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Neutron Electric Dipole Moment (nEDM), a generic feature of CP-violation, is predicted to be
very small in the Standard Model, but can be much larger in most extensions of the model. In
this talk, I will discuss the classification of the CP violating operators up to dimension 6 that can
give rise to nEDM, and then describe the mixing and renormalization structure of the operators of
dimension 5 and lower in both dimensional and cutoff regularizations in general terms. Finally I
will describe how to connect the dimension 5 operators, in particular, the Chromoelectric Dipole
Moment of the quarks, between MSbar scheme and a Regularization Independent prescription in
the chiral limit.
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1. Introduction

2. Effective Field Theory
To study the physics of T violation systematically, we follow the effective field theory (EFT)
approach. For simplicity we will be writing our formulae for a N f = 2 flavor theory, but its generalizations to an arbitrary N f > 1 are simple.
2.1 Dimensions 3 and 4
The renormalizable terms, mass-terms of dimensions 3 and the instanton contribution of dimension 4, that violate T can be written as follows:


Z
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(2.1)
ST/ ⊂ − d x ψ(m + im5 γ5 )ψ + ψ(m + im5 γ5 )τ3 ψ + Θ
16π 2 αβ µν
where G represents the color octet gluonic field strength, ψ the fermion field that belongs to the
fundamental representation of both color SU(3) and flavor SU(2) groups, and τ3 is the diagonal
generator of the flavor group. In the standard model, the U(1) instantons do not contribute to
any finite action configurations, and, due to the anomaly, the effect of the weak instantons can be
absorbed by a phase choice since only the left-chiral quarks are charged under weak interactions
whereas the rest of the theory is invariant under equal and opposite rotations of the left and right
chiral quarks.
2.2 Chiral rotations
T-violating Lagrangian contains four mass terms in addition to the coefficient, Θ. Under chiral
rotations of the quark fields
ψ → eiγ5 α ψ

(2.2a)

ψ → eiγ5 β τ3 ψ .

(2.2b)

2

PoS(LATTICE 2013)299

Electric dipole moments (EDMs) of non-degenerate elementary particles violate both parity
(P) and time reversal (T) symmetries. A violation of time-reversal symmetry is necessary for
generating the observed baryon-asymmetry in the standard cosmological scenario [1]. The standard model of particle physics violates this symmetry through the imaginary part of the CabibboKobayashi-Maskawa (CKM) mixing matrix [2] in the weak interaction sector, but this is insufficient
to generate enough baryon asymmetry [3]. Most extensions of the standard model allow P and T
violations and may give rise to EDMs for elementary particles. Searching for such EDMs may,
therefore, be a fruitful way for understanding this sector of particle physics [4]. In this talk, I will
focus on the neutron EDM (nEDM) where rapid experimental progress is expected [5].
In principle, the standard model contains two possible sources of T violation. The contribution of the complex phase in the CKM matrix is always suppressed by terms proportional to the
quark mixing and the quark masses; the nEDM due to this has been estimated to be no more than
10−32 e-cm [6]. The other source of CP violation is from the QCD instanton density whose contribution is suppressed only by quark masses, so the unobserved nEDM constrains the corresponding
coefficient, Θ, in the Lagrangian to be unnaturally small, Θ . 10−10 [7]. Because of this, it is most
often assumed that this term relaxes to zero dynamically [8].
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the mass terms and the coefficient Θ transform as
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(2.3)

and the rest of the Lagrangian is invariant. The manifold of theories that are inequivalent under
these reparametrizations is the quotient space CN f × S1 /U(N f ) and has a conical singularity whenever more than one mass is zero.1
2.3 Dimension 5
At dimension five, there are two kinds of CP violating operators: the quark electric and
chromo-electric dipole moments:
(5)

γ

ST/ = ie(d γ ψF µν σµν γ5 ψ + dI ψF µν σµν γ5 τ3 ψ)
+ igs (d G ψGµν σµν γ5 ψ + dIG ψGµν σµν γ5 τ3 ψ) ,

(2.4)

where e and gs are the electromagnetic and strong coupling constants, d γ,G are the iso-scalar quark
γ,G
EDM and quark chromo-EDM and dI are the corresponding iso-vector quantities. These arise
from dimension six operators involving the Higgs’ field above the the weak SU(2)W breaking scale,
and hence they are suppressed by v/Λ2BSM , where v is the SU(2)W breaking vacuum expectation
value, and ΛBSM is the scale of new physics responsible for these operators. Note that since they are
vectors under the chiral symmetry, in many fundamental theories they appear proportional to the
quark masses that have the same symmety structure. They arise at 3-loops in the standard model
from the CKM phase, and their contribution is extremely small, about 10−34 e-cm [6]. In a generic
beyond-the-standard-model (BSM) theory, they arise at one loop (see Figure 1), and can give an
EDM large as the current experimental limit of approximately 10−26 e-cm [9]. Note that unless
there is an alignment of the dimension 5 and dimension 4 terms, a chiral rotation to make the quark
1 The

standard representation that makes the masses real has an additional coordinate singularity when any mass is

zero.
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Figure 1: One loop diagrams in beyond the Standard Model physics give rise to quark EDM and chromoEDM.
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(b)

Figure 2: The superficially divergent Feynman diagrams with (a) two and (b) three external legs. The wavy
lines represent gluons, the angular lines the photon and the straight lines the quark. A circled vertex is
CP-violating.

masses real will, in general, produce these T-violating EDMs from any T-conserving anomalous
magnetic dipole moments in the BSM theory.
2.4 Dimension 6
Since the dimension five operators in Eq. (2.4) have a v/Λ2 suppression, one should analyze
the effect of T-violation from dimension six operators as well. At low energies, these appear as the
chromoelectric dipole moment of the gluon represented by the Weinberg operator [10]
1 ABC
φC
εναβ φ Gµν A Gαβ B Gµ .
f
3

(2.5a)

In addition, there are four-fermion operators of various kinds
i jk j k
ε ψ uψ d
4
i jk j a k a
ε ψ T uψ T d
4
i j µ k
ψ γ ψ uγµ d ,
2

(2.5b)
(2.5c)
(2.5d)

where ψ j,k represent various flavors of left chiral fields, and u, d similarly represent right chiral
fields, and T a is the color generators in the fundamental representations. [11, 12, 13, 14].

3. Operator Mixing
The 1-particle irreducible diagrams needed to renormalize these operators are shown in Figure 2. In the MS scheme and at zeroth order in the elecromagnetic coupling, the operators at
dimensions 3, 4, and 5 are all multiplicatively renormalized in the chiral limit except for the quark
chromo-EDM.2 This is because in massless MS scheme, operators of different dimensions do not
2 In

the strict chiral limit, each of the dimension five T-violating isovector operators can be rotated away to a Tconserving one by a phase choice of the fermion fields. One can do the same for the T-violating isoscalar operators at
the expense of changing the Θ-term.
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Figure 3: The momentum flow in matrix elements with (a) two and (b) three external legs in the RI-sMOM
scheme.

mix. The two operators at dimension three are different under the flavor symmetry group, and the
quark EDM operators involving a photon cannot mix with photon-free operators without a photonloop. The only mixing, then, that one needs to consider is the quark chromo-EDM operator can
induce a quark EDM at one loop.
In a scheme that allows mixing between operators of different dimensions, the chromo-EDM
operator can mix with the mass operators. As already noted, these operators can be rotated away by
a chiral rotation at the expense of possibly changing the Θ-term. Such a chiral rotation, however,
also mixes the chromomagnetic and chromoelectric dipole moment operators, which differ by a γ5 .
3.1 RI-sMOM scheme
To match between the purely perturbative MS lattice scheme and the lattice regularized theory,
it is convenient to calculate a perturbatively calculable non-exceptional matrix element in the deep
Euclidean region. This is usually done by constructing the RI-sMOM scheme that considers the
three point function of the operator inserted in external quark or gluon states at the symmetric
momentum point (see Figure 3)
p21 = p22 = (p2 − p1 )2 ≡ Λ2 ,

(3.1)

where Λ plays the role of the renormalization scale. For operators with three external legs, we can
continue this approach by choosing
p21 = p22 = p23 = (p3 − p1 − p2 )2 ≡ Λ2

(3.2a)

4
(p1 + p2 )2 = (p3 − p1 )2 = (p3 − p2 )2 ≡ Λ2 .
3

(3.2b)
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hq|O|qi

Operator

1PI hqg|O|qi

iγ5

0

Gµν G̃µν

0

0

ψ E iγ5 ψ + ψiγ5 ψE

i(qγ
/ 5 − 2mγ5 )

0

ψ σ̃ µν Fµν ψ

0

0

ψ σ̃ µν G

0

−2iσ̃ ρν kν

iψ E γ5 ψE

−i[mqγ
/ 5 + (p0 · p − m2 )γ5 ]
+ pµ σ̃ µν p0ν

−g[i(p + p0 )ρ γ5 ] + σ̃ ρν (k − q)ν ]

i∂µ [ψ E γ µ γ5 ψ + ψγ µ γ5 ψE ]

−2mqγ
/ 5 + q2 γ5 − 2ipµ σ̃ µν p0ν

−2igσ̃ ρν qν

ψ Aγ
/ 5 ψE + ψ E Aγ
/ 5ψ
←
→
i∂µ ψ σ̃ µν i D ν ψ

0

qρ γ5 + iσ̃ ρν (p + p0 )ν − 2mγ ρ γ5

−2pµ σ̃ µν p0ν

−2gσ̃ ρν qν

(∂ µ c)Dµ c

0

0

∂µ [(∂ µ c)c]

0

0

µν ψ

Table 1: A convenient basis for T-violating operators up to dimension five and their truncated tree-level
matrix elements. Here, we use ψE ≡ (iD
/ − m)ψ, D for the covariant derivative, c, c for the Fadeev-Popov
(FP) ghosts, and we have suppressed the flavor structures. In each block, the operators below the dashed
lines do not contribute to physical matrix elements at zero momentum insertion.

3.2 Off-shell BRST symmetry
The problem with matching such truncated Green’s function is that they become perturbative
only in the deep Euclidean region, and, so, the calculation needs to be done in momentum space in
a fixed gauge. Renormalization in a off-shell gauge-fixed theory allows mixing with gauge-variant
and equation-of-motion operators. These extra operators do not contribute to physical matrix elements [15], but they do affect the matching calculations. The allowed operators are, however,
restricted by the invariance of the gauge fixed theory under the Becchi-Rouet-Stora-Tyutin (BRST)
transformations [16].
The application of off-shell BRST symmetries [15] to the Landau gauge fixed theory imply
that there are no extra dimension 3 operators. New operators do indeed appear at dimensions 4 and
5. The T-violating operators up to dimension 5 can then be rearranged into a convenient basis given
in Table 1. The additional operators fall into three classes: operators including FP ghosts, those
that vanish by equations of motion, and those that are total derivatives. None of these operators
contribute to the nEDM, but the latter two do contribute to the RI-sMOM correlators.
Having identified the relevant operators, we are calculating the renormalization constants in
both MS and RI-sMOM schemes. We have computed the two- and three-point functions at tree
level and are currently completing the calculation of the loop diagrams depicted in Fig. 2, using the
’t Hooft-Veltman scheme for γ5 in dimensional regularization. The full results will be reported in a
separate publication.
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