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Outline

Nucleon Electric Dipole Moments: Introduction 
• Motivation 
• Experimental status & outlook 
• Lattice methodology 

Studies of θQCD -induced nucleon EDM 
• Noise reduction with subvolume top.charge sampling 
• Results from lattices with heavy pions m𝜋≳330 MeV 
• Outlook for physical point calculations 

Novel method for θQCD-induced physics 
• Electric dipole moments induced by quark chromo-EDM 

Summary & Outlook
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Nucleon Electric Dipole Moments

EDMs are the most sensitive probes of CPv: 

Signals for beyond SM physics  
(SM = 10-5 of the current exp.bound) 

Prerequisite for Baryogenesis 

Strong CP problem : θQCD-induced EDM?

~dN = dN
~S

S

H = �~dN · ~E

hNp0 |Jµ|N̄pi��CP = ūp0
⇥
F1�

µ + (F2 + iF3�5)
�µ⌫(p0 � p)⌫

2mN

⇤
up

Dirac Pauli 
(anom.magnetic)

Electric dipole

A.Sakharov's conditions for  
baryon asymmetry in the Universe  
[JETP letters, 1967] 

P, CP symmetry violation 
Baryon number violation 
non-equilibrium transition
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Experimental Outlook

Future nEDM sensitivity : 
1–2 years : next best limit? 
3–4 years : x10 improvement 
7-10 years : x100 improvement

Moore’s Law for Neutron EDM Searches

6

10-28 e cm
CURRENT LIMIT <300
Spallation Source @ORNL < 5
Ultracold Neutrons @LANL ~30
PSI EDM <50 (I), <5 (II)
ILL PNPI <10
Munich FRMII < 5
RCMP TRIUMF <50 (I), <5 (II)
JPARC < 5
Standard Model (CKM) < 0.001

[B.Filippone's talk, KITP 2016]

Current nEDM limits: 
                                               (stored UC neutrons)  
[Baker et al, PRL97: 131801(2006)] 
                                               (199Hg) 
[Graner et al, PRL116:161601(2016)] 
 
SM prediction from CKM CP 

|dn| < 2.9⇥ 10�26 e · cm

|dn| < 1.6⇥ 10�26 e · cm

Other nuclear EDM experiments:  
light nuclei in storage rings, octupole-deformed 225Ra, etc
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Energy 
scale

QCDHadron TeVNuclearAtomic

q EDM

q cEDM

e-q int

4-q int

ggg

θ-term

N EDM

e-N int

N-N int

Schiff 
moment

MQM

Paramagnetic 
 Atom EDM 
/ Molecules

Diamagnetic 
 Atom 
EDM

Nuclear 
EDM

Left-Right

Leptoquark

Composite 
models

Extradimension

observable : Observable available at experiment

: Sizable dependence

: Weak dependence

Standard Model

Supersymmetry

e,µ EDM

: Matching

(RGE)

Higgs doublets

(θ-term)(PQM)

(PQM)

BSM physics:

Nucleon EDMs: a Window into New Physics

Effective quark-gluon CPv interactions:  
dimension ⟺ scale of BSM physics 
[ Engel, Ramsey-Musolf, van Kolck, 
Prog.Part.Nucl.Phys. 71:21 (2013)]

Lattice QCD: 
quark-gluon CPv ⟹  nucleon/pion CPv 

(Nucleon EDM + 𝜋NN CP interactions)

dn,p = d✓n,p✓QCD + dcEDM
n,p ccEDM + . . .

Leff =
X

i

ci
[⇤(i)]di�4

O[di]
i

d=4 :  θQCD

d=5(6) :  quark EDM, chromo-EDM

d=6 :  4-fermion CPv, 3-gluon (Weinberg)

dn,p
Fn,p
3 (Q2)

ci () dn,p ?

[Yamanaka et al, EPJA53:54 (2017)]

required to constrain θQCD, ccEDM, ...
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CPv in QCD on a Lattice

CP-odd interaction as perturbation   
[ S. Aoki et al (2005); F. Berruto et al (2005); A.Shindler et al (2015) ;  
C. Alexandrou et al (2015) ; E. Shintani et al (2016)]

2. Strategy and method in lattice QCD 

Imaginary q
` Analytical continuation to pure imaginary q

Izubuchi(2007), Horsley et al. (2008), Guo et al., (2015)

13

• There is no sign problem, then 
expect better signal.

• Need to generate the new QCD 
ensemble with qI

• Distribution of Q is shifted by qI

• EDM can be measured by 
spectrum or form factor in qI

vacuum.
• Challenging work if going to 

realistic lattice.

using q →qI then p is normal distribution function.

Finite (imaginary) CPv: θIQCD  
[ R.Horsley et al (2008) ; F.K.Guo et al (2015) ]

require dedicated QCD simulation  
⟹ better sampling of Q≠0 sectors

hO . . .i✓ ⇠
Z

DU e�S�✓IQ (O . . .)

��CP      operator: GG̃, cEDM,  
GGG̃(Weinberg), ...

��CP coupling

hO . . .i��CP = hO . . .iCP�even � i✓hQ · O . . .iCP�even +O(✓2)

(n) → (n+1) correlation function
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Determination of  Nucleon EDM
Nucleon energy shift in uniform electric field  
[S.Aoki et al '89 ; E.Shintani et al '06;   
E.Shintani et al, PRD75, 034507(2007)]

hN(t)N̄(0)i✓,~E ⇠ e�(E±~dN ·~E)t

0 5 10 15
t

0.998

0.999

1

1.001

1.002

E=0.004,θ=0.1
E=-0.004,θ=0.1

Neutron, R3
(w/oθ=0)

0 5 10 15
t

0.998

0.999

1

1.001

1.002

E=0.004,θ=0.1
E=-0.004,θ=0.1

Proton, R3
(w/oθ=0)

FIG. 5: The time behavior of R(w/oθ=0)
3 (E, t; θ) in E = ±0.004, θ = 0.1 with domain-wall fermion.

(Top) neutron case, (bottom) proton case.

28

P,T-odd Form Factor dN=F3(0)/2mN  
[E.Shintani et al '05, '15 ; F.Berruto et al '05 ; A.Shindler et al '15 ; C.Alexandrou et al'15]

Euclidean lattice: 
Real-valued E̅ ⟹ time-BC violated 
Imag-valued E̅⟹imaginary shift in mN

hNp0 |q̄�µq|Npi��CP = ūp0
⇥
F1�

µ + (F2 + iF3�5)
i�µ⌫(p0 � p)⌫

2mN

⇤
up = Vµ +Aµ

Require extrapolation F3(Q2→0)

0.00 0.05 0.10 0.15 0.20

Q2 [GeV2]

0

20

40

60

80

100

F
3n

,
(c

E
D

M
) d

�
u

T = 8a

T = 9a

T = 10a

bare LQCD data 
 PRELIMINARY
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Nucleon "Parity Mixing"

N = u [uTC�5d]

hvac|N |p,�i��CP = ei↵�5up,� = ũp,�

CPv interaction induces a chiral phase in nucleon wave functions on a lattice

X

�

ũp,�
¯̃up,� ⇠

�
� i/pE +mNe2i↵�5

�

hNp0 |q̄�µq|Npi��CP = ūp0
⇥
F1�

µ + (F2 + iF3�5)
i�µ⌫(p0 � p)⌫

2mN

⇤
up = Vµ +Aµ

correction to F3 results prior to 2017:
“dn,p” ⇡ [dn,p]true � 2↵

n,p

2mN

�4u = +u

ū�4 = +ū
,   with

[M.Abramczyk, S.Aoki, S.N.S, et al (2017) arXiv:1701.07792]  
EDM and MDM are defined with positive-parity spinors

0.0 0.5 1.0 1.5 2.0 2.5 3.0
✓̄

�0.6

�0.5

�0.4

�0.3

�0.2

�0.1

0.0

0.1

F̄
3
(0

)

m⇡ = 465MeV

m⇡ = 360MeV

�100

�80

�60

�40

�20

0

20

F
3n

,
(c

E
D

M
) U

E/E0 = ±1

E/E0 = ±2

NEW F3(T = 8)

NEW F3(T = 10)

OLD F3(T = 8)

OLD F3(T = 10)

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Q2 [GeV2]

�100

�80

�60

�40

�20

0

20

F
3n

,
(c

E
D

M
) D

"old" F3 

"new" F3bg. electric 
field result

check: cEDM-induced EDM / EDFF 
comparison of form factor F3  
to energy shift in background E̅=const
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Nucleon "Parity Mixing"

N = u [uTC�5d]

hvac|N |p,�i��CP = ei↵�5up,� = ũp,�

CPv interaction induces a chiral phase in nucleon wave functions on a lattice

X

�

ũp,�
¯̃up,� ⇠

�
� i/pE +mNe2i↵�5

�

hNp0 |q̄�µq|Npi��CP = ūp0
⇥
F1�

µ + (F2 + iF3�5)
i�µ⌫(p0 � p)⌫

2mN

⇤
up = Vµ +Aµ

�4u = +u

ū�4 = +ū
,   with

[M.Abramczyk, S.Aoki, S.N.S, et al (2017) arXiv:1701.07792]  
EDM and MDM are defined with positive-parity spinors

After removing the spurious contribution,  
no lattice signal for θQCD-induced nEDM  
RESOLVED conflict with pheno. values, lack of dN ~ mq scaling

[ETMC 2016]

[Shintani et al 2005]

[Berruto et al 2006]

[Guo et al 2015]

20

Table III: Corrections to the results reported in earlier calculations of ✓̄-induced nucleon EDMs for the nucleon (n) and the
proton(p). Some of the used values are at nonzero momentum transfer Q

2. Both form factors F

2,3

are quoted as dimensionless
(in “magneton” units e/(2m

N

)). The errors for F

3

are taken equal to those of F̃

3

except for Ref. [8], in which the errors are
extracted from our interpolation of the corrected F̄

3

(✓̄) values (see Fig. 16). In the first row, the correction follows the original
conventions [10] exactly. In the following rows, the parity-mixing angles ↵ have been transformed to ↵ < 0, and the EDMs
have been corrected with F

3

= F̃

3

+ 2↵F

2

using the assumptions discussed in the text.

m

⇡

[MeV] m

N

[GeV] F

2

↵ F̃

3

F

3

[10] n 373 1.216(4) �1.50(16)a �0.217(18) �0.555(74) 0.094(74)
[5] n 530 1.334(8) �0.560(40) �0.247(17)b �0.325(68) �0.048(68)

p 530 1.334(8) 0.399(37) �0.247(17)b 0.284(81) 0.087(81)
[6] n 690 1.575(9) �1.715(46) �0.070(20) �1.39(1.52) �1.15(1.52)

n 605 1.470(9) �1.698(68) �0.160(20) 0.60(2.98) 1.14(2.98)
[8] n 465 1.246(7) �1.491(22)c �0.079(27)d �0.375(48) �0.130(76)d

n 360 1.138(13) �1.473(37)c �0.092(14)d �0.248(29) 0.020(58)d

aEstimated as (� 1

2

F v

2

(0)) from Ref. [33] assuming F s

2

⇡ 0.
bThe value f

1n

was reported incorrectly in Ref. [5] with a factor of 1

2

[34].
cFrom Ref. [35] where F

2

was computed with ✓̄ = 0.
dEstimated from a linear+cubic fit to plotted ↵̄(✓̄) and F ✓

3

data [8].

Figure 16: Corrected (filled symbols) and original (open symbols) values for the neutron form factor F

3

at a nonzero imaginary
✓ angle from Ref. [8]. The linear parts in the limit ✓ ! 0 are shown in Table III.

conventions. For example, using Eq.(55) from Ref. [10],

⇧0

3pt,Q

�
�

k

=
i

4
(1 + �

0

)�
5

�
k

�
⇠ iQ

k

2m
N

⇥
↵1

�
F

1

+
E

N

+ 3m
N

2m
N

F
2

�
+

E
N

+ m
N

2m
N

F̃
3

⇤

=
iQ

k

2m
N

⇥
↵1G

E

+ (1 + ⌧) (F̃
3

+ 2↵1F
2

)| {z }
F3

⇤
,

(73)

where ⌧ = E

N

�m

N

2m

N

introduced in Eq.(C6) and G
E

= F
1

� ⌧F
2

is the Sachs electric form factor. Comparing the above
equation to the expected form (C12), for the corrected value of F

3

we obtain

F
3

(Q2) = F̃
3

(Q2) + 2↵1F
2

(Q2) , (74)

which holds for any value of Q2.
Although it is more suitable that the original authors of Refs. [5–11] reanalyze their data with these new formulas,

it is interesting to examine whether the presently available lattice calculations yield nonzero values for the ✓̄-induced
nucleon EDMs after corrections similar to Eq. (74) have been applied. The most precise result for F

3n

(0) that
also allows us to perform the correction unambiguously is Ref.[10], which reports an 8� nonzero value for F

3

(0) =
�0.56(7) from calculations with dynamical twisted-mass fermions at m

⇡

= 373 MeV. However, when we apply the
corresponding correction (74), the value becomes 0.09(7) and essentially compatible with zero.

Calculations with a finite imaginary ✓ angle [7, 8] yield the most precise values of the neutron EDM to date.
However, they do not contain su�cient details to deduce the proper correction for F

3

. It must also be noted that it

{
{
{

𝛳-nEDM
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Importance of  "Parity Mixing" Correction

For proton, nonzero correction ~ α5 
For neutron, zero correction at Q2=0  
however, may skew Q2→0 extrapolation in practice

10

Exact value of α5 is critical for correct determination of EDM:

CPv matrix element Sachs form factor  
subtraction

F lat
3 (Q2) ⇡ m

q3
hN"(0)|q̄�4q|N"(�q3)i��CP| {z }

� ↵5GE(Q
2)| {z }
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Nucleon EDM Induced by Quark Chromo-EDM

Chiral symmetry is important: 
O(a) clover term in, e.g., Wilson fermion action ≣ chromo-magnetic DM

Lclover = a
c

4
q̄ [Gµ⌫�

µ⌫ ] q

LcEDM =
X

q=u,d

�̃q
2
q̄ [Gµ⌫�

µ⌫�5] q

In presense of CPv,  condensate is realigned  q ! ei�5⌦q

hvac|Lm + L��CP |⇡ai = 0so that

leading to mixing (chromo)EDM ⟺(chromo)MDM:

�LcEDM = �(q̄ [D̃qGµ⌫�
µ⌫�5] q) = q̄ [{⌦, D̃q}Gµ⌫�

µ⌫ ] q) ⇠ �LcMDM

dim-5 operator : O(a-2) mixing with dim-3 pseudoscalar density 
⇒ evaluate&subtract p,nEDM induced by PS density P = q̄�5q

[T.Bhattacharya et al, 1502.07325]

P-,T-odd Dim-5 operator (Dim-6 with Higgs vev)

cEDM 
operator 
on a lattice
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Quark-Gluon EDM: Insertions of  dim-5 Operators

du u

du u

du u

du u

du u

du u

du u

du u

du u

du u

du u

du u

du u

du u

�u ! du �u ! dd �d ! du �d ! dd} }} }

This work: Only quark-connected insertions

du u

du u

du u

du u

du u

du u

du u

du u

du u

du u

In future: Single- and double-disconnected diagrams 
(contribute to isosinglet cEDM, mix with θ-term)

L(5) =
X

q

d̃q q̄(G · �)�5q
hN(y) [ ̄�µ ]z N̄(0)

Z
d

4
x q̄(G · �)�5qi

hN(y) N̄(0)

Z
d

4
x q̄(G · �)�5qi

12
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Nucleon Vector (Sachs) Form Factors

GE = F1 �
Q2

4m2
N

F2

GM = F1 + F2

�0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

G
E

p [Alberico]
T = 8a

T = 9a

T = 10a

T = 11a

T = 12a

fit-c3
�0.10

�0.05

0.00

0.05

0.10

G
E

n

0.0 0.1 0.2 0.3 0.4

Q2 [GeV2]

�0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

G
M

p

0.0 0.1 0.2 0.3 0.4

Q2 [GeV2]

�3.0

�2.5

�2.0

�1.5

�1.0

�0.5

0.0

G
M

n

Physical point 
DWF Nf=2+1 

483x96, a=0.114 fm

~30 M core*hours @Mira (Bluegene/Q) 
[with RBC collaboration, in prep.]
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Parity Mixing : cEDM and pseudoscalar(*)

N� = ✏abc ua
� (u

aT C�5dc)

hN(t)N̄(0)i��CP =
�i/p+mNe2i↵5�5

2mN
e�EN t

0 2 4 6 8 10 12 14
t

�400

�300

�200

�100

0

100

↵
5 volpsc.U

volpsc.D

mixing from d-PS

mixing from u-PS

0 2 4 6 8 10 12 14
t

�400

�300

�200

�100

0

100

↵
5

volcedm.orig.U
volcedm.orig.D

mixing from d-cEDM

mixing from u-cEDM

(flavor labels for the proton uud)

(*)connected-only, bare cEDM and PS operators

Physical point 
DWF Nf=2+1 

483x96, a=0.114 fm

↵̂5 =
↵5

d̃
= �

ReTr
⇥
T+�5 · �CPC2pt(t)

⇤

ReTr
⇥
T+ · C2pt(t)

⇤ , t ! 1
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Neutron EDM FF from Isovector Quark cEDM

Neutron EDM induced by (u-d) chromoEDM 
isovector CPv interaction: no mixing with θQCD term  
disconnected corrections are required for final answer 
(although found very small for neutron F2(Q2))

0.00 0.05 0.10 0.15 0.20

Q2 [GeV2]

0

20
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100
F

3n
,

(c
E

D
M

) d
�

u
T = 8a

T = 9a

T = 10a

neutron EDM from 
isovector cEDM

Physical point 
DWF Nf=2+1 

483x96, a=0.114 fm

physical point calculations

PRELIMINARY

(*)connected-only; bare cEDM and PS operators
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�200
�150
�100
�50

0
50

100
150
200

F
3p

,
(c

E
D

M
) u

F
3p

,
(c

E
D

M
) d

0.00 0.05 0.10 0.15 0.20

Q2 [GeV2]

�200
�150
�100
�50

0
50

100
150
200

F
3n

,
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D

M
) d

Proton & Neutron EDM FF from u,d cEDM (*)

Neutron, u-cEDMProton,  u-cEDM

Neutron, d-cEDMProton,  d-cEDM

(*)connected-only; bare cEDM and PS operators

Physical point 
DWF Nf=2+1 

483x96, a=0.114 fm
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Proton & Neutron EDM FF from u,d Pseudoscalar

(*)connected-only, bare cEDM and PS operators

Physical point 
DWF Nf=2+1 

483x96, a=0.114 fm

Neutron, u-PSProton,  u-PS

Neutron, d-PSProton,  d-PS

17



Calculations of nEDMs on a Lattice Jefferson Lab Theory Seminar,  Dec 9, 2019

    /34   

Sergey N. Syritsyn

Renormalization of  cEDM: RI-MOM

Problem: divergent contact terms of gauge-dependent quark fields and operators 
⟹ mixing with gauge-dependent and EoM-vanishing operators [Collins, "Renormalization"]

C @2P E mFF̃ mGG̃ (m@ ·A)1 (m@ ·A)2 (m2P )1 (m2P )2 (m2P )3 PEE @ ·AE A@ AA(�)

C x x x x x x x x x x x x x x
@2P x
E x

mFF̃ x
mGG̃ x x

(m@ ·A)1 x
(m@ ·A)2 x
(m2P )1 x
(m2P̂ )2 x
(m2P̂ )3 x

PEE x x x
@ ·AE x
A@ x x x x

AA(�) x

Table 1: Mixing structure of the dimension-5 operators, with “x” representing non-zero entries.
Throughout, we neglect effects proportional to the electroweak coupling ↵EW .

Finally, since we are working to first order in insertions of the new physics operator, each
sector labeled by the diagonal flavor structure ta (a = 0, 3, 8) renormalizes independently, so
that the renormalization matrix has a block-diagonal form in flavor space.

4 Green’s function calculations
In order to determine Zij and the relation between MS and the RI-S̃MOM scheme to be defined
in Section 6 below, we will study amputated two- and three- point functions4 with operator
insertion, defined as follows

Z

d4x e�iq·x hg(p0, ✏⇤0)|O(x) |g(p, ✏)i = (2⇡)4 �(4)(q + p� p0) ✏⇤
0

µ (p
0) �µ⌫

O (p, p0) ✏⌫(p) (50)
Z

d4x e�iq·x hq(p0)|O(x) |q(p)i = (2⇡)4 �(4)(q + p� p0) ū(p0)�
(2)
O (p, p0)u(p) (51)

Z

d4x e�iq·x hq(p0), g(k, ✏⇤)|O(x) |q(p)i = (2⇡)4 �(4)(q + p� p0 � k) ū(p0)�
(3)
O (p, p0, k)u(p).(52)

4Since the terminology of lattice simulations also counts the points at which the operator is inserted, these
correspond to three- and four- point functions in that terminology.

14

cEDM

n
mixing in RI-MOM 
due to fixed gauge

GG̃

"Momentum-scheme" : matrix elements between virtual quark states in Landau gauge 
[T.Bhattacharya et al , PRD92(2015) 114026]

Total: 14 operators (all flavor combinations)  
[T.Bhattacharya et al , PRD92(2015) 114026]
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Renormalization of  cEDM: Position Space

Matching CPv operators  
lattice ⟹ MSbar 
(isovector)

Alternative: matching short-distance correlators at X ≈ µ-1 ≪ (𝛬QCD)-1  
("position space scheme"); extending work of [Gimenez et al (2004); Chetyrkin(2010)]
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The amplitude for figure 7f is
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Evaluating this in momentum space is straightforward using the techniques discussed in appendices B and C. It involves
a straightforward fourier transform of the gluon propagator from x to y, and a diagram with the same topology as that in
figure 3.
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7

( (
Also

P = q̄�5q
C = q̄

⇥1
2
(�µ⌫G

µ⌫)�5
⇤
q

Isoscalar cEDM (d=5) will also mix with GG̃ (d=4) ⇒ "noisy" subtraction on a lattice 

NLO(αS) in MSbar

CMS = ZC [C]lat + ZC/m2P [m
2P]lat

hC(r)C(0)iMS = Z2
C hC(r) C(0)ilat

+ 2ZCZC/m2P hm2P(r) C(0)ilat

+ Z2
C/m2P hm2P(r)m2P(0)ilat

hC(r)C(0)i(1) =

[M.Kellerstein, SNS, in preparation]

hC(r)P(0)i
hP(r)P(0)i
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Renormalization of  cEDM: Position Space

evident mixing from lattice data 
minimal displacement |r|=2 {1,1,1,1} 
to avoid contact terms 
⇨narrow window to avoid NP effects (pions): 
|r|≲(0.5 GeV)-1 ≈ (3..4) a 
isoscalar cEDM will also require  
disconnected correlators and mix with (GG̃)

LO scaling of correlators 
(dim.analysis)

8
<

:

hP(r)P(0)iLO ⇠ r�6

hC(r)P(0)iLO ⇠ r�8

hC(r)C(0)iLO ⇠ r�10

Isovector cEDM: 
no GG̃ mixing

hC(r)P(0)i

hP(r)P(0)i

hC(r)C(0)i

⇠ r�6

⇠ r�8

⇠ r�10

⇠ r�6

⇠ r�8

⇠ r�10

⇠ r�6

⇠ r�8

⇠ r�10
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EDM from θ-Term: Noise from Global Qtop

Variance of lattice θ-induced nEDM signal ~ (Volume)4d :

Constrain Q sum to the fiducial volume 
in time around current, |tQ – tJ| < Δt   
[E.Shintani et al (2015); B.Yoon et al (2019)]  
in time around source, |tQ – tsource| < Δt [J. Dragos, talk on Tue] 
4-d sphere around sink, |xQ – xsink| < R [K.-F.Liu et al, (2017)]:

Top. charge h|Q|2i ⇠ V4Q ⇠
Z

V4

(GG̃) ,   with

Proper treatment of nucleon parity mixing is  
critical for correct determination of F3 

⟹ nucleon must "settle" in the new θ≠0 vacuum

⟹ constrain time and space differently : 
       4d "cylinder"

1 4 8 64
-0.06
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-0.01

0

0.01
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F 3
(2
π/
L)
/2
m

1 4 8 64
-0.2

-0.15

-0.1

-0.05

0

α
N

FIG. 14. (Top) The nucleon EDM form factors from local time slice reweighting, as described

in the text, for the lowest non-trivial momentum. Proton (squares) and neutron (circles). The

point on the right corresponds to reweighting with the topological charge Q. 243, 330 MeV pion

ensemble. (Bottom) CP-odd mixing angle from local time slice reweighting, as described in the

text, on the same ensemble.

28

F3(Q
2
min)

[E.Shintani et al (2015)]

VQ : |~z| < rQ, ��tQ < z0 < T +�tQ

Q ⇡
Z

VQ

d4z q(z)

VQN (+) ! Ñ (+) ⇡ N (+) + i↵N (�)

N (�) ! Ñ (�) ⇡ N (�) � i↵N (+)

�t

dN ⇠ hQ · (NJµN̄)i
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t
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0.00

0.05

0.10

0.15

0.20

0.25

0.30

↵
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t

↵
5

Q(|rQ| = 12, �tQ = 2)

Q(|rQ| = 12, �tQ = 4)

Q(|rQ| = 12, �tQ = 8)

Q(|rQ| = 12, �tQ = 12)

Q(|rQ| = 12, �tQ = 32)
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t

↵
5

Q(|rQ| = 16, �tQ = 2)

Q(|rQ| = 16, �tQ = 4)

Q(|rQ| = 16, �tQ = 8)

Q(|rQ| = 16, �tQ = 12)

Q(|rQ| = 16, �tQ = 32)
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t

↵
5

Q(|rQ| = 1, �tQ = 2)

Q(|rQ| = 1, �tQ = 4)

Q(|rQ| = 1, �tQ = 8)

Q(|rQ| = 1, �tQ = 12)

Q(|rQ| = 1, �tQ = 32)

θ-EDM at mπ=330 MeV: Parity Mixing

Nf=2+1 Domain Wall (RBC/UKQCD) 243x64 a = 0.114 fm 
1400 confiigs * (64sloppy+1exact) samples ⟹ 89.6k stat. 

Top.charge with 5-loop improved GG̃ [P. de Forcrand et al '97] 
on Wilson-flowed (t=8a2) gauge links [M.Luscher, 1006.4518]

convergence at rQ ≳ 16a,  𝛥tQ ≳ 8a

parity mixing angle αN as a function of rQ, 𝛥tQ

rQ = 1rQ = 8a

VQ
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θQCD-EDM at mπ=330 MeV: EDM Form Factor

rQ = 1rQ = 8a

pr
ot

on
ne

ut
ro

n
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θQCD-EDM at Physical point: EDM Form Factor

�0.3
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0.0
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F
3p

,
✓ |

�
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2,
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|
16
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F
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,
✓ |

�
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|
16
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F
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✓ |

�
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2,
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|
16

0.00 0.05 0.10 0.15 0.20

Q2 [GeV2]
F

3n
,

✓ |
�

t|=
4,

|r
|

16

33k lattice samples, ~ 30 M core-hours on Argonne BlueGene/Q 
connected diagrams only 
result compatible with zero, |F3n| ≤ 0.05 constraint 

From LO ChPT, dn~mq~(m𝜋)2 : |F3n|phys ≈ 0.01  
Need x30..100 more statistics

EDFF F3 from constrained Q sum (the most aggressive Q cuts) Physical point 
DWF Nf=2+1 

483x96, a=0.114 fm
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EDM from (rev.) Feynman-Hellman Theorem

which leads to a mass shift of a polarized  
nucleon in background electric field

FH relates perturbation's matrix element to energy shift  
 
 
 
 
 
(used successfully to compute gA to sub-% precision)  
and other forward hadron matrix elements

theta-term is a small perturbation: �L =
✓g

2

32⇡2

Z
dt

Z
d

3
xG

a
µ⌫

e
G

a
µ⌫

FH ⟹ relation between EDM and  
matrix element of local top.charge density

m0
N = mN � (d✓N✓) ~⌃ · ~E

@E�

@�
=

D
��

���
@Ĥ�

@�

�����

E

0 5 10 15

t/a

1.15

1.20

1.25

1.30

1.35

1.40

g̊
e

ff
A

a09m220

[Chang et al (CalLat), Nature 558:91 (2018)]

d

✓
N /

D
N"

���
Z

d

3
xG

a
µ⌫

e
G

a
µ⌫

���N"

E

Ez

Nucleon EDM from FH:
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EDM = Top.charge Density in Polarized Nucleon

|NiEz = |N (+)i+O(Ez)|N (�)i
(P-mixed state in CP-even vacuum)

permanent EDM =  
correlation of spin and charge = 

charge polarization of a spin-polarized state in CPv (θ-)vacuum, OR 
spin polarization of a charge-polarized state in CPv (θ-)vacuum, OR 
"topological" polarization of a charge- and spin-polarized state in CP-even vacuum

d

✓
N /

D
N"

���
Z

d

3
xG

a
µ⌫

e
G

a
µ⌫

���N"

E

Ez

in CP-even vacuum, both spin- and charge-  
polarization are required for ⟨GG̃⟩≠0 

(equivalent to background E || B fields)

NOTE: without background E field, ⟨N|GG̃|N⟩ is zero due to parity

background E polarizes state into a mixed-parity state:

P
�
|N (+)

" i
�
= +|N (+)

" i
P
�
GG̃

�
= �GG̃

)
=) hN (+)

" |GG̃|N (+)
" i = 0
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Background Electric Field
Accessing magnetic and electric moments at Q2=0 
Imag.Minkowski/Real Euc. electric field on a lattice 
[W.Detmold et al (2009)] : calculation of hadron polarizabilities 

Full flux through the  
"side" of the periodic box

Constant Electric field  
has to be quantized,  

Uµ ! eiqAµUµ

Az(z, t) = n Emin · t

At(z, t = Lt � 1) = �n Emin · Ltz

Emin =
1

|q
d

|
2⇡

L
x

L
t

= q� = 2⇡ · n

Electric field on a 243x64 lattice

E =
6⇡

L
x

L
t

⇡ 0.037 GeV2

⇡ 186 MV/fm

Unambiguous determination of EDM from the energy shift 
Straightforward for neutron with Q=0
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Topological Charge with Gradient Flow

0 2 4 6 8 10
tgf/a2

�10

�5

0

5

10

Q
=

R q(
x
)

[M.Luscher, JHEP08:071; 1006.4518]

effective scale 𝛬UV → (tGF)-1/2 

smooth fields (reduce |G𝜇𝜈| )  
⟺ continuous "cooling" 

remove G𝜇𝜈 dislocations 
⇒dynamical separation of top. sectors 
[M.Luscher, JHEP08:071; 1006.4518] 
diffusion of top.charge density

Gradient flow: covariant 4D-diffusion  
of quantum fields with "G.F." time tGF:

Tree-level: Bµ(x, tGF) /
Z

d

4
y exp

h
� (x� y)

2

4tGF

i
Aµ(y)

d

dtGF
Bµ(tGF) = DµGµ⌫(tGF) , Bµ(0) = Aµ

Gradient-flowed topological charge: Q̃(tGF) =

Z
d

4
x

g

2

32⇡2

h
Gµ⌫

e
Gµ⌫

i ���
tGF

total top. charge on 20 randomly  
chosen gauge configurations
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Gradient-Flowed Topological Charge Density

effective scale (𝛬UV)-1 → (tGF)1/2 

make fields smooth (reduce |G𝜇𝜈| ) 

remove dislocations⇒dynamical  

separation of topological sectors 
[M.Luscher, JHEP08:071; 1006.4518] 
4D-diffusion (including time) of q(x)  
  ⟨ q(x)q(0) ⟩ ~ exp[ –(x–y)2 / 8tGF ]  

Gradient flow:

243×64 lattice,  m𝜋 ≈340 MeV

tGF = 0 tGF = a2

tGF = 2a2 tGF = 4a2

Lx = 24a

q(x) =
g

2

32⇡2

G

a
µ⌫

e
G

a
µ⌫

⇡ 1

16⇡2

1

a

4

Tr
⇥
G

lat

µ⌫
e
G

lat

µ⌫

⇤

/ (E ·H)
color
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Tunneling Between Topology Sectors

5 fm=5⋅10-15m

[Generated at Mira (ANL)]

q(x) =
g

2

32⇡2

G

a
µ⌫

e
G

a
µ⌫

⇡ 1

16⇡2

1

a

4

Tr
⇥
G

lat

µ⌫
e
G

lat

µ⌫

⇤

/ (E ·H)
color

6 s video  =5 fm / c =1.7⋅10-23 s real time
[Lattice QCD at the physical point]

Instantons and Anti-Instantons :  
Quantum tunneling of gluon field 

between topological sectors

|vaci✓ =
X

Q

ei✓Q |Qi
CPv-QCD 𝛩-Vacuum :
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How "local" is Top.Charge Density?

0 5 10 15 20 25 30 35 40
(r/a)2
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hQ
(r

)Q
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wf0.02x200
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tGF=0  
tGF=a2 

tGF=2a2 

tGF=3a2

tGF=4a2 

tGF=5a2 

tGF=6a2 

tGF=7a2

tGF=10a2 
tGF=9a2 

tGF=10a2

heq
(r
)eq
(0
)i

heq(r)eq(0)i / exp

h
� r2

4r2Q(tGF)

i
r,
p
tGF � m�1

⌘0Empirically for

Gradient-flowed topological charge  
density is nonlocal:

Gradient flow leads to diffusion of q(x) in Euclidean (lattice) time:  
⟹ complications for matrix element analysis

eq(x) /
Z

d

D
y exp

h
� (x� y)

2

2r

2
Q(tGF)

i
q(y)
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Matrix Elements of  Gradient-Flowed Q(tGF)

hN"(tsep) eQ(⌧Q)N"(0)iEz / exp

h
�

(⌧Q � ⌧ 0Q)
2

4t2GF

i
⌦ hN"(tsep) eQ(⌧ 0Q)N"(0)iEz

Two effects observed: 
1. Convergence to  

ground state matrix el. 
2. Diffusion of top.charge 

for tsep ≲ 7a
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tGF = a2 tGF = 2a2

tGF = 8a2tGF = 4a2

Analysis of (𝜏Q, tGF)  
required to detangle

hN |G eG|Ni ,

hN |G eG|Ni
exc

,

hvac|G eG|NN̄i ,
. . .

PRELIMINARY

PRELIMINARY  
from plateaus  

2mdn = F3(0) ≈ 0.11 .. 0.13 
in agreement with FF. method
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Summary & Outlook

Encouraging results for nucleon EDM  
induced by quark chromo-EDM physical-point 

~20% stochastic uncertainty for quark cEDM-induced EDM 
Renormalization & mixing subtractions are underway 
Full flavor dependence will require disconnected diagrams & θQCD -term 

Clear signal for θQCD-induced nEDM at mπ = 330 MeV 
Variance-reduction for Q sampling is essential 

Novel method to compute nEDM from local topological charge 
Potential method for physical-point calculations
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Computing θ-nEDM at the Physical Point?

  chiral fermions, mπ = 330 MeV [this work] 

|2mn dn| = |F3n(0)|  ≈ 0.05⋅θ 

   Wilson fermions, m𝜋=360 MeV [Guo et al 2015] after correction 

|2mn dn| = |F3n(0)| ≲ 0.06⋅θ 

   best guess for the physical point with LO ChPT, 

 |dn| ~ mq ~ (mπ)2  ⟹ phys.point  

|F3n(0)| ≈ 0.01⋅θ,  |dn| ≈ 0.001⋅θ e fm

|F phys
3n (0)| ⇠ O(10�2) ✓, |dn| ⇠ O(10�3) e fm ✓

θQCD from estimated |F3n(0)| ≈ 10-2⋅θ : 

from neutron: |dn| ≲ 2.9⋅10-26 e⋅cm [Baker et al (2006)] : |θQCD| ≲ 2.9⋅10-10 

from   199Hg: |dn| ≲ 1.6⋅10-26 e⋅cm [Graner et al (2016)] : |θQCD| ≲ 1.6⋅10-10
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Physical point : θQCD-induced Parity Mixing αN
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t

�0.10

�0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

↵
5

Q(|rQ| = 16, �tQ = 2)

Q(|rQ| = 16, �tQ = 4)

Q(|rQ| = 16, �tQ = 8)

Q(|rQ| = 16, �tQ = 12)

Q(|rQ| = 16, �tQ = 20)

Q(|rQ| = 16, �tQ = 48)

0 2 4 6 8 10 12 14
t

↵
5
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Parity-mixing angle from constrained Q sum

Reassuring results for noise reduction at the physical point 

time region 

spatial region rQ & 20a ⇡ 2.3 fm

�tQ & 8a ⇡ 1.2 fm

483x96 mπ=139 MeV (PRELIMINARY )

Physical point 
DWF Nf=2+1 
483x96, a=0.114 fm
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Physical point : θQCD-induced EDFF F3
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33k lattice samples, ~ 30 M core-hours on Argonne BlueGene/Q 
connected diagrams only 
result compatible with zero, |F3n| ≤ 0.05 constraint 

Need x30..100 more statistics to constrain |F3n| ≈ 0.01 :  
θ-nEDM remains difficult at the physical point

483x96 mπ=139 MeV (PRELIMINARY )

EDFF F3 from constrained Q sum (the most aggressive Q cuts) Physical point 
DWF Nf=2+1 
483x96, a=0.114 fm
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Example: Impact on 2 Higgs-Doublet Model

Contributions to the neutron EDM in flavor-conserving 2HDM  
[S.Inoue, M.Ramsey-Musolf, Y.Zhang, PRD89:115023(2014)]

Assuming opposite signs of EDM and CEDM contributions -> cancellation 
Assuming "ballpark" estimate for CEDM matrix elements similar to EDM

qCEDM-induced Nucleon EDMs induced by qCEDM, EDM, 3G  
== sensitivity of nEDM to CPv mechanisms in SM extensions

dn . 1.6 · 10�26 e · cmExp.constraint                                     
Expected in 10yr dn . 5 · 10�28 e · cm 16

Total

EDM

CEDM

3G

1 2 5 10 20 5010-32

10-31
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tanb

d n
Hecm

L

Total EDM

CEDM

3G

1 2 5 10 20 5010-30

10-29

10-28

10-27

10-26

10-25

tanb

d n
Hecm

L
FIG. 7: The anatomy of various contributions to the neutron EDM in flavor conserving 2HDMs. Left: type-I model; Right:
type-II model. We plot the absolute values, so the dip in the curves implies a sign change. The model parameters used are the
same as Fig. 5.

D. Neutron EDM Constraint

Next, we consider the neutron EDM, whose current bound is |dn| < 2.9⇥10�26e cm. In Fig. 7, we plot the anatomy
of neutron EDM, this time in terms of the various dimension-six operator contributions. The parameters are fixed
as in Fig. 5, and the contributions to neutron EDM from light quark EDMs, CEDMs, and the Weinberg three-gluon
operator are shown as functions of tan�. The plot shows that in the type-II model, the quark CEDM contributions
to neutron EDM are larger than that those from quark EDMs. In type-I, these two contributions are similar in size.
In both cases, the e↵ect of the Weinberg operator is smaller. Also in both types, EDM and CEDM contributions have
the opposite sign, and total neutron EDM tends to be suppressed as a result. However, these statements depend on
the hadronic matrix elements being close to their current best value.

Total
u-CEDM

3G

d-CEDM

1 2 5 10 20 5010-18

10-17

10-16

10-15

10-14

10-13

10-12

tanb

g p
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Total

u-CEDM

3G

d-CEDM

4-quark
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g p
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FIG. 8: The anatomy of various contributions to the ḡ
(0)
⇡NN for atomic EDMs in flavor conserving 2HDMs. Left: type-I model;

Right: type-II model. We plot the absolute values, so the dip in the curves implies a sign change. The model parameters used
are the same as Fig. 5.

The second column of Fig. 6 shows the bounds in the sin↵b–tan� plane. The green regions are excluded, for three
di↵erent choices of the hadronic matrix elements. Specifically, the down quark CEDM matrix element, ⇣̃dn, takes the
values 1.63⇥ 10�8 (solid), 0.4⇥ 10�8 (dot-dashed), and 4.0⇥ 10�8 (dashed). This matrix element has a large impact,
because the down quark CEDM is the largest Wilson coe�cient for most values of tan�. In type-II model, in the
most sensitive case with largest matrix element ⇣̃dn = 4.0⇥10�8, ↵b is constrained to be of order 0.1 or smaller. In the
least sensitive case (⇣̃dn = 0.4⇥ 10�8), no part of the sin↵b–tan� plane is excluded (with ↵ = � � ⇡/2). The neutron
EDM constraint is quite weak in the type-I model, due to the near total cancellation of the quark EDM and CEDM

type-I 2HDM type-II 2HDM
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Quark EDMs

[Y.Aoki et al, FLAG 2019 review 1902.08191]

dN = guT du + gdT dd + gsT ds

Quark → nucleon EDM: "tensor charge"

Constraints on split-SUSY model

[Bhattacharya et al, PRL115: 212002 (2019)]

hN |q̄�µ⌫q|Ni = dqT ū�µ⌫u

2

Ensemble ID a (fm) M sea

⇡ (MeV) M⇡ (MeV) L3 ⇥ T M⇡L t
sep

/a N
conf

N
meas

a12m310 0.1207(11) 305.3(4) 310.2(2.8) 243 ⇥ 64 4.55 {8, 9, 10, 11, 12} 1013 8104
a12m220S 0.1202(12) 218.1(4) 225.0(2.3) 243 ⇥ 64 3.29 {8, 10, 12} 1000 24000
a12m220 0.1184(10) 216.9(2) 227.9(1.9) 323 ⇥ 64 4.38 {8, 10, 12} 958 7664
a12m220L 0.1189(09) 217.0(2) 227.6(1.7) 403 ⇥ 64 5.49 10 1010 8080
a09m310 0.0888(08) 312.7(6) 313.0(2.8) 323 ⇥ 96 4.51 {10, 12, 14} 881 7048
a09m220 0.0872(07) 220.3(2) 225.9(1.8) 483 ⇥ 96 4.79 {10, 12, 14} 890 7120
a09m130 0.0871(06) 128.2(1) 138.1(1.0) 643 ⇥ 96 3.90 {10, 12, 14} 883 7064
a06m310 0.0582(04) 319.3(5) 319.6(2.2) 483 ⇥ 144 4.52 {16, 20, 22, 24} 1000 8000
a06m220 0.0578(04) 229.2(4) 235.2(1.7) 643 ⇥ 144 4.41 {16, 20, 22, 24} 650 2600

TABLE I. The parameters of the (2+1+1) flavor HISQ lattices are quoted from Ref. [6]. The symbols used in the plots are defined
along with the ensemble ID. All chiral analyses are carried out with respect to the clover valence pion massesM⇡ which are tuned
to be close to the Goldstone HISQ pion masses M sea

⇡ . We also give the source-sink separations (t
sep

/a) simulated, configuration
analyzed (N

conf

) and the total number of measurements (N
meas

) made. Finite volume analysis is done in terms of M⇡L.

|h1|O�|1i| ⇠ h0|O�|0i, but has O(100%) errors. As illus-
trated in Fig. 1 for the a09m310 ensemble, the overlap of
data in the center of the fit range for all the source-sink
separations tsep indicates that excited state contamina-
tion in the tensor charges is small and under control.

The disconnected diagrams are estimated using a
stochastic method accelerated with a combination of the
truncated solver method (TSM) [9, 10], the hopping
parameter expansion (HPE) [11, 12] and the all-mode-
averaging (AMA) technique [13]. In most cases, the dis-
connected contribution is small and consistent with zero
as illustrated in Fig. 1 for the a09m310 ensemble. This
feature was also observed in Ref. [14]. We find that the
light quark contribution is too noisy to extrapolate to the
continuum limit, so we do not include it in the central
value. We, however, use the largest estimate, 0.0121, on
the coarsest ensemble a12m310 as an additional system-
atic error in gdT , g

u
T , and gd+u

T .
The renormalization factor, calculated nonperturba-

tively in the RI-sMOM scheme [15, 16] using the iso-
vector operator, contributes a significant fraction of the
total error. The charges converted into the MS scheme
at 2GeV are given in Table II and Fig. 2. They are
essentially flat in the three variables, lattice spacing a,
the pion mass M⇡ and the spatial lattice size L . We
make a simultaneous fit to the data using the lowest or-
der ansatz appropriate to our not fully O(a) improved
clover-on-HISQ formulation:

gT (a,M⇡, L) = c1 + c2a+ c3M
2
⇡ + c4e

�M⇡L . (1)

As discussed in [4], with current data the extrapolation
to the physical point (M⇡ = 135 MeV, a = 0, M⇡L = 1)
is insensitive to additional corrections. The final renor-
malized charges for the neutron [17] are

gdT = 0.774(66) , guT = �0.233(28) ,

gd�u
T = 1.020(76) , gd+u

T = 0.541(67) . (2)

The �2/dof for the fits are 0.1, 1.6, 0.4 and 0.2, respec-
tively, with dof = 5. Including the leading chiral loga-

rithms [18] in Eq. (1) gives similar results [4]. gsT , after
extrapolation in the lattice spacing a and M2

⇡ , is

gsT = 0.008(9) , (3)

with a �2/dof = 0.29 with dof = 2. The intercept of the
fit on the [gsT , a] plane is shown in Fig. 3.

Our result for gd�u
T , with control over all systematic

errors, is in good agreement with other lattice calcula-
tions [19, 20]. The LHPC [21] and RQCD [22] Collabo-
rations also find no significant dependence on the lattice
spacing and volume, but do find a small dependence on
the quark mass, so they extrapolate only in the quark
mass using linear/quadratic (LHPC) and linear (RQCD)
fits in M2

⇡ . Their final estimates, gd�u
T = 1.038(11)(12)

(LHPC) and gd�u
T = 1.005(17)(29) (RQCD) are consis-

tent with ours. A fit to our data versus only M2
⇡ , shown

as an overlay in Fig. 2 (center), gives a similarly accurate
estimate gd�u

T = 1.059(29) with a �2/dof = 0.3.
Our results on the tensor charges have implications

for the neutron EDM and CP-violation in BSM theories.
At the hadronic scale, µ ⇠ O(1) GeV, after integrating
out all heavy degrees of freedom the dominant e↵ect of
new CP-violating couplings in BSM theories is encoded
in local operators of dimension five and six. Leading,
among them, are the elementary fermion EDMs [23, 24]:

�LCPV � � ie

2

X

f=u,d,s,e

df f̄�µ⌫�5F
µ⌫f . (4)

The contribution of the quark EDM dq to dn is [25, 26]

dn = guT du + gdT dd + gsT ds , (5)

consequently, improved knowledge of gqT combined with
experimental bounds on dn provides stringent constraints
on new CP violation encoded in dq.
Our calculation has the following impact: (i) We re-

duce the uncertainty on gu,dT from the ⇠ 50% of previ-
ous QCD sum rules (QCDSR) estimates [27] to the 10%
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Theta-nEDM with Clover fermions

[B.Yoon et al, LATTICE 2019]

Comparison: Neutron EDM from QCD ✓-term

This work
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Preliminary!!!

Dragos,	et.	al.,	2019	

410	MeV,	0.09	fm		

	Syritsyn,	et	al.,	2019	
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RT-convergence need further exploration  
at the physical point
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