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there is a problem in the conventional formula to
procedure introduces a systematic error, we also need
extract the F3 form factor commonly used in the
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factor calculations in previous literature suffered
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which lead to mixing of nucleon electric and magnetic

action (MDWF) (see Table 1). One ensemble has
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show a comparison of two EDM results (F3) between

used to study the θQCD-induced nEDM. The most of

our correct formula and the conventional formula in

the measurements of the θQCD-induced nEDM has

Figure 1.

been performed using GW-MPC at HOKUSAI.

action

L3x ⇥ Lt ⇥ L5
243 ⇥ 64 ⇥ 16
483 ⇥ 96 ⇥ 24

and

Nf =2+1 dynamical chiral-

SF [Ref]
DWF[3]
MDWF[4]

≈ 340 MeV and is

m⇡ [MeV]
340(2)
139.2(4)

mN [GeV]
1.178(10)
0.945(6)

Conf
1400
130

Gauge ensembles used in this study. The second column

Table 1:

shows the action used and the reference where the ensemble was
analyzed.

Figure 1:

Corrected (filled symbols) and original

(open symbols) values for the neutron form factors F3
at a nonzero imaginary θ angle from Ref. [1].
Specific usage status of the system and
Thus we have demonstrated that the previous EDM
lattice computations which use the quark-current
form factor receive a contribution from the spurious
mixing effect by both theoretically and numerically
computations of the CP-odd form factor and the
energy shift using the CP violating cEDM operator.
Our study for the correct treatment of the CP
violating form factor in lattice QCD is one of our main
achievements in our previous project, which was
selected as one of editor’s suggestions in the journal
of Physical Review. (Ref. [2])
After appropriate corrections, all these previous
results are compatible with zero within statistical
error, and the “true” θ-induced nucleon EDM will be
much harder to calculate. Therefore we have tested a
recent technique of the truncation of space-time
region of the topological charge to reduce the
fluctuation of the EDM on lattice. Since this

calculation method
The EDM is the forward limit of the P-,T-odd electric
dipole form factor (EDFF) F3(Q2)
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where q = p′ − p and F1,2 are the regular parity-even
Dirac and Pauli form factors. The EDM
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"
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leads to P- and T- odd coupling of the nucleon spin
and electromagnetic field with energy ∆E = −dN (S ·
E). Such an interaction can be induced by effective
CP-violating interactions at the quark-gluon level
represented by effective operators of increasing
dimension and suppressed by the corresponding
scale(s) of BSM physics. The only renormalizable
(dimension=4) CP interaction is the QCD θ-term that
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where 1 is the anomaly-invariant combination of the
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QCD θ angle and quark mass phases. The most
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electric dipole moment searches in hadronic, atomic,
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charge in these CP-odd Green’s functions, which
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results in nucleon interpolating operators acting on
vacua with different amount of CP violation. To

and θ-induced nucleon EDMs, which can be detected

illustrate this point, consider the CP interaction that

from the P-, T-odd electric dipole form factor (F3).

is turned on at some moment t < 0. The QCD vacuum

Fortunately, our technique to compute nucleon form

takes some Euclidean time ∆t to evolve into the new

factors can be naturally extended to compute the CP-

CP-violating vacuum state

violating form factor F3. A schematic algorithm for

|vac⟩ → |vac⟩CP.

the 4pt function in terms of quark diagram is shown

Nucleon operators acting on such transient vacuum

below using so-called (doubly) sequential source

state will have time-dependent overlap with the new

method for each of quark’s vector current (dots) and

nucleon-like states leading to ambiguity in the

cEDM interactions (crosses) (Figure 2).
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Figure 3: (Top) Sequential propagators required for computing four-point correlators and (Bottom) Fully-connected four-point correlation function for computing cEDM-induced nucleon electric dipole moment. Points indicate quark vector current and crosses show quark chromo-EDM
operator insertions.

Figure 2: (Top) Sequential propagators required for
• Application
Computing
Servers (GW-ACSG)
computing
four-point
correlators
and (Bottom) FullyNo Request

• Embarrassingly
parallel jobscorrelation
and data analysis system
(RICC) for
connected
four-point
function
Less than 1%

computing
cEDM-induced
nucleon
electric dipole
1.4 Justification
for the computation
time
Currently there are two software packages available that implement the zMobius, deflation, and

AMA functionality:
CPS[12]
and Qlua[13]. The
Qlua software
package uses
MDWF library[14]
moment.
Points
indicate
quark
vector
current
and

(~x, t) 2 VQ :

⇢

|~x
t0

~x0 |  rQ ,
tQ < t < t0 + tsep +

tQ ,

(1)

where t0 is the location of the nucleon source and t0 +

tsep is the location of the nucleon sink. The CP-odd
correlation functions are computed entirely inside the

which has been benchmarked for performance on Hokusai cluster (see Fig. 4) with the actual
lattice size (323 ⇥64⇥10) and parameters as the calculation being proposed. The performance is ⇡

region defined in the above equation where CP

up to 32 nodes (1024 cores). Larger partitions have not been tested because of limitations of the
“quick” allocation Q15252. Below we estimate our resource request based on these performance
figures. We expect to improve the performance once the new version of the compiler for FX100
architecture becomes available, which will permit us to increase the number of Monte-Carlo
samples and reduce statistical uncertainty.
The bulk of the calculation cost is computing deflation eigenvectors and inverting the linear
/ operator,
fermion D
/· =⌘
D
(8)

violation is present (i.e. where the reduced topological

which has to be performed separately for each quark color (Nc = 3) and spin (Ns = 4) degree
of freedom. We employ a combination of Conjugate-Gradient (CG) algorithm, low-eigenmode
deflation and QCD
a combination of high- and low-precision sampling (All-Mode-Averaging [15]). Our
estimates for these costs are summarized in Tab.1. These estimates correspond to algorithm
parameters that has been successfully used before in other calculations. Thus, it was found

nucleon sources and sinks and equal in the nucleon

1700 MFLOPS/sec/core
constitutes ⇡ 5.4%chromo-EDM
of the theoretical peak and shows operator
strong scaling
crosses
show and quark

insertions.

Studying θ

-induced nEDM is complicated by the
5

charge 4 is sampled).

The

time-like

cuts

applied to 4 are symmetric with respect to the
and nucleon-current correlation functions. We should
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stress that the convergence with rQ in Eq. (1) must be
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Figure 4:
Constrained sampling of the topological

charge density (1) for reducing the statistical noise in
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Proton and neutron electric dipole form

≈ 340 MeV (only connected contractions) and

their dependence on the spatial and temporal cuts in the
reduced topological charge (∆tQ,rQ).
sampling. We can make a very preliminary estimate
for the value of the F3 form factor which should only

for the spatial cut rQ there is no convergence up to rQ

be

≈ 12a, which is ≈ 52% of the spatial volume. We

phenomenology and earlier lattice QCD results, since

conclude that the lattice volume

V3

=

(24a)3

≈ (2.7

1.0

factors induced by the θQCD-term from lattice calculations
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consistency

with

the

fm)3

this results has almost 100% error due excited state

is insufficient to benefit from the spatial cut rQ, and

contaminations and the uncertainty of the zero

should be explored with larger spatial volumes. The

momentum extrapolation. Actually our result at

neutron and proton electric dipole form factors

heavier

computed for a range of ∆tQ, rQ values are shown in

obtained using Wilson fermion [1], which gives a

Figure 5, where only the connected diagrams are

constraint |Fθ3(Q2=0)| <0.06.

computed. We observe statistically significant value

Using our rough estimate for Fθ3, we can project the

for the neutron F3 even with the full value of the

effort required for computing nEDM at the physical

topological charge Q, which has no bias from reduced

point. We performed initial calculations using

mass is consistent with the value

10
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ensembles at physical quark mass with larger volume
Schedule and prospect for the future
with ~33,000 statistics (See Table 1). We observe no
signal for the neutron EDFFs (See Figure 6), and the

θQCD-induced EDM at the physical point will be

results are consistent with zero with the statistical

challenging and will require special techniques to

uncertainty.

tame the statistical noise caused by fluctuations of
the global topological charge. Direct calculations at
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Proton and neutron electric dipole form

factors induced by the θQCD-term from lattice
calculations with physical quark masses.

statistics to obtain the non-zero signal for EDFF. In
order to improve the statistical accuracy, we would
like to employ alternative computing methods such
as dynamical (imaginary) θI term. We plan to
generate a QCD gauge ensemble with an RHMC
algorithm using a QCD action with additional CPviolating gauge action. Since the computations of the
nucleon EDM depend on contributions from nontrivial topological sectors, dynamical θI-term becomes

Conclusion

more important at lighter quark masses, where the
light quarks suppress the topological fluctuations.

Calculations of nEDM on a lattice are important for
interpreting constraints or results from nucleon and
nuclei EDM measurements. Calculations of θQCD
induced nEDM with a truncated topological charge
method has been tested. It is found that the
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