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Outline

§ Intro: background on EDMs
§ EDMs in the Standard Model, “theta signal”
§ New constraints on EDMs of heavy particles, including a new 

constraint on muon, tau, charm and bottom EDMs.
§ Conclusions. 



New reality after ~15 years of LHC

§ No new physics at the LHC thus far. 

§ From Supersymmetry point of view, the Higgs mass of 125 
GeV implies very heavy colored superpartners. This is likely 
to be outside of the LHC reach (though some hopes of 
discovering electro-weak-ino remain)

§ Further progress in BSM searches via quark flavor often 
hinges on better treatment of QCD. 

§ Role of indirect observables increases. cLFV and EDMs are 
among the most clear possibilities.
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4Current limits translate to multi-TeV sensitivity to M. 
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Anomalous magnetic moment:     Electric dipole moment:

• Induced by “any” interactions.

• The leading effect is large 
(~O(1) for hadrons, O(10-3) 
for leptons)

• Can be made into a precision 
tool if the accuracy of 
measurements is matched by 
accuracy of calculations

• Tilde flips E and B.

• Only CP-violating 
interactions induce it; very 
special, not common. 

• Is a precision tool 
“automatically” as SM (apart 
from strong CP caveat) does 
not induce large EDMs

Anomalous magnetic moment and EDM of an elementary fermion



EDMs and New Physics
§ EDM observable   ~
      ~ [some dimensionless QCD/atomic/nuclear matrix elements]   ×

                SM mass scale (me, mq)  ×  (CP phase)NP / LNP
2

With some amount of work all matrix elements can be fixed. For the 
flavor blind NP, di ~ mi.   Unfortunately, we have no idea where 
actually LNP is !!!  
100 GeV, 1 TeV, 10 TeV, 100 TeV, 1000 TeV … GUT scale … MP

After the LHC did not find the abundance of new states immediately 
above EW scale, “guessing EDMs” became even more difficult. 
What shall we put in the denominator? E.g. (TeV)2 or (PeV)2? 
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BSM: SUSY at 100 TeV and EDMs
(EDMs are not hopeless even for 100 TeV SUSY)
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• Higgs mass point to a large scale of SUSY breaking, 10-100 TeV

• The requirements on approximately “flavor-aligned”  scalar quark 
and scalar lepton sector are softened ß also “good” for LFV. 

• LR mixing of quarks and leptons can get ~ mt and mt instead of 
mu and me. This can lead to a significant enhancement (McKeen, 
MP, Ritz, 2013)
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Notice that Thallium EDM is usually quoted as de < 1.6 10-27 e cm 

bound. It was modestly improved by YbF results. 

2013 ThO result by Harvard-Yale collaboration: |de| < 8.7 × 10-29 
”Confirmed” using different techniques at JILA, |de| < 1.3 × 10−28 

7.4 × 10-30 e cm

And another factor of 4 in 2016

|de| < 1.1 × 10-29

Interpreted |de| < 1.6 × 10-27

1.8 × 10-26 e cm

|de| < 4.1 × 10-30



Importance of Schiff’s screening
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• Electric field experienced by the nucleus averages to 0 – 
applicable to systems bound together by electrostatic force.

• Not an issue for neutrons, Lambda etc.  

External E field

A nonrelativistic point-like 
charged particle has an 
equilibrium position at a 
point where E =0 

Consequence: neutron EDM inside e.g. 3He 
atom is suppressed by (Rnucl/aatom)2



Progress in paramagnetic EDMs
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• In the last ~ 10 years, improved by a factor of ~ 400. 

• Sensitivity is usually quoted as de. Relativistically enhanced as 
dAtom ~ Z3a2de. In reality, dAtom is a linear combination of de and a 
semileptonic operator. Using most sensitive results from ThO 
and HfF+ molecules, one can limit both sources. Diatomic 
molecules have strong internal field and can effectively 
“enhance” modest external E field. 

• More progress is real (e.g. ACME III). Some other daring 
proposals want to go down to de ~ 10-34 e cm. 

• Theoretically is the cleanest. Atomic theory is under control at ~ 
10% accuracy. In many models - minimum of QCD/nuclear 
input. SM contributions (qQCD and dCKM) were calculated in the 
last three years. Benchmark CKM value de

eq = 1.0 × 10-35 e cm.

|de| < 1.6 × 10-27e cm  à |de| < 4.1 × 10-30 e cm (HfF+), 1.1 × 10-29(ThO) 
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“Paramagnetic” EDMs:
§ Paramagnetic EDM (EDM carried by electron spin) can be 

induced not only by a purely leptonic operator 

but by semileptonic operators as well: 

§ Only a linear combination is limited in any single experiment. 
ThO 2018 ACME result is:

 |de | < 1.1×10-29 e cm       at  CS = 0 
 |CS

singlet| < 7.3×10-10    at   de = 0 
     ß   Specific for ThO

de
equiv = de + CS ×	0.9 ×	10-20 e cm ß   Specific for Hf F+



BSM physics and EDMs
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• Extremely high scales [10-100 TeV] can be probed if new 
physics generating EDMs violates CP maximally. 

• One needs hadronic, 
nuclear, atomic matrix 
elements to connect 
Wilson coefficients to 
observables
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Fig. 1 A schematic representation of the hierarchy of effective field theory operators that link fundamental sources of CP-violation
with observable EDMs. The color-coding reflacts the inheritance patterns for leptonic, semi-leptonic and hadronic CP-odd sources
respectively. Observables highlighted in red have existing direct measurements that impact the network of constraints.

where Mq is the quark mass matrix, which shift in compensating ways under U(1)A due to the axial anomaly. As a result, ω̄ vanishes in the
chiral limit. However, given finite quark masses, the fact that it is dimensionless leads to the so-called strong CP problem in understanding
its small size.

Setting aside any contribution from the lowest dimension ω-term (removed, for example, by axions [20–22]) the higher-dimension
sources in (6) such as the EDMs (di) of quarks and leptons and the chromo-EDMs (d̃i) of quarks lead to numerous constraints on models
of new physics due to their contributions to observable EDMs. The purely gluonic term in the second line, the so-called 3-gluon Weinberg
operator [23], may look like a higher order generalization of the ω-term, but unlike the ω-term it does lead to perturbative CP-odd gluon
vertices and generates nucleon EDMs that do not vanish in the chiral limit, mq → 0. Finally, the last term in (6) contains a number of CP-
odd four-fermion interactions. Note that flavor-conserving CP-odd four-fermion operators cannot be built from a single chirality and have
to descend from operators involving both εL and εR. In theories where chirality flips are associated with extra suppression (for example by
small Yukawa couplings of light fermions) their contribution may be less significant.

Below the 1 GeV scale, the quark-gluon description is no longer valid as QCD interactions become strong and the relevant degrees
of freedom are color-neutral light hadrons, such as nucleons and light mesons. Implementing CP-violation in the language of the chiral
effective Lagrangian, we list the dominant terms below,

L
ϑ
eff,CP = ↑

i
2

dnn̄(Fϖ)ϱ5n ↑
i
2

dp p̄(Fϖ)ϱ5 p + ḡ(0)
ςNN N̄(φ · ς)N + ḡ(1)

ςNN N̄ς0N

↑
GF
↓

2
C(0)

S ēiϱ5eN̄N ↑
GF
↓

2
C(1)

S ēiϱ5eN̄φ3N + O(e2N2,N4, ς3, · · · ), (8)

where the weak interaction Fermi constant GF is introduced for convenience. These operators include the electric dipole moments of
the nucleons (dn, dp), the CP-odd trilinear interactions of pions and nucleons, and in the second line semileptonic interactions that play
an important role in paramagnetic systems. The matching procedure, or re-expression of Wilson coefficients in Eq. (8) in terms of the
coefficients of Eq. (6) is by no means a straightforward exercise, as it requires a nonperturbative analysis in QCD. In the remainder of
this section, we briefly review the physics of the three main classes of EDMs, along with the relevant steps that tie the observables to the
fundamental CP-odd input at the level of effective Lagrangian (6).

As outlined in Section 1, the physical observables can be conveniently separated into three main categories, depending on the physical
mechanisms via which an EDM can be generated: EDMs of paramagnetic atoms and molecules; EDMs of diamagnetic atoms; and the
neutron EDM. The inheritance pattern for these three classes is represented schematically in Fig. 1 and, while the experimental constraints
on the three classes of EDMs differ by several orders of magnitude, it is important that the actual sensitivity to the operators in (6) often
turns out to be quite comparable. This is due to various enhancement or suppression factors which are relevant in each case, primarily
associated with the violation of “Schiff shielding” [24] in neutral atomic and molecular systems, which constitutes the following important
observation.

If we start with an idealized system of point-like nonrelativistic particles with charge, confined by their own electrostatic force to form a
neutral bound state, this can be viewed e.g. as a simplified version of an atom. Then the intrinsic EDMs of point-like particles generate no
change in energy in response to an applied external electric field Eext, once the polarization effects are properly taken into account. Indeed,
since such an idealized neutral atom does not accelerate, it is clear that the long-time average electric field experienced by each charged
constituent is zero, regardless of the value of Eext or, in other words, a compensating internal electric field is developed, Eint = ↑Eext at the
location of a particle. This theorem due to Schiff [24] carries over from classical to quantum mechanics, and this shielding effect is one of
the key factors for choosing suitable systems for EDM searches. Indeed, the assumptions of the Schiff shielding theorem are violated by



EDMs in the Standard Model
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• Theta term of QCD: too large EDMs if theta is arbitrary à new 
naturalness problem because of EDMs. (dn ~  q mq/mn

2 , q < 10-10)

• Cabibbo-Kobayashi-Maskawa matrix and nearly maximal CP 
phase à still EDMs are too small to be observable in the next 
round of EDM experiments. 
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EDMs from SM sources: CKM
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• Quark EDMs identically vanish at 1 and 2 loop levels, EW2=0 

(Shabalin, 1981). 

• 3-loop EDMs, EW2QCD1 are calculated by Khriplovich; Czarnecki, 
Krause. 

• de vanishes at EW3 level (Khriplovich, MP, 1991) < 10-38 e cm. It 
was calculated recently by Yamaguchi, Yamanaka to be 6 10-40 e cm

• Long distance effects give neutron EDM ~ 10-32 e cm; uncertain. 
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Semileptonic CP operator at EW3 order

• The induced semileptonic operator is calculable in chiral 
perturbation theory (in ms expansion)

• The result is “large”, de(equiv) = + 1.0 10-35 e cm 

• Same EW penguin that is responsible for Bs àµµ, Re KL àµµ 

Ema, Gao, MP, PRL 2022   It is still small, but perhaps not hopeless 



“Theta Signal”
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• Is theta term of QCD removed by PQ (axion) symmetry? 

Yes      No

Focus on higher dim operators           theta signal  



“Theta Signal”
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• If theta term of QCD is not removed by PQ (axion) symmetry? Electric Dipole Moments and New Physics 11
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Fig. 5 The ω̄ parameter of QCD induces a CP-odd vertex between a pion and the nucleon represented by a black dot in the second
diagram from the left. If the U(1)A symmetry is restored, then the first (singlet εs meson re-scattering) diagram exactly cancels the
second. In the real world with U(1)A violated nonperturbatively, the second diagram dominates, and contributes to all three classes of
observable EDMs, represented schamatically on the right. White dots and the triangle denote the conventional coupling of pions to
nucleons and photons.

chiral limit, m2
ε → m2

0 at mq → 0, and in terms of this parameter, the ω-dependent part of the vacuum energy density is given by

Evac(ω̄) =
1
2
ω̄2m↑|↓q̄q↔| ↗


1 ↘

4m↑B
m2

0 + 4m↑B


 , (27)

where B = F↘2
ϑ |↓q̄q↔| = m2

ϑ(mu + md)↘1. If the U(1)A symmetry is restored, i.e. m0 → 0, then the ω-dependence of the vacuum energy
disappears [55]. In the opposite, and physical, limit of m↑B≃ m2

0, the second term in the parentheses of Eq. (27) can be neglected, yielding
the conventional nonzero result.

The logic can be applied to the calculation of the CP-violating ϑN̄N coupling constant [57]. In Fig. 5, we see that in the combination of
the first two diagrams, which would sum up to zero should U(1)A be restored, the second one is dominant in real-world QCD leading to the
prediction of the CP-odd vertex Leff,CP = ḡ(0)

ϑNNϑ
aN̄ϖaN:

ḡ(0)
⇐ ↘

m↑ω̄
Fϑ
↗ ↓p|ūu ↘ d̄d|p↔ ⇐ ↘0.017ω̄, (28)

where matrix element can be extracted from lattice QCD calculations [58] or from phenomenological evaluations based on the flavor S U(3)
pattern of baryon mass splitting [38], and we used mu/md ⇐ 0.48. This vertex can source all three categories of EDMs: the ChPT loop of
charged pions induces dn; tree-level pion exchange results in the Schiff moment S Hg; and finally an effective two-loop ϑ0-electron coupling
induces C(1)

S . Note that the result for dn(ω̄) appears to be relatively robust: the ChPT result [38] was tested using an independent QCD sum
rule calculation, yielding similar numerical results [57, 59, 60], and agreeing with an earlier order-of-magnitude estimate [55] in Eq. (17).
Efforts to rigorously compute dn(ω̄) using lattice QCD techniques (see e.g. [61]) are underway which promise to further test this result and
improve its precision.

Summarizing the predictions and current constraints from the three groups of EDMs discussed above,

dn ⇐ 2 ↗ 10↘16 ω̄ ecm → |ω̄| < 1 ↗ 10↘10 [19] (29)

S Hg ⇐ 2 ↗ 10↘3 ω̄ efm3
→ |ω̄| < 1.5 ↗ 10↘10 [18] (30)

CS ⇐ 0.03 ω̄ → |ω̄| < 2 ↗ 10↘8 [16] (31)

All the above results imply that ω̄ is necessarily small without providing any reason why it is so. Note that despite paramagnetic EDMs
currently providing a limit that is O(100) less stringent than dn [62, 63]4, the rapid improvement of this category of measurements [16, 17],
gives reasons to believe that one day they may become competitive to hadronic EDMs in their sensitivity to ω̄. Similarly to the case of CKM
contributions, CS is dominant in dequiv

e over the proper de(ω̄) contribution [64]. The limits from the Hg EDM are more uncertain than the
results for dn and CS . Currently they are based on the S (ḡ1)

ϑNN (ω̄)) estimate [6] but should also include the better known contribution from
S (dn(ω̄)). Barring an accidental cancellation, the limit on ω̄ from the Hg EDM measurement may be as strong as from dn.

4The number in Eq. 31 has been slightly updated compared to [62] due to subsequent strengthening of the experimental limit [16].
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Current sensitivity of paramagnetic (electron spin related) EDMs is ~ 
two orders of magnitude less sensitive than neutron EDM. 

theta signal
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EDMs of heavy flavors
§ Among Wilson coefficients of different kind, EDMs of heavy flavours 

di are interesting.  i = muon, tau, charm, bottom, top. 

§ Muon EDM is limited as a bi-product of BNL g-2 experiment. Can be 
significantly improved in dedicated beam experiments (PSI, Fermilab, 
J-Parc)

§ There is a creative proposal to measure MDMs and limit EDMs of 
charmed baryons using thin fixed target and bent crystal technology 
(ALADDIN proposal). 

§ Heavy flavors contribute to observable EDMs via loops. Top quark 
EDM is limited indirectly by electron EDM via a two-loop (top-
Higgs-gamma) Barr-Zee diagrams. The result is stronger than the 
direct measurements at LHC.  



21

Muon EDM vs Muon g-2

§ Muon anomalous magnetic moment is known precisely. Theory errors 
on aµ are at the levels of ~ 10-9. Muon g-2 begins to be sensitive to 
weak scale corrections due to W, Z loops. 

§ Let us translate this to ”EDM friendly units”: 
 Daµ ~ 10-9 e/(2mµ) = 10-22 e cm

This is the level of muon EDM that would be very interesting. But in 
some models it can be larger. 
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Muon EDM inside a loop
§ Muon loop induces E3B effects, and electron EDM at 3-loops. 
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Paramagnetic EDM calculation

Both electron EDM and CS operator are induced

We have corrected a three-loop result of Grozin, Khriplovich, 
Rudenko, 2009, and calculated CS. CS dominates by a factor of ~5.

Equivalent CS has coherent enhancement due to <E2> inside the 
nucleus (a-la Weisskopf EM energy contribution). 
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New indirect constraints on muon EDM
§ Owing to the fact that the electric field inside a large nucleus is not 

that small eE ~ Z a RN
-1 ~ 30 MeV compared to mµ , effects formally 

suppressed by higher power of mµ win over three-loop electron EDM.

§ New results:

Hg EDM experiment:   

ThO EDM experiment: 

§ Factor of 20 improvement over the BNL constraint,
§  New benchmark for the muon beam EDM experiments. 
NB: 3-loop contributions calculated by Grozin et al. has been revised
§ Tau EDM is constrained by three-loop induced de. . 

New limit from Boulder HfF: ~9 × 10-21
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Charm and bottom EDMs

§ All EDMs are induced by charm and bottom EDMs.  

Charm loop gives (g)2(gluon)2 and (g)1(gluon)3 effective operators

Nonperturbative 3-gluon 
induced tensor charge

de
equiv(ThO) dn , dHg 



26

New indirect constraints on c-, b- quarks EDMs
§ New-ish results (~2022):

Neutron EDM experiment:   

ThO EDM experiment:   

§ Neutron EDM estimates have uncertainty ~ a factor of O(few) due to 
limitation of QCD sum rule method in this channel. CS derived limits 
have minimal uncertainty, O(10%).

§ Independent of (similar order of magnitude) bounds based on RG 
running of operators, and contribution to the GGGdual Weinberg 
operator. 

§ The strength of these limits on charm EDM points to the conclusion 
that future charmed baryon EM moment proposal should focus on 
MDM. 
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Conclusions
§ Searches for EDMs are very important part of the fundamental 

physics program. Sensitive to ~ 100 TeV scales of New Physics 
through the best limits. If there is no PQ symmetry à expect theta 
signal.

§ CKM CP violation is never a background. The equivalent de (ThO) is 
predicted to be +1.0 × 10-35 e cm. This is 1000 times larger than 
previously believed, but still 5 orders of magnitude away from 
observations. 

§ New indirect limits on muon, charm and bottom provide new target 
for the EDM beam experiments: dµ <  9 × 10-21 e cm, dc < 10-21 e cm

Notice, however, that there are numerous sources of CP breaking, and 
these bounds are indirect. 
§ Measurement of MDMs of charmed baryons will provide an 

additional test of the QCD, especially if lattice calculation is 
performed beforehand. 


