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Introduction
Standard Model CP Violation

Two sources of CP violation in the Standard Model.
Complex phase in CKM quark mixing matrix.

Too small to explain baryon asymmetry
Gives a tiny (∼ 10−32 e-cm) contribution to nEDM

CP-violating mass term and effective ΘGG̃ interaction related
to QCD instantons

Effects suppressed at high energies
nEDM limits constrain Θ . 10−10

Contributions from beyond the standard model
Needed to explain baryogenesis
May have large contribution to EDM

Tanmoy Bhattacharya nEDM from BSM on the lattice
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Introduction
Experimental situation

4

System Current SM
e 10�29 10�38

µ 10�19 10�35

⌧ 10�16 10�34

n 10�26 10�31

p 10�23 10�31

199Hg 10�29 10�33

129Xe 10�27 10�33

225Ra 10�23 10�33

TABLE I. Approximate limits on EDM’s of
various systems and their predictions from
the standard model CKM CP-violation.
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FIG. 2. Progress has slowed down in nEDM
measurements, but future experiments are
planned that will increase the precision by
up to two orders of magnitude

and matched from nuclear level to quark/gluon e↵ective CP-violating operators, as discussed in
the introduction. Since the structure and interactions of the nucleon are described by QCD in the
nonperturbative regime, LQCD calculations are essential to carry out this matching in a model-
independent way. At the quark-gluon level, there are several e↵ective operators that may be orga-
nized by their dimension. From the lowest-dimension dimension-4 QCD ✓QCD-term,1 to dimension-
5(6) quark-EDM and quark-gluon chromo-EDM (cEDM),2 to the dimension-6 CP-violating 4-quark
and the 3-gluon interactions (Weinberg operator, or gluon cEDM), these e↵ective operators rep-
resent BSM CP-violating interactions that are increasingly suppressed by the energy scale of the
underlying new physics. Quark/gluon CP-violating interaction can manifest itself at the nuclear
and atomic level in two ways. First, they induce intrinsic EDMs in the proton and the neutron.
Second, quark and gluon CP-violating interactions induce CP-violating nucleon and nucleon-pion
couplings that also contribute to nuclear EDMs. Quantification of the nuclear EDMs, even for
light nuclei, will require low-energy nuclear e↵ective theories and ab-initio nuclear many-body cal-
culations that are based on nuclear EFTs. For heavy nuclei, such as 199Hg and 255Ra, nuclear
modification to EDM are expected to be especially large.

ZD comments: What is the state-of-the art? An exemplary plot? Did we reach the level of
precision/advancement we promised in the 2013 whitepaper?

5-year goals and plans: LQCD calculation of nucleon EDMs is similar to calculations of nucleon
form factors, and its methodology is straightforward. However, the required statistical precision is
more di�cult to achieve because of additional (CP-violating) interactions added as perturbation to
CP -even QCD interactions. The di�culty may vary substantially depending on the CP-violating
operator in question, and in some cases the calculation may become challenging and require new
methods for evaluating LQCD correlators. The status of LQCD calculations with di↵erent CP-
violating operators is summarized below.

– Isovector quark EDM-induced p,nEDM calculations are straightforward since they are given
by the tensor charge up to electromagnetic corrections. Isoscalar quark EDM-induced
p,nEDM calculations are also straightforward, eventhough the disconnected contributions
(those arising from the interactions of sea quarks with the CP-violating currents) lead to

1 The ✓QCD term is allowed in QCD as part of the SM, although its smallness is di�cult to reconcile without
extending SM.

2 Dimension-5 operators arise from dimension-6 operators during electroweak symmetry breaking. In many explicit
BSM models, however, these operators are additionally suppressed due to the chirality violation that accompanies
them and their contribution is no larger than the dimension-6 operators.
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couplings that also contribute to nuclear EDMs. Quantification of the nuclear EDMs, even for
light nuclei, will require low-energy nuclear e↵ective theories and ab-initio nuclear many-body cal-
culations that are based on nuclear EFTs. For heavy nuclei, such as 199Hg and 255Ra, nuclear
modification to EDM are expected to be especially large.

ZD comments: What is the state-of-the art? An exemplary plot? Did we reach the level of
precision/advancement we promised in the 2013 whitepaper?

5-year goals and plans: LQCD calculation of nucleon EDMs is similar to calculations of nucleon
form factors, and its methodology is straightforward. However, the required statistical precision is
more di�cult to achieve because of additional (CP-violating) interactions added as perturbation to
CP -even QCD interactions. The di�culty may vary substantially depending on the CP-violating
operator in question, and in some cases the calculation may become challenging and require new
methods for evaluating LQCD correlators. The status of LQCD calculations with di↵erent CP-
violating operators is summarized below.

– Isovector quark EDM-induced p,nEDM calculations are straightforward since they are given
by the tensor charge up to electromagnetic corrections. Isoscalar quark EDM-induced
p,nEDM calculations are also straightforward, eventhough the disconnected contributions
(those arising from the interactions of sea quarks with the CP-violating currents) lead to

1 The ✓QCD term is allowed in QCD as part of the SM, although its smallness is di�cult to reconcile without
extending SM.

2 Dimension-5 operators arise from dimension-6 operators during electroweak symmetry breaking. In many explicit
BSM models, however, these operators are additionally suppressed due to the chirality violation that accompanies
them and their contribution is no larger than the dimension-6 operators.

4

System Current SM
e 10�29 10�38

µ 10�19 10�35

⌧ 10�16 10�34

n 10�26 10�31

p 10�23 10�31

199Hg 10�29 10�33

129Xe 10�27 10�33

225Ra 10�23 10�33

TABLE I. Approximate limits on EDM’s of
various systems and their predictions from
the standard model CKM CP-violation.

Experimental landscape

 3

Publication year
1960 1970 1980 1990 2000 2010 2020 2030

 c
m

)
e ( nd

32−10
31−10
30−10
29−10
28−10
27−10
26−10
25−10
24−10
23−10
22−10
21−10
20−10
19−10

Beam
Bragg scattering
UCN (Sussex-RAL-ILL)
UCN (PNPI)

nEDM upper limits (90% C.L.)

Current limit

Standard model

BSM 
physics

SNS nEDM

LANL and European 

FIG. 2. Progress has slowed down in nEDM
measurements, but future experiments are
planned that will increase the precision by
up to two orders of magnitude

and matched from nuclear level to quark/gluon e↵ective CP-violating operators, as discussed in
the introduction. Since the structure and interactions of the nucleon are described by QCD in the
nonperturbative regime, LQCD calculations are essential to carry out this matching in a model-
independent way. At the quark-gluon level, there are several e↵ective operators that may be orga-
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5(6) quark-EDM and quark-gluon chromo-EDM (cEDM),2 to the dimension-6 CP-violating 4-quark
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and atomic level in two ways. First, they induce intrinsic EDMs in the proton and the neutron.
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couplings that also contribute to nuclear EDMs. Quantification of the nuclear EDMs, even for
light nuclei, will require low-energy nuclear e↵ective theories and ab-initio nuclear many-body cal-
culations that are based on nuclear EFTs. For heavy nuclei, such as 199Hg and 255Ra, nuclear
modification to EDM are expected to be especially large.
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precision/advancement we promised in the 2013 whitepaper?
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form factors, and its methodology is straightforward. However, the required statistical precision is
more di�cult to achieve because of additional (CP-violating) interactions added as perturbation to
CP -even QCD interactions. The di�culty may vary substantially depending on the CP-violating
operator in question, and in some cases the calculation may become challenging and require new
methods for evaluating LQCD correlators. The status of LQCD calculations with di↵erent CP-
violating operators is summarized below.

– Isovector quark EDM-induced p,nEDM calculations are straightforward since they are given
by the tensor charge up to electromagnetic corrections. Isoscalar quark EDM-induced
p,nEDM calculations are also straightforward, eventhough the disconnected contributions
(those arising from the interactions of sea quarks with the CP-violating currents) lead to

1 The ✓QCD term is allowed in QCD as part of the SM, although its smallness is di�cult to reconcile without
extending SM.

2 Dimension-5 operators arise from dimension-6 operators during electroweak symmetry breaking. In many explicit
BSM models, however, these operators are additionally suppressed due to the chirality violation that accompanies
them and their contribution is no larger than the dimension-6 operators.
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and matched from nuclear level to quark/gluon e↵ective CP-violating operators, as discussed in
the introduction. Since the structure and interactions of the nucleon are described by QCD in the
nonperturbative regime, LQCD calculations are essential to carry out this matching in a model-
independent way. At the quark-gluon level, there are several e↵ective operators that may be orga-
nized by their dimension. From the lowest-dimension dimension-4 QCD ✓QCD-term,1 to dimension-
5(6) quark-EDM and quark-gluon chromo-EDM (cEDM),2 to the dimension-6 CP-violating 4-quark
and the 3-gluon interactions (Weinberg operator, or gluon cEDM), these e↵ective operators rep-
resent BSM CP-violating interactions that are increasingly suppressed by the energy scale of the
underlying new physics. Quark/gluon CP-violating interaction can manifest itself at the nuclear
and atomic level in two ways. First, they induce intrinsic EDMs in the proton and the neutron.
Second, quark and gluon CP-violating interactions induce CP-violating nucleon and nucleon-pion
couplings that also contribute to nuclear EDMs. Quantification of the nuclear EDMs, even for
light nuclei, will require low-energy nuclear e↵ective theories and ab-initio nuclear many-body cal-
culations that are based on nuclear EFTs. For heavy nuclei, such as 199Hg and 255Ra, nuclear
modification to EDM are expected to be especially large.

ZD comments: What is the state-of-the art? An exemplary plot? Did we reach the level of
precision/advancement we promised in the 2013 whitepaper?

5-year goals and plans: LQCD calculation of nucleon EDMs is similar to calculations of nucleon
form factors, and its methodology is straightforward. However, the required statistical precision is
more di�cult to achieve because of additional (CP-violating) interactions added as perturbation to
CP -even QCD interactions. The di�culty may vary substantially depending on the CP-violating
operator in question, and in some cases the calculation may become challenging and require new
methods for evaluating LQCD correlators. The status of LQCD calculations with di↵erent CP-
violating operators is summarized below.

– Isovector quark EDM-induced p,nEDM calculations are straightforward since they are given
by the tensor charge up to electromagnetic corrections. Isoscalar quark EDM-induced
p,nEDM calculations are also straightforward, eventhough the disconnected contributions
(those arising from the interactions of sea quarks with the CP-violating currents) lead to

1 The ✓QCD term is allowed in QCD as part of the SM, although its smallness is di�cult to reconcile without
extending SM.

2 Dimension-5 operators arise from dimension-6 operators during electroweak symmetry breaking. In many explicit
BSM models, however, these operators are additionally suppressed due to the chirality violation that accompanies
them and their contribution is no larger than the dimension-6 operators.
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Introduction
Effective Field Theory

Energy

TeV

atomic

nuclear

QCD

neutron EDM

   EDMs of
diamagnetic
 atoms (Hg)

fundamental CP−odd phases

C   ,C qe

NNπg 

de

    EDMs of

   atoms (Tl)
paramagnetic

C    S,P,T

              

qq

~
q,d  , d  , wqθ

Pospelov and Ritz, Ann. Phys. 318 (2005) 119.
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Introduction
BSM Operators

Standard model CP violation in the weak sector.
Strong CP violation from dimension 3 and 4 operators anomalously
small.

Dimension 3 and 4:
CP violating mass ψ̄γ5ψ.
Toplogical charge GµνG̃µν .

Suppressed by vEW/M
2
BSM:

Electric Dipole Moment ψ̄Σµν F̃µνψ.
Chromo Dipole Moment ψ̄ΣµνG̃µνψ.

Suppressed by 1/M2
BSM:

Weinberg operator (Gluon chromo-electric moment):
GµνGλνG̃µλ.
Various four-fermi operators.

Tanmoy Bhattacharya nEDM from BSM on the lattice
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Introduction
Impact on BSM physics
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Introduction
Form Factors

Vector form-factors
Dirac F1, Pauli F2, Electric dipole F3, and Anapole FA
Sachs electric GE ≡ F1 − (q2/4M2)F2 and magnetic GM ≡ F1 + F2

〈N |Vµ(q)|N〉 = uN

[
γµ F1(q2) + i

[γµ, γν ]
2 qν

F2(q2)
2mN

+ (2imNγ5qµ − γµγ5q
2) FA(q2)

m2
N

+ [γµ, γν ]
2 qνγ5

F3(q2)
2mN

]
uN

The charge GE(0) = F1(0) = 0.
GM (0)/2MN = F2(0)/2MN is the (anomalous) magnetic dipole moment.
F3(0)/2mN is the electric dipole moment.
FA and F3 violate P; F3 violates CP.

Tanmoy Bhattacharya nEDM from BSM on the lattice
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Tensor Charge
FLAG: Isovector Tensor Charge
FLAG: Isoscalar Tensor Charge
Impact on BSM

Quark EDM
Tensor Charge

The only nEDM contribution known with certainty from the lattice
is that due to the quark EDM. In this case, the ratio of nEDM to
qEDM is just the tensor charge.

guT = 0.784(28)(10) gdT = −0.204(11)(10) gsT = −0.027(16)

The isovector combinations are known better:

gu−dT = 0.989(32)(10)

Tanmoy Bhattacharya nEDM from BSM on the lattice
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Quark EDM
FLAG: Isovector Tensor Charge
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Quark EDM
FLAG: Isoscalar Tensor Charge
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Quark EDM
Impact on BSM
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Phase conventions
State-dependent phases
Electric Dipole Moment

Dirac Equation
Free neutrons

By Lorentz invariance, an on-shell spin-1
2 massive field ψ obeys

(eβγ5/p− eiαγ5m)ψ = 0 .

This ‘free’ equation has space-time discrete symmetries:

P : ψ(~x, t)→ e(β−iα)γ5 γ0 ψ(−~x, t)
C : ψ(~x, t)→ i eβγ5 γ2 ψ

∗(~x, t)
T : ψ(~x, t)→ − e−iαγ5 γ1γ3 ψ

∗(−~x, t)

Even when theory does not have these symmetries,
asymptotic states always do,
but operators have extra γ5 phases.
e(−β+iα)γ5/2 ψ has standard phases.

Tanmoy Bhattacharya nEDM from BSM on the lattice
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Dirac Equation
Phase conventions

Consider N = (ūcγ5d)u with usual α = β = 0 phases for u and d.
If theory has C, P, T , then N has the same phases.
Otherwise, by Lorentz invariance, we still have

P =
[
e2β(p2)γ5Π(p2)/p− e2iα(p2)γ5Σ(p2)m

]−1
,

which means e(−β(p2)+iα(p2))γ5N has the standard propagator (and
hence the standard asymptotic symmetry representation).

But e(−β(p2)+iα(p2))γ5 is not local!

Tanmoy Bhattacharya nEDM from BSM on the lattice
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Electric Dipole Moment

Dirac Equation
State-dependent phases

By Källen-Lehman spectral representation, the propagator is

∑
ρ(µ2)ZN (µ2)

e2β(µ2)γ5/p+ e−2iα(µ2)γ5Zm(µ2)µ
p2 − (Zm(µ2)µ)2 .

When there is no overall symmetry operator, phases are
state-dependent.

Nst ≡ e(−β(m2
N )+iα(m2

N ))γ5N has standard transformations and
equation of motion, but only for the neutron; the excited states
have non-standard phases.
Note that nontrivial α violates CP, whereas nontrivial β violates
PT.

Tanmoy Bhattacharya nEDM from BSM on the lattice
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Free neutrons
Phase conventions
State-dependent phases
Electric Dipole Moment

Dirac Equation
Electric Dipole Moment

eσ ·B is even under C, P and T ,
eσ · E is odd under P and T .

Σ · F ∝
(
σ ·B iσ · E
iσ · E σ ·B

)
,

which is σ ·B in the rest frame iff /p±m = 0.
In general, we need to use eiαγ5Σ · F .
So, important to use Nst instead of N in analyses.
At the Green’s function level, this is

〈TNstON̄st〉 = e(−β(m2
N )+iα(m2

N ))γ5/2〈TNON̄〉e(β(m2
N )+iα(m2

N ))γ5/2 .

Abramczyk, Aoki, Blum, Izubichi, Ohki, and Syritsyn arXiv:1701.07792 [hep-lat]
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Gradient flow
Lattice implementation

Operator Mixing
Divergent mixing

The quark EDM and the CPV mass-term have no lower
dimensional operators they can mix with.
Anomaly relates the Θ-term to the CPV mass-term.
The chromoEDM operator has a divergent mixing with the
CPV mass-term.
The Weinberg operator has a divergent mixing with the
Θ-term.

We need to take a→ 0 limit to control discretization errors
O(ΛQCDa)n from the low scales inside the hadron.

Tanmoy Bhattacharya nEDM from BSM on the lattice
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Operator Mixing
Nonperturbative renormalization condition

The divergent mixing, e.g. OCEDM − (c/a2)OCPV , means that in
matrix elements, large O(1/(ΛQCDa)2) cancel with the correct
choice of c.
Can use nonperturbative renormalization to remove divergence and
relate to MS scheme.

RI-sMOM mixes with gauge-variant and Equation-of-motion
operators (about 60 for Weinberg).
RI-sMOM with Background gauge-fixing still needs the EOM
operators.
Position space renormalization needs multiloop calculations
(four-loop for cEDM to O(αs)).

Tanmoy Bhattacharya nEDM from BSM on the lattice
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Nonperturbative renormalization condition
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Lattice implementation

Operator Mixing
Gradient flow

Regulate the theory before discretizing!
Gradient flow smears the point operators on a length scale

√
8tWF

and commutes with the continuum limit along the line of constant
physics.

Z−1
ψ (a)CEDM(a, tWF ) a→0→ CEDM(tWF )

Weinberg(a, tWF ) a→0→ Weinberg(tWF )

Continuum perturbation links these to MS quantities. Power
subtractions are proportional to 1/8Λ2

QCDt.

Need a window a2 � 8t� Λ−2
QCD for being able to do this

perturbatively.
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Operator Mixing
Lattice implementation

Use Runge-Kutta integrator for gradient flow.

Save intermediate configurations in memory for the propagator
adjoint-flow.

Use large step-size for much of the calculation.

Use bias-correction with a few small step-size calculations.

Compare results at multiple tWF .

Tanmoy Bhattacharya nEDM from BSM on the lattice
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Lattice Results
Wilson flow on MILC lattices

Large fluctuations from configuration to configuration.
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Smearing reduces the fluctuations; scale dependence remains.
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Lattice Results
Signal in α from Weinberg

a ≈ 0.12fm;Mπ ≈ 310MeV; 128 measurements×1012 configurations
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Conclusions
Exciting future

Gradient Flow seems to be a good next thing to try.
Have to establish signal and window.
Have to check excited states and extrapolation.
Perturbative calculations in progress.
Next one needs the four-fermion operators
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