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Outline

* Imprints of microscopic origins of axions in low energy

axion couplings

* Testing the origin of CP and PQ breaking with electric

dipole moments of nucleons and atoms



Strong CP problem and QCD axion

g2
3272

Y HQru$ + ygH*Qrds + 0GG

Non-observation

‘ 0 = 0 + arg det (yuyq) < 1071Y  of neutron EDM

[Abel et al ’20]
CPV in the QCD sector

while Jdckn = arg det [yuyq];aydyji} ~ 0(1)

The QCD vacuum energy is minimized at the CP-conserving point (8 = 0).

4 _ [Vafa, Witten ’84]
VQCD ~ _AQCD COS 9

2
_ g2 a -
Promote 6 to a dynamical field (=QCD axion) : 3, 5 (9 + f_> GG

[Peccei, Quinn ’77, Weinberg ‘78, Wilczek 78] 3



QCD axion lagrangian

1 2 92
L 25(@@) + S5 5¢a —G“”G

3272 fa
a 9124 FA/,WFA aua T=p T -Bu
AR =LA I P S A D
4 A=W,B,... @ \y=q.pl,... b=H,...

U)pg: a(r) — a(r)+

broken by c; # 0 non-perturbatively
» m2 ~ C2 My Mg m?rf?%
“ G (M + md)2 fg

The axion couplings to the other SM particles
Cw, €, Cq» Cp, CH depend on UV physics.




Axion-Like Particles (ALPs)

Cousins of the QCD axion, while not being necessarily involved in solving the
strong CP problem (so ¢; can be 0)
Ubiquitous in many BSM scenarios, in particular, string theory

[Arvanitaki, Dimopoulos, Dubovsky, Kaloper, Marsh-Russell, ‘09]

18 2 1 949 a 9124 Apv 1A Opa t=p gy
Q) = gmaa®+ 70 gorgeal M H 4 R | 2 endlet vk ) pdliD"o
A (0 ®

i) approximate shift symmetry U(1)py a(z) — a(z)+c (c € R)

: ALP can be naturally light.

i) periodicity C‘J(j?) _ aj(jf) Lo

: fa characterizes typical size of ALP couplings up to the dimensionless
parameters Cy, Cy, Cg which depend on UV physics. 5




Axions in string theory Witten 84

4D axions from p-form gauge fields

) : harmonic p-form on
the compact internal space

E,praaVBpa (33) = au&(l“) Model-independent axion from 2-form field

A[m1m2..mp] (mﬂ’ ym) — a(xu)ﬂ[mlmg..mp] (ym)

T , Axion chiral superfield
» =TT (T : volume modulus of the p-cycle dual to (})
SUSY-preserving U)pg: T>T+ic From a gauge symmetry

compactification 5 5
Periodicity : T = T + 2mi Ay .;ap) = Ot Doy, )

» K = Ko(T+T*) + Z(T + T*)®7e94 4 ®p + - -

Fa= C—AQT +-- Zro< (T+T%“  c¢4,w;:0(1) rational numbers
4D SUGRA 8
effective lagrangian For 7 >> 1, the matter field normalization is proportional to a

simple scaling of the internal space volume.
Conlon, Cremades, Quevedo ‘06 6



K = Ko(T +T*) + Z1(T + T*)®}e94VAd, + - -

Fa= —T + - Zr o< (T + T c4,w;:0(1) rational numbers

82

M]% 2 LI to .32 L rear Apy A CA L Auw SA
Leg = ——0;Ko (0, a)? + Eﬁua Vot + ¢piDPor | — 1 (8? —|—> FAEL + 327T2aF L
Value of 7 ?
: CAT 1
i) cAl < =
8712 gA

ii) Contribution to axion potential from brane instantons

oV (a) ~ 6_7m3/2M133 cosa < O(m?2f2)

872 3/2 10~ °eV
2
WP 72 nimypMe/md) ~ 5+ () + 20 (=

GUT

, .. 8 1 872
From i) andii), | O ( 5 ) STS ——5
gGur cA g4




1 5 M? wr _ 2 cA v
Lo = _EFA“ Fa + 4P 82 Ko (8,0)% + 5Ot (w}a“m + ¢}zDM¢I) + 55 aFM S,
cagy _ 1 g
< <O GUT
8r2 ~ 1 ™ 82
L A A MP 2 CAQEx T i CA Apv A
_ v TP Y2 iz DH = _aF°H R
Log 49AF F, + 07Ky (0, a) + wrO 62 oua | Yotr + @D or | + 327T2a L
Axions from p-form gauge fields have comparable
strength for axion-matter and axion-gauge couplings.
a 2
Canonical normalization a — — fo=Mp 07 Ky
fa 2
L4 AL 1 9 CAQE; oua F o +. 2 CA O A=A
- pAw - DH — A
Lot 49AF B+ 5000 F w10 (3675 )7 \ Vo br + oriD"er ) + 55 w




KSVZ axion

Kim ’79, Shifman, Vainshtein, Zakharov 80

The axion couples to SM fields via a heavy BSM fermion charged

under the SM gauge group.

y(I)\IfBSM\If%SM + h.c.

SM gauge field

SM gauge field

>>

1
b)) =—1,
1 (®) ﬁf
@:—2<p‘|‘fa)€la/‘f@ " Y f
v — ——=Ja
V2
//SM fermion
Wesm
----- A
a

“KSVZ-like axions”
: no tree-level couplings to the SM fermions 9

\\SM fermion



DFSZ axion

Dine, Fischler, Srednicki ‘81, Zhitnitsky '80

The axion couples to the SM sector at tree-level through the Higgs portal.

Y QLHy + y4dZQLHg + yeeR LHg + A H, Hy + h.c.

1 .
@ = —— _|_ a eq’a/fa
\/i(p fa)
SM or BSM

SM fermion fermion SM gauge field
- - x. -
. A, >> h

SM fermion SM gauge field

“DFSZ-like axions”
: 0(1) tree-level couplings to the SM fermions 10



Summary: characteristic patterns of axion couplings to
the SM depending on the microscopic origins

q,4
String-theoretic axions  -----
a
q,%
q,*
KSVZ-like axions
a
q,%
q,4

DFSZ-like axions @ -----

11
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Uncovering UV physics for axions by
coupling ratios

m
For QCD axion (¢ # 0), Jap™ f—p regardless of the classes of models

a
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Green : DFSZ-like axion (DFSZ-1 with tan f = 10 and my+ = 10 TeV)
Red : String-theoretic axion

Black : KSVZ-like axion (dashed :m, = 1073 £, solid ‘Mg = fa)
12



For ALPs with
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Outline

* Imprints of microscopic origins of axions in low energy

axion couplings

* Testing the origin of CP and PQ breaking with electric

dibole moments of nucleons and atoms

14



EM dipole moments of a particle

A fundamental particle or an atom can have electric dipole moment (d)
and magnetic dipole moment (1) along the direction of its spin.

d L S S

\ P:E—-E, B—+B, S— 48
f o+ T:-E—-+E, B—-B, S— —S

A non-zero electric dipole moment breaks
the P and T'(= CP) invariance, while a
magnetic dipole moment does not.

15



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

Observed asymmetry : Yp = —5 . 10-10
S
SM prediction : Ypom S 10715

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

SM does not provide an enough CP violation, and we need
new physics beyond the SM involving additional CP violation.

16



EDM probe for New Physics

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

dy ~ (107325 kM + 10710 8) e cm

_ 5CKM~0(1)
de ~ (107** Sy + 10727 0) e cm

SM prediction

Experimental status [dn <1.8x1072%% ecm ] Abel et al 20

d, < 4.1x1073% e cm Roussy et al 22

6107 ¢
dy ~ ! & >
Typical BSM N~Tezzpz A= 0(10~100) TeV
prediction I m Powerful probe for new physics!

d.~
¢ 16m? N2 17



Experimental prospect

2003.00717 2203.08103

T . T hd Ll = T
© L 1071 4
o) E —4— Neutron EDM (Achieved)
© 3 —&— Proton EDM indirect (Achieved)
- . —— Proton EDM (Planned)
3 10 21 |
] —%¥— Deuteron EDM (Planned)
% k
CSOO ST STIF k 'g 10-23 4
> 10 ] ©
CSXe o) OO eHg 3 r_JU 1025 4
PO o (0] ®Hg i ;
o 8‘ o) o
O electron| 717 o7 B 1 10727 Storage ring|EDM
© neutron o a 3
@ proton | Tl OYbF T
O muon | OTho 4 10-29 v
mercury 3
xenon | <>ThO 3
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T N 1 N T N T
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Year of publication

Within a decade, the experimental sensitivity on nuclear and atomic
EDMs is going to be improved by several orders of magnitude.

18



CPV effective operators from New Physics

CPV dimension-6 operators of SM fields
FGUGPGE + |H|?GG + HQ o™ G dg

+ HQLUMVBM,/CZR + ZLGRJRQL + -

‘ EVWSB
: this work!

[fachaGbéc 4 CYUMV@’YSGMVC] ] Gluon and Quark Chromo-EDMs

+ qoiys Flug + ec™ins Fuve + qqqq + eeqq
Quark and Electron EDMs 4-Fermi operators

e.g.) Split SUSY (Giudice and Romanino ‘05) e.g.) LR symmetric model,

Leptoquark (de Vries et al 21)
19



BSM scenarios

*  Vector-like Quarks

deGé K Choi, SHI, H Kim, DY Mo ‘16

« MSSM
* Split SUSY with light gluinos

Hisano, Kobayashi,
Kuramoto, Kuwahara ‘|15

2-Higgs doublet models

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

q 20



Characteristic CPV signal of string theory?

A large QCD @-parameter from QG correction to the
QCD axion potential

V(Q) ~ VQCD(é) + VQ(;(Q_)

Vaen(0) ~ —m%f? cos @
VQg(é) ~ —m3/2M1§1 exp(—7) cos( + dcp)

e.g. D3-brane instantons in Type |IB string

3
_ mg/QMPl .
_ JEUR

Demirtgs, Gendle.r, Long, N ln<§> < Nearly flat logarithmic distribution
McAllister, Moritz ‘21 axion ~ ~ over the landscape

A sizable 8 ~ 10710 s easily realized in string theory. »



»

BSM contribution to ()

V(é) ~ VQCD(é) -+ VQg(Q_) + VBSM(é)

A N
VBSM( ) —m f (A§§M> COS(9+5CP,BSM)

: CPV by 6cpsm & PQ breaking by the QCD instantons

3
_ m3/2MP1

) ~ facy
m2 P2

Apsm

N
e " OCP string + ( ) dCP,BSM

The BSM contribution can also easily give rise to 8 ~ 10710,
[e.g. For N = 2 (dimension 6 operator), Aggy~100 TeV]

Can we experimentally distinguish string-induced (6_?> from
BSM-induced () ?

22



Do they predict different EDM signals?

-

o

String
)
0GG
6-parameter
J

VS

BSM

4 N

dyGGG
Gluon CEDM

dygo - Giv’q

K Quark CEDMs /

23



Estimation of the nucleon EDMs

2 _
Naive dimensional dN~i (m* a + &d n A_X d.) Ay = 4t -1 mymy
analysis (NDA) Ay Ay, A " A T m, = (rMg?) =+ my
Agrees
more or rdy, = —0.46x107t%[e cm] 6 — e(18 MeV)d,,
less
+e(—0.17d,+0.12d,; + 0.0098 d;)
QCD sum " v .
rules < +e(1.1 MeV)C, d, = myC,
Pospelov, Ritz 99 d, = 0.31x1071%[e cm] 8 + e(20 MeV)d,,
Hisano, Lee, Nagata, ~ _ .
Shimizu " 12 g +e(—0.13d, + 0.16 d; — 0.0066 dy)
Hisano, Kobayashi, \ y

Y
Kuramoto, Kuwahara ‘I 5

Yamanaka, Hiyama 20

) (d,0.d,) ~ —d,(6,d,) while d,(dy) ~ —7dn(d,)

—e(0.15 MeV)(,

24




If there exists the QCD axion (i.e. dynamical ),

G\ — A2 08Gev2
<>_ o6 T 4-7'[ qu

NDA QCD sum rule (Pospelov, Ritz *00)

dy,? = —0.46x1071%[e cm] Gy — (18 MeV)d,, — e(0.58 d,, + 0.073 dd)

\

Y

—e(1.7 MeV)C,

dr° = 0.31x107'8[e cm] Gy + e(20 MeV)d,, + e(0.15 dy, + 0.29 d )
N J

Y

+e(1.7 MeV)C(,

» de d regardless of the CPV sources

25



Nucleon EDM profile

Choi, SHI, Jodlowski in preparation

"""" Oqcp
e e T Gluon CEDM
I . U T Quark CEDM (without axion)
_2:_ ————— Quark CEDM (with axion)
to s 00 os 10

d,[107% e cm]

If the QCD axion exists, the nucleon EDM profile is hard to distinguish the
0-dominant CPV (string scenario) from the BSM CPV scenarios.
If the large ratio d,/d,, (red band) is observed, it implies that the QCD axion

may not really exist. ’6



Aids from CP-odd nuclear force

N-*._*N N
X §
N O N

P, CP-odd
nuclear force

Polarization of nucleus
—> Atomic electric dipole moment

CP-odd nuclear forces are dominated
by CPV pion-nucleon couplings.

g()NT - N —+ §1Nﬂ3N

Isospin-singlet Isospin-breaking

27



Atomic EDMs from CP-odd nuclear force

g()NT . 7Z'N —|— glNﬂ'3N

Isospin-singlet |sospin-breaking

Diamagnetic atomic EDMs are particularly sensitive to

CP-odd forces.
dRa — (77 X 10_4) X [(25 j: 75)@0 — (65 ZIZ 40)?]1

dp = (0.94 +0.01)(d, + d,) + [(0.18 + 0.02)g]

e fm

e fm

de Vries, Draper, Fuyuto, Kozaczuk, Lillard "21
Osamura, Gubler,Yamanaka 22

Storage ring experiment is going to measure the EDMs

of such light nuclei.

F. Abusaif et al. (CPEDM Collaboration) ‘19

28



giNm3N

_ (my —mg)m, - 5 5
NDA g1~ 4m 2 0 + (my —mg)A,d,, + A, (dy—dg)
X

ChPT & QCD sum rules;
agrees with NDA
l (Osamura, Gubler, Yamanaka 22)

g1 = (3.4 +2.4)x10730 + (2.2 + 1.6)x1073GeV2dy,

’ +(28 + 12)GeV (dy, — dy)
% v J d~q = quZ
ChPT & baryon spectrum;
larger than 4t XNDA t —(0.7 £ 0.3)x10"1GeV?C,
(de Vries, Mereghetti,
Walker-Loud ’15) ChPT & QCD sum rules;

enhanced by G”?N ~ 47
(deVries et al 21) 29



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, dyy (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 :

o (my, —mg)m, - .
g ~ 4m— 2 0 + (m, —mg)A,dy, + Ay (dy— dg)
X
NDA < L em A2 AXd
NTAL A, AT a)




Nuclear and Atomic EDMs’ profile

eg1(0)

— ~ —(3.7+ 34
mndn(e) (37 ? ),
eg1(C2) 3 1, =

~ (2.3+292) x 1 dg =mgC

d (G (2.3 ) x 107, q qb2
_PQ
eﬁpgb);g_QQOia&nx1@,

eg1(ACy, w) eng(AC’g,w)
My dn (AC2, w) mndEQ(ACQ, w)

~ —(5.1 £ 2.5) r(A),

The ratio g;/d,, can clearly distinguish quark CEDM-dominant CPV (with
| without axion) from the others including the 8-dominant CPV.

For the gluon CEDM-dominant CPV, on the other hand, g; is not enough,
and one may need §.

31



dp[107% e cm]

dra[107% e c¢m)

Nuclear and Atomic EDMs’ profile

Choi, SHI, Jodlowski in preparation

0 05 0.0

d,[107%% e cm]

dp has no limit yet but to be probed up to 1072° e cm in a storage ring experiment

"""" Oqcp

W (no PQ)

W (PQ)
gcepm (no PQ)
qgcepm (PQ)

F. Abusaif et al. (CPEDM Collaboration) ‘19

dpg < 1.4%x10723 e cm (to be improved up to 1x10728 e cm)

dp[107%0 e em]

dxe[107%% e em]

-0.5-

-0.00005

1.0

0.5

===

0.0

........

-1.0 -0.5

0.00010

0.00005 -

0.00000

-0.00010 ———
-1.0

0.0 0.5 1.0
d,[107% € cm]

M Bishof et al ‘16
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Conclusions

Axions, once discovered, may give us a clue of UV physics including string
theory by the characteristic pattern of low energy couplings to SM particles.

The measurement of the axion-electron coupling is particularly important

for pinning down the microscopic origin of the QCD axion.

Nuclear and atomic EDMs are powerful probes for BSM above TeV scale

and/or string theory.

CPV from string theory may be imprinted in a large QCD 60-parameter if
there exists the QCD axion.

We find that the CPV from BSM scenarios dominated by gluon or quark
CEDMs can be experimentally discriminated from the #-dominant CPV by

characteristic EDM profiles.

Interestingly, quark CEDMs may tell us whether the QCD axion really exists

or not.
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Back-up slides
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Running of axion couplings by Yukawa interactions

K Choi, SHI, CB Park,SYun ’I7, Camalich, Pospelov,Vuong, Ziegler, Zupan 20
Heiles, Konig, Neubert ’20, Chala, Guedes, Ramos, Santiago 20

a

H
e e B v ” 0
8MG, t t gz‘ a Auv A
i chw U“erachH H]! zD“H +; 327T2 f — FH F
dCQ3 ~ fy y2nt
dlnp — 16mw27"
dCUC g ng = Cy¢ + Co + Ccy
uS0.H » 5 o SY 20 3 3 a
YeusQsHa diny  8x2/t™ = 0 for KSVZ-like models
dew, 3 2y + 0 for the DFSZ model
dlnp — 8r27t

below p = my+
¢ = {1 for non-SUSY models
y =

2 for SUSY models 35



Running of axion couplings by gauge interactions

Srednicki ’85, S Chang and K Choi '93

" K Choi, SHI, CS Shin ’20,
Chala, Guedes, Ramos, Santiago 20
QCA Bauer, Neubert, Renner, Schnubel, Thamm 20
7-[-2
Oua Zc Yloty + Y en, HTzD“H & pAw A
£ v e 327r A7 v
2
dC¢ 3 92
_ A C ~ ~
= - — | = CA = CA — E Cy/y!
gauge A i
2
dCHa f Z 3 ( 124 ) (H ) N + O
e —CH _ A Q CA o _ o o
dIn |00 — 9 \ 8712 for field-theoretic axions
below the mass scale of
¢, = 1 for non-SUSY models cy = 0 for non-SUSY models the heaviest 1,0'
2/3 for SUSY models 2/3 for SUSY models

Ca(®) : quadratic Casimir 36



Numerical results

For mgey = 101% GeV and tan 8 = 10,

—————

Cul2GeV) = Culfa) 4 0.28n4(fu)l4 177 86(fa) + 0528w (fa) + 0,086 25 (fa)) x 107,
Cy(2GeV) ~ Cy(fa) +0.31 nt(fa) [19 40G(fa) + 0.23 5W(fa) +0.0047 5B(fa)] X 10_3,i
)

_________________

____________________________________________________

J’t Mpsm 2
gz U I, =~ 03 mella) (“17) & (fa) In 2~ (107~ 1072)2 (£)

37



AC, in KSVZ-like models

Srednicki ’85
S Chang and K Choi ’93
Bauer, Neubert, Renner, Schnubel, Thamm 20

w4

Y,
X

_______________________________________________
~~~~~~

Cu(my) =~ [0 84 ci - 0.03 ¢ [+ 0.28 ey + 0.10 CB} x 1073 (KSVZ with MSSM)

Ce(me) ~ [o 83cq |- 0.03 g+ 0.54cw +0.13 cB} x 1073 (KSVZ with SM),

~

______________________________________________________

Previously ignored because (%>3y20G In (ﬁ) ~ 1073
my

it is at three-loop level. 38



Consequences in low energy observables

Axion couplings to the photon, electron, neutron, and proton below GeV

Gar

gap

Gan

Yae

2

2

12

2

12

2

1 I 5 Jae _ Jan _ Gap _
- E-B+0 p p Jap o
1 Jar@ T Opa [2m6 ey se g Tasn 2my, PP
Qe 1 2my +4dmy Qe 1

e -3 o~ — —1.92
21 [y (CW + o5 3 My + my ) 21 [y (CW tes ) CG)’
Mp <C’uAu + CyAd — ( Md__ Ay, + LACZ) CG) 7
fCL My, + mq my, + mgy — I
My (plur"ysulp)
7 (0.90(3) Cu(2GeV) — 0.38(2) Cy(2 GeV) — 0.48(3) cG), R
— | CijAu+ CyAd — ([ ————Au+ ——Ad : -
fa ( Asu (mu+md v My + Mgy )CG) | <p|d,)//i,>/5d|p>
% (0.90(3) Ca(2 GeV) — 0.38(2) Oy (2 GeV) — 0.04(3) CG) , hAd
%Ce(me)a Cortona, Hardy,Vega,Villadoro ‘15
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Taking into account the radiative corrections with the choice of parameters

fa = 1010 Ge\/, tﬁ = 10, and Meysy = 10 TeV,

mp,
Jan == K {

Mme
Jae > E {

/

O(1), DFSZ-like
§ —0.48¢cq + (0.5cy + 0.05¢p) x 1073, KSVZ-like
\ —0.48¢cq + 0.7wfgéUT x 1072, String
(0(1), DFSZ-like

—0.03¢cg + (0.5¢cp — 0.15¢5) x 1074,  KSVZ-like
| —0.03¢cg +0.63wrggyp x 1072,

String

"

O(1),
(cq + 0.4ey + 0.15¢g) x 1073,
| (ca + 0.4ew +0.15¢p) X 1072 + wiggyp x 1072,

DFSZ-like
KSVZ-like
String

For the string-theoretic model, a universal scaling weight w; is assumed.

Ex) w; = %, w;géyr ~ 0.25 in a type-lIB string Large Volume Scenario
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Laboratory searches for axion DM
-photonic probes

- . E .
%CLFF » V X B = %—t—gchata

. . J.q effective current
Background axion DM field ©

a = ag cos [mg(t — v )] » Jof ™ Gary \/ﬂé Sin Mgt

1 3 ~ 1073
Pa = 57712@(2) A~ 107
The best experimental sensitivity on g,

is obtained when p, = ppy-

Misalignment axion DM
1

10— 22 1/4 6
=107 Gev VAT
’ ( ) PDM 82 Ja

Given axion DM mass,
Jay is determined for ¢, ~0(1). a1




Current and future limits on g,,
Choi, SHI, Shin ’20

Obata, Fujita, Michimura ‘18 -1o}:
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Marsh, Fong,

Lentz, Smejkal,
Ali‘l8

ADMX,
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MADMAX...

©
frequency signal O)
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Kahn, Safdi, Thaler ‘16
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Laboratory searches for axion DM
-nucleonic probes

Va - :
8Ma _ 7“75]\[ l JaN NSy YN .nucleoh

Imn VNN gyromagnetic
— ratio
Beff

Background axion DM field
=y V 2pa/ — .

a = ag cos [mg(t — U - T)] eff =~ JaN Vg SN Mg

TNMN
_ 1 2.2 3] ~ 10”3 .
Pa = 5Ma0 The best experimental sensitivity on g,n

is obtained when p, = ppy.
Misalignment axion DM

1/4
fa ~ 1017 GeV (10 22 ) » gaN - Ca,q >< O( )
\/ PDM

Given axion DM mass,
Jan is determined for c,,~0(1). 43




Current and future limits on g,y

-8f

Bloch, Hochberg,
Kuflik, Volansky ‘19

gff Caellle
BN L 1
Beff CaNTMN

Graham, Haciomeroglu, -14

Kaplan, Omarov,
Rajendran, Semertzidis 20

-16}

Comagnetometers

SN1987A

| Choi, SHI, Shin "20

™ Kimball etal ‘17

Logg[m, / €V]

.........

< S

NMR
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Effect of the QCD axion

0GG + (myqrqk +h.c) — (\mq|e quR—I—hc) 0 = 0 + arg(my)

qr, — C]Le_i

(chiral rotation)

(\mq|ei§qu§ + h.c.) + Voo (0) + (idquaﬂyGuyqf% + h.c.) + dyy GGG

‘ QCD confinement (NDA estimation)

5 \mq\ cos 6 + VQ(;(é) +

AS

¥ X)3c2qsinéi
s

5)

()P

Imyg|dw sin 0

When the PQ mechanism is working (i.e. 8 dynamical),

95V = 0 »

(0)

~ (4r)*

05VaQa

‘mq|A§<

X q + XdW

41 |my|

4
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Demir, Pospeloy, Ritz ’02
Haisch, Hala ‘19
Yamanaka, Hiyama 2|

CPV CPV CPV
—(O—>
N N N N N N

The QCD sum rules indicate that the nucleon EDMs are dominated by
the CP phase of the nucleon mass.
(Maybe due to the isospin-singlet nature of the CPV sources)

o 1 .
’mN|N€rW5aN + §NN93N0'MVNF,LW Hp = —HUn

v v
1

_ 1 _ — .
iImN|NN + §MN93NUWNFW — §OCMN93NUWW5NFMV

: isovector nature of nucleon g-2
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RG mixing among CPV operators

Above TeV QCD scale (~ 1 GeV)

Y
:Sj (leading log apprOX|mat|on) ﬁ
q q

quark EDM quark EDM
S S
q —b—(ﬁb— q q —b—(ﬁb— q
quark chromo-EDM quark chromo-EDM
S S
g m(ﬁ'r g g m(ﬁim g

Weinberg operator Weinberg operator

N\l

(Adapted from Nodoka Yamanaka’s slide)
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RGE at 1-loop

dy (1) dy (1) dw (1)
Cy(p) = Z022 ooy = 22 o) =
1(1) 0, 2(1) - 3(1) 7
0C g3
po— =257 C

on 16w

Ye Veq 0 80}7 SCF 0

Y=1 0 9 v | = 0 16CEF — 4N, 2N,
0 0 ¢ 0 0 N+ 2ny + Sy

.« Cp= % (quadratic Casimir) * 7y = number of light quarks
« N.=3 * Bo=(33-2nf)/3
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From QCD scale to nuclear CPV observables

QCD scale (~ 1 GeV)

Y
q_.{j'_ﬂ._q
quark EDM
S
q_._(ji._q
quark chromo-EDM
S

e,

Weinberg operator

CPV at nuclear level

Y

N —D-Cﬂ— N
l Nucleon EDM

Chiral EFT

Naive Dimensional N N
Analysis (NDA)
QCD sum rules N N

Lattice inputs

CP-odd nuclear force
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Neutron EDM from VLQs

l) Weinberg operator dominance (no s-h mixing)

yvs=a =1
Logodn"” / (e cm) Logo dn? / (e cm)
00— T ™ 100 T
N ] . g
5000+ el 5000 ———n
. R ‘\\ |
S o =S 2
= -285 > |
Q \ ' o - ~
o 228 o o -29
S - N\ S \
1000 — . | 1000 N \
-‘27\5 B —28\5 '
| \'\\ \ ! \ \
5001 T~ ~27 | 500 — -‘z.t{
. \ ~. \
1 -26.5 “ AR 275 N
500 1000 5000 10 500 1000 5000 104
ms (GeV) ms (GeV)

|d,,| < 1.8x107%¢ e cm

Abel et al ‘20
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Neutron EDM from VLQs

Il) quark CEDM dominance (with a sizable s-h mixing)

— — 2 2 2
ys=a=1  S?|H|* > O, ~ (S}H)/m5 ~ v/mg
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o o \\ 05—
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1000 / “\\ \ \ 1000} T~— o TN \ l
: N\ N\ |
500} - o \ \ \ \ 500 }‘)35 |
. \\, —26 ‘YI‘ ‘ ‘ ||’
<2525 \ | | obo
500 1000 5000 10° 500 1000 5000  10*
ms (GeV) ms (GeV)
cm  Abel etal 20
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