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setting the stage

• despite the phenomenal success of SM, it is not the theory of everything

• SM → “only” an effective theory valid up to some scale ΛUV

• most pressing problems of SM:
• neutrino masses (can be accommodated)
• matter-antimatter asymmetry
• dark matter
• strong CP problem
• hierarchy problem
• gravity, dark energy

• which of these are related to dn 6= 0 ?
• need CP violation
• CP violation within the SM =⇒

• CP violation outside SM

• weak CP violation VCKM

• strong CP violation θ̄
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SM

the Standard Model and beyond

input: Poincare symmetry but no discrete symmetry

gauge symmetry, group SU(3) × SU(2) × U(1): Gµν , Wµν , Bµν

3 families of matter fields (in fundamental or trivial representation):

ℓL =

0

@

νL

eL

1

A, qL =

0

@

uL

dL

1

A, eR, uR, dR

one scalar doublet ϕ (notation: ϕ̃ ≡ iσ2ϕ∗)

output: most general, Lorentz and gauge invariant Lagrangian: SMEFT

we have 1 operator of dim 2, a few (∼ 15) of dim 4, 1 of dim 5,

quite a few (∼ 60) of dim 6, some (∼ 20) of dim 7 and many of dim 8 and higher

renormalizability requires (mass) dimension of operators Dim ≤ 4

Note: we must have [L] = 4 since [
R

d4xL] = 0

Thus for a dim 6 operator Q(6) we have L ∋
c(6)

Λ2
UV

Q(6) with ΛUV a scale (of BSM physics)
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SM

the Standard Model

LSM = −
1

4
GµνGµν −

1

4
WµνWµν −

1

4
BµνBµν + θ̂ GµνG̃µν + i

`

ℓ̄ 6D ℓ+ ē 6De+ . . .
´

+ (Dµϕ)†(Dµϕ) + Λ2
UVϕ

†ϕ−
λ

2
(ϕ†ϕ)2 −

`

Ye ℓ̄ e ϕ+ Yd q̄ d ϕ+ . . .+ h.c.
´

• (mass) dimensions: [m] = [∂µ] = [Aµ] = 1 and [ℓ] = 3/2.

• all operators are gauge invariant (hypercharge
yℓ = −1/2, ye = −1, yq = 1/6, yu = 2/3, yd = −1/3, yϕ = 1/2)

• some operators are matrices in family space (I’ve cheated when counting!)

Yd q̄ d ϕ → (Yd)rs q̄r ds ϕ −→ CKM matrix, r, s ∈ {1, 2, 3}

with 3 families VCKM has one CP violating phase

• from experiment the (dimensionless) parameter θ̂ is found to be extremely small (or 0?)
=⇒ strong CP problem

• all operators have Dim 4, except for ϕ†ϕ which requires a dimensionful coefficient
Λ2

UV ∼M2
H =⇒ hierarchy problem
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BSM

BSM via effective theory

• either study an (uncountable. . .) infinite set of explicit BSM models, or

• classify Dim 6 operators (∼ 60) [Buchmüller, Wyler; Grzadkowski et al.]

LEFT
SM = LSM +

c(5)

ΛUV
(ℓ̄ ϕ̃)(ℓ̄ ϕ̃)

+
c
(6)
0F

Λ2
UV

f G̃ ν
µ G

ρ
ν G

µ
ρ +

c
(6)
2F

Λ2
UV

q̄σµνu ϕGµν +
c
(6)
4F

Λ2
UV

q̄Γq ēΓe+ . . .

• within ET, the coefficients are independent

• can always link an explicit (large-scale) BSM model to ET, by calculating coefficients

c
(6)
nF

of operators in ET

• some operators are intrinsically CP violating, others are if Im(c(6)) 6= 0

• evolution:
�

�

�

�
ΛUV → Λew → ΛpQCD → Λhad

degrees of freedom’: ? SM q, g, γ N, π
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effective theory

a selection of CP violating dim 6 operators

0 fermions

Q
G̃

= fabcG̃a ν
µ Gb ρ

ν Gc µ
ρ

Q
ϕG̃

= (ϕ†ϕ)G̃a
µνG

a µν

4-fermions

Q
(1)
quqd

= (q̄j
pur)ǫjk(q̄k

s dt)

2-fermions

QdW = (q̄j
pσ

µνdr)τ iϕW i
µν

QdB = (q̄j
pσ

µνdr)ϕBµν

QuW = (q̄j
pσ

µνur)τ iϕ̃W i
µν

QuB = (q̄j
pσ

µνur)ϕ̃Bµν

QdG = (q̄j
pσ

µνTadr)ϕGa
µν

QuG = (q̄j
pσ

µνTaur)ϕ̃Ga
µν

compare to more familiar form: LpQCD = −
i

2

X

q

q̄
`

dqσ
µνFµν

| {z }

EDM

+ d̃qσ
µνTaGa

µν
| {z }

colour EDM

´

γ5 q

looks like dim 5, but is really QfB , QqG . . . in disguise: df ∼ Im(cfγ), d̃q ∼ Im(cqG)

after evolution from electroweak scale Λew to scale ∼ 1 GeV such operators come with mq

suppression (chirality flip)
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effective theory

if you don’t like operators

q̄ 6D q

q̄

Aµ ∈ Dµ

q

∼ gs(µ) ∼ cdG(µ)

QdG ≃ q̄σµνdϕGµν

qνAµ ∈ Gµν

?

• QCD coupling fundamental, running induced through quantum corrections

• dipole coupling not fundamental (induced by unknown physics), running induced
through quantum corrections
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discrete symmetries

C, P, T, CP, CPT and other permutations of these letters
beware of different (phase) conventions

xµ = (t, ~x) i∂µ Aµ(t, ~x) ψ(L)(t, ~x) φ(t, ~x)

P linear xµ = (t,−~x) i∂µ Aµ(t,−~x) γ0ψ(R)(t,−~x) φ(t,−~x)

C linear xµ i∂µ −Aµ(t, ~x) −iγ2ψ∗
(L)

(t, ~x) φ∗(t, ~x)

T anti-linear −xµ = (−t, ~x) +i∂µ +Aµ(−t, ~x) γ1γ3ψ(L)(−t, ~x) φ(−t, ~x)

if you prefer waiving your arms

P C T

~E − ~E − ~E ~E

~B ~B − ~B − ~B

~A − ~A − ~A − ~A

A0 A0 A0 −A0

use ~E = −~∇A0 − ~̇A and ~B = ~∇× ~A

−
i

2
dq q̄σ

µνγ5q Fµν ⇔ −dq
~E ·

~s

s
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discrete symmetries

under P under CP under CPT

ψ̄LψR → ψ̄RψL ψ̄′ψ → ψ̄ψ′ ψ̄ψ → ψ̄ψ

ψ̄ψ → ψ̄ψ ψ̄′γ5ψ → −ψ̄γ5ψ′ ψ̄σµνψ → ψ̄σµνψ

ψ̄γµψ → ψ̄γµψ ψ̄′γµψ → −ψ̄γµψ′ ψ̄γµψ → −ψ̄γµψ

ψ̄A/γ5ψ → −ψ̄A/γ5ψ ψ̄′A/γ5ψ → ψ̄A/γ5ψ′ ψ̄γµγ5ψ → −ψ̄γµγ5ψ

it is easy to violate any of them except for CPT

CPT: every Lorentz label gets a (−1) factor, L-invariance → (−1)even

CPT violating term possible e.g. SME: (ψ̄σµνψ)Aµnν also L-violating! (external nν )

shortcut to CP violation ↔ complex couplings (assuming CPT)

cQ invariant under CPT, but under T: c→ c∗ (T anti-linear)
⇒ cQ cannot simultaneously be invariant under CP for real and imaginary c
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VCKM

weak CP violation in SM (and BSM)

in mass basis (i.e. mass matrices diagonal): Lmix ≃ W+ (ūL ·V · dL)+W− (d̄L ·V † ·uL)

under CP: Lmix
CP
−→W− (d̄L · V T · uL) +W+ (ūL · V ∗ · dL) i.e. V → V ∗

• if Im(V ) 6= 0 we have CP violation

• more precisely: if we cannot remove imaginary part (phase) by chiral rotations
uL → eiφuuL etc. we have CP violation

• with 3 families we can remove 2n− 1 = 5 relative phases

• 32 − 5 = 3 angles + 1 phase → CP violation in VCKM

=⇒ all three families need to be involved in the process

JCP = Im(VtbV
∗
tdVcdV

∗
cb)× (y2t − y2c )(y2t − y2u)(y2c − y2u)(y2b − y2s)(y2b − y2d)(y2s − y2d)

• any further complex coupling in dim 6 operators with fermions → more CP violation
2-fermion and 4-fermion dim 6 operators
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θ

strong CP violation in the SM (and BSM)

• under P: ǫijkaibj = ~a×~b → +~a×~b (if ~a,~b proper vectors)

⇒ ǫijk and ǫµνρσ (and γ5) induce P violation

• Gµν proper tensor ⇒ G̃µν ≡ ǫµνρσGρσ is odd under P

• GµνGµν ∼ ~E2 − ~B2 scalar, but GµνG̃µν ∼ ~E · ~B pseudo scalar, i.e. P violating

• LSM ⊃
αs

8π
θ̄ GµνG̃µν CP-violating term in QCD

can be written as total divergence but non-perturbative contribution remains

• note: this has nothing to do with complex couplings
coefficient has to be real for L to be hermitean

• link to previous: reshuffle terms in LpQCD with m∗ = mumd/(mu +md)

q̄(iD/−M)q − θ̄
g2

64π2
GG̃ ⇔ q̄iD/q − m̄q̄q − ǫm̄q̄τ3q +m∗θ̄q̄iγ5q

• similar for 0-fermion dim 6 operators:

Q
G̃

= fabcG̃a ν
µ Gb ρ

ν Gc µ
ρ Q

ϕG̃
= (ϕ†ϕ)G̃a

µνG
a µν
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θ

axion the strong CP problem and dark matter

• θ term cannot be ignored, not even by imposing CP in strong interactions
⇐ weak interaction will induce θ term

• bounds from experiment (neutron EDM) θ̄ . 10−10, why so small ??

• add new field, axion a (dynamical θ parameter)

LBSM ⊃
1

2
∂µa ∂

µa−
αs

8π

„

θ̄ +
a

fa

«

GµνG̃µν

• nontrivial potential s.t. 〈ā〉 ≡ 〈θ +
a

fa

〉 = 0, i.e. V (0) < V (a)

excitations about minimum correspond to particle axion

• axion is pseudo-Goldstone boson

=⇒ with global Peccei-Quinn U(1) symmetry broken at high scale fa

=⇒ axion has very small mass ma ≃ m2
π/fa and slim interactions

• axion is a good dark matter candidate for fa ≃ 1010 GeV =⇒ma ≃ 10−3 eV

Adrian Signer, Nov 2014 – p. 13/20



nEDM from dq

magnetic moment in constituent quark model

µn ≃
X

q

µqσq =
2

3
µ(d↑d↑u↓) +

1

3
µ(d↑d↓u↑) =

4

3
µd −

1

3
µu

combine with µp ≃
4

3
µu −

1

3
µd etc. and

can even use µq ≃
e

2Mq

with constituent masses Mu ≃Md ≃ 300 MeV

compare to data: works pretty well

very naive approach: use this for nEDM dn ≃
4

3
dd −

1

3
du

is probably not completely unreasonable, if dominant/only contribution to dn is due to dq

(which is not the case in the SM and most probably not in BSM)
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nEDM from dq

dq in SM from VCKM (recall need all 3 generations involved)

W

W

d dq′ q′′ q′

+ . . . = 0

γ

but
P

2-loop cancel

W
d

q, q′, q′′′

W

d
t

+ . . . ≃ 10−34 e cm

γ γ 3-loop [Czarnecki, Krause]
�

�

�

�
⇒ dn ≃ 10−34 e cm ??

dq in BSM

d d

γ γ

d d

QdW + QdB → Qdγ QdG

note: contribution from operators in loops
not necessarily less important than tree level
contribution

we have no idea about the size of (imaginary
part of) coefficients
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nEDM in SM

beyond constituent quark model

• for SM the contribution ∼ 10−34 e cm from dq is much smaller than other contributions

• but for BSM, could (actually should) have ‘large’ dq

• for BSM could also have contribution from chromo-electric dipole moments d̃q

• BSM could also induce many other contributions, not only dn

• ⇒ need more general approach

LBSM(ψ;Aµ;X)

LSM−EFT(ψ;Aµ)

dim 4 :

ΛUV

θ; Im(VCKM)

dim 6 :

ω; Im(C
(6)
i )

Λew

?

Λhad

Lhad(π;N, . . .)

ḡπNN . . .
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nEDM in SM

nEDM from Lhad

• simplified Lagrangian to compute
X

I

〈n|Jµ
em|I〉〈I|δLCP|n〉 :

Lhad = N̄
`

iγ5gπNN + ḡπNN

´

~π · ~τ N + . . . with N = (p, n)

• CP violation coupling: ḡπNN (and other CPV couplings of Lhad) potentially get
contributions from all CP violating sources

n
Σ−

n

γ

π−

n
p

n

γ

π−

gπNN ḡπNN

u

s d
c, t

W

ḡπNN ≃ θ̄ from θ̄GG̃

• nEDM: loop is IR and UV divergent dn =
gπNN ḡπNN

4π2mN

ln
mN

mπ
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nEDM in (B)SM

• in SM:
• estimate from θ term: [Crewther et al.] dn ≃ θ̄ 10−15 e cm

many variants of this estiamte ⇒ leading to same order of magnitude
• estimate from VCKM (i.e. JCP ) term: [Khriplovich et al.] dn ∼ 10−32 e cm

• what about BSM

n
Σ−

n

γ

π−

n
p

n

γ

π−

gπNN ḡπNN

QG̃ = fG̃GG

QϕG̃ = (ϕ†ϕ)G̃G
QqG

u

d d

u u

s d

u

• contributions from ’strong’ CPV BSM terms Q
G̃
, Q

ϕG̃

and ’weak’ CPV BSM terms QqG, Qqγ . . .

• a measurement of dn > 10−30 alone would not allow to deduce the source of CPV
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disentangle

• if dn 6≃ 0 then most likely dp 6≃ 0, dD 6≃ 0 and many more

• main question: is it θ̄ or is it (proper) BSM ?

• measure loads of them . . .

• studies on how to disentangle various CPV effects [Dekens et al.]

• link to non CPV observables Im(cdG) 6= 0 ⇒ Re(cdQ) 6= 0 ??

• link to leptonic observables Im(cdQ) 6= 0 ⇒ Im(clB) 6= 0 ?????

• link to leptonic non CPV observables Im(cdQ) 6= 0 ⇒ Re(clB) 6= 0 ????????

=⇒ anomalous magnetic moment

• dn particularly sensitive observable of global effort to find BSM

• in case you won’t find one:
of course not, ΛUV ≫ 1 TeV (complete absence of ’new’ physics) and θ̄ = 0

• in case you will find one:
of course, CP violation in BSM is unaviodable, and it has to show up in nEDM
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conclusions

• we understand why weak CPV is small in SM
only 1 phase left, CPV loop suppressed

• we do not understand why strong CPV is small in SM
=⇒ axion best guess ?

• we do not understand why ‘weak’ CPV is small in BSM
a priory there is no reason why Im(c) should be small/zero
=⇒ make ΛUV very large → all BSM is very small

• we do not understand why strong CPV is small in BSM
=⇒ make ΛUV very large → all BSM is very small

• in θ̄ = 0 SM: dn ∼ 10−32 e cm with considerable uncertainties
playing devils advocate dn . 10−30 e cm

• if dn > 10−30 e cm is found it is not clear whether this is BSM or strong CPV ( θ̄ 6= 0)

• but it would be the beginning of a new era
=⇒ need further EDM’s to disentangle origin of dn
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