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Electric dipole moment

* Electric dipole moment (EDM) violates P and T (= CP).
=—B-@W—-E-d=-25 (,u?+df)

where 4 : magnetic dipole moment, d : EDM.

parity time reversal B ’ E
_|_

E’TT E’ll et

s

1/12



Electric dipole moment

* Electric dipole moment (EDM) violates P and T (= CP).
#=-B -7—E-d=-25. (ﬁ#df)

where 4 : magnetic dipole moment, d : EDM.

parity time reversal B E %
3 P+ — +
! } rl- o+ -
7| 19
s
* Probe of CP violating physics well above LHC scale.  [Roussay+ 22]
|d,| <4.1x107% cm = A >80TeV vs. A;yc = O(1) TeV
d, om,
where — ~ —— assumed.

e 1w A? 1/12



EDM experiments

Impose electric field — charge-neutral system preferred.

Neutron
« Sensitive to hadronic CP violation: Oocps A, - Q
* |d,| < 1.8X 1072 ecm.  [psinEDM 20] cf e/m, ~2x10*ecm.

|Bocp | S 10719 strong CP problem, can be solved by axion.
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EDM experiments

Impose electric field — charge-neutral system preferred.

Neutron

« Sensitive to hadronic CP violation: Oocpr 4,

* |d,| < 1.8X 1072 ecm.  [PSInEDM 20]

v

cf.e/m, ~2x107*ecm.

|Bocp | S 10719 strong CP problem, can be solved by axion.

Diamagnetic atom (all electrons paired)

* Sensitive to hadronic CP violation.

. ®Hg | dyge | < 7.4 % 107%ecm.  [Graner+ 16]

Paramagnetic atom/molecule (unpaired electron)

* Sensitive to leptonic CP violation.
+ ThO: [d®"V)]| < 1.1 x107®ecm.  [AcME 18]

« HfF*: |d®"| < 4.1 x107%ecm.  [Roussay+ 22]

cfe/m,~4x10ecm.
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Atomic EDM

» Two types of contributions to atomic EDM: Aw = fext - c?A with

-

k

Atomic wave function without P/CP violation:

P = (P|eE - 7|¥P) = 0.

G ®)—=[@ ©)
V2 W2
Atomic wave function with P/CP violation:

1 —¢€
- @ >i\/§

1l +¢

V2

W) =

(screening theorem: cancellations of these two)

P = > (W|c¢E -7|¥) % 0.
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V2

W) =

(screening theorem: cancellations of these two)

+ Paramagnetic EDM sensitive to “d,éc - Fe” and “Cgéiyse NN”.

“Equivalent” electron EDM d*™") =d, + C¢x 1.5% 107 ecm e.g. for ThO.

P = > (W|c¢E -7|¥) % 0.
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SM contribution




CP violation in Standard Model

. . . . matter (fermions) gauge bosons
* CP violation ~ complex phase in the couplings. i g N, it
% up quark charm quark top quark g’ia
g d S > |'b 7
o &
down quark strange quark bottom quark Q
e 2o, B T
& " @RIM-O
‘g ele muon tau
_S‘. Ve ) V¢ @
electron neutrino muon neutrino tau neutrir:fc higgs boson

Higgs bosons
[higgstan.com]
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CP violation in Standard Model

CP . I . | h . h | matter (fermions) gauge bosons
. violation >~ complex phase in the couplings. @ | g [N 3o
2 u; ;auark char t;p quark %%
E
g- d S W b p il 7
: : : | @ B8 3
 Charged current in quark sector violates CP in SM: ‘ ‘ 2

g _

g @, H @’) = ‘ -
elect muon ta :
24/2

leptons

where V;; : CKM matrix. ol Qi

electron neutrino muon neu trino au neutrino higgs boson

Higgs bosons
[higgstan.com]
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CP violation in Standard Model

CP . | . | h . h | matter (fermions) gauge bosons
. violation ~ complex phase in the couplings. u 3s
plexp pling ] @@ g
e 3 g
 Charged current in quark sector violates CP in SM: do E
Z=—_V. Wi y"(l —y5)d + (h.c.)

22
where V;; : CKM matrix.

Higgs bosons
[higgstan.com]

« CP violation with N = 3 generations of quarks: CKM phase.

1 1
(# of physical phase) = N> — EN(N— 1) — @N=1)= E(N— (N —2).
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CP violation ~ comple)

Charged current in quc

F=_9%

2

inj Wi
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CP-Violation in the Renormalizable Theory
of Weak Interaction
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In a framework of the renormalizable theory of weak interaction, problems of CP-violation
are studied. It is concluded that no realistic models of CP-violation exist in the quartet
scheme without introducing any other new fields. Some possible models of CP-violation are

CP violation in Standard Model

also discussed.

L4

where V;; : CKM matrix. e

electron neutrino

leptd

CP violation with N = 3 generations of quarks: CKM phase.

1
(# of physical phase) = N> — EN(N— 1) — 2N-1) =

tter (fermions) gauge bosons
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CP violation in Standard Model

+ CP violation ~ compley

* Charged current in qug

_ 8 + -
L =——7V, W u
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e CP violation with N =

(# of physical pha

CP-Violation in the Renormalizable Theory of Weak Interaction 657

Next we consider a 6-plet model, another interesting model of CP-violation.
Suppose that 6-plet with charges (Q, Q,Q,Q—1,Q—1,Q—1) is decomposed into
SUsgear (2) multiplets as 24242 and 1+1+1+1+1+1 for left and right com-
ponents, respectively. Just as the case of (A,C), we have a similar expression
for the charged weak current with a 3 X3 instead of 2x 2 unitary matrix in Eq.
(5). As was pointed out, in this case we cannot absorb all phases of matrix
elements into the phase convention and can take, for example, the following
expression:

cos 0, —s8in 0, cos 0, —sin 0, sin 0,
sinf, cos 0; cos 0, cos 0; cos 0 —sin 0, sin 0’ cos 0, cos 0, sin 0+ sin 0, cos Ge*’
sin @, sin @, cos 6, sin 0, cos 05+ cos 0, sin O:*®  cos 6, sin 0, sin O — cos 0, sin Ose*’

(13)

Then, we have CP-violating effects through the interference among these different
current components. An interesting feature of this model is that the CP-violating
effects of lowest order appear only in 4S50 non-leptonic processes and in the
semi-leptonic decay of neutral strange mesons (we are not concerned with higher
states with the new quantum number) and not in the other semi-leptonic, 45=0
non-leptonic and pure-leptonic processes.

So far we have considered only the straightforward extensions of the original
Weinberg’s model. However, other schemes of underlying gauge groups and/or
scalar fields are possible. Georgi and Glashow’s model® is one of them. We
can easily see that CP-violation is incorporated into their model without introduc-
ing any other fields than (many) new fields which they have introduced already.
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CP violation in Standard Model

matter (fermions) gauge bosons
« CP violation ~ complex phase in the couplings. u 30
plexp pling ] @ &
ok charm quark %’:0
5
g. d S D 7
: : : W@ |5 @ " :
 Charged current in quark sector violates CP in SM: g
g _ * G " @
P =——V, Wri;y"(1 —ys)d;+ (h.c.) . G S
22 g
S 1
where V;; : CKM matrix. | g

Higgs bosons
[higgstan.com]

« CP violation with N = 3 generations of quarks: CKM phase.

1 1
(# of physical phase) = N> — EN(N— 1) — @N=1)= E(N— (N —2).

Need to pick up all three generations (“m;* ~ G2" at least)

“Jarlskog invariant” J = Im[V*V, V*quS] ~ 3.08 x 107>,
4/12
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SM value of paramagnetic EDM

dCM) = d + Cyx 1.5% 1072 ¢ cm for ThO

+  SM prediction of electron EDM: d, ~ 6 X 107*’ ecm . [Yamaguchi, Yamanaka 20]
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dCM) = d + Cyx 1.5% 1072 ¢ cm for ThO

+  SM prediction of electron EDM: d, ~ 6 X 107*’ ecm . [Yamaguchi, Yamanaka 20]

+ Previous SM estimation of C; : d°MY) ~ 10738 e cm,

coming from two photon exchange “Gz X a?.”  [Pospelov, itz 13]

2”2

Is there any contribution without “a

[YE, Gao, Pospelov 22]

Formally “G;” but numerically “G; x m* ~ G#”.

N—>—a—>»— N

Still well below current experimental sensitivity > 107" ¢ cm, but who knows? (Idk)




Kaon exchange . =
5

()
» Kaon exchange diagram picks up all three generations: - “ "

= o

ek ek Al 4
down quark strange quark bottom quark

- ? <+— Electroweak penguin “G2 X m?".
/// Bs,d — /,t+/,£_, [Inami, Lim 81; ...]
e —p > e
Gr _. _
Ci——=ceiyse X NN = K

<«— Strong penguin “G;".

Weak hyperon decay A — N, --- .
[Bijnens+ 85; Jenkins 91; ...]
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Kaon exchange =
B G

]
° Kaon eXChGnge diqgrqm piCks Up q” three generations: E up quar charm quar op quar
@ @[
down quark strange quark bottom quark

<+— Electroweak penguin “Gz x m?".

Bs,d —>utu,... [Inami, Lim 81; ...]

Gr _. _
Ci——=ceiyse X NN = K

<«— Strong penguin “G;".

Weak hyperon decay A — N, --- .
[Bijnens+ 85; Jenkins 91; ...]

6/12



Kaon exchange

» Kaon exchange diagram picks up all three generations:

@ |t @ | S

up quark charm quark top quark

dsb¢

down quark strange quark bottom quark

quarks

<+— Electroweak penguin “G2 X m?".

Bs,d —>utu,... [Inami, Lim 81; ...]

Gr _. _
Ci——=ceiyse X NN = K

<«— Strong penguin “G;".

Weak hyperon decay A — N, --- .
[Bijnens+ 85; Jenkins 91; ...]

N+0.7Z 13m2f.m,G? y al(x)

* We obtain GzCs=JX X x J X Gpmi X my X m;' X Adcp -

2 2
Mg TSy
[YE, Gao, Pospelov 22]

Three orders of magnitude ( ~ o) larger than previously believed.
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» Kaon exchange diagram picks up all three generations:

@ |t @ | S

up quark charm quark top quark

dsb,

down quark strange quark bottom quark

quarks

<+— Electroweak penguin “G2 X m?".

Bs,d —>utu,... [Inami, Lim 81; ...]

Gr _. _
Ci——=ceiyse X NN = K

<«— Strong penguin “G;".

Weak hyperon decay A — N, --- .
[Bijnens+ 85; Jenkins 91; ...]

N+0.7Z 13m2f.m,Gz al(x)
* We obtain GFCS =J X A X f d X t

3.2 ~1 o A2
> - I X Gpmi Xm, Xmg " X Agep -
mg A

[YE, Gao, Pospelov 22]
Three orders of magnitude ( ~ o) larger than previously believed.

+ 1/m2 « 1/m, singularity in chiral limit = distinct from other contributions.
K s 6/12



My m

\)
~

Nextto-leading order (NLO) correction at Amy Apaa

Calculable by heavy baryon chiral perturbation theory:

NLO correction

from baryon pole diagrams.

CNLO CNLO
SLO (p) ~ 30 % , SLO (l’l) ~ 40 % . [YE, Gao, Pospelov 22]
Cs Cs




BSM contribution:
muon EDM




Beyond CKM: Muon EDM

* Muon EDM probed also by atomic/molecular EDM experiments.

e e 3
a\ m, _
E.g. d, ~ ~d, (-) — ~1070% d,. (WNFFFO)
/A mﬂ

From |d*"")| < 4.1 x 107 ecm, we can see |d,| < O(107)ecm.
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Beyond CKM: Muon EDM

* Muon EDM probed also by atomic/molecular EDM experiments.

e 6 a\’ ", ~10
Eg. d ~ ~d (Z) Ze ~10710xd, (WNFFFO)
) m,

From |d*"")| < 4.1 x 107 ecm, we can see |d,| < O(107)ecm.

€ > > »— C
- After combining C — type operator, the current bound is ﬁ

E E
N

[YE, Gao, Pospelov 21, 22]

Tighter than BNL bound: |d,(BNL)| < 1.8 x 10" ecm.
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Beyond CKM: Muon EDM

* Muon EDM probed also by atomic/molecular EDM experiments.

e e 3
a m, _
E.g. d, ~ ~d, <—> — ~1070% d,. (VNFFFO)
/A mﬂ

From |d*"")| < 4.1 x 107 ecm, we can see |d,| < O(107)ecm.

€ > > »— C
- After combining C — type operator, the current bound is ﬁ

E E
N

[YE, Gao, Pospelov 21, 22]

Tighter than BNL bound: |d,(BNL)| < 1.8 x 10" ecm.

* Muon EDM also incudes Schiff moment, constrained by mercury experiment as

[YE, Gao, Pospelov 21] E E B




Topics for discussions



Muonic atoms’



Muonic atomic EDM

* Muonic atoms copiously produced in several facilities around the world.

Could be useful for probing muonic CP violation? Q ®

 Atomic EDM is enhanced for 2s state due to 25 - 2p degeneracy.

( ~ — -5 1 , Pospeloyv, in progress
d,(18) =~ — 3.5 X 107d, due to screening, [YE, Pospelov, in progress]
| d (25) = 4” d ~0.74d, despi i
= ~ (). espite screening.
- 2(E,p — Eyg) K P J

Also sensitive to e.g. muonic “C,"” operator iiysuNN.

* Induce 2s — 2p mixing

E1 transition of “2s” — 1s could be a signal?

9/12



Comment on

lattice calculation of d (0)



Neutron EDM

« SM has an additional source of CP violation: QCD & term.

neutron EDM is a powerful probe: |d,| < 1072%ecm — |0 < 10710,
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Neutron EDM

* SM has an additional source of CP violation: QCD 4 term.

neutron EDM is a powerful probe: |d,| < 1072%ecm — |0 < 10710,

» Calculating d (0) precisely is a difficult task due to strong dynamics.

Lattice QCD offers a promising way of evaluating this.

* Lattice QCD uses “interpolation function” j to (de)excite neutron.

rF,

Ja(X1) Jn(%2)
 Two operators having the same quantum number as neutron:

];f = jl + :Bj29 where j, = 2(dTCy5u)d, Jr = 2(dTCu);/5d.

The choice f = 0 is often made in lattice calculations.
10/12
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Chiral covariance of j”

» Ensuring chiral rotation invariance is crucial for evaluating d,(0) .

Remember d_ o m m 0 due to the chiral invariance.

* The choice f = £ 1 is covariant under chiral rotation, while the others are not:

1=/
2

1+p

10 . 3 310,y :+ —10,7<:—
q — e AVSq . ]:B e AyS‘]n _|_ e AVSJn .

n

* Lattice QCD subtracts chiral phase of 2pt fn from 3pt fn in the past studies.
[Abramczyk+ 17]

This procedure guarantees invariance for covariant choices f = £ 1,

but

11/12



Chiral covariance of j”

» Ensuring chiral rotation invariance is crucial for evaluating d,(0) .

Remember d_ o m m 0 due to the chiral invariance.

* The choice f = £ 1 is covariant under chiral rotation, while the others are not:

1=/
2

g 1+p

. 3i0,y5:+ —i0,7s53—
> e AL+ e A

q— e"sq :

* Lattice QCD subtracts chiral phase of 2pt fn from 3pt fn in the past studies.
[Abramczyk+ 17]

This procedure guarantees invariance for covariant choices f = £ 1,

but

* In QCD sum rule, the correct dependence is obtained only for f = £ 1.

[YE, Gao, Pospelov, Ritz 24]
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Summary



Summary

Paramagnetic EDM sensitive to both d, and Cs.

Kaon exchange induces déequw) =1.0x 10 ecm. e j —
K

Distinct 1/m_ structure in the chiral limit. N

NLO correction calculable and under control.

Atomic/molecular EDMs also sensitive to e.g. muon EDM. i G

JILA limits on d°™") translates to |d,| < 89X 102! ecm, surpassing BNL.

Can muonic atoms be useful for probing muonic CP violation? N

Chiral covariant interpolation function, f = = 1, could be a better choice for d (9).
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Back up



Shielding theorem

. (Non-relativistic) atomic Hamiltonian with external E and EDM:

%Az%N_l_%e_l_q)_z(ek;:k'fext_l_jk'F(?k))’
k

where @ : coulomb potential btw particles and E = E. + E,,.

—

— \% I
Eint(rk):_e_kq):_e_[pk’%()] where %O:%N_I_%e—l_q)‘
k k

. EDM without E ., induces mixing of (unperturbed) states as
(nl 2, jk' fint(7k)|0> I -

=1 —d, - p :

EF )= 1+ Zk‘, - P )10)

n

¥ = [0) = )

n+#0

* This cancels the direct contribution to the atomic EDM:

N N R - le - - N
dy= (Y (d+e7,) 1) = Z<O|<dk— > [dk-pk,rz]>|o> — 0,
k k |k

[Purcell, Ramsey 50; Garwin, Lederman 59; Schiff 63]



Shielding theorem

* Two contributions to atomic EDM:
(1) direct contribution from the constituent particle’s EDM
(2) mixing of opposite parity wave functions through P,CP-odd interaction

- <O|Zke?k|n><n|%mt|0>
d,52) — .

these two cancel for neutral particle’s EDM.

* This is a rearrangement due to the constitutions.

* Two ways out:

(a) relativistic correction — paramagnetic atom (an unpaired electron)

(b) finite size correction — diamagnetic atom (all electrons paired)



Paramagnetic atom/molecule

* Electron actually relativistic v ~ Za — d, can induce dj:

Z er;|n,
Zdez (0, |< (z)_1> 2(1)|0>+22 O, | le ><ne|< i) _ 1> TO.E. 10
i=1

where T = vsy'7.

(g — l)f =—-2 0 (_), in Dirac rep. — need an unpaired electron = paramagqgnetic atom.
0 0 3 p p paramag

* The latter (mixing of states) dominant,

and this is actually an enhancement: d,/d, ~ Z’a* ~ G(10%). [Sandars ¢5; ..]

. CP-odd operator C((G//2) eiyse x NN also induces mixing of states.

d, and C degenerate.

A" =d, + Cyx 1.5%x 1072 ecm for ThO.



Diamagnetic atom

* Nucleus is not point-like — d, can induce d, through mixing of states.

Z

. 1 _
dy=) o (Ol Y Filn ) (n | %:yl0,) +h.c.
n#0 n i=1

dy(F )\ —
where 7, , = Jd3r( vr) —pq(?’)ﬁ) -V, | 2. difference btw charge and EDM distribution.
e e

rF— 7e|
avoid complete suppression: d,/dy ~ 1022(RN/RA)2 ~ 0(107%).

* Expanding thisw.rt. r~ry <r,:

q

H, . = Jd% <—N —p < N>> .V, = = 42a2 VYV §9F) + - [Schiff 63]
e e r

where S : Schiff moment.

» Diamagnetic atom EDM exp. puts constraints on §.

3

e.g. Hg constraint: | S, | < 3.1 X 1071 efm? . [Graner et.a. 14]
g g Hg



Electroweak penguin

« EW penguin (+ W box) induces N H .
L ots = eyH(l —ys5)e Ix[V*VS 1 — d+hc]
= \/_4ESW[;/( ys)]lzc‘,t() 57,1 —ys)d + (h.c.)
2
where xizml.z/m%, and I(x)=% (xi > 10gx+%—%xil . [Inami, Lim 81]

* Essentially no G suppression for top, m?/mZ, ~ O(1).

* Below QCD scale:
VEVsr(1 = rd + (h.c) — v/2f, (Re[V;’;Vid]KL + Im[Vj;Vid]KS> .

s !

36&“

> GFme I(xt)Im[V*th] X K¢ etyse + ---, with electron EoM used.
JZ'SW

° This induces €.J. (short distance contribution to) KS —> ,l/l+,l/l_ . [Isidori, Unterdorfer 03]

~ 10713 vs Br(Kg = putu7).,, <2.1x10719,

exp

Not observed yet, Br(Kg — u*u™)

short



Al = 1/2 weak transition

€ >
Tree-level W exchange: E
N

L= TZV;‘;SVM 571 — ys)u] [ﬁyﬂ(l _ yS)d] +(h.c).
This contains 27 and 8 but 8 is enhanced below QCD scale: Al = 1/2 rule.
Loy = — aTrg |B{E'hE, BY| — bTry [BIETRE, B,

where B : baryon octet, & = exp(in/f) with z: meson octet, 1; = 51-25].3 . spurion.

This induces weak hyperon decay X > Nz, A -> Nz, E - Ax.

a = 0.56G[m21f,, b=—142G[m?]f,, from experiments [Bijnens+ 03].

Focusing on Kaon part:
V2K, o
Lot = — 7 [(b—a)pp+2bnn] + -

T




Energy scale
A

Towards observables
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Muon EDM

* Recently FNAL confirms BNL muon g-2 resuli:

a,(exp) — a,(SM) = (251 £59) x 107" (4.20)  [NALmuong221]

* Muon g-2 and EDM can be closely related: b \

C eAa

Z==—Wro-Fyp+h.c. = Relc] = ~, Im[c] =d,.

Zmﬂ

2

Aaﬂ .
d ~2x107??ecm X tan ¢ X with ¢ = |c|e'.
K 2.5x 1079

* Current/future direct measurements of muon EDM:

[ BNL (existing limit): |d, | < 1.8 X 10" ecm.

A\

FNAL, J-PARC: |d,| S 107! ecm.

_ PSI (“frozen spin”): |d,| < 6 X 107>’ ecm.

understand indirect limits from atomic/molecular EDM experiments.



CP-odd photon operator

* Muon EDM induces CP-odd photon operator at one-loop:

e3dﬂ N
= — F  F*F, Fr
96ﬂ2m3 HY po

where cross-dot: muon EDM d jic - Fu insertion.

* Atomic EDM exp. has large Z — strong nuclear electric field.

F,F"F,F° 5 E’B can induce sizable CP-odd effects.

* In particular this operator induces

" Schiff moment — diamagnetic EDM (Hg)

 semi-leptonic CP-odd operator — paramagnetic EDM (ThO)



Nuclear electric field

Nuclear electric field given by the charge distribution inside nuclei:

2

— Ze 3 L .=
ek \y(r)=——1d erq(rN) V—o—--—7-—+—.
dr |7 — 1y

*  We simply take the charge distribution as

5
P (Ty) = C (RN — rN), Ry = \/;rc, r.=5.45fm for ”Hg.

4R

* The Woods-Saxon shape different only within 10 % in the final result.



Nuclear magnetic field

- Hg has an unpaired outermost neutron with 2p,, n=21=1,j=1/2) .

?N dominantly provided by this neutron.

. As aresult B, is given by

- S zelun S\ - N elun - [ V 2 l//}:f(?n)gl/jn(?n)
eBN(”)=Tl/f;(7”)m/fn(”)+ y, V<V'>—T Jd3rn 7 7]
‘R(}”) ‘ 2 o ) €//tn s , > .
— e [ (-3 =3 g+ L2 | drr? |R6| B
4 4z ),

e
where p, ~ — 1.91—— : neutron magnetic moment, i, : neutron wave function,

R : neutron radial wave function, y neutron spinor, n = 7/r.

*  We use the nuclear shell model to obtain /..



Schiff moment

Schiff moment: 7, = — 4zxa(S/e) - V 637 .

Z

Z

- N 2 N - —_— N

dy=) (P|er,|¥)=—-) E T D' (0,le7 |n,)(n |4ma(Sle) - V 5PF)|0,) .
i=1 n#0 n =1

E’B with two E,, and one By, induces effective EDM distribution:

— j ? - > > > —

e | - -
|I"—I"e| €

Difference between EDM and charge distribution gives Schiff moment:

d d _ S
H o = Jd% <—N ) < N>> .V, = Y = —4za2 YV 5OF) + o
r

e T e — 7, e

®Hg constraint: | Stoopge | < 3.1 X 1073 efm? .  [Graner et.a. 16]

[YE, Gao, Pospelov 21]



Magnetic quadrupole moment

* Magnetic quadrupole moment (MQM) also violates P and CP:

M

2
q... Ii' — Iil' + ]'Ii — _51"] I+1 .
J Uy ] 21(1_ 1) < J J 3 ] ( )>

+ The E°B operator converts EQM Q to MQM as

M Z’a’d Je /
—~— ! Qzl.leO_4fm Qe xdle.
e StmZRy e 300 fm? 3

* O can be large in nuclei with I > 1 and large deformation.

can be an interesting observable in future.



Fudge factor from E; to NN

+ E% and NN are both localized around nuclei, but not exactly the same.

* Relevant electron transition between s, and p,, states.

matrix element:

-

[ roywly s, o [drrpy (J;gs +fsgp) for NNeiyse,

. — 2 _ —_
J&r| En"wiy rsw, o« [dr rpp (J;gs+figp> for Eyeiyse.

*  We compute the fudge factor k by solving the Dirac equation and get

Idi" rszZ (fpgs +fs‘gp>
K= ~ (.66.

[dr %y (g + 1)




Electron EDM

* Muon EDM induces electron EDM at three-loop:
€ > > €

+ permutations (®: EDM operator)

* Two types of contributions:

e~ uv

il =iF*e(p)|SPmeo, + SP {GMU,]Z} e(p).

[Grozin, Khriplovich, Rudenko 08] overlooked S®.

» Combining SV and S@, the result is 40 % larger:

a\’ m,
d,=275xd, <—> — ~ 1.7%x107'%x d, (UV finite).

T m
H [YE, Gao, Pospelov 22]



Semi-leptonic CP-odd operator

Muon EDM induces ¢ —» > > C

H ~ dMXéi}/SeXE]%,.

Nuclear electric field E]%] localized around nucleus.

eiyse X E5, ~ eiyse X ny ~ eiyse X NN : equivalent to C.

Combining C and d,, ACME translated as

[YE, Gao, Pospelov 21, 22]

Better than BNL bound: |d,(BNL)| < 1.8 x 107" ecm.

Recent Colorado result jroussay+ 221 even stronger: |d (HfF)| < 8.9 X 102 ecm.



Tau/charm/bottom EDMs

» Tau EDM constraint obtained by m, — m, :
|d(ThO)| < 1.1 X 1078 ecm. [YE, Gao, Pospelov 22b]

Belle : —2.2 x 1077 < Re(d,)/ecm < 4.5x 10717, —2.5x 107" < Im(d,)/e cm < 8.0 x 107",
Belle-ll (future) : |Re(d,) |, |Im(d,)| < 6(1071% —107%) ecm.

» Similar constraints on charm/bottom quark EDMs.

p p
e e

Fuu Fuw Fou u, d ;

< 13X 10_2060111, |db| <7.6x107Pecm from paramagnetic EDM,

< 6 X 10_22 e CIn, | db | < 2 X 10_20 e cm from neutron EDM. [YE, Gao, Pospelov 22c]

Constraints from d,, stronger but with more hadronic uncertainties.



Muonic atomic EDM

* Muonic atoms copiously produced in several facilities around the world.

Could be useful for probing muonic CP violation? Q ®

 Atomic EDM is enhanced for 2s state due to 25 - 2p degeneracy.

( ~ — -5 1 , Pospeloyv, in progress
d,(18) =~ — 3.5 X 107d, due to screening, [YE, Pospelov, in progress]
| d (25) = 4” d ~0.74d, despi i
= ~ (). espite screening.
- 2(E,p — Eyg) K P J

Also sensitive to e.g. muonic “C,"” operator iiysuNN.

* Induce 2s — 2p mixing

E1 transition of “2s” — 1s could be a signal?



