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First MJRM theory paper 

First MJRM exp’t paper 



The Search for an EDM: Why 
Physicists Should Care
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• Theorists think it’s interesting

• It’s something we can do

• It addresses fundamental Q’s
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EDMs & Fundamental Questions 

• Do the fundamental laws of nature violate CP 
beyond the known CKM CPV ?

• Why does the Universe contain more matter 
than anti-matter ? Where is the needed CPV ? 

• What are the implications of BSM scenarios 
for the foregoing questions ?

• What are the corresponding BSM mass scale 
and dynamics?
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EDM Phenomenology

• What might EDM searches teach us about 
these fundamental questions? 

• How do various EDM searches provide 
complementary probes ?

• What are the prospects for experimental 
advances & what are the corresponding 
potential implications ?
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EDMs & Other Frontiers

• What are the implications of EDM searches for 
explaining the matter-antimatter asymmetry ?

• How do other tests of CP symmetry 
complement EDM searches ? 

• What are the implications of searches for new 
particles (heavy, light) for EDM searches and 
vice-versa ?
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EDMs: Theory Challenges 

• How can we reliably compute EDMs of hadronic 
and molecular systems ? 

• What are the current theoretical uncertainties & how 
do they impact EDM search implications for 
fundamental questions? 

• How reliably can we connect EDM search results 
with phenomena at other frontiers (cosmology, 
colliders, etc.) ?
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Goals for This Workshop

• Review the experimental and theoretical state-of-the-
art and prospects for future advances

• Share recent developments in theory and experiment

• Discuss implications for the foregoing questions

• Catalyze new directions, explorations, collaborations
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Outline

I. EDM Context
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III. Theoretical Interpretation

IV. BSM Implications

V. Outlook
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I. EDM Context
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What is an EDM ?

m2 ⇡ MN (37)
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F1 :   Dirac (charge) form factor

F2 :   Pauli (magnetic) ff

F3 :   Electric Dipole ff

FA :   Anapole ff

P, T Conserving

P, T Conserving

P, T Violating

P Violating

J=1/2, relativistic 
particles 
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EDMs & SM Physics

dn ~ (10-16 e cm)  x  qQCD +  dn
CKM
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EDMs & SM Physics

dn ~ (10-16 e cm)  x  qQCD +  dn
CKM

dn
CKM = (1 – 6) x 10-32 e cm

C. Seng arXiv: 1411.1476
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EDMs & BSM Physics

d ~ (10-16 e cm)  x  (u / L)2  x  sinf x yf F
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EDMs & BSM Physics

d ~ (10-16 e cm)  x  (u / L)2  x  sinf x yf F

CPV Phase: large enough for baryogenesis ?
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EDMs & BSM Physics

d ~ (10-16 e cm)  x  (u / L)2  x  sinf x yf F

BSM mass scale: TeV ? Much higher ?

u = 246 GeV Higgs vacuum expectation value
 L > 246 GeV  Mass scale of BSM physics
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EDMs & BSM Physics

d ~ (10-16 e cm)  x  (u / L)2  x  sinf x yf F

BSM dynamics: perturbative? Strongly coupled? 

yf  Fermion f Yukawa coupling
 F  Function of the dynamics 
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EDMs & BSM Physics

d ~ (10-16 e cm)  x  (u / L)2  x  sinf x yf F

Need information from at least three “frontiers” 

• Baryon asymmetry   Cosmic Frontier
• High energy collisions  Energy Frontier
• EDMs       Intensity Frontier
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II. Experimental Situation



EDMs: New CPV?
• SM 
“background” well 
below new CPV 
expectations

• New expts: 102 to 
103 more sensitive

• CPV needed for 
BAU? 

System Limit (e cm)*  SM CKM CPV BSM CPV

199 Hg

n

7.4 x 10-30

4.1 x 10-30 **

1.8 x 10-26

* 95% CL ** e- equivalent

10-33

10-38 *

10-31

10-30

10-30

10-26

26

* e- equivalent from CS

HfF+
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EDMs: New CPV?
• SM 
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below new CPV 
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EDMs: New CPV?
• SM 
“background” well 
below new CPV 
expectations

• New expts: 102 to 
103 more sensitive

• CPV needed for 
BAU? 

Mass Scale Sensitivity
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ϕ • EDMs arise at > 1 loop

• CPV is flavor non-diagonal

• CPV is “partially secluded”
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Why Multiple Systems ?
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Why Multiple Systems ?

Multiple sources & multiple scales
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III. Theoretical Interpretation
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?

EDM Interpretation & Multiple Scales

BSM CPV
SUSY, GUTs, Extra Dim…

Baryon Asymmetry
Early universe CPV

Collider Searches
Particle spectrum; also 
scalars for baryon asym

Expt

QCD Matrix Elements
dn , gpNN , …

Nuclear & atomic MEs
Schiff moment, other P- & 
T-odd moments, e-nucleus 
CPV

E
ne

rg
y 

S
ca

le

theorist
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Effective Operators: The Elevator 

+…
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Wilson Coefficients: Summary

df  fermion EDM (3)

dq  quark CEDM (2)

CG  3 gluon  (1)

Cquqd  non-leptonic  (2)

Clequ, ledq semi-leptonic (3)

Cjud  induced 4f  (1)

~

~

12 total + q light flavors only (e,u,d)

Complementary searches needed
39
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EDM Interpretation & Multiple Scales

Chupp, Fierlinger, MJRM, Singh,  Rev. Mod. Phys. 91 (2019) 015001 [1710.02504]
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BSM CPV
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TVPV Hadronic & Nuclear Interactions

Nonleptonic: hadronic EDMs, Schiff moment (atomic EDMs) 



TVPV Hadronic & Nuclear Interactions

Nonleptonic: hadronic EDMs, Schiff moment (atomic EDMs) 

Nucleon EDMs



TVPV Hadronic & Nuclear Interactions

Nonleptonic: hadronic EDMs, Schiff moment (atomic EDMs) 

PVTV pN 
interaction
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π

I = 0, 1, 2
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TVPV Hadronic & Nuclear Interactions

Nonleptonic: hadronic EDMs, Schiff moment (atomic EDMs) 

PVTV 4N 
interaction



Hadronic Matrix Element Challenge

How well can we compute the b, g, l , ... ?

d=6 operator 
coefficients



Hadronic Matrix Element Challenge

How well can we compute the b, g, l , ... ?

d=6 operator 
coefficients

Hadronic 
matrix elements
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Hadronic Matrix Elements

Engel, R-M, 
van Kolck:

Hadronic 
Uncertainty
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Hadronic Matrix Elements

Engel, R-M, 
van Kolck:

Hadronic 
Uncertainty

Progress: 
LANL LQCD
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EDMs in the SM: qQCD

• vanishes for any 
mq=0

• “bar” : absorb quark 
field redefinition

€ 

γ

€ 

n

€ 

p

€ 

π +

€ 

π +

€ 

γ

€ 

n

€ 

p€ 

π +

• Crewther et al; van 
Kolck et al ; Herczeg

• Haxton & Henley; 
Engel; 

• Is qQCD really there ? 

• If so, are lattice computions 
correctly formulated? 
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BSM CPV
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Schiff Theorem



The Theorem

Schiff Screening

Classical picture: non-
acceleration of neutral 
non-rel system

The EDM of a neutral system 
will vanish if:

• Constituents are non-
relativistic

• Constituents are point-like

• Interactions are electrostatic



Schiff Screening: Corrections 

Schiff Screening

Classical picture: non-
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will vanish if:

• Constituents are non-
relativistic

• Constituents are point-like

• Interactions are electrostatic

Paramagnetic systems w/ large Z: e- are highly relativistic
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Diamagnetic atoms w/ large A: nuclei are large  r ~ (1 fm) x A1/3 



Schiff Screening: Corrections 

Schiff Screening

Classical picture: non-
acceleration of neutral 
non-rel system

The EDM of a neutral system 
will vanish if:

• Constituents are non-
relativistic

• Constituents are point-like

• Interactions are electrostatic

St’d Model magnetic interactions, BSM e-q interactions,…
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Paramagnetic Systems: de
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Electron EDM Interactions

External fields: 1st order energy shift

Internal (nuclear) fields: 2nd order energy shift
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Electron EDM: Heavy Atoms

dA = rAe de +…

Paramagnetic

Diamagnetic
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Electron EDM: Polar Molecules

Einternal
Eexternal

d
e

Electron experiences 
enhanced Eint as due 
to much smaller Eext

YbF
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Diamagnetic Atoms



Schiff Screening: Corrections 

Schiff Screening

Classical picture: non-
acceleration of neutral 
non-rel system

The EDM of a neutral system 
will vanish if:

• Constituents are non-
relativistic

• Constituents are point-like

• Interactions are electrostatic

Diamagnetic atoms w/ large A: nuclei are large  r ~ (1 fm) x A1/3 



PVTV Nuclear Moments

Schiff Screening

Atomic effect from 
nuclear finite size: 
Schiff moment

EDMs of diamagnetic atoms ( 199Hg ) 

Screened EDM Schiff moment, MQM,… 



Nuclear Schiff Moment

Schiff Screening

Atomic effect from 
nuclear finite size: 
Schiff moment

EDMs of diamagnetic atoms ( 199Hg ) 

Screened EDM Schiff moment, MQM,… Nuclear Schiff Moment 

(RN / RA)2 suppression 



Nuclear Schiff Moment

EDMs of diamagnetic atoms ( 199Hg ) 

Schiff moment, MQM,… 

Nuclear Enhancements

Nuclear polarization: 
mixing of opposite parity 
states by HTVPV ~ 1 / DE 



Nuclear Schiff Moment

EDMs of diamagnetic atoms ( 199Hg ) 

Nuclear Enhancements: 
Octupole Deformation 

Nuclear polarization: 
mixing of opposite parity 
states by HTVPV ~ 1 / DE 

Opposite parity states 
mixed by HTVPV
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Nuclear Schiff Moment: Pion Exchange

€ 

π   

€ 

+!
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Nuclear Schiff Moment: Pion Exchange

Non-perturbative hadronic 
computations

Nuclear many-body 
computations
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Nuclear Matrix Elements
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Theory Challenges

• Hadronic matrix elements: new lattice 
computations & resolve questions about 
qQCD

• Nuclear matrix elements: new generation 
of many-body computations à relevant for 
other atomic fundamental symmetry tests
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IV. BSM Implications**

** Baryogenesis connection: Tuesday



The Higgs Portal

72
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What is the CP Nature of the Higgs Boson ?

• Interesting possibilities if part of an 
extended scalar sector

• Two Higgs doublets ?

• New parameters:

H ! H1 , H2 

tan b = <H1> / <H2>
 sin ab 
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What is the CP Nature of the Higgs Boson ?

• Interesting possibilities if part of an 
extended scalar sector

• Two Higgs doublets ?

• New parameters:

H ! H1 , H2 

tan b = <H1> / <H2>
 sin ab 

CPV : scalar-pseudoscalar 
mixing from V(H1, H2)
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EDM Complementarity



Higgs Portal CPV: EDMs 
CPV & 2HDM: Type II illustration l6,7  = 0 for simplicity

18

FIG. 10: Current and prospective future constraints from electron EDM (blue), neutron EDM (green), Mercury EDM (red) and
Radium (yellow) in flavor conserving 2HDMs. First row: type-I model; Second row: type-II model. The model parameters
used are the same as Fig. 6. Central values of the hadronic and nuclear matrix elements are used. Left: Combined current
limits. Middle: combined future limits if the Mercury and neutron EDMs are both improved by one order of magnitude. Also
shown are the future constraints if electron EDM is improved by another order of magnitude (in blue dashed curves). Right:
combined future limits if the Mercury and neutron EDMs are improved by one and two orders of magnitude, respectively.

matrix elements, there is guidance from näıve dimensional analysis, which takes into account the chiral structures of
the operators in question. However, the precise value of matrix elements involving quark CEDMs and the Weinberg
three-gluon operator are only known to about an order of magnitude, and dimensional analysis does not tell us the
signs of the matrix elements. We highlight two places where these uncertainties can change our results.

• In Figs. 7 and 8, we see that the Weinberg three-gluon operator is always subdominant as a contribution to the
neutron and mercury EDMs. It is possible, though, that the actual matrix element may be an order of magnitude
larger than the current best value. Then, the Weinberg operator would make the largest contribution to the
neutron and mercury EDMs at large tan� in the type-II model.

• In the left panel of Fig. 7, the quark EDM and CEDM contributions to nEDM in the type-I model are shown to
be nearly equal, but with opposite signs, suppressing the total neutron EDM in the type-I model. If overall sign
of the CEDM matrix element is opposite to that used here, the two e↵ects would add constructively, making
the neutron EDM limit much stronger.

In the absence of hadronic and nuclear matrix element uncertainties, improvements in neutron and diamagnetic
atom searches will make them competitive with present ThO result when in constraining CPV in 2HDM. At present,
however, theoretical uncertainties are significant, making it di�cult to draw firm quantitative conclusions regarding
the impact of the present and prospective neutron and diamagnetic EDM results.

Present 
(2014)

Future: 

 dn x 0.1

 dA(Hg) x 0.1

 dThO x 0.1

 dA(Ra) [10-27 e cm]

Future: 

 dn x 0.01

 dA(Hg) x 0.1

 dThO x 0.1

 dA(Ra)

ThO

n

Hg

sin ab : CPV 
scalar mixing

Inoue, R-M, Zhang: 1403.4257

Ra

76

New Hf F+



Higgs Portal CPV: EDMs & LHC
CPV & 2HDM: Type II illustration l6,7  = 0 for simplicity

18

FIG. 10: Current and prospective future constraints from electron EDM (blue), neutron EDM (green), Mercury EDM (red) and
Radium (yellow) in flavor conserving 2HDMs. First row: type-I model; Second row: type-II model. The model parameters
used are the same as Fig. 6. Central values of the hadronic and nuclear matrix elements are used. Left: Combined current
limits. Middle: combined future limits if the Mercury and neutron EDMs are both improved by one order of magnitude. Also
shown are the future constraints if electron EDM is improved by another order of magnitude (in blue dashed curves). Right:
combined future limits if the Mercury and neutron EDMs are improved by one and two orders of magnitude, respectively.

matrix elements, there is guidance from näıve dimensional analysis, which takes into account the chiral structures of
the operators in question. However, the precise value of matrix elements involving quark CEDMs and the Weinberg
three-gluon operator are only known to about an order of magnitude, and dimensional analysis does not tell us the
signs of the matrix elements. We highlight two places where these uncertainties can change our results.

• In Figs. 7 and 8, we see that the Weinberg three-gluon operator is always subdominant as a contribution to the
neutron and mercury EDMs. It is possible, though, that the actual matrix element may be an order of magnitude
larger than the current best value. Then, the Weinberg operator would make the largest contribution to the
neutron and mercury EDMs at large tan� in the type-II model.

• In the left panel of Fig. 7, the quark EDM and CEDM contributions to nEDM in the type-I model are shown to
be nearly equal, but with opposite signs, suppressing the total neutron EDM in the type-I model. If overall sign
of the CEDM matrix element is opposite to that used here, the two e↵ects would add constructively, making
the neutron EDM limit much stronger.

In the absence of hadronic and nuclear matrix element uncertainties, improvements in neutron and diamagnetic
atom searches will make them competitive with present ThO result when in constraining CPV in 2HDM. At present,
however, theoretical uncertainties are significant, making it di�cult to draw firm quantitative conclusions regarding
the impact of the present and prospective neutron and diamagnetic EDM results.
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LHC 300 fb-1

LHC 3 ab-1

Chen, Li,  R-M: 1708.00435

Alignment limit

New Hf F+

H à Zh
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Muon EDM: A Challenge
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⇠
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2. Improvement of up to two orders of magnitude for the the neutron-EDM [21–26]

3. 2-3 orders of magnitude improvement for 129Xe[27, 28, 42]

4. New diamagnetic atom EDM measurements from the octupole enhanced systems 225Ra [29] and 221Rn/223Rn[30]

5. Possible new paramagnetic atom EDM measurement from Fr [14] and Cs [43]

6. Plans to develop storage-ring experiments to measure the EDMs of the proton and light nuclei 2H and 3He [44]

Some scenarios for improved experimental sensitivity and their impact are presented in Table VIII. 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 de and CS , 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
de and CS . Adding a degree of freedom, such as a result in Fr, with ↵CS/↵de ⇡ 1.2 ⇥ 10�20 [12], could significantly
tighten the bounds. Similarly, a result in an octupole-deformed system, e.g. 225Ra or 221Rn/223Rn would add a

degree of freedom and over-constrain the the set of parameters CT , ḡ
(0)
⇡ , ḡ(1)⇡ and d̄n. Due to the nuclear structure

enhancement of the Schi↵ moments of such systems, their inclusion in a global analysis could have a substantial impact

on the ḡ(i)⇡ as well as on CT . In contrast , the projected 100-fold improvement in 129Xe (not octupole-deformed) would
have an impact primarily on CT . In the last line of Table VIII, we optimistically consider the long term prospects
with the neutron and 129Xe improvements and the octupole-deformed systems. The possibility of improvements to
TlF, for example with a cooled molecular beam [45] or another molecule will, of course, enhance the prospects.

From a theoretical perspective, it is interesting to consider the theoretical implications of the present and prospective
global analysis results. Perhaps, not surprisingly, the resulting constraints on various underlying CPV sources are

weaker than under the “single-source” assumption. For example, from the limit on ḡ
(0)
⇡ in Table I and the “reasonable

range” for the hadronic matrix element computations given in Ref. [1], we obtain |✓̄|  ✓̄max, with

2⇥ 10�7 <⇠ ✓̄max
<⇠ 1.6⇥ 10�6 (global) (IV.39)

a constraint considerably weaker than the order 10�10 upper bound obtained from the neutron or 199Hg EDM under

the “single-source” assumption. Similarly, for the dimensionless, isoscalar quark chromo-EDM, the ḡ(0)⇡ bounds imply

�̃
(+)
q

⇣
v

⇤

⌘2
<⇠ 0.01 . (IV.40)

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. (IV.40) into a range on the BSM mass scale ⇤ by taking �̃
(+)
q ⇠ sin�CPV ⇥ (↵s/4⇡) where �CPV is a

CPV phase to obtain

⇤ >⇠ (2 TeV)⇥
p
sin�CPV Isoscalar quark chromo� EDM (global) . (IV.41)

We note, however that given the considerable uncertainty in the hadronic matrix element computation these bounds
may be considerably weaker7.

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 �e ⇠ sin�CPV ⇥ (↵/4⇡) so that

⇤ >⇠ (1.5 TeV)⇥
p
sin�CPV Electron EDM (global) (IV.42)

7 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].
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de (e-cm) CS CT ḡ(0)⇡ ḡ(1)⇡ d̄n (e-cm)
Current Limits (95%) 5.4⇥ 10�27 4.5⇥ 10�7 2⇥ 10�6 8⇥ 10�9 1.2⇥ 10�9 12⇥ 10�23

System Current (e-cm) Projected Projected sensitivity
ThO 5⇥ 10�29 5⇥ 10�30 4.0⇥ 10�27 3.2⇥ 10�7

Fr de < 10�28 2.4⇥ 10�27 1.8⇥ 10�7

129Xe 3⇥ 10�27 3⇥ 10�29 3⇥ 10�7 3⇥ 10�9 1⇥ 10�9 5⇥ 10�23

Neutron/Xe 2⇥ 10�26 10�28/3⇥ 10�29 1⇥ 10�7 1⇥ 10�9 4⇥ 10�10 2⇥ 10�23

Ra 10�25 5⇥ 10�8 4⇥ 10�9 1⇥ 10�9 6⇥ 10�23

” 10�26 1⇥ 10�8 1⇥ 10�9 3⇥ 10�10 2⇥ 10�24

Neutron/Xe/Ra 10�28/3⇥ 10�29/10�27 6⇥ 10�9 9⇥ 10�10 3⇥ 10�10 1⇥ 10�24

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 coe�cients in Table IV and V. We assume ↵g1⇡

for
199Hg is 1.6⇥ 10�17. For the octupole deformed systems (225Ra and 221Rn/223Rn) we specify the contribution of 225Ra. The
Schi↵ moment for Rn isotopes may be an order of magnitude smaller than for Ra, so for Rn one would require 10�26 and 10�27

for the fifth and sixth lines to achieve comparable sensitivity to that listed for Ra.

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

spontaneous symmetry-breaking. In this case, taking ImC
(�)
eq ⇠ 1 and using the bound in Table I gives

⇤ >⇠ (1300 TeV)⇥
p

sin�CPV CS (global) (IV.43)

Under the “single-source” assumption, these lower bounds become even more stringent.
Due to the quadratic dependence of the CPV sources on (v/⇤), an order of magnitude increase in sensitivity to

any of the hadronic parameters will extend the mass reach by roughly a factor of three. In this respect, achieving
the prospective sensitivities for new systems such as Fr and combinations of diamagnetic systems such including the
neutron, 129Xe and octupole-deformed systems as indicated in Table VIII 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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2. Improvement of up to two orders of magnitude for the the neutron-EDM [21–26]

3. 2-3 orders of magnitude improvement for 129Xe[27, 28, 42]

4. New diamagnetic atom EDM measurements from the octupole enhanced systems 225Ra [29] and 221Rn/223Rn[30]

5. Possible new paramagnetic atom EDM measurement from Fr [14] and Cs [43]

6. Plans to develop storage-ring experiments to measure the EDMs of the proton and light nuclei 2H and 3He [44]

Some scenarios for improved experimental sensitivity and their impact are presented in Table VIII. 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 de and CS , 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
de and CS . Adding a degree of freedom, such as a result in Fr, with ↵CS/↵de ⇡ 1.2 ⇥ 10�20 [12], could significantly
tighten the bounds. Similarly, a result in an octupole-deformed system, e.g. 225Ra or 221Rn/223Rn would add a

degree of freedom and over-constrain the the set of parameters CT , ḡ
(0)
⇡ , ḡ(1)⇡ and d̄n. Due to the nuclear structure

enhancement of the Schi↵ moments of such systems, their inclusion in a global analysis could have a substantial impact

on the ḡ(i)⇡ as well as on CT . In contrast , the projected 100-fold improvement in 129Xe (not octupole-deformed) would
have an impact primarily on CT . In the last line of Table VIII, we optimistically consider the long term prospects
with the neutron and 129Xe improvements and the octupole-deformed systems. The possibility of improvements to
TlF, for example with a cooled molecular beam [45] or another molecule will, of course, enhance the prospects.

From a theoretical perspective, it is interesting to consider the theoretical implications of the present and prospective
global analysis results. Perhaps, not surprisingly, the resulting constraints on various underlying CPV sources are

weaker than under the “single-source” assumption. For example, from the limit on ḡ
(0)
⇡ in Table I and the “reasonable

range” for the hadronic matrix element computations given in Ref. [1], we obtain |✓̄|  ✓̄max, with

2⇥ 10�7 <⇠ ✓̄max
<⇠ 1.6⇥ 10�6 (global) (IV.39)

a constraint considerably weaker than the order 10�10 upper bound obtained from the neutron or 199Hg EDM under

the “single-source” assumption. Similarly, for the dimensionless, isoscalar quark chromo-EDM, the ḡ(0)⇡ bounds imply
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⌘2
<⇠ 0.01 . (IV.40)

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. (IV.40) into a range on the BSM mass scale ⇤ by taking �̃
(+)
q ⇠ sin�CPV ⇥ (↵s/4⇡) where �CPV is a

CPV phase to obtain

⇤ >⇠ (2 TeV)⇥
p
sin�CPV Isoscalar quark chromo� EDM (global) . (IV.41)

We note, however that given the considerable uncertainty in the hadronic matrix element computation these bounds
may be considerably weaker7.

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 �e ⇠ sin�CPV ⇥ (↵/4⇡) so that

⇤ >⇠ (1.5 TeV)⇥
p
sin�CPV Electron EDM (global) (IV.42)

7 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].
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de (e-cm) CS CT ḡ(0)⇡ ḡ(1)⇡ d̄n (e-cm)
Current Limits (95%) 5.4⇥ 10�27 4.5⇥ 10�7 2⇥ 10�6 8⇥ 10�9 1.2⇥ 10�9 12⇥ 10�23

System Current (e-cm) Projected Projected sensitivity
ThO 5⇥ 10�29 5⇥ 10�30 4.0⇥ 10�27 3.2⇥ 10�7

Fr de < 10�28 2.4⇥ 10�27 1.8⇥ 10�7

129Xe 3⇥ 10�27 3⇥ 10�29 3⇥ 10�7 3⇥ 10�9 1⇥ 10�9 5⇥ 10�23

Neutron/Xe 2⇥ 10�26 10�28/3⇥ 10�29 1⇥ 10�7 1⇥ 10�9 4⇥ 10�10 2⇥ 10�23

Ra 10�25 5⇥ 10�8 4⇥ 10�9 1⇥ 10�9 6⇥ 10�23

” 10�26 1⇥ 10�8 1⇥ 10�9 3⇥ 10�10 2⇥ 10�24

Neutron/Xe/Ra 10�28/3⇥ 10�29/10�27 6⇥ 10�9 9⇥ 10�10 3⇥ 10�10 1⇥ 10�24

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 coe�cients in Table IV and V. We assume ↵g1⇡

for
199Hg is 1.6⇥ 10�17. For the octupole deformed systems (225Ra and 221Rn/223Rn) we specify the contribution of 225Ra. The
Schi↵ moment for Rn isotopes may be an order of magnitude smaller than for Ra, so for Rn one would require 10�26 and 10�27

for the fifth and sixth lines to achieve comparable sensitivity to that listed for Ra.

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

spontaneous symmetry-breaking. In this case, taking ImC
(�)
eq ⇠ 1 and using the bound in Table I gives

⇤ >⇠ (1300 TeV)⇥
p

sin�CPV CS (global) (IV.43)

Under the “single-source” assumption, these lower bounds become even more stringent.
Due to the quadratic dependence of the CPV sources on (v/⇤), an order of magnitude increase in sensitivity to

any of the hadronic parameters will extend the mass reach by roughly a factor of three. In this respect, achieving
the prospective sensitivities for new systems such as Fr and combinations of diamagnetic systems such including the
neutron, 129Xe and octupole-deformed systems as indicated in Table VIII 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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Paramagnetic Systems: Two Sources

€ 

e−
€ 

e−

€ 

γ

€ 

N

€ 

e−
€ 

N

€ 

e−

€ 

γ

ThO, Hf+ 

Electron 
EDM

(Scalar q) 
x (PS e-)

13

2. Improvement of up to two orders of magnitude for the the neutron-EDM [21–26]

3. 2-3 orders of magnitude improvement for 129Xe[27, 28, 42]

4. New diamagnetic atom EDM measurements from the octupole enhanced systems 225Ra [29] and 221Rn/223Rn[30]

5. Possible new paramagnetic atom EDM measurement from Fr [14] and Cs [43]

6. Plans to develop storage-ring experiments to measure the EDMs of the proton and light nuclei 2H and 3He [44]

Some scenarios for improved experimental sensitivity and their impact are presented in Table VIII. 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 de and CS , 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
de and CS . Adding a degree of freedom, such as a result in Fr, with ↵CS/↵de ⇡ 1.2 ⇥ 10�20 [12], could significantly
tighten the bounds. Similarly, a result in an octupole-deformed system, e.g. 225Ra or 221Rn/223Rn would add a

degree of freedom and over-constrain the the set of parameters CT , ḡ
(0)
⇡ , ḡ(1)⇡ and d̄n. Due to the nuclear structure

enhancement of the Schi↵ moments of such systems, their inclusion in a global analysis could have a substantial impact

on the ḡ(i)⇡ as well as on CT . In contrast , the projected 100-fold improvement in 129Xe (not octupole-deformed) would
have an impact primarily on CT . In the last line of Table VIII, we optimistically consider the long term prospects
with the neutron and 129Xe improvements and the octupole-deformed systems. The possibility of improvements to
TlF, for example with a cooled molecular beam [45] or another molecule will, of course, enhance the prospects.

From a theoretical perspective, it is interesting to consider the theoretical implications of the present and prospective
global analysis results. Perhaps, not surprisingly, the resulting constraints on various underlying CPV sources are

weaker than under the “single-source” assumption. For example, from the limit on ḡ
(0)
⇡ in Table I and the “reasonable

range” for the hadronic matrix element computations given in Ref. [1], we obtain |✓̄|  ✓̄max, with

2⇥ 10�7 <⇠ ✓̄max
<⇠ 1.6⇥ 10�6 (global) (IV.39)

a constraint considerably weaker than the order 10�10 upper bound obtained from the neutron or 199Hg EDM under

the “single-source” assumption. Similarly, for the dimensionless, isoscalar quark chromo-EDM, the ḡ(0)⇡ bounds imply

�̃
(+)
q

⇣
v

⇤

⌘2
<⇠ 0.01 . (IV.40)

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. (IV.40) into a range on the BSM mass scale ⇤ by taking �̃
(+)
q ⇠ sin�CPV ⇥ (↵s/4⇡) where �CPV is a

CPV phase to obtain

⇤ >⇠ (2 TeV)⇥
p
sin�CPV Isoscalar quark chromo� EDM (global) . (IV.41)

We note, however that given the considerable uncertainty in the hadronic matrix element computation these bounds
may be considerably weaker7.

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 �e ⇠ sin�CPV ⇥ (↵/4⇡) so that

⇤ >⇠ (1.5 TeV)⇥
p
sin�CPV Electron EDM (global) (IV.42)

7 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].
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de (e-cm) CS CT ḡ(0)⇡ ḡ(1)⇡ d̄n (e-cm)
Current Limits (95%) 5.4⇥ 10�27 4.5⇥ 10�7 2⇥ 10�6 8⇥ 10�9 1.2⇥ 10�9 12⇥ 10�23

System Current (e-cm) Projected Projected sensitivity
ThO 5⇥ 10�29 5⇥ 10�30 4.0⇥ 10�27 3.2⇥ 10�7

Fr de < 10�28 2.4⇥ 10�27 1.8⇥ 10�7

129Xe 3⇥ 10�27 3⇥ 10�29 3⇥ 10�7 3⇥ 10�9 1⇥ 10�9 5⇥ 10�23

Neutron/Xe 2⇥ 10�26 10�28/3⇥ 10�29 1⇥ 10�7 1⇥ 10�9 4⇥ 10�10 2⇥ 10�23

Ra 10�25 5⇥ 10�8 4⇥ 10�9 1⇥ 10�9 6⇥ 10�23

” 10�26 1⇥ 10�8 1⇥ 10�9 3⇥ 10�10 2⇥ 10�24

Neutron/Xe/Ra 10�28/3⇥ 10�29/10�27 6⇥ 10�9 9⇥ 10�10 3⇥ 10�10 1⇥ 10�24

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 coe�cients in Table IV and V. We assume ↵g1⇡

for
199Hg is 1.6⇥ 10�17. For the octupole deformed systems (225Ra and 221Rn/223Rn) we specify the contribution of 225Ra. The
Schi↵ moment for Rn isotopes may be an order of magnitude smaller than for Ra, so for Rn one would require 10�26 and 10�27

for the fifth and sixth lines to achieve comparable sensitivity to that listed for Ra.

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

spontaneous symmetry-breaking. In this case, taking ImC
(�)
eq ⇠ 1 and using the bound in Table I gives

⇤ >⇠ (1300 TeV)⇥
p

sin�CPV CS (global) (IV.43)

Under the “single-source” assumption, these lower bounds become even more stringent.
Due to the quadratic dependence of the CPV sources on (v/⇤), an order of magnitude increase in sensitivity to

any of the hadronic parameters will extend the mass reach by roughly a factor of three. In this respect, achieving
the prospective sensitivities for new systems such as Fr and combinations of diamagnetic systems such including the
neutron, 129Xe and octupole-deformed systems as indicated in Table VIII 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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Illustrative Example: Leptoquark Model
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Illustrative Example: Leptoquark Model
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Outlook

• EDMs provide powerful “tabletop” probe of high 
energy and/or early universe fundamental physics 

• Searches with multiple, complementary systems 
are essential

• The theoretical interpretation of EDMs entails a rich 
and challenging interplay of physics at multiple 
scales

• Significant discoveries are possible, while limits 
yield tremendous insight

• This is an area of exciting opportunities for Intensity 
Frontier physics
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CPV Top Quark Interactions?

• 3rd generation quarks often have a special role in 
BSM scenarios, given mt >> all other mf

• If BSM CPV exists, dt may be enhanced

• Top EDMs difficult to probe experimentally 

• Light fermion EDMs to the rescue !
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CPV Top Quark Interactions?

+…

dt

Induced de , dlight quark

Cordero-Cid et al ’08, Kamenik et al ‘12,  Cirigliano et al 
‘16, Fuyuto & MRM in 1706.08548

Model-indep: independent SU(2)L & U(1)Y dipole operators: CtB , CtW ! 
Tree level dt  & loop level de , dlight q

Fuyuto & MRM ’17
Fuyuto ‘19: Updated for new ThO

neutron

electron

proton
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BSM Physics: Where Does it Live ?
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Dark Photon Portal

Standard Model Hidden Sector

New CPV ?
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New CPV ?
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CPV Dark Photon
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Thanks: K. Fuyuto

K. Fuyuto, X.-G. He, G. Li, MJRM   1902.10340 
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EDM

Thanks: K. Fuyuto

X – g Mixing



CPV Dark Photon
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X – g Mixing EDM
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