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Solves the Strong CP Problem! Good Dark Matter Candidate!
Viable Theories Natural and Elegant Theories

weak CPV without
strong CPV,
baryogenesis without
nonminimal flavor and CP

Theories
with dark

No CPV,
large EDMs,
MFV but no

Violatio .
Hkion matter baryogenesis....

other dark matter .

other quantum gravity than axions

string theory (or mechanism
to avoid string theory axions)

Source: Ann Nelson, Vistas in Axion Physics 2012
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Experimental Axion Couplings

Experimentally, we want to Typical Sensitivity Plot

measure a mass and a coupling |

« Axion-Nucleon Coupling
« Axion-Electron Coupling

axion coupling
strength

. . S
« Axion-Photon Coupling st
Coupling and mass are related, .
but model subtleties make it hard axion mass m,

to relate one coupling to another
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Astrophysical Bounds

Axion Coupling |gan | (unitless)
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Technigues Discussed

» Short-Range 5% Force Torsion Pendula
 Light Shining Through Walls

* Helioscopes

» Short-Range Force NMR

» Dark Matter NMR

» Axion Dark Matter Cavity Haloscope
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“Short Range 5" Force Torsion Pendula
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10 ; \Thermal (300 K) noise limit
1073 | Expectation for ]
DSFZ axion for 6gcp < 3x107'° ]
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10 102

Hoed| et al. PRL 106, 041801 Ma p (nEV)

Z~ i 3\

Eot-Wash Group, University of Washington

Axions behave as force carriers, and
| S S, WY (U S L could be detected as a short range
deviation from gravity

i v, ¥ ¥ ¥ ¥,
Moody & Wilczek, 1984
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Light-shining-through-a-wall Searches

= ALPS Il In prepar. at DESY

In coll. with AEl,

U Florida, UHH, U Mainz

ALPS lla |
llc risk assessments
ALPS llc

. data runs

Andreas Ringwald | Exploring the Role of Axions ...

Slide courtesy Andreas Ringwald

~ 10m ~ 10m
Laser —p—————————————l e e=al - Detector
cavity mirrors cavity mirrors
ALPS 1E:]
~ 100 m ~ 100 m
53 i | | e | | () ) T i)
Laser l ----------------- Detector
) ) ) ) e e ) ) ]G ) ) e e )
ALPS-Ilc '
HERA dipole magnet
Parameter Scaling ALPS | ALPS llc | Sens. gain
Effective laser power Pser Jary X PE_II 4 1kW 150 kW 35
Rel. photon number flux n, | gqy n,,lM 1(532nm) | 2 (1064 nm) 1.2
Power built up in RC Pre Jay X Pre_q 1 40,000 14
BL (before& after the wall) | g,y oc (BL)™' [ 22Tm 468 Tm 21
| Detector efficiency QE Gay X QE~1/4 0.9 0.75 0.96
-; Detector noise DC' gay o DC'/® | 0.0018s~" | 0.0000015~! 2.6
| Combined improvements 3082

oo | m | s | e | 2w | e

[Bahre et al (ALPS Il TDR) 13]

, George Marx Memorial Lecture, Budapest, Hungary, 21 May 2015 | Page 7




Light-shining-through-a-wall Searches

= Crucial test of ALP explanation of excessive HB star energy loss and
AGN spectra at VHE

LSW (ALPS-I)

Helioscopes (CAST)

Log Coupling [GeV !

I
p—
=
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-16

_18|1||l|||||||||1||l|||||||l||1||l
-12 -10 -8 -6 -4 -2 0 2 4 6

Log Mass [eV]

[Essig et al. 1311.0029]
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Axion Helioscope

" First axion helioscope proposed by P. Sikivie

* Blackbody photons (keV) in solar core can be converted into
axions in the presence of strong electromagentic fields in the

plasma

« Reconversions of axions into x-ray photons possible in strong
laboratory magnetic ﬁeld

j_ —
B Non-hadronic :
o “BCA” Solar ] X-ray
& axion flux at ]
s ‘ ] detector
E Cli N Earth ]
Axion T JCAP 1312 008 - /A;;r A
W ------- ) ——————— T? s ‘ '\.‘.x‘ Only if { - - - .-.--> ----- .-+ —_ —_——— )
2 3 axion 1 2
= . interacts N =
$T3 Y4 s with ] i
== 05 i /l b «Ju\ ; \}_/ \—(—/
0; |7 -\ 7 L 1 1 Il 1 1 L Il 1 Il L 1 1 L 5
0 1 2 3 4 5 6 7 8 9
Sun w [keV] Earth

* ldea refined by K. van Bibber by using buffer gas to
restore coherence over long magnetic field

Content courtesy J. Vogel Gray Rybka - Invisibles Madrid - June 2015
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Helioscope Examples

CAST: LHC dipole magnet pointed at the sun. Has achieved sensitivity to eV-scale QCD axions

£ 110 T axplorad l
s
— b
:r;q 10 .} :
& z
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/ L 1
IAXO: ambitious proposal to ST 4
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= | — Transggffncy : . hint 1 .r!
L int ; E ,':,’
-13 / E E ; ;'!’LQ'&
- : R
- . E w :i“'d'
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= =P P and future phases of ADMX
- = f"dﬁ“ in the low mass end will
.15 o C.«#p“ explore large part of the
E . ,;;“Q,‘\nh QACD axion model region in
- L | the next decade. |
i 1 1 ||| i 5 LTI 1 IIIIII_IJ l |I-|I||I| 1 IIIIII|| 1 IIIIIII,IJ | IIII!II| | JIIIIIj] | IIIIIJ
107" 107 16* 107 10 107 1072 107! 1 10
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Short Range Force/NMR Application

Combining short range gravity NMR Sample

experiments and NMR experiments, a
rotating source mass can induce a time
varying magnetization in an NMR

sample. Rotating Source Mass

PO} Axion [, in Gel
10" 100 10" 1012

Example: ARIADNE experiment 10

Expernmental Bounds
=
10~E

Astrophysical and Experimental Bounds

Sensitivity best in meV axion
mass range. Future
experiments may reach QCD
axion coupling sensitivity.

H}—'ili, "‘h..'\-
\'-—-- QU]-
ﬁﬁﬁﬁﬁﬁ 1B SEﬂsttw
....... 1 E.le;tedij .
~ted Projact
103 , e n .&'.?d.ﬂgaih ) NP
0.01 0.1 1 10)
Gray Ryt Force Range in cm

Figures from Arvanitaki, & Geraci PRL 113, 161801 (2014)



~Axions as Dark Matter
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, B L e S s S L . ‘
Dark-Matter Axions with NMR——

Example: CASPER experiment
EDM coupling to axion plays role of

oscillating transverse magnetic field

l

vy

ext

oo | || B
i ||| BB P
BEPL -

E#

See: Graham & Rajendran PRD 88, 035024 (2013)
Larmor frequency = axion mass = resonant enhancement.

Slide Courtesy Derek Kimball (modified) -
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Axion Haloscope

Y
a--—of:\ ) a(E:;t/z)—E-(VxB)=gayél(E‘B)
Y

Primakoff Conversion

T Dark Matter Axions will convert
N ) ) ]
to photons in a magnetic field.

The measurement Is enhanced if the

photon's frequency corresponds to
the cavity's resonant frequency.

See: Sikivie, Phys. Rev. Lett. 1983

You Want: You Don't Want:
-Large Cavity Volume -High Thermal Noise
-High Magnetic Field -High Amplifier Noise
-High Cavity Q
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ADMX: Axion Dark Matter eXperiment

. e T

A | i*
Science, Nov. 2013, 532 - 533

"" I'

g ADMX selected as DOE Gen 2 Dark
@ Matter Experiment

breaking
July 11, 2014

US reveals its next generation of dark matter
experiments

the three experiments will search for a variety of types of dark matter

ByKathryn Jepsen
by E Two US federal funding  _ Symmetry Maganz,ne

they will support in the

Collaboration:
University of Washington
LLNL
University of Florida
Yale
UC Berkeley
NRAO
FNAL
..and growing
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ADMX Design

Field Cancellation Coll

SQUID Amplifier
package

Refrigeration

Antennas

8 Tesla Magnet

Microwave cavity

Insert + Magnet
Schematic

Gray Rybka - Invisibles Madrid - June 2015
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ADMX Recelver

GHz 10.7 MHz 35 kHz

N\ X
@,

l |
Integration: 8 msec FET 50 sec

Resolution: 125 Hz 0.02 Hz
Maxwellian Fine-Structure
—_ 3 Monte Carlo Simulations
2 % AB=10"°
5 1.00 _
N aab
> 0.8f
<06
B=8 Tesla S 04l AB=2x10"
O -
Axions, stimulated by a magnetic field, 5 °2-

e
(=]
EEQ

decay into microwave photons which

resonate in the cooled cavity and are WWW

1 1 - 1 l 1 1 1 l | 1 1 l 1 1 L l 1 1 1 l | | 1 l 1 1 1 I 1 1 1
amplified and read out 1.4 116 118 120 122 124 126 128
Frequency ( kHz ) - 816.5 MHz
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Axion Search Cadence

Cavity resonant frequency

v -
LA .
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Subspectra ‘f";%%:;.%; rods
R 57
P e o e
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ISRTNLD ot . A it
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= eurabe 4o A 2 . .
Py dani. _ Axion signal would appear as
e ) o A
j‘g;:i"iﬁ @WT a constant power excess
S A
T A s IS S S -
R S imve nensnes v I - Most backgrounds do not persist
R e v e AL T Total |
A o b e

b Lo 5 ey
P““EF“ I'“+ -.-'".,'. HIIII.I J
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ADMX

Expected Signal

% Monte Carlo Axion Signal Shape Simulation

N; 3.5 g_ simulation
o 3¢ Unvirialized  Virialized

= o 51 KSVZ Axion KSVZ Axion

o “VE Viow 45 km/s Vg . 220 km/s

s 2k Vasp 60 km/s V. 160 km/s

o = v

E 1.5 2

2 1

S 050 v

(’I) L

© () )= WWWW
= -

o -0.5

En E simulation | |

S 842.01 842.015 842.02 842.025

o0 Frequency (MHz)
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ADMX Gen 2 Key technologies improve

~scan speed immensely

1000 ———

" HFET Amplifier
SQUID Amplifier

|

2006 Run

2010 Run

X Late i
@ I |
= 100 ; 2015 Target 2015 Target
'N 5
T
=
o
Q
Q
Q.
m ey
= 10 N
© B
o 5
%
Dilution refrigerator
under test. Currently 1 -
being packed for 0.1 1

shipment to to UW.

Physical Temperature (K)
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ADMX Gen 2 Status

e/ * Dilution Refrigerator
| Commissioning in progress at the
University of Washington

All other subsystems are ready to
go.

v
S

Gray Rybk - Invisibles Madrid - June 2015



Gen 2 ADMX Program

Gen 2 ADMX Projected Sensitivity

Cavity Frequency (GHz)
1 10 100

—_

o
L
o

o / ~
©) 12 N _
= 1070 |5
;: el
]
o
(@)
£ 10 14
o
-]
o
@)
S 107° (g0 BT
§ ----- Successively smaller cavities allow
&P o015 access to higher frequencies
-16
10 7
N\ . .

10 100 1000

_ Axion Mass (ueV) _ _
Gen 2 ADMX will cover a large portion of the likely axion mass range

at minimal couplings. We have a good chance at finding the axion.
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ldeas Not Covered

» Accelerator Beam Dumps

* Photon polarization rotation

 Open Resonator Haloscopes

e Dish Antennae

 Rydberg Atoms

« Matched Astrophysical/Ground Searches
e LHC Searches

e Germanium/Xenon Searches

gy
(PVLAS) &

+ . ; Polarizatlon Rotat

Open Resonator Haloscop.
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Conclusions

The Axion Iis compelling: it represents an elegant
explanation to the unsolved problems of the strong
CP problem and the nature of dark matter.

The Axion Is exciting: new ideas about how to
look for axions are arising and established
iIdeas have been implemented

The Axion Is within our grasp: experiments in
the new future (such as ADMX) will be
exploring a large portion of plausible axion
parameters.
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