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We perform a global analysis of searches for the permanent electric dipole moments (EDMs) of the
neutron, neutral atoms, and molecules in terms of six leptonic, semileptonic, and nonleptonic inter-
actions involving photons, electrons, pions, and nucleons. Translating the results into fundamental
CP-violating effective interactions through dimension six involving Standard Model particles, we
obtain rough lower bounds on the scale of beyond the Standard Model CP-violating interactions
ranging from 1.5 TeV for the electron EDM to 1300 TeV for the nuclear spin-independent electron-
quark interaction. We show that future measurements involving systems or combinations of systems
with complementary sensitivities to the low-energy parameters may extend the mass reach by an
order of magnitude or more.

PACS numbers: 11.30.Er, 13.40.-f, 14.60.Cd, 32.10.Dk, 33.15.Kr

I. INTRODUCTION.

The search for permanent electric dipole moments (EDMs) of the neutron, atoms, and molecules provides one
of the most powerful probes of the combination of time-reversal (T) and parity (P) symmetry and the underlying
combination of charge conjugation (C) and P at the elementary particle level (for recent reviews, see Refs. [1H3]).
The non-observation of the EDMs of the neutron (d,,) [4] and 1%’Hg atom|[5] are consistent with the Standard Model
CP-violation (CPV) characterized by the Cabibbo-Kobayashi-Maskawa (CKM) matrix but imply a vanishingly small

coefficient @ of the CPV GG operator in the SM strong interaction Lagrangian. Scenarios for physics beyond the
Standard Model (BSM) typically predict the existence of new sources of CPV that — in contrast to the CKM CPV
— do not give suppressed contributions to EDMs unless the CPV parameters themselves are small or the mass scales
high. The presence of new CPV interactions is required to account for the cosmic matter-antimatter asymmetry. If
the associated energy scale is not too high compared to the scale of electroweak symmetry-breaking (EWSB), and if
the responsible CPV interactions are flavor diagonal, then EDMs provide a particularly important window|[6].

The past decade has witnessed tremendous strides in the sensitivity of EDM searches as well as the development
of prospects for even more sensitive tests. Recently, the ACME collaboration[7] has reported a limit on the EDM of
the paramagnetic ThO molecule that yields an order of magnitude more stringent bounds on CPV interactions than
limits implied by previously reported results of YbF [§] and T1 [9]. As we discuss below, the ACME result probes BSM
mass scale A ranging from 1.5 TeV for the electron EDM to 1300 TeV for the nuclear spin-independent electron-quark
interaction. A few years earlier, a similar advance in sensitivity was achieved for d 4 (**°Hg) [5]. Looking to the future,
efforts are underway to improve the sensitivity of d,, searches by one to two orders of magnitude, to achieve similar
progress in neutral atoms such as Xe, Rn and Ra, and to explore the development of proton and light nuclear EDM
searches using storage rings (for a recent discussion of present and future EDM search efforts, see Ref. [10]). For O(1)
BSM CPV phases, these experiments could probe A of order 50 — 100 TeV.

In this context, it is useful to try and develop a global picture of the information that has been or will be provided
by present and future EDM searches. Ideally, one would like to interpret the results in terms of underlying BSM
interactions in a way that would point in the direction of, or rule out, particular scenarios for new CPV. In practice,
most analyses follow a more constrained approach. Theorists often work within the framework of a specific model,
such as the minimal supersymmetric Standard Model, and derive constraints on the model parameters from the EDM
search null results (see, e.g., Refs. [I1] [12]). Experimental analyses, on the other hand, are often agnostic about a
specific model realization but report limits on various “sources” of an EDM (e.g., the quark EDM or chromo-EDM;
see below) assuming only one of these is present. While entirely appropriate, such studies inherently either build in



a model-dependent bias or preclude the possibility that multiple sources may be present and, thus, may not reveal
the full landscape of CPV sources probed by EDM experiments. For these reasons, it is also instructive to consider
EDMs from a model-independent perspective that does not impose the “single-source” restriction.

In what follows, we begin this undertaking by providing a model-independent, global analysis of EDM searches. We
carry out this analysis in terms of a set of low-energy hadronic and atomic parameters that one may ultimately match
onto CPV interactions at the elementary particle level. It is particularly convenient to organize the latter in terms of
an effective field theory (EFT) involving Standard Model degrees of freedom. The effective operators arising in the
EFT constitute the CPV “sources”. In this context, the EFT provides a bridge between the atomic, nuclear, and
hadronic matrix elements most directly related to the EDM searches and the possible origins of new CPV involving
BSM particles and their interactions. A given BSM scenario will yield specific, model-dependent predictions for the
EFT operator coefficients that one may compare with the constraints obtained from our model-independent global
analysis. A detailed discussion of the EFT and its relation to both the low-energy parameters and various BSM
scenarios appears in Ref. [I], whose notation and logic we generally adopt in this paper.

The atomic, molecular, hadronic, and nuclear matrix elements most directly related to the experimental EDMs
themselves arise from a set of low-energy leptonic, semileptonic, and non-leptonic interactions. As we discuss below,
the dominant contributions arise from: d.; T- and P-violating (TVPV)! pseudoscalar-scalar and tensor electron-
nucleon interactions, characterized by strengths Cs and C7r, respectively; the isoscsalar and isovector TVPV pion-

nucleon couplings g&” for I = 0,1; and a “short-distance” contribution to the neutron EDM, d* (denoted simply
“d,” in Ref. [I]. In this context, we find that:

(i) The EDMs of paramagnetic systems are primarily sensitive to d. and Cg. Inclusion of both d, and Cg in the
global fit yields an upper bound on each parameter that is an order of magnitude less stringent than would be
obtained under the “single-source” assumption.?

gT(FO,l)

(ii) Diamagnetic atom EDMs carry the strongest sensitivity to Cr and the , whereas the neutron EDM depends

most strongly on d5" and gf(ro) providing four effective CPV parameters that are constrained by results from four

experimental systems.

(iii) Uncertainties in the nuclear theory preclude extraction of a significant limit on g&" from d4(1*°Hg), whereas

the situation regarding g\ is under better theoretical control. Including the TIF and '2°Xe in the global fit
leads to an order of magnitude tighter constraint on §7(71) than on gﬁf)).

(iv) Looking to the future, a new probe of the Fr EDM with a d. sensitivity of 1072® ecm [16] could have a
significantly stronger impact on the combined d.-Cs global fit than would an order of magnitude improvement
in the ThO sensitivity. The addition of new, more stringent limits on the EDMs of the neutron, '2°Xe atom,

(0) 1)

™ .

and 2?°Ra atom would lead to substantial improvements in the sensitivities to both g~ and g

The quantitative implications of these features are summarized in Table [, where we present our results for 95%
confidence-level upper limits based on the current set of experimental results.

Parameter (units) || 95% limit
d. (ecm) 5.4 x 10727
Cs 45%x 1077
Cr 2x10°°
a3 (ecm) 12x 10723
i 8x107°
g 1x107°

TABLE I: Ninety-five percent confidence level bounds on the six parameters characterizing the EDMs of the neutron, neutral
atoms, and molecules obtained from the fit described in the text.

In terms of the underlying CPV sources, it is interesting to discuss the significance of the foregoing. Among the
highlights are:

1 The symmetry-violation studied experimentally is explicitly TVPV, rather than CPV, as the systems consists of only particles and not
their antiparticles. By virtue of the CPT theorem, these observables are related to CPV interactions and the elementary particle level
assuming the latter are described by a relativistic quantum field theory.

2 This has been discussed by other authors, for example note Refs. [3] [[3HI5].
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(i) The QCD vacuum angle 6 enters most strongly through gfro) and d°*. From Table|[|and the analysis of hadronic

matrix elements in Ref. [I], we conclude that |f] < fpax With 2 x 1077 S Opax S 1.6 x 1075, where the bound
is dominated by the constraint on g,(ro) and where the range is associated with the theoretical, hadronic physics
uncertainty. We observe that this limit is considerably weaker than would be obtained under the “single-source”

assumption.

(ii) The quantities d. and Cs are most naturally expressed in terms of (v/A)?, where v = 246 GeV is the weak scale;

the electron Yukawa coupling Y.; and a set of dimensionless Wilson coefficients é, and Ce(; ). Since the electron
EDM is a dipole operator, it carries one power of Y, whereas the semileptonic interaction does not. For a given

value of the BSM scale A, the results in Table |I|implies a constraint on C’éq_ ) that is roughly five hundred times

more stringent than the bound on é.. In the event that Céq_ ) and d. arise at tree-level and one-loop orders,
respectively, the corresponding lower bound on A from Cyg is roughly a thousand times greater than the limit
extracted from d.. Thus, for BSM scenarios that generate both a nonvanishing C’éq_ ) and 0, the impact of the
semileptonic CPV interaction on paramagnetic atom EDMs may be considerably more pronounced than that of
the electron EDM.

(iii) The bounds on gj,(rl) are roughly ten times weaker than quoted in earlier theoretical literature, owing in part to
use of a theoretically consistent computation of its contribution to the neutron EDM[I7]. For some underlying
CPV sources, such as those generated in left-right symmetric models, the dependence of diamagnetic EDMs on
QT(rl) may be relatively more important than the dependence on g&o) due to an isospin-breaking suppression of
the latter. Consequently, one may expect more relaxed constraints on CPV parameters in left-right symmetric

extensions of the Standard Model (as well as scenarios that yield sizable isovector quark chromo-EDMs) than

previously realized, given these less stringent bounds on g&“.

In the remainder of this paper, we discuss in detail the analysis leading to these conclusions. In Section [T we
summarize the theoretical framework, drawing largely on the study in Ref. [I]. Section summarizes the present
experimental situation and future prospects. We discuss the observables and their dependence on the six parameters
in Table[l] In Section [[TTA] we present the details of our fitting procedure. We conclude with an outlook and discussion
of the implications in Section [[V]

II. THEORETICAL FRAMEWORK
A. Low-energy parameters

The starting point for our analysis is the set of low-energy atomic and hadronic interactions most directly related
to the EDM measurements. We distinguish two classes of systems: paramagnetic systems, namely, those having an
unpaired electron spin, and diamagnetic systems, or those having no unpaired electron (including the neutron).

Paramagnetic systems:

The EDM response of paramagnetic atoms and polar molecules is dominated by the electron EDM and the nuclear
spin-independent (NSID) electron-nucleon interaction. The EDM interaction for an elementary fermion is

. dy = .
[EDM _ 722 %fgu Vsf Fuy (IL.1)
!

where F),,, is the electromagnetic field strength. In the non-relativistic limit, Eq. (lI.1)) contains the TVPV interaction
with the electric field E,

LEPM N "dy xhoxg - E (I.2)
f

where x is the Pauli spinor for fermion f and & is the vector of Pauli matrices. The NSID interaction has the form

LNSID ?/géi%e N [ogn +cg”73} N (1L3)



where G g is the Fermi constant and NN is a nucleon spinor. Taking the nuclear matrix element assuming non-relativistic
nucleons leads to the atomic Hamiltonian

- iG

Hg — 72F 5 [(Zz+N)e© + (7 - N)Cg”] S (I1.4)
where a sum over all nucleons is implied and where the Dirac matrices act on the electron wavefunction. The resulting
atomic EDM d4 is then given by

da = phde — K5 Cs (IL5)
where
_ A0, (Z-N\
Cs=CY + (Z — N) cy (11.6)

and where p§ and /1590) are obtained from atomic and hadronic computations. For polar molecules, the effective
Hamiltonian is

}Almol:[dee'i_WS <Z+N)CS]§fl+ y (II?)

where S and 7 denote the unpaired electron spin and unit vector along the intermolecular axis, respectively. The
quantities W, and Wy that give the sensitivities of the molecular energy to the electron EDM and electron-quark
interaction are obtained from molecular structure calculations[36H38]. The resulting ground state matrix element in

the presence of an external electric field Eext is
(g:5.| Hunot g.5.) = [Wade + Ws (Z + N)Cs] 1 Eext) (IL.8)
with
N(Eext) = (g5 -7 [g.s.) (IL9)

ext

This takes into account the orientation of the internuclear axis and the internal electric field with respect to the
external field, i.e. the electric polarizability of the molecule.

Diamagnetic atoms and nucleons:

The EDMs of diamagnetic atoms of present experimental interest arise from the nuclear Schiff moment, the indi-
vidual nucleon EDMs, and the nuclear-spin-dependent electron-nucleon interaction. Defining the latter as

8G -

LN = T;éa,“,e v’ N [C(TO) + C:swl)T3:| SEN +--- | (I1.10)
where S* is the spin of a nucleon moving with velocity v# and where the +--- indicate sub-leading contributions
arising from the electron scalar x nucleon pseudoscalar interaction. The resulting Hamiltonian is

- 2iG S o
Hr = ﬁF 5(7) [C}m +c;1)73] Fn - (IL.11)

where a sum over all nucleons is again implicit; 73 is the nucleon isospin Pauli matrix, ¢y is the nucleon spin Pauli
matrix, and 7 acts on the electron wave function. Including the effect of Hr, the individual nucleon EDMs dy, and
the nuclear Schiff moment .S, one has

da= 3 pYdy+rss— [P +EDCP] (IL12)

N=p,n

where k;? b give the sensitivities of the atomic EDM to the isoscalar and isovector electron-quark tensor interactions.

A compilation of the p¥, kg, and kg?*l) can be found in Ref. [T]3.

3 We note that the values for the kg given in that work should be multiplied by an overall factor of —1 given the convention used there

and in Eq. 1'



The nuclear Schiff moment arises from a TVPV nucleon-nucleon interaction generated by the pion exchange,
where one of the pion-nucleon vertices is the strong pion-nucleon coupling and the other is the TVPV pion-nucleon
interaction:

LIVEY — N [gﬁ}”%- 7+ g1 +g® (3rsn® — 7 ﬁ)} N . (IL.13)

s

As discussed in detail in [I] and references therein, the isotensor coupling §7(72) is generically suppressed by a factor

< 0.01 with respect to g,ﬁo) and g,@ by factors associated with isospin-breaking and/or the electromagnetic interaction

for underlying sources of CPV. Consequently we will omit §7(T2) from our analysis. The nuclear Schiff moment can then

be expressed as

5:%{ =(0)

aogl?) + arg! | (IL.14)
™
where g4 = 1.27 is the nucleon isovector axial coupling, and F; = 92.4 MeV is the pion decay constant. The specific
values of ag; for the nuclei of interest are tabulated in Table As discussed in detail in Ref. [I], there exists
considerable uncertainty in the nuclear Schiff moment calculations, so we will adopt the “best values” and theoretical
ranges for the ag ; given in that work.

The neutron and proton EDMs arise from two sources. The long-range contributions from the TVPV 7w-NN
interaction have been computed using heavy baryon chiral perturbation theory, with the remaining short distance
contributions contained in the “low-energy constants” d5f and d5* [17]:

B egAg(O) m2 m g(l) m2 m2
d, = dj — T dln —F — T+ — RKo)—a- In — I1.15
n 87T2F7T n m?v 2mN 4§£r0) (Hl /430) m?v n m?\] ( )
_ ~(0) 2 2 ~(1) 2 5 2 2
d, = & + 69A2.g7r lnm—; _2mmgy G L (2 + ko +Hl)m—glnm—g 7 (11.16)
8m2F, ma my 4?]7(9) my 2 my My

where k¢ and k; are the isoscalar and isovector nucleon anomalous magnetic moments, respectively. At present, we
do not possess an up-to-date, consistent set of p for all of the diamagnetic atoms of interest here. Rather than
introduce an additional set of associated nuclear theory uncertainties, we thus do not include these terms in our fit.
Looking to the future, additional nuclear theory work in this regard would be advantageous since, for example, the
sensitivity of the present '"?Hg result to d,, is not too different from the limit obtained in Ref. [4].

Low energy parameters: summary

Based on the foregoing discussion, our global analysis of EDM searches will take into account the following param-
eters:

e Paramagnetic atoms and polar molecules: d. and Cg

e Neutron and diamagnetic atoms: §7(r0), §7(Tl), d*, and Céo’l) for the neutron and diamagnetic atoms.

B. CPYV sources of the low-energy parameters

In order to interpret the low-energy parameters in terms of underlying sources of CPV, we will consider those
contained in the SM as well as possible physics beyond the SM. A convenient, model independent framework for doing
so entails writing the CPV Lagrangian in terms of SM fields [I]:

Lepv = Loxm + Lg + Lok - (I1.17)
Here the CPV SM CKM [I8] and QCD [19H21] interactions are

7 _
Loxm = —%V&%MUE W+D! +he. (IL.18)
9% 5 -
Ly = —g250m (G“ GW> , (11.19)

where go and g3 are the weak and strong coupling constants, respectively, U} (D7) is a generation-p left-handed
up-type (down-type) quark field, V&L, denotes a CKM matrix element, Wff are the charged weak gauge fields, and



Og | f*5CGahrasr CPV 3 gluon

Ouc (Qo" T*ur)p G, up-quark Chromo EDM
Oaa (QJ‘“’TAdR)Lp G;‘V down-quark Chromo EDM
Orw (Fo" fr)T"® W, |fermion SU(2), weak dipole
O¢p (Fo* fr)® B, fermion U(1)y weak dipole
Qledq (Ler)(dr@?) CPV semi-leptonic
Qe (L7er)ejn(Q ur)

Qgs;u (L’ UuueR)ejk( o ug)

Qz(;i)qd (@ R)ejk( dr) CPV four quark
(8) J A A

Qquqd (Q T )Ejk( T dR)

Qpua| (@' Dup) ary"dr quark-Higgs

TABLE II: Dimension-six CPV operators that induce atomic, hadronic, and nuclear EDMs. Here ¢ is the SM Higgs doublet,
@ =im¢*, and ® = ¢ (@) for Iy <0 (> 0).

CNT',W = €uapG*? /2 (€123 = 1 )* is the dual to the gluon field strength G**. The effects of possible BSM CPV are
encoded in a tower of higher-dimension effective operators,

1
’CBSM == A2 Z 0[56) 056) + - ) (1120)

where A is the BSM mass scale considered to lie above the weak scale v = 246 GeV and where we have shown
explicitly only those operators arising at dimension six. These operators [22] are listed in Tables 3 and 4 of Ref. [I].
For purposes of this review, we focus on the subset listed in Table [[I]

After EWSB, quark-gluon interactions give rise to the quark chromo-electric dipole moment (CEDM) interaction:

L CEDM _ Z 93 9324 aah PAycg G;w’ (I1.21)

where T4 (A =1,...,8) are the generators of the color group. Analogously, Q sw and Qyp generate the elementary
fermion EDM interactions of Eq. (II.1)). Letting

0‘5‘% = gkaVk ) (1122)

where Vi, = B, W, and G for k = 1,2, 3 respectively, the relationships between the Jq and dy and the Cyy, are

~ V2 svn\2
dy = == (X) Im Cy (I1.23)
V2 sv\2
dy = =+~ (X) Im Cy, | (IL.24)
where
Im Cp, =Im Cyp + 21 Tm Cpy | (I1.25)

and I:{ is the third component of weak isospin for fermion f. Here, we have expressed d; and Jq in terms of the
Fermi scale 1/v, a dimensionless ratio involving the BSM scales A and v, and the dimensionless Wilson coefficients.

4 Note that our sign convention for €uvap, which follows that of Ref. [22], is opposite to what is used in Ref. [3] and elsewhere. Consequently,
Lg carries an overall —1 compared to what frequently appears in the literature.



Expressing these quantities in units of fm one has

IS8
Q
I

_3 v 2
—(1.13 x 10~% fm) (K) Im Cye (I1.26)
VN 2
dy = —(1.13 x 1073 e fm) (X) Im C}, . (I1.27)

As discussed in Ref. [I, it is useful to observe that the EDM and CEDM operator coefficients are typically propor-
tional to the corresponding fermion masses®, as the operators that generate them above the weak scale (Qqé, Q N

Q f 5) contain explicit factors of the Higgs field dictated by electroweak gauge invariance. It is, thus, convenient to

make the dependence on the corresponding fermion Yukawa couplings Y; = V2m ¢/v explicit and to define two di-

mensionless quantities Sq and 0y that embody all of the model-specific dynamics responsible for the EDM and CEDM,
respectively, apart from Yukawa insertion:

~ ~ 2 ~
Im Cpe = Y8, — dg = —(1.13 x 10 fin) (%) Y, 5, . (I1.28)
2
Im Cp, = Yoy —dy = —(1.13 x 1073 ¢ fm) (%) Y} . (I1.29)

While one often finds bounds on the elementary fermion EDM and CEDMs quoted in terms of dy and ch, the quantities
07 and Sq are typically more appropriate when comparing with the Wilson coefficients of other dimension-six CPV
operators (see below). One may also derive generic (though not air tight) expectations for the relative magnitudes of
various dipole operators. For example, for a BSM scenario that generate both quark and lepton EDMs and that does
not discriminate between them apart from the Yukawa couplings, one would expect 6, ~ d,. On the other hand, the
corresponding light quark EDM d, would be roughly an order of magnitude larger than that of the electron, given
the factor of ten larger light quark Yukawa coupling®. In what follows, we will therefore quote constraints on both d.
and J, implied by results for paramagnetic systems; for implications of the neutron and diamagnetic results for the
quark EDMs (d,/d4) and CEDMs (d,/d,) we refer the reader to Ref. [I].

The remaining operators in Table [} include Og, the CPV Weinberg three-gluon operator (sometimes called the
1) (3)

Q

lequ’
Q((Ii)q 4 An additional four-quark CPV interaction arises from the quark-Higgs operator Q)yyq in Table After EWSB,
this operator contains a WJ upy"dg vertex that, combined with tree-level exchange of the W boson, gives rise to
a CPV ugy*d RJL'yHu r effective interaction. As a concrete illustration, a non-vanishing Wilson coeflicient ImCl,q
naturally arises in left-right symmetric models wherein new CPV phases enter via mixing of the left- and right-handed
W bosons and through the rotations of the left- and right-handed quarks from the weak to mass eigenstate basis.

The aforementioned operators will give rise to various low-energy parameters of interest to our analysis. Here we
summarize a few salient features:

; and two four-quark operators Q(l)

gluon CEDM); a set of three semileptonic operators Qedq, @ lequ qug

4 and

o LokMm: At the elementary particle level, the CKM-induced quark EDMs vanish through two-loop order; the
first non-zero contributions arise at three-loop order for the quarks and four-loop order for the leptons. The
effects of elementary fermions in the hadronic, atomic, and molecular systems of interest here are, thus, highly
suppressed. The dominant contribution enters the neutron EDM and nuclear Schiff moments via the induced
CPV penguin operators that generate TVPV strangeness changing meson-nucleon couplings. The expected
magnitudes of d,, and diamagnetic-atom EDMs are well below the expected sensitivities of future experiments,
so we will not consider the effects of Lok further here.

e L5: The QCD #-term will directly induce a nucleon EDM as well as the TVPV coupling gﬁf)) at leading order.

Since one may rotate away # when either of the light quark masses vanish, the contributions of  to d,, and g,(ro)
are proportional to the square of the pion mass m2. Chiral symmetry considerations imply that the effect on

g&l) and g,(f) is suppressed by an additional power of m?2 while gﬁf) is further reduced by the presence of isospin
breaking.

5 Exceptions to this statement do occur.

6 We will neglect the light-quark mass splitting and replace Yy, Yy — Y, = @ with m being the average light quark mass.



) E%%M: The presence of the quark CEDM, three-gluon operator, and CPV four-quark operators will induce

non-vanishing nucleon EDMs. As noted in section the expected magnitude of gff) relative to gfro) and gfrl)
is always suppressed by a factor < 0.01 associated with isospin breaking and only the CPV 7-NN coupling
7(70) and gﬁﬁ) are included in our analysis. Additionally, the effect of a non-vanishing ImCl,q will

generate both a nucleon EDM and, to leading order in chiral counting, contribute to gfrl). As indicated by

constants g

Eq. (I1.15)) the long-range contribution to d,, associated with g,(rl) is suppressed by m2/m%, whereas the effect
on d, appears at one order lower in m,/my. For the diamagnetic atoms, the nuclear theory uncertainties
associated with the g,(rl) contribution to the '""Hg Schiff moment are particularly large. At present, the sign
of a; is undetermined, and it is possible that its magnitude may be vanishingly small[I]. In contrast, the
computations of a; for other diamagnetic systems, appear to be on firmer ground.

e The semi-leptonic operators Oyeqq and Oéi’j} will induce an effective nucleon spin-independent (NSID) electron-

nucleon interaction The coefficients C’go’l) can be expressed in terms of the underlying semileptonic operator
coefficients and the nucleon scalar form factors:

v 2 _
o0 = _4© (X) Im C) (1L.30)
1 1) (V)2
o0 = o (2) m ety

VN 2
o) = =g () mcf)

A Lequ
o = o (1) met,
where
O = Creag + Chayy - (IL.31)

and the isoscalar and isovector form factors gl(ﬂo’l) are given by

1 _ _
5 (V| [alu +drd] [N) = g PNTey (11.32)
1 _ .
5 (NI [alu —drd] |N) = g NIy (11.33)

where I' = 1 and o, respectively. Values for these form factors can be obtained from Ref. [I].

e We observe that there exist more CPV sources than independent low-energy observables. Restricting one’s
attention to interactions of mass dimension six or less involving only the first generation fermions and mass-
less gauge bosons, one finds thirteen independent operators. For the paramagnetic systems, the situation is
somewhat simplified, as there exist only three relevant operators: the electron EDM and the two scalar (quark)

x pseudscalar (electron) interactions. For the systems of experimental interest, the electron EDM and C’éo)
operators dominate. For the diamagnetic systems, on the other hand, there exist ten underlying CPV sources

that may give rise to the quantities gﬁro), g,(rl), d*, and C’PEFO’I). Even with the possible addition of a future
proton EDM constraint, thereby adding one additional low-energy parameter (f;r, it would not be possible to
disentangle all ten sources from the experimentally accessible quantities. Future searches for the EDMs of light
nuclei may provide additional handles (see, e.g. Ref. [I] and references therein), but an analysis of the prospects

goes beyond the scope of the present study. Instead, we concentrate on the present and prospective constraints

on the dominant low-energy parameters d., Cg, g&o), g,(r”, d*, and C;O,l).

As indicated above, the two tensor couplings depend on the same Wilson coefficient Im Cg’;u, so their values
differ only through the values of the nucleon form factors gé? DAt this level of interpretation, a meaningful fit
would include only one parameter rather than two distinct and independent tensor couplings. Unfortunately, we
presently possess limited information on the nucleon tensor form factors gg) ’1), and the theoretical uncertainties
associated with existing computations are sizable. Consequently, we adopt an interim strategy until refined

computations of the tensor form factors are available, retaining only C(TO) in the fit. Henceforth, we denote this
parameter by “Cp”.



III. EXPERIMENTAL STATUS AND PROSPECTS

Over the past six decades, a large number of EDM measurements in a variety of systems have provided results, all
of which are consistent with zero. The most recent or best result for each system used in our analysis is presented
in Table m The results are separated into two distinct categories as indicated above: (a) paramagnetic atoms and
molecules and (b) diamagnetic systems (including the neutron). Although paramagnetic systems (Cs, T1, YbF and
ThO) are most sensitive to both the electron EDM d. and the nuclear spin-independent component of the electron-
nucleus coupling (Cg), most experimenters have presented their results as a measurement of d., which requires the
assumption that Cg = 0. As we discuss below, this assumption is not required in a global analysis of EDM results.

Diamagnetic systems, including 2°Xe and ?Hg atoms, the molecule TIF, and the neutron, are most sensitive to
purely hadronic CPV sources, as well as the tensor component of the electron-nucleus coupling Cr for atoms and
molecules; however the electron EDM and Cg contribute to the diamagnetic atoms in higher order. The constraints
provided by the diamagnetic systems are expected to change significantly within the next few years. Strong efforts or
proposals at several labs foresee improving the neutron-EDM sensitivity by one or more orders of magnitude [23-2§],
and the EDM of '29Xe by several orders of magnitude [29} [30]. Most importantly, there has been significant progress
in theory and towards a measurement of the EDMs of heavy atoms with octupole-deformed nuclei, i.e. in 2?*Ra [31]
and ??'Rn or ?2*Rn[32]. In these systems, the nuclear structure effects are expected to enhance the Schiff moment
generated by the long-range TVPV pion-exchange interaction, leading to an atomic EDM 2-3 orders of magnitude
larger than 19°Hg. As we show below, an atomic-EDM measurement at the 10726 ecm level will provide additional
input that will significantly impact our knowledge of the TVPV hadronic parameters.

A. Constraints on TVPV Couplings

From the arguments presented above, there are seven dominant effective-field-theory parameters: d., Cg, Cr, g&o),

g&”, and the two isospin components of the short-range hadronic contributions to the neutron and proton EDMs,

which we isolate as dF and J;r in eq. [I.16] We, thus, write the the EDM of a particular system as
d=ag,de + acsCs + ac, Or + agydy + agedy + g g + Qg1 G, (I11.34)
where ag, = 0d/0d,, etc.. This can be compactly written as

di = ZaijCj, (11135)
J

where ¢ labels the system, and j labels the physical contribution. The coefficients «a;; are provided by atomic and
nuclear theory calculations and are listed in Tables [[V]and [V] for diamagnetic and paramagnetic systems, respectively.
The sensitivity of the EDM for each experimental system to the parameters presented as a best value and a reasonable
range as set forth in Ref. [I].

B. Paramagnetic systems: limits on d. and Cg

Paramagnetic systems are dominantly sensitive to d. and Cg; thus for Cs, T1, YbF and ThO, following Ref. [13] and
recalling that the experimental result is reported as a limit on the electron EDM, we can define an effective electron
EDM entering paramagnetic systems as

@
Ao~ d, + Cs

para

Cs. (I11.36)
Qq,

The quantities acy /g, listed in Table vary over a small range, i.e. from (0.6 — 1.5) x 1072 ecm for the
paramagnetic systems and from (3 — 5) x 10729 for Hg, Xe and TIF. We note, as pointed out in Ref. [13], that while
there is a significant range of ag, and ac, from different authors, there is much less dispersion in the ratio acy/aq,
as reflected in Table m In Figure|[l} we plot d. as a function of Cs using experimental results for d;;P, for T1, YbF
and ThO.

Constraints on d. and Cg are found from a fit to the form Eq. for the four paramagnetic systems listed in
Table [TIl The results are

de = (—04422)x 102" ecm Cg = (0.3+£1.7) x 1077 Best coefficient values.
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System [ Year /ref | Result
Paramagnetic systemss
Cs [1989 B3][da = (—1.8£6.9) x 100 ** ecm
de=(-15456) x107%° ecm
TI [ 2002 [0] [da = (—4.0£4.3) x 10 ecm
( 6.9£74)x107%® ccm
(—24+£59)x100%® ecm

de
YbF | 2011 [§] |de

ThO | 2014 [7] [wVF =26+5.8 mrad/s
de = (=2.14+45) x 1072 ecm
Cs = (—1.343.0) x 107°
Diamagnetic systems

99Hg [ 2009 [B] [da = (0.49+1.5) x 10°?° ecm
129%e (2001 [34]|da = (0.7 £3) x 10~ %7 ecm
TIF [2000 [35]|d = (—1.7+£2.9) x 100% ecm

neutron | 2006 @] |d, = (0.2 £ 1.7) x 10~°° ecm

TABLE III: EDM results used in our analysis as presented by the authors. When d. is presented, the assumption is Cs = 0,
and for ThO, the Cgs result assumes d. = 0. We have combined statistical and systematic errors in quadrature for cases where
they are separately reported by the experimenters.

System Qad, acg acg /o, (ecm)

Cs 123 71x 10" ecm 5.8 x 10771
(100 — 138) (7.0-7.2) [(0.6—-0.7) x 1072°

Tl -573 —7x 10" ® ecm 1.2 x 107 %
—(562 — 716) —(5-9) (1.1 -1.2) x 107%

YbF [—1.1 x 10®® Hz/ecm| —9.2 x 10T Hz 8.6 x 10771
-(0.9-1.2) -(92-132) (8.0 —9.0) x 1072

ThO |[—5.0 x 10® Hz/ecm| —6.6 x 10° Hz 1.3x 1077
—(4.0 — 5.0) -(4.6-6.6) (1.2-13)x 107

TABLE 1V: Sensitivity to de and Cy and the ratio acg /g, for observables in paramagnetic systems based on atomic theory
calculations. Ranges (bottom entry) for coefficients a;; representing the contribution of each of the TVPV parameters to the
observed EDM of each system. See Refs. [T}, 36] for Cs and T1. For YbF, theory results are compiled in Ref. [13], and for ThO
we use result from Refs. [13] 37 [38].

In order to account for the variation of atomic theory results we vary ac,/aq, over the ranges presented in Table
and find that when the acy/aq, are most similar,

de = (=0.3+3.0) x 107* ecm  Cg = (0.2+2.5) x 1077 Varied coefficient values.

It is in principle possible to include the diamagnetic systems, in particular *Hg, in constraining d. and Cg. To
do so, however, requires accounting for the hadronic and Cr contributions to d4(1°°Hg). As described below, the
hadronic parameters and Cr are constrained by our analysis of the diamagnetic systems, though the constraints are
quite weak due to the limitations of both experimental input and hadronic theory. Using the experimental result for

da(*""Hg) combined with the upper limits for Cr, g,(ro) and gﬁf), we estimate the contribution to d4(1%°Hg) from d.
and Cg, i.e.

aa,de +acyCs = da(*"Hg) — (ac Or + a0 g\ + a0 gM) ~ (1.2 4+ 8.0) x 1072 ecm, (I11.37)

where the coeflicients a;; for 199Hg are given in Table E The large numerical value follows from the uncertainties on

the parameters Crp, g&o) and g&l) resulting from the global fit. When this additional constraint is included, the limits

on d, and Cg improve slightly due to the lever arm provided by the significantly different acgy/ag, compared to the
paramagnetic systems with the result

de = (—0.3+27) x 107" ecm Cg = (0.242.3) x 1077 including *°Hg.
The 68% and 95% upper limits for the are
|de| =< (2.7/5.4) x 107" ecm  |Cs| < (2.3/4.5) x 1077 (68%/95%) CL
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FIG. 1: (Color online) Electron EDM d. as a function of Cs from the experimental results in T1, YbF and ThO. Also shown
are 68% and 95% error ellipses representing the best-fit for the paramagnetic systems and including d A(lggHg) as discussed in

the text. Also shown are the constraints on the dimensionless Wilson coefficients d. and Im C’é; ) times the squared scale ratio

(v/A)*.

Error ellipses representing 68% and 95% confidence interval for the two parameters d. and Cg are presented in

Figure [1} The corresponding constraints on 6.(v/A)? and Im Cé,;)(v/A)2 are obtained from those for d, and Cg by
dividing by —3.2 x 10722 ecm and —12.7, respectively.

C. Hadronic parameters and Cr

Diamagnetic atom EDMs are most sensitive to the hadronic parameters 577(70) and gﬁf) and the electron-nucleon

contribution C'r. As noted above, d. and Cg contribute to diamagnetic systems in higher order. Given that d. and
Cy are effectively constrained by the paramagnetic systems, constraints on the four free parameters Cr, g,(ro), g;l) and
d* are provided by four experimental results from TIF, '2°Xe and '?Hg and the neutron. For example, the solution
using the experimental centroids and the best values for the coefficients are labeled as “exact solution” in the first
line of Table In order to provide estimates of the constrained ranges of the parameters, we define x? for a given

set of coefficients o;; and a set of parameters Cj:

: (@~ dy?
X2 (Cj) = Z . —, (II1.38)
where d; is given in equation We then take the following steps:
1. Fix d. and Cg using paramagnetic systems only: d. = (—0.3 +3.0) x 10727 ecm; Cs = (0.2 +2.5)107".

2. Vary C; to determine x? contours for a specific set of a;;. For 68% confidence and four parameters, (x?—x2,,,) <
4.7. (Note that x2,,, = 0.)

3. This procedure is repeated for values of a;; spanning the reasonable ranges presented in Table M to estimate

ranges Cr, g&o), g&”, and .

Our estimates of the constraints are presented as ranges in Table Finally, we use the ranges for Cr, §7(r0) and

g&l) to determine their contribution to the EDM of 9 Hg and subtract to isolate the d./Cs contribution as described
above.

IV. EXPERIMENTAL OUTLOOK & THEORETICAL IMPLICATIONS

Anticipated advances of both theory and experiment would lead to much tighter constraints on the TVPV param-
eters. The disparity shown in Table |V_H| between the ranges provided by the best values of the coefficients «;; and
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System |9d°*? /0d.| 0d“*P/OCs ad=*? /5Cr dd™? /9gY dd**? /9g:
199Hg | -0.014 | —5.9x 10722 —2x 1072 —3.8x10718 0
-0.014 - (-0.012) [ (=5.9 — (=2.0)) x 1072 | (=27 — (=1.9)) x 107*¥| (—4.9 - 1.6) x 1077
129%e | -0.0008 | —4.4x107% 4% 1072 —2.9x 107" —22x107"
(4 —6) x 1072 (=26 — (—1.8)) x 107 (=19 — (—1.1)) x 107 *°
TIF 81 2.9 x 10718 1.1 x 10716 1.2x 1071 —1.6x 10713
neutron 1.5 x 1071 1.4 x 10716

TABLE V: Coefficients for P-odd/T-odd parameter contributions to EDMs for diamagnetic systems. The g,(f)) and g,ﬁl) coeffi-
cients are based on data provided in Table [Vl

those provided by allowing the coefficients to vary over the reasonable ranges emphasizes the importance of improving
the nuclear physics calculations, particularly the Schiff moment calculations for '%*Hg.
On the experimental front, we anticipate the following:

1. Increased sensitivity of the paramagnetic ThO experiment [7]

. Improvement of up to two orders of magnitude for the the neutron-EDM [23H28]

. 2-3 orders of magnitude improvement for 29Xe[29, [30, [44]

. New diamagnetic atom EDM measurements from the octupole enhanced systems ??*Ra [31] and ??'Rn/??*Rn[32]

. Possible new paramagnetic atom EDM measurement from Fr [I6] and Cs [45]

(=2 S B 2" \V]

. Plans to develop storage-ring experiments to measure the EDMs of the proton and light nuclei ?H and *He [46]

Some scenarios for improved experimental sensitivity and their impact are presented in Table In the first line
we summarize the current upper limits on the parameters at the 95% CL. The remainder of the table lists the impact
of one or more experiments with the improved sensitivity noted in the third column, assuming a central value of zero.
Note that we do not consider a possible future proton EDM search. While every experiment has the potential for
discovery in the sense that improving any current limit takes one into new territory, it is clear from Table that
inclusions of new systems in a global analysis may have a much greater impact on constraining the parameters than
would improvement of experimental bounds in systems with current results.

For example, ThO provides such a tight correlation of d. and Cg, as shown in Fig.[1] that narrowing the experimental
upper and lower limits without improvements to the other experiments does not significantly improve the bounds on
d. and Cs. Adding a degree of freedom, such as a result in Fr, with acg/aq, ~ 1.2 x 10720 [13], could significantly
tighten the bounds. Similarly, a result in an octupole-deformed system, e.g. 22°Ra or 22!Rn/??*Rn would add a
degree of freedom and over-constrain the the set of parameters Crp, §§0)7 g&l) and d¥. Due to the nuclear structure
enhancement of the Schiff moments of such systems, their inclusion in a global analysis could have a substantial impact

on the 1) as well as on C7. In contrast , the projected 100-fold improvement in 12°Xe (not octupole-deformed) would
have an impact primarily on C'r. In the last line of Table [VIII} we optimistically consider the long term prospects

System ks = % (cm/fm?) ag = ﬁ (e-fm?®) [ a1 = ﬁ (e-fm?®) [ a2 = T (e-fm?)
TIF —7.4x 107" 39 -0.0124 0.1612 -0.0248
Hg —2.8/ — 4.0 x 10~ 7 40, 41] 0.01 (0.005-0.05) +0.02 (-0.03-0.09) 0.02 (0.01-0.06)
Xe 0.27/0.38 x 10~ 7 [40,[42]  [-0.008 (-0.005-(-0.05))[-0.006 (-0.003-(-0.05))[-0.009 (-0.005-(-0.1))
Ra |-8.5(—7/—8.5) x 10~ 1" [40, 43] -1.5 (-6-(-1)) +6.0 (4-24) -4.0 (-15-(-3))

TABLE VI: Best values and ranges (in parenthesis) for atomic EDM sensitivity to the Schiff-moment and dependence of the
Schiff moments on g,(fo) and g,ﬁ” as presented in Ref. [I].
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Cr x 107 gt g dyy (ecm)
Exact solution 1.265 —6.687 x 100 1.4308 x 10~ 1° 9.878 x 10~ "
Range from best values of a;; | (—7.6 —9.5) | (=5.0 —4.0) x 10~ ° [(=0.2 — 0.4) x 10 7| (=5.9 — 7.4) x 10~ >3
Range from best values
with a1 (Hg) = 4.9 x 10717 | (=7.6 —8.4) | (=7.0-4.0) x107° | (0-0.2) x 107* | (5.9 —10.4) x 10~**
Range from best values
with a1 (Hg) = +1.6 x 10717 | (=9.2—12.4) | (4.0 —4.0) x 107 [ (0.4 - 0.8) x 10| (=5.9—5.9) x 10~**
Range from full variation of ay;[(—10.8 — 15.6)[(—10.0 — 8.1) x 10 °[(—0.6 — 1.2) x 10 7[(—12.0 — 14.8) x 10~ **

TABLE VII: Values and ranges for coefficients for diamagnetic systems and the neutron. The first line is the exact solution
using the central value for each of the four experimental results; the second line is the 68% CL range allowed by experiment
combined with the best values of the coeflicients a;j; the last three lines provide an estimate of the constraints accounting for
the variations of the a;; within reasonable ranges of the coefficients o; [IJ.

with the neutron and '?°Xe improvements and the octupole-deformed systems. The possibility of improvements to
TIF, for example with a cooled molecular beam [47] or another molecule will, of course, enhance the prospects.

From a theoretical perspective, it is interesting to consider the theoretical implications of the present and prospective
global analysis results. Perhaps, not surprisingly, the resulting constraints on various underlying CPV sources are
weaker than under the “single-source” assumption. For example, from the limit on g&o) in Table [I[fand the “reasonable
range” for the hadronic matrix element computations given in Ref. [1], we obtain |0| < Oyayx, with

2% 1077 S Opax S 1.6 x 1076 (global) (IV.39)

a constraint considerably weaker than the order 10~!° upper bound obtained from the neutron or ***Hg EDM under

the “single-source” assumption. Similarly, for the dimensionless, isoscalar quark chromo-EDM, the gf,o) bounds imply

. VA2
50 (K) $0.01 . (IV.40)

where we have used the upper end of the hadronic matrix element range given in Ref. [I]. Since the quark chromo-
EDMs generally arise at one-loop order and may entail strongly interacting virtual particles, we may translate the
range in Eq. into a range on the BSM mass scale A by taking S(SJF) ~ sin gcpy X (as/4m) where ¢cpy is a
CPYV phase to obtain

A 2 (2 TeV) x y/sin ¢cpy Isoscalar quark chromo — EDM (global) . (IV.41)

We note, however that given the considerable uncertainty in the hadronic matrix element computation these bounds
may be considerably weaker”.

For the paramagnetic systems, the present mass reach may be substantially greater. For the electron EDM, we
again make the one-loop assumption for illustrative purposes, taking d. ~ sin pcpy x (a/47) so that

A Z (1.5 TeV) x y/sin ¢cpv Electron EDM (global) (IV.42)

The scalar (quark) x pseudscalar (electron) interaction leading to a non-vanishing Cs may arise at tree-level, pos-
sibly generated by exchange of a scalar particle that does not contribute to the elementary fermion mass through

spontaneous symmetry-breaking. In this case, taking Im Cé; ) ~ 1 and using the bound in Table [I| gives

A 2 (1300 TeV) x /sin ¢cpv Cs (global) (IV.43)

Under the “single-source” assumption, these lower bounds become even more stringent.

Due to the quadratic dependence of the CPV sources on (v/A), an order of magnitude increase in sensitivity to
any of the hadronic parameters will extend the mass reach by roughly a factor of three. In this respect, achieving
the prospective sensitivities for new systems such as Fr and combinations of diamagnetic systems such including the

7 The uncertainty for the quark CEDM is substantially larger than for those pertaining to 8 owing, in the latter case, to the constraints
from chiral symmetry as discussed in Ref. [I].
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de (ecm) Cs Cr gf(ro) g,ﬁl) & (ecm)
Current Limits (95%) 54x 1077 [45x1077[2x 107 %] 8x 1077 [1.2x 1077 [12 x 10~ **
System Current (ecm) Projected Projected sensitivity

ThO 5x 10~ 29 5 x 10739 4.0x 107732 x 10"

Fr d. <107 24x107%7[1.8x 107"
129%e 3x 10777 3x 1077 3x1077[3x10 7] 1x107 [5x 10" %
Neutron/Xe 2x1077%° 107%%/3 x 1029 Ix1077[1x1077[4x 1070 [2x 107
Ra 10> 5x10%[4x10 7] 1x10 7 [6x 10"
" 10°%° Ix108[1x107[3x10°0[2x 10 *
Neutron/Xe/Ra 1077%/3 x 10727 /107 6x10°[9x107°[3x107 7 [1x 10" *

TABLE VIII: Anticipated limits (95%) on P-odd/T-odd physics contributions for scenarios for improved experimental precision
compared to the current limits listed in the first line using best values for coefficients in Table [T;V] and m We assume a1 for
199Hg is 1.6 x 1077, For the octupole deformed systems (***Ra and ??'Rn/?**Rn) we specify the contribution of ?**Ra. The
Schiff moment for Rn isotopes may be an order of magnitude smaller than for Ra, so for Rn one would require 1072¢ and 1027
for the fifth and sixth lines to achieve comparable sensitivity to that listed for Ra.

neutron, '?Xe and octupole-deformed systems as indicated in Table [VIL] would lead to significantly greater mass
reach. Achieving these gains, together with the refinements in nuclear and hadronic physics computations needed to
translate them into robust probes of underlying CPV sources, lays out the future of EDM research in probing BSM
Physics.
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