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Strong CP problem and QCD axion
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Non-observation

‘ P= " +arg det(y,yq) < 10 © of neutron EDM

_ [Abel et al QQ]
CPV in the QCD sector | -
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QCD axionlagrangian
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The axion couplings to the other SM particles
1, (lyl,+l,+ depend on UV physics.




Axion-Like Particles (ALPS)

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

[Arvanitakj Dimopoulos DubovskyKaloper MarshRussellD9]
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1) approximate shift symmetry/ (+)o, a(x) ! a(x)+ c (c" R)
. ALP can be naturally light.

i) periodicity &%) af(x)
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. I} characterizes typical size of ALP couplinggo the dimensionless
parameters'. #', #¢ which depend on UV physics. %



AXIions In string theory  witen @4

4D axions'{) *-form gauge fields

- harmonic. -form on
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N 'B7(x)= "na(X)  Modetindependent axion from-form field
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i) Contribution to axion potential from brane instantons
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Axions from pform gauge fields have comparable
strength for axioamatter and axiorgauge couplings.
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KSVZ axion

Kim @9, ShifmarVainshteinZakharov®0

The axioncouples to SM fields via a heavy BSM feimiged
under the SM gauge group.
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DFSZ axion

Dine,FischlerSrednicki®1, Zhitnitsky 80

The axioncouples to the SM sector atlegekhrough the Higgs portal.
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Summary: characteristic patterns of axion couplings to
the SM depending on the microscopic origins
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String -theoretic axions ----- | -----
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Uncovering UV physics for axions by
coupling ratios
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EM dipole moments of a particle

A fundamental particle or an atom can haptectric dipole momentd)
andmagnetic dipole moment || along the direction of its spin.
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a A non-zero electric dipole moment breaks

the) and*% ,) ' invariancewhile a
magnetic dipole momerdoes not.
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CP violation is an important condition to generate the asymmetry
between matter and antimatter.

2( + DEF

Observed asymmetry : Q1 3

SM prediction:  Q gn 4 +. DEI

e.g. KonstandinProkopec G. Schmidt 003

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



paa‘ EDM probe for New Physics

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

* ) 01 u bn.
SM prediction £>+ 2@ A, - 097 mbet, } 8,3 J 2345

>9 ? @$) 33 A45 - 0$) 6 v b/(}";,
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Experimental prospect

2003.00717
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Within a decade, the experimental sensitivity on nuclear and atomic
EDMs is going to be improved by several orders of magnitude.



CPV effective operators from New Physics

CPV dimensioib operators of SM fields

faPeGaGPEC + HI°GE+ HEL ! W G, di
+ H@ ' W B dg + B erdkQ. + 444

‘ EWSB
- this work!

[f beGAGPEC+ g M i"sGpi g ] Gluon and Quark ChromeEDMs

+gl W i"sFu g+ @ M i"sF e+ goggg+ eegq
Quark and Electron EDMs 4-Fermi operators

e.g.) Split SUSY (Giudice aRdmaning05)  €.-9.) LR symmetric model,

Leptoquark (de Vries et al ©021) )
!



BSM scenarios

I Vectorlike Quarks
d,GGG K Choi, SHI, H Kim, DY Mo O1¢

' MSSM
I Split SUSY with liglgluinos

Hisanqg Kobayashi,
Kuramoto KuwaharaD15

I 2-Higgs doublet models

S.Weinberg 089
GunionWyler O90
Chang, Keung, Yuan 090
JungPichO14




Characteristic CPV signal of string thebry

A large QCD1-parameter from QG correction to the
QCD axion potential

V(9 % Vaocp (B + Voc (P

Vocp (P #$ m#f # cosP
Vo (9 # $ may M3 exp($ #) cos@+ "cp)

e.g. D3brane instantons in Type I[IB string

3
- mzoMp5 .
g 2= g "
m!zf!Z CP

Demirtas GendlerLong, SNA._ 1 Ini@1 0 Nearly flat logarithmic distribution
McAllister, Moritz 021 axion * TS over the landscape

A sizable'!? 09 %8 is easily realized in string theory.



BSM contribution to#$
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The BSM contribution can also easily give risé!t» 0% 8.
[e.g. Ford # 2 (dimension 6 operator), -, 7 0$$ TeV]

Can we experimentally distinguish stri'rnrgzluced(" } from
BSMinduced("} "



Do they predict different EDM signéls
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Estimation of the nucleon EDMSs
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If there exists the QCD axion (i.e. dynamidd|
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Nucleon EDM profile

Choi, SHIJodlowskin preparation

----- Quark CEDM (without axion)
————— Quark CEDM (with axion)

-1.0 -0.5 0.0 IIII 0.5 1.0
—26
d,[107°° e em]

If the QCD axion exists, the nucleon EDM profile is hard to distinguish the
" -dominant CPV (string scenario) from the BSM CPV scenarios.
If the large ratio>X>; (red band) is observed, it implies thitie QCD axion

may not really exist. "



Aids from CRodd nuclear force

’—»
N s s N » ‘

P, CP-odd Polarization of nucleus
nuclear force Atomic electric dipole moment

CP-odd nuclear forces are dominated
by CPV piomucleon couplings.

g &8N $ g &N

Isospinsinglet Isospinbreaking




Atomic EDMs from CRodd nuclear force

g 9" &8N $ g M&sN

Isospinsinglet Isospinbreaking

Diamagnetic atomic EDMs are particularly sensitive to
CP-odd forces.

B, ! " 7.7 10 4$! &2.5# 7.5%g ! "65# 40%g'e fm

dp ! " 0.94# 0.01$'d, %d,$ % &.18# 0.02%g:'e fm

de Vries, DraperFuyutqKozaczukLillard 021
OsamuraGubler,Yamanaka 022

Storage ring experiment is going to measure the EDMs

of such light nuclei. FAbusaifet al. (CPEDMCollaboratior) 019

(



g &N

P <%
NDA 6@7F3@@IDA =l (< @P <l 0> - | p @RP RY

ChPT& QCD sum rules;
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RGE effect
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The radiatively induced quaBEDM from the gluon CEDM is important
(even dominant) fo6}, while not for>, :
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Nuclear and Atomic EDMsO profile

er( .
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The ratio 6)X>; can clearly distinguish quark CEBdminant CPV (with
/ without axion) from the others including the-dominant CPV.

For the gluon CEDMlominant CPV, on the other han@} is not enough,
and one may neef}.
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Nuclear and Atomic EDMsO profile

Choi, SHIJodlowskin preparation
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Conclusions

I Axions,once discoveredmay give us a clue of UV physicsincludingstring
theory by the characteristigpattern of low energycouplingso SMparticles

I The measuremenif the axionelectron couplingis particularly important
for pinningdown the microscopicorigin of the QCD axion

I Nuclear and atomic EDMs are powerful probes for BSMabove TeV scale
and/orstringtheory.

I CPV from string theory may be imprinted in a large QCD " -parameterif
there existsthe QCD axion

I We find that the CPV from BSMscenariosdominatedby gluon or quark
CEDMscan be experimentallydiscriminatedfrom the " -dominantCPV by
characteristice DM profiles

I Interestinglyguark CEDMsmaytell us whetherthe QCD axionreally exists
or not. H##
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Running of axion couplings by Yukawa interactic

K Choi, SHI, CB Park, S Yun OT#malichPospelowuong Ziegler, Zupan 020
Heiles K3nig, Neubert ©20,Chala Guedes, Ramos, Santiago 020
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Running of axion couplings by gauge interactior

SrednickiD85, S Chang and K Choi 09
K Choi, SHI, CS Shin 020,
Chala Guedes, Ramos, Santiago O2(
Bauer, Neubert, RennegchnubeThammO20
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Numerical results

For<  us # 0% GeV andd9:; # 0%,

__________________________________________________________________________________

Cu(2GeV) $ Cu(fa) # 028nt(fa)+[17 7es(fa) +0.526w (fa) +0.036¢s (fo)] " 10 3,!
Cq(2GeV) $ Cy(f )+o 31nq(f )+[19 deg (f )+o 236y (fa) + 0 OO47eB(fa)] 10 3
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Y& In KSVZlike models -

S Chang and K Choi O9:
Bauer, Neubert, Renne&chnubeThammO20
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Conseqguences in low energy observables

Axion couplings to the photon, electron, neutron, and proton below GeV
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Taking into account the radiative corrections with the choice of parameters
= # 0398 GeV, y # 0%, and< \ome#t 0$TeV,

&
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a
) . 0486 +0.7$, g2y $ 10 2, String
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a
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For the stringtheoretic model, a universal scaling weighfis assumed.
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Laboratory searches for axion DM
-photonic probes

. —# G B

3,  effective current
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Background axion DM field
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Current and future limits on
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Laboratory searches for axion DM
-nucleonic probes
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Effect of the QCD axion
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‘ QCD confinement (NDA estimation)
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When the PQ mechanism is working (i"édynamical),
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The QCD sum rules indicate that the nucleon EDMs are dominated by
the CP phase of the nucleon mass.
(Maybe due to the isospisinglet nature of the CPV sources)
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RG mixing among CPV operators

AboveTeV QCD scale (~" GeV)
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RGE atl -loop
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From QCD scale to nuclear CPV observables

QCD scale (~" GeV) CPV at nuclear level
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Neutron EDM from VLQs

|) Weinberg operator dominance (nals mixing)
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Neutron EDM from VLQs

I1) quark CEDM dominance (with a sizablk mixing)
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