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Motivation	

n  Fundamental Symmetry Exp  <->     [QCD corrections]     [ Standard Mode &  Beyond ] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

n  Why is there more matter than antimatter in the present universe?  
 

n  USQCD 2013 White papers       Fundamental Symmetries 
 

 “The main research thrusts during the next five years are:  
 Electric Dipole Moments of the Neutron, Proton and Deuteron, Strong Interaction 
Contributions to the Muon Magnetic Moment,Nuclear Parity Violation, and Physics Beyond 
the standard model in Four-Fermi Operators. “ 
 
n  P5 2014 Report  Explore the Unknown   Muon g-2, Baryon Num. V,  Electric Dipole Moment 

  
“Many extensions of the Standard Model, including Supersymmetry, have additional sources 
of CP non-conservation. Among the most powerful probes of new physics that does not 
conserve CP are the electric dipole moments (edm’s) of the neutron, electron and 
proton. ...  sensitive to  new particle  at the 10–100 TeV scale,... “ 
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Matter dominant Universe	
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Sakharov’s three conditions	


n  In 1967, Sakharov pointed out  three concurrent 
conditions for a small non-zero η in early universe 
(T ~ O(10) TeV ) 
 
 
 

1.  Baryon number (B)  violation 
To produce net Baryon from initial B=0 

2.   
 
 
<B> !=  0   ,     B : C, CP odd 

3.  departure from thermal equilibrium 
    <B> = 0 in  equilibrium from CPT	
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P & CP violation and Electric Dipole 
Moments (EDM)	


n  Electric Dipole Moment  d  
  energy shifts in an electric field  E 

n  A nonzero EDM is a signature of P and T (CP 
through CPT) violation  
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Counting the operators  
%
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CP violation from BSM	


n  B	
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Figure 5: Illustrative one-loop (left) and two-loop (right) contributions to the fermion EDM
and quark CEDM in the MSSM .

with
M2

LL = m2
Q +m2

q +�f (6.205)

M2
RR = m2

f̄ +m2
q + �̄f (6.206)

with
�f =

⇣

If3 �Qf sin
2 ✓W

⌘

cos 2�M2
Z (6.207)

�̄f = Qf sin
2 ✓W cos 2�M2

Z (6.208)

and

M2
LR = M2

RL =

(

v [af sin � � µyf cos �] , ũ� type sfermion

v [af cos � � µyf sin �] , d̃� type sfermion
. (6.209)

Here m2
q is the mass matrix for the corresponding fermion; If3 and Qf are the third component of isospin

and fermion charge, respectively; and v =
p

v2u + v2d. The explicit factor of v in the M2
LR = M2

RL

corresponds to the Higgs insertion above the scale of EWSB and leads to mixing between superpartners
of the left- and right-handed fermions after EWSB. As a result the incoming and outgoing fermions in
Fig. 5 can have opposite handedness as needed for the EDM and CEDM operators. Note that with
the assumption of Eq. (6.199) the left-right mixing is proportional to the fermion Yukawa coupling,
implying that the contributions to the EDM and CEDM are as well.
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Figure 9: Representative contributions to the d-quark EDM and CEDM in the Randall-
Sundrum scenario.

applicable and model-independent context for the interpretation of EDM experiments. Limiting our
consideration photons, gluons, and first generation fermions, we encounter thirteen presently undeter-
mined CPV parameters at d = 4 and d = 6: ✓̄, the fermion EDMs, quark CEDMs, three-gluon operator,
and several four-fermion operators. The task for theory, then, is to delineate how these operators may
be generated by BSM physics above the weak scale, how they evolve to the hadronic scale, and how
they generate the appropriate hadronic, nuclear, atomic and molecular matrix elements that ultimately
give rise to EDMs in these systems.

From our review of this theoretical e↵ort, several features emerge:

(i) The EDMs of paramagnetic atoms and molecules are dominated by two quantities: the electron
EDM and one combination of semileptonic, CPV four-fermion operators characterized by the
Wilson coe�cient Im C(�)

eq . Moreover, when characterizing the former in terms of the appropriate
dimensionless parameter �e, one finds that the EDMs of these systems are an order of magnitude
more sensitive to Im C(�)

eq than to �e. The level of theoretical atomic/molecular theory uncertainty

in either sensitivity is roughly 10% or better. For Im C(�)
eq , the associated hadronic matrix element

of the isoscalar scalar density is under reasonable control, given that it can be obtained from the
pion-nucleon �-term and the average light quark mass.

(ii) Diamagnetic atom EDMs are most sensitive to the nuclear Schi↵ moment, individual nucleon

EDMs, and the semileptonic four-fermion tensor operator with Wilson coe�cient Im C(3)
`equ.

60

BSM	
  	
  CP	
  ViolaCons:	
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  CKM,	
  	
  mulC-­‐Higgs	
  
	
  	
  	
  extra	
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  ....	
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  ?	
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EDM	
  Experiments	
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  Hg,	
  electron,	
  muon,	
  .....	


QCD	
  Matrix	
  Elements	
  
	
  	
  	
  dN,	
  dP,	
  gπNN,	
  ....	




n  QCD  
•  θ term in the QCD Lagrangian: 
 
 

 
renormalizable and CP-violation comes due to topological charge density. 

 
 

•  EDM experiment provides very strong constraint on 
　 ⇒ θ and arg det M need to be unnaturally canceled !  

strong CP problem,  unless  massless  quark(s) 
 
 
•  up quark mass less ? 
•  Axion ? 
•  contribution from CKM  is very small  < 1e-30 e cm 

CP violation from QCD  	
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EDM Experiments	

n  The present and future experiments are  

aiming  to check/exclude of MSSM 
                          
 pEDM @ BNL 

     nEDM @ ORNL, PSI,  ILL, J-PARC,    
                  TRIUMF ,FNAL, FRM2, ... 
     charged hadrons @ COSY 
 

⇒  a sensitivity of 10-29 e・cm ! 
 
 
 
 
 
 
 
 
 
 

n  Current theoretical estimations are  
   based on quark model,　sum rules, ...  

 
non-perturbative computations of  

   EDM     dn(θ, dq, dq
c, ...) 

   are necessary 

Harris,	
  	
  0709.3100	
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1957	
  ORNL-­‐Harvard	


nEDM	
  ORNL	
  SNS	
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EDMs: New CPV? 
•  SM 
�background� well 
below new CPV 
expectations 

•  New expts: 102 to 
103 more sensitive 

•  CPV needed for 
BAU?  

System Limit (e cm)*   SM CKM CPV BSM CPV 

199 Hg 

ThO 

n 

3.1 x 10-29 

8.7 x 10-29 ** 

3.3 x 10-26 

* 95% CL ** e- equivalent 

10-33 

10-38 

10-31 

10-29 

10-28 

10-26 

neutron 

 proton 
& nuclei 

atoms 

~ 100 x better 
sensitivity Not shown: 

muon 



EDM from  lattice QCD	


n  Three ingredients 
•  QCD vacuum samples 
•  source of CP violation 

 
Ø  Reweighting from 

 CP symmetric vacuum 
 

  CPV source :    Θ　and/ or  dq   
 
Ø  Dynamical simulation 

   
     imaginary Θ, dq   
[ 2007 Izubuchi et al, 2008, 2015 QCDSF] 

•  Polarized Nucleons 
 

n  Two methods 
 
•  Measure a spin splitting of energy 

 
•  Form Factor  F3	
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CP violation on lattice : Reweighting	


n  Sources of CP violation   (Θ, dq  in our case)   
 
 
 
 
 
 

n  Topological charge is measured either by gluonic observable 
GG* or by counting zero mode of chiral fermions 

    
     Q  →   Σ  G12 G34 ,  Gµν　＝ Im  
   
 
n  Θ=0, dq=0 lattice QCD ensemble is generated, 

then each sample of QCD vacuum are reweighted  
10	




Θ　& ｄｑ　reweighting	


n  Only  LO  in  Θ  and  dq 
n  Θ reweighting factor via topological charge Q 
 
 
 
n    dq contribution needs 4pt function  

via sequential source and   
disconnected quark loop 
 
 
 
 
 

n  Signal of dq should be good  
due to the direct valence insertion 
in contrast to Θ’s case 

n  Θ calculation and disconnected quark 
loop could be arranged as a by product 
of other connected calculations 
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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
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Chiral symmetry & EDM	


n  Chiral symmetry is broken 
by lattice systematic error 

    for Wilson-type quarks, which has  “wrong” Pauli term by O(a)   
 
 
 
n  CP violation from θ or other BSM operators introduce extra  artificial 

CP violation in simulation.   
 

n  In fact, chiral rotation of valence quark is not observable in continuum 
theory, and the EDM signal measured in Wilson quark due to valence 
quark’s θ is unphysical, which should be carefully removed by taking 
continuum limit a → 0   [ S. Aoki-Gockschu, Manohar, Sharpe et al. 
Phys.Rev.Lett. 65 (1990) 1092-1095 (1990) ] 
 

→   Our choice :   chiral lattice quark 
  called domain-wall fermions (DWF) 
 
 
 

1 2 Ls/2 Ls... ...

q(L) q(R)

T T T .....
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AMA+MADWF(fastPV)+zMobius accelerations  	

n  We utilize  complexified  5d hopping term of Mobius action [Brower, Neff, Orginos], 

zMobius,  for a better approximation of the sign function. 
 
 
 
 

n  1/a~2 GeV, Ls=48 Shamir ~  Ls=24 Mobius (b=1.5, c=0.5) ~ Ls=10 zMobius (b_s, c_s 
complex varying) ~5 times saving for cost AND memory 

 
 
 
 
 
 
 
 
 
n  The even/odd preconditioning is optimized (sym2 precondition) to suppress the growth of 

condition number due to order of magnitudes hierarchy of b_s, c_s  [also Neff found this]  
 
 
 

n  Fast Pauli Villars (mf=1) solve, needed for the exact solve of AMA via MADWF (Yin, 
Mawhinney) is speed up by a factor of 4 or more by Fourier acceleration in 5D   
  [Edward, Heller] 

n  All in all, sloppy solve compared to the traditional CG is 160 times faster on the physical 
point 48 cube case. And ~100 and 200 times for the 32 cube, Mpi=170 MeV, 140, in this 
proposal (1,200 eigenV for 32cube) . 

 	


0.2 0.4 0.6 0.8 1.0 1.2 1.4

0.0002

0.0004
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0.0008

0.0010

0.0012 Ls	
 	
  |eps(48cube)	
  –	
  eps(zMobius)|	


6	
 0.0124	
  

8	
 0.00127	


10	
 0.000110	


12	
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proton decay example	
4. Results (preliminary)  
Comparison with BChPT 

(2012) (2015) 

Decay width (p→p) : factor 1.5 difference,   
⇒ impact as factor 3 to p lifetime. 

x1.5 difference  

Update 

4. Results (preliminary)  
W0 from 3-pt function 
` (PS meson)-(BV operator)-(Nucleon) 

` Location of operators 
which relies on signal region 
ts /a= 22: t=5(PS) and 27(p), 
ts /a= 18: t=5(PS) and 23(p). 

` Comparison is good check  
    of excited state contamination 

 
 
 

K0 p OL/R 

8 

•  Signal appears in [13,18]. 
•  Consistency with ts/a= 22, 18 
•  ts/a= 18 is more accurate. 



Summary 	

n  To help open a new page on fundamental physics via C- and 

P- symmetry violation search, we propose neutron and 
proton EDM induced by BSM quark chromo EDM, and QCD Θ, 
terms. 

n  Nearly or On physical MDWF quark mass 
   M(pi) ~ 170 MeV or 135 MeV (if available) 

      Volume 323  ~ (5 fm)3  
n  4 pt calculation 
n  160 config,  1+32 AMA measurements (14+448 propagators) , 

signal is expected to be good. 
n  2.2K + 72K propagators via AMA+zMobius+MADWF(fastPV)  => 

22.39 M Jps core hours 
n  Renormalization : perturbative analysis exists 

[ Bhattacharya, Cirigliano, Gupta, Mereghetti, Yoon, arXiv:
1502.07325] 
Possibly Non-Perturbative Renormalizations via RI-SMOM or 
Gradient Flow.  Chiral symmetry prevent unphysical mixings. 
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n  1) What precision is needed for the chromo-EDM induced 
matrix elements given the current (and projected) 
experimental uncertainties?   How immediate are the 
experimental needs? 

 
n  From a recent review by Engel, Ramsey-Musolf, and Van 

Kolck (http://arxiv.org/pdf/1303.2371.pdf, Table 6) the 
range of allowed values of the hadronic matrix elements 
contributing to the neutron edm through the quark chromo-
edm is an order of magnitude or more. These are model and 
sum-rule estimates. In short, very little is known and even 
rough (but reliable) lattice calculations will be enormously 
helpful. Robust, accurate, theoretical computations are 
crucial to support experimental proposals to measure the 
neutron and proton EDMS. 

n    



Param Coe↵ Best Valuea Range Coe↵ Best Valueb,c Rangeb,c

✓̄ ↵n 0.002 (0.0005-0.004) �(0) 0.02 (0.005-0.04)

↵p �(1) 2⇥ 10�4 (0.5� 4)⇥ 10�4

ImCqG �uG
n 4⇥ 10�4 (1� 10)⇥ 10�4 �+G

(0) -0.01 (-0.03) � 0.03

�dG
n 8⇥ 10�4 (2� 18)⇥ 10�4 ��G

(1) -0.02 (-0.07) � (-0.01)

d̃q e⇢̃un �0.35 �(0.09� 0.9) !̃(0) 8.8 (-25)� 25

e⇢̃dn �0.7 �(0.2� 1.8) !̃(1) 17.7 9� 62

�̃q e⇣̃un 8.2⇥ 10�9 (2� 20)⇥ 10�9 ⌘̃(0) �2⇥ 10�7 (-6� 6)⇥ 10�7

e⇣̃dn 16.3⇥ 10�9 (4� 40)⇥ 10�9 ⌘̃(1) �4⇥ 10�7 �(2� 14)⇥ 10�7

ImCq� �u�
n 0.4⇥ 10�3 (0.2� 0.6)⇥ 10�3 �+�

(0) � �
�d�
n �1.6⇥ 10�3 �(0.8� 2.4)⇥ 10�3 ���

(1) � �

dq ⇢un �0.35 (�0.17)� 0.52 !(0) � �
⇢dn 1.4 0.7-2.1 !(1) � �

�q ⇣un 8.2⇥ 10�9 (4� 12)⇥ 10�9 ⌘(0) � �
⇣dn �33⇥ 10�9 �(16� 50)⇥ 10�9 ⌘(1) � �

CG̃ �G̃
n 2⇥ 10�7 (0.2� 40)⇥ 10�7 �G̃

(i) 2⇥ 10�6 (1� 10)⇥ 10�6

ImC'ud �'ud
n 3⇥ 10�8 (1� 10)⇥ 10�8 �'ud

(1) 1⇥ 10�6 (5� 150)⇥ 10�7

ImC(1,8)
quqd �quqd

n 40⇥ 10�7 (10� 80)⇥ 10�7 �quqd
(i) 2⇥ 10�6 (1� 10)⇥ 10�6

ImC(�)
eq g(0)S 12.7 11-14.5

ImC(+)
eq g(1)S 0.9 0.6-1.2

Table 6: Best values and reasonable ranges for hadronic matrix elements of CPV operators. First
column indicates the coe�cient of the operator in the CPV Lagrangian, while second column indicates
the hadronic matrix element (sensitivity coe�cient) governing its manifestation to the neutron EDM.
Third and fourth columns give the best values and reasonable ranges for these hadronic coe�cients.
Firth to seventh columns give corresponding result for contributions to TVPV ⇡NN couplings. a Units
are e fm for all but the ⇢̃qn and ⇢qn.

b We do not list entries for (�±�
(i) , !(i), ⌘(i)) as they are suppressed by

↵/⇡ with respect to (�̃±�
(i) , !̃(i), ⌘̃(i)) . c The !̃(0,1) are in units of fm�1.
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n  2) Lattice nucleon matrix elements often have large contributions from excited states. How is your 
calculation dealing with excited-state contamination? 

n  We will calculate with multiple source-sink separations to detect excited state contamination. For this 
first calculation, we will focus on statistical errors. Systematic errors will be addressed fully once 
statistical control has been demonstrated. 

n  3) Lattice nucleon matrix elements often have large finite-volume errors.  What are your plans for 
studying finite-volume effects for these observables? 

 

n  FV effects will be addressed in future studies once control of statistical errors has been demonstrated. 
However, we recall that the DSDR+IDWF ensemble that is to be used has relatively large values of mpi L
\approx 4 and L\approx 4.6 fm for precisely this reason. 

n  4) Considering this is an exploratory study, and given the potential systematic issues, why use one of 
the most expensive ensembles with 170 MeV pions, rather than multiple less expensive ensembles to 
study systematics? 

 
n  As already mentioned, we expect statistical errors to dominate in these first calculations. With the 

development of AMA, computing with heavier quarks no longer represents a significant reduction in 
cost. We prefer to use lighter quarks, with masses closer to the physical point, for more realistic 
calculations and results (which already partially addresses significant systematics). Further, the added 
cost of the necessarily larger volume, is offset by the gain in statistics from volume averaging. 



EDM Computations on Lattice 
	


n  Measure energies with external Electric field 
 
 
 
 
 

n  Form factors	
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CP even and odd 2point functions	


Introduction Configuration ensemble and measurement details Preliminary results Summary/Outlook

Mixing coe�cient from odd/even 2pt function

e↵ective nucleon mass mixing coe�cient
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FIG. 2: E↵ective mass plot of nucleon propagator C
G

at ✓-LO in Gaussian smeared sink and CQ

G,L

at ✓-NLO in local and Gaussian sink respectively, at m = 0.005 (left) and m = 0.01 (right).

distance of time-separation �t between source-sink operator. In lattice calculation the

appropriate setting of �t is important to keep the balance of uncertainty against the com-

putational cost. As one has seen in Eq.(4), the “true” signal of form factor of the asymptotic

nucleon state is given as the plateau region in Figure 3 after taking the enough large separa-

tion�t, and the excited state contamination will be suppressed as exp(�(E
excite

�E
grand

)�t).

Although increasing �t enable us to reduce the systematic error due to unsuppressed ex-

cited state contamination, there appears relatively large statistical fluctuation because the

signal-to-noise ratio decreases like (noise) ⇠ exp(�E
grand

�t). To identify the signal of form

factor and search the appropriate �t to discriminate the excited state contamination, we

make a comparison of two di↵erent �t, and observe the consistent plateau region. In left

panel of Figure 3 at transfer momentum from q2 = �0.2 to �0.7 GeV2, one observes the

clear plateau between 4  at  8 and also this is in good agreement with plateau in small

�t case between 3  at  5 as shown in right panel (also see Figure 4). The fitting re-

sults obtained by using constant function are represented in Table III and IV, and the high

precise value of form factor is obtained as a few % precision for Gp

e

, Gp

m

and Gn

m

, and also

12
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FIG. 11: The dependence of pion mass squared for ↵
N

obtained by using the di↵erent sink operator

and momenta.

Furthermore it is interesting to see the relation between EDM and anomaly e↵ect, which is

related to topological charge susceptibility �
Q

. According to the discussion of contribution

from anomaly term in chiral Lagrangian [38–42], they represented the consistent formula

with perspective of QCD,

d
N

⇠ 2

f 2

⇡

�2

Q

µ
N

ḡ
⇡NN

2m
N

(27)

with CP-violation coupling ḡ
⇡NN

(f
⇡

= 92.4 MeV). Here we also adopt U(1) anomaly relation

[26] �
Q

= m2

⇡

f 2

⇡

(m2

⌘

0 � m2

⇡

)/(2N
f

m2

⌘

0) into leading ChPT formulation. Figure 12 plots the

relation of EDM with topological susceptibility measured in this configuration, and also

display the predicted bound in baryon ChPT at the physical point, in which we insert

m
⇡

= 0.135 GeV and m
⌘

= 0.957 GeV. One also sees that for neutron EDM there is slight

tension between lattice result and ChPT estimate authough our simulation point is separated

from physical point.

VI. SUMMARY

This paper presents the details of lattice calculation of nucleon electric dipole moment

(EDM) obtained from EDM form factor in matrix element. Here we insert the ✓-term into

26

Fit CP even and odd parts to common mass
find mixing is momentum, mass (?) independent
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The electric dipole moment of the nucleon

In the CP broken vacuum, we have (for example)

trPxy G t(q2) = ip
z

✓
↵mF

1

(q2) + ↵
E + 3m

2
F
2

(q2) +
E +m

2
F
3

(q2)

◆

+ O(✓2)

where the mixing of even and odd FF comes from the nucleon
spinors, which are no longer eigenstates of CP
(Pospelov, Ritz 1998, S. Aoki et al. 2005)

X

s,s

0

u
s

0
,✓

(~p)ū
s,✓

(~p) = E (~p)�
t

� i~� · ~p +me2i↵�5 ,

⇡ E (~p)�
t

� i~� · ~p +m(1 + 2i↵�
5

)

where u
✓

= exp i↵�
5

u.

Need to subtract ↵-terms to get physical edm (F
3

)
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F3 unsubtracted @ Mpi=300 MeV	

Introduction Configuration ensemble and measurement details Preliminary results Summary/Outlook

F3 form factor, unsubtracted (ml = 0.005, m⇡ = 330 MeV)
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FIG. 5: Time slice of two divided pieces of EDM form factor into term F
Q

including three-point

function in ✓-NLO and subtraction term F
↵

including CP-odd phase factor ↵
N

and EM form

factors. From the left to right panels show the results at di↵erent insertion momenta. Upper panel

is result for neutron and bottom is result for proton at m = 0.005. Here we use three-point function

of µ = t EM current shown in Eq.(14).

form factor. In our analysis we set 0.20 GeV2  �q2  0.55 GeV2 and 0.20 GeV2  �q2 
0.71 GeV2, and the mean value and statistical error in Table VII is employed as the later

fitting range. The total error of EDM is estimated by quadrature of systematic and statistical

one. One sees that the size of statistical error is dominant in total error, which is more than

90% for �t = 12, otherwise in the case of �t = 8 statistical error is compatible with

systematic error. It implies that the reduction of statistical error plays an important role

to discriminate the non-linear q2 behavior of EDM form factor. To perform more careful

analysis, we need more accurate calculation, and thus it will take over the future work.

The q2 slope of EDM form factor is also related to the important ingredient for diamag-

netic atom EDM (199Hg, 129Xe, etc) estimate associated with Schi↵ moment operator [28].

The electromagnetic Schi↵ moment S 0 arises from interaction of nucleon and electron on

atomic scale, which is locally formed as S 0@
µ

( ̄�
5

 )@
⌫

F µ⌫ , and this contribution leads to

the leading q2 dependence of EDM form factor after expanding EDM form factor at small

18
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FIG. 5: Time slice of two divided pieces of EDM form factor into term F
Q

including three-point

function in ✓-NLO and subtraction term F
↵

including CP-odd phase factor ↵
N

and EM form

factors. From the left to right panels show the results at di↵erent insertion momenta. Upper panel

is result for neutron and bottom is result for proton at m = 0.005. Here we use three-point function

of µ = t EM current shown in Eq.(14).

form factor. In our analysis we set 0.20 GeV2  �q2  0.55 GeV2 and 0.20 GeV2  �q2 
0.71 GeV2, and the mean value and statistical error in Table VII is employed as the later

fitting range. The total error of EDM is estimated by quadrature of systematic and statistical

one. One sees that the size of statistical error is dominant in total error, which is more than

90% for �t = 12, otherwise in the case of �t = 8 statistical error is compatible with

systematic error. It implies that the reduction of statistical error plays an important role

to discriminate the non-linear q2 behavior of EDM form factor. To perform more careful

analysis, we need more accurate calculation, and thus it will take over the future work.

The q2 slope of EDM form factor is also related to the important ingredient for diamag-

netic atom EDM (199Hg, 129Xe, etc) estimate associated with Schi↵ moment operator [28].

The electromagnetic Schi↵ moment S 0 arises from interaction of nucleon and electron on

atomic scale, which is locally formed as S 0@
µ

( ̄�
5

 )@
⌫

F µ⌫ , and this contribution leads to

the leading q2 dependence of EDM form factor after expanding EDM form factor at small
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F3 subtracted @ Mpi=300 MeV	


Introduction Configuration ensemble and measurement details Preliminary results Summary/Outlook

F3 form factor, subtracted. Jµ = Jz , Jt
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FIG. 6: The time-slice of the normalized EDM form factor F
3

/2m
N

(e·fm) for neutron (top) and

proton (bottom) in m = 0.005 at several momenta. The squared and circle symbols denote the

results by using the µ = z and µ = t direction of EM current.

q2 [28, 30],

S 0 =
@F

3

(q2)/2m
N

@q2

���
q

2

=0

. (25)

Our lattice calculation provides it from the variance of q2 in linearly fitting function in

Eq.(24), whose values are shown in Table VII. Here we use S 0 as the result divided by

✓ parameter. The magnitude we obtained on the lattice is comparable with the result of

SU(3) ChPT at the leading-order S 0
n

(ChPT) = �3.1 ⇥ 10�4 e·fm3 [31], although lattice

result remains large uncertainties. Note that the analytical result in the next-to-leading

order (NLO) of SU(2) [31] and SU(3) [32] ChPT suggests the higher order of pion loop

e↵ect su↵ers it about 40%, and furthermore there is additionally unknown ambiguity of

low-energy constant corresponding to CP-violating ⇡NN coupling. The more precise value

of S 0 from lattice QCD is important check of validity for the argument in baryon ChPT in

the future.

Figure 10 plots our results as a function of pion mass squared in N
f

= 2 + 1 DWFs

configurations and also for the comparison we display the previous lattice calculations in

N
f

= 2 configurations with Wilson-clover and DWF fermion actions. Our result gives

19
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F3 form factor, excited state effect	

Introduction Configuration ensemble and measurement details Preliminary results Summary/Outlook

F3 form factor, subtracted. Excited state systematics
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FIG. 7: The comparison of the normalized EDM form factor F
3

/2m
N

(e·fm) with di↵erent �t = 12

(circle) and �t = 8 (cross) for neutron (top) and proton (bottom) in m = 0.005 at several momenta.

This is result using µ = t.

non-perturbative value of EDM of neutron and proton in the lightest quark masses and

furthermore lattice size 2.7 fm3 is even larger than others. Since the DWF has good chi-

ral symmetry rather than Wilson-clover fermion, our result has responsible chiral behavior

keeping well control of the lattice artifact due to explicit chiral symmetry violation. Com-

pared to the estimate in e↵ective models based on chiral perturbation theory [33–35] and

QCD sum rules [36, 37] in which they have presented range of dp(n)
N

= (�)(1–4)⇥ 10�3 e·fm
(minus sign in bracket is in the case of neutron), the magnitude of EDM from lattice QCD

is factor 10 larger than these values, although lattice result still has other ambiguities due

to not only statistical noise but also systematic error of finite size e↵ect and relatively large

quark mass. In the next section we discuss a possibility of these systematic errors su↵ering

in our result.
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F3 form factor, q2 dependence	


Introduction Configuration ensemble and measurement details Preliminary results Summary/Outlook

F3 form factor, subtracted. Mild q2 dependence
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FIG. 12: The q2 dependence of EDM form factor in 0.33 GeV (top) and 0.42 GeV (middle) pion in

Iwasaki 243. The circle (squared) symbols are neutron (proton) EDM form factor. Filled symbols

denote the results using �t = 1.37 fm, and open symbols denote the results using �t = 0.9 fm.

lattice calculation is roughly dn
N

/dp
N

' �2 in m
⇡

= 0.33 GeV, dn
N

/dp
N

' �0.3 in m
⇡

= 0.42

GeV, and thus even in relatively heavy quark mass, this ratio is roughly same order as the

quark model prediction. To pursue a detail of its comparison precisely, we need to not only

increase the statistical precision but also to carefully investigate the systematic uncertainty.

We consider two sources which are first taking into account as a systematic uncertainty.
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FIG. 13: The q2 dependence of EDM form factor in 0.17 GeV pion in DSDR 323.

TABLE IX: Results of EDM and S0

Iwasaki 243 Proton Neutron

m
⇡

(GeV) �t (fm) dp
N

(e·fm) stat. sys. S0
p

(e·fm3) dn
N

(e·fm) stat. sys. S0
n

(e·fm3)

0.33 1.37 0.070(36) 0.030 0.018 5.1(7.4)⇥10�4 -0.047(22) 0.022 0.003 -2.7(4.9)⇥10�4

0.33 0.9 0.005(20) 0.015 0.012 -5.0(2.9)⇥10�4 -0.020(15) 0.015 0.012 2.7(1.9)⇥10�4

0.42 1.37 0.055(32) 0.023 0.022 2.2(5.0)⇥10�4 -0.009(26) 0.016 0.021 4.2(3.4)⇥10�4

0.42 0.9 0.026(20) 0.020 0.016 1.8(3.4)⇥10�4 -0.013(14) 0.014 0.003 -0.9(2.1)⇥10�4

DSDR 323 Proton Neutron

m
⇡

(GeV) �t (fm) dp
N

(e·fm) stat. sys. S0
p

(e·fm3) dn
N

(e·fm) stat. sys. S0
n

(e·fm3)

0.17 1.3 0.103(127) 0.124 0.026 4.1(5.8)⇥10�3 -0.078(67) 0.065 0.016 -3.2(3.0)⇥10�3

Fist we need to estimate the finite size e↵ect (FSE) for EDM in this simulation. The

baryon ChPT in the finite box up to the next-to-leading order [17, 18] suggests amount of

FSE contribution in our setting is around 20–30% for chiral logarithmic term. This value is,

however, obtained from the vertex coupling corresponding to CP and CPV ⇡NN coupling,

g
⇡NN

and ḡ
⇡NN

, estimated in the physical point in the infinite volume. We notice that in

order to compare lattice calculation the FSE of g
⇡NN

and ḡ
⇡NN

is also taken into account.
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Nculeon EDM	


n  dN should vanish in chiral limit → increase statistics 
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EDM local correlation	

Introduction Configuration ensemble and measurement details Preliminary results Summary/Outlook

An idea

Try on 243, m
f

= 0.005 ensemble

already summed over spatial location of operator (FT)

Can sum up Q(t) on time slices (1, 4, 8, 64)

Correlate nucleon 2, 3 pt functions with Q(t)
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n  Ratio of spin up and down 

 
 

•  Reweighting works well for small real θ  
•  Temporal periodicity is broken 

 by electric field. 
     ⇒ additional systematic effects  

External Electric field  method	


• 	
  	
  There	
  seems	
  to	
  be	
  no	
  significant	
  difference	
  
between	
  quench	
  and	
  full	
  QCD	
  for	
  this	
  heavy	
  
quark	
  mass	
  (pion	
  mass	
  >~	
  500	
  MeV)	
  .	
  	
  
• 	
  	
  StaCsCcal	
  error	
  is	
  sCll	
  large.	
  
• 	
  	
  Finite	
  size	
  effect	
  from	
  breaking	
  of	
  temporal	
  
periodicity	
  is	
  also	
  significant	
  

Linear	
  response,	
  gradient	
  is	
  a	
  signal	
  of	
  EDM.	
  

Full	
  QCD	
  with	
  clover	
  fermion:	
  	


[	
  E.Shintani	
  et	
  al.	
  (06,	
  07)	
  ]	
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n  Matrix element in θ vacuum 

F.	
  Berruto	
  et	
  al.	
  (05)	
  
E.Shintani	
  et	
  al.	
  (05,	
  08)	
  Form factor F3(q

2)	


• 	
  	
  Nf=2	
  clover	
  fermion	
  
• 	
  	
  Size	
  is	
  243×48	
  lavce	
  (~2	
  fm3)	
  
• 	
  	
  Signal	
  appears	
  in	
  11	
  -­‐-­‐	
  16	
  
• 	
  	
  Q2	
  →0	
  limit	
  with	
  linear	
  func.	
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F3(q
2)  vs q2	


•  Mpi=330 MeV (mf=0.005)  600 config x 32 AMA = 19.2 K measurements 
•  Mpi=420 MeV (mf=0.01)    400 config x 32 AMA = 12.8 K measurements 
•   (iso-vector)  CP violating  g(π-N-N) is related to  the slope of F3 

                                       [11 Vries, Timmermans, Mereghetti, van Kolck]	
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Figure 28: F3(q2) for neutron (top), proton (bottom).
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n  Full QCD	


Comparison of results	


• 	
  Lavce	
  results	
  are	
  consistent	
  
within	
  1σ.	
  
(not	
  include	
  systemaCc	
  error)	
  
• 	
  larger	
  than	
  the	
  results	
  of	
  	
  
QCD	
  Sum	
  Rules	
  or	
  ChPT.	
  
	
  
• no	
  obvious	
  quark	
  mass	
  
dependence	
  yet	
  
	
  
	
  	
  staCsCcs	
  ?	
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  =	
  1	
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n  Proton Decay Matrix Elements         

[ Y. Aoki, E. Shintani,  A. Soni] 
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n  Strangeness contents in Nucleons 
for Direct Dirk Matter search 
   [ C. Jung ] 
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