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The Strong CP Problem

Most general gauge invariant lagrangian for strong interactions
(up to dimension 4 operators which ensures renormalizability)

1 S
L=~ =G%G" " + g (1, D" — M) q + —20G2, G

4 / \ 8
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Matrix) ~E&-bB

Measure of é — 0 + argdeth < 10—10
strong CP

violation limit from Hg and neutron EDM experiments



Why is 6 so small?
Peccei-Quinn (PQ) Mechanism:
CP-violating é 5 a

parameter

e the axion is a pseudo-goldstone boson of a U(1) spontaneously broken symmetry at high energy scale ¥
(decouples from regular matter early in the big bang) @
e axion obtains a potential (and hence mass) in nonperturbative QCD.

*CP violation is large in early universe, but very small now.

QCD confinement scale

U

large CP-violation U

P a

early universe now



Axions as Cold Dark Matter

Mostly defined entirely by two parameters: m,, [,

\ symmetry

mass breaking
energy scale

e the parameters are related by mass generating mechanism

In most popular model mass is 2 2
generated in nonperturbative QCD mafa ~ AQCD ~ (200 MeV)

e coherent classical scalar field a =ap oS (W?f —k- 33)

-amplitude from dark matter density w2 =m2 1+ k2
-decoherence from gravity-induced gradients o

k =muv

e amplitude and velocity estimated by astrophysics
1 5 GeV

iaomg =pDM ~ .3

very specific prediction! 1 free parameter (m)

0 :fi ~ 10719 cos <l§ o wt)

cm?3



Axion Interactions
QFT Lagrangians

(slight notation change here)

r L a G/W, aé a generates oscillating nuclear electric dipole moments and
agg —Yagyg pv magnetic quadrupole moments in systems sensitive to qcp

/Layy —Jfa~y~A E-B generates axion-photon conversion in the presence of a large magnetic field
o _ 0 — 5 =
L,.. =0agq0 EMeY €

generate oscillating atomic parity violation,
1 1 5 ™  oscillating lorentz violating interactions, and
,Caee =Y,ce (5’Ma,) ey ’y“e oscillating atomic electric dipole moments




R— Gluon Coupling

ga ~ [107°GeV "] gagg

frequency (Hz)

102 10% 10° 108 1010 1012 1014

1073

10710 CASPEr Proposal
& | Budker PRX 4 (2014)
>
(] = .
(D .
5} B ¢ solid state QCD Axion .
-15 . . _
10 oscillating n
ol |
10-20 1
J | | | | | | ]
10714 10712 10710 1078 107° 1074 1072 10°

mass (eV)

search for oscillating nuclear moments in systems sensitive to 6,



Solid State
Oscillating EDM Measurement

Budker D, Graham PW, Ledbetter M, Rajendran S, Sushkov AO. Proposal for a Cosmic
Axion Spin Precession Experiment (CASPEr). Phys. Rev. X. 2014;4(2):021030
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Gluon Coupling

frequency (Hz)
102 10* 10° 108 1010 1012 1014

1073

1071
2
&) QCD Axion
o3 10-15 | h
- e 229ThO MQM Measurement
*0cp~1010 sensitivity -
B ~100 uHz freq sensitivity ]
10 e ACME Apparatus Operated |
in “AC” mode -
A | | | | | 1 1

1014 1012 10710 1078 107 10~* 1072 10°

mass (eV)
7 order of magnitude away

from QCD axion



An AC ACME Experiment

¢ Oscillate the Electric Field Adiabatically so that Molecules Stay in the Same Eigenstate

AC ACME Experiment with Oscillating EDM, off-resonance
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o If the frequency and phase of the electric field oscillation matches the axion field (within 1/t)

then a DC phase shift is registered in the experiment
AC ACME Experiment with Oscillating EDM, on-resonance
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An AC ACME Experiment

¢ Resonant signal

~ deEerdt
d, () =d© sin(wqt) ¢ (%) /0 f

(NE (1)) ~sin(wet + ) zld(mg - sin ((we — wg) 7+ ) —singp
© (we — Wd)

¢ Rejection of DC, and E-field phase independent measurement by fast phase switch

5 =5\ (0(¢) — 09+ 1) + (6 (9 +7/2) — 6 +3m/2)

1
sinc (2 (We — wq) 7') ‘
¢ Possible systematic errors?
- g factor difference between omega doublets coupling to AC magnetic field noise

§d 507'

. 1
O (Ag) =5 g™ us B (2we)T

- what are the effects of residual stray EM fields? Non-uniformity of AC field? ...



¢ Technical considerations:
- Time response of field plates needs to be carefully characterized...
- Gen Il field plates might be faster than Gen | plates (resistivity/square is smaller?!)

- Might be able to replace E-field supply with AC supply or capacitively couple in the AC
(need about 2V amplitude at 1kHz-1MHz)

-Higher J is better (larger omega doublet splitting implies larger possible frequency band,
but will require larger electric field amplitude to reach saturation)

-oscillating electric field generates oscillating transverse magnetic field via maxwells
equations (could this do bad things?)
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Axion Electrodynamics

L =ggyyaf - B Pure 4-Divergence for constant ©
0 =goma (all physical effects proportional to axion derivatives)
=Yayy
axion gradient-B field source
(ignore- effects are smaller than
V-&E=p—-VbO-B temporal-derivative coupling by
VxE=-B e
L axion temporal derivative source
V-B=0 (dominant source assumed in
_ ¢ ] most axion dark matter
VxB=E+J+0B+VOxE oroposals)
2 S .
Via—a= ga77£ B axion gradient-E field source
Maxwell’s Equations (ignore unless E>10% B)

Driven Wave Equations photon-axion conversion

2 a 2 erturbative solution (ignore- effects on
V<& — & =08 P e
1 1 0 0 —independent of axion field elec;romagnehc ﬁﬁlds arle_
VQBl . Bl —_f (V X BO) 1 — proportional to axion field quadratic in a small coupling)

Separate Time Oscillatory Part and Solve By Helmholtz Greens Function

3 /
—zm‘r—r |

51 (7’) :m2ga,wa0 COS (mt) / d37’/ mgo (T’l>
0 =gq~~ao cos(mt) I
By (1) =mgay~agp sin (mt) /d?’r/e

A7 |r — 1|

V x BO (7“/)



Axion Electrodynamics Within ThO

looking for axion-photon interaction within the molecular frame

— By~ o5t ~ 10T
7TTB

— £y ~3 — ~ 5 GV /em
"B

By ~(mrp)(garya0)(p % Bo) sin (mt)

m E1 ~ (M7 B)?(garya0) Bo cos (mt)

e Axion Induced Magnetic field modulation is perpendicular to axis, changes O
-not sure how to measure this effect...

e Axion Induced Electric field modulation changes the molecular electric dipole moment
-shows up as an oscillating ThO EDM...

OF OF IMH i
5 ~ [5 : 109GeV_1} Z 25 orders of |.1nagn|tude away
mrp)2ag DBy 10—4Hz m from QCD axion!

0Gary N(



Axion Electrodynamics Within ACME
Experiment

use the molecules to detect axion-photon coupling within the experiment

e If we had a 10 tesla magnet in the experiment, then the effect is much
larger because the spatial extent of the field is much larger, and we can use
as electric field sensors:

o o 1MHz
~ 5.10-1 ~1
mrg)2ao DBy (5107 Gev™] (10—4Hz> ( m )

e Now, only 5 orders of magnitude away from the QCD axion, but this is a
completely different experiment, would explore some new parameter
space, but not much.

0Garyy ™~ (

eThis is pretty much a standard axion )>&&_(
search method, but here the molecules —_— > Co
are the field detectors A_L,,




Aside: Axion Electrodynamics
With Magnetic Monopoles

Visinelli 2013 arXiv:1401.0709v1

e Maxwells equations take on a more symmetric form
e EM fields can be generated without derivative of axion field
e Axion field causes electric charge to take on oscillating magnetic

monopole-like character

V- (E-ck0B) = p./eo,
Vx(B+kOE)=0;(E-ck0B)/c+cupJe,
V- (cB+KOE) = cug pm,
VXx(E-ckdB)=-0,(cB+Kk0E) [c—poIn,

_ K ou(6)
DH——MOCE-B— TR

* In this exotic model, an AC ACME experiment is sensitive to the QCD axion
(oscillating H state EDM caused by effective electric field
generating an oscillating internal magnetic field, causing spin precession)

. OF - —-19 —1 oE m
0Gary~ _aogs,uBgeff ~ [10 GeV ] (10—4 Hz) (kHz)

e Lots of people think magnetic monopoles exist, but better not to assume out-right



Axion-Electron Coupling

0 0 — 5
‘Caee :gagga“ EMme7y € D
- H:g(l) éz—e-ae—}—Va-Je}
,Cl

aee
_ 1 = O Me
aee _gaee(a,ua’) 6/7 ’Y €

both of these couplings have
roughly the same effect

atomic parity violation axion wind effect
(from axion time (oscillating spin
“p\/ Induced EDM” derivative coupling) prece-ssi0|'1 around the
e Oscillating parity violating term cosmic axion momentum
mixes opposite parity states. direction)
* Apply small stark mixing to result Axion Wind Spin Precession

in energy shift linear in electric field
e Axion frequency assumed to be
close to omega doublet splitting,
modulate electric field magnitude (modulate electric field to drive
in partial polarization regime. electrons into and out of

* Relativistic calculations are polarization along the electric field
probably required to estimate axis)

sensitivity to this effect

perform an AC spin precession
measurement



Axion-Electron Coupling

Not very sensitive to axion-like particles

axion PV measurement in ThO?

axion wind measurement in ThO
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Conclusion

Model Coupling Constant Mass Scaling
QCD Axion g = (10_19 GeV_l) X (1) (favored model)
ALP Models g < (10710 Gerl) m < THz (to say something interesting)
m > kHz
Experiment Details Coupling Sensitivity Mass Scaling Sensitivity
229THhO AC MQM 0Gagg ~ [3 x 10710 GeV_l] X (%) X (1OEEHZ ALP level, but requires 22°ThO (expensive, radioactive)

1 MHZ) %

po Horrible axion wavelength/molecule size mismatch

a7 inside ThO 8Gavyy ~ [6x 1072 GeV™']  x

(
a7y~ inside ThO with MM 8Gavyy ~ [1 x 10712 GeV™]  x (1) X
(1

ALP level, requires huge magnetic (experiment change)

a7y from huge magnet OGary~y ~ [5 x 1071 GeVil] X
Not Very Interesting, Need Relativistic Calc.?

aee in ThO (PV induced “EDM”) 8ggee ~ [5 x 1073GeV 1]  x (iMHz )3 x
12-24 Hour and Yearly Modulation of Signal

SF ) QCD axion level!!l, but requires magnetic monopoles :(
aee axion-wind in ThO 0Jace ~ [2 x 1073 GeV_l] x1 X )

most promising:
¢ 229ThO AC MQM Experiment
e AC Stark Shift Modulation in Large Magnetic Field

Both require significant changes to
existing experiment

Probably wouldn’t probe any interesting parameter space with an “AC Electron
EDM” search in ThO with existing apparatus



In favor of performing an AC ACME Experiment:

e ‘Born doubted that the deflection experiment would prove
worthwhile. Gerlach’s response was to quote a favorite saying “No
experiment is so dumb, that it should not be tried” *

e We don’t have much of an idea of what dark matter might be yet — if
this observable might be related to dark matter, and if it is easy to
check, then it might we might as well.

e Theories don’t predict that we would see anything. But theories might
change — in the future we might regret not having performed this

measurement.



Lorentz Violating Observables

(Standard Model Extension)

1 1

Photon Sector L=— 2 w P+ 5 (kar)” GMWAAFW relativistic lagrangian
1
P,T violating, might — —(kF) o r FrA v
show up in EDM signal 4 e V-D=0
) VB =0
Kosteleck _
(zcg,o;)ecy D—(1+I€D5)5+HDBB -|—2k‘:)4p X ./4 v XH—a()D —(
82)8210031 , H = (1 + H%B) B+ kye&l+ 2k ar Ao V x & — 0yB =0
. \
modified field definitions (k are matrices) modified maxwells equations
Fermion Sector L= il 5w — oM
—5i0T, 0" — GMY
Kostelecky M = I N N 1 pv relativistic lagrangian
(1999) =+ ayt + 0y + S o
arXiv:hep-ph/ 1 N
9908504v1 L'y =y + C/u/}/u + d/u/}/5fyu + €y + ifu75 + §g>\;u/0- H

H =A + Bjo; + Cip; + Dijpioj + Eijpip; + Fijkpipjok non-relativistic hamiltonian

" . “cosmic EDM field”
EDM Sector /

H =b;o; + dijo'igj + ,uijgiBj

non-relativistic hamiltonian Altarev et al.
“in the spirit of the SME” EPL 92 (2010)




Table S3. Maximal sensitivities for the photon sector

d=3 Coefficient Sensitivity
(3) _
k(V)OO 10743 GeV
k)10 10742 GeV
Re ki), 10742 GeV
k), 10742 GeV
d=14 Coefficient Sensitivity Coefficient Sensitivity
(’%E—I—)XY 10—32 (R@_>XY 10—17
(/%e—l-)XZ 10—32 (IZJ@_)XZ 10—17
(~€+)YZ 10732 (~6_>YZ 10717
(/N{e+)XX _ (’%e—i—)yy 10—32 (RE_)XX _ (RE_)YY 10—17
(/N{eJr)ZZ 10—32 (/%67)ZZ 10—16
(I’%O_)XY 10732 (RO+)XY 10713
(/'%O_)XZ 10—32 (ffo—i—)XZ 10—14
(NO—)YZ 10—32 (,%O_’_)YZ 10—14
(/%O_)XX . (/QO_)YY 10—32
(/’%O_)ZZ 10—32 /%tr 10—14
Isotropic Coefficient Sensitivity
(3) -
k(V)OO 10743 GeV
e\ Poo = VATRe 1071
(5) - -1
k(V)OO 10734 GeV
CE%OO 1072 GeV ™2
k(300 10727 GeV™?
CE%OO 10724 GeV ™4
kL) 102! GeV >

From Kostelecky’s amazing list of limits
on Lorentz Invariance Violation!

If we are sensitive to this parameter, we
could probably set a limit like:

/iffic) <do/pp ~5x 1071

(Would require careful reanalysis of Gen
| data looking for a particular Lorentz
invariance signature)

If we are sensitive to this parameter, we
could probably set a limit like:

/ﬁ(@ < de/upai ~5 x 10729GeV?

o






