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various scenarios of CP violation. As examples, we study the implications of our results
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1 Introduction

Any measurement of a non-vanishing permanent electric dipole moment (EDM) — be it for

an electron, nucleon, nucleus, atom or polar molecule with a non-degenerate ground state

— would signal the simultaneous violation of parity (P) and time-reversal (T) symmetry

and hence the violation of CP symmetry. The complex phase of the Cabibbo-Kobayashi-

Maskawa (CKM) matrix of the Standard Model (SM) generates EDMs orders of magnitude

smaller [1–4] than the sensitivities of current and planned experiments. Therefore, EDMs

serve as ideal probes for flavor-diagonal CP violation — with a minimal SM background —

from e.g. the θ-term of Quantum Chromodynamics (QCD) [5] and beyond-the-SM (BSM)

physics. Popular examples of the latter are, e.g., supersymmetric, multi-Higgs, or left-right

symmetric models. Irrespectively of the high-energy details of such SM extensions, when

evolved down to an energy scale where QCD becomes non-perturbative, they give rise to

several effective operators of mass dimension six. They are known as the quark EDM

(qEDM), quark chromo-EDM (qCEDM), gluon chromo-EDM (gCEDM), and various four-

quark interactions [6–8].

Although one successful measurement of a non-vanishing EDM would already prove the

existence of CP violation beyond the CKM-matrix, it would not be sufficient to reveal the

underlying source(s) of CP violation. Independent EDM measurements of single nucleons

(neutron and proton) and light nuclei, e.g. the deuteron, the helium-3 nucleus (helion)

and, maybe, the hydrogen-3 nucleus (triton), and heavier systems such as various atoms
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and molecules, are in general required to learn more about the underlying source(s). The

concept of probing the QCD θ-term and BSM physics using EDMs of light nuclei has

attracted much attention in recent years [8–20] and is the basic idea underlying plans for

EDM measurements in dedicated storage rings [21–25]. The main advantage of light nuclei

is that the associated nuclear physics is theoretically well under control, such that these

systems can be used to probe the underlying CP-violating mechanism.

The various sources of CP violation at the energy scale Λχ ∼ 1GeV induce, in principle,

an infinite set of CP-violating terms in the effective low-energy pion-nucleon Lagrangian

that, however, can be ordered by a power-counting scheme [8, 15, 16, 18, 26]. It was con-

cluded that the leading EDM contributions for nucleons and light nuclei can be expressed

in terms of seven interactions:

LπN
✟✟CP = − dnN

†
(

1− τ3
)

SµvνNFµν − dpN
†
(

1 + τ3
)

SµvνNFµν

+ (mN∆)π3π
2 + g0N

†~π · ~τ N + g1N
†π3N

+ C1N
†N Dµ

(

N †SµN
)

+ C2N
†~τ N · Dµ

(

N †~τ SµN
)

. (1.1)

Here, vµ = (1,~0) and Sµ = (0, ~σ/2) are the nucleon velocity and spin, respectively, ~τ

denotes the vector of the isospin Pauli-matrices τ i, ~π = (π1, π2, π3)
T the pion isospin triplet,

Dµ the covariant derivative acting on the nucleon doublet N = (p , n)T , mN = 938.92MeV

the average nucleon mass [27], and Fµν the electromagnetic field strength tensor. For

further notations, we refer to ref. [28]. The first two interactions in eq. (1.1) are the neutron

(dn) and proton EDM (dp), respectively, which are treated as effective parameters here.

The second line of eq. (1.1) contains a purely pionic interaction (with coupling constant ∆)

and two pion-nucleon interactions (with coefficients g0,1),
1 while the interactions in the last

line denote two CP-violating nucleon-nucleon contact terms. Other hadronic interactions,

such as the isotensor pion-nucleon interaction g2N
†π3τ3N only appear at orders higher

than those considered here.

The different sources of CP violation (e.g. the θ-term and dimension-six sources) are

expected to contribute to all CP-violating operators in eq. (1.1), but at different strengths

based on the field content and chiral-symmetry properties of the source [10, 15, 16, 18,

19]. Different sources therefore yield different hierarchies of nucleon and nuclear EDM

contributions which can explicitly be probed by EDM measurements.

The main goal of this paper is to provide the results of a complete and consistent

calculation within chiral effective field theory (χEFT)2 of the leading single-nucleon, two-

nucleon (2N) and three-nucleon (3N) contributions to the EDMs of light nuclei up-to-

and-including next-to-leading order (NLO) with well defined uncertainties. The results are

expressed as functions of the seven low-energy constants (LECs) in eq. (1.1), which have to

be extracted — in the future — from a combination of EDM measurements and, whenever

possible, supplemented with Lattice-QCD calculations.

1∆, g0 and g1 are dimensionless and have the opposite signs of the corresponding dimensionful quantities

specified in [8, 15]; ∆̄ = −2FπmN∆ of ref. [19] carries dimensions with Fπ = 92.2MeV the pion decay

constant [27].
2The extension of chiral perturbation theory (ChPT) to systems with more than one nucleon.
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This paper is organized as follows: the relevant CP-violating operators yielding leading-

order (LO) and next-to-leading-order (NLO) EDM contributions for any of the considered

sources of CP violation are presented in section 2, while the employed power-counting

scheme is briefly explained in appendix A. The EDMs of the deuteron, helion and triton as

functions of the coefficients in eq. (1.1) up-to-and-including NLO are computed in section 3,

where χEFT as well as phenomenological potentials are employed. The main results are

presented in tables 1 and 2 and eqs. (3.2)–(3.4). As an application of our result, we discuss

the cases of the θ-term and minimal left-right symmetric models in sections 4 and 5,

respectively, for which the EDMs of the two- and three-body nuclei can be expressed

as functions of a single parameter. We conclude this paper with a brief summary and

discussion. Appendix B provides information about the regulator dependence of the EDM

contributions resulting from the short-range 4N vertices.

2 CP-violating nuclear operators

The electric dipole form factor FA
3 for a nucleus A=2H, 3He, 3H is defined by the nuclear

matrix element of the total CP-violating transition current J̃µ. Since CP violation is an

extremely small effect, only operators with exactly one insertion of a vertex from eq. (1.1)

need to be considered. The total CP-violating transition current can be written in short-

hand notation as

J̃µ = Jµ

✟✟CP
+ V

✟✟CPGJµ + JµGV
✟✟CP + · · · , (2.1)

where Jµ (Jµ

✟✟CP
) denotes the CP-conserving (CP-violating) irreducible transition current,

V
✟✟CP the CP-violating potential, and G the complete CP-conserving 2N or 3N propagator.

All operators appearing in eq. (2.1) are calculated consistently within χEFT.

The EDM of a nucleus A is most conveniently computed in the Breit-frame, in which

the outgoing photon four-momentum equals qµ=(0, ~q) and ~q can be chosen to point in the

z-direction, i.e. ~q = (0, 0, q). The CP-violating form factor FA
3 (q2) and the EDM dA of a

nucleus A are then given by the following matrix element and its q2 → 0 limit, respectively:

− iq
FA
3 (q2)

2mA
=
〈

A;MJ =J
∣

∣

∣
J̃0(q)

∣

∣

∣
A;MJ =J

〉

, dA = lim
q2→0

FA
3 (q2)

2mA
. (2.2)

Here, J is the total angular momentum of the nucleus of mass mA and MJ is its z-

component.

The nucleons in a 2N (3N) system can be labelled by an index i=1, 2, (3). A single-

nucleon operator with subindex i is understood to act on nucleon i. The leading single-

nucleon contributions to Jµ and the leading single-nucleon contributions induced by the

terms in the first line of eq. (1.1) to Jµ

✟✟CP
are3

Jµ
i = −

e

2

(

1 + τ3(i)

)

vµ , Jµ

✟✟CP,i
= −

1

2

[

dn

(

1− τ3(i)

)

+ dp

(

1 + τ3(i)

)]

i~q · ~σ(i) v
µ . (2.3)

Other irreducible CP-conserving and CP-violating current operators only contribute to J̃µ

at N2LO as discussed in [15, 16, 18] and are thus irrelevant for this work.

3Here and in the following the elementary charge e is defined to be negative, e < 0.
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= + + +J̃
µ

(a) (b) (c) (d)

Figure 1. Leading contributions to the total CP-violating 3N current. A CP-violating vertex

is depicted by a black box. Full, dashed, and wiggly lines refer to nucleons, pions, and photons,

respectively. Only one ordering per diagram class is shown. CP-conserving interactions in the

intermediate states of diagrams (b)-(d) are not displayed explicitly. When the lowest nucleon line

is removed, the diagrams (a)-(c) define the leading contributions for the 2N system, too.

For 2N operators we use the definitions ~σ±
(ij) := ~σ(i) ± ~σ(j), τ

±
(ij) := τ3(i) ± τ3(j) with

i 6= j and ~ki := ~pi − ~p ′
i , where ~pi (~p

′
i ) is the momentum of an incoming (outgoing) nu-

cleon. The leading 2N irreducible potential operators induced by the terms in eq. (1.1)

are [9, 13, 16, 29]

V NN
✟✟CP,ij

(

~ki

)

= i
gA
2Fπ

~ki
~k 2
i +M2

π

g0 ~σ
−
(ij)~τ(i) · ~τ(j)

+i
gA
4Fπ

~ki
~k 2
i +M2

π

[

g1 +∆ fg1

(

|~ki|
)](

~σ+
(ij)τ

−
(ij) + ~σ−

(ij)τ
+
(ij)

)

+
i

2

β2M2
π
~ki

~k 2
i + β2M2

π

[

C1~σ
−
(ij) + C2 ~σ

−
(ij)~τ(i) · ~τ(j)

]

. (2.4)

Here gA = 1.269 is the axial-vector coupling constant of the nucleon, Fπ = (92.2±0.1)MeV

the pion decay constant and Mπ = 138.01MeV the isospin-averaged pion mass [27]. When

presenting numerical results, the limit β → ∞ is chosen. The parameter β is introduced

only as a diagnostic tool to compare our χEFT results with those based on phenomeno-

logical potentials. The g1 vertex correction ∆ fg1 is induced by the three-pion ∆ vertex in

eq. (1.1) via the finite one-loop diagram depicted in figure 2. This diagram yields [8]

fg1(k) ≡ −
15

32

g2AMπmN

πF 2
π

[

1 +

(

1 + 2~k 2/
(

4M2
π

)

3|~k |/(2Mπ)
arctan

(

|~k |

2Mπ

)

−
1

3

)]

, (2.5)

where the terms within the brackets have been arranged to indicate the constant and k-

dependent components, respectively. The dominant k-independent component of fg1 is

larger by a factor of 5π, roughly an order of magnitude, than the power-counting esti-

mate. The enhancement by a numerical factor of π is a common feature of triangular

diagrams [26, 30–33], while the factor 5 can be traced back to a coherent sum over isospin.

– 4 –
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Figure 2. Correction to the g1 pion-nucleon vertex induced by the CP-violating three-pion vertex

in eq. (1.1). Notation as in figure 1.

The three-pion ∆ vertex also gives rise to the leading irreducible CP-violating 3N

potential relevant for the considered 3N systems [8, 18],

V 3N
✟✟CP

(

~k1,~k2,~k3

)

= −i∆
mNg3A
4F 3

π

(

δabδc3 + δacδb3 + δbcδa3
)

τa(1)τ
b
(2)τ

c
(3)

×

(

~σ(1) · ~k1

)(

~σ(2) · ~k2

)(

~σ(3) · ~k3

)

[

~k 2
1 +M2

π

] [

~k 2
2 +M2

π

] [

~k 2
3 +M2

π

] , (2.6)

where a, b, c are isospin indices and δab is the Kronecker delta. The full CP-violating

potential operator V
✟✟CP is in general the sum of V NN

✟✟CP,ij , for all permutations of nucleon

indices, and V 3N
✟✟CP .

3 The EDMs of the deuteron, the helion and the triton

The CP-conserving wave functions of the deuteron have been computed by solving the

scattering equations with the N2LO chiral potential of refs. [34, 35] for the following five

combinations of Lippmann-Schwinger cutoffs ΛLS and Spectral-Function-Regularization

cutoffs ΛSFR (see refs. [34, 35] for a detailed explanation of these cutoffs):

(ΛLS,ΛSFR) =
{

(0.45, 0.5); (0.6, 0.5); (0.55, 0.6); (0.45, 0.7); (0.6, 0.7)
}

GeV . (3.1)

The CP-conserving interactions are here treated non-perturbatively in all orders. Such

an approach requires necessarily that cutoffs can only be varied in a limited range. We

note that a perturbative treatment of higher orders removes this constraint [36, 37]. The

results are, however, equivalent as long as the cutoffs are of the order of 0.5GeV, which

is completely sufficient for this work. With the used range of cutoffs, several LECs of the

N2LO chiral potential change sign. Therefore, we are confident that the employed range of

cutoffs is suitable for reliable uncertainty estimates of the CP-violating contributions.

In order to compare our results with previous ones computed from phenomenological

CP-conserving potentials, the Av18 (Av18+UIX) potential [38, 39] and the CD-Bonn (CD-

Bonn+TM) potential [40, 41] have also been applied for the deuteron (3N cases).

The single-nucleon contributions to the deuteron EDM are given by the sum of the

neutron and proton EDMs [11] as indicated in the first two rows of table 1. The deuteron

wave function has a 3S1 and a small 3D1 component and its isospin is I=0. Since the leading

contribution to Jµ (see eq. (2.3)) is spin independent, the convolution of the deuteron

wave function with V
✟✟CP of eq. (2.4) has to yield a 3P1 intermediate state with I = 1 in

– 5 –
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label N2LO χEFT Av18 CD-Bonn units

dn 1.00 1.00 1.00 dn

dp 1.00 1.00 1.00 dp

g1 −0.183± 0.017 −0.186 −0.186 g1 e fm

∆ fg1 0.748± 0.138 0.703 0.719 ∆ e fm

Table 1. Contributions to the deuteron EDM from the N2LO χEFT potential [34, 35], the Av18
potential [38] and the CD-Bonn potential [40], respectively. The results from the N2LO χEFT

potential are defined as the center of each interval obtained by employing the five different com-

binations of LS and SFR cutoffs given in eq. (3.1). The corresponding nuclear uncertainty is the

difference between this central value and the boundary values. The results still have to be multi-

plied by the corresponding coefficients in eq. (1.1) which here are included in the units. Note that

dn, dp carry themselves dimensions, namely [e fm], while g1 and ∆ are dimensionless.

order to obtain a nonvanishing complete nuclear matrix element of J̃µ [11]. Only the terms

proportional to g1 and ∆fg1 in eq. (2.4) fulfill this isospin selection rule. Their contributions

are given in the last two rows of table 1. The momentum-independent component of fg1(
~k),

as defined by the first term in the brackets of eq. (2.5), amounts to approximately 90% of

the total contribution from the ∆-induced g1 vertex correction.

The listed EDM contributions of the χEFT potentials are given by the center of the

interval resulting from the different cutoff combinations. The pertinent uncertainty is

determined from the difference between the center and the boundaries of the interval. We

will call this type of uncertainty the nuclear uncertainty in order to distinguish it from the

hadronic uncertainty which is related to the low-energy coefficients appearing in eq. (1.1).

The results for the phenomenological potentials considered are also shown in table 1 and

agree (where a comparison is possible) with those in refs. [9–17]. The values from chiral

and phenomenological potentials are in excellent agreement.

The wave functions of the helion and triton have been computed by solving the Fad-

deev equations for the considered CP-conserving potentials. By a series of arithmetic

manipulations [18], the second and third term on the right-hand side of eq. (2.1) lead to

Faddeev equations which have also been solved numerically. Within this computation both

I = 1/2 and I = 3/2 components of the helion and triton wave functions (with total an-

gular momentum J = 1/2) as well as electromagnetic interactions have been considered.

The strict isospin selection rule of the deuteron is absent in the helion and triton cases due

to a significantly larger number of wave function components and possible intermediate

states. All operators in eq. (2.4) and eq. (2.6) yield non-vanishing EDM contributions for

these nuclei.

The EDM results are listed in table 2 for all CP-conserving potentials considered. For

the phenomenological potentials, the EDM contributions induced by dn,p and g0,1 are in

agreement with those of ref. [17], while the g0,1-induced contributions are smaller than

those of refs. [12, 15] by a factor of two. The dependence of the contributions induced by

the Ci vertices on the cutoff parameter β defined in eq. (2.4) is discussed in appendix B

– 6 –
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label A N2LO χEFT Av18+UIX CD-Bonn+TM units

dn
3He 0.904± 0.013 0.875 0.902 dn

3H −0.030± 0.007 −0.051 −0.038 dn

dp
3He −0.029± 0.006 −0.050 −0.037 dp

3H 0.918± 0.013 0.902 0.876 dp

∆ 3He 0.017± 0.006 0.015 0.019 ∆ e fm

3H 0.017± 0.006 0.015 0.018 ∆ e fm

g0
3He −0.111± 0.013 −0.073 −0.087 g0 e fm

3H 0.108± 0.013 0.073 0.085 g0 e fm

g1
3He −0.142± 0.019 −0.142 −0.146 g1 e fm

3H −0.139± 0.019 −0.142 −0.144 g1 e fm

∆ fg1
3He 0.608± 0.142 0.556 0.586 ∆ e fm

3H 0.598± 0.141 0.564 0.576 ∆ e fm

C1
3He 0.042± 0.017 0.0014 0.016 C1 e fm−2

3H −0.041± 0.016 −0.0014 −0.016 C1 e fm−2

C2
3He −0.089± 0.022 −0.0042 −0.033 C2 e fm−2

3H 0.087± 0.022 0.0044 0.032 C2 e fm−2

Table 2. Contributions to the helion and triton EDMs from the N2LO χEFT potential with three-

nucleon forces [34, 35], the Av18+UIX potential [38, 39] and the CD-Bonn+TM potential [40, 41],

respectively. The results are presented as in table 1. Note that dn,p carry dimension [e fm] and Ci

dimension [ fm3].

explicitly for the case of C2. The contributions induced by the short-range Ci vertices when

the Av18+UIX potential is employed are smaller than the corresponding results reported

in ref. [15]. This discrepancy might partially be attributed to a deviation similar to the

one mentioned before for the g0,1-induced contributions. The slow convergence found in

ref. [15] for χEFT potentials could not be confirmed within our approach for the N2LO

χEFT potential utilized here. The dn,p and g0,1 contributions from the chiral potential

and the phenomenological potentials are in reasonable agreement. The largest difference

occurs for the g0 contribution with a 20%− 30% enhancement for the chiral potential.

Next we discuss the contributions from the three-pion ∆ vertex which is considered for

the first time in this paper. In contrast to the power-counting estimate, the by far dominant

contributions arise from the loop-induced g1 vertex correction. These contributions are

larger by roughly a factor of 50 than the contributions from the three-body potential in

eq. (2.6). This discrepancy can only partially be attributed to the enhancement of the

one-loop diagram by the factor of 5π mentioned before. Furthermore, the power-counting

estimates of the g0,1-induced potential operators modulo g0,1 equal the one of the 3N

– 7 –
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CP-violating potential modulo ∆ according to appendix A. The explicit computation of

the three-body ∆ term yields a contribution that is approximately one order of magnitude

smaller than our power-counting scheme predicts. We investigated whether this suppression

is related to the high symmetry of the 3N wave functions, which are usually dominated by

a completely antisymmetric spin-isospin state. However, taking only this principal S-state

into account, we found (0.016±0.04)∆ e fm for the N2LO χEFT potential, 0.016∆ e fm for

Av18+UIX potential and 0.018∆ e fm for CD-Bonn+TM potential, which are very similar

to the full results. Therefore, the origin of the discrepancy to the power-counting estimate

is not known to us at this point.

The contributions from the short-range Ci vertices, i = 1, 2, are highly model-dependent

as the last four rows of table 2 indicate. The Av18(+UIX) and CD-Bonn(+TM) results

differ by one order in magnitude and are themselves smaller than the results obtained

by employing the N2LO χEFT potential. The small value of the Ci-contributions for

the Av18(+UIX) cases results from an atypically pronounced short-range repulsion of the

Av18(+UIX) potential. This can be verified by evaluating the pertinent diagrams with a

finite value of β, where β denotes the mass scale in a form factor that is attached to the

four-nucleon vertex, cf. eq. (2.4). For β ≃ 3, which corresponds to cutoffs of the order

of 0.5GeV, the Av18(+UIX) results are in line with the N2LO χEFT ones. Such cutoffs

are standard for implementations of chiral interactions because they lead to natural-sized

LECs for four-nucleon vertices. The addition of such a cutoff does not significantly alter

the χEFT results — see also appendix B.

On the basis of the four, respectively, eight chiral results of table 1 and table 2, we

find the following predictions for the deuteron, helion and triton EDMs which depend on

the low-energy constants of the Lagrangian given in eq. (1.1):

d2H = dn + dp −
[

(0.183± 0.017) g1 − (0.748± 0.138)∆
]

e fm , (3.2)

d3He = (0.90± 0.01) dn − (0.03± 0.01) dp

+
{

(0.017± 0.006)∆− (0.11± 0.01) g0 − (0.14± 0.02) g1 + (0.61± 0.14)∆

+ [(0.04± 0.02)C1 − (0.09± 0.02)C2]× fm−3
}

e fm , (3.3)

d3H = −(0.03± 0.01) dn + (0.92± 0.01) dp

+
{

(0.017± 0.006)∆ + (0.11± 0.01) g0 − (0.14± 0.02) g1 + (0.60± 0.14)∆

− [(0.04± 0.02)C1 − (0.09± 0.02)C2]× fm−3
}

e fm . (3.4)

The numbers presented here do not in all cases agree with the power-counting estimates in

appendix A. The one-pion-exchange contributions in particular are smaller than the power

counting predicts by roughly a factor 3–5, which was also found in ref. [15]. The main

consequence is that the short-range contributions proportional to C1,2, which are roughly

in agreement with their power-counting estimates, become relatively more important. As

discussed above, the three-pion-exchange contributions proportional to ∆ are also smaller

than expected. We do not know the reason for these discrepancies to the power counting

which has been otherwise so successful in many CP-conserving processes. Although the

numbers in the tables 1 and 2 are not always in line with the power-counting estimates,
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explicit calculations [15, 16, 18] revealed that subleading corrections are indeed suppressed

compared with the results listed in eqs. (3.2)–(3.4). The nuclear uncertainties of the latter

terms may be reduced by the replacement of the N2LO CP-conserving chiral potentials and

pertinent wave functions by their N3LO counter parts.

The above results for the deuteron, helion, and triton EDMs hold regardless of the

underlying mechanism of CP violation. In order to continue the analysis, a particular

source (e.g. the θ-term, a quark (chromo-)EDM etc.) or a CP-violating high-energy model

(in ref. [19] the minimal left-right symmetric model (mLRSM) and the aligned two-Higgs

doublet model were studied) has to be specified. The coefficients of eq. (1.1) can then

be calculated — in the future by Lattice QCD — or estimated within such a particular

scenario in order to identify the hierarchies of contributions to the various EDMs, see e.g.

the analysis in ref. [42]. In order to focus on the cases of the QCD θ-term and the mLRSM

in the two subsequent sections, the discussion in ref. [19] is briefly repeated and updated.

4 EDMs of light nuclei from the QCD θ-term

4.1 Estimates of the coupling constants in the θ-term scenario

The QCD θ-term can be removed by an axial U(1) transformation at the price of picking

up a complex phase of the quark-mass matrix [43]:

LQCD = · · ·+
mumd

mu +md
θ̄ q̄iγ5q . (4.1)

Since the leading low-energy constants (LECs) of chiral perturbation theory and its heavy-

baryon extensions induced by the quark-mass matrix are quantitatively known, the coeffi-

cients ∆, g0, and g1 in eq. (1.1) can be related to quantitatively known matrix elements in

the θ-term case [16, 18, 43]. In particular, the three-pion ∆ vertex can be related to the

strong part of the pion-mass splitting [18, 43],

∆θ =
ǫ(1− ǫ2)

16FπmN

M4
π

M2
K −M2

π

θ̄ + · · · = (−0.37± 0.09) · 10−3 θ̄ , (4.2)

with the average kaon massMK = 494.98MeV [27] and ǫ ≡ (mu−md)/(mu+md) = −0.37±

0.03 computed from the latest prediction of mu/md = 0.46± 0.03 of ref. [44]. The dots in

eq. (4.2) denote higher-order contributions which are included in the uncertainty estimate.

The isospin-breaking pion-nucleon coupling constant g1 has two leading contributions. The

first arises from a shift of the ground state due to the θ-term and is given by

gθ1(c1) = 8c1mN∆θ = (2.8± 1.1) · 10−3 θ̄ , (4.3)

which corresponds to (−7.5±2.3)∆θ and where c1 = (1.0±0.3)GeV−1 [45] is related to the

nucleon sigma term. For details we refer to refs. [16, 43]. The second contribution, labelled

g̃θ1, is currently not quantitatively assessable. It was estimated in ref. [16] by resonance

saturation to equal g̃θ1 = (0.6± 0.3) · 10−3 · θ̄, while its Naive Dimensional Analysis (NDA)

estimate, cf. ref. [43], is |g̃θ1| ∼ |ǫ|M4
π/(m

3
NFπ) ∼ 1.7 · 10−3 · θ̄. These estimates can be
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combined by regarding the result from resonance saturation as the central value and the

difference to the NDA estimate as the uncertainty, which yields

g̃θ1 = (0.6± 1.1) · 10−3 θ̄ . (4.4)

This contribution has to be added to gθ1(c1) to obtain the total value of the gθ1 coupling

constant:

gθ1 = gθ1(c1) + g̃θ1 = (3.4± 1.5) · 10−3 θ̄ . (4.5)

The coefficient of the isospin-conserving CP-violating πN vertex, gθ0, is interrelated

with the quantitatively known strong contribution to the neutron-proton mass shift, δmstr
np .

We do not apply the value for δmstr
np used in refs. [16, 18, 19] here, but instead the more

refined value δmstr
np = (2.44 ± 0.18)MeV, which follows from a weighted average of the

values compiled in ref. [46] and the newest lattice result of ref. [47]. We then obtain

gθ0 = θ̄
δmstr

np(1− ǫ2)

4Fπǫ
= (−15.5± 1.9) · 10−3 θ̄ , (4.6)

where the latest update of ref. [44] for the value of ǫ, see above, has also been included.

The neutron and proton EDMs induced by the θ-term have recently been calculated

in refs. [48, 49] on the basis of supplementary Lattice-QCD input [50–52],

dθn = θ̄ · (2.7± 1.2) · 10−16 e cm , dθp = −θ̄ · (2.1± 1.2) · 10−16 e cm , (4.7)

where the signs have been adjusted to our convention e < 0.

The coefficients of the nucleon-nucleon contact interactions, C1,2, are harder to quan-

tify. In principle they could be deduced from an analysis of isospin-violating pion produc-

tion in NN collisions studied in ref. [53] since the CP-violating nucleon-nucleon contact

terms are related to the isospin-violatingNN → NNπ contact terms in very much the same

way as is the g0-term to the proton-neutron mass difference.4 However, this analysis has

not yet been performed with the necessary accuracy. We therefore estimate the strengths

of the C1,2 via the power-counting estimates of the g0-induced two-pion-exchange diagrams

since these coefficients should absorb the divergences and associated scale dependences of

such diagrams. This procedure yields the estimate

|Cθ
1,2| = O

(

gθ0gA/
(

Fπm
2
N

)

)

≃ 2 θ̄ · 10−3 fm3 , (4.8)

while the signs of Cθ
1,2 remain unknown. Therefore, the C1,2-induced contributions and

their nuclear uncertainties will be added in quadrature to provide an additional — and

difficult to reduce — uncertainty to the total EDM results.

4This would require a calculation of the isospin-violating NN → NNπ amplitudes to one order higher

than currently performed as well as an additional analysis of the reaction dd → απ0 — the status of the

theory for this reaction is reported in ref. [54] and the latest data is presented in ref. [55].
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4.2 Results for the deuteron and 3N EDMs in the θ-term scenario

We can now insert the above predictions for the coefficients in eq. (1.1) into the power-

counting estimates presented in appendix A. The following hierarchy of nuclear EDM con-

tributions then emerges for the deuteron case: the gθ0-induced one-pion exchange and the

C1,2-induced contact interactions vanish in the 2N system of the deuteron due to isospin

selection rules. Therefore, the leading-order EDM contribution is defined by the gθ1-induced

one-pion exchange [14, 16]. The gθ1 vertex is corrected by the ∆-dependent term in eq. (2.4).

It generates EDM contributions which are approximately half the size of the tree-level ones

induced by the gθ1 vertex but with the same sign. The only other relevant EDM contri-

bution up to NLO (i.e. contributions suppressed by a factor of ∼ Mπ/mN ) is the isoscalar

sum of the single-nucleon EDMs [15, 16, 56, 57]. In this combination, the large isovector

loop contribution to the single-nucleon EDM cancels [58].

Thus the EDM of the deuteron generated by the θ-term up-to-and-including NLO is

given by the insertion of dθn, d
θ
p, g

θ
1 and ∆θ into eq. (3.2):

dθ2H = θ̄ ·
{[

(0.6± 1.7)
]

− (0.62± 0.06± 0.28)− (0.28± 0.05± 0.07)
}

· 10−16 e cm . (4.9)

In each set of parentheses, the first (second) uncertainty is the nuclear (hadronic) one,

except for the sum of single-nucleon contributions, which here only have hadronic uncer-

tainties. Because of the rather large uncertainty of the sum of single-nucleon contributions,

the pure two-body contribution

dθ2H − dθp − dθn = −θ̄ · (0.89± 0.30) · 10−16 e cm , (4.10)

where the uncertainties have been added in quadrature, is more useful to consider. This

expression can be applied to extract θ̄ from the measurements of the proton, neutron and

deuteron EDMs without additional theoretical input. The contribution of the ∆-induced

g1 vertex correction was not considered in ref. [19], where therefore a 50% smaller result

for the total two-body contribution was obtained.

For the 3N systems, the LO EDM contributions — apart from the single-nucleon

ones — are defined by the gθ0-induced one-pion exchange as depicted in figure 1 (b). The

gθ1-induced one-pion exchange is counted as NLO since gθ1/g
θ
0 = −0.22 ± 0.10. The ∆-

dependent correction to g1 yields contributions which are, as in the deuteron case, roughly

one half of the gθ1 contributions with the same sign. As discussed before, the 3N contribu-

tions proportional to ∆ are smaller than estimated by power counting and are negligible,

while the contributions from the CP-violating nucleon-nucleon vertices are accounted for

as additional overall uncertainties.

In the order of the rows of table 2 and the terms in eqs. (3.3)–(3.4), the different

contributions to the helion and triton EDMs induced by the θ-term, respectively, combine
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to the following total helion and triton EDMs:

dθ3He = θ̄ ·
{

[(2.44± 0.04± 1.08) + (0.06± 0.01± 0.03)]

−(0.006± 0.002± 0.001) + (1.72± 0.20± 0.21)− (0.48± 0.06± 0.22)

−(0.22± 0.05± 0.05)± 0.2
}

· 10−16 e cm

= θ̄ · (3.5± 1.2) · 10−16 e cm , (4.11)

dθ3H = θ̄ ·
{

[−(0.08± 0.02± 0.04)− (1.93± 0.03± 1.10)]

−(0.006± 0.002± 0.001)− (1.68± 0.20± 0.21)− (0.47± 0.06± 0.21)

−(0.22± 0.05± 0.05)± 0.2
}

· 10−16 e cm

= −θ̄ · (4.4± 1.2) · 10−16 e cm . (4.12)

In each set of parentheses, the first uncertainty is always the nuclear one, while the second

is the hadronic one. In order to remove the influence of the single-nucleon EDM values

which rely on Lattice-QCD input at still rather large quark masses, we also list the pure

multi-body contributions to the EDMs where the nuclear uncertainty of the single-nucleon

terms can safely be neglected:

dθ3He − 0.90 dθn + 0.03 dθp = θ̄ · (1.01± 0.42) · 10−16 e cm ,

dθ3H − 0.92 dθp + 0.03 dθn = −θ̄ · (2.37± 0.42) · 10−16 e cm . (4.13)

Unfortunately, the various nuclear contributions partially cancel for the helion EDM,

whereas they add up for the experimentally less interesting triton EDM. This cancellation

is the origin of the rather large relative uncertainty of the total helion EDM multi-body

contribution. This cancellation was found to be less profound in ref. [19] since the ∆-

dependent correction to gθ1 was not taken into account. The uncertainties in eq. (4.13)

are dominated by the hadronic uncertainty of the coupling constant gθ1, by the nuclear

and hadronic uncertainties of the gθ0 term,5 and, finally, by the intrinsic uncertainty due

to the CP-violating nucleon-nucleon contact interactions. The latter uncertainty, roughly

±0.2 · 10−16 θ̄ · e · cm, can be interpreted as the one arising from higher-order corrections

and will be difficult to reduce.

5 The minimal left-right symmetric scenario

In this section the implications of our results for the mLRSM scenario are briefly explained.

This model and its induced hadronic coupling constants were discussed in detail in the

context of hadronic EDMs in ref. [19] (see also refs. [59–61]). The predictions of the

hadronic coupling constants of ref. [19] as functions of ∆LR are briefly summarized here

before returning the focus on the implications of the results of the nuclear computations

presented in this paper.

5The hadronic uncertainties of gθ0 and gθ1 can be reduced by refined predictions of c1, δm
str

np and the

quark mass ratio mu/md or difference ǫ, while the nuclear uncertainty might improve by the use of N3
LO

CP-conserving chiral potentials, see the discussion in ref. [19].
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The mLRSM is based on unbroken parity at high energies by extending the SM gauge

symmetry to SU(2)R [62–69]. Once the additional degrees of freedom — in particular right-

handed massive gauge bosons — are integrated out at low energies, the effective Lagrangian

contains an additional source of hadronic CP violation in the form of a particular four-

quark operator, called the four-quark left-right (FQLR) operator [8]. The FQLR operator

not only breaks CP symmetry but also chiral and isospin symmetry non-trivially, resulting

in a unique pattern of hadronic CP-violating interactions [8, 18]. We assume that there

does not appear a θ-term in this model. For discussions of EDMs in left-right models with

a nonzero θ-term see, e.g., refs. [60, 70].

The FQLR operator induces the three-pion vertex in eq. (1.1) with coupling constant

∆LR as the leading term in the pion sector. According to refs. [8, 18], the leading contribu-

tions to the CP-violating pion-nucleon coupling constants are then the following functions

of ∆LR:

gLR1 = 8c1mN∆LR = (−7.5± 2.3)∆LR ,

gLR0 =
δmstr

npmN∆LR

M2
π

= (0.12± 0.02)∆LR . (5.1)

Independent contributions to gLR1,0 appear at the same order, which scale as g̃LR1 = O(∆LR)

and g̃LR0 = O(ǫ∆LRM2
π/m

2
N ) ≃ 0.01∆LR by NDA and are absorbed into the uncertainties

of eq. (5.1) here. The main result is that the ratio gLR0 /gLR1 ≃ −0.02 ± 0.01 is heavily

suppressed, such that contributions to hadronic EDMs proportional to gLR0 can be ne-

glected [8].

Moreover, the coefficients C1,2 of the isospin-symmetric nucleon-nucleon contact terms

are heavily suppressed in the mLRSM due to the need of extra isospin violation. Therefore,

these contact terms appear at N4LO and can be neglected. There are in principle contribu-

tions at N2LO, one order higher than considered in this paper, from the isospin-breaking

and CP-violating nucleon-nucleon contact terms

LC3,4
= C3N

†τ3N Dµ(N
†SµN) + C4N

†N Dµ(N
†τ3 S

µN) . (5.2)

In analogy to the θ-term case, contributions from these contact terms are regarded as the in-

trinsic uncertainties due to higher-order corrections. Their sizes can be assessed by consid-

ering two-pion-exchange diagrams induced by gLR1 to obtain |CLR
3,4 | = O(gLR1 gA/(Fπm

2
N )) ≃

∆LR fm3. Their contributions to the deuteron and three-nucleon EDMs read

dLR2H (CLR
3,4 ) ≃ (0.05± 0.05) ·

(

CLR
4 − CLR

3

)

e fm−2 , (5.3)

dLR3He(C
LR
3,4 ) ≃ dLR3H (CLR

3,4 ) ≃
[

(0.04± 0.03) · CLR
3 − (0.07± 0.03) · CLR

4

]

e fm−2 , (5.4)

based on the N2LO χEFT potential.

The total nuclear contribution to the deuteron EDM induced by the left-right-symmetric

scenario is then given by

dLR2H − dLRp − dLRn = ∆LR [(1.37± 0.13± 0.41) + (0.75± 0.14)± 0.1] e fm

= ∆LR (2.1± 0.5) e fm , (5.5)
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where the first contribution is the one of the gLR1 -induced one-pion exchange, the second

— about 55% of the first one — is its three-pion-induced one-loop correction ∆LRfg1 and

the third is the uncertainty from the isospin-violating nucleon-nucleon contact terms. This

result for the deuteron EDM allows for an extraction of the parameter ∆LR from EDM

measurements of the deuteron, proton and neutron. The nuclear contributions to the

helion and triton EDMs provide a consistency check where again the uncertainties of the

single-nucleon contributions can safely be neglected:

dLR3He − 0.90 dLRn + 0.03 dLRp = ∆LR
{

(0.017± 0.006)− (0.013± 0.002± 0.002)

+(1.07± 0.14± 0.32) + (0.61± 0.14)± 0.1
}

e fm

= ∆LR (1.7± 0.5
)

e fm , (5.6)

dLR3H − 0.92 dLRp + 0.03 dLRn = ∆LR
{

(0.017± 0.006) + (0.013± 0.002± 0.002)

+(1.04± 0.14± 0.31) + (0.60± 0.14)± 0.1
}

e fm

= ∆LR (1.7± 0.5
)

e fm . (5.7)

The first term in brackets is the ∆LR-induced 3-nucleon contribution, the second and

third one stem from the gLR0 - and gLR1 -induced one-pion exchanges, respectively, the fourth

corresponds to the ∆LRfg1 vertex correction, and the fifth is again the uncertainty from

the isospin-violating nucleon-nucleon contact terms. As it is the case in eq. (5.5), the first

uncertainty is always the nuclear one and the second, if displayed, is the hadronic one.

The results of ref. [71] indicate that the single-nucleon EDMs induced by the FQLR

operator are significantly smaller than the two- and three-nucleon contributions presented

above, although there exists a considerable uncertainty. If the single-nucleon EDM con-

tributions are neglected, there is a non-trivial relation between the considered light-nuclei

EDMs induced by the mLRSM [19]:

dLR3He ≃ dLR3H ≃ 0.8 dLR2H . (5.8)

Note especially that all contributions have the same sign in contradistinction to the θ-

term case.

6 Summary and conclusions

In this work we have calculated the EDMs of the deuteron, helion, and triton in the

framework of chiral effective field theory. The CP-conserving and -violating nucleon-

nucleon potentials and currents are treated on an equal footing and were derived sys-

tematically within a controlled power-counting scheme. Up to next-to-leading order in the

χEFT power-counting scheme, nuclear EDMs depend at most on the seven CP-violating

hadronic interactions defined in eq. (1.1), irrespectively of the underlying source of CP

violation [8, 15, 16, 18].

We have performed numerical calculations of the EDMs of the three lightest nuclei

as functions of these seven coupling constants. Wherever possible, we have compared our

results with existing results in the literature [11–13, 15, 17] based on phenomenological
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CP-conserving potentials and found largely consistent results. While our results for the

leading g0- and g1-induced EDM contributions are in agreement with those of ref. [17], they

are smaller than those of refs. [12, 15] by a factor of two for the three-nucleon systems.

Certain contributions, in particular those dependent on the CP-violating three-pion vertex,

have been calculated in this work for the first time. The consistent treatment within χEFT

enabled us to compute the EDMs with well-defined nuclear uncertainties which arise from

the cutoff dependence of the employed CP-conserving nuclear potential. This uncertainty

amounts to approximately 10% for long-range contributions and to almost 50% for short-

range contributions. The main results of our work are given in eqs. (3.2)–(3.4), which

summarize the dependence of light-nuclei EDMs on the seven coupling constants. These

results are model-independent, i.e. they are applicable to any model of CP violation.

In particular, which of the seven interactions dominate(s) the nuclear EDMs does de-

pend on the underlying mechanism of CP violation. However, one can still draw some

general conclusions. First of all, contributions from CP-violating nucleon-nucleon contact

interactions proved to be less suppressed with respect to one-pion-exchange contributions

than chiral power-counting rules indicate. This observation increases the uncertainty of nu-

clear EDM calculations, but the extent depends on the underlying CP-violating source(s).

In addition, this implies that calculations of CP-violating moments of heavier nuclei should

not, in general, be performed on the basis of one-pion-exchange potentials only — as is

currently state of the art [72] — in order to obtain reliable error estimates. This espe-

cially affects analyses of CP-violating models inducing a large gluon chromo-EDM which

generates relatively large CP-violating nucleon-nucleon contact terms [15].

Second, we find a significant contribution to nuclear EDMs arising from the one-loop

correction of the g1 vertex of ref. [15], which is induced by the CP-violating three-pion ver-

tex. The nuclear contributions from this correction turn out to be well approximated by

their value at zero-momentum transfer. This means that the three-pion vertex effectively

renormalizes the coupling constant g1 in the case of light nuclei. However, the induced form

factor grows linearly with the momentum transfer, which renders momentum-dependent

corrections (that cannot be absorbed into g1) potentially more important for heavier sys-

tems as the Fermi-scale increases. A detailed calculation for such systems is necessary to

quantify this effect.

Third, the three-pion vertex induces a CP-violating three-nucleon potential which

power-counting predicts to be significant. However, the full calculations performed here

reveal that the three-body potential provides a negligible contribution to the EDMs of the

considered three-nucleon systems. Symmetry or other constraints specific to the triton and

helion wave functions can be excluded as the reason for this suppression. This CP-violating

three-nucleon potential might therefore be safely neglected in nuclear EDM calculations.

Our EDM results can be used to investigate various specific scenarios of CP violation.

As two examples, the QCD θ-term and the minimal left-right symmetric scenario were

considered here, which can both be traced back to only one dimensionless parameter — of

fundamental nature in the former case and of only low-energy effective nature in the latter

one. These parameters were discussed in detail in the context of EDMs in ref. [19]. The

θ-term scenario has the advantage that the coupling constants appearing in eq. (1.1) can
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be related to known strong matrix elements due to chiral-symmetry considerations. This

led to predictions for the nuclear contributions to the deuteron, helion, and triton EDMs

as functions of θ̄ directly, see eqs. (4.10) and (4.13). The uncertainties of the deuteron and

triton EDMs are quite small (roughly 30% and 18%, respectively). Unfortunate cancella-

tions among the various nuclear EDM contributions yield a somewhat larger uncertainty

(42%) for the experimentally interesting helion EDM.

The uncertainties of our results are governed by the nuclear uncertainty of the isospin-

conserving CP-violating one-pion-exchange and nucleon-nucleon contact terms, and espe-

cially, by the hadronic uncertainties, which arise from the errors of the coupling constants of

CP-violating operators. The hadronic uncertainties for the θ-term scenario can be reduced

with refined knowledge of the strong part of the neutron-proton mass splitting, δmstr
np , and

c1 which is related to the pion-nucleon sigma term. Their uncertainties are expected to

decrease with new Lattice-QCD predictions and a refined analysis of pion-nucleon scat-

tering data (we refer to ref. [19] for further details). In addition, improved Lattice-QCD

calculations of the single-nucleon EDMs would allow for more precise predictions of the

total nuclear EDMs. In this case two EDM measurements would be sufficient to confirm

the existence of a nonzero θ-term. The nuclear uncertainty of our results can be reduced

by the application of N3LO chiral potentials and associated wave functions.

In the mLRSM scenario it is again possible to use chiral-symmetry considerations to

greatly simplify the analysis. All nuclear contributions to the EDMs can be expressed as

functions of a single coupling constant, see eqs. (5.5)–(5.7). Assuming the dominance of

the nuclear EDM contributions over the single-nucleon EDM contributions, as expected

from chiral perturbation theory [71], the mLRSM predicts the deuteron, helion, and triton

EDMs to be of the same sign and (approximately) magnitude. EDM measurements of

single nucleons and light nuclei would thus be able to confirm/exclude the mLRSM as the

primary origin of the measured EDMs.

More general models can of course be studied in a similar fashion. However, the analysis

is then limited by the unknown sizes of the various coupling constants appearing in the

model-independent EDM expressions, see eqs. (3.2)–(3.4). Nevertheless, general statements

can still be made using estimates of these coupling constants with unfortunately larger

uncertainties (see e.g. refs. [15, 19]). For instance, if the hadronic CP violation is dominated

by the quark EDM, the EDMs of light nuclei can be expressed in terms of the single-nucleon

EDMs only. On the other hand, in models that induce a large gluon chromo-EDM almost

all interactions in eq. (1.1) contribute to nuclear EDMs at the same order, which makes the

analysis extremely complicated. The situation would improve substantially with Lattice-

QCD calculations of the coupling constants of CP-violating effective Lagrangian terms

induced by the various dimension-six CP-violating operators, see e.g. refs. [73, 74].

In summary, we have performed calculations of light-nuclei EDMs in the framework of

chiral effective field theory. We have included CP-violating one-, two-, and three-nucleon

interactions up to next-to-leading order in the chiral power counting. We have shown that

certain contributions to nuclear EDMs, e.g. from nucleon-nucleon contact interactions and

the three-pion vertex, which are often neglected in the literature, are actually significant.

As applications of our results, we have studied two specific scenarios of CP violation and
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demonstrated that these could be disentangled with EDM measurements of nucleons and

light nuclei. We stress that an important and outstanding challenge in this field is the

analog of our eqs. (3.2)–(3.4) for heavier systems.
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A Power counting of CP-violating nuclear operators

We estimate the contributions of CP-violating nuclear operators, defined by eqs. (1.1), (2.3)–

(2.6) and (5.2), to the EDMs of light nuclei. The power-counting scheme of ref. [26] is

employed, which is also used in refs. [16, 18].6 Within this scheme, the counting orders

increase as integer powers of p/Λχ ∼ Mπ/mN . To obtain the estimates we take out a com-

mon factor from the corresponding diagrams — for the three-body case this normalization

factor is m2
N/(F 4

πM
3
π).

7

While the second column of table 3 contains the power-counting estimates for a general

source of CP-violation with input according to eqs. (2.3)–(2.6), the third and fourth columns

list the estimates for the θ-term and the mLRSM scenarios, respectively. For that purpose,

the results of section 4 for the θ-term case and of section 5 for the mLRSM scenario have

been utilized to assess the numerical sizes of the coefficients, which do not follow in all

cases NDA:

• |gθ0| ∼ θ̄ · (Mπ/mN )2, |gθ1| ∼ (Mπ/mN ) · |gθ0| and |∆θ| ∼ (Mπ/mN )2 · |gθ0| in the θ-term

case,

• |gLR1 | ∼ ∆LR · (Mπ/mN )−1 and |gLR0 | ∼ ∆LR · (Mπ/mN ) in the mLRSM scenario,

and

• |C1,2| ∼ |g0|/(Fπm
2
N ) and |C3,4| ∼ |g1|/(Fπm

2
N ) in general.

The second row of table 3 is specific to a three-body potential and therefore does not apply

to the deuteron — on top of the fact that the third and sixth rows are ruled out by isospin

6The operators relevant for this work are counted in the same way as in the power-counting scheme of

refs. [8, 15]. Differences between these schemes only emerge at one-loop level and in certain currents which

have been pointed out in ref. [16].
7One factor of Mπ for the photon momentum, cf. eq. (2.2), and one factor of F−2

π ×mN/M2

π per one-

pion exchange extracted from the nuclear wave function in such a way that figure 1 (a) becomes simply

connected.
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label general source θ-term mLRSM

dn,p dn,p θ̄ eM2
π/m

3
N (NLO) ∆LR e Fπ/m

2
N (N3LO)

∆ ∆ e Fπ/M
2
π ⋄ θ̄ e FπM

2
π/m

4
N ⋄ (N2LO) ∆LR e Fπ/M

2
π ⋄ (NLO)

g0 g0 e Fπ/M
2
π θ̄ e Fπ/m

2
N (LO) ∆LR e Fπ/(MπmN ) (N2LO)

g1 g1 e Fπ/M
2
π θ̄ e FπMπ/m

3
N (NLO) ∆LR emNFπ/M

3
π (LO)

∆ fg1 ∆ e Fπ/(MπmN ) ∗ θ̄ e FπM
3
π/m

5
N ∗ (N3LO) ∆LR e Fπ/(MπmN ) ∗ (N2LO)

C1,2 C1,2 e F
2
π θ̄ e FπM

2
π/m

4
N (N2LO) ∆LR e FπMπ/m

3
N (N4LO)

C3,4 C3,4 e F
2
π θ̄ e FπM

3
π/m

5
N (N3LO) ∆LR e Fπ/(MπmN ) (N2LO)

Table 3. Power-counting estimates of the leading EDM contributions induced by the coefficients of

CP-violating operators defined in eqs. (1.1), (2.3)–(2.6) and (5.2). The second column displays the

estimates for a general source of CP violation, while the third and fourth column show the power-

counting estimates for the θ-term and the mLRSM scenario, respectively. Estimates which should

be enhanced/suppressed relatively to the power counting are explicitly marked by a star/diamond.

The expressions on the right sides of the third and fourth column indicate whether an operator

yields a leading-order (LO), a next-to-leading-order (NLO), etc. contribution.

selection in this case. The estimates marked by a star (∗) in table 3 should be enhanced by

a factor of about 5π relative to the stated order, while the entries marked by a diamond (⋄)

are in reality suppressed by about one order of Mπ/mN — see section 3 for more details.

B Regulator dependence of the contact-interaction EDM terms

In order to investigate the EDM contributions from the two-nucleon contact interactions in

eq. (1.1) and eq. (5.2), an additional cutoff function with parameter β has been introduced

— see the third line of eq. (2.4). As a study case, figure 3 depicts the β dependence of

the contributions to the helion EDM induced by the C2 vertex when the CP-conserving

component of the nuclear potential is given, respectively, by the Av18+UIX potential [38,

39], the CD-Bonn+TM potential [40, 41] or the N2LO χEFT potential [34, 35] — the latter

with the five combinations of cutoffs as in eq. (3.1).

Modulo a prefactor, the potential operator induced by the C2 vertex in the third line

of eq. (2.4) coincides with the g0-induced potential operator in the first line of eq. (2.4) for

β = 1. The g0-induced contributions to the helion EDM as listed in table 2 can thus be

recovered at β = 1 by a suitable replacement of units. We have verified explicitly that our

numerical calculations are in agreement with this expectation.

The Ci vertices parameterize physics at the momentum scale & 3Mπ. For β ≤ 3, the

EDM contributions from the Av18+UIX, the CD-Bonn+TM and the N2LO χEFT potential

with the five cutoff combinations are compatible within one order in magnitude since they

only differ by a factor of less than three.

To 1% accuracy, the EDM contributions from the N2LO χEFT potential have converged

already if βMπ > 3GeV. The convergence of the corresponding EDM contributions from
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Figure 3. Dependence of the helion EDM contribution induced by the C2 vertex on the cutoff

parameter β. The dashed line depicts the β dependence when the Av18+UIX potential [38, 39] is

employed for the CP-conserving component of the nuclear potential, while the solid line shows the

β dependence for the CD-Bonn+TM potential [40, 41]. The hatched area depicts the dependence

of the C2-induced EDM contribution on β and on the cutoffs ΛLS and ΛSFR for the N2LO χEFT

potential [34, 35].

the Av18+UIX and the CD-Bonn+TM potentials, however, is more slowly. The discrep-

ancies between the EDM contributions from the three different CP-conserving potentials

are especially significant at large βMπ. This reveals the tremendous model dependence

in the short-distance regime. The large β limit of Av18+UIX differs from the one of CD-

Bonn+TM by a factor of about eight. As already discussed in section 3, the small value of

the Av18+UIX limit can be attributed to a large atypical short-range repulsion. The ab-

solute distance between the large β limit of the CD-Bonn+TM case and the β band of the

N2LO χEFT potential is roughly the same as between the β limits of the CD-Bonn+TM

and Av18+UIX cases. The values at β = 49 were taken as the predictions for the short

range EDM contributions given in the last four rows of table 2 and eqs. (5.3)–(5.4).

The patterns of convergence with respect to β of the helion EDM contributions induced

by the other Ci vertices as well as of their corresponding triton counter parts are similar.

Thus they are not explicitly shown here.
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