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Syllabus

e Introduction
 New (scalar) forces

e Gravitational Waves and Ultralight Dark
Matter

e New (spin-dependent) forces

(relation to axions, EDMS, Cosmic DM
experiments)



Ultralight field DM (cont’d)

Spin Type Operator Interaction Oscillating DM Effects Searches
<ealar SR, & Ocy |Higoe noseal / dilaton| e Mo 0 variation Atomic clocks [51]
' ' acceleration *
0 a GG axion-QCD nucleon EDM CASPEr [18]
pseudo-scalar| o prvj” axion-E&M IIMF along B field ADMX [13]
(Oua)y" s axion-fermion spin torque CASPEr [18]
A, Uyt Mmunially coupled acceleration *
1 vector Fo FH* vector—photon mixing EMF in vacuum DM Radio [32], ADMX
Fy oty dipole operator spin torgue CASPETr [18]
axial-vector | A/, ¢~"y°¢ | minimally coupled spin torgue CASPETr [18]
2 (7 tensor h TH (7) gravity-like grav. wave-like orav. wave detectors?

Arxiv: 1512.06165(2015)




Axions

e Light pseudoscalar particles in many theories
Beyond Standard model

e Peccei-Quinn Axion (QCD) solves strong CP
problem 6, <107 e et T

e Dark matter candidate
Experiments: e.g. ADMX, CAST, LC circuit, Casper

R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977);
* S.Weinberg, Phys. Rev. Lett. 40, 223 (1978);

F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).
e J.E. Moody and F. Wilczek, Phys. Rev. D 30, 130 (1984).



Axion couplings
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EFHVFM 4= Coupling to electromagnetic field
ADMX, DM Radio, LC Circuit
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f 4= Coupling to gluon field
CASPEr Electric
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7 Wiy Wy e Coupling to fermions
CASPEr Wind, QUAX
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AXion mass

The QCD axion mass is given by:

N Agep?

fa

Maq

Aqcp ™~ 200 MeV is the QCD confinement scale.

ALPs may have different A and f.



QCD Axion parameter space
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Axion Cosmology in light of
Inflationary scale

T 1 T | T . 1[]—12
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from: Luca Visinelli and Paolo Gondolo, arxiv: 1403.4594v2



Axion Dark Matter experiments

CAST, IAXO (Solar axions)

ALPS, ALPS-1I (produces axion-like particles in
lab)

Casper-Electric
Casper-Wind
QUAX




Axion-Photon coupling parameter
space
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Haloscopes

The principle of the microwave-cavity haloscopes:
ADMX, ADMX-HF, CAPP, ORGAN

Preamplifier

Oscillator

—— !--— ﬂvafva~ﬁ=~10'ﬁ

Frequency

v = maczj'h

Karl van Bibber




ADMX experiment

Axion couples to 2 photons g, — Resonant axion to photon conversion in
Microwave cavity in background magnetic field

am -

-7 77~ Stepping motors .
Cavity resonance tuned to match
Vacuum Pump <= oscillation frequency of cosmic axion field
_I..-L =g . Cryostat vessel

ol : I Magnet support

| A_ i ix" / Cavity LHe reservoir

a1 E i, -~ Magnet [He reservoir

. |
# E e

g Il I . 1.3K J-T refrigerator
g - g Carvity vacuum chamber
- LT - Amplifiers

] S| P
i& _‘_'_.--" ' - Tuning mechanism
|

- Microwave Cavity

4 —  Dielectric tuning rod

=~ Metal tuning rod

http://www.phys.washington.edu/groups/admx/home.htmi

" Superconducting magnet




ADMX-HF (new results 2017)

 Smaller (higher-freq 5GHz) cavity, JPA (quiet)

Transmission Fie_flection [ Pump TransmissionfReerction] Local
input Input oscillator
127 mK

Directional

Power
coupler

splitter

775 mK

Switch Circulator P
50Q termination Amplifiers

Brubaker et.al, PRL 118, 061302 (2017)



ADMX-HF (new results 2017)
 Smaller (higher-freq) cavity, JPA (quiet) amps

Frequency (GHz)

. 5.70 | 5.72 | 5.74 . 5.76 . 5.78 | 5.80
" 10
6 -
UF
S or ;
(% 4 F
= 4r
= 0 ' 5 10 5 20 25
~al m, (ueV)
[=4
E“' L‘\/\) This work
2 -
i kKsvz
DFSZ
0 _______ G, T T T ] ______---T _________ I- _________ I--
236 23.7 23 8 23.9 24.0
Mg (ueV)

Brubaker et.al, PRL 118, 061302 (2017)



Sensitivity of Axion Haloscopes

Mode coupling to receiver

, , - a’ Pa o A f
Power deposited by axions: Py = | g, —=—7 | | @.B§V C,,,,, 01

/ - ‘-'""14 I —+ ﬁ
Properties of axion, DM Properties of cavity
Model dependent coupling g, =-0.97, 0.36, Loyy = —Gayyal - B

for KSVZ, DFSZ models, resp.

Physical coupling in Lagrangian:  Gayy — (,f;;;ff/ﬂﬂz}”?a

Integration
Ps [T = time

Signal to Noise ratio: = = ———/
kgTs V Av,<——  Axion linewidth

. l |
Noise temperature limits scan rate: kgTs = f’w( T T 5T N,q)

Brubaker et.al, PRL 118, 061302 (2017) Amplifier noise /



Challenge at higher frequency

5
21h ga. . PDM 1
- Jayy : 217
P = CH 'f’;'_B 1'm!m'£.-;}
m2e Lo

/

Cavity parameters: Volume, Magnetic Field, Q

e \Volume of resonant cavity shrinks as EM mode
gets higher frequency

e Q of cavity tends to become worse at higher
frequency



ldeas for higher mass axions

 Orpheus (open resonators)
e MADMAX (J. Redondo lecture!)

i
Sem 10 em .
Wire Planes

FIG. 1. Model of the Orpheus experiment. The experiment
consists of a regular grid of wires braced by a pair of reflec-
tors forming a Fabry-Pérot resonator. The wire planes and
reflectors are supported on rails permitting the frequency of
the resonator to be adjusted with optimal alignment of the
magnetic field supplied by the wires.
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Orpheus experiment: G. Rybka et. al., Phys. Rev. D 91, 011701(R) (2015)
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Challenges at lower frequency

e Axion signal is getting weaker
e Larger volumes, magnets get expensive

e Can use high-Q LC circuit resonators rather
than cavity

B. Cabrera, S. Thomas (Workshop Axions 2010, U. Florida, 2010)



LC Resonant Circuit

e Axion electrodynamics F. Wilczek, PRL 58, 1977 (1987)
V-E=p—«Va- B,
i VxE= —9B/o:,
AL =xaE'B
V-B=0,

VxB=0E/dt+ ]+ x(aB+ VaxE)

In the presence of an external magnetic field BD

VxB,=J, =8B, 2
Ja gﬂat

B. Cabrera, S. Thomas (Workshop Axions 2010, U. Florida, 2010)



LC Resonant Circuit

0

SQUID
n_ OE o _pde
V x B = B Jayry (E x Va—B St)
- da
I = d = gvﬂjgr_BO
L L ot

Figure 1: Proposed LC Circuit diagram,
adapted from [1] Sikivie et al.

Sikivie, Sullivan, Tanner, PRL 112, 131301 (2014)
B. Cabrera, S. Thomas, Workshop Axions 2010, U. Florida (2010)



Search reach

10° 10° 10° 10" v(Hz)

Tokyo helioscope
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ABRACADABRA

e Toroidal geometry Search reach

v=mgf2r
Hz kHz MHz GHz

—Broad: By =5T, Vg =1m?3

=11
107 | _ _Broad: By = 20T.Vz = 1 m?

=== Broad: By = 5T, Vg = 100 m ?
Res:Bpy =5T. Veg=1m?
10-43L Res: By =20T.Vg=1m?

Res:Bpr = 5T, Vg = 100 m?
@ —I-! ]_D—lﬁ | -

Figure 1. A (gapped) toroidal geometry to generate a static
magnetic field Bo. The dashed red circle shows the location
of the superconducting pickup loop of radius » < K. The gap 10721k
ensures a return path for the Meissner screening current; see
discussion in main text.

Kahn, Safdi, Thaler, Arxiv 1602.01086




New Haloscope Proposals: ABRACADABRA (MIT) and DM Radio

SN 1987a y—ray

30 I ?)?TE

UoIXY

=l

|
=
(]

sadoosorey

E 10—14
N
&b

i

<
=i
=]

|

|
[
=]

Peter Graham




Other searches for axion-photon
coupling (non-DM)
 Helioscopes (no assumptions about DM

density at Earth, relies on solar physics)

e Light-shining-thru-walls (LSW) (model
independent, direct conversion of lab photons
into ALPS and back again

- Good experimental control over system

- However only sensitivity for ALPS, not
QCD axion



Helioscopes: CAST experiment

Conversion of solar axions to x-rays in background B field




Helioscope of the future (IAXO)




ALPS & ALPS-II (Any light particle search)

¢ ¢
'T»'W\E = > gvvv’r
Light shining through walls!
g g g = .

,...}'.* ,..T-*

B 2 L 2 g 2
_ 1017 ayy
Pacry = 2.6-10 (1 T) (10m> (10—1“Gev—1)

https://alps.desy.de/

o



Axion-Photon coupling parameter
space

Loy = —Garak - B
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QCD Axion parameter space
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Axion coupling to nuclei

I Bloch Sphere for 2 level system

|1}



Nuclear Magnetic Resonance (NMR)
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PHYSICAL REVIEW X 4, 021030 (2014)

Proposal for a Cosmic Axion Spin Precession Experiment (CASPEr)

Dmitry Budker,"5 Peter W. Graham,2 Micah Ledbetter,3 Surjeet Rajendran,2 and Alexander O. Sushkov*

lDeparrmemf of Physics, University of California, Berkeley, California 94720, USA
and Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
2Deparrmenr of Physics, Stanford Institute for Theoretical Physics, Stanford University,
Stanford, California 94305, USA
3AOSense, 767 North Mary Avenue, Sunnyvale, California 94085-2909, USA
4Departmem of Physics and Department of Chemistry and Chemical Biology, Harvard University,
Cambridge, Massachusetts 02138, USA

>Helmholtz Institute Mainz, Johannes Gutenberg University, 55099 Mainz, Germany
(Received 9 July 2013; published 19 May 2014)

We propose an experiment to search for QCD axion and axionlike-particle dark matter. Nuclei that are
interacting with the background axion dark matter acquire time-varying CP-odd nuclear moments such as
an electric dipole moment. In analogy with nuclear magnetic resonance, these moments cause precession of
nuclear spins in a material sample in the presence of an electric field. Precision magnetometry can be used
to search for such precession. An initial phase of this experiment could cover many orders of magnitude in
axionlike-particle parameter space beyond the current astrophysical and laboratory limits. And with
established techniques, the proposed experimental scheme has sensitivity to QCD axion masses
m, < 107° eV, corresponding to theoretically well-motivated axion decay constants f, > 10'® GeV.
With further improvements, this experiment could ultimately cover the entire range of masses m, < u eV,
complementary to cavity searches.

DOI: 10.1103/PhysRevX.4.021030 Subject Areas: Cosmology

D. Budker et al., Phys. Rev. X4, 021030 (2014).



Principle of CASPER experiments
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axion “wind" U,
OR E*

Larmor frequency = axion mass =» resonant enhancement

SQUID measures resulting transverse magnetization

Example materials: liquid 29Xe, ferroelectric PbTiO3



Axion-induced electric dipole moments
(EDMs)

Nuclear EDM from the strong interaction (strong CP problem):

d%?)xl()_me-cmx@QCD.

Nuclear EDM from axion field:

a Can be thought of as

-~ —16 _ . .
d~ 3 x 10 €-Ccm X fa ’ an OSC|”at|ng eQCD'

N3><10_16e-cm

fa

X ag cos (mgt) .



Axion oscillation frequency

Determined by the axion mass, related to the global symmetry
breaking scale f,, :

(200 MeV)?
fa

meg

~ MHz x
(™

1010 GeV)

f, at GUT scale — MHz frequencies,

f, at Planck scale — kHz frequencies.



Axion-induced oscillating EDM

Assuming axions are the dark matter, the dark matter density fixes
the ratio a,/f,:

4
5 (200 MeV)™ GeV
pDM ~ maao ~ faz a,o ~ 0.3 Cm3 s
ao —19
— ~ 3 x 10 .
fa

This generates an oscillating EDM:

d~ 10" e.cm x cos (mgt) .



Nuclear Magnetic Resonance (NMR)
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NMR resonant spin flip when Larmor frequency

2uBext = w



EDM coupling to axion plays role of
oscillating transverse magnetic field

l

vy

ext

SQUID $H$ $
e ||| EEE
BEE P

Larmor frequency = axion Compton frequency
=> resonant enhancement.



sin [(Qp — mg)t]

Signal estimate O —ma

l/
M (t) =~ (npu) x (esdE™) X Sin [g(;zl’__mma)t] sin (2,t) ,

n = atomic density;

p = nuclear polarization;
L= magnetic moment;

E* = effective electric field;
& = Schiff suppression;

(), = Larmor frequency.

D. Kimball



y
: E* ~ 3 x10° — !
Sample choice © 7

Need maximum n, p, E*, and &, and long T..

For the first generation CASPEr-Electric experiment, we plan to
use a ferroelectric crystal, likely PbTiO; or PMN-PT.

PHYSICAL REVIEW A 77, 022102 (2008)

Nuclear-spin relaxation of ’’Pb in ferroelectric powders

L.-S. Bouchard,w< A. O. Sushkov,2’+ D. Budker,z’3’i J. J. Ford,4’§ and A. S. Lipton4’H
'Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
2Departmem of Physics, University of California at Berkeley, Berkeley, California 94720-7300, USA
SNuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
*Environmental Molecular Sciences Laboratory, Pacific North-West National Laboratory, Richland, Washington 99352, USA
(Received 15 November 2007; published 4 February 2008)

D. Kimball




Experimental strategy

(1) Thermally polarize spinsin a
cryogenic environment at high
magnetic field (~ 10 T);

(2) Scan magnetic field down
from 10 T -- Larmor frequency
decreases from ~ 50 MHz;

(3) Integrate for ~ 10 ms at each
frequency, complete scan takes

around 1000 s = T, to complete.

D. Kimball

Shims-.__|
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..
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console

Magnet Coil
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Experiments beginning!

D. Kimball



Challenges

(1) T, acquires field dependence due to paramagnetic impurities
— long T, at high fields, short T, at low fields:

this is a problem for duty cycle and maintaining polarization at
low fields: recent measurements look promising!

(2) The chemical shift anisotropy (CSA) can broaden the
resonance.

(3) Vibrations can be an issue for low frequencies/fields.

e Estimates of thermal drifts and magnetic field fluctuations
indicate that they shouldn’t be a major problem.

D. Kimball
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Phase 2 requirements

(1) Longer coherence time: T, = 15s.
(2) Hyperpolarization: p = 1.

(3) Larger sample size: V ~ 100-1000 cm3.

R&D required!



Axion/ALP-induced spin precession
(axion wind)

Nucleon in

L Axion Wind
Nonrelativistic limit of the

axion-fermion coupling yields a
Hamiltonian:

Hwind X guNNVa-OoOnN .

i

v

Spin rotates about
dark matter velocity




Axion wind detection

SQUID
pickup
loop

BB g
.
RRE

l

vy

ext

‘/axion “wind” Vg,

Larmor frequency = axion Compton frequency

-> resonant enhancement.



Sample choice: liquid Xenon

Density Magnetic Moment| 75

(n) (1)

1.3 x 1022 L 0.35 pn 1300 s

Relatively large sample can be
hyperpolarized.

The enhancement factor can be
on the order of 10°.
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Experimental sensitivity
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The QUAX (QUest for AXion) experiment

* Due to the motion of the solar system in the galaxy, the axion DM cloud acts as
an effective RF magnetic field on electron spin via electron-axion coupling

e This field excites magnetic transition in a magnetized sample (Larmor
frequency) and produces a detectable signal

* The interaction with axion field produces a variation of magnetization which
is in principle measurable

The effective magnetic field
associated with the axion wind

Microwave
Detector ( \ 2
i | B - n
B RN : a MoV
; Microwave cavity Lm C J

b Magnetized sample

. . o B,=2.0-107%(_ ——| T,
* R. Barbieri et al., Searching for galactic axions 200 peVv
through magnetized media: The QUAX proposal

Phys. Dark Univ. 15, 135 - 141 (2017) — =48 il GHz,
200 peV




QUAX: Axion induced rf emission

A volume V, of magnetized material, strong
coupled in a microwave resonant cavity, will

absorb energy from the axion wind and re-emit 2o RE B, @ =yB0 ,7,V
as rf power o e B
With magnetizing field SRR

Resonant cavity YIG sphere
W, T, V, (Ferrimagnet)

BO=1.7T => 48 GHz

P, m . V. n (P
Poy=—=38x10"26( —°_ : > i
5 P . (200;@/) (100 cm3) (2- 1028/1113) (gus) -

R & D in progress

T=300K
f.=13.964 GHz

Q, =5.0*1073

frequency (GHz)

T=4.2K

fo=13.960 GHz

QO=5.O*1OA5 162 164 166 168 170 172 174 176 178

B_ . (mT)

ext




Summary

e Variety of ways to search for axions and axion like
particles — Goal should be to cover allowed

parameter space since mass/coupling is
unknown!

e Coupling to photons

(DM axions [haloscopes], Solar axions [helioscopes],
Lab axions [LSW])

 Coupling to nucleons
(DM axions [Casper-E, Casper-Wind, QUAX],
Lab axions [ARIADNE — next lecture])
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