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Outline

* CP violation and Electric Dipole Moments (EDMs)

* New Physics (NP) sources for CP violation
* Nuclear and Atomic EDMs
* Identifying NP sources from EDM data



Electromagnetic dipole moments of a particle
An elementary particle or an atom can have permanent electric dipole

moment (d) and magnetic dipole moment (1) along the direction of its

spin.
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A non-zero electric dipole moment (d) violates the P and T
(= CP) invariance, while a magnetic dipole moment (1) does not.



CP violation is an important condition in the early universe to
generate the asymmetry between matter and antimatter.

Observed asymmetry : Yp = B 10710
S
SM prediction : Y sm S 1015

e.g. Konstandin, Prokopec, G. Schmidt ‘03

SM does not provide a sufficient CP violation, and we need
new physics beyond the SM with a new CP phase, which may
give rise to sizable EDMs of SM particles.



Aﬁaa' EDM probes for New Physics

None of permanent electric dipole moments (EDMs) of any elementary
particles and atoms has been observed so far.

dy ~ (1073%sin 6y + 10712 8) e cm

SM prediction _
d, ~ (10™**sin gy + 10727 8) e cm

Experimental status [ ¢, < 1.8x10726ecm | Abeletal20
g <1010 ¢ | de <41x1073%ecm
(strong CP problem)

Roussy et al 22
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Experimental prospect
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In a decade, the experimental sensitivity on EDMs of electrons, nucleons,
atoms, and molecules is going to be improved by several orders of magnitude.



CP violating UV sources

g2
3272

Lcepv(mw < p < Asm) = Lxwm + éGZ,/CN?“W + Lime + -+

Laim 6 =|H|?GG + f*G°G*G* + HQro"' G dg
+ HQro" B,dr + LrerdrQr + - -

EWSB and integrating out

Around the QCD scale ~ 1 GeV ‘ heavy SM fields

Gluon Chromo-EDM fabCGaGbéC + (ja“’/i%GWq Quark Chromo-EDMs (CEDMs)
(Weinberg operator)

+ q—o_,ul/l-/%F’qu + éauyi75FuV€ + qqqq + eeqq
Quark EDMs Electron EDM 4-Fermi operators



Potentially dominant CPV operators around the QCD scale ~ 1 GeV
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BSM example :
MSSM with a universal SUSY breaking scale
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Quark CEDMs domination



BSM example :
Split supersymmetry

dg qotViysF.,q + d, ea*ViysF e

Quark EDMs and Electron EDM

Giudice and Romanino ‘05
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BSM example :
2 Higgs-doublet models

) H
fr : fr
dq gs qo*ViysGuq w fACGAGPGe
Quark CEDMs Gluon CEDM

(Weinberg operator)

S.Weinberg ’89, Gunion,Wyler 90
Chang, Keung,Yuan '90, Jung, Pich ‘14
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BSM example :

SUSY or Type-ll 2HDM with large tan [

c | c
i A, H
A H CPe
i "H, A
D ° D |
(a) LP (b)

Ce—eadiéLeRciRdL + h.c.
Semi-leptonic 4-Fermi operator

Lebedev and Pospelov ‘02
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hadronic BSM CP violation

BSM example: QCD axion

_ a _ _
9=<f—>=9QG+9BSM

a

44-n M4
sindqa1 + K 5 PIQ e~ ms gin 0QG2
fims

PQ breaking from Do ~ a
quantum gravity “ MP, f2m2

2 ~
PQ breaking from _ D i f d*x <3§$GG(33)02'(0)>

OBsm ~ 22
T T

O; = {JgGGé, Jqqauin5Guuq, quqqz'f)%q, . }

Both quantum gravity effect and hadronic BSM CP violation can be observed

by a non-vanishing 6.
They may be able to be distinguished from each other, since hadronic BSM CP

violating operators themselves directly contribute to EDMs not only via 6. 13



Potentially dominant CPV operators around the QCD scale ~ 1 GeV

2 j— —~ ~ ~
35;2 0GG + w fY"GOGPGE + d,y gs Go™™ i5G g

+ dy qo" i3 Fpq + de €0 ivys Fpeq + Cogqi€edd + Gaqq + - -

N J
N v J v

SM or QCD axion BSM

Key question: If non-vanishing EDMs are observed, can we
experimentally determine the source of the CP violation among

those different possible UV sources ?

cf) ] deVries et al 1109.3604, 1809.10143,2107.04046

We are extending the previous studies, discussing identification of the PQ
breaking source for a non-zero axion VEV for the first time and more
comprehensively covering the leading operators.



Nucleon EDMs from hadronic CPV

Naive dimensional analysis (NDA)  e.g. S. Weinberg ‘89

em* - eAX ~ AX = 47Tf7'[
dy ~ 22 H+Ew+edq my,my
X m, =
mu+md

~ 0.4x1071 [ecm] 6 + 92 MeVew + e d,

at ;1 = 225 MeV
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Pospelov, Ritz ‘99 Hisano, Lee, Nagata, Shimizu ’12
Yamanaka, Hiyama 20

QCD sum rules

d, = —0.47(26)x107*°[e cm] § — 18(11) MeV e w

+e(—0.17(10) d, + 0.12(7) dgz + 0.010(6) dy)

\ J
Y

- _ ~ mg - .
0.32(18) ed, assuming d, = Kdds > d,
S

d, = 0.31(18)x107*®[e cm] 8 + 20(12)MeV e w

+e(—0.13(7) dy, + 0.16(9) dy — 0.007(4) d;)
N J

Y

at g = 1 GeV 0.029(29) e d4

Ratio from

QCD sum rules | 2 =~ —1.5 (from §), —0.9 (from w), +11(2) (from d,,)

(small error) dn




If the QCD axion exists,

~

(a) _ A% 0.8 GeV* < dg

N L)
fo ¥ Tan 2 Lumg

NDA QCD sum rule (Pospelov, Ritz ’00)

d,? = —0.46(26)x1071[e cm] Gog — e 18(11) w MeV — e(0.60(35) d,, + 0.07(4) dy)

p
\ J
Y

~ ~

dg > dy,  —e0.07(4)dy

d, = 0.31(18)x10716[e cm] G + e 20(12) w MeV + e(0.15(9) d, + 0.30(17) dy)

\ J
Y

+e0.30(17) dg4

Ratio from
dp

PQ _ ~
QCD sum rules (—) ~ —1.5 (from ), —0.9 (from w), —% (fromd,)

(small error) dn
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The prediction on the nucleon EDM ratio from QCD sum rules

Z—p ~ —1.5 (from 8), —0.9 (from w), +11(2) (from d~q)

n

PQ ) ]
(%) ~ —1.5 (from 0), —0.9 (from w), —0.25 (from d)

* Unfortunately it is difficult to estimate the theoretical uncertainty of the
QCD sum rule approach itself.

* Nevertheless, if the measured ratio d,/d,, is significantly different from —1,

it indicates that the nucleon EDMs might be originated from quark CEDMs.

* Furthermore, we may be able to get a hint on the existence of the QCD
axion from the measured nucleon EDM ratio.

18



EDMs of light nuclei and diamagnetic atoms

NN

No unpaired electrons

In diamagnetic atoms, all electrons are paired.

The permanent EDM of a diamagnetic atom or a nucleus is mainly
from nucleon EDMs and permanent polarization of the nucleus due to

P and CP-odd nuclear forces.

N mpmmmpee N
: goNT-TN
Al +g1m3NN
N s O N »
N N
C11V1X Du(N*S#N) Polarization of nucleus
+C,NTN - D, (N¥T SHN) —> Atomic electric dipole moment
N N

P and CP-odd nuclear forces
19



NDA

J1t3NN from hadronic CPV

(mu _ md) m,

g1~4m 0+ (my, — mg)A,w+ 4T A, (dy—dgy)

mg Ay

Agrees
more or
less XPT & QCD sum rules;

(Osamura, Gubler,Yamanaka 22)

g1 = (34+24)x10730 + (2.2 + 1.6)x103GeV?w

XPT & baryon spectrum; +(28 + 12)GeV (d~u B de)

(de Vries, Mereghetti,
Walker-Loud ’15) XPT & QCD sum rules;

(deVries et al 21)
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Light nuclei Bsaisou, Meissner, Nogga, Wirzba ‘14

dp = 0.94(1)(d,, + dp) + 0.18(2)g; efm

dite = 0.9d, — 0.03(1)d,
+ [0.11(1)@0 +0.14(2)g1— (0.04(2)Cy — 0.09(2)Cy) fm_?’} e fm

e.g.) Engel, Ramsey-Musolf, Kolck ’ 13

Diamagnetic atoms with heavy nuclei .
Fleig, Jung ‘18

dig = —2.1(5) - 107* [1.9(1)d,, + 0.20(6)d, + (0.1377 07 Go + 0.257 .83 g1) e fm]

dra = 7.7 x 107% [(2.5 £ 7.5)go — (65 £ 40)g1 —(1.1(3.3)Cy — 3.2(2.1)C2) fm™?] efm

21



EDMs of paramagnetic molecules and atoms

In paramagnetic systems, there is at least one N7

unpaired electron. At least one
unpaired electron

The permanent EDM of a paramagnetic system is mainly from
electron EDM and permanent polarization of the system due to
P and CP-odd electron-nucleon interactions.

e

fa) ® & %

P and CP-odd
< > electron-nucleon -
interactions
unpolarized Cse i’75€NN polarized

22



Polar molecules e.g.) Fleig, Jung ‘18

WHfF+

WThO =

WYbF

3.49(14) - 10*® d,[mrad/s][e cm] ! 4 3.20(13) - 10® Cg[mrad /s]
1.206(49) - 10%° d.[mrad /s][e cm] ™! + 1.816(73) - 10° C'g[mrad /s]
1.96(15) - 10%® do[mrad /s][e cm] ™! + 1.76(20) - 10° Cg[mrad/s]

23



EDM inverse problem

Paramagnetic atoms/molecules d,,Cs
(eeNN)

Light nuclei and diamagnetic atoms | dp, dy, §o, J1, C1, C;
(tNN)  (NNNN)

Total 8 independent observables

' 4

Xcpvsource € {de' Céedar 8_' w, du: &d' dy, dd}

8 potentially important UV CP-violating sources
24



Determining d, and (s with paramagnetic systems

-1
Using HfF ™ and ThO, (waF+> mrad/s| " = Mpr (de e cm) )

WThO Cs

Moo [ 349014) - 10% 3.20(13) - 10° Det(Muyr) = 2.5(4) - 10%
M1 1.206(49) - 1020 1.816(73) - 109 Invertible

Measurements of two different paramagnetic EDMs can successfully
determine d, and Cs.

However, if a non-zero (s is discovered, Cs can be either from Cz,5,4 or
hadronic sources.

Cs = Cs(Czedar 9o» 91, An, Ap)

25



(s from hadronic sources

V Flambaum, M Pospelov, A Ritz, Y Stadnik ‘19

Cs = Cs(go, 91, dn, dyp)

If a non-zero Cs originates from these hadronic sources, there must be
correspondingly sizable EDMs of light nuclei and diamagnetic systems,

while it’s not the case if Cs is from C5,5,4- 26



Disentangling hadronic sources with light nuclei and
diamagnetic atoms

o 6 independent
dy = da(dyn, dp, 9o, 91, C1, C2) observables

¥

- ~ o~ 6 potentially important
XCPV source € {9» w, dw dd» du» dd}

hadronic UV sources

However, the 4-nucleon contact interactions C; and C, can be shown to be
sizable only from the gluon CEDM (Weinberg operator) by chiral symmetry
properties: (; = C;(w) and C; = C,(w) are not independent effectively

In principle, we cannot fully disentangle hadronic UV sources more than 5.

27



A motivated class of BSM scenarios is that CP violation

from new physics is mediated to the SM sector dominantly

by color and Higgs interactions. o , ,
Barbieri, Pomarol, Rattazi, Strumia ‘04

Cirigliano et al ‘19
K Choi, SHI, K Jodlowski ‘23

Ex) MSSM with a universal SUSY breaking scale, Split SUSY with a
light gluino, 2 HDMs,Vector-like quarks, etc

Also assuming dd ~ % tan du >> du,
u

XcpV source € {9_» w,dg}

28



Using three systems, e.g. (d,,, dp, dye),

d, 0
dp | [ecm]™ = Mupre | w (GeV]?
dHe CZd [GeV]

3.1(18) - 107 4.0(24) - 10716
Mupre = | —8(4) - 10717 —6.2(25) - 10716 —6.8(25) - 10~
1.5(5) 10716 0.9(31) - 1076 —5.4(20) - 10713

Det(Mypre) = —4.5(35) - 1044 Invertible

29



Predicted ratios d/d,, and dy,./d, K Choi, SHI, K Jodlowski ‘23

di[107% e cm)

Gray: 0  Blue: d, (with QCD axion)
Brown: w Red: &q (without QCD axion)

The precision measurements of n, D, He EDMs may tell us which is the
origin of the EDMs among 6, w, d; as well as indicating whether there

exists QCD axion or not.
30



Considering the UV sources (d,, d;) (e.g. typical split SUSY) instead of ciq,

XcPV source € {8_: W, dy, dg}

Using the nucleons and light nuclei (d,,, dp, dp, dye),and the lattice results
for dy(d,,dg), R Gupta etal ‘I8, Alexandrou et al 20

dp, 0

dp 1 w [GeV]?
o | leeml™ = Magoe | 10
dHe dd [GGV]

1(18) - 10717  4.0(24)-10716 —1.78(9)- 107 7.1(4) 1071
—4.7(26) - 10717 —3.6(21) - 10716 7.1(4)- 107> —1.78(9) - 101°
—8(4) 10717  —6.2(25) - 10716 5.02(26) - 10715 5.02(26) - 10715

anDHe - ( )
1.5(5)-1071¢  0.9(31)-1071¢ —1.82(9)-1071° 6.47(32) - 10~1°

Det(Mypphe) = —4.7(34) - 1079 Invertible

31



Most generally for 5 different UV sources, e.g.

Xcpy €{0,w,dg, dy, dg}
We need EDM data on another light nucleus or a diamagnetic system.

Unfortunately (to our knowledge) no other theoretical computation of
another light nucleus for the moment (except 3H which shares the

structure of He and so doesn’t help),
And heavy diamagnetic atoms are subject to large theoretical uncertainties,
not currently allowing to disentangle 5 UV sources.

dig = —2.1(5) - 107* [1.9(1)d,, + 0.20(6)d,, + (0.13700- go + 0.2570 53 g1 ) e fm]

dra = 7.7 % 1074 [(2.5 £ 7.5)gy — (65 £ 40)g1—((1.1 £ 3.3)Cy — 3.2(21)Cs) fm ] efm

Improving these uncertainties to be below 20% may render the system invertible.
32



Conclusions

Nuclear, atomic, and molecular permanent EDMs are powerful probes for BSM
above TeV scale.

A key question is the feasibility of identifying the UV source of CP violation via

EDM measurements: “The EDM inverse problem”

In particular, we examine whether the source of the QCD axion VEV can be
identified from future EDM data.

We find that the BSM CPV dominated by gluon or quark CEDMs with/without
QCD axion can be experimentally distinguished from the 8-dominant CPV by

characteristic nuclear and atomic EDM ratios.

Generally future EDM data and improvement of theoretical computation of EDMs

may disentangle d,, C5,34, and 5 hadronic UV sources like (8, w, dy, dg4, dg).

33



Back-up: NDA estimations

m, - Ay
29+e——
AX 41

Ay =Anf,
m, = (tqu‘l)_l ~

dy ~e W+e&q+dq

m, _ ~ ~
g_ON 47TA— 6 + (mu + md)AXW + 4 A)((du + dd)
X

(mu _ md) m,

g1~ 4m e A, 0 + (my, —mg)A,w + 4w A, (dy, —d
o 41
1 2~ w

X

m,mgqg

d)

34



RGE effect

S

'mrdrr =P 0.33 g'mm(ﬁvrg +0.14 ¢ ;f; g -0.07 9—>

u=1TeV u=1GeV

™

(Adapted from Nodoka Yamanaka)

» Ad, (1 GeV) = —r m, w(1 GeV)

r =041 (ABSM =1 TeV), 0.54 (ABSM = 10 TEV)

The radiatively induced quark-CEDM from the gluon CEDM is important

(even dominant) for g;, while not for d :

~ my, —mg)m, - -~ -
g1 ~ 4n( e @) A 0+ (my —mg)A,w+4m A, (dy— dg
mg X

NDA <

em, - eA

AZ 0+EW+€CI

dNN



