SciPost Phys. 20, 151 (2026)

A global view of the EDM landscape

Skyler Degenkolb!, Nina Elmer?, Tanmoy Modak?,
Margarete Miihlleitner® and Tilman Plehn®*

1 Physikalisches Institut, Universitdat Heidelberg, Germany
2 Institut fiir Theoretische Physik, Universitat Heidelberg, Germany

3 Institute for Theoretical Physics, Karlsruhe Institute of Technology, Karlsruhe, Germany

4 Interdisciplinary Center for Scientific Computing (IWR), Universitat Heidelberg, Germany

Abstract

Permanent electric dipole moments (EDMs) are sensitive probes of the symmetry struc-
ture of elementary particles, which in turn is closely tied to the baryon asymmetry in
the universe. A meaningful interpretation framework for EDM measurements has to be
based on effective quantum field theory. We interpret the measurements performed to
date in terms of a hadronic-scale Lagrangian, using the SFitter global analysis frame-
work. We find that part of this Lagrangian is constrained very well, while some of the
parameters suffer from too few high-precision measurements. Theory uncertainties lead
to weaker model constraints, but can be controlled within the global analysis.
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1 Introduction

While the Standard Model (SM) is structurally complete, it fails to explain key observations and
therefore fails to qualify as a complete theory of elementary particles. The two leading short-
comings are a missing dark matter agent and a missing explanation of the baryon asymmetry
in the Universe. For the latter, the Sakharov conditions [1] tell us precisely which structures
would be required: (i) C- and CP-violation, (ii) baryon number violation, and (iii) a deviation
from thermal equilibrium. The first condition is especially interesting, because one can read it
off the fundamental Lagrangian and build, for instance, models for electroweak baryogenesis
around it [2-7]. In the SM, CP symmetry is violated through the fermion mixing among three
generations and through the adjoint gluon field strength. Measurements of the neutron EDM,
consistent with zero, clearly show that CP violation in QCD is too small to explain the observed
baryon asymmetry [8-13]. Physics beyond the Standard Model (BSM), explaining the baryon
asymmetry, should then violate CP to a greater extent and with observable consequences.

Over recent years, EDM measurements have been performed on a wide range of particles,
atoms, and molecules [14-17]. None has been able to confirm a signal for CP violation. To
judge their combined impact on BSM physics, we need to combine them in a consistent frame-
work. Such a global analysis must start from a Lagrangian and express the experimental limits
on all EDMs in terms of its fundamental parameters. One choice is a hadronic-scale Lagrangian,
describing the interactions of nucleons, pions, and electrons at the GeV scale [14,17-20]. Al-
ternatively, we can combine EDM measurements at the weak scale, using an effective exten-
sion of the renormalizable SM Lagrangian [15,20-25]. Going beyond effective field theories
(EFTs), an ultimate link to the cosmological motivation requires a UV-complete extension of the
SM at the weak scale, for instance leptoquark models [20], extended Higgs sectors [26-28],
left-right symmetry [29], or supersymmetry [30-35].

As we will see, global analyses of EDMs [19, 36, 37] face similar technical challenges as
global analyses in general [38-42]. These include combining different systems and measure-
ment types, and resolving different conventions across the many inputs. We perform a global
EDM analysis for the hadronic-scale Lagrangian using the SFITTER analysis tool, with a focus
on the comprehensive treatment of uncertainties. Our analysis provides state-of-the-art limits
on the multi-dimensional model parameter space (with no assumptions made about the un-
derlying sources of CP violation). It also allows us to judge the impact of new or proposed
measurements and to identify shortcomings in relating measurements to fundamental param-
eters,! while remaining easy to repeat or adapt in response to new theoretical or experimental
inputs. For this purpose it is crucial to interpret all measurements in the same fundamental
physics framework and to include all uncertainties and correlations, including theory uncer-
tainties, even though these typically lack a statistical interpretation [43].

10nly a proper fundamental physics interpretation can make full use of experimental limits.
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We start by introducing a consistent hadronic-scale Lagrangian, with properly chosen Wil-
son coefficients for our global analysis, in Sec. 2. We then use this Lagrangian to provide
predictions for the measured EDMs, as detailed in Sec. 3. We start our global analysis without
theory uncertainties in Sec. 4, to understand the relations among different EDM measure-
ments in terms of the hadronic-scale Lagrangian. To extract correlations and limits on single
model parameters we employ a profile likelihood. We find that the current EDM measure-
ments define a subspace of well-constrained model parameters and an orthogonal subspace
of poorly constrained parameters with narrow correlation patterns. Adding theory uncertain-
ties on the relations between Lagrangian parameters and observables in Sec. 4.5 degrades the
interpretation in terms of fundamental physics. We emphasize that this degradation does not
cut into the discovery potential of EDM measurements, as probes of fundamental symmetries
of elementary particles, but it hampers their interpretation as limits in fundamental physics.

2 EDM Lagrangian

Because new sources of CP violation are motivated by cosmology and can be related to physics
beyond the SM at and above the weak scale, we start by introducing CP violation into the
weak-scale Lagrangian in Sec. 2.1, relate this to the GeV-scale Lagrangian in Sec. 2.2, and use
simple matching arguments to simplify this hadronic-scale Lagrangian which we use as the
interpretation framework for our global analysis in Sec. 2.3. A detailed analysis of CP-violating
new physics at the electroweak scale includes a renormalization group evolution from the GeV-
scale to the electroweak scale and is not part of this first study. Instead, we focus here on a
global analysis at the hadronic scale and the role of correlations and theory uncertainties.

2.1 Weak-scale Lagrangian
The operators generating CP violation within and beyond the SM-Lagrangian, neglecting CP
violation in the neutrino sector [15], appear in the Lagrangian
Lepv = Lexm + =%9_ + gdipole + gWeinberg + ZLgpr - (D
The first term represents CP violation at mass dimension four, from the complex phases in the
CKM matrix. The second arises from the gluon field strength, also at dimension four,
2

g5 - -
%5 32; S0 (G G,,), )

where g5 is the strong coupling, G*” is the gluon field strength, G*” = e*"*9G, /2 is its
dual, and 6 is the re-scaled CP-violating parameter in QCD. The bar notation indicates that
corrections from the quark mass matrix are included. In principle 6 can also be included as
a model parameter, for instance in testing a specific BSM model [29]. However, we take the
view that the neutron EDM experimentally constrains 6 to have such a small value that this
fine-tuning problem requires a proper explanation. This means that at present there is little to
be learned from including 6 as a model parameter in our global analysis.

The other three contributions in Eq.(1) are higher-dimensional and not part of a renormal-
izable extension of the SM-Lagrangian. Electric dipole moments of fermions d£, and chromo-

electric dipole moments of quarks dqc, appear at mass dimension five:

i - i _
Lapoe =—5F*" D, df (Foprsf) = 585Gy, D d7 @0""vsT ), 3)
f=qt f=q
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where the indices g and £ denote quarks and leptons of all three generations. The electromag-
netic field strength is F*”. We chose the metric convention (1,—1) with y5 = —iyoy1Y2Y3. The
fermion spins are o, = i[y“, yv] /2, and T? are the SU(3) generators. The Weinberg oper-
ator is again built out of the gluon field strength and introduces the gluonic chromo-electric
dipole moment d°,

1 ~
=%Weinberg = gdG fabc G;lWGbVP G;M . (4)

Additional CP-violation occurs at mass dimension six and higher, generated at a new physics
scale larger than the Higgs vacuum expectation value, A > v,

(6)
C:
6 _
L
Relevant dimension-6 operators that generate EDMs include the following semileptonic and
quark 4-fermion operators,

‘%EFT ») C[eqd (l_:]eR) (C_ZRQ]) + Cé:;u (l_:]eR) Ejk (QkuR) + Clg::;u (I‘jo-[.ﬂ/eR) Ejk (Qko'“vuR)

+Coa (@up) e (Qtdp) +Clor (T ug) €y (Q¥Tdg) +hoc. (6)

The dipole moments, the Weinberg operator, and the additional 4-fermion interactions can
serve as the basis for an EDM analyses in the SMEFT framework [14,21-26, 31-33], strictly
speaking with all parameters defined at the appropriate scale, as for instance discussed in
Refs. [15,16,20]. As always, the set of higher-dimensional SMEFT operators that turn out
to be most relevant depends on the high-scale BSM model that the SMEFT represents. For
instance, in supersymmetric models there are no contributions from szi)q 4 and (’)g;u at tree
level, and the relative size of down-type and up-type quark couplings is affected by a potentially
large tan 3 enhancement.

2.2 Hadronic-scale Lagrangian

The challenge with EDMs in view of the Lagrangian of Eq.(1) is that they are measured far
below the electroweak scale, where the propagating degrees of freedom are leptons, non-
relativistic nucleons N = (p,n)’ with average mass my, and pions 7 = (n*, 7%, n™)! [14,17,
18,20, 31,33]. We take the particle physics convention for strong isospin, 75 |n) = —|n)

When we shift from the weak-scale EFT to the experimentally relevant GeV scale, only the
lepton EDMs df = d, in Eq.(3) of the electroweak Lagrangian in Eq.(1) remain structurally
unchanged, i.e. the Lagrangian term remains the same and the parameter runs according to its
renormalization group equation, with potential mixing. All Lagrangian terms involving quarks
change their underlying degree of freedom, and we focus on this structural matching to define
a minimal set of leading GeV-scale operators, while neglecting additional effects from the
well-defined renormalization group running above and below the matching scale. To account
for example for operator mixing through renormalization group running, one will eventually
have to perform a renormalization group analysis from the full UV model through the SMEFT
description to the GeV scale.

While for the weak-scale Lagrangian the relation between the three charged leptons, for
instance the scaling with the lepton mass, raises interesting questions, we factorize the muon
and tau EDMs from the hadronic-scale Lagrangian. They can be included in the same frame-
work, but given the systems for which experimental limits are available today, the indirect
constraints on EDMs of heavy leptons are many orders of magnitude weaker than for the elec-
tron and there is little interplay among the relevant model parameters.

4
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We split the hadronic-scale Lagrangian describing EDMs at the experimentally relevant
GeV scale into

i _
zhad > gN,sr + gnN + ='(geN - EFI“)de eo—,uv}/se . (7)

While the observable nucleon EDMs dy can be included directly (as for the electron), it is also
possible to separate out the “short-range” parameters dy; by explicitly calculating pion loop
contributions within chiral perturbation theory. The dipole moments of the nucleons in that

case now read

1+ 75 — T3

2
where S, and v, are the spin and velocity of the (non-relativistic) nucleon. The isoscalar and
isovector contributions then determine either dy or dy;, as the Lagrangian parameters for the
neutron and proton EDMs: we will come back to this choice of Lagrangian parameters for the
nucleon EDMs in Sec. 3.1 and App. B.

Next come the interactions of pions and nucleons,

_ 1
Ly o =—2N [d;r +d¥ ] S,Nv,F", ©

Lon = N[ggfo)% A+ gMn0+ ¢ (31300 -7 7) ]N

+¢; (NN) EM(NS“N)JrCZ (N%’N).au (NSUNZ) +---, ©)

where 7 are the internal-space Pauli matrices and we neglect, for example, interactions with
more than one pion. The contribution involving ggtz) is suppressed relative to g7(ro,1) by one
order in the chiral expansion [44, 45], but can be taken into account in similar fashion. In
our parameterization these interactions always contribute to nuclear EDMs, and when d}; are
chosen as model parameters they additionally contribute to nucleon EDMs through calculable
pion loops [18] that appear as additional terms in £, as discussed in Sec. 3.1 below.

Naive dimensional analysis [46] suggests that short-range nucleon interactions enter only
at NNLO [47] in the chiral expansion [48] and can be neglected [45]. In Eq.(9) this applies
to all interactions in the second line. One caveat is that a consistent treatment of long-range
effects may require additional short-distance counter terms [47] that appear as effective short-
range nucleon-nucleon forces. These are not presently taken into account, and theoretical
coefficients for the sensitivity of specific systems to these forces are largely unavailable at
present.

Finally, the higher-dimensional operators in Eq.(6) induce effective interactions that can
be organized according to their tensor structure, isospin character, and their dependence on
the electron and nucleon fields and spins [17,20]. The contributions of four-quark operators
mainly translate into the nucleon EDMs and nuclear forces of Eq.(8) and Eq.(9), while the
semileptonic operators appear via electron-nucleon effective interactions,

Gr .
Loy = _7% (eiyse) N (i +c{Vrs )N
;. 86r v, (€0"7e) N (C{” +Cc{Vr;)s,N
V2
Gr oy O 1o (@ ~()
—— (ee) —|N(Cy"+Cy 15 |S,N|. (10)
/2 mN[ (P P 3) p ]

In a heavy baryon expansion, the last line can be dropped at leading order [15]. However, we
retain all three terms since (1) a pion pole enhancement of the isovector contribution some-
what offsets this hierarchy and (2) contributions of heavy quarks can also render it relevant
for some new physics models. At this stage, the independent Lagrangian parameters for our
global EDM analysis at the hadronic scale are

0 1 0 1 0 1
{d.,c?,c{, e, e, ¢V, ¢, 6D, d,d, }, (1
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where the observable d,, , can be replaced by the short-range nucleon EDMs dflrp for an alter-
nate parameterization, as described in Appendix B.

2.3 Matched Lagrangians for semileptonic interactions

The set of model parameters defined in Eq.(11) can be further simplified by matching the
semileptonic part of the hadronic-scale Lagrangian Eq.(10) to the corresponding weak-scale
4-fermion interactions of Eq.(6), both evaluated for external nucleons. The light quark content
in the nucleons is related to the nucleon Lagrangian as

g0 Pypy = E(N |au +dd|N),
8 Yoty = (N au—da|N),
8 Gty = (N 0,0+ d0,d|N),
gD Pyo,Tay = %(N o, u—do,,d|N),
8 Yt = 5(N [arsu-+dysd|N),
gD PyysTapy = %(N |aysu—dysd|N), (12)
which relations define the scalar, tensor, and pseudoscalar nucleon form factors g ;. Us-

ing these, the hadronic-scale Wilson coefficients in Eq.(10) can be matched, though without
systematically including higher orders, to the SMEFT Wilson coefficients in Eq.(6) as [15-17],

0 __, oY 1 ow_ oY (€))
C gS Im (Cledq Clequ) > CS = & Im(deq + Cfequ) ’
©__ @Y v? 3) m__, Y v2 ®3)
C gT Az (Clequ) > CT —orT Az (Céequ) >
_ oY 1) m__, oY €]
CP = & AZ Im (Cfedq Clequ) ’ CP —8p A2 Im(céedq Cﬂequ) . (13)
Here the six couplings C s T })) are expressed in terms of only three SMEFT Wilson coefficients,
implying
C(O) C(l) C(O) C(l) C(O) C(l) "
0 1)’ 0 1)’ 0 1) "
P A L0

Only three independent semileptonic parameters actually enter the hadronic-scale global anal-
ysis. We choose them as C éO% p and combine them using the known ratios of hadronic matrix
elements to construct the full Lagrangian. In addition to the light quarks described by Eq.(13),
the relations in Eq.(14) also must include the contributions of heavy quarks. These contribu-
tions are contained in the nucleon form factors, renormalized at an appropriate mass scale
and accounting for the corresponding anomaly relations.

Note that in this way our global analysis preserves the full dependence on C

s TP’
only Cé % p» appear as model parameters. This remains the case regardless of isospin-violating

effects, and also when including several experimental systems for which the coefficients of
Cs(l) differ significantly, as discussed below.

although
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The implementation of Eq.(13) for Céo’l) is particularly straightforward, because for each
experimental system the effective parameter that combines the isoscalar and isovector terms
is independent of the nuclear spin,

©,Z2-N o
cs=cV+2——¢
ST T Z4N S
(1) (1)
_ 0, Z-N& (0 : s
= Cq +—Z+N_(0) Cp, with (O)NO.l. (15)
gp gP

c,

pressed relative to géo) by the small isospin violation of the nucleon matrix element, one could

In the second step we replace CS) with reflecting Eq.(13). Since gél) is already sup-

argue that Cél) < Céo). Moreover, in the heavy nuclei of all atomic and molecular systems
for which EDMs have been measured so far, the isoscalar and isovector contributions occur
in approximately the same ratio, (Z —N)/(Z + N) ~ —0.2, so the effective parameter Cg is
approximately system-independent. As noted above, we do not rely on these assumptions.
Next, we relate the pseudoscalar and tensor semileptonic interactions in a similar fashion.
We start with the linear combinations for nucleons, CgIT’p ) = CI(,’OT) F C}(le)’ where the upper sign
refers to n according to our isospin convention. From those, the coefficients for a given nucleus
can be constructed according to the sum over spins of the constituent nucleons, where ((Tp’n>
represents the expectation value for neutrons or protons, evaluated via Pauli operators for the

measured nuclear state [49,50]:
Cg? (on) + Cf(ng) <0p>
(o) + <Op>

For C; we can see from Eq.(13) that the isoscalar and isovector couplings differ only through
the corresponding nucleon form factors. These are calculated with small theoretical uncer-
tainties in lattice QCD [51], allowing us to write

1) (o,)— (o 1)
Cr= (1 -~ % ”—<p>) c®,  with % ~1.7. 17)
gT (On> +<UP>

T
Similarly, for Cp it can be shown that

Cpr = (16)

(1) (1)
o,)—\O
Cp=CP — % (on) = (o) c®,  with % ~20.2. (18)
g5 {on)+(op) g

1)
P

generation as relevant light quarks, such that g

For the derivation of g, in this ratio we follow Ref. [15]. We consider only the first

1)

p  is dominated by the 7-pole contribution

. 2
m m . _ m,+m

E,l) — SaMy ——— +heavy quarks, ~ with m= —ud
m m2—gq

(19)
Here my ~ 940 MeV is the average nucleon mass, m the average light quark mass, and g, is the
(isovector) axial vector coupling [52]. The coupling gl(,o), appearing in Eq.(15), involves the
isoscalar axial coupling g(o), obtained from the sum rather than the difference of the light quark
axial charges [53]. We extend this by including a light s-quark, where the m-pole dominance
is replaced by an octet n-pole with an appropriately modified average light quark mass m*,

0) - 2 =
m m m+2m
gV = 84 N " theavy quarks,  with = m*=——"2. (20)
m* m% —q2 3
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Note that heavy quark contributions enter differently in ngO) and gg), and can be derived

using the U(1), axial anomaly together with the divergence of the anomaly-free axial current

JZS = qr,Ysq for all quarks q [53-57]. These represent a relatively minor contribution to gl(,l),
but due to suppression of the n-pole relative to the 7-pole by the factor m*/m, contribute to
gl(,o) at approximately the same level as the light quarks.

Our final, simplifying assumption is not strictly needed, but is effective in reducing the
number of model parameters by one and removing a poorly constrained direction in model
space,

dp ~—d,. 2D

Alternatively, we could set dflfp, as described further in App. B. The nuclei of the measured
closed-shell systems, which apart from the neutron itself provide the strongest constraints on
nucleon EDMs, are typically dominated either by a valence proton (in the case of TIF) or a
valence neutron (all others).

The physical interpretation of this assumption is that, in analogy with the anomalous mag-
netic moment, the short-range nucleon EDMs are dominated by the isovector contribution,
as can be seen in Eq.(27) below [58,59]. This constraint, which in general correlates with
underlying sources of CP violation, need not be expected to hold at higher precision. It can
be relaxed for the purposes of a rigorous global analysis, provided improved theory uncertain-
ties concerning the contributions of all nucleons to the overall EDM of each measured system.
Of the present experimental limits, TIF has the leading sensitivity to d,. (Note that Cs also
has a valence proton, whose contribution can be somewhat enhanced through a magnetic
quadrupole moment [60,61]).

With the simplifications described in this section, the set of independent low-energy pa-
rameters given in Eq.(11) reduces to

0 0 0
¢;e{d.c”,c,c,g®, 0.4, }, (22)

which are the model parameters for our global EDM analysis.

3 EDM measurements

In terms of the Lagrangian parameters in Eq.(22) we can predict the measured EDMs d; as
linear combinations with system-specific coefficients Qe

di = Z al-’cj Cj . (23)
S

The measurements we analyze are listed in Tab. 1 and discussed below. Unless otherwise
indicated, the isotopes and charge states that we discuss are those given in Tab. 1. The isotopes
that are relevant for these molecular systems are 8°Hf, 232Th, 174yb, 205T], 160, and '°FE We
neglect constraints from the comparatively weaker experimental bounds from 8°Rb [62, 63],
Xe™ [64], PbO [65], Euy sBay sTiO5 [66], and the A hyperon [67]. The experimental bounds
for the u and 7 leptons constrain the corresponding Lagrangian parameters and factorize from
the hadronic-scale Lagrangian. We do not include them in our first global analysis.

As discussed in the last section, the a-values for all C ©.1)

s pr are fixed by the corresponding
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values for the basis of Eq.(22). For this we follow Egs. (15)-(18) and find for example

_ gg) (o) — <Up>
de© = Qg ~ Ag, @m

1)

B 8 Z—N
(XCF()O) = aCP + aCSTO)—Z N ,
8p
1
—[1 g(T) (0n>_<ap>
ago =|1-=5 ———*1 | ac,, (24)
! gT (Gn> +<UP>

with the a¢ . given in Tab. 2. In this table we also show

(0) 9 =(0,) +(0,), (25)

which is proportional to the isoscalar sum of neutron and proton spin projections in a shell
model of the nucleus, a factor of two being given by the usual relation of the spin and Pauli
operators. The shell model is not expected to be reliable for the deformed nuclei !”'Yb and
225Ra. The values given in Tab. 2 are chosen to optimize agreement of the calculated and
measured nuclear magnetic moments within this framework. Literature values are available
for these nuclear species [50]. The spin fractions contributing to semileptonic coefficients in
TIF only take into account the 2°°Tl nucleus, though see Ref. [68] for some consideration of
contributions from the °F nucleus. For Qi29xe ¢, We Use a scaling relation to derive a value
from a2k ¢, Of the cited reference.

With the exception of oy, ¢, we use only explicitly calculated values and employ the
established phenomenological scaling relations only as consistency checks. For this one case,
however, although a precise explicit calculation is available it deviates from both the scaling
relations [69] and other explicit calculations [37] for presently unknown reasons. We there-
fore employ a scaled value of the explicitly calculated a2y, ¢, [70], using the semianalytical
relations of [60,69,71,72].

3.1 Nucleons
We start with the simplest hadronic systems for which we can measure EDMs, the nucleons.
Their EDMs can be written directly as a Lagrangian term

i )
—EF“”dN (Nou,rsN), (26)

but can also be described by heavy baryon chiral perturbation theory, based on the hadronic-
scale Lagrangian. In that case we can consider the nucleon EDMs as observables that receive
contributions from: short-range contributions dy;, NNLO pion-loop contributions, and poten-
tial direct contributions to Eq.(26) within and beyond the SM [90],

2 ) 2 2
e m mm m m
4= dsr— <84 g;O)(ln_g__n)_gL(Ko_Kl)_gln_g 27)
8m?F my,  2my 4 my  my
2 1) 2 2
e m 21tm 2mm 5 m m
d, = ds+ 25 ggp(ln_g_—ﬂ)_L( “+(-+KO+K1)—§1H—§) ,
P 8m2F, my; my 4 my 2 my  my

where F, = 92 MeV is the pion decay constant [91], m, = 139 MeV, my = 940 MeV, g, ~ 1.27
is the nucleon isovector axial charge, and the isoscalar and isovector nucleon anomalous mag-
netic moments are ko = —0.12 and x; = 3.7. We set the renormalization scale to the nucleon

9
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Table 1: Measured EDM values and 95% CL for upper limits on their absolute values.
For 129Xe we combine two independent results with similar precision, using inverse-
variance weighting. For the open-shell molecules, we also provide the measured
angular frequencies and the rescaling factor which allows us to use x;d; for each
experimentally reported d;. For the definition of x;, see text. "The frequency for
HfF* is scaled by a factor of 2 relative to Ref. [76], to consistently use Eq.(30) for all

systems.
System i | Measured d; [ecm] Upper limit on |d;| [ecm] Reference
no | (0.0£ 1.1, £0.2)- 1072 2.2-107% [73]
205 (—4.0£4.3)-107%° 1.1-107% [74]
133¢s (—1.8£ 6.7 £ 1.8) - 107 1.4-1072 [75]
HfF* (—1.3 £ 2,045 £ 0.6,) - 107 4.8-107% [76]
ThO (4.3 £ 3.1 £ 2.64) - 107° 1.1-107%° [77]
YbF (2.4 % 5.7 £ 1.555) - 10728 1.2-107% [78]
199Hg (2.20 £ 2.75,,, + 1.48,,) - 107*° 7.4-107%0 [79,80]
129%e (—1.9 £ 4.6 +2.04) - 10728 1.0-107% [81,82]
17lyb (—6.8 £ 5.1 £ 1.255,) - 107 1.5-10726 [83]
225Ra (4% 640 £0.24,) - 10724 1.4-1072 [84]
TIF (-1.7£2.9)-1072 6.5-10723 [85]
| Measured w; [mrad/s] Rescaling factor x; for d; Reference
HfF* (—0.0459 £+ 0.0716,, £ 0.0217)" 0.999 [76]
ThO (—0.510 % 0.373, £ 0.310,,) 0.982 [77]
YbF (5.30 £ 126044, £ 3.304y5,) 1.12 (78]

mass, and the splitting between proton and neutron masses leads to a higher-order effect that
is presently negligible in relation to other uncertainties. In terms of weak-scale parameters,
finite values of ngO’l) can be related to a CKM phase or 6, but also to 4-fermion quark oper-
ators. The input from the presently most sensitive neutron EDM measurement to our global
analysis is given in Tab. 1, alongside the other measurements we use.

From Eq.(27) is it clear that we have a choice of defining either dﬁ:p or d, , as our model
parameters. Constraints on these Lagrangian parameters, including a renormalization con-
dition, are the output of our global analysis; but their real purpose is to compute yet other
observables, and compare them to measurements within a consistent theory.

The two choices are not equivalent any longer, when we remove d,, or d;r. Choosing d, ,
as model parameters implies that we use measured values as Lagrangian parameters. The
corresponding renormalization condition is referred to as on-shell renormalization in collider
physics. In that case, we can extract d,, and d,, from data and use Eq.(27) to translate them
into d;fp. We use this scheme in the main body of the paper. The alternative of using d '
as model parameters may be a better motivation to use the approximate relation d;r =—d
rather than Eq.(21). We present a complete set of results using this approach in Appendix B.

Neither of the two renormalization conditions allows for a simple running of the La-
grangian parameters to higher scales. For this third option we must renormalize dy in the
MS scheme and compute the difference, in analogy to Eq.(27), in perturbation theory.
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Table 2: Effective parameters used as input to our global analysis, as summarized in
Tab. 3.

System i | (o) <O'p> (0,)©@ a; ¢, [e cm] ¢, [e cm] ¢, [e cm]
Tl 0.274  0.726 1 —6.77-107'8[86] 1.5-10723[87] 5-1072! [87]

Cs —0.206 —0.572 —0.778 7.8-10719[15] 22-10722[87] 9.2-1072![87]
199Hg | —0.302 —0.032 —0.334 —2.8-10722[88] 6-10722[70] 1.7-1072°[70]
129%e 0.73 0.27 1 —6.28-10722[70] 1.6-10722[70] 5.7-1072'[70]
171yh —0.3 —0.034 —0.334 —7.34-10722[37] 3.60-10722[37] 1.04-1072° [37]
225Ra 0.72 0.28 1 563-1072'[37] —6.4-10722[70] —1.8-1071'7[70]
TIF 0.274  0.726 1 1.09-107'°[37] 3.8-1078[37] 1.06-10'>[89]

3.2 Open-shell (paramagnetic) systems

Atoms and molecules with open electronic shells, sometimes also referred to as paramagnetic?
systems, are primarily sensitive to the electron EDM and the scalar electron-nucleon couplings
Céo’l) of Eq.(10). It is common to distinguish the case of open-shell atoms with the atomic
EDMs

di=a;4d.+a;cCs+..., for i € {TL, Cs}, (28)

from that of open-shell molecules, although in both cases the terms involving the Lagrangian
parameters d, and Cs dominate. The experimentally relevant quantity is a phase difference
accumulated over some measurement time, interpreted as a frequency. Measurements with
open-shell molecules are often reported as a parity- and time-reversal-violating frequency shift
Wi,

w; = (’")d +k(’”)CS+ for i< {HfF*,ThO,YbF}. (29)

The superscript (m) indicates that this notation is used only for molecular systems, while the
index i identifies each molecular system. We also give these measured angular frequencies in
Tab. 1. This emphasizes that w; does not scale in a simple way with the experimentally applied
electric field; it rather depends on the molecular structure via a so-called effective electric field

Eg that saturates when the molecule is polarized. Note that a; 4, is dimensionless, while n(m)

is not; similarly a; ¢, has the units of an EDM, while k(m) has units of angular frequency.

The remaining contributions to open-shell molecular EDMs have weak dependences on
other low-energy constants, and we note that in particular the EDMs of the u and 7 leptons
have been indirectly constrained via the experimental limits from ThO and Hg [104]. While
some work in this direction has started [105, 106], apart from the leading contributions via
Cs we are not aware of established values for the coefficients of semileptonic or hadronic
parameters. (Note that due to the vanishing nuclear spin of 232Th, 89Hf, and 174Yb there is
no leading contribution to the system EDM from Cp or Cy for the heavy nucleus in any of the
measured open-shell molecules.) We thus take ag?j) = 0 in Eq.(29), while for the open-shell

atoms we obtain values for semileptonic coefficients either from the literature or by scaling
arguments, as reported in Tabs. 2 and 3.

2We prefer the nomenclature of open-shell and closed-shell systems, rather than paramagnetic or diamagnetic,
since this more clearly indicates the properties that are relevant for determining the leading contributions to the
total system EDM.
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Now starting with the truncated version of Eq.(29), we adopt the convention that

w; =1, d)d +k(m)C
Eegt; w;

i de+?Cs, (30)

where all signs, g-factors, spin magnitudes, etc. are absorbed into the coefficients on the
right-hand side. It is also common to refer to & as the effective electric field, where

Eofr = Eegesgn(J - A1) (A~ ), (31)

and J is the total electronic angular momentum, 71 is the direction of the internuclear axis, and 2
is the direction of the externally applied electric field. Here Q = J - is a quantum number used
in molecular term symbols, and (# - 2) indicates the degree to which the molecule is electrically
polarized by the applied electric field. Some of the conventions used for the orientation of the
internuclear axis, the internal electric field, etc. are summarized in Appendix A.3 of Ref. [107].
The truncated expression for the frequency shift thus provides us with physical expressions
for the two constants, s
e L I
The point is that this frequency measurement cannot be directly translated into a permanent
molecular dipole moment, since the molecules are substantially or entirely electrically polar-
ized during the measurement. The linear energy shift due to the lab-frame electric field satu-
rates as (fi-2) — 1, and the limiting dependence on the external fields is that of an induced
dipole moment. To express the frequency difference w; in terms of a physically meaningful
permanent electric dipole moment, we define the molecule’s d; in relation to the effective
electric field,

(32)

—Eegid; = —Eegrid, + WiCs . (33)
We can use this form to define, in analogy to Eq.(28),

(m)

W; ki ,Cs
di = de + Qi s CS =4 Qig, = 1, and Qi cg = _E_ = ) (34)
eff,i n; d

For our analysis we re-cast the limits from open-shell molecules in units of ecm, such that
the coefficients for all systems can be expressed in the same units, with the side effect that
a; 4, = 1 for all open-shell molecules. This approach also serves two additional purposes: (i)
Many different conventions are in use for these coefficients, sometimes using the same symbols
for different quantities. Since measured quantities are related in publications to the electron
EDM, our choice makes comparisons across different works relatively straightforward. Of
course, all quantities must be ultimately connected to an experimentally measured phase. (ii)
As first pointed out in Refs. [100, 101], while there is considerable variation in the literature
values for n( ) and k( ) in a given system, there is much less variation in their ratio. Dividing

Eq.(29) by ni, 0. should pass this uncertainty on to all semileptonic and hadronic coefficients,
which are of much less relevance in open-shell systems.

Note that ngg: is used both to obtain single-source limits on d, from the experimentally
measured w;, and to convert the experimentally measured frequencies into EDM units for
Tab. 1. The experimental EDM limits for open-shell molecules in Tab. 1 are rescaled by the
indicated factor x;, which differs from unity when updated values for n(m) differ from the cited
publication. This is typically the case when improved molecular structure calculations have
become available since the experimental limit was published.

13


https://scipost.org
https://scipost.org/SciPostPhys.20.6.151

e SciPost Phys. 20, 151 (2026)

Recommended values for many of the a; ¢, are given in Tables ITI-V of Ref. [17] and in Table
4 of Ref. [88], including in many cases the ranges corresponding to theory uncertainties (or
at least the ranges of reported values, which is often what we are forced to use in lieu of true
theory uncertainties). We give our choices for @, in Tab. 3.

3.3 Closed-shell (diamagnetic) systems

In contrast to the open-shell systems, where sub-leading contributions are largely neglected
due to lack of theory inputs, the small contributions of d, and C éo) are taken into account for all
closed-shell systems. These are typically smaller contributions to the observable EDM in cases
where all electron spins are paired, with the main contributions coming rather from nucleon

EDMs, nuclear forces mediated by pion exchange with strengths g%o’l’z), and the nuclear-spin-

dependent semileptonic interactions C;O) (and possibly C}(,O)). The experimental precision,
especially of Hg, is nevertheless high enough to contribute meaningful constraining power for
d, and c{”.

Unfortunately it appears that arguments [88] to the effect that closed-shell systems add
significant complementary constraining power in the d, —Cs subspace due to a different sign of
the ratio @; 4 /a; ¢, in comparison to open-shell systems, do not in fact hold. While recent cal-
culations [37] may indicate that a; 4 and a; ¢, in some highly-correlated closed-shell systems
could indeed have different sign, the theory uncertainties for these cases are large enough to
cross zero. Numerical calculations for specific systems so far only support ratios of the same
sign [69]. Two subtleties are important to consider in this context: (1) the value for a; 4 in-
cludes contributions from multiple different interactions [37,70,92,108] whose contributions
must be summed, and (2) our implementation of a c© could generate sign changes via the

difference of terms in Eq.(24).
At present, as can be seen from Tabs. 2 and 3, the only measured systems where a; 4 and
a; ¢, may have opposite sign are Hg, Yb, and Ra - noting the important difference between

i,c and a(o) On the other hand, the allowed ranges for a; 4 cross zero, and thus admit also
a posmve ratlo as in all other systems discussed here. These may thus represent special cases
among closed-shell systems, in that reducing the error of experimental and theory inputs could
have significant impact on the d, — Céo) subspace that is complementary to the dominating
open-shell constraints. The supporting arguments for any such claims should, however, be
examined in detail.

The contributions of nuclear forces and nucleon EDMs are frequently interpreted via the
Schiff moment of a given nucleus [17, 60, 109], which is more easily related to nuclear struc-
ture parameters [61,87]. In terms of our model coefficients, the Schiff moment S; of each
experimentally measured system i contributes to the corresponding EDM via

di = ai)dede + ai,CS CS +---+ ki,SSi +..., (35)

where the term k; ¢S; absorbs the contributions of nucleon EDMs and pion-mediated nuclear
forces to the system EDM d;. Since both k; s and S; are different for each experimental system,
it is necessary to expand them in terms of the model-independent CP-violating parameters.
The coefficients k; g are calculable weighting coefficients that express the contribution of S; to
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the total EDM, while S; contains all contributions from the underlying sources of CP violation,

kisS; = Z @i, Cj

Cje{dnp g1('[0 b 2)}

wki,s[ ndn +5ipd, + NgA(a g(0)+allg1(Tl)+a g(z))]

=kis|s [ lndsr +s; pd;r NgA (a g(o) +a; g(l) +4d; g(z))] (36)
The coefficients s; y (N = n,p) indicate the contributions from EDMs of unpaired nucleons
and the coefficients a; ,,, (m = 0, 1, 2) parameterize the strength of CP-violating pion exchange,
organized by isospin, for the nucleus of system i. We drop the g(z) term as discussed above
and note that the coefficients in front of g(o) and g(l) change when we replace d, , with dSr
using Eq.(27) (i.e., a; ; # d; ;). While we continue to neglect C; and C, from Eq. (9) these also
contribute to the Schiff moment (the sensitivity coefficients for most measured species have
not, however, been calculated). The coefficients k; ¢ have been calculated for many systems
of interest, and give the degree of electronic screening that suppresses an observable system
EDM relative to its underlying nuclear Schiff moment.

The Schiff moment itself can, in principle, become comparatively large in heavy and espe-
cially deformed nuclei such as 2**Ra. The underlying CP violation is expected, at minimum, to
arise from the CKM matrix in the Standard Model. The Schiff moment then provides a mech-
anism to enhance the comparatively tiny EDMs of quarks. This can be viewed in general as
a nuclear-structure induced enhancement of the observable EDM, which also amplifies BSM
sources of CP violation that enter the hadronic sector. The Schiff moment amplifies not only
the pion-exchange forces, but also the nucleon EDMs and other contributions to S;.

For nuclei with spin I > 1/2, a CP-violating nuclear magnetic quadrupole moment (MQM)
can in principle exist in analogy to a Schiff-moment-induced EDM and be analyzed within a
common global analysis (the MQM actually induces a higher-order correction to S;). The MQM
is not screened in systems with unpaired electrons, and itself represents an experimentally
useful signature of CP violation that we do not consider here in detail (but see Refs. [60,
87,110]). At present, of the experimental systems already measured, this effect is relevant
essentially only for Cs.

Among the potentially leading contributions from our six hadronic-scale model parameters
C }(,OT), dp p, and g(0 ‘D very different weights can arise according to the electronic and nuclear
structure of the various closed-shell systems. Inspecting Tab. 3 reveals that to a limited extent,
this is indeed already the case for the systems already measured. However, this complemen-
tarity is not yet fully exploited and should be the target of further study.

Despite the pion pole enhancement, Céo) appears suppressed relative to C;O) in all mea-
sured systems. The coefficients of gq(ro’l) are typically of comparable size for a given system,
although possibly different in sign. Unfortunately the coefficients of d,, , are not well known
for most nuclei, although in principle these can be calculated. For the pion-exchange forces,
even in nuclei that have been the object of many studies, the theory uncertainties are large.
This is especially true for soft nuclei such as our Hg and Xe, in which non-static deformations
can present special challenges.

As part of a global analysis, a large number of experimental measurements from comple-
mentary closed-shell systems can disentangle contributions from model parameters that are
relevant at some level for all of them. In this sense the role of d, and Céo) takes on a new
importance, not only to further constrain these parameters themselves, but also as an addi-
tional contribution to the EDM that brings along uncertainties which dilute the constraining
power for other model parameters. Closed-shell molecular systems such as TIE, or molecular
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systems containing Schiff-enhanced nuclides, introduce complementary constraining power to
our global analysis.

We finally note that closed-shell systems unite theory inputs from several quite different
communities. Different conventions for assigning a negative isospin projection in the nucleon
doublet have to be carefully noted when combining calculated coefficients from different
sources, especially when we include semileptonic interactions together with nuclear forces.
Reference [111] makes an effort to disambiguate a part of this issue for 0, 0.12) 1295+

It is only possible to establish meaningful constraints in a context where the notation and
conventions are clear, and where the uncertainties associated with theory inputs have been
clearly assessed. Table 6 in Appendix B gives the literature values and references, adapted as
needed for consistency within our framework here, that we have used to produce Tab.s 3 and
7 for actually performing a global analysis.

3.4 Single parameter ranges

In this section we provide single-source ranges for the individual model parameters of Eq.(22)
plus the proton EDM,

¢ e { d, Cs(O)’ C;o), C}EO), g7(10), g;n’ d,,d, } (37)
They are derived from each measured system by neglecting all other parameters that could con-
tribute to that system’s EDM. To extract these single-parameter ranges, we use isolated terms
from Eq.(23) for each EDM measurement listed in Tab. 1 and the model dependence from
Tab. 3. For the likelihood we assume a Gaussian form, which means that all limits are quoted
as symmetric one-sigma error bars around the central, best-fit value. In this single-parameter
study, we only include systematic and statistical uncertainties to determine the impact of the
experimental measurements on the parameter ranges. While the single-parameter limits allow
us to compare the reach of different measurements for CP violation as a whole, they do not
give the allowed ranges of the individual model parameters. The reason is that contributions
from different model parameters to the same measurement can cancel. Because an EFT builds
on the assumption that a given physics model induces many higher-dimensional operators, the
apparent constraining power of single-parameter limits is overly optimistic.

Using the single-parameter constraints in Tab. 4 we can compare the impact of different
EDM measurements on a given model parameter, with the caveat that multi-dimensional corre-
lations might change that picture. Starting with the electron EDM d,, the open-shell molecules
HfF* and ThO provide the strongest constraints, while the open-shell YbF molecule has a sim-
ilar constraining power as the closed-shell Hg. The same two open-shell molecules are most
constraining for the scalar electron-nucleon coupling Céo), again followed by Hg, YbE and TI.

The pseudoscalar and tensor electron-nucleon couplings CéOT) can be probed by the open-
shell atoms and the closed-shell systems. This is done at present by far most efficiently with Hg
and then, with much reduced constraining power, by Tl, Xe, and TIE It is difficult to estimate
the impact of these measurements on the combination of C 1(,0) and C ;0), and we will see in the
next section how this more complex dependence affects the full global analysis.

The four hadronic parameters, ggto’l) and d, ,, are most strongly constrained by the neutron
EDM measurement and again Hg, suggesting that there will be significant correlations between
the leptonic and hadronic model parameters in the global analysis. The other closed-shell sys-
tems lead to much weaker limits, but are still needed to constrain the 3-dimensional hadronic
model space. Note that we fix the relation between the short-range neutron and proton pa-
rameters in the Lagrangian, Eq.(21), but from Tab. 3 we know that different measurements
probe different admixtures of these two parameters.
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To jointly analyze the available EDM measurements in terms of the hadronic-scale Lagrangian
and its parameters, Eq.(22), we use the established SFITTER analysis tool. It constructs a
global likelihood with a comprehensive uncertainty treatment and analyses it in terms of
high-dimensional correlations. Lower-dimensional and one-dimensional likelihoods for the
individual model parameters can be derived by profiling or marginalization, depending on the
preferred statistical framework. If we assume that experimental uncertainties are Gaussian,
profiling and marginalization have to lead to identical results. For the theory uncertainties,
discussed in Sec. 4.5, the difference between the two approaches makes a formal, but not
significant difference.

4.1 SFitter framework

SFITTER [38-40] has been developed for global analyses of LHC measurements in the context
of BSM physics [112] and Higgs and top properties [42,113-115], including comprehensive
studies of the connection between EFTs and UV-completions of the SM [116,117]. It has a fo-
cus on its uncertainty treatment, including theory uncertainties [43], the connection between
Bayesian and frequentist approaches [39,41], and published experimental likelihoods [42].

This first SFITTER analysis of EDMs relates the 11 measurements from Tab. 1 to the seven
model parameters in Eq.(22). In general, SFITTER includes statistical, systematic, and theory
uncertainties. At the heart of SFITTER is the fully exclusive likelihood as a function of model
and nuisance parameters,

Lexa(8) = Pois(dlp(c, O) | [V(8;,0), (38)

Table 4: Single-parameter ranges allowed by each of the EDM measurements given
in Tab. 1 and coefficients from Tab. 3. The neutron EDM itself is best constrained by
the direct experimental measurement using neutrons, see Tab. 1.

System i | d,[e cm] Céo) CI(,O) C;O)
Tl (7.2+7.7)-107% (594+6.4)-10°% (—2.9+£3.1)-10° (—4.5+4.9)-107°
Cs (-1.5£5.6)-107%®  (—2.3+8.9)-107° (1.3£5.0)-107* (-=1.1+4.1)-107*

199Hg (1.9+£2.7)-107%® (-1.7£25)-107° (3.3£4.7)-10% (=3.4+£4.9)-1071°
129%e (2.2+£2.3)-107% (8.4+8.7)-1077 (=1.0£1.1)-10° (-1.4£1.5)-1077
7yb | (—4.7+3.6)-10724 (5.2+4.0)-10°° (-1.4£1.1)-107* (1.8+1.4)-107°
225Ra | (—0.7£1.1)-107% (3.5+5.3)-10* (=5.2£7.9)-10° (-0.9+1.3)-107*
TIF (-1.3£2.1)-107%° (=1.2+2.0)-107 (=1.1£1.9)-10° (—0.9+1.6)-1078
HfE* (-1.3+£2.1)-103° (—=1.4£2.3)-1071°
ThO (4.3+4.0)-1073°  (2.8+2.7)-1071°
YbF (—2.4+£5.9)-100® (—2.7+6.6)-1078
| gSTO) gle) d,[e cm] d,[e cm]
Tl (6.2+6.7)-10°% (=1.8£1.9)-10°® (7.0£7.5)-1072° (=2.5+2.7)-107%°
Cs (—2.2£8.6)-107° (—0.7£2.6)-10° (-=1.8+£6.9)-107"° (-0.3+£1.0)-107%°
9Hg | (=0.7+1.0)-107*2 (=3.6+5.1)-107® (-1.6+2.3)-107%¢ (-1.6+2.3)-107%
129%e (45+£4.7)-1071°  (6.0£6.2)-1071% (=7.7£7.9)-107** (-3.6+3.7)-1072
17lyb (2.4+1.8)-107° (1.24£0.9)-10°  (6.0+£4.6)-107% (6.0+4.6)-10722
225Ra (2.3+£3.5)-10° (-5.8+£8.7)-107% (—0.7£1.1)-107%° (—3.4+5.0)-107%°
TIF (24£4.1)-107Y  (—=0.7£1.2)-107° (2.7£4.6)-10%2 (-1.0+1.6)-1072
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where d describes the observed experimental limits, p the prediction depending on the model
parameter ¢ and nuisance parameter 8, and o are the uncertainties. Without theory uncertain-
ties, o; describe the experimental statistical and systematic uncertainties. All measurements
are described as uncorrelated in this study, with the individual statistical uncertainties de-
scribed by Poisson or Gaussian likelihood. Statistical uncertainties are usually uncorrelated as
well and described by a Poisson distribution, turning into a Gaussian for high statistics. Ex-
perimental systematics are assumed to have a Gaussian shape, but can be described by any
nuisance parameter. This Gaussian shape is justified for parameters that are measured else-
where. We use it for all experimental uncertainties, assuming that the measurements are at
least as much dominated by statistical uncertainty, with an error distribution appropriate for
count-rate limited frequency measurements. We adjust the exclusive likelihood by maximizing
or profiling with respect to the nuisance parameter 6

LPI'Of = meaX POiS(dlp(C: 9)) lT[N(el) Ui) . (39)

For the EDM analysis the situation is then relatively simple. First, from Eq.(23) we know
that all observables depend on the model parameters linearly. Second, we can combine the
statistical and systematic experimental uncertainties into the symmetric Gaussian error bars
given in Tab. 1. Finally, we do not have to consider nuisance parameters, if we assume that
the likelihood has a Gaussian form for each independent measurement. This Gaussian as-
sumption also implies that for uncorrelated uncertainties a profile likelihood and a Bayesian
marginalization will give the same result.

In our implementation theory uncertainties have no well-defined likelihood shape, and no
maximum: they can be thought of as a range of allowed values [43]. A flat theory uncertainty is
not parametrization-invariant, as one would expect from a fixed range, but without a preferred
central value, we consider it conservative. With this implementation in SFITTER following a
flat distribution, the central value of the parameter can be shifted within this range at no cost
in the likelihood. Therefore, compared to analyses without considering theory uncertainties,
the impact of the central value of certain parameters is negligible for larger ranges allowed
by theory uncertainties. For the EDM global analysis, theory uncertainties significantly affect
most a-values: the central values given in Tab. 3 mainly impact implementations that neglect
theory uncertainties, while the corresponding ranges are by far more relevant when theory
uncertainties are taken into account.

To construct the exclusive likelihood, SFITTER evaluates EDM predictions over the entire
model parameter space. It uses a Markov chain to encode the negative log-likelihood in the dis-
tribution of points covering the model space. A helpful aspect, common to many BSM analyses,
is that we can assume (as a null hypothesis) that the global minimum is at the SM parame-
ter point. The presence of BSM effects would then produce a tension with this assumption.
To remove nuisance parameters or to extract limits on a reduced number of model parame-
ters, SFITTER can employ a profile likelihood or a Bayesian marginalization [39,41]. These
two methods give different results, with the exception of uncorrelated Gaussians. Profiling
over flat theory uncertainties and Gaussian experimental uncertainties leads to the RFit [118]
prescription, profiling over two parameters with flat likelihood leads to linearly added uncer-
tainties even for uncorrelated parameters.

The typical sizes of the model parameters in Eq.(22) and the a-values in Tab. 3 can be
extremely different. For numerical robustness, we internally re-scale each model parameter
and each a-value such that all model parameters are evaluated with similar size (while each
term in Eq.(23) remains invariant). Concretely, this means rescaling d, by a factor 10%°, Céo)
by 10°, ggtl) and ggto) by 101°, C;O) by 108, CI(,O) by 10°, and d
also reflected in the way we present our results.

n/p DY 1023, These rescalings are
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4.2 Well-constrained model sub-space

As a starting point of the global analysis and to understand the main features, we consider a
subspace of relatively well-constrained parameters. Following our discussion in Sec. 3.4 we
expect d, and Céo) to be constrained well by the open-shell molecules HfF* and ThO. Similarly,
the hadronic parameters ggro) and d,, are strongly constrained by the neutron and Hg EDMs.

This means the model subspace
{ de:CS: g7(t0)7dn } (40)

should be constrained well by the full set of measurements given in Tab. 1.

It is instructive to consider how the constraints on these four model parameters are corre-
lated. In Fig. 1 we show these correlations extracted as 2-dimensional profile likelihoods from
the fully exclusive, 4-dimensional likelihood. Three structural aspects are evident: (i) a strong
anti-correlation between d, and Céo) ; (ii) a very slight anti-correlation between gi(zo) and d;
and (iii) essentially no correlations linking the {d,, Céo)} and {ggto), d,} parameter subsets.

The strong correlation between d, and C éo) and its independence from the remaining pa-
rameter space is expected to remain for the full global analysis. It is induced by the strongest
measurements, HfF* and ThO, and according to our parameterization as shown in Tabs. 3
and 4 those two measurements are not affected by any other model parameter. This means
the upper-left panel of Fig. 1 factorizes from our global EDM analysis, and we can consider
the remaining model parameters separately and without the HfF* and ThO measurements.

[&] [} [
= 0.0 = 0.0 = 0.0
E S %
><_2-'5 ><—2 ) ><—2.5
~ ~ =
—-2.5 0.0 2.5 -5 0 5 ) 0 5
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—2.5 —2.5
-5 0 5 -5 0 5
g\? x 10%2 d, x 10% [e cm]
5
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X
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S5
) 0 5
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Figure 1: Correlations from the 4-dimensional analysis of {d,, Céo) ggro),dn}, based
on all EDM measurements but neglecting theory uncertainties. The ellipses indicate
68% and 95% CL.

19


https://scipost.org
https://scipost.org/SciPostPhys.20.6.151

e SciPost Phys. 20, 151 (2026)

For the hadronic parameters the situation is different. Again the neutron and Hg mea-
surements are three orders-of-magnitude more constraining than the other measurements.
However, as the two model parameters we could as well have chosen gSTO) \] gg), without any
change in the conclusion. This means that we have to expand the hadronic parameter space
next, to see what patterns emerge. The parameters d, and Céo) will be kept factorized for the
rest of our global analysis.

To understand the role of approximately flat directions in model space, we can diagonalize
and invert the a-matrix given in Tab. 3 for the well-constrained subsystem. To be able to invert
the a-matrix, we have to truncate it to a square form. We know that the leading constraints in
the d, — Céo) plane come from the ThO and HfF" measurements and can be described by the

invertible relation
(dHfF+)_ o, o (d) 41)
= 0 .
drno ATho,d, o, c?

We can diagonalize the a-submatrix, find the eigenvalues 1.0 and 5.93-1072!, and invert it to
give the model parameters as a function of the measurements,

d \ 2.55 —1.55 dyr+

c® )7 \~1.69-10%® 1.69-10%° ) \ drpo
B 2.55dyg+ — 1.55d 40 (42)
=\ (=1.68dyg+ + 1.69dp0) - 102 ) °

Approximately flat directions in model space appear because the measurements are uncorre-
lated. We could determine d, much more precisely and without any effect from C éo) if we could
measure the fully correlated combination (2.55dy+ — 1.55d,0), Which is not experimentally
realistic. On the other hand, this provides a clear motivation to more carefully consider the
role of deliberately-correlated experiments, such as comagnetometer comparisons in which
neither EDM can be neglected, within a global context.

Deliberately correlated measurements can be envisioned, for instance via comagnetometry,
as already used for the neutron and Xe measurements. In this interpretation it could be ad-
vantageous to perform correlated measurements of two systems, with comparable sensitivity
to both system EDMs; unlike the usual comagnetometer implementation, where it is usually
assumed that one can be neglected entirely.

4.3 Hadronic parameters from closed-shell systems

We define a second restricted model parameter space, for the purely hadronic sector:

{s,¢0,d, }. (43)

All three parameters are constrained by the neutron and closed-shell EDMs, while we know
from the above discussion that the constraints from closed-shell systems on d, and Céo) are
weaker than those from their open-shell counterparts.

From Tab. 4 we see that the neutron and and Hg measurements strongly constrain two of
the three hadronic model parameters in Eq.(43). To understand the correlation structure, we
show the correlated constraints of the six possible remaining pairs of closed-shell measure-
ments on the three different two-dimensional subspaces of Eq.(43).

Starting with the left panel of Fig. 2, the different pairs of measurements constrain the ggto)
vs. g%l) plane with different correlation patterns, implying that a global analysis will constrain
the 3-dimensional hadronic subspace much better than any single pair of measurements. In
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Figure 2: Correlations from three 2-dimensional analyses in the {ggro), gq(Tl),dn} pa-
rameter space, each based on a different pair of closed-shell EDM measurements, as
indicated by the color. The ellipses indicate 68% CL, neglecting theory uncertainties.

the center panel, the situation changes when we look at the correlations with the neutron EDM
d,. Three combinations are aligned to similar negative correlations between d,, and g%o). In
the right panel, the situation is similar for ggtl), with a positive correlation and less striking. In
both cases the exceptions are the combinations of Xe respectively with Ra, TIE, and Yb, which
constrain d,, extremely well and without any correlation with g%o’l). While this may sound like
an advantage, we observe from Tab. 4 and in Fig. 1 that the corresponding limits on d,, are
three orders of magnitude weaker than would be expected from including the neutron and and
Hg measurements.

Altogether, Fig. 2 confirms that the constraints of the sub-leading four closed-shell mea-
surements on the 3-dimensional hadronic parameter space of Eq.(43) are correlated in a
non-trivial manner. Evaluating these correlations requires a global analysis of the, formally,
over-constraining set of closed-shell measurements. Inclusion of dp, C;, Cy, etc. as indepen-
dent model parameters would further increase the need for complementary experimental con-
straints.

4.4 Poorly constrained model parameters

Finally, we combine the effects of all remaining parameters

0 0
{c?,c0,6©,¢M,4, 1, (44)

ignoring the ThO and HfF* measurements, which constrain the factorized d, — Céo) subspace,
and also ignoring the neutron and Hg measurements. The latter do constrain the above pa-
rameters, but because they are much stronger than all other measurements, they will induce
narrow correlations in the allowed 5-dimensional parameter space.

Narrow correlations in a higher-dimensional parameter space vanish when we profile the
likelihood onto two-dimensional correlations or even single model parameters. As an exam-
ple, consider a two-dimensional parameter space constrained by one strong and one weak
measurement. The strong measurement leads to a narrow correlation between the two pa-
rameters. When we extract the profile likelihood for one model parameter we can adjust the
other model parameter such that the two parameters trace this narrow correlation. This way,
the entire length of the correlation pattern gets projected onto the one-dimensional profile
likelihoods. The weaker measurement dominates the individual profile likelihoods, while the
stronger measurement allows us to link the second model parameter precisely from a value
for the first model parameter.
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In our case this implies that as long as the correlations from the neutron and Hg mea-
surements cross the entire parameter space, we can ignore these two measurements and their
correlation patterns in the following discussion of two-dimensional correlations and single-
parameter profile likelihoods. Losing the best few measurements contributing to the global
analysis is an unfortunate effect of the conservative profile likelihood approach, but for stan-
dard error ellipses it should also exist for Bayesian marginalization. The main difference is
that this kind of effect is numerically extremely challenging to compute using marginaliza-
tion, while it is essentially trivial for the profile likelihood.

Given these considerations, we are left with five model parameters, constrained by seven
measurements of comparable constraining power. The only exception we see in Fig. 3 is a
strong leading correlation between ggro) and C;O), induced by the fact that for both parameters
the TIF measurement is now the strongest by an order of magnitude. All other model parame-
ters are nicely constrained. The allowed range, for instance for ggro) is of the order 10~°. This
can be compared to the constraints from Fig. 1, of the order 1072, The same hierarchy of
measurements can be observed for g%l) and for d,, as confirmed by Tab. 4. This means that
the 5-dimensional allowed parameter space illustrated by Fig. 3 is crossed by two correlation
patterns, roughly three orders of magnitude more narrow than the full parameter space. We
emphasize that explaining this extremely narrow correlation poses a fine-tuning problem in
model parameter space, which the profile likelihood does not address.
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Figure 3: Correlations from the 5-dimensional analysis of {C;O), CI(,O), ggto), ggrl),dn}

and the factorized d, — Céo) plane from Fig. 1. We ignore the neutron and Hg mea-
surements, which induce narrow correlation patterns in the 5-dimensional param-
eters space and do not affect the profiled 2-dimensional correlations. The ellipses
indicate 68% and 95% CL, neglecting theory uncertainties.
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Figure 4: Correlations from the 4-dimensional analysis of {de,Céo) g%o),dn}. The
orange curves show the effect of theory uncertainties on the results of Fig. 1. The
ellipses indicate 68% and 95% CL.

As before, we can truncate the number of available measurements for the poorly con-
strained 5-dimensional subspace given in Eq.(44), and invert the corresponding a-submatrix
to find

c§°) 7.14-10'® —3.21-10*® 6.50-10'° —8.77-102 —1.94-10'° dr
c¥ —1.03-10"7 —5.40-10"° 1.09-10*' —3.74-10™ —3.26-10'¢ | [ dy,
g |= —2.49-10* —1.45-10Y7 283-10'® —2.37.10!2 —8.60-10%° dye
) 3.10-10'* —3.46-10'® —2.56-10'® 1.58-10'2 5.49-.10' i -
d, 0. 0. 0. 0. 1. d,
(45)

4.5 Theory uncertainties

Theory uncertainties always appear when using quantum field theory to predict observables,
like EDMs, from Lagrangian parameters. No calculation method is arbitrarily precise, and a
variety of systematic errors can affect accuracy. While there is some hope for estimating and
controlling uncertainties for small expansion parameters, the uncertainties associated with
QCD observables at low energies (whether from lattice calculations or sum-rule estimates)
are challenging to quantify. The precision of nuclear physics calculations, and their links to
effective quantum field theory, also present difficulties. On the other hand we have to estimate
all of these uncertainties, and can only ignore them in cases where it can be shown that they
are significantly smaller than the experimental uncertainties of the associated measurements.
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Figure 5: Correlations from the 5-dimensional analysis of {C;O), C;,O), ggro), gg), d,},

and the factorized d, — C_go) plane from Fig. 4. The orange curves show the effect of
theory uncertainties on the results of Fig 3. The ellipses indicate 68% and 95% CL.

For our global EDM analysis, theory uncertainties affect the Qe in Eq.(23). The estimated
allowable ranges of each coefficient are given in Tab. 3. We include them in SFITTER as uncor-
related theory uncertainties, an assumption that can be modified if necessary. The exclusive
likelihood from Eq.(38) is extended to

Lexa(6) = Pois(dlp(c, ) [ [N (6, o) [ [F (65,07, (46)
i J

with o; indicating the theory uncertainties. Again SFITTER maximizes or profiles this likeli-
hood with respect to 6

Lprof(6) = max Pois(d|p(c,0))UN(0i,oi)UF(0j,aj) . (47)

Because of the flat likelihood as a function of the theory nuisance parameter, the profile like-
lihood approach leads to the theory uncertainties adding linearly, weighted by the respective
model parameter. Profiling over independent a-ranges simplifies the numerical evaluation in
two ways: first, any parameter—observable pair for which a is compatible with zero will ef-
fectively be removed from the global analysis, because the optimal choice of a will remove
all contributions from the corresponding model parameter; second, even if we cannot choose
a such that measurement and prediction agree, we can choose it to maximize the likelihood

and to minimize the impact of the measurement, which means we choose the smallest allowed
absolute value of a.
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As in Sec. 4.2 we start with the well-constrained 4-dimensional subspace {d,, C éo), ngO), d,}.

Again, d, and Céo) are constrained by the open-shell molecules HfF* and ThO, just as without
theory uncertainties. From Tab. 3 we see that we can ignore the theory uncertainty in relating
the electron EDM parameter d, to these systems.

In Fig. 4 we show the numerical impact of the theory uncertainties on the 2-dimensional
correlations. The slightly stronger HfF™ measurement, which determines the width of the
correlation pattern, is only minimally affected by the theory uncertainties, while the larger
theory uncertainties on the ThO measurement extend the length of the ellipse visibly. The main
effect of the theory uncertainties is on ggto), where they shift the allowed ranges from slightly
negative to sizeable positive values. This analysis includes all measurements, so according to
Tab. 4 gSTO) is most strongly constrained by the Hg measurement (with a negative central value)
and TIF (with a large and positive central value). Adding the theory uncertainties weakens
in particular the Hg measurement, which means the two leading constraints get balanced
differently, and the entire range moves to the positive values preferred by the TIF measurement.

Moving on, we can now look at the effect of the theory uncertainties on the less-constrained
hadronic sector for closed-shell systems, discussed in Sec. 4.3. Here, Tab. 3 shows sizeable,
order-one theory uncertainties. In addition, some of the a-values include an allowed zero
value when we include theory uncertainties. Specifically, ggtl) is no longer constrained by
the Yb measurement and also loses the Hg constraint. This situation severely degrades the
constraining power of the most precisely measured closed-shell system, namely Hg, due to
a disagreement of different calculation methods in the isovector channel [61]. With more
reliable calculations the impact on the determination of CP-violation in the hadronic sector
would be substantial.

In addition, some theory uncertainties for closed-shell systems are not consistent with
a = 0, but are large. This significantly impacts the global analysis, and further constraining
the allowed ranges could greatly improve the global fits.

Finally, we can look at all seven EDM parameters. As for the case without theory un-
certainties, the neutron and Hg limits are much more constraining for hadronic parameters
than the other measurements. Following the argument given in Sec. 4.4, this means that two-
dimensional correlations and single-parameter limits extracted by profiling the likelihoods will
not be significantly impacted by these strong measurements. The shift in the constrained two-
dimensional correlations are shown in Fig. 5. In comparison their effect on the factorized pa-
rameters d, and Céo) (copied from Fig. 4) is mild, and the constraints on the hadronic model
parameters are significantly weaker. The leading correlation in this parameter extraction we
find to come from the TIF measurement, constraining g7(10) and C;O) in a correlated manner.
This correlation expands almost to a flat direction when we allow for the additional theory
uncertainties. In turn, this large effect extends to the entire space of hadronic parameters,
weakening and shifting essentially all constraints. The large shifts addressed in Fig. 5, mostly
seen for CI(JO),
dominant measurement for C },0) suffers from large theory uncertainties, allowing for a shift in
estimating the central parameter value, as discussed in Sec. 4.1. This clearly emphasizes the
impact of theory uncertainties on the correlations and allowed ranges of the model parame-
ters. To obtain a more coherent picture of these parameter correlations and ranges, theory
uncertainties must be reduced (ideally including also a more nuanced treatment of the corre-
sponding likelihoods). There are already some measurements and parameter combinations,
like the d, and Céo) subspace, for which theory uncertainties are reasonably well under con-
trol (as compared to other elements of Tab. 3). For this case, theory uncertainties produce no
significant change of the correlation behavior.

originate in the treatment and implementation of theory uncertainties. The
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Figure 6: 68% CL constraints from the global EDM analysis on the parameters of the
hadronic-scale Lagrangian. We show (i) hugely over-constrained single-parameter
ranges allowed by the best available measurement; (ii) over-optimistic allowed
ranges for profiled single parameters, ignoring theory uncertainties; (iii) allowed
ranges for profiled single parameters including experimental and theory uncertain-
ties.

5 Outlook

EDMs are extremely sensitive, targeted probes of one of the most important symmetries of
elementary particles, directly related to the observed baryon asymmetry in the Universe. The
number of EDM measurements in very different systems has grown rapidly in recent years,
leading to the question of how the different measurements can contribute to constraining and
understanding CP violation in terms of a fundamental Lagrangian.

We can choose different Lagrangians to answer this question, starting with UV-complete
models versus EFTs. In the absence of a specific hint for BSM physics we choose an EFT de-
scription. Next, we have a choice of different energy scales with different degrees of freedom.
For a first SFITTER analysis we rely on the hadronic-scale Lagrangian, valid at the GeV scale
and describing the interactions of electrons and nucleons. After relating the hadronic-scale
Lagrangian to its weak-scale SMEFT counterpart we constrain the seven Lagrangian parame-
ters given in Fig. 6 through 11 independent measurements given in Tab. 1. The order of the
parameters is based on Fig. 1 and Fig. 4. The vertical line separates the factorized d, — Céo)
plane, while the horizontal lines show the parameter values 0 and £5. The horizontal lines
serve as rough guides.

As a toy analysis we look at single-parameter constraints from individual EDM measure-
ments. These limits are all driven by the same small set of highly constraining measurements,
like the open-shell molecular ion HfF*, the neutron EDM, or the closed-shell atom Hg. The
extremely strong constraints indicated in Fig. 6 do not allow for a cancellation of contribu-
tions from two model parameters to a given measurement, at the price of creating a numerical
fine-tuning problem in the model parameters. While the single-parameter estimates indicate
the strength of an experiment looking for a sign of CP violation, they should not be confused
with a measurement of a given parameter.

Our global analysis employs SFITTER, with a focus on the statistical interpretation and a
comprehensive uncertainty treatment. First, we ignore all theory uncertainties and only con-
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sider experimental uncertainties as uncorrelated and Gaussian (combining the statistical and
systematic uncertainties reported in the respective papers). In this case Bayesian marginaliza-
tion and profile likelihood give the same result.

In Sec. 4.2 we find that a small set of powerful measurements constrains the electron-
hadron interactions as well as a subset of the hadronic sector. The correlated limits on the
electron EDM parameter d, and the scalar coupling Céo) are especially strong and factorize
from the hadronic sector. Next, we find in Sec. 4.3 that the constraints on the hadronic sector
from the closed-shell systems show rich correlations, motivating our global analysis described
in Sec. 4.4. For the hadronic parameters, the narrow correlations from the strong neutron
and Hg constraints do not appear in profiled 2-dimensional correlations or single-parameter
limits. As a result, the hadronic model parameters are constrained much worse than the single-
parameter results suggest, as can be seen in Fig. 6.

Finally, we show the same limits including theory uncertainties. Such theory uncertain-
ties always appear when we relate measurements to fundamental Lagrangian parameters. We
assume a flat likelihood within allowed ranges of the factors relating the Lagrangian param-
eters to the EDM predictions. While the impact of the theory uncertainties on the factorized
{d,, CS(O)} sector is relatively mild, the correlated analysis of the hadronic parameters leads to
a significant weakening of the constraints on all model parameters.

Further work could introduce rigorous parameterizations of effects that we neglect or sim-
plify here. Of the measurements so far, only Cs has a nuclear spin that can accommodate a
magnetic quadrupole moment — but coming years may bring new experimental results, and
some sensitivity coefficients are already available [110,119]. We have entirely neglected effec-
tive contact interactions between nucleons in the second line of Eq.(9), not because they are
unimportant, but rather because sensitivity coefficients are not available for most measured
systems. Our approach easily accommodates new parameters and revised values, whether
from theory or experiments.

The present framework could be usefully extended by explicitly including constraints from
correlated EDM measurements, i.e., comagnetometer experiments. Traditionally, comagne-
tometers are selected such that the EDM of one co-measured system can be neglected. But
in measurements deliberately configured such that this is not the case, complementary con-
straining power could be obtained from new linear combinations of CP violating effects. Such
correlated measurements can be incorporated in our global analysis approach. More generally,
the prospective impact of measurements not yet performed can be easily evaluated so long as
sensitivity coefficients are available.

A final avenue to improve global analyses of EDM measurements is to extend the formal-
ism upwards in energy. This hierarchy of effective field theories leads to a rapidly growing set
of relevant operators at higher energy scales, such that a complete and model-independent
connection to the SM weak scale is presently intractable. One can nonetheless proceed incre-
mentally, taking advantage of existing work to expand the categories of operators for which
renormalization group running has been worked out in detail.
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A Best fit points and Confidence-Level (CL) intervals

In this section we provide the best fit points and 68% CL intervals for the global analysis
including theory uncertainties as shown in Figs. 4 and 5. The provided regions are extrapolated
down to one-dimensional limits within the analysis. The limits for d, and C éo) in Fig. 5 are the
same as in Fig. 4.

B Alternative parametrization: short-range nucleon EDMs

In an alternative parametrization, we choose dflrp as our model parameters and perform the
global SFitter analysis for the set

¢je{d,c,c, ¢, g®, g0, d |, (B.1)

T ’°n
rather than Eq.(22). To remove the proton EDM parameter we now identify

45"~ —dS (B.2)

instead of Eq.(21). We now employ the third line of Eq.(36), dropping ggrz) as before, and not-
ing that the coefficients d; ; and d; ; now include additional terms from the relation connecting
d,, and d;fp.

In this appendix we collect the correspondingly adapted versions of all tables and figures
from the main body of the paper, derived using this alternative model parameter choice. This

Table 5: Best fit point and 68% CL limits for the global analysis, respectively neglect-
ing (no th.) and including (inc. th.) theory uncertainties.

Parameter | Best fit (no th.) 68% CL (no th.) Best fit (inc. th.) 68% CL (inc. th.)  Fig.

d, x 10%° [e cm] —1.06 [—1.81,—0.18] -1.31 [—2.53,—0.16] Fig. 4
c§°) x 10° 1.01 [0.18,1.70] 1.31 [0.12,2.52] Fig. 4
g® x 1012 —1.05 [—2.23,0.13] 3.90 [1.46,6.54] Fig. 4
d, x 10% [e cm] —0.08 [1.11,1.09] 0.03 [-1.09,1.09] Fig. 4
c§°) x 107 7.40 [2.42,12.04] —14.18 [-19.25,—-3.13] Fig. 5
c? x 10° —0.28 [—0.57,0.02] 1.87 [1.13,2.40] Fig. 5
g x10? 2.02 [0.68,3.27] —4.19 [-5.82,—0.86] Fig.5
gW x 10 —0.19 [—0.81,0.63] 1.41 [—0.04,3.06]  Fig. 5
d, x 102 [e cm] —0.09 [—0.23,0.02] 0.51 [—0.26,0.86]  Fig. 5
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alternative parameterization comes with different central values and theory uncertainties for
ggro’l) and dflrp. Thus instead of, for example, a; (0 of the Yb measurement, a; ;O of Xe now
0T

includes the zero value and has no impact in the global analysis.

Table 6 provides the hadronic background to the input of our global analysis, given in
Tabs. 3 and 7. In some cases, where the valence nucleon is n (respectively p) literature values
are not available for thess; , (respectively, s; ), we given an estimate based on the spin fractions
of Tab. 2, as done previously for near-spherical nuclei within the shell model [126]. For some
discussion of these estimations, and in particular difficulties associated with st , and sy, ,, see
Ref. [121] and references therein. We do not report the coefficient s, , separately from ag; p,
since the latter includes also contributions from a nuclear magnetic quadrupole moment [60,
127]. This should be borne in mind if using Eq.(36) for '33Cs or nuclei with spin I > 1/2; see
also [87,110] for relating a magnetic quadrupole moment to our coefficients q; ;. References
given for q; , indicate the sources for central values for all three coefficients g, ;; the ranges are
inferred from the broader distribution of literature values, see e.g. [15] for a related discussion.

Table 6: Inputs for computing the hadronic coefficients in Tabs. 3 and 7.

System i ki s [cm/fm3] Sin I:fmz] Sip [fmz]
Tl —4.2721.10718 [37] 0.14+0:03 —0.387 ;38
+2.9 —18 +0.1

Cs —9.99%27 10718 [37] 0.1
¥"Hg —2.26%%%3 10717 [120] 0.67535 0.0670 57
129Xe 3.62%02°.1071% [120] 0.63%0:15 0.14%0:03
71y —2.10133%- 1077 [70,121] 0.547013 0.054301
*®Ra | —8.5%02°.10717[19,70,121] 0.63101¢ 0.14755%
TIF —4.59%041. 10713 [120] 0.14+003 —0.387 3
a; [e fm3] a;q [e fm3] a; [e fm3]

+0.017 +0.0 +0.044
Tl 0.113%900%  —0.004*00 . —0.22670:034 [122]
Cs —0.006%39,,  —0.02%%%"  —0.04739, [123]
199 0.04 0.07 0.04

Hg 0.01+0:04. 0.02+0:57 0.02+0:94 [15]
129%e —0.00875:9%%  0.006733%  —0.0091000% [123]
71Yb 0.01%00>  0.0275934 0.02F00% [124]
2Ra —1.5793 61,8 —4*3 [125]
TIF 0.113*5005  —0.004730 . —0.2261003% [122]
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Table 8: Single-parameter ranges allowed by each of the EDM measurements given
in Tab. 1, using the coefficients from Tab. 7.

System i | d, [e cm] CS(O) C}(,O) C;O)

Tl (7.2+7.7)-107%8 (5.9+6.4)-10% (—2.9+3.1)-10% (—4.5+4.9)-107°
Cs (-1.5+5.6)-107%° (—2.3+£8.9)-107° (1.3£5.0)-10* (-1.1+4.1)-107*

199Hg (1.9+2.7)-1072®  (=1.7+£2.5)-107° (3.3+£4.7)-10% (—3.4+4.9)-107%
129%e (2.2£2.3)-107% (8.4+8.7)-1077 (=1.0+£1.1)-107° (=1.4+1.5)-1077
7yp | (—4.7£3.6)-1072* (5.2+4.0)-10° (-1.4+1.1)-107* (1.8+1.4)-107°
2PRa | (—0.7£1.1)-10722 (3.5+5.3)-10% (=52£7.9)-10° (-0.9+£1.3)-107*
TIF (-1.3£2.1)-107%® (=1.2+2.0)-107 (=1.1£1.9)-10° (—0.9+1.6)-1078

HfF* (-1.3£2.1)-1072° (=1.4+£2.3)-1071°

ThO (43£4.0)-107%°  (2.8+2.7)-1071
YbF (—2.4+£5.9)-100%2® (—2.7+6.6)-1078
| g(o) g(l) dst a5
T T n p
n | (0%81)-1071 (0+4.1)-10711 (0+1.1)-1072% (0+1.1)-1072%
TI | (59+6.4)-10°% (-1.842.0)-10° (7.0£7.5)-107% (-2.5+2.7)-107%
9He | (—4.7+6.6)-107® (=3.6+5.1)-107® (=1.6+2.3)-107%° (-1.6+2.3)-107%
129%e (1.2+£1.2)-10°  (5.9+£6.1)-1071° (=7.7£7.9)-107%* (-3.6+3.7)-107%
171yh (1.6+£1.2)-107° (1.2+£0.9)-10°  (6.0+£4.6)-1072  (6.0£4.6)-107%2
2%Ra (2.3+£3.5)-10° (-5.8+£8.7)-107° (—0.7£1.1)-107%° (—3.4+5.0)-107%°
TIF (2.3£3.9)-107'  (—=0.7£1.2)-107° (2.7+£4.6)-107%2 (-1.0£1.6)-1072
2 2 2
S . o
=5 R =
9 P e Y 59 s
) x 109 g\ x 10%2 d x 10% [e cm]
4 4
Z Z
X X
3@'@ 0 :Qf 0
=2 —25 00 25 25 0 5
gV x 10" d x 10% [e cm]
2.5
é 0.0
X
Ss-25
-5 0 5
d x 10% [e cm]

Figure 7: Correlations from the 4-dimensional analysis of {d,, Céo) ngO), d’'}, based
on all EDM measurements but neglecting theory uncertainties. The ellipses indicate
68% and 95% CL. This figure corresponds to Fig. 1 for the d,, , parametrization.
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Figure 8: Correlations from three 2-dimensional analyses in the { g(o) (1) ,d>'} pa-
rameter space, each based on a different pair of closed-shell EDM measurements, as
indicated by the color. The ellipses indicate 68% CL, neglecting theory uncertainties.
This figure corresponds to Fig. 2 for the d, , parametrization.
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Figure 9: Correlations from the 5-dimensional analysis of {C( ) C( ), g(o) (1) ,d>'}

and the factorized d, — Céo) plane from Fig. 1. We ignore the neutron and Hg mea-
surements, which induce narrow correlation patterns in the 5-dimensional param-
eters space and do not affect the profiled 2-dimensional correlations. The ellipses
indicate 68% and 95% CL, neglecting theory uncertainties. This figure corresponds
to Fig. 3 for the d,, , parametrization.
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Figure 10: Correlations from the 4-dimensional analysis of {d,, Céo), gq(To), d}. The
orange curves show the effect of theory uncertainties on the results of Fig. 1. The
ellipses indicate 68% and 95% CL. This figure corresponds to Fig. 4 for the d,, ,

parametrization.
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Figure 11: Correlations from the 5-dimensional analysis of {C ;0), C 1(30), ggTO), ggtl), axy,

and the factorized d, — Céo) plane from Fig. 4. The orange curves show the effect of
theory uncertainties on the results of Fig 3. The ellipses indicate 68% and 95% CL.
This figure corresponds to Fig. 5 for the d,, , parametrization.
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Figure 12: 68% CL constraints from the global EDM analysis on the parameters of the
hadronic-scale Lagrangian. We show (i) hugely over-constrained single-parameter
ranges allowed by the best available measurement; (ii) over-optimistic allowed
ranges for profiled single parameters, ignoring theory uncertainties; (iii) allowed
ranges for profiled single parameters including experimental and theory uncertain-
ties. This figure corresponds to Fig. 6 for the d,, , parametrization.
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