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CP violation and the Electric Dipole Moment (EDM)

Fig. courtesy of Wikimedia
A. Knecht 2008

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 a non-degenerate
(e.g. subatomic) particle violates P& T

Assuming CPT to hold, CP is violated as well (flavor-diagonally)
↪ subatomic EDMs: “rear window” to CP violation in early universe
Strongly suppressed in SM (CKM-matrix): ∣dn∣∼10−31e cm, ∣de ∣∼10−38e cm

Current bounds: ∣dn ∣< 3◇/1.6∗⋅ 10−26e cm, ∣dp ∣< 2 ⋅ 10−25e cm, ∣de ∣< 1 ⋅ 10−28e cm

n: Baker et al.(2006)◇, p prediction: Dimitriev & Sen’kov (2003)∗, e: Baron et al.(2013)†

∗ from ∣d199Hg ∣ < 7.4 ⋅ 10−30e cm bound of Graner et al. (2016) † from polar ThO: ∣dThO ∣ ≲ 10−21e cm
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A naive estimate of the scale of the nucleon EDM
Khriplovich & Lamoreaux (1997); Kolya Nikolaev (2012)

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

and additionally 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 GF F 2
π factor to undo flavor change

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

↪ The empirical window for search of physics BSM(θ=0) is

10−24e cm > ∣dN ∣ > 10−30e cm.
Andreas Wirzba 3 25



Search for EDMs of charged particles in storage rings
General idea:

2013-10-16 EDMs in Storage Rings 5/45
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Search for EDMs in storage rings

 General idea: 

Initially longitudinal polarised particles interact with transversal electric field

build-up of vertical polarisation

measurement with polarimeter

d S⃗

dt
=μ⃗×B⃗+ d⃗×E⃗

Initially longitudinally polarized particles interact with radial E⃗ field
↪ build-up of vertical polarization (measured with a polarimeter)

The spin precession relative to the momentum direction is given by the
Thomas-BMT equation (for β⃗ ⋅ B⃗ = 0, β⃗ ⋅ E⃗ = 0, E⃗ ⋅ B⃗ = 0):

dS⃗∗

dt
= Ω⃗ × S⃗∗ with Ω⃗ = − e

m
(aB⃗ + (β−2 − 1 − a) β⃗ × E⃗ + η(E⃗ + β⃗ × B⃗))

and µ⃗ = (1 + a) e
2m

S⃗/S and d⃗ = η e
2m

S⃗/S
Andreas Wirzba 4 25



Method 1: pure electrostatic ring

Ω⃗ = − e
m

⎛
⎜⎜⎜
⎝
��aB⃗ + (β−2 − 1 − a) β⃗ × E⃗

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
∶=0, “Frozen spin method”

+ η(E⃗ +��
�

β⃗ × B⃗)
⎞
⎟⎟⎟
⎠
Ð→ − e

mηE⃗

only possible for a > 0, i.e. for p and 3H (or 19F), but not for d or 3He
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Method 1: pure electric ring

 Advantage: 
no magnetic field, which interacts 
with anomalous magnetic moment

 Disadvantage:
not possible for deuterons (G < 0)

Ω⃗=−
e

m (G B⃗+(
1

γ2−1
−G )(

β⃗× E⃗

c
) +

η
2
(
E⃗

c
+β⃗×B⃗))

= 0

“Frozen spin method”, only possible for G > 0

Particle G

proton 1.7928473565

deuteron -0.14298727202

³He -4.1839627399

Advantages:
– no magnetic field

– counter rotating beams possible

Disadvantage:
– not possible for deuterons (aD < 0)

srEDM BNL / KAIST Korea (≳ 2000): design for E-ring for protons
Andreas Wirzba 5 25



Method 2: combined electric & magnetic ring

Ω⃗ = − e
m

⎛
⎜⎜⎜
⎝

aB⃗ + (β−2 − 1 − a) β⃗ × E⃗
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

∶=0, “Frozen spin method”

+ η(E⃗ + β⃗ × B⃗)
⎞
⎟⎟⎟
⎠
→ − e

mη(E⃗ + β⃗ × B⃗)
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Method 2: combined electric/magnetic ring

Ω⃗=−
e

m (G B⃗+(
1

γ2−1
−G )(

β⃗× E⃗

c
) +

η
2
(
E⃗

c
+β⃗×B⃗))

 Advantage: 
works for protons, deuterons & ³He

 Disadvantage:
requires a magnetic field

= 0

“Frozen spin method”

Particle G

proton 1.7928473565

deuteron -0.14298727202

³He -4.1839627399

Advantage:
– works for p, deuterons and 3He

Disadvantages:
– requires also magnetic fields

– two beam pipes

– magnetic coils made of copper

JEDI Jülich/Aachen (≳ 2011): design for E/B ring

Andreas Wirzba 6 25



Method 3: pure magnetic ring

Ω⃗ = − e
m

⎛
⎜⎜⎜⎜⎜⎜⎜
⎝

aB⃗
¯

precession in
beam plane

+
���

���
��

( 1
β2 − 1 − a) β⃗ × E⃗ + η(��⃗E + β⃗ × B⃗

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
+ Wien filter:
accumulation
of vertical spin

)

⎞
⎟⎟⎟⎟⎟⎟⎟
⎠
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Method 3: pure magnetic ring

Ω⃗=−
e
m (G B⃗+(

1

γ2−1
−G )(

β⃗× E⃗
c

) +
η

2
(
E⃗
c

+β⃗×B⃗))

 Advantage: 
existing COSY accelerator
→ precursor experiment

 Disadvantage:
lower sensitivity

precession in horizontal plane (MDM)

Influence on vertical spin component (EDM) 

tilt of invariant spin axis

polarized p and D with p = (0.3–3.7)GeV/c

Advantage:
– existing COSY accelerator

↪ precursor experiment:

First attempt for direct measurement
of an EDM of a charged hadron

Disadvantage:
– low sensitivity
≳ 10−21–10−24e cm JEDI at COSY

Recent Achievements PRL 115 (’15), 117 (’16):

- Spin tune ν̄s = −0.16097... ± 10−10 in 100 s

- Spin coherence time τ > 1000 s
- Spin feedback (pol. vector within 12○)
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How to handle CP-violating sources beyond the SM?
Running through the scales W. Dekens & J. de Vries, JHEP ’13

Energy

MCP viol.

‘New’ Physics SUSY? 2Higgsmodels? ...?

?TeV

MEW
100GeV

MQCD

1GeV

EDMmeasurements
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How to handle CP-violating sources beyond the SM?
Running through the scales W. Dekens & J. de Vries, JHEP ’13

Energy

MCP viol.

‘New’ Physics SUSY? 2Higgsmodels? ...?

Integrate out

heavy New Physics

Leff
?TeV

Integrate out

heavy SMfields

L′
eff

MEW
100GeV

MQCD

1GeV

Hadronic/nuclear EDMs

Non-perturbative QCD

Lattice or Chiral PerturbationTheory

SM running

SM running

EDMmeasurements
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How to handle CP-violating sources beyond the SM?
New interactions as higher dimensional operators

Add to the SM all possible effective interactions
SM

SM

SM

SM

SM SM

SM SM

NP

The new interactions appear as higher dimensional operators

Left = LSM +
�
�
�
�
��

∑
i

c(i)
5

M
�T
O(i)

5 +∑
i

c(i)
6

M 2

�T

O(i)
6 + . . .

where M
�T

is the scale of the New Physics particles
Only the lowest dimensional operators should be important
Hadronic EDMs: non-leptonic CP-violating operators of dim. 6
Not of dim. 5 because of Higgs insertion / chiral symm. at EW / low scales

Andreas Wirzba 9 25



How to handle CP-violating sources beyond the SM?
Evaluation in Effective Field Theory (EFT) approach

All degrees of freedom beyond NP (EW) scale are integrated out:

↪ Only SM degrees of freedom remain: q, g, (H, Z , W±, ...)

Write down all interactions for these active degrees of freedom that
respect the SM+ Lorentz symmetries: here dim. 6 or higher order

Need a power-counting scheme to order these infinite # interactions
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

Andreas Wirzba 10 25



CP-violating BSM sources of dimension 6 from above EW scale
to their hadronic equivalents below 1 GeV W. Dekens & J. de Vries JHEP ’13

qEDM qCEDM 4qLR

...

H

H

150GeV

10GeV

≪ 1GeV

q

q

N

g

dRuR

uR

dL uL

dR

H
W±

γ π

gCEDM 4q

H

dL uL

π
N

N

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

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
↪ 5 discriminable classes

[+3+1] [Caveat: ms ≫ mu ,md (& mµ≫me) assumed]
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Road map from EDM Measurements to EDM Sources
Experimentalist’s point of view → ← Theorist’s point of view

Neutron,)
Proton)

Nuclei:))))))))))))))
2H,)3H,3He)

Molecules:)))
YbF,)ThO,)HfF+)

Paramagne?c)
atoms:)))))))
Tl,)Cs)

Diamagne?c)
atoms:))))))

Hg,)Xe,)Ra)

Leptons:)
muon)

Q
CD

)(i
nc
lu
di
ng
)θ
Jt
er
m
))

gluon)chromoJEDM)

leptonJquark)operators)

fourJquark)operators)

nu
cl
ea
r)
th
eo

ry
)

quark)chromoJEDM)

lepton)EDM)

quark)EDM)

FU
N
D
A
M
EN

TA
L)
TH

EO
RY

)

at
om

ic
)th

eo
ry
)

K�U��#��� �,����LJT

YLK\JLK�[V�K�U��#�1.6�,����LJT

K�/N��#�7.4�,�30 LJT

K����#�����,�� �LJT

K�L��#�����,�� �LJT

K�;O6��#���,����LJT

K�;S��#� ���,����LJT


��K�W��#�2.0 ,����LJT

chiral EFT

Lattice QCD

(adapted from Jordy de Vries, Jülich, March 14, 2013)
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EDM Translator
from ‘quarkish/machine’ to ‘hadronic/human’ language?

3-CPO & R2-D2 Dirk Vorderstraße

↪
Symmetries (esp. chiral one) plus Goldstone Theorem

Low-Energy Effective Field Theory with External Sources
i.e. Chiral Perturbation Theory (suitably extended)

Andreas Wirzba 13 25
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Scalings of��CP hadronic vertices – from θ to BSM sources
5 discriminable cases: Mereghetti et al., AP 325 (’10); de Vries et al., PRC 84(’11); Bsaisou et al., EPJA 49(’13)

g0
��CP, I

g1

��CP, �I
d0,d1

��CP, I + �I
(mN∆)
��CP, �I

C1,2 (C3,4)

��CP, I (�I)

L�CP
EFT:

π±, π0

N N

π0

N

γ π

θ-term: O(1) O(Mπ/mN) O(Mπ/mN) O(M2
π/m

2
N) O(M2

π/m
2
N)

qEDM: O(αEM/4π) O(αEM/4π) O(1) O(αEM/4π) O(αEM/4π)

qCEDM: O(1) O(1) O(Mπ/mN) O(M2
π/m

2
N) O(M2

π/m
2
N)

4qLR: O(M2
π/m

2
n) O(1) O(M3

π/m
3
N) O(Mπ/mn) O(M2

π/m
2
N)

gCEDM: O(M2
π/m

2
N)⋆ O(M2

π/m
2
N)⋆ O(1) O(M2

π/m
2
N) O(1)

4q: O(M2
π/m

2
N)⋆ O(M2

π/m
2
N)⋆ O(1) O(M2

π/m
2
N) O(1)

⋆) Goldstone theorem→ relative O(M2
π/m

2
n) suppression of Nπ interactions
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Calculation: from form factors to EDMs

⟨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)γ5
Fa(q2)

m2
f

Dirac FF Pauli FF electric dipole FF (��CP) anapole FF (�P)

↪ df ∶= lim
q2→0

F3(q2)
2mf

for s = 1/2 fermion

Nucleus A
⟨⇑∣ J0

P/T/(q) ∣⇑⟩

in Breit frame
= +

~q

V 6P 6T⇑ ⇑J 6P 6T⇑ ⇑J total
6P 6T ⇑⇑ = −iq3 F A

3 (q⃗
2
)

2mA

²
↪dA
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θ-Term Induced Nucleon EDM
Baluni, PRD (1979); Crewther et al., PLB (1979); ... Pich & de Rafael, NPB (1991); ... Ottnad et al., PLB (2010)

Isospin-conserving πNN coupling:

gθ0 =
(mn−mp)

strong(1 − ε2)

4Fπε
θ̄ ≈ (−15.5 ± 1.9) ⋅ 10−3θ̄ (where ε ≡ mu−md

mu+md
)

↪ dN ∣
isovector
loop ∼ (1.8 ± 0.3) ⋅ 10−16 θ̄ e cm Bsaisou et al., EPJA 49 (2013), JHEP 03 (2015)

Note also: gθ1 = 8c1mN ∆θ
+ (0.6 ± 1.1) ⋅ 10−3θ̄ = (3.4 ± 1.5) ⋅ 10−3θ̄ with the

3-pion coupling: ∆θ
=

ε(1−ε2)
16FπmN

M4
π

M2
K −M2

π
θ̄ +⋯ = (−0.37 ± 0.09) ⋅ 10−3θ̄

single nucleon EDM:
isovector
≈

≪

isoscalar
gθ0 /θ̄ known ; “controlled” “unknown" coefficients

Ð→ lattice QCD required Guo & Meißner, JHEP 12 (2012)
Andreas Wirzba 16 25



Preliminary Lattice (full QCD) results

neutron EDM and proton EDM

3. Recent update (preliminary) 

Mass dependence 

33 

 Comparison 

 Statistical error is still dominant rather than systematic one. 

 Central value is 10 times larger than models.

 Mp
2 dependence is not clear, however its sign is consistent with magnetic 

moment, dN ~ mmmp
2Dm 

ChPT 

Abada et al., PLB256(1991), Aoki, Hatsuda PRD45(1992) 

θ ≡ 1 ! (adapted from Eigo Shintani (Mainz), Lattice calculation of nucleon EDM, Hirschegg, Jan. 14, 2014)

no systematical errors!

Don’t mention the ... light nuclei
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33 

 Comparison 

 Statistical error is still dominant rather than systematic one. 

 Central value is 10 times larger than models.

 Mp
2 dependence is not clear, however its sign is consistent with magnetic 

moment, dN ~ mmmp
2Dm 

ChPT 

Abada et al., PLB256(1991), Aoki, Hatsuda PRD45(1992) 

θ ≡ 1 ! (adapted from Eigo Shintani (Mainz), Lattice calculation of nucleon EDM, Hirschegg, Jan. 14, 2014)

no systematical errors!

↪ dn = θ̄ (−2.7 ± 1.2) ⋅ 10−3 ⋅ e fm and dp = θ̄ (2.1 ± 1.2) ⋅ 10−3 ⋅ e fm
Akan, Guo & Meißner, PLB 736 (2014); see also dn = θ̄(−3.9 ± 0.2 ± 0.9)10−3e fm Guo et al., PRL 115 (2015)

Don’t mention the ... light nuclei
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Preliminary Lattice (full QCD) results

neutron EDM and proton EDM
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N
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3
(θ)

N
f
=2 clover, ∆E

N
f
=2 clover, F

3
(iθ)

Proton

θ̄ ≡ 1 ! Eigo Shintani et al., Phys. Rev. D 93, 094503 (2016) Mπ = 170, 330, 420, 530 MeV

Don’t mention the ... light nuclei
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Single Nucleon Versus Nuclear EDM
Baluni, PRD (1979); Crewther et al., PLB (1979); ... Pich & de Rafael, NPB (1991); ... Ottnad et al., PLB (2010)

single nucleon EDM:
isovector
≈

≪

isoscalar
“controlled” “unknown" coefficients

Ð→ lattice QCD required Guo, Meißner JHEP ’12

two nucleon EDM: Sushkov, Flambaum, Khriplovich Sov.Phys. JETP ’84

≫

controlled unknown coefficient
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EDM of the Deuteron at LO: CP-violating π exchange
LπN
��CP = −dnN†(1 − τ 3)SµvνNFµν − dpN†(1 + τ3)SµvνNFµν

+ (mN∆)π2π3 +���
��

g0N†π⃗ ⋅ τ⃗N + g1N†π3N

+((((
((((C1N†NDµ(N†SµN) +((((

(((
(((

C2N†τ⃗N ⋅ Dµ(N†τ⃗SµN) + ⋯ .

3S1
3S1

3P1

(3D1) (3D1)

LO: ���
��g0N†π⃗ ⋅ τ⃗N (��CP,I) → 0 (Isospin filter!)

NLO: g1N†π3N (��CP, �I) → “LO” in D case

term N2LOχPT N4LOχPT Av18 CD-Bonn units

dD
n 0.939(9) 0.936(8) 0.914 0.927 dn

dD
p 0.939(9) 0.936(8) 0.914 0.927 dp

g1 0.183(17) 0.182(2) 0.186 0.186 g1e fm
∆fg1

−0.748(138) −0.646(23) −0.703 −0.719 ∆e fm
Bsaisou et al., JHEP 03 (2015); A.W., Bsaisou, Nogga, IJMP E26 (2017)

BSM��CP sources: g1 πNN vertex is of LO in qCEDM and 4qLR case

(ΛLS,ΛSFR) = {(0.45, 0.5); (0.6, 0.5); (0.55, 0.6); (0.45, 0.7); (0.6, 0.7)}GeV newAndreas Wirzba 19 25



EDM of the Deuteron at LO: CP-violating π exchange
LπN
��CP = −dnN†(1 − τ 3)SµvνNFµν − dpN†(1 + τ3)SµvνNFµν

+ (mN∆)π2π3 +���
��

g0N†π⃗ ⋅ τ⃗N + g1N†π3N

+((((
((((C1N†NDµ(N†SµN) +((((

(((
(((

C2N†τ⃗N ⋅ Dµ(N†τ⃗SµN) + ⋯ .

3S1
3S1

3P1

(3D1) (3D1)

LO: ���
��g0N†π⃗ ⋅ τ⃗N (��CP,I) → 0 (Isospin filter!)

NLO: g1N†π3N (��CP, �I) → “LO” in D case

Yamanaka & Hiyama, PRC 91 (2015): dD
N = (1 − 3

2 P 3D1
)dN

term N2LOχPT N4LOχPT Av18 CD-Bonn units

dD
n 0.939(9) 0.936(8) 0.914 0.927 dn

dD
p 0.939(9) 0.936(8) 0.914 0.927 dp

g1 0.183(17) 0.182(2) 0.186 0.186 g1e fm
∆fg1

−0.748(138) −0.646(23) −0.703 −0.719 ∆e fm
Bsaisou et al., JHEP 03 (2015); A.W., Bsaisou, Nogga, IJMP E26 (2017)

BSM��CP sources: g1 πNN vertex is of LO in qCEDM and 4qLR case

(ΛLS,ΛSFR) = {(0.45, 0.5); (0.6, 0.5); (0.55, 0.6); (0.45, 0.7); (0.6, 0.7)}GeV newAndreas Wirzba 19 25



3He EDM: results for CP-violating π exchange

3He 3He
g0 g1

g0N†π⃗ ⋅ τ⃗N (��CP, I) g1N†π3N (��CP, /I)
LO: θ-term, qCEDM LO: qCEDM, 4qLR

N2LO: 4qLR NLO: θ term

term A N2LO ChPT Av18+UIX CD-Bonn+TM units

dn
3He 0.904 ± 0.013 0.875 0.902 dn
3H −0.030 ± 0.007 −0.051 −0.038

dp
3He −0.029 ± 0.006 −0.050 −0.037 dp
3H 0.918 ± 0.013 0.902 0.876

∆ 3He −0.017 ± 0.006 −0.015 −0.019 ∆ e fm
3H −0.017 ± 0.006 −0.015 −0.018

g0
3He 0.111 ± 0.013 0.073 0.087 g0 e fm
3H −0.108 ± 0.013 −0.073 −0.085

g1
3He 0.142 ± 0.019 0.142 0.146 g1 e fm
3H 0.139 ± 0.019 0.142 0.144

∆fg1
3He −0.608 ± 0.142 −0.556 −0.586 ∆ e fm
3H −0.598 ± 0.141 −0.564 −0.576

C1
3He −0.042 ± 0.017 −0.0014 −0.016 C1 e fm−2

3H 0.041 ± 0.016 0.0014 0.016
C2

3He 0.089 ± 0.022 0.0042 0.033 C2 e fm−2

3H −0.087 ± 0.022 −0.0044 −0.032
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Discriminating between three scenarios at 1 GeV
Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

1 The Standard Model + θ̄

LθSM = LSM + θ̄m∗
q q̄iγ5q

2 The left-right symmetric model — with two 4-quark operators:

LLR = −i Ξ [1.1(ūRγµuR)(d̄Lγ
µdL) + 1.4(ūR taγµuR)(d̄LtaγµdL)] + h.c.

3 The aligned two-Higgs-doublet model — with the dipole operators:

La2HM = −e
dd

2
d̄ iσµνγ5d Fµν− d̃d

4
d̄ iσµνγ5λ

ad Gaµν+ dW

3
fabcG̃aµνGb

µρGcρ
ν

— with the hierarchy d̃d ≃ 4dd ≃ 20dW

matched on

LπN

�CP EFT = −dnN†(1 − τ 3)SµvνNFµν − dpN†(1 + τ3)SµvνNFµν

+ (mN∆)π2π3 + g0N†π⃗ ⋅ τ⃗N + g1N†π3N

+ C1N†NDµ(N†SµN) + C2N†τ⃗N ⋅ Dµ(N†τ⃗SµN) + ⋯ .
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Testing strategies: SM + θ̄
Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the helion
and neutron EDMs

⋆includes ±0.20 uncertainty from 2N contact terms

Andreas Wirzba 22 25
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Measurement of the helion
and neutron EDMs

d 3He − 0.9dn = −θ̄ (1.01 ± 0.31had ± 0.29⋆nucl) ⋅ 10−16e cm

Extraction of θ̄

⋆includes ±0.20 uncertainty from 2N contact terms
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Measurement of the helion
and neutron EDMs

d 3He − 0.9dn = −θ̄ (1.01 ± 0.31had ± 0.29⋆nucl) ⋅ 10−16e cm

Extraction of θ̄
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Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the helion
and neutron EDMs

d 3He − 0.9dn = −θ̄ (1.01 ± 0.31had ± 0.29⋆nucl) ⋅ 10−16e cm

Extraction of θ̄

dD − 0.94(dn + dp) = θ̄ (0.89 ± 0.29had ± 0.08nucl) ⋅ 10−16e cm

Prediction for dD − 0.94(dn+dp)
(& triton EDM): dNucl

D ≈ −dNucl
3He ≈ 1

2 dNucl
3H

gθ0 = (mn−mp)
strong

(1−ε2
)

4Fπε
θ̄ = (−16±2)10−3θ̄

gθ1
gθ0

≈
8c1(M2

π±−M2
π0 )

strong

(mn−mp)strong , ε ≡ mu−md
mu+md

gθ1/gθ0 ≈ −0.2
⋆includes ±0.20 uncertainty from 2N contact terms
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Testing strategies: minimal LR symmetric Model
Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the deuteron
and nucleon EDMs

⋆includes±0.1 uncertainty from 2N contact terms
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Testing strategies: minimal LR symmetric Model
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Testing strategies: minimal LR symmetric Model
Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the deuteron
and nucleon EDMs

dD − 0.94(dn+dp) ≃ dD = −(2.1 ± 0.5⋆)∆LRe fm

Extraction of ∆LR

d 3He − 0.9dn ≃ d 3He = −(1.7 ± 0.5⋆)∆LRe fm

Prediction for the helion EDM
(& triton EDM): dD ≈ d 3He ≈ d 3H

gLR
1 = 8c1mN ∆LR = (−7.5 ± 2.3)∆LR ,

gLR
0 =

(mn−mp)
strmN

M2
π

∆LR = (0.12 ± 0.02)∆LR

−gLR
1 /gLR

0 ≫ 1 (!) ⋆includes±0.1 uncertainty from 2N contact terms
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Testing strategies: aligned 2-Higgs Doublet Model
Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the deuteron
and nucleon EDMs

⋆includes ±0.01 uncertainty from 2N contact terms
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Testing strategies: aligned 2-Higgs Doublet Model
Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the deuteron
and nucleon EDMs

dD − 0.94(dn+dp)= [(0.18±0.02)g1− (0.75±0.14)∆]e fm

Extraction of geff
1 (including ∆ correction)

⋆includes ±0.01 uncertainty from 2N contact terms
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Measurement of the deuteron
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dD − 0.94(dn+dp)= [(0.18±0.02)g1− (0.75±0.14)∆]e fm

Extraction of geff
1 (including ∆ correction)

+ Measurement of d 3He (or d 3H )

d 3He − 0.9dn
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Extraction of g0

⋆includes ±0.01 uncertainty from 2N contact terms
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Testing strategies: aligned 2-Higgs Doublet Model
Dekens et al. JHEP 07 (2014); Bsaisou et al. JHEP 03 (2015)

Measurement of the deuteron
and nucleon EDMs

dD − 0.94(dn+dp)= [(0.18±0.02)g1− (0.75±0.14)∆]e fm
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1 (including ∆ correction)
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= [(0.11±0.02⋆)g0+(0.14±0.02⋆)g1−(0.61 ± 0.14)∆]e fm
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Summary

D EDM might distinguish between θ̄ and other scenarios and
allows extraction of the g1 coupling constant via dD − 0.94(dn+dp).
(The prefactor of (dn+dp) stands for a 4% probability of the 3D1 state.)

3He (or 3H) EDM necessary for a proper test of θ̄ and LR scenarios:

Deuteron & helion work as complementary isospin filters of EDMs

2N contact terms cannot be neglected for nuclei beyond D

a2HDM case: 3He and 3H EDMs would be needed for a proper test

pure qCEDM: similar to a2HDM scenario

pure qEDM: dD = 0.94(dn + dp) and d 3He/ 3H = 0.9dn/p

gCEDM, 4quark χ singlet: controlled calculation difficult (lattice ?)

Ultimate progress may eventually come from Lattice QCD
↪��CP Nπ couplings g0 & g1 may be accessible even for dim-6 case

Andreas Wirzba 25 25
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Jump slides
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θ-term: ��CP πNN vertices determined from LECs
Leading gθ

0 coupling (from c5) Baluni (1979); Crewther et al. (1979);
Ottnad et al. (2010); Mereghetti et al. (2011);

de Vries et al. (2011); Bsaisou et al. (2013)

gθ0 : N†π⃗ ⋅ τ⃗N-vertex

LπN = ... + c52B N†((mu −md) τ3 +
2m∗θ̄

Fπ
π⃗ ⋅ τ⃗)N + ...

δMstr
np = 4B(mu −md)c5 → gθ0 = θ̄ δMstr

np (1 − ε2) 1
4Fπε

δMem
np → δMstr

np = (2.44 ± 0.18)MeV Walker-Loud (’13); Borsányi et al.(’14)

& mu/md = 0.46 ± 0.03 Flag Working Group (’14)

Ð→ gθ0 = (15.5 ± 1.9) ⋅ 10−3 ⋅ θ̄ Bsaisou et al. (’15)

ε = (mu −md)/(mu +md) , 4Bm∗ = M2
π(1 − ε2), m∗ = mumd

mu+md
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θ-term: subleading gθ
1 coupling (from c1 LEC)

gθ1 : π3NN-vertex ε ∶= (mu−md)/(mu+md)

LπN = ... + c14B N†((mu +md) +
(δM2

π)QCD(1 − ε2) θ̄
2BFπε

π3)N + ...

1 c1 ←→ σπN : c1 = (−1.0 ± 0.3) GeV−1 Compilation: Baru et al. (2011)

2 (δM2
π)QCD ≈ ε

2

4
M4
π

M2
K −M2

π
η, η′
π0

=
π0

↪ gθ1 (c1) = 8c1mN ∆θ in terms of ∆θ =
ε(1−ε2

)

4FπmN

M4
π

M2
K−M2

π
θ̄

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

��CP 3-pion coupling

gθ1 (c1) = (2.8±1.1)10−3θ̄ & ḡθ1 = (0.6±1.1)10−3θ̄ N N(1535) N

η

π0

; gθ1 = (3.4 ± 1.5) ⋅ 10−3θ̄ Bsaisou et al. ’13, ’15

gθ1
gθ0

= −0.22 ± 0.10 ∼ Mπ

mN
≫ ε

M2
π

m2
N

∼ −0.01 (NDA)
Bsaisou et al. ’13, ’15 de Vries et al. (2011)

gθ0 (δMstr
np ) is unnaturally small ! πNN
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Deuteron Quantities in ChPT from NLO to N4LO
Epelbaum, Krebs, Meißner, EPJA 51 & PRL 115 (2015); Binder et al., PRC 93 (2016); and A. Nogga, priv. comm.

∆XNnLO(p) = Qn+2
⋅max

⎡
⎢
⎢
⎢
⎢
⎣

∣XLO
(p)∣ ,

∣XNLO
(p) − XLO

(p)∣

Q2
,
∣XN2LO

(p) − XNLO
(p)∣

Q3
,

∣XN3LO
(p) − XN2LO

(p)∣

Q4
,
∣XN4LO

(p) − XN3LO
(p)∣

Q5

⎤
⎥
⎥
⎥
⎥
⎦

with Q = max
⎛

⎝

∣p∣

Λi
b

,
Mπ

Λi
b

⎞

⎠

and f( r
Ri

) =

⎡
⎢
⎢
⎢
⎢
⎣

1 − exp
⎛

⎝
− r2

R2
i

⎞

⎠

⎤
⎥
⎥
⎥
⎥
⎦

6

with
Ri 0.8 fm 0.9 fm 1.0 fm 1.1 fm 1.2 fm

Λi
b 0.6GeV 0.6GeV 0.6GeV 0.5GeV 0.4GeV

g1 [e ⋅ fm]

NLO, N2LO, N3LO, N4LO

(0.183 ± 0.017)g1efm

↪ (0.1815± 0.0025)g1efm
back
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Deuteron Quantities in ChPT from NLO to N4LO
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(p) − XLO

(p)∣

Q2
,
∣XN2LO

(p) − XNLO
(p)∣

Q3
,

∣XN3LO
(p) − XN2LO

(p)∣

Q4
,
∣XN4LO

(p) − XN3LO
(p)∣

Q5

⎤
⎥
⎥
⎥
⎥
⎦

with Q = max
⎛

⎝

∣p∣

Λi
b

,
Mπ

Λi
b

⎞

⎠

and f( r
Ri

) =

⎡
⎢
⎢
⎢
⎢
⎣

1 − exp
⎛

⎝
− r2

R2
i

⎞

⎠

⎤
⎥
⎥
⎥
⎥
⎦

6

with
Ri 0.8 fm 0.9 fm 1.0 fm 1.1 fm 1.2 fm

Λi
b 0.6GeV 0.6GeV 0.6GeV 0.5GeV 0.4GeV

ED
B [MeV]

NLO, N2LO, N3LO, N4LO

(−2.2233 ± 0.0004)MeV
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Deuteron Quantities in ChPT from NLO to N4LO
Epelbaum, Krebs, Meißner, EPJA 51 & PRL 115 (2015); Binder et al., PRC 93 (2016); and A. Nogga, priv. comm.

∆XNnLO(p) = Qn+2
⋅max

⎡
⎢
⎢
⎢
⎢
⎣

∣XLO
(p)∣ ,

∣XNLO
(p) − XLO

(p)∣

Q2
,
∣XN2LO

(p) − XNLO
(p)∣

Q3
,

∣XN3LO
(p) − XN2LO

(p)∣

Q4
,
∣XN4LO

(p) − XN3LO
(p)∣

Q5

⎤
⎥
⎥
⎥
⎥
⎦

with Q = max
⎛

⎝

∣p∣

Λi
b

,
Mπ

Λi
b

⎞

⎠

and f( r
Ri

) =

⎡
⎢
⎢
⎢
⎢
⎣

1 − exp
⎛

⎝
− r2

R2
i

⎞

⎠

⎤
⎥
⎥
⎥
⎥
⎦

6

with
Ri 0.8 fm 0.9 fm 1.0 fm 1.1 fm 1.2 fm

Λi
b 0.6GeV 0.6GeV 0.6GeV 0.5GeV 0.4GeV

∆fg1 [e ⋅fm]

NLO, N2LO, N3LO, N4LO

(−0.748 ± 0.138)∆efm

↪ (−0.646 ± 0.023)∆efm
back
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Deuteron Quantities in ChPT from NLO to N4LO
Epelbaum, Krebs, Meißner, EPJA 51 & PRL 115 (2015); Binder et al., PRC 93 (2016); and A. Nogga, priv. comm.

∆XNnLO(p) = Qn+2
⋅max

⎡
⎢
⎢
⎢
⎢
⎣

∣XLO
(p)∣ ,

∣XNLO
(p) − XLO

(p)∣

Q2
,
∣XN2LO

(p) − XNLO
(p)∣

Q3
,

∣XN3LO
(p) − XN2LO

(p)∣

Q4
,
∣XN4LO

(p) − XN3LO
(p)∣

Q5

⎤
⎥
⎥
⎥
⎥
⎦

with Q = max
⎛

⎝

∣p∣

Λi
b

,
Mπ

Λi
b

⎞

⎠

and f( r
Ri

) =

⎡
⎢
⎢
⎢
⎢
⎣

1 − exp
⎛

⎝
− r2

R2
i

⎞

⎠

⎤
⎥
⎥
⎥
⎥
⎦

6

with
Ri 0.8 fm 0.9 fm 1.0 fm 1.1 fm 1.2 fm

Λi
b 0.6GeV 0.6GeV 0.6GeV 0.5GeV 0.4GeV

P3D1

NLO, N2LO, N3LO, N4LO

dD
n,p = (0.939 ± 0.009)dn

↪ dD
n,p = (0.936±0.008)dn
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Deuteron Quantities in ChPT from NLO to N4LO
Epelbaum, Krebs, Meißner, EPJA 51 & PRL 115 (2015); Binder et al., PRC 93 (2016); and A. Nogga, priv. comm.

∆XNnLO(p) = Qn+2
⋅max

⎡
⎢
⎢
⎢
⎢
⎣

∣XLO
(p)∣ ,

∣XNLO
(p) − XLO

(p)∣

Q2
,
∣XN2LO

(p) − XNLO
(p)∣

Q3
,

∣XN3LO
(p) − XN2LO

(p)∣

Q4
,
∣XN4LO

(p) − XN3LO
(p)∣

Q5

⎤
⎥
⎥
⎥
⎥
⎦

with Q = max
⎛

⎝

∣p∣

Λi
b

,
Mπ

Λi
b

⎞

⎠

and f( r
Ri

) =

⎡
⎢
⎢
⎢
⎢
⎣

1 − exp
⎛

⎝
− r2

R2
i

⎞

⎠

⎤
⎥
⎥
⎥
⎥
⎦

6

with
Ri 0.8 fm 0.9 fm 1.0 fm 1.1 fm 1.2 fm

Λi
b 0.6GeV 0.6GeV 0.6GeV 0.5GeV 0.4GeV

As [fm−1/2
]

NLO, N2LO, N3LO, N4LO

(0.8844 ± 0.0001) fm−1/2
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Deuteron Quantities in ChPT from NLO to N4LO
Epelbaum, Krebs, Meißner, EPJA 51 & PRL 115 (2015); Binder et al., PRC 93 (2016); and A. Nogga, priv. comm.

∆XNnLO(p) = Qn+2
⋅max

⎡
⎢
⎢
⎢
⎢
⎣

∣XLO
(p)∣ ,

∣XNLO
(p) − XLO

(p)∣

Q2
,
∣XN2LO

(p) − XNLO
(p)∣

Q3
,

∣XN3LO
(p) − XN2LO

(p)∣

Q4
,
∣XN4LO

(p) − XN3LO
(p)∣

Q5

⎤
⎥
⎥
⎥
⎥
⎦

with Q = max
⎛

⎝

∣p∣

Λi
b

,
Mπ

Λi
b

⎞

⎠

and f( r
Ri

) =

⎡
⎢
⎢
⎢
⎢
⎣

1 − exp
⎛

⎝
− r2

R2
i

⎞

⎠

⎤
⎥
⎥
⎥
⎥
⎦

6

with
Ri 0.8 fm 0.9 fm 1.0 fm 1.1 fm 1.2 fm

Λi
b 0.6GeV 0.6GeV 0.6GeV 0.5GeV 0.4GeV

η = D/S

NLO, N2LO, N3LO, N4LO

(0.02555 ± 0.00001)
back
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