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Question

Electron EDM experiments are now probing 
mass scales well above 1 TeV. 

Colliders and muon  experiments are 
looking for particles around 1 TeV. 

Are EDM experiments bad news for such 
searches? 

To answer this, we should think more about 
the fundamental physics of CP and flavor.
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Mass Reach Comparison: A Cartoon

from discussions with John Doyle, 2017



Lepton Dipole Operators

• Electron EDM 
• Muon  
•  
•
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μ → eγ
τ → μγ, τ → eγ

If we see new physics in one of these, do we 
expect to see new physics in all of these? 
 
Is new physics in muon  already 
excluded? E.g., by lack of new physics in the 
electron EDM? 
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Charged Lepton Flavor Violation

Source: Baldini et al., 1812.06540, submission to 2020 European Strategy 
from COMET, MEG, Mu2e and Mu3e collaborations 



Comparisons: Flavor & CP Observables
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Comparisons: Flavor & CP Observables

cij =
eg2

16π2

mμ

Λ2Bound based on

Somewhat arbitrary choice! Not MFV. 
Rough attempt at apples-to-apples comparison. 
Models of flavor/CP change which are best.



LHC Run 3 should be targeting electroweak physics 
(e.g. sleptons/charginos/neutralinos in SUSY, but more 
generally). But not ruled out yet.
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Bk and Bq.—Two fast transients induced by the dynam-
ics of charging the ESQ system and firing the SR kicker
magnet slightly influence the actual average field seen by
the beam compared to its NMR-measured value as
described above and in Ref. [61]. An eddy current induced
locally in the vacuum chamber structures by the kicker
system produces a transient magnetic field in the storage
volume. A Faraday magnetometer installed between the
kicker plates measured the rotation of polarized light in a
terbium-gallium-garnet crystal from the transient field to
determine the correction Bk.

The second transient arises from charging the ESQs,
where the Lorentz forces induce mechanical vibrations in
the plates that generate magnetic perturbations. The ampli-
tudes and sign of the perturbations vary over the two
sequences of eight distinct fills that occur in each 1.4 s
accelerator supercycle. Customized NMR probes measured
these transient fields at several positions within one ESQ
and at the center of each of the other ESQs to determine
the average field throughout the quadrupole volumes.
Weighting the temporal behavior of the transient fields
by the muon decay rate, and correcting for the azimuthal
fractions of the ring coverage, 8.5% and 43% respectively,
each transient provides final corrections Bk and Bq to aμ as
listed in Table II.

V. COMPUTING aμ AND CONCLUSIONS

Table I lists the individual measurements of ωa and ω̃0
p,

inclusive of all correction terms in Eq. (4), for the four run
groups, as well as their ratios, R0

μ (the latter multiplied by
1000). The measurements are largely uncorrelated because
the run-group uncertainties are dominated by the statistical
uncertainty on ωa. However, most systematic uncertainties
for both ωa and ω̃0

p measurements, and hence for the ratios
R0

μ, are fully correlated across run groups. The net computed
uncertainties (and corrections) are listed in Table II. The fit
of the four run-group results has a χ2=n:d:f: ¼ 6.8=3,
corresponding to Pðχ2Þ ¼ 7.8%; we consider the Pðχ2Þ to
be a plausible statistical outcome and not indicative of
incorrectly estimated uncertainties. The weighted-average
value isR0

μ ¼ 0.003 707 300 3ð16Þð6Þ, where the first error
is statistical and the second is systematic [82]. From Eq. (2),
we arrive at a determination of the muon anomaly

aμðFNALÞ ¼ 116 592 040ð54Þ × 10−11 ð0.46 ppmÞ;

where the statistical, systematic, and fundamental constant
uncertainties that are listed in Table II are combined in
quadrature. Our result differs from the SMvalue by 3.3σ and
agrees with the BNL E821 result. The combined exper-
imental (Exp) average [83] is

aμðExpÞ ¼ 116 592 061ð41Þ × 10−11 ð0.35 ppmÞ:

The difference, aμðExpÞ − aμðSMÞ ¼ ð251$ 59Þ × 10−11,
has a significance of 4.2σ. These results are displayed
in Fig. 4.
In summary, the findings here confirm the BNL exper-

imental result and the corresponding experimental average
increases the significance of the discrepancy between the
measured and SM predicted aμ to 4.2σ. This result will
further motivate the development of SM extensions,
including those having new couplings to leptons.
Following the Run-1 measurements, improvements to

the temperature in the experimental hall have led to greater

TABLE II. Values and uncertainties of the R0
μ correction terms

in Eq. (4), and uncertainties due to the constants in Eq. (2) for aμ.
Positive Ci increase aμ and positive Bi decrease aμ.

Quantity
Correction
terms (ppb)

Uncertainty
(ppb)

ωm
a (statistical) % % % 434

ωm
a (systematic) % % % 56

Ce 489 53
Cp 180 13
Cml −11 5
Cpa −158 75

fcalibhωpðx; y;ϕÞ ×Mðx; y;ϕÞi % % % 56
Bk −27 37
Bq −17 92

μ0pð34.7°Þ=μe % % % 10
mμ=me % % % 22
ge=2 % % % 0

Total systematic % % % 157
Total fundamental factors % % % 25
Totals 544 462

FIG. 4. From top to bottom: experimental values of aμ from
BNL E821, this measurement, and the combined average. The
inner tick marks indicate the statistical contribution to the total
uncertainties. The Muon g − 2 Theory Initiative recommended
value [13] for the standard model is also shown.

PHYSICAL REVIEW LETTERS 126, 141801 (2021)
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Fermilab’s Update on Muon g − 2
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Δaμ ∼ ( g2

8π2 ) (
mμ

MBSM )
2

∼ 2.5 × 10−9 ⇒ MBSM ∼ 150 GeV

Basic dimensional analysis: new physics around weak scale!

e.g., from smuon/bino or sneutrino/chargino loops:

Muon  and SUSYg − 2
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Δaμ ∼ ( g2

8π2 ) (
mμ

MBSM )
2

∼ 2.5 × 10−9 ⇒ MBSM ∼ 150 GeV

Basic dimensional analysis: new physics around weak scale!

e.g., from smuon/bino or sneutrino/chargino loops:

Muon  and SUSYg − 2

Much lower scale 
than electron EDM, 

 are probing! 
Consistent?
μ → eγ



Example: bino dominated loop ∝
αY
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Figure 2: The summary of the bino-dominated SUSY scenario for the muon g�2 anomaly.

The universal slepton mass withmL = mR is assumed. Four planes respectively correspond

to tan� = 5, 10, 30 and 50. The µ parameter is maximized (µmax) at each point under

the conditions described in the text. The muon g� 2 anomaly can be explained at the 1�

(2�) level in the orange-filled (yellow-filled) regions. Below the black line in each figure,

aSUSY
µ exceeds the central value of �aµ in Eq. (5) for the maximized µ parameter. In the

gray-filled regions, eµ1 is lighter than e�0

1
. The blue-filled regions are excluded by the LHC

slepton searches [49, 51,72,73].

g-2 g-2
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Escapes LHC discovery so far.



CP Violation with and without Flavor 
Violation

∝ me(μM1)

higgsino 
mass

bino 
mass

∝ mτ(μM1(δLL
eτ )(δRR

τe ))

slepton flavor 
mixing



EDM Bounds with CP but no Flavor 
Violation

In the past, when 
estimating the mass 
scale probes by EDMs, I 
have generally assumed 
Minimal Flavor 
Violation, expecting 
flavor violation to usually 
make bounds stronger.



EDM Bounds with Correlated Flavor and 
CP Violation

However, in some models it may be the other way 
around: flavor-violating interactions can be the 
dominant source of CP violation. 
 
 
 
 
 

To explain such a model, I should first review the 
notion of “horizontal symmetries.”



Flavor puzzle
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(Yu)ij(h ⋅ qi)ūj + (Yd)ijh†qid̄j + (Ye)ijh†ℓiēj

173, 1.3, 0.002

Patterns of masses and mixings

(1,2)1/2(3,2)1/6(3̄,1)−2/3 (1,2)−1/2(3,2)1/6(3̄,1)1/3 (1,2)−1/2(1,2)−1/2(1,1)1

4.2, 0.093, 0.005 1.8, 0.106, 0.0005
Mass eigenvalues in GeV:

Three to five orders of magnitude spread. Mixings also very 
structured (in quark sector):



One or more additional U(1) charges, different in 
different generations. (“Horizontal symmetry.”)

Froggatt-Nielsen models
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Example:   
 

H(h) = 0
H(q1) = 3, H(q2) = 2, H(q3) = 0
H(ū1) = 4, H(ū2) = 1, H(ū3) = 0

This allows only the top-quark Yukawa coupling,

(Yu)33(h ⋅ q3)ū3
because it is H-neutral, explaining why the top is 
so heavy.

Froggatt, Nielsen, 
Nucl.Phys.B 147 (1979), 277



Froggatt-Nielsen models

17

Don’t want to completely forbid other masses. 
Suppose the H-symmetry is spontaneously 
broken by the vacuum expectation value of a 
gauge-singlet scalar :S

H(S) = − 1,
⟨S⟩
Λ

∼ λ ≈ 0.2

In this way we can reproduce small masses/mixings, 
e.g., with our charge assignments:

c22 ( S
Λ )

3

(h ⋅ q2)ū2 ∼ c22λ3(h ⋅ q2)ū2 ∼ 𝒪(1) × (1.4 GeV)cc̄

c11 ( S
Λ )

7

(h ⋅ q1)ū1 ∼ c11λ7(h ⋅ q1)ū1 ∼ 𝒪(1) × (2.2 MeV)uū



CP as a fundamental symmetry, spontaneously broken. 
 
Not hard to arrange, e.g., supersymmetric example:

CP as a spontaneously broken symmetry
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Plays a role in some proposed solutions to the 
Strong CP problem (Nelson / Barr)

W = X(S1S̄1 − λ4) + Y(c1S4
2 + c2S3

2S3
1 + c3S6

1)

⟨S1⟩ = λ2, ⟨S2⟩2 =
−c2 ± c2

2 − 4c1c3

2c1
⟨S1⟩3 ∼ ei×𝒪(1)λ6



CP as a fundamental symmetry, spontaneously broken. 
 
Not hard to arrange, e.g., supersymmetric example:

CP as a spontaneously broken symmetry
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Plays a role in some proposed solutions to the 
Strong CP problem (Nelson / Barr)

W = X(S1S̄1 − λ4) + Y(c1S4
2 + c2S3

2S3
1 + c3S6

1)

⟨S1⟩ = λ2, ⟨S2⟩2 =
−c2 ± c2

2 − 4c1c3

2c1
⟨S1⟩3 ∼ ei×𝒪(1)λ6

Invariant, O(1) CPV 
phase when solving 
for minimum of 
potential.



The Nir-Rattazzi Idea

20

Yosef Nir and Riccardo Rattazzi, arXiv:hep-ph/9603233

CP as a fundamental symmetry, spontaneously broken, 
by VEVs of fields carrying flavor (horizontal) charge.

H(S1) = − 2, H(S2) = − 3

Yukawa terms can acquire CPV phases, e.g., 

 allowed if .( S2

Λ )(h ⋅ qi)ūj H(qi) + H(ūj) = 3

Not hard to build a model that gets the CKM phase right.



Suppressed CPV without Flavor Violation
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If CP violation comes only from flavor-violating VEVs, then 
flavor-conserving CPV is very suppressed.

μ ∼ μ0 1 + (
S†

1

Λ )
3

( S2

Λ )
2

∼ μ0(1 + 𝒪(10−9)i)

Can completely change expectations about relative size of 
EDM contributions, EDMs versus μ → eγ



Our Recent Work
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We have extended the Nir-Rattazzi idea to the lepton 
sector, including Majorana neutrino masses.  
 
For horizontal charges that achieve the right pattern of 
masses and mixings, we can compute the electron EDM, 
charged lepton flavor violation, and muon , and 
understand the relative reach. 

(Simplest models can’t fit muon  without substantial 
fine-tuning; work in progress achieves this.)

g − 2

g − 2

arXiv:2104.02679 with Daniel Aloni, Pouya 
Asadi, Yuichiro Nakai, Motoo Suzuki



Flavor and CP symmetries
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~10 TeV scalars, 
1 TeV gauginos 

 
Aloni, Asadi, 

Nakai, MR, 
Suzuki ’21



Current Bounds on a Flavor Model

1.1 × 10−29 e cm 4.2 × 10−13



Future Bounds on a Flavor Model

10−32 e cm 10−14

Note square-root vs. 1/4-power scaling



Conclusions

EDMs can arise from TeV-scale particles if both 
flavor and CP are spontaneously broken 
symmetries. 

Conceptual questions: what does it mean for CP to 
be a gauge symmetry? Cosmological defects? 
 
The coming ~decade of experiments could give 
rise to correlated signals in EDMs, , 

, neutrino CP phase. Pattern as 
“fingerprint” of underlying fundamental physics.

g − 2
μ → eγ


