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Outline

* CP violation beyond the SM and the strong CP phase

* How QCD axion affects the ratios of nuclear/atomic
EDMs

* Predicted patterns of nuclear/atomic EDMs



CP violation in the SM and BSM
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Experimental status

Degenkolb, EImer, Modak, Muhlleitner, Plehn 24
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Up to now, all EDM measurements are consistent with 0: There are only
upper limits for EDMs.

EDMs of charged particles such as electron and proton are currently only

indirectly measured from atomic or molecular EDMs.



Experimental limits (2026) dp < 22X 107%¢ e cm
d, < 2.0x107%° e cm

d, < 4.1x1073% e cm

SM predictions d,, ~ d,, ~ (10732sin Sy + 107168) e cm
d. ~ (10~**sin fgy + 107270) e cm

Sxm = 65.7° + 1.5° (PDG 2025)

» 6 < 10710 (strong CP problem)

* EDMs from g are very small.

* If 8 happens to be near 10719, a non-zero nuclear EDM will show up
in near-future experiments.



BSM predictions

d ~ A21 X sin 6ggm X (Loop factors, Gauge/Yukawa couplings, ...)
BSM

Aggy : BSM particle mass scale
Ogsm : BSM CP phase

Typically Agsyy = O(100) TeV can give rise to sizable EDMs close to the current
experimental limits.

Multi-TeV scale new physics (SUSY, WIMP DM, Electroweak baryogenesis, ...)
can be probed by EDMs.



5 classes of BSM CPV operators around QCD scale

1 - - _
Laims = 17— (|HPGG + f™*G*G*G* + HQLo" Gy
ABSM

+ HQLO-'LWB,uudR + ELeRJRQL + - )

After EWSB and integrating ‘

out heavy SM fields Around QCD scale ~ 1 GeV

Gluon Chromo-EDM  rabcaaxbe 4 qo"iv5G g Quark Chromo-EDMs (CEDMs)
(Weinberg operator)

+ qo*iys Fuq + ectins Fe + eeqiysq + qqainysq

Quark EDMs Electron EDM 4-Fermi operators



BSM example :
MSSM with a universal SUSY particle mass
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Quark CEDMs domination



BSM example: Split supersymmetry

J Wells ’03

N Arkani-Hamed and S Dimopoulos '04
Giudice and Romanino ‘04

dg qotViysF.,q + d. eéaViysE e

Quark and Electron EDMs

Giudice and Romanino ‘05



BSM example :
2 Higgs-doublet models

fr

dy gs qo"ViysGq W fPGGPGe de €MV iysE, e
Quark CEDMs Gluon CEDM Electron EDM
(Weinberg operator)

S.Weinberg ’89, Gunion,Wyler 90
Chang, Keung,Yuan '90, Jung, Pich ‘14
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Potentially dominant sources for the EDMs

2

33;2 AGG + w GG GE + dy gs o™ iv5Gng
+ dg Go"iys Fuq + de €MV iys Fleq 4+ Caege€eqivsg + 4qqiysq
SM BSM

A specific BSM scenario can be characterized by typically one or two
dominant operators among them.

Key question: If non-zero nuclear or atomic EDMs are observed in the future,
can we experimentally determine the origin of the EDMs among those
operators? How does QCD axion affect the EDM signals?
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Hadronic BSM CPV and strong CP phase

For example, let’s consider a quark CEDM.

m _ o
g5 §o"Gyiysq My Mgd0 qiysq 59 ~ —
ABsm 41T

Hadronic BSM CPV spoils UV solution (like Nelson-Barr) to the
strong CP problem by radiatively generating a large 6.

J. deVries, P. Draper, K. Fuyuto, |. Kozaczuk, D. Sutherland ’18

J. deVries, P. Draper, K. Fuyuto, |. Kozaczuk, B. Lillard ’21
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Hadronic BSM CPV requires an IR solution to the strong CP problem.

Dynamical 8 Non-dynamical 8
(QCD axion) * Simply fine-tuned 8

* Unknown IR mechanism to suppress 6 ?
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Hadronic BSM CPV with QCD axion

y _ (@) i 4 ~ Other explicit PQ breakings
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2
ABSM

_ 2 10 TeVy?
OpsMm ~ (4n)”A£L~10‘10 (4n)"( A ) n = 2 (qCEDM), 1 (gCEDM), ...
BSM BSM

The size of 8 has a lower bound set by BSM CPV.

Q_BSM <6 <1010
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Hadronic BSM CPV without QCD axion

Given large radiative correction to 8 from hadronic BSM CPV, how to

solve the strong CP problem without QCD axion?

. Simply fine-tuned 8

.  Unknown IR mechanism to suppress 67?

» No lower bound on 8 set by BSM CPV

The size of 8 is independent of BSM CPV.
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d, and d,, from hadronic CPV sources

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

A Ay =Anfy
em* _ e
d, ~d, ~ 0+—Lw+ed, +d, m, ~ —

X
~ 0.4x1071° [ecm] 6 + 92 MeVew +ed, + d,

at 1 = 225 MeV

In this analysis, we do not include CPV 4-quark operators, which
are typically small, unless we consider LR symmetric models.
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Pospelov, Ritz ‘99 Hisano, Lee, Nagata, Shimizu ’12
Yamanaka, Hiyama 20

QCD sum rules

Non-perturbative quantity = )., C,, (0,,)

Wilson coefficient Quark and Gluon condensates
(short-distance interactions) (long-distance interactions)

A <qo'/wq>
kdn(0,d,, d,) =
q>"q eqF/u/

L9 ((@Gwa) (@5 G )
4 eqF;U/ equ/

. | (dea—ea) (é— 0 (95 0,) JS) # ST G, - 4y (32 —)]

(qg)  ms (qq) my Mg

) (4eqdg — eydy) + (4dg — dy) + higher order terms

< 0(10%)
kdp(0,dy,dy) = (u <> d)

* Agree with NDA up to 0(1) factor.
* The major theoretical uncertainty is from the overall normalization k
which is uncertain by unknown matrix elements of nucleon’s excited

states: the EDM ratio d,,/d,, is free from this uncertainty.
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Pospelov, Ritz ‘99 Hisano, Lee, Nagata, Shimizu ’12
Yamanaka, Hiyama 20

QCD sum rules

If QCD axion exists, 0 is correlated with BSM CPV parameters.

55 9s {4G" 0,0q) dq 2
0 =0qc+ = > ﬁq+(9(4ﬂfww)

q:u’d78

(qoq)
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_l_

4 eqFMV eqF/W eqFMV <Q_Q>

KJdEQ(H_QGn J(b dC]) — (U = d)

The nucleon EDMs from quark CEDMs significantly change by the
presence of QCD axion.

B L = _ — YUY N -
Js <<qujq> B (qw5GWQ> + 2<QO'MVQ> <QG O',MI/Q>> (4€ddd o 6udu)
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Isospin symmetry

Invariant
Invariant
gluon chromo-EDM gluon chromo-EDM
$ $ Breaking unless
- u<>d g d u-quark (C)EDM =
u —( ii— u d—( ji’— d-quark (C)EDM
u-quark (Chromo)EDM d-quark (Chromo)EDM
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dy ~ Qgm X Ocp

iw=(g g)=dlo Praly )

isoscalar isovector
. 2/3 0 B 1,1 0 1.1 o
UM = ( 0 —1/3) "6 (0 1) T3 (0 —1)

Since Qg is approximately an isovector, isospin-conserving CPV parameters
contribute to d; more than d so that d,, = —d,.
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The prediction on the ratio d,,/d,, from QCD sum rules

10} S—
o~ 1_
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6 w dy ad adPQ

 The isospin-conserving operators (8 and gluon CEDM) predict d,/dy near —1,
while the isospin-breaking operators (quark (C)EDMs) predict different values.
* The presence of QCD axion affects the ratio, if quark CEDM is the dominant

source of nucleon EDMs. In the other cases, QCD axion does not make difference.
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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
polarization of the nucleus due to P and CP-odd nuclear forces as well

as n and p EDMs.

N H N _
:" +g_17T3NN
N mpue( el N
N N
N +cu . .
CiNN D,(N"S IX) Polarization of nucleus
- . g I,L . . .

+CNTN - Dy (N7T SEN) - Atomic electric dipole moment

N N 10, G
dA — dA(dn; dp; Yo, 91, Clr CZ)

P and CP-odd nuclear forces
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Light nuclei Bsaisou, Meissner, Nogga, Wirzba ‘14

dp = 0.94(1)(dy, +dp) + 0.18(2)g1 e fm

dge = 0.9d, — 0.03(1)d,

+ [0.11(1);50 +0.14(2)g1— (0.04(2)Cy — 0.09(2)Cy) fm_?’} e fm

Diamagnetic atoms with heavy nuclei &) Engel Ramsey'Mussllf’, K(J’ICk :;
eig, Jung

digg = —2.26(23) - 1074 [0 61535d, +0.0610:30d,, + }"’ (0.0118:005 9o + 0.0215:0% 31) efm}
0

dra = —8.579:25 . 10~ [o 6379154, +0.1473%%d, + gA;nN (—0.2(6) go + 5(3) g1) e fm

+m3; (—0.01(3)Cy + 0.03(2)Cy) e fm]
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Chiral symmetry

q. ~ ULqy, qr = Urqr

1 Breaking

N = e N
No suppression ’ \
g
5 ""’O"” g m(ﬁn\g
QCD 6

gluon chromo-EDM

Chiral suppression (multiplied
by quark masses)

Breaking Invariant

The CP-violating pion-nucleon couplings may discriminate between

the QCD 6 and the gluon CEDM.
24



Predicted ratios of the EDMs of light nuclei
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The helion EDM can distinguish between 8 and w (gluon CEDM).
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Predicted ratios of the EDMs of heavy nuclei
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The information can be only suggestive due to large theoretical

uncertainties in nuclear physics. ’6



Summary

Nuclear or atomic 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”

Solutions to the strong CP problem including QCD axion crucially affect the

pattern of nuclear or atomic EDMs.

We find that EDM data of light nuclei (n, p, D, He) can identify the leading
hadronic CP-odd operator, while heavy atoms can provide only suggestive

information.

In particular, if quark CEDM is the dominant CP-odd operator responsible for

nucleon EDMs, it can give us an indirect experimental evidence of QCD axion.
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Predicted ratios of nuclear and atomic EDMs

7 w, wPQ d, d, dg @
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2—1: 1.3(6)  —5.1(35)r(A) +0.09(21) e oaloledd LSy

‘Sie 27(7)  —39(8)r(A)+0.77(31)  09+0.03(1)ikh  —A20Idod) U o)
104‘% ~16(18)  25(53)r(A) — 2.4(20) L Ly A Gde), SO0 edy
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104% —9(7)  17(26)r(A) — 1.0(8) Dt L]0l ;%,ff;;“_"fgil;gf ‘0‘38(521122@"“2”

T l03109)  L6)r(A) +0.00()  UPLEOM ot Scd) =)

Assumption: EDMs are originated from a single type of CPV operator

EDM data of at least three nuclei or atoms can determine the CPV source.
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