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Motivation: Matter Excess in the Universe
Big Bang Nucleosynthesis (BBN) & Cosmic Microwave Background (CMB)

1 End of inflation:
nB = nB̄

2 BBN: (10 ...0.1)MeV

3 tCMB ∼ 3 × 105 y:

SM(s) prediction:
(nB−nB̄)/nγ ∣CMB∼10−18

WMAP+COBE
(2003) observation:
nB/nγ ∣CMB=(6.1±0.3)10−10

What is missing?
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Motivation: Baryon Asymmetry in the Universe

Klaus Kirch 4Fermilab, February 13, 2013

Nature has probably violated CP when
generating the Baryon asymmetry !?

Sakharov 1967: 
B-violation
C & CP-violation
non-equilibrium
[JETP Lett. 5 (1967) 24]

0.3
* WMAP + COBE, 2003
nB / nγ = (6.1 ± ) x 10-10

0.2

Observed *:
(nB-nB) / nγγγγ = 6 x 10-10

SM expectation :
(nB-nB) / nγγγγ ~  10-18

_

_ 

(6.19 ± 0.15 ) x 10-10

[E. Komatsu et al. 2011 ApJS 192]

(adapted from Klaus Kirch (PSI), Fermilab, Feb. 13, 2013)
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Dynamical generation of net baryon number
requires the concurrence of three conditions:

Sakharov Conditions JETP Lett. 5 (1967) 24

1 baryon number B violation . . . . . . . . . . . to depart from initial B = 0

2 C and CP violation . . . . . . . . . . . . to distinguish B and B̄ production

3 no thermal equilibrium . . . . . . . . . . . to escape ⟨B⟩=0 if CPT holds

Investigation of��CP: possible window to physics beyond SM

Complementary approaches:
high energy collider physics (new particles, EWSB, . . . )

←→

high precision low-energy experiments (EDMs, flavor physics)
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The Electric Dipole Moment (EDM)

EDM: d⃗ = ∑i r⃗i ei
subatomicÐÐÐÐÐ→
particles

d ⋅ S⃗/∣S⃗∣
(polar) (axial)

H = −µ S⃗
S ⋅ B⃗ − d S⃗

S ⋅ E⃗

P: H = −µ S⃗
S ⋅ B⃗ + d S⃗

S ⋅ E⃗

T: H = −µ S⃗
S ⋅ B⃗ + d S⃗

S ⋅ E⃗

Any non-vanishing EDM of some
subatomic particle violates P& T

Assuming CPT to hold, CP is violated as well

Strongly suppressed in SM (CKM-matrix): dn ∼ 10−31e cm

Current bounds: dn < 3 ⋅ 10−26e cm, dp < 8 ⋅ 10−25e cm
n: Baker et al. (2006), p prediction: Dimitriev and Sen’kov (2003)∗

∗ input from Hg atom measurement of Griffith et al. (2009)
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A naive estimate of the scale of the nucleon EDM
Khriplovich & Lamoreaux (1997)

CP & P conserving magnetic moment ∼ nuclear magnetonµN

µN = e
2mp

∼ 10−14e cm .

A nonzero EDM requires
parity P violation: the price to pay is ∼ 10−7

( GF ⋅m
2
π ∼ 10−7 with GF ≈ 1.166 ⋅ 10−5GeV−2 ),

and CP violation: the price to pay is ∼ 10−3

( ∣η+− ∣ ≡ ∣A(K
0
L → π

+π−)∣ / ∣A(K 0
S → π

+π−)∣ = (2.232 ± 0.011) ⋅ 10−3 ).

In summary: dN ∼ 10−7 × 10−3 × µN ∼ 10−24e cm

In SM (without θ term): extra m2
πGF factor to undo flavor change

↪ dSM
N ∼ 10−7 × 10−24e cm ∼ 10−31e cm

dN > 10−30e cm →��CP & physics beyond the SMKM observed
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Chronology of upper bounds on the neutron EDM
Upper bounds on the neutron EDM

Smith, Purcell, Ramsey (1957) . . . . . . . . . . . . . . . . . . . Baker et al. (2006)

↪ 5 to 6 orders above SM predictions which are out of reach !
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Theorem: Permanent EDMs of non-selfconjugate∗particles with spin j≠0

Let ⟨jP∣ d⃗ ∣ jP⟩ = d ⟨jP∣ J⃗ ∣ jP⟩ with d⃗ = ∫ r⃗ρ(r⃗)d3r an EDM operator in a
stationary state ∣jP⟩ of definite parity P and spin j ≠ 0, such that

d⃗ → ∓d⃗ & J⃗ → ±J⃗ under { space reflection,
time reversal.

If d ≠0 and state ∣jP⟩has no degeneracy (besides rotational), then�P &�T.

State ∣jP⟩ can be ‘elementary’ particle (quark, charged lepton, W± boson,
Dirac neutrino, ...) or a ‘composite’ neutron, proton, nucleus, atom, molecule

However, d≠0 not to be confused with huge EDMs of H2O or NH3 molecules:
ground states of these molecules at non-zero temperatures or strong E-fields are
mixtures of 2 opposite parity states: the theorem doesn’t apply, neither �T nor�P !

Also not to be confused with induced EDM (polarization):
quadratic (E2) vs. linear (E) Stark effect↔ induced vs. permanent EDM

If the interactions are described by a local, Lorentz-invariant, hermitian
Lagrangian, then CPT invariance holds: thus �T ⇐⇒ ��CP

∗ non-selfconjugate particle is not its own antiparticle⇒ at least one “charge" non-zero
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Permanent EDMs and Form Factors
Here s = 1

2 fermions (f= quark, lepton, nucleon)

⟨f(p′)∣Jµem∣f(p)⟩ = ūf (p′)Γµ(q2)uf (p) q

p′

p

q2 = (p′ − p)2

Γµ(q2) = γµF1(q2) − iσµνqν
F2(q2)

2mf
+ σµνqνγ5

F3(q2)
2mf

+ (/q qµ − q2γµ)γ5Fa(q2)/m2
f

(Dirac F1(q2), Pauli F2(q2), electric dipole F3(q2), and anapole Fa(q2)FFs)

Quark, lepton or nucleon EDM df ∶= F3,f (0)/(2mf )

Heff = i
df

2
f̄σµνγ5f Fµν Ð→ −df σ ⋅ E Ð→ linear Stark effect

Likewise chromo quark EDM with��CP gluon-quark-quark vertex:

i
dcq

2
q̄σµνγ5T aGa

µνq

or weak dipole moment (WDM) with Z-boson f -f vertex: i dZ
f

2 f̄σµνγ5f Zµν .
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Generic features of EDM, chromo EDM or WDM

LEDM = −idf
2 f̄σµνγ5f Fµν = −idf

2 f̄ L σµν f R Fµν + idf
2 f̄ R σµν f L Fµν

1 Sum of the mass dimension of these fields: 3
2 +

3
2 + 2 = 5,

↪ dim(df ) = e × length = e ×mass−1 (such that ∫d4x L ∼ mass0)

↪ non-renormalizable effective interaction

2 For any non-zero EDM (or WDM), ��CP is flavor diagonal !
Note that��CP in SM model (via CKM matrix) is flavor changing.
↪ extra ∼ 10−7 factor multiplies naive estimate dn ≃ 10−24e cm.

3 Chirality in LEDM flipped: 1
2(11−γ5)f = f L↔ f R = 1

2(11+γ5)f
⇒ fermion mass mf insertion (e.g. via Higgs mechanism) needed:

df ∝ mn
f , n = 1,2,3 (depending on the model of��CP)

↪��CP beyond SM: L��CP
BSM =�����1

MT viol
Ldim 5 + 1

M2
T viol
Ldim 6 + . . .
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CP violation in the Standard Model
The conventional source: Kobayashi-Maskawa mechanism

Empirical facts: 3 generations of u/d quarks (& e/ν leptons)

0 < mu < md < ms < mc < mb < mt and me < mµ < mτ

quarks & leptons in mass basis≠ quarks & leptons in weak-int. basis

LSM = Lgauge +Lgauge-fermion +Lgauge-Higgs +LHiggs-fermion is CP inv.,

with the exception of the θ term of QCD (see later)

and the charged-weak-current interaction (⊂ Lgauge-fermion)

Lc-w-c = − gw
√

2
∑3

ij=1 d̄Liγ
µV ij uLj W−

µ −
gw
√

2
∑3

ij=1
¯̀Liγ

µU ij νLj W−

µ +h.c.

V : 3 × 3 unitary quark-mixing matrix U: 3 × 3 unitary lepton-mixing matrix

(Cabibbo-Kobayashi-Maskawa m.) (Maki-Nakagawa-Sakata matrix)

3 angles + 1�CP phase δKM 3 angles +1(3)�CP phase(s) for Dirac (Majorana) νi ’s
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��CP and EDMs and in the SM with JKM = Im(VtbV∗

td Vcd V∗

cb) ≃ 3 ⋅ 10−5

∝ (m2
t −m2

c
M2

EW
)(m2

c−m2
u

M2
EW
)(m2

t −m2
u

M2
EW
) ⋅ (m2

b−m2
s

M2
EW
)(m2

s−m2
d

M2
EW
)(m2

b−m2
d

M2
EW
) ⋅ JKM ≃ 10−15JKM,

Jarlskog (1985)

↪ (nB−nB̄)/nγ ∣SM
T∼20MeV ∼ 10−20 and dSM

n ∼ 10−20 ⋅ 10−14e cm ∼ 10−34e cm

EDM flavor-neutral⇒predictions of KM mechanism tiny (∝G2
F):

1-loop: γ

W− W−
u, c, td d

Vdq V ∗
dq

O(g2w)

��CP phase δKM cancels
↪ prefactor real⇒ d1-loop

q =0

2-loop: d2-loop
q = d2-loop

cq = 0 (Shabalin (1978)). However, d2-loop
4-q ∼ O(g4

W g2
s ):

γ

n nΣ−

π+

g
u, d u, d

s d
c, t c, t

W dKM
n ≃ 10−32e cm because of

long-range pion & ‘strong penguin’
Gavela; Khriplovich & Zhitnitsky (’82)

at ≥ 3-loops: dKM
n ≃ 10−34...10−31e cm,

g

t t

W

b, s

u, c

d

also O(g4
W g2

s )
Khriplovich (1986);
Czarnecki & Krause (’97)
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EDMs in the SM: unconventional θ-term mechanism

The topologically non-trivial
vacuum structure of QCD

induces a direct�P&�T ; ��CP interaction with a new parameter θ:

LQCD = LCP
QCD + θ

g2
s

64π2
εµνρσGa

µνGa
ρσ

Anomalous UA(1) quark-rotations induce mixing with ‘mass’ term

θ
g2

s

64π2
εµνρσGa

µνGa
ρσ

UA(1)Ð→ −θ̄m∗

q∑
f

q̄iγ5qf (m∗q =
mu md

mu+md
reduced mass)

↪ unknown coupling constant is actually θ̄ = θ + arg DetMquark

Naive dim. analysis (NDA) estimate of θ̄-induced neutron EDM is

d θ̄n ∼ θ̄ ⋅
m∗

q

mN
⋅ e
2mn

∼ θ̄ ⋅ 10−2 ⋅10−14e cm ∼ θ̄ ⋅10−16e cm with θ̄ ∼ O(1).

But ∣θ̄∣ < 10−10 from upper bound demp
n < 2.9⋅10−26e cm (Baker et al. (2006))
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How to handle unknown physics beyond SM?
e.g. SUSY, multi-Higgs, Left-Right Symmetric Models, . . .

Roughly two methods
Pick specific models (or rather classes of models)

extensive literature (now motivated by LHC constraints)
methods: (constituent) quark model estimates, Russian sum
rules, lattice calculations, etc. (W. Marciano’s talk)

Application of Effective Field Theories (EFT), e.g.

Write down all interactions among the relevant degrees of
freedom (with masses M < particular scale)
Interactions need to obey the relevant symmetries of the theory
Need a power-counting scheme to order the infinite # interactions
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CP-violating sources beyond the SM (BSM)

Idea: BSM physics and also SM treated as effective field theories

All degrees of freedom beyond a specified scale are integrated out:

↪remaining theory contains relevant degrees o.f. and non-relevant
contact terms governed by symmetry: Lorentz + SM symmetries

Relics of eliminated BSM physics ‘remembered’ by the values of the
low-energy constants (LECS) of the CP-violating contact terms, e.g.

q̃

g

q

g̃

1TeV 100GeV

∼ 1/M̃2
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CP-violating sources beyond SM
Removal of the Higgs and transition to hadronic fields

Add to SM all possible T- and P-odd contact interactions

qEDM qCEDM gCEDM

...

N, π, γ, ...

q, G, γ, H

H H

q, γ, G

100GeV

10GeV

≪ 1GeV

4q

q

q

N

g
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Finding the Sources of EDMsFinding the Source 

(adapted from Jordy de Vries, Jülich, March 14, 2013)
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Relevant ��T & ��P quark sources up to dimension 6
W. Dekens & J. de Vries (2013)

1	  GeV	  	  
+ 	  + 	  + 	  QCD	  	  	  	  	  	  	  

(θ-‐term)	  

γ	  

Quark	  EDM	   Quark	  
chromo-‐EDM	  

Gluon	  
chromo-‐EDM	  

q q 

q q 

2	  Chiral-‐invariant	  
four-‐q	  terms	  

€ 

dL

four-‐quark	  	  	  	  	  
led-‐right	  	  term	  

(FQLR)	  

Relevant dim 4-6 sources 

€ 

uR

€ 

dR
€ 

uL

0.1	  GeV	  	  
EDMs	  of	  proton,	  neutron,	  deuteron,	  

helion	  can	  (parTally)	  disentangle	  these	  

FLQR term based on:
€ 

Ξ1 u Rγ
µdR( ) ˜ ϕ ∗T iDµϕ

Ng	  &	  Tulin	  PRD	  	  ’12	  

JdV	  et	  al	  ‘12	  
Finally:	  

One more four-quark operator 

Energy	  

€ 

Ξ1 v 2 u Rγ
µdR( ) Wµ

+

Integrate	  out	  
heavy	  SM	  fields	  

€ 

uR

€ 

dR
€ 

uL

€ 

dL

€ 

Wµ
+

€ 

dL

€ 

uL

€ 

uR

€ 

dR

€ 

∝ ImΞ1
v 2

MW
2 ≈ ImΞ1

An	  addiTonal	  
unsuppressed	  

4q	  term	  

One	  quark-‐Higgs-‐Higgs	  interac2on	  

€ 

dR

€ 

uR

€ 

Wµ
+

(adapted from Jordy de Vries, Jülich, March 14, 2013)

Total # = 1(θ̄) + 2(qEDM) + 2(qCEDM) + 1(gCEDM) + 1(FQLR) + 2(4q) [+3(semi-lept)]
= 1(dim-four) + 8[+3](dim-six)

Caveat: implicit assumption that ms ≫ mu,md
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EDM-Translator from “quarkish” to “hadronic" language?

↪
Symmetries, esp. Chiral Symmetry and Goldstone Theorem

Low-Energy Effective Field Theory with External Sources

i.e. Chiral Pertubation Theory (suitably extended)
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Hierachy among the sources at the hadronic EFT level
Each source transforms differently under chiral and isospin symmetry

��CP, I ��CP, �I ��CP, I + �I

L�CP
EFT

= g0N†π⃗ ⋅ τ⃗N + g1N†π3N + N†(b0+b1τ3)SµvνFµνN +⋯
⇓ ⇓ ⇓

⋯

dominant
for θ̄ term

suppressed
for θ̄ term

suppressed
by m∗

q ∼ m2
π

LθQCD = −θ̄m∗
∑f q̄f iγ5qf : ��CP, I ⇔ M → M+ θ̄m∗iγ5 , m∗ = mumd

mu+md

↪ θ̄ source breaks chiral symmetry (∝ m∗) but conserves the isospin one

gθ0 ≫ gθ1 : NDA estimate: gθ1 /gθ0 ∼ O(m2
π/m2

n) de Vries et al. (2011)

resonance saturation: gθ1 /gθ0 ∼ O(mπ/mn) ! Bsaisou et al. (2013)
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Hierachy among the sources at the hadronic EFT level
Each source transforms differently under chiral and isospin symmetry

��CP, I ��CP, �I ��CP, I + �I

L�CP
EFT

= g0N†π⃗ ⋅ τ⃗N + g1N†π3N + N†(b0+b1τ3)SµvνFµνN +⋯
⇓ ⇓ ⇓

⋯

dominant
for chromo

qEDM source

dominant
for chromo

qEDM source

mq ∼ m2
π suppressed

for chromo
qEDM source

chromo quark EDM: chiral & isospin symmetries are broken
because of quark masses ; Goldstone theorem respected

4quark Left-Right EDM: explicit breaking of chiral & isospin symmetries
because of underlying W boson exchange ; Goldstone theorem does not apply
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Hierachy among the sources at the hadronic EFT level
Each source transforms differently under chiral and isospin symmetry

��CP, I ��CP, �I ��CP, I + �I

L�CP
EFT

= g0N†π⃗ ⋅ τ⃗N + g1N†π3N + N†(b0+b1τ3)SµvνFµνN +⋯
⇓ ⇓ ⇓

⋯

suppressed
for quark

EDM source

suppressed
for quark

EDM source

dominating
for quark EDM source

quark EDM: Nπ (and NN) interactions are suppressed by αem/(4π)
gluon color EDM (and chiral-4quark EDM): relative O(m2

π) suppression of
Nπ interactions because of Goldstone theorem
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θ-Term Induced Nucleon EDM
single nucleon EDM:

isovector
≈

≪

isoscalar
“controlled” two unknown coefficients

even in SU(3) case: Guo & Meißner (2012)

dn∣isovector
loop = e

gπNN gθ0
4π2

ln(M2
N/m2

π)
2MN

∼ θ̄m2
π ln m2

π

Crewther, di Vecchia, Veneziano & Witten (1979); Pich & de Rafael (1991); Ottnad et al. (2010)

gθ0 =
(mn−mp)strong(1 − ε2)

4Fπε
θ̄ ≈ (−0.018 ± 0.007)θ̄ (where ε ≡ mu−md

mu+md
)

↪ dn∣isovector
loop ∼ (2.1 ± 0.9) ⋅ 10−16 θ e cm Ottnad et al. (2010); Bsaisou et al. (2013)

But what about the two unknown coefficients of the contact terms?
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We’ll always have ... the lattice

However, It’s a long way to Tipperary ...

Results from full QCD calculations for the

neutron EDM and proton EDM

0 0.2 0.4 0.6 0.8 1
m
!

2(GeV2)

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

d N
(e

 fm
)

CP-PACS, Nf=2 clover, "E(#)
CP-PACS, Nf=2 clover, F3(#)
RBC, Nf=2 DW, F3(#)
QCDSF, Nf=2 clover, F3(i#)
Current algebra
Nf=3 DWF, F3(#)

0 0.2 0.4 0.6 0.8 1
m
!

2(GeV2)

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

d P(e
 fm

)

Nf=3 DWF, F3(#)
CP-PACS, Nf=2 clover, F3(#)

Figure 29: dN for neutron and proton

42

	  

Θ	  =	  1PRELIMINARY	  

 	0 0.2 0.4 0.6 0.8 1
m
!

2(GeV2)

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

d N
(e

 fm
)

CP-PACS, Nf=2 clover, "E(#)
CP-PACS, Nf=2 clover, F3(#)
RBC, Nf=2 DW, F3(#)
QCDSF, Nf=2 clover, F3(i#)
Current algebra
Nf=3 DWF, F3(#)

0 0.2 0.4 0.6 0.8 1
m
!

2(GeV2)

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

d P(e
 fm

)

Nf=3 DWF, F3(#)
CP-PACS, Nf=2 clover, F3(#)

Figure 29: dN for neutron and proton

42

PRELIMINARY	  	

(adapted from Taku Izubuchi (BNL), Lattice-QCD calculations for EDMs, Fermilab, Feb. 14, 2013)

Don’t mention the ... light nuclei
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(adapted from Taku Izubuchi (BNL), Lattice-QCD calculations for EDMs, Fermilab, Feb. 14, 2013)

Don’t mention the ... light nuclei
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neutron EDM and proton EDM
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Figure 29: dN for neutron and proton
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(adapted from Taku Izubuchi (BNL), Lattice-QCD calculations for EDMs, Fermilab, Feb. 14, 2013)

Don’t mention the ... light nuclei
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θ-Term Induced Nucleon EDM:
Crewther, di Vecchia, Veneziano & Witten (1979); Pich & de Rafael (1991); Ottnad et al. (2010)

single nucleon EDM:
isovector
≈

≪

isoscalar
“controlled” unknown coefficient

Ð→ lattice QCD required Guo, Meißner (2012)

two nucleon EDM: Sushkov, Flambaum, Khriplovich (1984)

≫

controlled unknown coefficient
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EDM of the Deuteron:
Deuteron as Isospin Filter

note: = ie
2 (1 + τ3) 2N-system: I + S + L=odd

J total
6P 6T

N

N

γ

=
V 6P 6T

+
J 6P 6T

total current irred. potential irred. current

I = 0 I = 0 I=0→ I=1→ I=0 I = 0 I = 0

isospin selection rules!

⇓

������
gθ0N†π⃗ ⋅ τ⃗N at leading order (LO)

⇓
subleading (NLO) gθ1N†π3N acts as ‘new’ leading order (LO)
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Deuteron EDM from the θ̄-term
Bsaisou et al. (2013)

total deuteron EDM dD:
dD = dn + dp + dD(2N)

single-nucleon contribution: EFT has no predictive power
Ð→ experiment or lattice QCD needed

two-nucleon contribution dD(2N): EFT has predictive power

dD(2N) =−(0.59 ± 0.39) ⋅ 10−16 θ̄ e cm
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

+ (0.05 ± 0.02) ⋅ 10−16 θ̄ e cm
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

LO N2LO

helium-3: first results promising: ∣d3He∣ > ∣dn∣
de Vries et al. (2011); Song et al. (2012); Bsaisou et al. (in prep.)

testing procedures:
strategy 1: measure dn (or dp) + Lattice-QCD ; θ̄

testÐ→ dD

strategy 2: measure dn, dp, dD
dD(2N)
Ð→ θ̄

testÐ→ d3He
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If θ̄-term tests fail: effective BSM dim. 6 sources: de Vries et al. (2011)

qEDM qCEDM 4qLR gCEDM + 4qEDM

dD ≈ dp + dn

d3He ≈ dn

dD > dp + dn

d3He > dn

dD > dp + dn

d3He > dn

dD ∼ dp + dn

d3He ∼ dn

|

Ð→ g0, g1 ∝ α/(4π)

2N contribution suppressed by photon loop!

here: only absolute values considered
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If θ̄-term tests fail: effective BSM dim. 6 sources: de Vries et al. (2011)

qEDM qCEDM 4qLR gCEDM + 4qEDM

dD ≈ dp + dn

d3He ≈ dn

dD > dp + dn

d3He > dn

dD > dp + dn

d3He > dn

dD ∼ dp + dn

d3He ∼ dn

|

Ð→ g1 ≫ g0; 3π-coupling (unsuppressed)

2N contribution enhanced!

here: only absolute values considered
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If θ̄-term tests fail: effective BSM dim. 6 sources: de Vries et al. (2011)

qEDM qCEDM 4qLR gCEDM + 4qEDM

dD ≈ dp + dn

d3He ≈ dn

dD > dp + dn

d3He > dn

dD > dp + dn

d3He > dn

dD ∼ dp + dn

d3He ∼ dn

|

Ð→ g1, g0, 4N − coupling

2N contribution difficult to asses!

here: only absolute values considered
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Summary and Outlook

θEDM: relevant low-energy couplings quantifiable

strategy 1: measure dn (or dp) + Lattice-QCD ; θ̄
testÐ→ dD/d3He

strategy 2: measure dn, dp & dD
dD(2N)
Ð→ θ̄

testÐ→ d3He

qEDM, qCEDM, 4QLR:
NDA required to asses sizes of low-energy couplings
disentanglement possible by measurements of
dn, dp, dD and d3He

gCEDM, 4quark chiral singlet:
controlled calculation/disentanglement difficult (lattice ?)

Lattice might directly determine��CP Nπ coupling constants g0

and g1, even for dimension-6 sources, which then can be
used in dD and d3He EFT calculations

next step: full calculation of d3He
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Conclusions

(Hadronic) EDMs play a key role in probing new sources of��CP

May be relevant for the baryon asymmetry of the universe (BAU)

However, no theorem which directly links BAU with the EDMs.

Moreover, no smoking guns exist so far

EDMs of light nuclei provide independent information to nucleon
EDMs and may be even larger & simpler

Deuteron and helium-3 nuclei serve as isospin filters for EDMs

At least the EDMs of p, n, d , and 3He EDMs have to be measured
to disentangle the underlying physics
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