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1. Introduction

The CP-violation of the Standard Model (SM) is not sufficient to explain the matter/antimatter
asymmetry of the Universe [1-3]. An attractive approach to search for new physics beyond the SM
with large CP-violation is the measurement of the Electric Dipole Moment (EDM) [4-16]. It is
now possible to experimentally measure the EDM of many systems (neutron [17], atoms [18, 19],
muon [20], electron in molecules [21, 22], etc). There are also much R & D with new exper-
imental techniques to explore other systems (protons [23], nuclei [24, 25], heavy hadrons [27], T
leptons [28-31], electrons in new systems [32,33],...). We note that one of the main topic discussed
in the Session "Fundamental Symmetries and Spin Physics BSM" of this symposium is the general
relativity effect to the EDM measurement using storage rings. This topic was investigated in many
previous works [34-39] and an excellent derivation of this effect was also presented in the same
session [40], so we will not expand the physics in this direction. Here we will rather concentrate
on how to extract new theories from the EDM experimental data. For that, we must know how the
elementary level CP-violation and the EDM of the systems seen above are related in theory. We are
particularly interested in systems where enhancements occurs, or those with specific experimental
sensitivity to a definite class of CP-violating theories. In this proceedings contribution, we will
give a (disorganized) review of the mechanisms of enhancement and suppression of hadronic, nu-
clear and atomic level CP-violation contributing to the EDM of various systems currently studied
in experiments.

2. Electric Dipole Moments of elementary and composite systems

In the relativistic field theory, the interaction of the EDM of an elementary fermion f with the
external electric field is expressed as

1 _
Lepm = *Edff%vF“vYSf- (2.1)

By taking the nonrelativistic limit, the above lagrangian reduces to Hgpm = —dy0 - E, where o is
the spin of f. This effective interaction is generated in many candidates of new theories at one-
or two-loop levels, such as in supersymmetric theories [41-44], extended Higgs models [45—47],
etc. The SM contribution appears at the three-loop level or beyond [48,49], and is thus extremely
small. This tiny background makes the EDM to be a probe very sensitive to the CP-violation.

For the case of composite particles, the evaluation of the EDM proceeds with the calculation
of

dy =) (¥|Qieri|¥), (2.2)
i
with Q;e and r; the charge and the coordinate (in the center of mass frame) of the ith constituent
of the system W, respectively. Here the EDM is not only generated by that of elementary particles,
but also by other CP-odd interactions which may polarize the entire system. The leading ones with
low mass dimensions are the followings:

LEDM = —%d;fG“ngvta%f (chromo-EDM), (2.3)
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1 . ¢ .
Ly = 3" fabegaB 7'5G;‘mGlé},Gg “ (Weinberg operator), (2.4)
L = CispfTif fTif  (4-fermion interaction). (2.5)

Each of them may be generated at low orders of perturbation in many candidates of new physics,
and has specific sensitivity to them.

In neutral atoms or molecules, an important suppression of the CP-violating effect occurs.
Schiff showed that the EDM of pointlike constituents in nonrelativistic and charge neutral systems
is completely screened [50]. There are however several effects which escape from Schiff’s theorem.
These are (1) the relativistic constituents, in particular the electron in heavy atoms or molecules,
(2) the CP-violating interactions among constituents, and (3) the nuclear finite size effect, given by
the nuclear Schiff moment:

Z
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o 5(F-50Da)r @0
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where dy is the intrinsic nucleon EDM. The indices i and N run over all protons and nucleons
of the nucleus with charge radius (r?)., respectively. To extract the new physics from atomic or
molecular experiments, the quantifications of all of the above physics, at the elementary, hadronic,
nuclear, and atomic levels, are mandatory. On that occasion, knowing enhancing or suppressing
mechanisms may help us to achieve this goal.

3. Enhancement and suppression of the EDM in composite systems

3.1 Relativistic enhancement of the electrion EDM

In heavy paramagnetic atoms or molecules, the internal electric field is huge and electrons
become relativistic. The system is then polarized by the second order perturbation, as [51]:

Z —_— . —_— . : . .
a-yy ez,|\y,,><q;ydego Biloj Bil%o) .. 3.1)

noij

where f is the zeroth component of the Dirac gamma matrix, so that (1 — ) projects out the
nonrelativistic contribution. The relativistic effect grows as Z> and amplifies the electron EDM in
heavy atoms or molecules. For instance, the enhancement factor of d, is more than 500 times for
the T1 atom [52, 53], and about 900 times for Fr [54,55].

This effect becomes much more important in polar molecules due to the very large effective
electric field. It reaches 23 GV/cm for YbF [56,57], and —79 GV/cm for ThO [58,59]. This
enhancement of the electron EDM is explained by the parity doubling [60-64]. Indeed, the two
orientations of the polar molecule can be regarded as the two localized states of the double well
potential problem, for which the parity even and odd superpositions of the latter have very close
energy levels (see Fig. M). These two localized states just correspond to the two orientations of the
polar molecule.

The electron EDM also contributes to the diamagnetic atoms via the hyperfine interaction, but
this effect is much more suppressed than the paramagnetic one [8, 65, 66].
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Figure 1: Schematic explanation of the parity doubling in octupole deformed systems. The physical states
are the superposition of the two orientations of the octupole deformation, which can be regarded as the
two almost degenerate localized states of the double well potential. The red lines are describing the wave
function in the double well potential drawn with solid black curves. The resulting S- and P-wave states on
the right-hand side of the equation have close energy levels but are not completely degenerate due to the
tunneling between the wells.

3.2 Renormalization group evolution of quark-gluon level CP-violation

The elementary level CP-odd interactions of Eqs. (), (I3), (ZZ4), and (Z3) are generated at
the energy scale of the new physics (TeV or beyond), after integrations of heavy particles. When
we consider them at a lower energy scale (for instance at the hadronic scale), however, they receive
contribution from the integration of other particles of the SM (threshold correction) and from the
mixing between each other due to the radiative corrections. The variation of their Wilson coef-
ficients can be calculated using the perturbative renormalization group evolution. This effect is
especially important at low energy scale for CP-odd interactions involving quarks and gluons. For
instance, the leading perturbative QCD evolution of the isoscalar quark mass m; = W, isoscalar
quark EDM d(o), isoscalar chromo-EDM d;’(o), and the Weinberg operator from the TeV scale
(Mnp = 1 TeV) to the hadronic scale (Up,g = 1 GeV) yields [67]:

my(Mnp) = 0.5m;(Uhaa), (3.2)
dtgo) (Mxp) = 0-807(50) (Mnad), (3.3)
dy” (Mxp) = 095" (1haa) — 0.8} (Hhad) /(Lhaa), (3.4)
w(Myp) = 0.16w(lpaq) —0-14d;’(0) (Mnad)/mi(Unad) +0-03d§0) (Unaa) /[ (Uhad ) €(Hnaq)].(3.5)

Here we neglected the effect of four-quark operators [68,69] as well as the electroweak threshold
corrections due to heavy particles [70]. From the above result, we see that the dtgo), d;’(o), and w
are suppressed due to the QCD corrections. This trend can actually be understood by the suppres-
sion of the quark/gluon spin due to the superposition of the successive gluon emission/absorption
processes [71]. On the other hand, the current quark mass is suppressed during the evolution down
to the low energy scale, which means that the Wilson coefficients of the gg operator increased
(recall that m,gq is invariant under renormalization). This enhancement can be explained by the
elongation of the quark world line, whose length contributes constructively to the quark scalar

density [72].
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3.3 CP-odd electron-nucleon interactions

The CP-odd e — N interaction can only be studied in atomic EDM and molecular beam ex-
periments, but it is interesting since it has a specific sensitivity to several classes of models such
as the Higgs doublet models [73], supersymmetric models wit large tan 3 [74] or with R-parity
violation [75,76], leptoquark models [77, 78], etc. Other important points are that its contribution
is enhanced by the many-body physics and that it can be evaluated with a reasonable accuracy.

The leading CP-odd e — N interaction is given by

3.6)

The couplings (le,P’PS’T

) are simply obtained by multiplying the nucleon matrix elements by the
CP-odd electron-quark/gluon couplings with the same Lorentz and flavor structures, which were
evolved down to the hadronic scale with the renormalization procedure of Sec. B2.

The nucleon matrix elements required in this step are the scalar (N|gg|N), pseudoscalar
(N|giysq|N), and tensor ones 8q = (p|Gico3¥sq|p). The nucleon scalar and tensor charges have
been extensively studied, phenomenologically and on lattice. The current results are summarized
in Fig. . Although having some systematic deviations between approaches, they are determined
with good precision. Here we note that the isoscalar quark scalar density (N|iu+dd|N) is close to
ten, which is larger than the nonrelativistic prediction (N|iiu+dd|N) = 3, whereas the tensor charge
is at most one, being smaller than the nonrelativistic value 5/3. If we interpret this in terms of the
superposition of gluon radiation, this mechanism is even more pronounced in the nonperturbative

generation of the nucleon charges [71,72].
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Figure 2: Summary of phenomenological and lattice QCD results of the calculations of the nucleon sigma
term Oy = my(N|iiu+dd|N) [79-90] and the isovector tensor charge g = (p|iticos Ysu — dicys ysd|p) [90-
96].

For the calculation of the pseudoscalar-scalar (PS) type CP-odd e¢ — N interaction [second
term of Eq. (BH)], the nucleon pseudoscalar density (N|giysg|N) is required. It can be calculated
by relating it to the nucleon axial charge via the anomalous Ward identity [75,97]. At the leading
order of chiral perturbation, we have (p|iiysu|p) = 180, (p|diysd|p) = —170 [15]. These large
values are due to the pion pole effect which is inversely proportional to the light quark mass.
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A remarkable point is that this enhancement compensates the nonrelativistic suppression of the
nucleon pseudoscalar density (o< p- ©) at the atomic level.

At the nuclear level, the effect of CE,P is enhanced by the nucleon number. In paramagnetic
systems, it is moreover amplified by the relativistic effect [98,99], whereas it is suppressed for the
diamagnetic ones due to the closed electron shell, like for the electron EDM [8,65,66]. On the other
hand, CES and CJ, contribute to the atomic EDM through the nuclear spin, and the value of its matrix
element (y|oy|w) is required. For the cases of '?*Xe and '"’Hg, the results of the sophisticated
shell model calculations (!*Xe|o,|'*Xe) ~ 0.2 [100, 101] and {'*°Hg|c,|'*’Hg) ~ —0.4 [102]
are available, with 30 % accuracy. The nuclear spin matrix elements are in general smaller than
one due to the pairing of nucleons, and are further suppressed by the mixing of the nucleon spin
with the orbital angular momentum. At the atomic level, the atomic polarization due to the tensor
type CP-odd e — N interaction grows with Z> and becomes important for heavy atoms. Modern
many-body calculations are giving the linear coefficients relating Cy to the atomic EDM with
typical accuracy of a few percent level [103—105]. As we saw above, the PS type CP-odd e — N
interaction is nonrelativistically suppressed at the atomic level, but the large nucleon pseudoscalar
matrix elements and the very high precision of the EDM of diamagnetic atoms (especially the
199Hg atom [19]) make it interesting in constraining the new physics.

3.4 Chiral enhancement of the nucleon EDM

The nucleon EDM is generated by several CP-odd quark-gluon level processes, and all of them
require nonperturbative calculations. The only one which could fully be obtained from first princi-
ple is the quark EDM contribution (d,(d,) = Y., 6¢d,, see previous section for the definition of the
tensor charge d¢), from lattice QCD (see also right panel of Fig. ). The most interesting cases are
however the quark chromo-EDM and the CP-odd four-quark interactions, which are generated by
popular models such as the supersymmetric SM [9,42, 106-108] or the left-right symmetric mod-
els [109-112]. Although no first principle calculations are available, it is possible to expand the
unknown CP-odd couplings in terms of symmetry breaking parameters using the chiral Effective
Field Theory (EFT) and to quantify them by finding the leading contribution. The leading order
nucleon EDM is given by [11,13,14,16,113-118]:

egago , N

dy =dy+ 13—22"In—
N N+ 327r2f75 nm%7

3.7
where gy is the isoscalar CP-odd pion-nucleon coupling, A ~ 1 GeV is the hadronic cutoff, and
7 the isospin Pauli matrix. The counterterm dy comprises all short distance effects finer than
1/A, including the contribution from the quark EDM, as seen above. The quark chromo-EDM
and the CP-odd four-quark interactions are chiral symmetry breaking, so their contribution to the
nucleon EDM is in principle suppressed by one power of m2. However, these interactions gen-
erate the CP-odd pion-nucleon coupling, which intermediately contributes to the nucleon EDM
(see Fig. B), through the pion pole and the vacuum alignment, which bring a factor of m,2, thus
canceling the above suppression. We also note that this one-loop level contribution is enhanced by
In(A/mz) [113]. The effect of the quark chromo-EDM and the CP-odd four-quark interactions are
therefore not small at the nucleon level.
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Figure 3: Leading contribution to the nucleon EDM in chiral perturbation. The grey blob represents the
CP-odd pion-nucleon interaction.

The Weinberg operator [see Eq. (Z4)] [119] also directly contributes to the nucleon EDM since
it is a purely gluonic interaction without chiral symmetry breaking. The relation between them is
however very obscure, and no quantitative results are currently available. The Weinberg operator is
sensitive to many interesting models such as the extended Higgs models [119] or vectorlike quark
models [120], so more detailed quantifications are definitely required in the future.

3.5 Nuclear EDM and nuclear Schiff moment from CP-odd nuclear force

The combination of the CP-odd pion-nucleon interaction with the CP-even one generates the
CP-odd nuclear force, which polarizes the nuclear systems and generates CP-odd moments. At the
leading order in chiral EFT, we have [121-123]

mgr
Hpy = —2’:; {Gﬁﬁ” T1-12(01—02) + Gy (F01 — % 62)} : ’: _Z‘ 847” (1 + mlﬂr> , (3.8)
where the subscripts 1 and 2 label the two interacting nucleons. We note that the above CP-odd nu-
clear potential is spin dependent, so only nuclei with open spin shell can have CP-odd moments. In
chiral perturbation, the isoscalar coupling GSTO ) is related to go of Eq. (B3) by GSIO) = (gamn/ fr)&o-

We first consider the EDM of light nuclei, which is expected to be measured in experiments
with very high accuracy [23-26]. We emphasize that the EDM of bare nuclei is not damped by
Schiff’s screening. With the CP-odd nuclear potential (B8), the EDMs of several light nuclei have

been calculated [14, 124-128], and an approximate counting rule:
ds = (cluster EDM) + Ngy X (@ — N polarization, o< Gﬁr”), (3.9)

was derived, where Ny counts the number of o — N subsystems without closed spin shell (some
examples of the counting are given in Fig. H). Large Nyy may lead to an enhancement of the
sensitivity to GS,“. This fact can be explained by the scalar density dependence of the CP-odd
nuclear force (BH). This cannot be applied to nuclei which have bad overlaps between opposite
parity states, such as the >C [127]. From a naive extrapolation, the nuclear EDM becomes very
large for heavier nuclei [see Fig. B (c)]. However, it is known that the configuration mixing is
relevant in heavy nuclear systems, and the destructive interference of angular momenta actually
suppresses the nuclear EDM for them [15, 100, 101].

As we saw previously, the CP-violation of heavy nuclei contributes to the atomic EDM through

the nuclear Schiff moment. It has been calculated for experimentally interesting nuclei in several
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Figure 4: Examples of the counting rule of nuclear EDM for (a) °Li, (b) ''B, and (c) heavy nuclei.
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approaches (12°Xe [101, 129-131], '9’Hg [132], ?*Ra [133]). Like the nuclear EDM, the nuclear
Schiff moment of '??Xe calculated with the core polarization effect is much more suppressed than
the simple shell model estimation [129]. This suppression is explained by the destructive interfer-
ence of angular momentum due to the configuration mixing.

The most interesting cases are the octupole deformed nuclei, such as 2>>Ra or >2*Rn, for which
the sensitivity of the Schiff moment to the CP-odd nuclear force may be enhanced by more than
three orders of magnitude [133, 134]. The enhancement is due to the parity doubling, just like the
polar molecules (see Fig. M). The calculations of the Schiff moment of heavy nuclei are not accurate
for some nuclei and the theoretical uncertainty may exceed 100 % [132]. Further investigations
using several different approaches are therefore still required for quantification. The atomic level
calculations of the Schiff moment contribution are however very accurate, and the error bars may
be small as a few percents [8, 15,103, 135-142].

3.6 Standard Model contribution

As we saw in Sec. D, the SM contribution to the EDM of elementary fermions is tiny (d,, 4 ~
10~3e¢ c¢cm from three-loop level calculation [48], d, ~ 10~**e cm from estimation based on the
cancellation at the three-loop level [49,143]). For the case of composite system, however, the EDM
may be larger due to the hadron level processes. The CP phase of the CKM matrix [144] becomes
relevant when the matrix elements are combined so as to form the Jarlskog invariant [145]. At the
hadron level, this is possible through two distinct |AS| = 1 interactions, with one generated by the
tree level W boson exchange diagram, and the other induced by the penguin diagram. We also point
that the latter contribution is enhanced by the renormalization group evolution by more than an
order of magnitude [69, 146]. With these hadronic inputs, the nucleon EDM generated by the CKM
matrix is dy ~ 1073%e cm [147]. At the nuclear level, the CP-odd nuclear couplings are generated
with an estimated value GS? D 10717 [146], which gives the leading contribution to the EDM of
nuclei and diamagnetic atoms [148, 149]. For the paramagnetic systems, the most important effect
is due the CP-odd e — N interaction CI%P ~ 10717 generated at the hadronic level [49], which largely
exceeds that of the electron EDM generated at the elementary level.
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4. Summary

In this short review, we summarized the mechanisms of enhancement and suppression of the
CP-violation in composite systems. The most notable effect is the amplification of the EDM of
electron in polar molecules and that of the nuclear Schiff moment of octupole deformed nuclei,
which are both due to the parity doubling effect. The scalar density at the elementary, hadronic,
and nuclear levels may also enhance the EDM of composite systems. On the other hand, spin
related quantities of the strong interacting sector are suppressed by the mixing with other angu-
lar momentum components. Needless to say, the most important damping mechanism is Schiff’s
screening in nonrelativistic charge neutral bound states. We have to note that systems in which
the EDM is experimentally measurable are not numerous, and the information which can be ex-
tracted is limited. It is then desirable to evaluate all leading order relations between the elementary
CP-violation (with effective interactions with low mass dimension) and the observables measur-
able with sufficient accuracy to disentangle the new physics, even if the works to be done are still
numerous due to the system dependence of the sensitivity to elementary CP-odd processes. We def-
initely encourage physicists to continue the quantitative study of the EDM of existing experimental
projects.
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