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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 interactions involving
photons, electrons, pions, and nucleons. By translating the results into fundamental charge-conjugation-parity
symmetry (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 planned 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.
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I. INTRODUCTION

The search for permanent electric dipole moments (EDMs)
of neutrons, 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. [1-3]). The nonobservation of the
EDM s of the neutron (d,) [4] and '’ Hg atom [5] is consistent
with the standard model (SM) CP violation (CPV) charac-
terized by the Cabibbo-Kobayashi-Maskawa (CKM) matrix
but implies 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 from YbF [8] and TI [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, (" Hg) [5]. Looking to the future, efforts are under way to
improve the sensitivity of d, searches by one to two orders of
magnitude, to achieve similar progress in neutral atoms such
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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. [11,12]). 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
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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. [1], 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, semilep-
tonic, and nonleptonic interactions. As we discuss below,
the dominant contributions arise from d,; T- and P-violating
(TVPV)'! pseudoscalar-scalar and tensor electron-nucleon in-
teractions, characterized by strengths Cs and Cr, 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. [1]). In this context,
we find the following:

(i) The EDMs of paramagnetic systems are primarily
sensitive to d, and Cy. Inclusion of both d, and Cy 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.”

(i) Diamagnetic atom EDMs carry the strongest sensitiv-
ity to Cr and the gV, whereas the neutron EDM
depends most strongly on &5 and g, providing
four effective CPV parameters that are constrained
by results from four experimental systems.

(ii1) Uncertainties in the nuclear theory preclude extraction
of a significant limit on (" from d4('*’Hg), whereas
the situation regarding g’ is under better theoretical
control. Including the TIF and '?°Xe in the global fit
leads to an order of magnitude tighter constraint on
gD than on g©.

(iv) Looking to the future, a new probe of the alkali-
metal (e.g., Cs or Fr) EDM with a d, sensitivity of
1072 e cm [16] could have a significantly stronger
impact on the combined d, — Cy 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, and 2?°’Ra
or Rn atom would lead to substantial improvements in
the sensitivities to both §® and g(.

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

'The symmetry violation studied experimentally is explicitly TVPV,
rather than CPV, as the systems consist 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.

2This has been discussed by other authors, for example, in
Refs. [3,13-15].
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TABLE 1. Ninety-five percent confidence level
bounds on the six parameters characterizing the EDMs
of the neutrons, neutral atoms, and molecules obtained
from the fit described in the text.

Parameter (units) 95% limit
d, (e cm) 5.4 %1077
Cs 4.5 %1077
Cr 2x 1076
ds (e cm) 12x 1072
g 8x 107~
g 1x107°

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

(i) The QCD parameter @ enters most strongly through
g® and d*". From Table I and the analysis of hadronic
matrix elements in Ref. [1], we conclude that |0] <
Omax With 2 x 1077 < Gpax < 1.6 x 107°, where the
bound is dominated by the constraint on g 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.

(i) The quantities d, and Cg 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 8, and C’. 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 imply a constraint on C{” that is roughly
five hundred times more stringent than the bound on
8.. In the event that Cé;) and J, arise at tree-level
and one-loop orders, respectively, the corresponding
lower bound on A from Cy is roughly a thousand times
greater than the limit extracted from d,. Thus, for BSM
scenarios that generate both a nonvanishing C{;” and
3., 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 g 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 [17]. For some
underlying CPV sources, such as those generated
in left-right symmetric models, the dependence of
diamagnetic-atom EDMs on g{" may be relatively
more important than the dependence on g due to
an isospin-breaking suppression of the latter. Conse-
quently, 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 the less stringent bounds

on g,
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In the remainder of this paper, we discuss in detail the
analysis leading to these conclusions. In Sec. II, we summarize
the theoretical framework, drawing largely on the study in
Ref. [1]. Section III summarizes the present experimental
situation and future prospects. We discuss the observables and
their dependence on the six parameters in Table I. In Sec. IIT A
we present the details of our fitting procedure. We conclude
with an outlook and discussion of the implications in Sec. IV.

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).

1. 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

. df r v
‘CEDM =1 Xf: ?fo'ﬂ Vif F/L\)a

where F,, is the electromagnetic field strength. In the
nonrelativistic limit, Eq. (2.1) contains the TVPV interaction
with the electric field E,

EEDM — de X}(}Xf . E,
f

where y s is the Pauli spinor for fermion f and ¢ is the vector
of Pauli matrices. The NSID interaction has the form

@2.1)

2.2)

Grp _

NSID - 0 1

LS — — e N[cY +cn]N,  23)
where G is the Fermi constant, N is a nucleon spinor and 73
is the nucleon isospin Pauli matrix. Taking the nuclear matrix
element assuming nonrelativistic nucleons leads to the atomic
Hamiltonian
iGp
V2
where a sum over all nucleons is implied, and where the
Dirac matrices act on the electron wave function. The resulting
atomic EDM d, is then given by

Ay = =L 5F) [(Z + N)CP +(Z = N)CP] voys, (2.4)

da = pide — kg’ Cs, 2.5)
where
Z-N
Cs=CP+(=——)c" 2.6
N K + Z+N K ( )

and where p% and Kéo) are obtained from atomic and hadronic
computations. For polar molecules, the effective Hamiltonian
is

Hool = [(Wad, + Ws(Z + N)Cs]S-a+---, (2.7)
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where S and A denote the unpaired electron spin and unit vector
along the intermolecular axis, respectively. The quantities Wy
and Wy that give the sensitivities of the molecular energy to
the electron EDM and electron-quark interaction are obtained
from molecular structure calculations [18,19,39]. The resulting
ground-state (g.s.) matrix element in the presence of an
external electric field E¢y is

(g.5.| Hot lg.s.) = [Wad, + Ws (Z + N)Cs] n(Eex)) (2.8)
with

N(Eex) = (g.5.1 S - |g.s.) ., - (2.9)

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.

2. Diamagnetic atoms and nucleons

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

8G _
NSD ﬁ‘”é%e VN[CP + CPt]SEN + -, (2.10)

where S* is the spin of a nucleon moving with velocity v*
and where the + - - - indicates subleading contributions arising
from the electron scalar x nucleon pseudoscalar interaction.
The resulting Hamiltonian is

N 2iGp
Hy =
V2
where a sum over all nucleons is again implicit; oy is the
nucleon spin Pauli matrix, and y acts on the electron wave

function. Including the effect of I:IT, the individual nucleon
EDMs dy, and the nuclear Schiff moment S, one has

dy = Z Péde +ksS — [k?”céo) —i—k(Tl)C(Tl)],

N=p,n

s +cwr]an -7, 2.11)

(2.12)

where kg)’l) give the sensitivities of the atomic EDM to the
isoscalar and isovector electron-quark tensor interactions. A
compilation of the p, ks, and k(To’l) can be found in Ref. [1].3

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

Lo =N[g07 -7 +gPn" + 2 Brsn” — 7 - 1)|N.
(2.13)

As discussed in detail in Ref. [1] and references therein, the
isotensor coupling g2 is generically suppressed by a factor
<0.01 with respect to g° and gV by factors associated with
isospin breaking and/or the electromagnetic interaction for

3We note that the values for the «g given in that work should be
multiplied by an overall factor of —1 given the convention used there
and in Eq. (2.12).
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underlying sources of CPV. Consequently we will omit g%
from our analysis. The nuclear Schiff moment can then be
expressed as

mNgA[
Fr

S = aog? +aig]. (2.14)
where g4 & 1.27 is the nucleon isovector axial coupling, and
F, = 92.4 MeV is the pion decay constant. The specific values
of ap; for the nuclei of interest are tabulated in Table VI.
As discussed in detail in Ref. [1], there exists considerable
uncertainty in the nuclear Schiff moment calculations, so we
will adopt the “best values” and theoretical ranges for the ay |
given in that work.

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

- egAngO) m:  wm,
dn =da, n —
8nlF, my  2my
~(1) m2  m?
+ B et — o) In —2}, (2.15)
48 my my
i d egAgf,‘”{l ﬁ_ 2wm, gV [ann
P ? " 8n?F, m?, my 4591 my

5
+(§ +K0+K1) (2.16)

el
— In — ,
my oy

where «¢ and «; are the isoscalar and isovector nucleon
anomalous magnetic moments, respectively. At present, we
do not possess an up-to-date, consistent set of p2 for all of
the diamagnetic atoms of interest here. Rather than introduce
an additional set of associated nuclear theory uncertainties,
we 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
199Hg result to d, is not too different from the direct limit [4].

3. Low-energy parameters: summary

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

(i) d and C for paramagnetic atoms and polar molecules.
(i) g2, g, Cr, and d5" for diamagnetic systems and the
neutron.

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 [1]:

Lepv = Lekm + L + L (2.17)
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TABLE II. Dimension-six CPV operators that induce atomic,
hadronic, and nuclear EDMs. Here ¢ is the SM Higgs doublet,
¢ =ine*, and ® = ¢ (¢) for I; < 0 (>0).

Oz FABEGA G GSH CPV 3 gluon

Ouc Qo™ T*ug)g G, Up-quark chromo EDM

Oug (Qo"' TAdp)p G, Down-quark chromo EDM
Orw (Fo™ fr)t' @ Wy, Fermion SU(2); weak dipole
Oyp (Fa™ fr)® By, Fermion U(1)y weak dipole
Qledq (Liegr)(dr Q) CPV semileptonic

Q;;;u (l:jeR)Ejk(Qk”R)

Qﬁf);u (Lj(fwek)ejk(Qk(f“vuk)

0l (Qur)e;r(Qtdr)
0% (Q'T*up)e;u(Q*Tdy)
Q(pud l(ﬁbTDuw)ﬁRy#dR

CPV four quark

Quark-Higgs

Here the CPV SM CKM [21] and QCD [22-24] interactions
are
Lo = =82y 07 WDt 4 He.,
V2
g2
Ls = 16 0 Tr(G"' G 1),
where g, and g3 are the weak and strong coupling constants,
respectively, U/ (D7) is a generation-p (p = 1,2,3) left-
handed up-type (down-type) quark field, V¢, denotes a CKM
matrix element, W;f are the charged weak gauge fields, and
GW = ewaﬂG“ﬂ/Z (€o123 = 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,

ff_ (©) (6)
Lesm = A2 Z i

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 [25] are listed in Tables 3 and 4 of Ref. [1]. For
purposes of this review, we focus on the subset listed in
Table II.

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

(2.18)

(2.19)

(2.20)

. 83dy
—iy =5 0" T ysq G,
q

LCEPM — (2.21)

where T4 (A = 1, ... ,8) are the generators of the color group.
Analogously, Q rw and Q ;p generate the elementary fermion
EDM interactions of Eq. (2.1). Letting

©6) _

o), = &Crv,. (2.22)

“Note that our sign convention for €.vap> Which follows that of
Ref. [25], is opposite to what is used in Ref. [3] and elsewhere.
Consequently, £; carries an overall —1 compared to what frequently
appears in the literature.
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where V, = B, W, and g for k = 1,2,3 respectively; the
relationships between the d, and dy and the C sy, are

d, = —?<%>2 Im C,g. (2.23)
2¢ (v)?
dy = _T(X> Im Cjy, (2.24)
where
Im Cy, =1Im Csp + 21 Im Cpy; (2.25)

and I{ is the third component of weak isospin for fermion f.
Here, we have expressed d s and d,, in terms of the Fermi scale
1/v, a dimensionless ratio involving the BSM scale A and v,
and the dimensionless Wilson coefficients. Expressing these
quantities in units of fm one has

dq

2
—(1.13 x 1073 fm)(%) ImC,g.  (2.26)

dy

2
—(1.13x10_3efm)<%> ImCpy.  (2.27)

As discussed in Ref. [1], it is useful to observe that
the EDM and CEDM operator coefficients are typically
proportional to the corresponding fermion masses,’ as the
operators that generate them above the weak scale (Q et 0 Rz
Q ,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
Yr= V2m r/v explicit and to define two dimensionless
quantities §, and §; that embody all of the model-specific
dynamics responsible for the EDM and CEDM, respectively,
apart from Yukawa insertion:

2
Im Cyg = Y, 8, — d, = —(1.13 x 10~ fm) (%) Y, 5,
(2.28)
v 2
ImCy, =Y;8;—>dy =—(1.13x 107> efm),<X> Yy8;.
(2.29)

While one often finds bounds on the elementary fermion EDM
and CEDMs quoted in terms of d and d,, the quantities &
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 generates both
quark and lepton EDMs and that does not discriminate between
them apart from the Yukawa couplings, one would expect
84 ~ 8¢. 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 larger (by a factor of ten) light

SExceptions to this statement do occur.
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quark Yukawa coupling.® In what follows, we will therefore
quote constraints on both d, and §, implied by results for
paramagnetic systems; for implications of the neutron and
diamagnetic results for the quark EDMs (d, /§,) and CEDMs
(d,/3,) we refer the reader to Ref. [1].

The remaining operators in Table II include Og, the CPV
Weinberg three-gluon operator (sometimes called the gluon

CEDM); a set of three semileptonic operators Qjeqq, Q;l)

equ’
Q;SZM; and two four-quark operators Q;lu) d and Q;Su)qd. An
additional four-quark CPV interaction arises from the quark-
Higgs operator Q,,, in Table II. After EWSB, this operator
contains a Wlf igry"dg vertex that, combined with tree-level
exchange of the W boson, gives rise to a CPV it gy *drdy y,u g
effective interaction. As a concrete illustration, a nonvanishing
Wilson coefficient ImC,,; naturally arises in left-right sym-
metric 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:

(1) Lckm: At the elementary particle level, the CKM-
induced quark EDMs vanish through two-loop order;
the first nonzero contributions arise at three-loop
order for the quarks and four-loop order for the
leptons. The effects of elementary fermion EDMs
in the hadronic, atomic, and molecular systems of
interest here are thus highly suppressed. The domi-
nant CKM 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 upcoming experiments, so we
will not consider the effects of Lckwm further here.

(i) Lg: The QCD 6 term will directly induce a nucleon
EDM as well as the TVPV coupling g at leading
order. Since one may rotate away @ when either of
the light quark masses vanishes, the contributions of
0 to d, and § are proportional to the square of the
pion mass m2 . Chiral symmetry considerations imply
that the effect on g\ and g% is suppressed by an
additional power of m2 while 8@ is further reduced
by the presence of isospin breaking.

(iii) [,ergM: The presence of the quark CEDM, three-gluon
operator, and CPV four-quark operators will induce
nonvanishing nucleon EDMs. As noted in Sec. Il A
the expected magnitude of g2 relative to g* and gV
is always suppressed by a factor <0.01 associated with
isospin breaking and only the CPV 7-N N coupling
constants g and g are included in our analysis.
Additionally, the effect of a nonvanishing ImC,,4 will

6We will neglect the light-quark mass splitting and replace Y, Y; —
Y, = @ with m being the average light quark mass.
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generate both a nucleon EDM and, to leading order
in chiral counting, contribute to g\". As indicated by
Eqg. (2.15) the long-range contribution to d,, associated
with g is suppressed by m2 /m3,, 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 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 [1]. In contrast,
the computations of a; for other diamagnetic systems
appear to be on firmer ground.

(iv) The semileptonic operators Og.q, and Oéi'su) will
induce an effective nucleon spin-independent (NSID)
electron-nucleon interaction The coefficients Cgo’l)
can be expressed in terms of the underlying semilep-
tonic operator coefficients and the nucleon scalar form

factors:
2
©0) ofr -
v\ 2
(1) O
cy =gl (X) Im C{,
5 (2.30)
© ofr &)
CT = =87 (X) Im Cﬁequ’
v\ 2
(1) (1) (3)
CT =87 (X) Im Clequ’
where
C = Creag £ C{,),. (2.31)
and the isoscalar and isovector form factors g(ro’l) are
given by
(2.32)

LN|[aTu +dTd]IN) = ¢ ¥nT .
HN|[alu — drd]IN) = g ¥nTisyy,  (2.33)

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

(v) We observe that there exist more CPV sources than
independent low-energy observables. By restricting
one’s attention to interactions of mass dimension six
or less involving only the first-generation fermions and
massless gauge bosons, one finds thirteen independent
operators. For the paramagnetic systems, the situation
is somewhat simplified, as there exist only three rele-
vant operators: the electron EDM and the two scalar
(quark) x pseudoscalar (electron) interactions. For the
systems of experimental interest, the electron EDM
and C (S(» operators dominate. For the diamagnetic
systems, on the other hand, there exist ten underlying
CPV sources that may give rise to the quantities g,
g0, @, and CY"". Even with the possible addition
of a future proton EDM constraint, thereby adding
one additional low-energy parameter J;r, it would not
be possible to disentangle all ten sources from the
experimentally accessible quantities. Future searches
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for the EDMs of light nuclei may provide additional
handles (see, e.g., Ref. [1] 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,, Cs, g2, gV, d%, and Cg) D,

As indicated above, the two tensor contributions depend

on the same Wilson coefficient Im cﬁﬁm, so these couplings
©,1)

differ only through the values of the nucleon form factors g
At 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 g) ) in the fit. Henceforth, we denote this
parameter by Cr.

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 II1. 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, Tl, YbF, and ThO) are most
sensitive to both the electron EDM d, and the nuclear
spin-independent component of the electron-nucleus coupling
(Cs), most experimenters have presented their results as
a measurement of d,, which requires the assumption that

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

System Year/ref Result
Paramagnetic systems
Cs 1989 [36] dy=(—1.84£6.9) x 107> ecm
d,=(=15+56)x10° ecm
Tl 2002 [9] dy=(—4.04+43)x 100¥ ecm
d,=(69+74)x 1072 ecm
YbF 2011 [8] d, = (—24+£59) x 1008 ecm
ThO 2014 [7] oNF =2.64 5.8 mrad/s
d, =(=2.1+45)x107® ecm
Cs=(—1.34+3.0)x 107°
Diamagnetic systems
199Hg 2009 [5] dy =(0.49+15)x 107¥ ecm
129%e 2001 [37] dy =(0.7+3)x 1077 ecm
TIF 2000 [38] d =(—1.7£29) x 102 ecm
Neutron 2006 [4] d, =(02+17) x 107% ecm
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TABLE IV. Sensitivity to d, and Cy and the ratio o, /ey, for observ

PHYSICAL REVIEW C 91, 035502 (2015)

ables in paramagnetic systems based on atomic theory calculations.

Ranges (bottom entry) for coefficients e;; representing the contribution of each of the TVPV parameters to the observed EDM of each system.
See Refs. [1,39] for Cs and TI. For YbF, theory results are compiled in Ref. [13], and for ThO we use result from Refs. [13,18,19].

System a4, acy acg/ag, (€ cm)
Cs 123 7.1 x 107" ecm 5.8 x 102!
(100 — 138) (7.0-17.2) (0.6 —0.7) x 10720
Tl —573 —7x107% ecm 1.2 x 1072
—(562 —716) —-(5-9 (1.1 —=1.2) x 1072
YbF —1.1 x 10® Hz/e cm —9.2 x 10* Hz 8.6 x 1072
—(0.9-1.2) —(92 —132) (8.0—19.0) x 10721
ThO —5.0 x 10% Hz/e cm —6.6 x 10° Hz 1.3 x 1072
—(4.0 — 5.0) —(4.6 — 6.6) (12—13) x 102

Cs = 0. As we discuss below, this assumption is not required
in a global analysis of EDM results.

Diamagnetic systems, including '*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 dia-
magnetic 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
laboratories foresee improving the neutron-EDM sensitivity
by one or more orders of magnitude [26-31], and the EDM
of 'PXe by several orders of magnitude [32,33]. 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 > Ra [34] and ?*'Rn or
223Rn [35]. 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 two or three orders of magnitude larger than ' Hg. As
we show below, an atomic-EDM measurement at the 10~2°
e cm 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,, Cs, Cr, §,
gD and the two isospin components of the short-range
hadronic contributions to the neutron and proton EDMs, which
we isolate as dj' and d in Eq. (2.16). We, thus, write the EDM

of a particular system as
d= Oldede + O(CSCS + ac, Cr+ O(J;rd_;r + Ol,;;r(z;r

gy + g 8 (3.1)

where «y, = dd/dd,, etc. This can be compactly written as
d,' = Z Qjj Cj,
J

where i labels the system and j labels the physical con-
tribution. The coefficients «;; are provided by atomic and
nuclear theory calculations and are listed in Tables IV and V
for diamagnetic and paramagnetic systems, respectively. The
sensitivity of the EDM to these parameters is presented as a
best value and range as set forth in Ref. [1].

(3.2)

B. Paramagnetic systems: limits on d, and Cj

Paramagnetic systems are dominantly sensitive to d, and
Cy; thus for Cs, Tl, YbF, and ThO, following Ref. [13] and
recalling that the experimental result is reported as a limit
on the electron EDM, we model the reported electron-EDM

results as
o

Cy
Cs.
o,

e

dexp

para > de + (3.3)
The quantities ¢, /a4, listed in Table IV vary over a small
range, i.e., from (0.6-1.5) x 1072 e cm for the paramagnetic
systems and from (3-5) x 1072° for Hg, Xe, and TIF. We note,
as pointed out in Ref. [13], that while there is a significant
range of oy, and ac, from different authors, there is much

less dispersion in the ratio ac, /g, as reflected in Table IV.

TABLE V. Coefficients for P-odd/T-odd parameter contributions to EDMs for diamagnetic systems. The g and g{" coefficients are based

on data provided in Table VI.

System  9d®"/dd, dd™ /3 Cs 8d* /3 Cy dd= /g" ad= /!
19Hg —0.014 ~5.9 x 1072 2% 1072 ~3.8x 107" 0
—0.014 — (—-0.012) (=5.9 — (=2.0)) x 10720 (=27 — (=1.9) x 10718 (—4.9 - 1.6) x 107V
129%e —0.0008 —44x107% 4 x 1072 —29x 107" —22x 107"
(4 —6) x 1072 (=26 — (=1.8)) x 1079 (=19 — (=1.1)) x 107"
TIF 81 29x 10718 1.1 x 107'° 1.2 x 10~ —1.6 x 10713
Neutron 1.5x 1071 1.4 x 107'°
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FIG. 1. (Color online) Electron EDM d, as a function of Cg 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 d4(‘*°Hg) as discussed in the text. Also shown
are the constraints on the dimensionless Wilson coefficients 5, and
Im C{) times the squared scale ratio (v/A).

In Fig. 1, we plot d, as a function of Cg using Eq. (3.3) and
experimental results for dpy for T1, YbF, and ThO.

Constraints on d, and Cy are found from a fit to the form of
Eq. (3.3) for the four paramagnetic systems listed in Table III.
The results using the best coefficient values are

d, =(—0.4+22)x 107% ecm,

Cs = (0.3+1.7) x 1077 best coefficient values.

In order to account for the variation of atomic theory results
we vary oc, /oy, over the ranges presented in Table IV and
find that when the o, /a4, are most similar,

d, = (=0.3+3.0) x 107% ecm,

Cs = (0.24+2.5) x 1077 varied coefficient values.

It is in principle possible to include the diamagnetic
systems, in particular '’Hg, in constraining d, and Cs. To
do so, however, requires accounting for the hadronic and Cr
contributions to d A(199Hg). 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 d4('*’Hg) combined

PHYSICAL REVIEW C 91, 035502 (2015)

with the upper limits for Cr, ngO) and g,(,”, we estimate the
contribution to d4(**’Hg) from d, and Cs, i.e.,

Oldﬂde + aCSCS = dA(lggHg) — (O[CT CT + ag;mg;o) + O[g;rl)gf_[l))

~ (1.2+8.0) x 107 ecm, (3.4)

where the coefficients «;; for '*’Hg are given in Table V.
The large numerical value follows from the uncertainties on
the parameters Cr, g%, and gV 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 o, /a,, for 'Hg compared to the
paramagnetic systems with the result

d, = (—=0.3+£2.7) x 107% ecm,
Cs = (0.2+2.3) x 1077 including "*’Hg.

The 68% and 95% upper limits are

|d,| = < (2.7/5.4) x 107%7 ecm,
ICs| < (2.3/4.5) x 1077 (68%/95%) CL.

Error ellipses representing 68% and 95% confidence interval
for the two parameters d, and Cyg are presented in Fig. 1. The
corresponding constraints on 8,(v/A)* and Im C{(v/A)* are
obtained from those for d, and Cg by dividing by —3.2 x
10722 e cm and —12.7, respectively.

C. Hadronic parameters and Cr

Diamagnetic atom EDMs are most sensitive to the hadronic
parameters g and gV and the electron-nucleon contribution
Cr. As noted above, d, and Cyg 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, g9, g\, and d*" are provided by
four experimental results from TIF, '®Xe, '"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 VII. In order to
provide estimates of the constrained ranges of the parameters,
we define x? for a given set of coefficients «;; and a set of
parameters Cj:

dexp _ di )2

XZ(Cj) = Z (iT,
i Oy

(3.5)

where d; is given in Eq. (3.2). We then take the following
steps:

TABLE VI. Best values and ranges (in parentheses) for atomic EDM sensitivity to the Schiff moment and dependence of the Schiff moments

on g and g'V as presented in Ref. [1].

System Ks = % (cm/fm3) ap = ﬁ (e — fm?) a; = ﬁ (e — fm?) a, = & (e — fm®)
TIF —7.4 x 1074 [20] —0.0124 0.1612 —0.0248

Hg —2.8/ — 4.0 x 10717 [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 1077 [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 10717 [40,43] —1.5(-6—-(-1)) +6.0 (4-24) —4.0(—15 = (=3))
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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 coefficients «;;; the last three lines provide an estimate of the constraints accounting for the variations of the «;; within reasonable ranges

of the coefficients o;; [1].

Cr x 107 2o gw d¥ (e cm)

Exact solution 1.265 —6.687 x 10710 1.4308 x 10710 9.878 x 107
Range from best values of o;; (=7.6 —9.5) (—=5.0 —4.0) x 10~° (—0.2 —0.4) x 10~° (-5.9—-74)x 1073
Range from best values

with oyl (Hg) = —4.9 x 107" (7.6 —8.4) (=7.0—4.0) x 107° (0—-0.2)x107° (5.9—-10.4) x 1072
Range from best values

with a1 (Hg) = +1.6 x 10717 (=92 -12.4) (—4.0 —4.0) x 107° (—0.4 —0.8) x 107° (=5.9-59) x 1072
Range from full variation of «;; (—10.8 — 15.6) (—10.0 —8.1) x 107° (—0.6 —1.2) x 10~° (=120 —-14.8) x 1072

(1) Fix d, and Cy using paramagnetic systems only: d, =
(—0.3£3.0) x 100¥ ecm; Cy = (0.2 £2.5)107".
(ii) Vary C; to determine %2 contours for a specific set of
a;;. For 68% confidence and four parameters, ( x2—
X)) < 4.7. (Note that x2, = 0.)
(iii) This procedure is repeated for values of «;; spanning
the reasonable ranges presented in Table V to estimate

ranges Cr, §%, gV, and d*.

Our estimates of the constraints are presented as ranges in
Table VII. Finally, we use the ranges for Cr, g},‘)), and g;” to
determine their contribution to the EDM of '*’Hg and subtract
to isolate the d./Cys contribution as described above.

IV. EXPERIMENTAL OUTLOOK AND THEORETICAL
IMPLICATIONS

Anticipated advances of both theory and experiment would
lead to much tighter constraints on the TVPV parameters. The
disparity shown in Table VII between the ranges provided by
the best values of the coefficients «;; and those provided by
allowing the coefficients to vary over the reasonable ranges
emphasizes the importance of improving the nuclear physics
fgaglculations, particularly the Schiff moment calculations for

Hg.

On the experimental front, we anticipate the following:

(1) Increased sensitivity of the paramagnetic ThO exper-
iment [7].

(ii)) Improvement of up to two orders of magnitude for the
neutron-EDM [26-31].

(i) Two to three orders of magnitude improvement for
129Xe [32,33,44].

(iv) New diamagnetic atom EDM measurements from
the octupole enhanced systems *?>Ra [34] and
221Rn/?*Rn [35].

(v) Possible new paramagnetic atom EDM measurement
from Fr [16] and Cs [45].

(vi) Plans to develop storage-ring experiments to measure
the EDMs of the proton and light nuclei >H and
3He [46].

Some scenarios for improved experimental sensitivity and
their impact are presented in Table VIIIL 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 VIII 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 aresultin Cs or Fr,
with ac, /ey, & 1.2 x 10720 [13], could significantly tighten
the bounds. Similarly, a result in an octupole-deformed system,
e.g., >»Ra or 2'Rn/??*Rn, would add a degree of freedom and
overconstrain the set of parameters Cr, 8, gV, 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 g% as well as on Cr. In contrast,
the projected 100-fold improvement in >Xe (not octupole-
deformed) would have an impact primarily on Cr. In the last
line of Table VIII, we optimistically consider the long-term
prospects 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 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
29 in Table I and the “reasonable range” for the hadronic
matrix element computations given in Ref. [1], we obtain 18] <

Omax, With

2x 1077 <oy < 1.6 x 1078 (global), “.1)

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,
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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 IV and V. We assume a1 for %Hg is 1.6 x 107, For the
octupole deformed systems (***Ra and 2>'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 10726 and 10~ for the fifth and sixth lines to achieve comparable sensitivity to

that listed for Ra.

d, (e cm) Cy Cr gV g d* (e cm)
Current limits (95%) 54x 1077 45%x1077 2x10° 8x10° 12x10° 12x107%
System Current (e cm) Projected Projected sensitivity
ThO 5% 1072 5% 1073 4.0x 10727 32x 1077
Fr d, <1072 24 %1077 1.8 x 1077
129Xe 3 x 1077 3x107% 3x 1077 3x107° 1 x107° 5% 1072
Neutron/Xe 2 x 1072 10728/3 x 1072 Ix107 1x10° 4x107% 2x107%
Ra 107> 5x107% 4x107° 1x10° 6x1073
Ra 10726 1x107%  1x107° 3 x 10710 2 x 107
Neutron/Xe/Ra 1072/3 x 107271077 6x107° 9x107'% 3x107° 1x107*

isoscalar quark chromo-EDM, the ¥ bounds imply

2

ﬂ“(i) <001

q A ~ >
where we have used the upper end of the hadronic matrix
element range given in Ref. [1]. 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. (4.2) into a range on the BSM mass scale A by taking
S;H ~ sin ¢cpy X (arg/4m), where ¢cpy is a CPV phase to
obtain

A > (2TeV)

X+/sin ¢cpy  isoscalar quark chromo-EDM (global).
4.3)

“4.2)

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 8, ~
sin ¢cpy X (a/4m) so that

A Z (1.5TeV) x y/singcpy electron EDM (global). (4.4)

The scalar (quark) x pseudoscalar (electron) interaction
leading to a nonvanishing Cs may arise at tree level, possibly
generated by exchange of a scalar particle that does not

"The uncertainty for the quark CEDM is substantially larger than
for those pertaining to & owing, in the latter case, to the constraints
from chiral symmetry as discussed in Ref. [1].

contribute to the elementary fermion mass through sponta-
neous symmetry breaking. In this case, taking Im C{;) ~ 1
and using the bound in Table I gives

A 2 (1300 TeV) x /singcpy  Cs (global). 4.5)

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 and improvements in established
systems as indicated in Table VII 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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