
Neutron
Electric
Dipole
Moment

!"#"$ %&'("
)*+,-."/*+,0"1*$".,)"2

d !

!

"

#$%&'()*++,-*.,/*01
! 2,03*4 56,7,)6,.4,
! 890):0;*( <9.9=+9,0*
! 5*.,3 >**0



!"#$%&'()*+(,'-(./(01&2,$1&'

! Measures separation 
between centers of 
(+) and (-) charges

! Current bound:
|dn| < 2.9�� 10-26 e!cm

! Nonzero nEDM violates
P and T (CP if CPT holds)
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Neutron EDM Searches
• Predictions

– Standard Model 
|dn| ! 10-31 e"cm

– Supersymmetry
|dn| ! 10-25 – 10-28 e"cm

• Experiments targeting 
5�10-28 e"cm precision
– PSI EDM
– Munich FRMII
– RCNP/TRIUMF
– SNS nEDM
– JPARC
– LANL nEDM
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• New source of CP violation
– CPV in SM is not sufficient to explain observed 

baryon asymmetry

• Test of Supersymmetry and other BSM models
– In many BSM theories, nEDM is predicted 

to be in the range  10-26 –10-28 e×cm
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dqq
q=u,d,s
∑ (! ⋅F)! 5q

−
i
2

!dq gsq
q=u,d,s
∑ (! ⋅G)! 5q

+dw

gs

6
G !GG

+ Ci
(4q)Oi

(4q)

i

∑

dim=4  QCD θ-term

dim=5  Quark EDM (qEDM)

dim=5  Quark Chromo EDM (CEDM)

dim=6  Weinberg 3g operator 

dim=6  Four-quark operators

• : Strong CP problem

• effecIvely dim=5 suppressed by ! " ≈ #/ΛBSM
2 

• Dim=6 terms

LaRce QCD calculaIons of matrix elements can play an important role

! ≤O(10−9 −10−11)



! CPV interactions ! phase in neutron mass term      
γ4 no longer parity op of neutron state

! Introduce new parity operator or
! Rotate neutron state so that γ4 remains the parity op:

Spinor transformation under Parity
P, CP-even P, CP-violating

Dirac Eq.

Parity Op. 

ipµ! µ +m( )u= 0 ipµγµ +me−2iαγ5( ) !u = 0

γ4 e2iαγ5γ4

u!p ! γ4u"
!
p !u"p → e2iαγ5γ4 !u− "p

!u = eiαγ5u, !u = ueiαγ5

Abramczyk, et al., PRD96 (2017) 014501



F3: The CP Violating Form Factor

dN =
F3(q

2 = 0)
2mN
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Expanding the matrix element in terms of form factors

The contribution to nEDM is given by 

With GH2 I JK 12 I JK ) L$FMN+OPFQR
8$



Two equally important challenges

• Signal in the CP violating form factor F3

• Needs very high statistics 

• Renormalization and divergent mixing between operators

• Needs non-perturbative calculations of mixing coefficients in 

order to obtain results that are finite in the continuum limit
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QCD ! -term

! Calculate dN in presence of CP violating ! -term

! Lattice calculation strategies
" Expansion in !
" External electric field method

" Simulation with imaginary !

S= SQCD +S!

S! = ! i! d4xG !G / 32! 2 = ! i! Qtop"
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• Measurements performed on regular (! =0) lattices

• Nucleon interpolating operator 

• O(x)= ! " #$ ! %&' nucleon 3-pt fn with insertion of vector current

• ( ) * +,- “reweights” the nucleon 3-point fn O(x) by Qtop

• dn extracted from form-factor F3 extrapolated to q2=0

O (x)
θ
=

1
Zθ

d[U,q,q]O (x) e!
" SQCD+iθQtop

= O (x)
! =0

+ i! O (x)Qtop θ=0
+O θ 2( )

N = ε abc dTaCγ5u
b( )dc



Correlation of ! "! with nucleon 3-point 
function with #$ insertion

! "!

!
#$



! Otherwise Phase
mixes F2 and F3

!"#$%!&'("#)%*+(,%-&#+(.%/+0+12
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F2 = cos(2! ) !F2 ! sin(2! ) !F3

F3 = sin(2! ) !F2 +cos(2! ) !F3

ei! " 5
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Noise reduction
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RBC:    4-d cylinder about the correlator
XQCD: 4-d sphere around the sink
MSU:    in time around around source
Shintani: in time around current



! induced F3 (M! = 330 MeV)
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STATUS ! induced dn

RBC/LHP (M! = 330 MeV)

Need much higher statistics as ! " # $%&MeV 

' ( ) * + ,
- . / + ,

- 012+ ,
- . 3

' ( ) 454467869: ; < =>

!"#"$%"& "'()*+(,-./0/(123445(06(

MSU/Juelich(lattice 2018)

M! =  411, 570, 701 MeV

|2Mn dn| = |F3n(0)| "  0.05?" e
dn "  0.005?" e fm



Quark EDM
! nEDM from qEDMsgiven by the tensor charges gT

! dq! mq in many models; mu/md! 1/2, ms/md! 20
Precise determination of gT

s is important

dN = du! T
u +dd ! T

d +ds! T
s

N q! µ" q N = ! T
q uN! µ" uN

!
i
2

dqq
q=u,d,s

" (! #F)" 5q
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Quark Chromo EDM
• Calculate dN in presence of CP violating cEDM term

• Three methods explored
– Expansion in
– External electric field method
– Schwinger source method

S= SQCD +ScEDM

ScEDM = !
i
2

d4x !dqgsq(σ "G)γ5q#

!dq



Expansion in  

dn = 
!"($)
&'(

Θ e with F3 obtained from +,- .+ /0,

NVµ N CPV
= NVµ N + !dq NVµ N ⋅ OcEDM(x)

x
∑ +O( !dq

2 )

OcEDM =
i
2

gsq(σ ⋅G)γ5q

NVµ N OcEDM(x)
x
∑

NVµ N CPV
= u F1(q

2 )γµ + i
F2 (q

2 )
2mN

σ µνq
ν −

F3(q
2 )

2mN

σ µνq
νγ5

⎡

⎣
⎢

⎤

⎦
⎥u

!dq

Needs calculation of four-point correlator 



! Four-point correlatoris evaluated using 
Regular and backward props (F, B),
cEDM sequential prop (C) and doubly-sequential props (E, G)
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Expansion in        (RBC/LHP)!dq
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! DWF

! a = 0.11fm
! M! =340 MeV
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• DWF
• a = 0.11fm
• M! =340 MeVSyritsyn, et al., for RBC/LHP Lattice 2018

Expansion in  !dq
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! Quark chromo EDM operator is a quark bilinear

! Include cEDM term in valence quark propagators by
changing Dirac op inversion routine

Effectively

! No four-point correlators; dN extracted from F3

! Fermion determinant gives reweighting factor

Schwinger Source Method

i q(! !G)" 5q

Dclov ! Dclov +i! " µ#$5Gµ#

csw!
µ" Gµ" ! ! µ" (csw +i#$5)Gµ"

det Dclov +i! " µ#$5Gµ#( )
det Dclov( )

! exp i! Tr " µ#$5Gµ# Dclov
" 1( )#

$
%
&



The full calculation requires

!"
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Det[ /D +m!
r
2

D2 + " µ! (cSWGµ! + i" !Gµ! )]

Det[ /D +m!
r
2

D2 +cSW" µ! Gµ! ]

= exp{Tr Ln[1+i"" µ! !Gµν ( /D +m!
r
2

D2 +cSW" µνGµν )! 1]}

# exp{Tr iε" µν !Gµ! ( /D +m!
r
2

D2 +cSW" µ! Gµ! )! 1}

Reweight factor for the configurations

Calculate



Schwinger Source Method
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Variance reduction
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! Renormalization of cEDM Operators are studied
" 1-loop perturbation on twisted-mass fermion 

[Constantinou, et al, 2015]

" Nonperturbative
[Bhattacharya, et al, 2015]

! Mixing with lower-dimensional operator

" Divergent 1/a2 mixing

OcEDM = a2q! µ" #5Gµ" q

OP = q#5q

RI-!SMOM



Ongoing Work

• Weinberg Three-gluon Operator

• Renormalization and mixing
– Gradient Flow

dw
gs
6
G !GG

! ! "!

!
#$



Summary
! QCD ! -term

Actively being calculated and progress at ! " # $$%MeV; 
need better variance reduction to get precision at ! " & '$( MeV

! Quark EDM
Calculated: gT

d =0.784(28); gT
u =-0.204(11); gT

s =-0.0027(16)

! Quark Chromo EDM
Exploratory studies show signal in connected contribution; 
next step: disconnected diagrams & renormalization/mixing

! Weinberg Three-gluon Operator
Exploratory studies just started

! Four-quark Operators
Not yet explored

Should have better estimate of accuracy achievable in 1-2 years


