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Neutron and Proton EDMs from quark-gluon CPv 

Motivations to search for new CP-odd interactions 
Extensions of SM 
Required for baryogenesis 
Strong CP problem
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Hadron Structure in Lattice QCD
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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.

CP-odd Interaction on a Lattice

Linearizing in CP-odd interaction, e.g. with θ-term

e�SQCD�i✓Q = e�SQCD
⇥
1� i✓Q+O(✓2)

⇤

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

Simulating with CP-odd term(s)

quark operator with cEDM 
[T.Bhattacharya et al(LANL)]
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to avoid sign problem
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[T.Izubuchi et al (2007) ; 
 R.Horsley et al (2008) ; 
 F.K.Guo et al (2015) ]

Reweighing with  
CP-odd term(s)
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EDM from Spectrum vs. Form Factors

Nucleon spectrum in the background electric field [S.Aoki et al '89 ; E.Shintani et al '06]
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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.
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Wick rotation: ~E ! i ~E

non-periodic with real(Minkowski) Ez

Uz ! Uze
iEzt ⇠ e�EztSU(3) g.f. link

[E.Shintani et al, PRD75, 034507(2007)]

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

Qtop at Mpi=170 MeV ensemble�

Introduction Configuration ensemble and measurement details Preliminary results Summary/Outlook

Topological Charge (170 MeV pion)

Charge distribution a bit sketchy!
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FIG. 1: Distribution of topological charge used in this simulation at light sea quark mass m = 0.005

(left) and m = 0.01 (right) in Iwasaki 243 lattice. The solid line represents the Gaussian distribution

function. hQ
top

i is averaged value of topological charge at each ensemble.
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FIG. 2: Same as Figure 1 in DSDR 323 lattice.
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. ↵
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is obtained from Eq.(9). The fitting range of these observables is set to at 2
[7, 12](at 2 [6, 12]) for nucleon energy in local (smeared) sink, and at 2 [6, 10] for ↵

N

in both

local and smeared sink. As shown in Figure 3, the results of e↵ective mass plot of ✓-NLO

nucleon propagator has clear plateau and its plateau value is consistent with nucleon energy

obtained from ✓-LO nucleon propagator in both local and smeared sink. We also notice that

↵
N

is constant value within 1-� error even if the nucleon operator has the finite momentum.
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FIG. 1. Monte Carlo evolution of the average plaquette (top), topological charge (middle), and light-quark

pseudoscalar density (bottom) on the ml = 0.001 (left) and ml = 0.0042 (right) ensembles.
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FIG. 2. Topological charge distributions for the ml = 0.001 (left) and ml = 0.0042 (right) ensembles.

for a quantity Y , where Ȳ is the expectation value over the ensemble, σ2 its variance, and ∆ is the

molecular dynamics time separation between measurements. The average in the second equation

is performed over the set of pairs of configurations separated by ∆ MD time units. In order to

correctly estimate the errors on the integrated autocorrelation time, we investigated two strategies:

1. At each fixed ∆ we formed a bootstrap distribution to estimate the error on the mean h...it

Used Full ensemble

Tom Blum (UCONN / RBRC), Taku Izubuchi (BNL/RBRC), Eigo Shintani (Mainz)Calculation of the D=4 contribution to the nEDM using lattice QCD
63	

QCD ensemble for NEDM�
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n  V=(2.7 fm)3 

n  Mpi = 330, 400 MeV 
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60	

n  1/a = 1.37 GeV 

n  V=(4.6 fm)3 

n  Mpi = 170 MeV 
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QCD ensemble for NEDM�

n  1/a = 1.73 GeV 

n  V=(2.7 fm)3 

n  Mpi = 330, 400 MeV 

n  750 configurations 

60	

n  1/a = 1.37 GeV 

n  V=(4.6 fm)3 

n  Mpi = 170 MeV 

n  39 configurations 

Qtop on lattice (�=0)�

•  Qtop history in simulation Nf=2+1 DWF, [ RBC/UKQCD] 

•  1/a= 1.73, 2.28 GeV 

•  mps =290 – 420 MeV�

99

TABLE XXXVIII: Topological charge and susceptibility. The measurement frequency, “meas. freq.”, and

“block size” are given in units of Monte Carlo time.

ml meas. freq. block size ⟨Q⟩ ⟨Q2⟩ ! (GeV4)

0.005 5 50 0.49 (25) 28.6 (1.4) 0.000290 (14)

0.01 5 50 -0.22 (37) 45.2 (2.5) 0.000458 (25)

0.004 4 200 0.59 (42) 11.4 (1.1) 0.000148 (14)

0.006 4 200 -0.07 (64) 24.8 (4.3) 0.000322 (55)

0.008 4 400 0.64 (100) 27.9 (5.6) 0.000363 (72)
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FIG. 52: Monte Carlo time histories of the topological charge. The light sea quark mass increases from top

to bottom, (0.005 and 0.01, 243 (top two panels), and 0.004-0.008, 323). Data for the 243 ensembles up to

trajectory 5000 were reported originally in [1] and the results from the new ensembles are plotted in black.

Most of the data was generated using the RHMC II algorithm (red and black lines). The RHMC 0 (green

line) and RHMC I (blue line) algorithms were used for trajectories up to 1455 for the ml = 0.01 ensemble.

The small gap in the top panel represents missing measurements which are irrelevant since observables are

always calculated starting from trajectory 1000.
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FIG. 53: Topological charge distributions. Top: 323, ml = 0.004− 0.008, left to right. Bottom: 243,

ml = 0.005 and 0.01.

tary pion masses in the range 290–420MeV (225–420MeV for the partially quenched pions). The

raw data obtained at each of the two values of β was presented in Sections III and IV respectively

and the chiral behaviour of physical quantities on the 243 and 323 lattices separately was studied

in AppendixA. The main aim of this paper however, was to combine the data obtained at the

two values of the lattice spacing into global chiral–continuum fits in order to obtain results in the

continuum limit and at physical quark masses and we explain our procedure in SectionV. In that

section we define our scaling trajectory, explain how we match the parameters at the different

lattice spacings so that they correspond to the same physics and discuss how we perform the ex-

trapolations. We consider this discussion to be a significant component of this paper and believe

that this will prove to be a good approach in future efforts to obtain physical results from lattice

data. Although we apply the procedures to our data at two values of the lattice spacing, we stress

that the discussion is more general and can be used with data from simulations at an arbitrary

number of different values of β . In the second half of SectionV we then perform the combined

continuum–chiral fits in order to obtain our physical results for the decay constants, physical bare

���Mpi=330,														420	MeV	�
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tary pion masses in the range 290–420MeV (225–420MeV for the partially quenched pions). The

raw data obtained at each of the two values of β was presented in Sections III and IV respectively

and the chiral behaviour of physical quantities on the 243 and 323 lattices separately was studied

in AppendixA. The main aim of this paper however, was to combine the data obtained at the

two values of the lattice spacing into global chiral–continuum fits in order to obtain results in the

continuum limit and at physical quark masses and we explain our procedure in SectionV. In that

section we define our scaling trajectory, explain how we match the parameters at the different

lattice spacings so that they correspond to the same physics and discuss how we perform the ex-

trapolations. We consider this discussion to be a significant component of this paper and believe

that this will prove to be a good approach in future efforts to obtain physical results from lattice

data. Although we apply the procedures to our data at two values of the lattice spacing, we stress

that the discussion is more general and can be used with data from simulations at an arbitrary

number of different values of β . In the second half of SectionV we then perform the combined

continuum–chiral fits in order to obtain our physical results for the decay constants, physical bare
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Topological charge[E.Shintani, T.Blum, T.Izubuchi,  
A.Soni, PRD93, 094503(2015)]
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Electric and Magnetic Form Factors

[E.Shintani, T.Blum, T.Izubuchi,  
A.Soni, PRD93, 094503(2015)]
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FIG. 6. Electric and magnetic form factors. (Top) mπ = 330 MeV (circle) and 420 MeV (square),

tsep = 0.9 fm, Iwasaki 243 ensembles. (Bottom) I-DSDR 323, 170 MeV pion ensemble.
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• (4.6 fm)3x(9.2 fm) box 
• m𝜋=170 MeV
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CP-odd Form Factors

[E.Shintani, T.Blum, T.Izubuchi,  
A.Soni, PRD93, 094503(2015)]

• (2.7 fm)3x(7.3 fm) box 
• m𝜋=330 MeV

F3 = FQ + F↵

Lattice 
CP-odd f.f.

CP-mixing  
correction
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FIG. 7. The operator time dependence for the components of the EDM form factor, FQ (total)

and the subtraction term Fα. Momentum transfer increases from left to right. Iwasaki 243, 330

MeV pion ensemble. The three-point function is defined in (12). The source and sink operators

are located in t/a = 0 and 12.

q2 dependence within relatively large statistical errors. Since we assume the linear function

at low q2 region for F3(q2), fit ranges in low q2, 0.20 GeV2 < q2 < 0.6 GeV2 in Iwasaki

243, and 0.07 GeV2 < q2 < 0.273 GeV2 in DSDR 323 are chosen. The central values and

statistical errors for those fitting are given in Tab. V, and those lines and error bands are

shown in Figure 10. One sees that using such fitting range, we have small χ2/dof, although

the extrapolated EDM value has error of about 40–80%, and also the slope of this function,

which corresponds to S ′, has almost 100% statistical error. For the near physical pion mass

ensemble the relative statistical error is still large: the proton EDM is zero within one

standard deviation and the neutron EDM is only non-zero by a bit more than two. Clearly

more precision is needed.

Figure 11 displays our results for the EDM as a function of the pion mass squared, and

for comparison we show older calculations with Nf = 2 Wilson-clover and Domain-Wall

fermions, and recent Nf = 3 Wilson-clover fermions [45] and Nf = 2 + 1 + 1 twisted-mass

(TM) fermion [42]. One also sees that our results are comparable with the recent imaginary-

18



Nucleon Structure from Lattice QCD Frontiers in Nuclear physics (KITP 2016)

    

Sergey N. Syritsyn

-0.04

-0.02

0

0.02

0.04

F 3(q
2 )/2

m
N

 (e
 fm

)

Proton

0 0.2 0.4 0.6 0.8 1
q2 (GeV2)

-0.06

-0.04

-0.02

0

F 3(q
2 )/2

m
N

 (e
 fm

)

Neutron

Iwasaki 243, 0.33 GeV pion

-0.04

-0.02

0

0.02

0.04

F 3(q
2 )/2

m
N

 (e
 fm

)

Proton

0 0.2 0.4 0.6 0.8 1
q2 (GeV2)

-0.06

-0.04

-0.02

0

F 3(q
2 )/2

m
N

 (e
 fm

)

Neutron

Iwasaki 243, 0.42 GeV pion

0 0.2
q2 (GeV2)

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

F 3(q
2 )/2

m
N

 (e
 fm

)

Proton
Neutron

DSDR 323, 0.17 GeV pion
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MeV (middle) pion, Iwasaki 243 ensembles, and 0.170 GeV pion (bottom), I-DSDR 323 ensemble.

In Iwasaki 243, tsep = 0.9 fm is used. The lines and bands denote the fitting function with statistical

error.
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• (2.7 fm)3x(7.3 fm) box 
• m𝜋=330 MeV

• (4.6 fm)3x(9.2 fm) box 
• m𝜋=170 MeV

• Schiff moments from linear fit

[E.Shintani, T.Blum, T.Izubuchi,  
A.Soni, PRD93, 094503(2015)]

1

2mN
F3(Q

2) = dN + S0Q2 +O(Q4)

S0
p = �11(21) · 10�4 e · fm3

S0
n = 24(14) · 10�4 e · fm3

S0
p = �170(150) · 10�4 e · fm3

S0
n = 87(94) · 10�4 e · fm3
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FIG. 11. EDM summary plot for the neutron (top) and proton (bottom) for 2 and 3 flavor QCD.

Triangles denote results of the current study and include statistical and systematic errors, as

described in the text. Results for other methods are also shown: external electric field (∆E) [46],

and imaginary θ (F3(iθ))[44, 45]. Previous results show statistical errors only. Right-triangle is

result in Nf = 2+ 1+ 1 TM fermion [42] which is including systematic error. The cross symbol in

top panel denotes a range of values from model calculations of neutron EDM based on the baryon

chiral perturbation theory [7, 17, 20].
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top panel denotes a range of values from model calculations of neutron EDM based on the baryon

chiral perturbation theory [7, 17, 20].
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• Substantial MC noise due to extensive nature of top.charge

[E.Shintani, T.Blum, T.Izubuchi,  
A.Soni, PRD93, 094503(2015)]
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Localized Sampling of  Q=FF̃
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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.
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F3(Q
2
min)

Overcome noise from top.charge fluctuations: 
sample F̃F locally

hF̃F (x)F̃F (0)i ⇠ e

�m⌘0 |x|

Q
locallQ

[E.Shintani, T.Blum, T.Izubuchi,  
A.Soni, PRD93, 094503(2015)]

Saturation at  lQ ≳ 10 ?

Q
local

(⌧, l
Q

) ⇠
Z

⌧+lQ/2

⌧�lQ/2
dt dV F̃F lQ

• (2.7 fm)3x(7.3 fm) box 
• m𝜋=330 MeV
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Quark Chromo-EDM
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Quark-Gluon EDM: Insertions of  dim-5 Operators
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Now: Only quark-connected insertions
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Quark-Gluon EDM: Insertions of  dim-5 Operators

du u
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�u ! du �u ! dd �d ! du �d ! dd} }} }

Now: Only quark-connected insertions
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q](z) N̄(0)
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4
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du u
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du u

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

L(5) =
X

q

d̃q q̄(G · �)�5q
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Parity Mixing (Proton)
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Proton & Neutron EDFF Form Factors
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• (4.6 fm)3x(9.2 fm) box 
• m𝜋=170 MeV 
• no cEDM renormalization 
• connected-only 
• ~1,000 samples 
• no studies of sys.errors yet
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PRELIMINARY

• (1.9 fm)3 x (3.8 fm) 
• m𝜋=400 MeV 
• no cEDM renormalization 
• connected-only 
• ~16,000 samples 
• no studies of sys.errors yet
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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

= q� = 2⇡

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
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CP-odd Neutron Energy Shift

• (1.9 fm)3 x (3.8 fm) 
• m𝜋=400 MeV 
• Emin=0.0966 GeV2=490 MeV/fm

PRELIMINARYPRELIMINARY

• Linearity in d̃q/dN , t , and E	
• No renormalization yet
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⇤ ⇠ A+ dNEt

Electric field 
on 163x32 lattice
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L
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Summary

Calculations of θ-induced NEDM are very noisy  
close to the physical pion mass 

Additional techniques may be necessary 
local sampling of topology? 

Initial results for quark-connected cEDM-induced EDFF  
look promising 

Preliminary study with background field methods  
shows expected qualitative behavior 

Challenges in computing NEDM from cEDM  
subtraction of lower-dimension operators 
disconnected diagrams 
mixing with θ-term in the isoscalar channel
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F3 Plateaus (16c32, 400 MeV)
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