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Purcell and Ramsey (1949) (“How do we know that strong in-
teractions conserve parity?” — |d,| < 3 x 107 1%ecm.)
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d # 0 means that both P and T are broken. If CPT holds then
CP is broken as well.

CPT is based on locality, Lorentz invariance and spin-statistics
= very safe assumption.

search for EDM = search for CP violation, it CPT holds

Relativistic generalization
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corresponds to dimension five effective operator and naively sug-
gests 1/Myew physics Scaling. Due to SU(2) x U(1) invariance,
however, it scales as m ¢/ M?.

Current limits translate to multi-TeV sensitivity to M.



Current Experimental Limitsl

"paramagnetic EDM” | Berkeley experiment

(dp| <9 x 10" *ccm Interpreted |d | < 1.6 X 10-27

"diamagnetic EDM”, U of Washington experiment
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factor of 7 improvement in 2009! And another factor of 4 in 2016

| <3 x167Fcm 74x10%¢cm

neutron EDM, ILL experiment
| <3 x10=2Fcm 1.8 x10%eem

Notice that Thallium EDM is usually quoted as d, < 1.6 10?7 e cm
bound. It was modestly improved by YbF results. d,| < 1.1 x 102

2013 ThO result by Harvard-Yale collaboration: |d_| <&7=<T107>"
”Confirmed” using different techniques at JILA, |d | < 1.3 x 10728 *



A small comment on classical EDMs

Fundamental EDMs are connected to spin, classical EDMs are not.

A diatomic molecule (like ThO) will have a classical EDM.
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However, 1n a quantum state with fixed angular momentum classical
EDMs average to zero, exactly. States with +M and —M projection
of angular momentum remain degenerate (at B=0 and E \neq 0).

‘ JF . < dclassical >=0

If there 1s fundamental CP-violation, the electric field will induce
splitting between +M and —M states, €.g. Zeeman effect but with
electric field. EDM experiments are looking for E coupling to spins



Theory: High- Energy CP violation and EDMs
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* Extremely high scales [10-100 TeV] can be probed if new
physics generating EDMs violates CP maximally. 6



Two sources of CP-violation in SM

e Theta term of QCD: too large EDMs if theta is arbitrary = new
naturalness problem because of EDMs. (d,, ~ 0 m/m,?, 6 < 10-19)

* (Cabibbo-Kobayashi-Maskawa matrix and nearly maximal CP
phase =2 still EDMs are too small to be observable in the next

round of EDM experiments.



EDMs from SM sources: CKM
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CKM phase generates tiny EDMs:
dg ~ Im(Vy ViV Vi agmaG5m? x loop suppression

< 107 %ecm

* Quark EDMs identically vanish at 1 and 2 loop levels, EW?=0
(Shabalin, 1981).

* 3-loop EDMs, EW?QCD! are calculated by Khriplovich;
Czarnecki, Krause.

 d. vanishes at EW? level (Khriplovich, MP, 1991) < 1038 ¢ cm

8
* Long distance effects give neutron EDM ~ 10-3 ¢ cm; uncertain.



“Paramagnetic” EDMs:

» Paramagnetic EDM (EDM carried by electron spin) can be
induced not only by a purely leptonic operator
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but by semileptonic operators as well:
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" Only a linear combination 1s limited 1n any single experiment.
ThO 2018 ACME result 1s:
d.|<1.1x10%%ecm  at Cg=0
[Cgsingle) <7 3x10-10 at d,=0
MY = d, + Cg x 1.5 x 107 ecm

What is SM prediction for the electron EDM?



CKM CP-violation and paramagnetic EDMs

N

Several groups attempted to calculate d, (MP, Khriplovich; ...
The result is small ~ few 10-4° e cm. (Yamaguchi, Yamanaka)

Semileptonic (Cg) operator 1s more important. MP and Ritz
(2012) estimated two-photon mediated EW?EM? effects and
found that CS is induced at the level equivalent to ~ 10-3% e cm

é It turns out that there are much
i 2,A ibuti 3
N S larger contributions at EW> order

AS=+/-1 AS=-/+1
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Union of two-penguins: EW? order

* The induced semileptonic operator is calculable 1n chiral
perturbation theory (in mg expansion)

e The result is large, d.(equiv) =+ 1.0 10> ¢ cm

« Same EW penguin that is responsible for B, 2 uu, Re K; 2 uu
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Final result

Combining (m,) ! and (m,) V> effects, we get

Cs(LO +NLO) ~ 6.9 x 1016
— d°9" ~ 1.0 x 107%° ecm.

The result EW? much larger than the EW?EM? estimate by ~1000.
Note that actually establishing the correct sign is tricky.

The result 1s under “best possible” theoretical control, and can be
improved on the lattice (Ni(57,(1 = 95)d = dyu (1 = 75)8) | N) pw

fs . = fr o
p—_— quNN + o G N, YsN. 12



Paramagnetic EDM sensitivity to theta term:

* T-channel pion exchange gives e e
1
L=0x— x0.017x 3.5 x 1077 (eiyse)(in — pp) rN
mz |
3.2 x 107136 T

= (eivse)(nn — pp) X

MeV2 V\\N

implying |0] < 8.4 x 107® sensitivity. However, adding exchange of

735 1_>1_1f72m72T Mg — My AXon

X X _
3 fim2  mg+m, T (pluu — ddlp) x (N — Z)

1 —1-0.88~0.12.

The effect can completely cancel within error bars on nucleon sigma
term oy.
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Photon box diagrams:

* Diagrams are IR divergent but regularized by Fermi momentum 1in the
Fermi gas picture of a nucleus (intermediate N 1s above Fermi surface).

2me X da X dp X 6.2
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L = éivseNN x = eivse NN x 2.4 x 107 x dp

x (1.08d, — 1.16d,,)

» Nucleon EDM (theta) is very much a triplet, d, ~ —d,, ~ 1.6 x 10~ 3¢efm6

Full answer including chiral NLO. (accidental cancellation of 7 and n)

Csp(0) ~ [0.110 + 1.0nLo + 1.7(uay] X 10720 ~ 0.030

Limit on theta term from ThO (electron EDM) experiment:

’§|Th0 5 3 X 10_8
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Constraints on other hadronic Wilson coeff.

* Proton EDM, other CP-violating inputs can be limited:

System ||dp| (- cm)| |gein| ||du —dal (cm)|  |6]
ThO |2x10723 |4x107'°| 2x107%% | 3x10°8
n _— 1.1x 10719 5x107%° |2.0x10°1'°

Hg [20x1072° |1 x107* 2| 5x1072"2 |[1.5x 107
Xe [|32x107%|6.7x107%| 3x107%* |32x10°°

* Current constraints on Thetagp trail d, sensitivity by two orders of
magnitude

» (1ven fast progress of recent years with *"paramagnetic” EDMs, a
further increase by ~ 100 will provide comparable sensitivity.
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Summary thus far:

* In the SM, for paramagnetic systems, the electron EDM 1is not the most
interesting observable, but the semi-leptonic Cq operator.

* Current constraints on Thetagp trail d, sensitivity by two orders of
magnitude, but the main sensitivity 1s through Cq. Given fast progress
of recent years with " paramagnetic” EDMs, a further increase by ~
100 will provide comparable sensitivity.

» CKM CP-violation 1s also enhanced in the Cg, giving an equivalent
electron EDM as 103> e cm. Much larger than people believed, but still
very far from modern experimental capabilities.

* What about muon EDM?
* QI: what is the limit on muon EDM?

* (2: what 1s the reasonable size for muon EDM?
16



EDMs of heavy flavors

Among Wilson coefficients of different kind, EDMs of heavy flavours
d; are interesting. i = muon, tau, charm, bottom, top.

Muon EDM i1s limited as a biproduct of BNL g-2 experiment. Can be
significantly improved in dedicated beam experiments (PSI, Fermilab)

There 1s a creative proposal to measure MDMs and limit EDMs of
charmed baryons using thin fixed target and bent crystal technology
just before the LHCb experiment (E. Bagli et al, 2017).

Heavy flavors contribute to observable EDMs via loops. Top quark
EDM 1s limited indirectly by electron EDM via a two-loop (top-
Higgs-gamma) Barr-Zee diagrams. The result 1s stronger than the

direct measurements at LHC. .



Muon EDM i1nside a loop

= Muon loop induces E°B effects, and electron EDM at 3-loops.
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New indirect constraints on muon EDM

* Owing to the fact that the electric field inside a large nucleus 1s not
that small eE ~ Z o Ry ~ 30 MeV compared to m,, effects formally
suppressed by higher power of m,, win over three-loop electron EDM.

= New results (again, Cq provides the best sensitivity):

Hg EDM experiment: Suwop,/e =~ (d,/e) x 4.9 x 1077 fm?, |d,] < 6.4 x 107*" ecm

ThO EDM experiment: dS%™ ~58 x 107"%d, = ||d,| < 1.9 x 10~*’ e cm.

= Factor of 3 and 9 improvement over the BNL constraint, |d,| <1.8x 107"
= New benchmark for the muon beam EDM experiments.

NB: 3-loop contributions calculated by Grozin et al. 1s revised

= Tau EDM is constrained by three-loop induced d, . 19



Charm and bottom EDMs

Charm loop glves (y)z(gluon)2 and (y)'(gluon)? effective operators

4} e

@ Q Q u’d u’d
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Nonperturbative 3-gluon
Nigor = -5 NN, induced tensor charge

N N

d_civ(ThO) d, , dy,
= All EDMs are induced by charm and bottom EDMs. =




New 1ndirect constraints on c-, b- quarks EDMs

= New results:
Neutron EDM experiment: |de| <6 x 107*ecm, |dp| <2 x 10" ecm,

ThO EDM experiment: d.] <1.3x10®ecm, |dy| < 7.6 x 107 ecm,

21



Finally, benchmarks for muon EDM
Direct limit from past beam experiment:
d,| < 1.8 x 107" ecm,

ThO EDM experiment, indirect limat:

de ~ 58 x 1071%d, = |d,| < 1.9 x 107*’ ecm.
We are here

EDM on the size of the current magnetic discrepancy:
d~(3*10°)*e/(2m,) ~ 3*10*2 e cm
Lepton Universality of NP with cubic scaling:
d~(m,/m,’ ds~up to 10%* e cm

Lepton Universality of NP with linear scaling:
d,~(m,/m, d~upto2*10%" e cm

22



Conclusions

= EDMs are an important tool for searching for tflavor-diagonal CP
violation. Multi-TeV scales are probed. Further improvements likely.

" In lots of models, including the SM, the paramagnetic EDMs
(experiments looking for d,) are induced by the semi-leptonic
operators of (electron pseudoscalar)™*(nucleon scalar) type.

* CKM induces Cg. The result 1s large and calculable and 1s dominated
by the EW? order. The equivalent d, is found to be +1.0 X 103> ¢ cm.
This 1s 1000 times larger than previously believed.

" New indirect limits on muon, charm and bottom provide new target
for the EDM beam experiments:

d.] <6 x10"*¢ecm, |dp| <2x10*ecm, |du] <1.9x 1072 e cm.
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