⟩ =

1

2
( |K0⟩ ± | K̄0⟩)

Kaon CP eigenstates

|K0⟩ ≡ s̄d
| K̄0⟩ ≡ sd̄

Kaon states with definite strangeness:

In a CP conserving theory one would have 
K0

+ → 2π
K0

− → 3π

Instead, one observes

KL → ππ

From experimental data one finds  
the CP violating parameter : |ϵK | = 2.228(11) × 10−3



CP violation by meson mixing

ℒWEFT ⊃ c(V*tsVtd)2 m2
W

32π2v4
(s̄σ̄μd)(s̄σ̄μd) + h . c .

≈ ( 1
(31 PeV)2

−
i

(28 PeV)2 )(s̄σ̄μd)(s̄σ̄μd) + h . c .

Teppei Kitahara: Karlsruhe Institute of Technology, Post-FPCP 2018 Workshop, IIT Hyderabad, July 21, 2018

Direct CP violation in Kaon
/36

K0→ππ systems: two CP violations

Precise measurements for neutral kaon decay into two pions have revealed 
two types of CP violation: indirect CPV εK & direct CPV ε’K:

[NA48/CERN and KTeV/FNAL ’99]

A
�
KL ! ⇡+⇡�� / "K+"0K

A
�
KL ! ⇡0⇡0

�
/ "K�2"0K

with "K = O(10�3)

"0K = O(10�6)

d

dS

S q

S d

q
u,c,t u,c,t

u,c,t

g/γ/ZIndirect CP violation 
[Kaon mixing] 

W box  

Direct CP violation 

penguin and W-box

"0K"K

ΔS=2 ΔS=1

K0  ! K
0

d

qS

q
u,c,t q

/ Im[CKM]/ Im[(CKM)2]

[Christenson, Cronin, Fitch, Turlay ’64  
with Nobel prize]

x

x

x
x
Vtd Vtd

Re

✓
"0K
"K

◆
=

1

6


1�

B(KL ! ⇡0⇡0)

B(KS ! ⇡0⇡0)

B(KS ! ⇡+⇡�)

B(KL ! ⇡+⇡�)

�
= O(10�3)

6

Integrating out W boson at one loop in the SM:

SM prediction |ϵSM
K | = 2.027(195) × 10−3 |ϵexp

K | = 2.228(11) × 10−3

ℒ4−fermion
D=6 = (L̄ σ̄ μL)Cll(L̄ σ̄μL) + (EcσμĒc)Cee(EcσμĒc) + (L̄ σ̄ μL)Cle(EcσμĒc)

+(L̄ σ̄ μL)C (1)
lq (Q̄ σ̄μQ ) + (L̄ σ̄ μσ k L)C (3)

lq (Q̄ σ̄μσ kQ )

+(EcσμĒc)Ceu(UcσμŪc) + (EcσμĒc)Ced(DcσμD̄c)

+(L̄ σ̄ μL)Clu(UcσμŪc) + (L̄ σ̄ μL)Cld(DcσμD̄c) + (EcσμĒc)Ceq(Q σ̄μQ )

+{(L̄ Ēc)Cledq(DcQ ) + ϵkl(L̄k Ēc)C (1)
lequ(Q̄lŪc) + ϵkl(L̄k σ̄ μν Ēc)C (3)

lequ(Q̄l σ̄ μνŪc) + h . c . }
+(Q̄ σ̄ μQ )C (1)

qq (Q̄ σ̄μQ ) + (Q̄ σ̄ μσ kQ )C (3)
qq (Q̄ σ̄μσ kQ )

+(UcσμŪc)Cuu(UcσμŪc) + (DcσμD̄c)Cdd(DcσμD̄c)

+(UcσμŪc)C (1)
ud (DcσμD̄c) + (UcσμT aŪc)C (8)

ud (DcσμT aD̄c)

+(QcσμQ̄c)C (1)
qu (UcσμŪc) + (QcσμT aQ̄c)C (8)

qu (UcσμT aŪc)]

+(QcσμQ̄c)C (1)
qd (DcσμD̄c) + (QcσμT aQ̄c)C (8)

qd (DcσμT aD̄c)

+{ϵkl(Q̄kŪc)C (1)
quqd(Q̄l D̄c) + ϵkl(Q̄kT aŪc)C (1)

quqd(Q̄lT aD̄c) + h . c . }
+{(DcUc)Cduq(Q̄ L̄) + (QQ )Cqqu(ŪcĒc) + (QQ )Cqqq(Q L) + (DcUc)Cduu(UcEc) + h . c . }.

ℒSMEFT ⊃ [C(1)
qq ]2121(q̄2σ̄μq1)(q̄2σ̄μq1) + [C(3)

qq ]2121(q̄2σ̄μσkq1)(q̄2σ̄μσkq1)

+[C(1)
qd ]2121(q̄2σ̄μq1)(scσμd̄c) + [C(8)

qd ]2121(q̄2σ̄μTaq1)(scσμTad̄c)

+[Cdd]2121(scσμd̄c)(scσμd̄c) + h . c .

SMEFT has many similar 4-fermion operators violating strangeness by ΔS = 2



CP violation by meson mixing

ℒSMEFT ⊃ [C(1)
qq ]2121(q̄2σ̄μq1)(q̄2σ̄μq1) + [C(3)

qq ]2121(q̄2σ̄μσkq1)(q̄2σ̄μσkq1)

+[C(1)
qd ]2121(q̄2σ̄μq1)(scσμd̄c) + [C(8)

qd ]2121(q̄2σ̄μTaq1)(scσμTad̄c)

+[Cdd]2121(scσμd̄c)(scσμd̄c) + h . c .

Translating this to  ϵK

|ϵK |
|ϵSM

K |
= 1 + Im{ − (13.3 PeV)2[C(1)

qq + C(3)
qq + Cdd]2121 + (105 PeV)2[C(1)

qd ]2121 + (127 PeV)2[C(8)
qd ]2121} .

−
1

(25 PeV)2
≲ Im[C(1)

qq , C(3)
qq , Cdd]2121 ≲

1
(44 PeV)2

,

−
1

(350 PeV)2
≲ Im[C(1)

qd ]2121 ≲
1

(200 PeV)2
,

−
1

(420 PeV)2
≲ Im[C(8)

qd ]2121 ≲
1

(240 PeV)2
,

One then derives the 95% CL constraints



CP violation by meson mixing

Similar logic leads to constraints from CP violation 
in other neutral meson systems



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 }

Effective Lagrangian describing allowed nuclear beta decays:

 Beta decay observables include lifetimes and correlations:

J

CP violation in beta decays

Violates T, thus  can be sensitive 
at tree level to CP violation in fundamental Lagrangian 



CP violation in beta decays

ℒNR ⊃ −(ψ̄pψn)[C+
V (ēσ̄0ν)+C+

S (ecν)] +
3

∑
k=1

(ψ̄pσkψn)[C+
A (ēσ̄kν)+C+

T (ecσ0kν)]

D ̂ξ = − 2r
J

J + 1
Im{C+

V C̄+
A − C+

S C̄+
T}

At tree level 

which is zero in SM

At  loop level, Coulomb final-state interactions induce D  proportional to real parts

D ̂ξ =
(−qe)Zαme

2pemN
Re{r

J
J + 1 ([ 4m2

e + p2
e

2me
C+

V + 2(2Ee − Emax
e )C+

S ]C̄+
WM

+
r2

2(J + 1) ([ −
4m2

e + 3p2
e

2me
C+

A − 2Emax
e C+

T ]C̄+
WM + [−

4m2
e + 3p2

e

2me
C+

A − 2(2Ee − Emax
e )C+

T ] C̄+
A

A )}
+

3qeeμ̃𝒩′ pe

8π [J( |C+
V |2 − |C+

S |2 )− r
J

J + 1
Re(C+

V C̄+
A − C+

S C̄+
T) − r2J( |C+

A |2 − |C+
T |2 )]

̂ξ ≡ |C+
V |2 + |C+

S |2 + r2[ |C+
A |2 + |C+

T |2 ]

which is non-zero in SM DSM ∼ 10−4



CP violation in beta decays

ℒNR ⊃ −(ψ̄pψn)[C+
V (ēσ̄0ν)+C+

S (ecν)] +
3

∑
k=1

(ψ̄pσkψn)[C+
A (ēσ̄kν)+C+

T (ecσ0kν)]
D ̂ξ = − 2r

J
J + 1

Im{C+
V C̄+

A − C+
S C̄+

T}
Can CP-violating new physics give contributions comparable to SM ?  

C+
T ∼ v2[C(3)

lequ]1111 imaginary parts strongly constrained 
by ThO EDM

C+
S ∼ v2[C(1)

lequ]1111
Strongly constrained by pion decay

C+
A ∼ v2CHud

Imaginary parts constrained by neutron EDMs

ℒD=6 ⊃ iH̃†DμH(UcCHudσμD̄c) + h . c .

ℒD=6 ⊃ ϵkl(L̄kσ̄μνĒc)C(3)
lequ(Q̄

lσ̄μνŪc)

ℒD=6 ⊃ ϵkl(L̄kĒc)C(1)
lequ(Q̄

lŪc)

AA, Rodriguez-Sanchez 
[arXiv:2207.02161] 

More detailed discussion concluding that 
 is difficult without fine-tuning   ΔD ≳ 10−5



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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CP violation in Higgs sector



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



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