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1. Introduction

Permanent electric dipole moments (EDMs) of particles, nuclei, atoms, and molecules are
powerful probes of physics beyond the Standard Model (SM) [1]. EDMs are signal of parity (P)
and time reversal (T ) violation (/P/T ) in the flavor diagonal sector. Therefore, they are insensitive,
within the current experimental sensitivity, to the only measured CP-violating parameter in the
SM, the phase of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The SM has another source
of /P/T , the QCD θ̄ term. The θ̄ angle is a free parameter in the QCD Lagrangian, and thus, a
priori, a O(1) number. However, the stringent bound on the neutron EDM, |dn| < 2.9 · 10−13 e
fm [2], constrains θ̄ to be unnaturally small, θ̄ . 10−10. Because of the smallness of θ̄ , and the
negligible contribution from the CKM, CP violation from physics beyond the SM could provide
an important, even leading, contribution to EDMs. As a consequence, a rich experimental program
in under way, with the goal to improve the bounds on the neutron and atomic EDMs by one/two
orders of magnitude by the end of the decade. Furthermore, new techniques have been proposed to
measure the EDMs of light ions (the proton, the deuteron, and, possibly, other light nuclei) directly,
and with the same accuracy as EDMs of neutral particles, in storage ring experiments [3].

A positive signal in any of the next-generation experiments would be a clear signal of /P/T
beyond the CKM phase. But, will we be able to identify the dominant, microscopic mechanism(s)
that generates it? Is the θ̄ term, or physics at some high energy scale? In this talk, I address some
aspects of this multifaceted question. I focus on hadronic EDMs, and I discuss, using the tools of
nuclear Effective Field Theories (EFTs), how different symmetry properties of /P/T operators at the
quark-gluon level imply qualitatively different relations between observables in the one, two and
three-nucleon sector. The observation of these relations in EDM experiments, then, would provide
strong hints on the nature of the dominant /P/T source.

2. /P/T interactions at the quark-gluon and hadronic level

The first /P/T source I consider is the QCD θ̄ term. By performing a UA(1) rotation, the θ̄ term
can be written as a complex mass term, which, after imposing vacuum alignment [4], is

L4 =−m?r−1(θ̄)sin θ̄ q̄iγ5q, (2.1)

where q is a doublet of the two lightest quarks q = (u,d), m? is the light quark reduced mass,
m? = mumd/(mu +md) and the function r(θ̄) is approximately 1 for small θ̄ .

The smallness of θ̄ can make /P/T beyond the SM competitive, if not dominant. We assume
new physics to be characterized by some high energy scale M/T , much larger than the electroweak
(EW) scale. At the EW scale, new physics is integrated out, giving rise to gauge invariant operators
of higher dimension. The most important are, presumably, the operators of the lowest dimension,
that is dimension-six operators. For nuclear observables, the /P/T Lagrangian at the EW scale must
be run down to the typical hadronic scale, µ ∼ 1 GeV, and, in the process, heavy SM particles are
integrated out. After doing so, the minimal set of dimension-six operators includes the quark elec-
tric and chromo-electric dipole moments (qEDM and qCEDM), the gluon chromo-electric dipole
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moment (gCEDM), and four four-quark operators [5, 6].

L6 = −1
2

q̄(d0 +d3τ3) iσ µν
γ5q Fµν −

1
2
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(
d̃0 + d̃3τ3

)
iσ µν
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aq Ga
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+
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6
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ε
µναβ Ga
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ν

+
ImΞ1

4
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γ

µqq̄τ
j
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ImΞ8

4
ε
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i
γ
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aqq̄τ
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γµλ

a
γ5q

+
ImΣ1

4
(q̄q q̄iγ5q− q̄~τq · q̄~τiγ5q)+

ImΣ8

4
(q̄λ

aqq̄iγ5λ
aq− q̄~τλ
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aq) . (2.2)

d0 (d̃0) and d3 (d̃3) represent the isoscalar and isovector components of the qEDM (qCEDM). These
are dimension-five operators, but, since they break SUL(2), they must be proportional to the Higgs
vacuum expectation value, making them of effective dimension six. dW is the gCEDM. Of the
four-quark operators, Σ1,8 are invariant under the SM gauge group, and can be generated directly
at the EW scale. Ξ1,8 are not invariant under SUL(2), and are generated by integrating out the weak
bosons [7]. I define the couplings in Eq. (2.2) as

d0,3 = O

(
eδ m̄
M2

/T

)
, d̃0,3 = O

(
4π

δ̃ m̄
M2

/T

)
, dW = O

(
4π

w
M2

/T

)
,

Ξ1,8 = O

(
(4π)2ξ

M2
/T

)
, Σ1,8 = O

(
(4π)2σ

M2
/T

)
, (2.3)

in terms of dimensionless numbers δ , δ̃ , w, ξ , and σ . The size of these parameters depends on the
exact mechanisms of electroweak and P and T breaking, and on the running to low energies.

The next step is to calculate hadronic observables from the Lagrangian in Eqs. (2.1) and (2.2).
To do so requires a complete solution of QCD, which is not in sight. There exist lattice calculations
of the nucleon EDM for the θ̄ term [8, 9], but they are not at the physical pion mass yet, and an
extension to light nuclei is non trivial. On the other hand, the chiral symmetry of QCD and its spon-
taneous breaking allow to develop an EFT, chiral perturbation theory, to describe the interactions of
pions, nucleons and photons at energies Q much smaller than the strong interaction scale, MQCD∼ 1
GeV. The /P/T EFT Lagrangian stemming from Eqs. (2.1) and (2.2) can be obtained by constructing
all the operators that transform under SUL(2)×SUR(2) as the sources at the quark-gluon level, and
by assigning them a scaling in the EFT expansion parameter, Q/MQCD. Unfortunately, the cou-
plings in the EFT cannot be derived from QCD, but they can be estimated by naive dimensional
analysis (NDA), and extracted from data, when enough observables are available.

It is therefore important to look at the transformation properties of the /P/T operators in Eqs.
(2.1) and (2.2). The θ̄ term and qCEDM break chiral symmetry as components of SO(4) vectors.
The θ̄ term and isoscalar qCEDM respect isospin, while the isovector component of the qCEDM
breaks also isospin. The qEDM has the same transformation properties as the qCEDM, with the
important difference that if one is interested in purely hadronic operators, e.g /P/T pion-nucleon
and nucleon-nucleon couplings, the photon needs to be integrated out, causing a large suppression
of αem/4π . The gCEDM and the two four-quark operators Σ1,8 are chiral invariant. Having the
same transformation properties, they generate exactly the same couplings in the EFT, so that in
our approach their effects are not distinguishable. I will discuss them together, and denote them
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collectively as chiral invariant sources (χISs). Ξ1,8, which, because of their properties I will call
four-quark left-right operators (FQLR), break chiral symmetry and isospin, as the 34 component of
a symmetric tensor.

The EFT Lagrangian induced by the /P/T operators up to dimension-six was discussed in detail
in Refs. [10, 6]. For the observables I discuss here, the most important couplings are

L/P/T = − ḡ0

Fπ

~π · N̄~τN− ḡ1

Fπ

π3N̄N +C̄1N̄N ∂µ (N̄SµN)+C̄2N̄~τN ∂µ (N̄Sµ~τN)

−2N̄
(
d̄0 + d̄1τ3

)
SµvνNFµν , (2.4)

where Fπ = 186 MeV. The relative importance of the couplings in Eq. (2.4) depends on the transfor-
mation properties of the /P/T source at the quark-gluon level. For sources that break chiral symmetry,
the non-derivative pion-nucleon couplings appear at lowest order in the /P/T EFT Lagrangian, with
nucleon-nucleon and nucleon-photon couplings suppressed by two powers of Q/MQCD. The main
difference between the θ̄ term and the qCEDM is that the qCEDM, having both an isoscalar and
isovector component, generates ḡ0 and ḡ1 at the same level, while for the θ̄ term ḡ1 is suppressed
by εm2

π/M2
QCD with respect to ḡ0. The FQLR is purely isovector, but does contribute to ḡ0 in LO,

because of vacuum alignment [6]. In the case of the qEDM, the purely hadronic operators ḡ0,1 and
C̄1,2 are suppressed by αem/4π , and they are irrelevant for all the observables we consider. The
most important couplings are the short-range contributions to the isoscalar and isovector nucleon
EDMs d̄0 and d̄1. For χISs, in order to generate the chiral breaking couplings ḡ0 and ḡ1, an inser-
tion of the quark mass is needed, which costs two powers of Q/MQCD. On the other hand, C̄1,2 and
d̄0,1 are not suppressed, so that all the interactions in Eq. (2.4) are of the same order.

In summary, the pion-nucleon coupling ḡ0 and ḡ1 scale as

ḡ0 = O

(
θ̄

m2
π

MQCD
, δ̃

m2
πMQCD

M2
/T

, w
m2

πMQCD

M2
/T

, ξ
εM3

QCD

M2
/T

)
, (2.5)

ḡ1 = O

(
θ̄

εm4
π

M3
QCD

, δ̃
m2

πMQCD

M2
/T

, wε
m2

πMQCD

M2
/T

, ξ
M3

QCD

M2
/T

)
. (2.6)

The short-range contributions to the isosclar and isovector nucleon EDM scale as

d̄0,1 = O

(
θ̄

m2
π

M3
QCD

, δ̃
m2

π

MQCDM2
/T
,δ

m2
π

MQCDM2
/T
,w

MQCD

M2
/T

, ξ
MQCD

M2
/T

)
. (2.7)

The four-nucleon couplings C̄1,2 are only relevant for the χISs, for which they scale as C̄1,2 =

O
(

wMQCD/F2
π M2

/T

)
, the same order as ḡ0,1 and d̄0,1. However, C̄1,2 are only relevant to the 3He

and 3H EDMs, and, though expected to be leading, their contribution is actually numerically small
[11]. I will neglect C̄1,2 in what follows.

The scalings in Eqs. (2.5) - (2.7) are based on NDA. For the θ̄ term, one can do better by
exploiting a relation between matrix element of isospin breaking operators and /P/T operators [12],

ḡ0

Fπ

=
δmN

Fπ

1− ε2

2ε
θ̄ = 1.5 ·10−2

θ̄ , (2.8)
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where δmN is the strong interaction contribution to the neutron-proton mass difference, for which
we used the value in Ref. [13]. For couplings in the subleading EFT Lagrangian, e.g. ḡ1 or d̄1,0,
the relations between PT and /P/T operators is still formally valid, but in practice not useful [10]. A
recent estimate [14] found ḡ1 to be less suppressed than expected by NDA, ḡ1/ḡ0 ∼ 0.1, roughly
a factor of ten larger than expected. For the low-energy constants (LEC) d̄0,1, I will just use NDA.
Also, I will not go beyond NDA for all the /P/T couplings stemming from dimension-six sources.

3. Nuclear Observables

The EFT Lagrangian (2.4) can be used to compute /P/T nuclear observables. I focus here on the
EDMs of the nucleon, the deuteron, and of 3He and 3H.

In the one-nucleon sector, the electric dipole form factor (EDFF) can be systematically com-
puted in an expansion in powers of Q/MQCD. The EDFF receives contributions at tree level from
the short-range operators d̄0,1, and at one loop from the /P/T pion-nucleon couplings ḡ0,1. The addi-
tional loop costs two powers of Q/MQCD, and it can be neglected if ḡ0,1 are of the same order as, or
smaller than, the LECs d̄0,1. For the χISs and the qEDM, therefore, the nucleon EDFF is at leading
order (LO) completely determined by two LECs

d0 = d̄0, d1 = d̄1, (3.1)

and is momentum independent. The first contribution to the momentum dependence only ap-
pears at NNLO, and it is governed by the scale MQCD. With the NDA estimates in Eq. (2.7),
the current bound on the neutron EDM can be converted in bounds on the new physics scale:
δ/M2

/T . (102 TeV)−2 for the qEDM, and w/M2
/T . (103 TeV)−2 for χISs.

For the θ̄ term, the qCEDM and the FQLR, the M2
QCD suppression causes the loop diagrams

and the contribution from d̄0,1 to appear at the same order. For these sources, at NLO [15, 16, 17]

d0 = d̄0 +
egAḡ0

(2πFπ)2
3π

4
mπ

mN

(
1+

ḡ1

3ḡ0

)
, (3.2)

d1 = d̄1 +
egAḡ0

(2πFπ)2

[
L− log

m2
π

µ2 +
5π

4
mπ

mN

(
1+

ḡ1

5ḡ0

)]
. (3.3)

At LO, the isoscalar EDFF is momentum independent, and fixed by d̄0. The first non-analytic con-
tributions arise at NLO, where one also finds the first contribution to the momentum dependence.

Pion loops contribute to the isovector EDFF already at LO, where the only relevant pion-
nucleon coupling is ḡ0. The diagrams are logarithmically divergent, with the divergence encoded
by L. Renormalization requires the counterterm d̄1 to be of the same order as the loop, in agreement
with power counting. The momentum dependence of the EDFF comes entirely from the loop, it
is governed by m2

π , and only depends on ḡ0. At NLO, one finds the first contribution from ḡ1.
However, ḡ1 contributes only to the EDM, not to the EDFF, and cannot easily be disentagled from
the LECs d̄0,1. Since the main difference between the θ̄ term and the isospin-breaking qCEDM
and FQLR is the relative size of ḡ0 and ḡ1, the nucleon EDFF alone, without further input from the
lattice, does not allow to disentagle the θ̄ term from dimension-six chiral breaking operators.

To estimate the nucleon EDM, I need to make some assumptions. Though they contribute
at the same order, I do not expect cancellations between the short-range contributions, analytic in
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m2
π , and the long-range, non-analytic in m2

π . I estimate d1 by neglecting the LEC d̄1, and setting
µ ∼ mN , to obtain d1 ∼ 0.15ḡ0/Fπ e fm. For d0, the non-analytic piece is subleading, and provides
a lower bound |d0| & 0.01ḡ0/Fπ e fm, roughly a factor of 3 smaller than the NDA estimate for d̄0.
For to the θ̄ term, using Eq. (2.8) the bound on the neutron EDM can be converted on a limit on θ̄ ,
θ̄ < 10−10. For the qCEDM and FQLR, the bound on the neutron EDM, combined with the NDA
estimate for ḡ0/Fπ , indicates a new physics scale of several TeV, e.g. δ̃/M2

/T . (102TeV)−2.
In summary, for all the /P/T operators in Eqs. (2.1) and (2.2), the nucleon EDM depends on

at least two undetermined LECs. A measurement of the EDM of proton and neutron in the next
generation of experiments, while clearly a signal of /P/T beyond the phase of CKM, can be fitted by
any of the sources I consider. In particular it would not allow to determine whether the culprit for
CP violation is the QCD θ̄ term, of physics beyond the SM.

To this goal, more low-energy observables are needed. A promising direction is to investigate
the EDMs of light nuclei. The EDM of a bound state receives several contributions: from the
EDMs of the constituents, /P/T corrections to the bound state wavefunction, two- or many-body /P/T
currents, etc. The power counting of the EFT allows to systematically organize these contributions.
For systems with A ≥ 2, the infrared enhancement of nucleon lines with almost on-shell nucleons
has, as a main consequence, the result that adding extra loops, with pion exchanges between dif-
ferent nucleon lines, only costs powers of Q/MNN ∼ Q/Fπ , rather than Q/MQCD. Therefore, we
expect that in the case of the θ̄ term, the qCEDM and the FQLR, the EDMs of light nuclei are dom-
inated by pion-exchange corrections to the bound state wavefunction. For χISs, /P/T corrections to
the wavefunction, both from one-pion-exchange and short-range /P/T potential, and the one-body
contribution from the nucleon EDM should contribute at the same level, while for the qEDM the
EDMs of light nuclei should not be significantly different from the EDMs of their constituents.
These expectations can be tested on the deuteron, helion and triton.

In the case of the deuteron, because of spin and isospin selection rules, ḡ0 does not contribute
to the EDM at LO, while ḡ1 does. The deuteron EDM dd is then a crucial observable to identify
isospin breaking sources, e.g the qCEDM. dd was recently computed in chiral EFT in Refs. [18,
11, 14]. In the perturbative pion approach, Ref. [18] finds

dd = dn +dp− e
ḡ1

mπ

mN

6πF2
π

1+ξ

(1+2ξ )2 = 2d0−0.23
ḡ1

Fπ

e fm, (3.4)

where dn + dp = 2d0, and ξ = γ/mπ , with γ the deuteron binding momentum, γ = 45 MeV. The
pion-exchange contribution dominates for the qCEDM and the FQLR, with an expected enhance-
ment of a factor M2

QCD/mπMNN∼ 10 with respect to d0. To be more quantitative, one needs to know
the precise dependence of d̄0 and ḡ1 on the couplings δ̃ and ξ . In absence of that, NDA suggests
d̄0 ∼ 0.03ḡ1/Fπe fm, so that d0 should be no more than 30% of the pion-exchange contribution.

In the case of the θ̄ term and the χISs the pion-exchange contribution is suppressed, by a factor
Q/MNN ∼ 1/3, with respect to the one-body piece. Resorting again to NDA the contribution of ḡ1

should be about 10% of d0. Obviously, the LEC d̄0 could be smaller than NDA, and then the two
components of Eq. (3.4) could be of the same size. In this case, however, one should also observe
a big difference between d0 and d1. For the qEDM ḡ1 is small, and dd should not differ from 2d0.

From this discussion, we see that only for the qCEDM and FQLR dd is expected to differ sig-
nificantly from 2d0. The observation of the nucleon and deuteron EDM, then, would give important
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hints to identify, or exclude, these two sources as the dominant mechanism of /P/T .
With more nuclei, one can collect more pieces of the puzzle. 3He and 3H are interesting

because there is no selection rule suppressing the contribution of ḡ0. A calculation that used an
“hybrid” approch, i.e the EFT /P/T potential of Ref. [19], and high-precision PT phenomenological
potentials for the three-nucleon wavefunction, was performed in Refs. [20, 11], and found

d3H +d3He

2
= 0.84d0−0.28

ḡ1

Fπ

efm,
d3H−d3He

2
= 0.94d1 +0.15

ḡ0

Fπ

efm, (3.5)

where I am neglecting the numerically small contributions of C̄1,2, and showing results for AV18.
The discussion for the isoscalar combination, d3H + d3He, parallels very closely the one for the
deuteron. For the qCEDM and FQLR, d0 provides a 10% correction to the contribution of ḡ1,
while for all the other sources no large deviation from d0 is expected.

For the isovector combination d3H−d3He, the enhancement of d1 due to the chiral log, and the
smallness of the nuclear matrix element in front of ḡ0, cause the one- and two-body contributions
to be of similar size for the θ̄ term, the qCEDM, and the FQLR. Contrary to the power counting
expectation, we cannot therefore neglect d1. For the χISs, even though one expects ḡ0,1 to be
important, the smallness of their nuclear matrix elements causes the EDM to be dominated by d1.
For the qEDM, as usual, no deviation from d1 is expected. d3H−d3He would then help to understand
if the dominant /P/T mechanism generates a large ḡ0, and to isolate the θ̄ term.

4. Conclusion

The observation of an EDM in the next generation of experiments would put to an end a
hunt began with Purcell and Ramsey’s experiment more than seventy years ago. At the same
time, it would open the question on the fundamental mechanism behind the observed /P/T . We
have discussed how chiral and isospin properties of /P/T operator at the quark-gluon level imply
qualitatively different relations between the nucleon, deuteron and three-nucleon EDMs. If experi-
mentally observed, these relations would provide important clues on the nature of the dominant /P/T
mechanism(s).
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