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Searching for Axions

Outline

Basic axion properties

“Flagship” searches:
ALPS (laser)
CAST/IAXO (solar)
*** ADMX (RF cavity)

Overall status of axion searches
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The longstanding problem of dark matter19
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Now: We’ve inventoried the cosmos …

… but we know neither what the “dark energy” or the “dark 
matter” is. These are two of the very big questions.

Science (20 June 2003)
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What do we know about the nature of dark matter? 
Its not normal matter or radiation and it’s “cold”
(1) From light element abundance:
Dark matter probably isn’t bowling balls 

or anything else made of baryons.

Frank’s referring to WIMPS and Axions

(3) “Dark matter: I’m much more optimistic 
about the dark matter problem.  Here we have 
the unusual situation that two good ideas 
exist…”

    Frank Wilczek in Physics Today

(2) Is dark matter made of, e.g.,  light 
neutrinos?

Probably not: fast moving neutrinos would 
have washed-out structure.

Dark matter is substantially “cold”.
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New idea: Why does QCD conserve the symmetry CP?

1973: QCD…a gauge theory of color.
QCD theory embedded the observed conservation of C, P and CP.

1975: QCD + “instantons” ⇒ QCD is expected to be hugely CP-violating.

QCD on the lattice:
CP-violating instantons in 3D 
(sort of)

Volume 59B, number 1 PHYSICS LETTERS 13 October 1975 

P S E U D O P A R T I C L E  S O L U T I O N S  O F  T H E  Y A N G - M I L L S  E Q U A T I O N S  

A.A. BELAVIN, A.M. POLYAKOV, A.S. SCHWARTZ and Yu.S. TYUPKIN 
Landau Inst i tute for  Theoretical Physics, A c a d e m y  o f  Sciences, Moscow,  USSR 

Received 19 August 1975 

We find regular solutions of the four dimensional euclidean Yang-Mills equations. The solutions minimize locally 
the action integrals which is finite in this case. The topological nature of the solutions is discussed. 

In the previous paper by one of the authors [1] 
the importance of the pseudoparticle solutions of the 
gauge field equations for the infrared problems was 
shown. By "pseudoparticle" solutions we mean the 
long range fields A u which minimize locally the Yang- 
Mills actions S and for which S(A) < ~. The space is 
euclidean and four-dimensional. In the present paper 
we shall find such a solution. Let us start from the 
topological consideration which shows the existence 
of the desired solutions. 

All fields we are interested in satisfy the condition: 

Fur=OvA v - O v A  a + [A ,Av] "-> O . (1) 
X -.¢. oo 

Consider a very large sphere S 3 in our 4-dimensional 
space. The sphere itself is of  course 3-dimensional. 
From (1) it follows that 

ag(x)l (2) 
A,,ls3 "" ax,, I s3 

where g(x) are matrices of  the gauge group. Hence 
every field Ap(x) produce a certain mapping of the 
sphere S 3 onto the gauge group G. It is clear that if 
two such mappings belong to different homotopy 
classes then the corresponding fields A (1) and A (2) 
cannot be continuously deformed one into another. 
It is well known [2] that there exists an infinite num- 
ber of different classes of  mappings o f S  3 ~ G if G is 
a nonabelian simple Lie group. Hence, the phase space 
of the Yang-Mills fields are divided into an infinite 
number of components, each of which is character- 
ized by some value of q, where q is a certain integer. 

Our idea is to search for the absolute minimum of 
the given component of  the phase space. In order 'to 
do this we need the formula expressing the integer q 

through the field Au*. It is easy to check that 

1 q = - -  fFpvFxTd4x .  (3) 811" 2 e vh7 Sp 

To prove this let us use the identity: 

euvxTSpFu F x =a J (4) 
da = ear-i* Sp(Ao(O~tA8 + ~ATA6))" 

From (4) follows: 

i f  q =  
87r 2 S a 

(5) 
= 1 4 e /Sp(AaATA~)d3oa 

81r2 5 a376 

where 

A~ = g- l (x )~g/~x  u (6) 

Now consider the case G = SU(2). In this case it is 
clear that: 

dju(g) = Sp(g-1 dg X g - l d g  X g-1 dg) (7) 

is just the invariant measure on this group, since it is 
the invariant differential form of the appropriate di- 
mension. The meaning of the notation in (7) is as fol- 
lows. Let g(~1~2~3) be some parametrization of 
SU(2), say, through the Euler angles. Then the invar- 
iant measure will be: 

* Formulas like (3) are known in topology by the name of 

"Pontryagin class". 

85 
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Peccei and Quinn: 
CP conserved through a hidden symmetry

QCD CP violation should, e.g., give a large neutron electric dipole
moment (T + CPT = CP); none is unobserved.
(9 orders-of-magnitude discrepancy)

This leads to the “Strong CP Problem”: Where did QCD CP violation go?

1977: Peccei and Quinn: Posit a hidden broken U(1) symmetry ⇒
1) A new Goldstone boson (the axion);
2) Remnant axion VEV nulls QCD CP violation.

Why doesn’t the neutron have
an electric dipole moment?

de<3�10-26 e-cm
Baker et al. 2006
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What’s a QCD axion?
Selected axion couplings
& the important two-photon coupling

A process with larger model uncertainty
Can occur, e.g., in the Sun
Contains unknown U(1)PQ charge of electron
(e.g., white-dwarf cooling)

A process with small model uncertainty
Exploited in certain terrestrial searches
Easily calculable

Rate depends on “unification group”
(that is, the particles in the loops),
ratio of u/d quark masses,
and mostly fPQ

€ 

gaγγ ~
α
fPQ
(E
N
−1.95)

Kolb & TurnerDESY 12may15  LJR      8 



Summary properties of the axion
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Axions in particle physics: From A. Nelson

10

Viable Theories Natural and Elegant Theories

Theories
with dark 

matter
axions

weak CPV without 
strong CPV, 
baryogenesis without 
nonminimal flavor and CP 
Violation
other dark matter
other quantum gravity than 
string theory (or mechanism 
to avoid string theory axions)
….

No CPV, 
large EDMs, 
MFV but no 
baryogenesis….

10Wednesday, April 25, 2012
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Present bounded window of allowed “QCD” axion masses

Very light axions forbidden:
else too much dark matter

Heavy axions forbidden:
else new pion-like particle

⇐ Dark matter range:“axion 
window”

very hard to detect
“invisible axions”
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Recap: Axions and dark matter (the QCD dark-matter axion)

Some properties of dark matter:
Almost no interactions with normal matter and radiation (“dark…”);
Gravitational interactions (“…matter”);
Cold (slow-moving in the early universe);

Dark matter properties are those of a low-mass axion:
Low mass axions are an ideal dark matter candidate:
   “Axions: the thinking persons dark-matter candidate”,
   Michael Turner.

Plus…
The axion mass is constrained to 1 or 2 orders-of-magnitude;
Some axion couplings are constrained to 1 order-of-magnitude;
The axion is doubly-well motivated…it solves 2 problems (Occam’s razor).
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SN1987A

Selected limits on QCD axion masses and couplings

“Despite a lot of effort that has gone into understanding the axion emission 
rate, these limits remain fairly rough estimates.” Georg RaffeltDESY 12may15  LJR      13 



Search 1: Photon regeneration 
(“shining light through walls”)

Wall Photon 
Detector

aγ
Laser

L

B0

Magnet

B0

Magnet

L

P(γ→a→γ) ~ 1/16 (gB0L)4
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Search 1: resonantly enhanced photon regeneration

Matched Fabry-Perots

IO
Laser

MagnetMagnet

Photon 
Detectors

Basic concept – encompass the production and regeneration magnet  
regions with Fabry-Perot optical cavities, actively locked in frequency   

€ 

PRe sonant (γ → a→γ) =
2
η % η 

⋅ PSimple (γ → a→γ) =
2
π 2 F % F ⋅ PSimple (γ → a→γ)

where  η, η’  are the mirror transmissivities &  F, F’  are the finesses of the cavities

For η ~ 10(5-6), the gain in rate is of order 10(10-12) 
and the limit in gaγγ improves by 10(2.5–3) 
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Flagship Search 1: ALPS-II at DESY
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Laser Detector

⇠ 10 m

wallcavity mirrors HERA magnet

(a) ALPS-I

Laser Detector

⇠ 10 m ⇠ 10 m

wall cavity mirrorscavity mirrors

(b) ALPS-IIa

Laser Detector

⇠ 100 m ⇠ 100 m

(c) ALPS-IIb

Laser Detector

⇠ 100 m ⇠ 100 m

HERA dipole magnet

(d) ALPS-IIc

Figure 3.1: Schematic view of the di�erent phases of ALPS-II and of ALPS-I. (a)
ALPS-I with a ≥10 m long production cavity and cavity end mirror and wall inside
of a HERA superconducting dipole magnet. (b) ALPS-IIa: prototype with two 10 m
long cavities. (c) ALPS-IIb: prototype with two 100 m long cavities. (d) ALPS-IIc:
prototype with two 100 m long cavities using the HERA superconducting dipole
magnets.

aspects to ALPS-IIc, having only a shorter length and lacking magnets. By the
middle of 2014, we also envisage to have su�cient experience with the straightening
of HERA dipoles so that all major ingredients of the final ALPS-II stage are known.
It should be mentioned that most costs of ALPS-IIa have been already covered.
The new laser laboratory has been constructed in 2011. We are reusing the laser
of ALPS-I. Nearly all optical components as well as the vacuum system have been
purchased already.

20
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Flagship Search 2: CERN Axion Solar Telescope (CAST). 
Searching for axions produced in the Sun.

0 2 4 6 8 10 
E (keV) 0 

2 × 10 14 

4 × 10 14 

6 × 10 14 

8 × 10 14 

m
 

c - 2 
c e 

s - 1 
V
 

e k - 1 Axions from the sun become x-rays inside a  
       spare LHC dipole magnet
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Search 2: CAST Technology

State-of-the-art x-ray detection borrowed from astrophysics

Micromegas
x-ray camera
& Si drift sensors.

Grazing-incidence
x-ray optics
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Search 2: Helioscope Futurism IAXO

IAXOIAXO magnetmagnet: 1st concept: 1st conceptIAXO IAXO magnetmagnet: 1st concept: 1st concept
Total R = 2 m
Bore diameter = 600 mm
N bores = 8
Average B in bore = 4 T 

(in critical surface)
MFOM = 770MFOM  770

�� IAXO IAXO scenarioscenario 2 2 conservativeconservative
�� SurpassSurpass IAXO IAXO scenarioscenario 3 3 isis

possiblepossible
�� FurtherFurther optimizationoptimization ongoingongoing See talk�� FurtherFurther optimizationoptimization ongoingongoing

Igor G. Irastorza / Universidad de 
Zaragoza

26

See talk
I. Shilon

INT Washington, April 2012

!"#$%�&'(()*+,
- . + / ) 011213-'45,6.78+�/,()94 011213

INT Washington, April 2012 Igor G. Irastorza / Universidad de 
Zaragoza 32DESY 12may15  LJR      19 



Search 3: RF cavity experiments

Recall:

The axion couples (very weakly, indeed) to normal particles.

But it happens that the axion 2γ coupling has relatively little axion-model dependence

Axions constituting our local galactic halo 
would have huge number density ~1014 cm-3

gaγγ
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Pierre Sikivie’s RF-cavity idea (1983): 
Axion and electromagnetic fields exchange energy

The axion-photon coupling…

…is a source term in Maxwell’s Equations

€ 

∂ E2 /2( )
∂t

−E ⋅ ∇ ×B( ) = gaγ ˙ a E ⋅B( )

This leads to many possible experimental approaches.

One approach is to impose a strong external magnetic field B; this 
transfers axion field energy into cavity electromagnetic fields E.

gaγ
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Some experimental details of the RF-cavity technique

The search speed is
quadratic in 1/Ts
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Flagship Search 3: 
Axion Dark-Matter eXperiment (ADMX)

Magnet with insert Magnet cryostat

U. Washington, LLNL, U. Florida, U.C. Berkeley,
          National Radio Astronomy Observatory, Sheffield U., Yale U.

+ … (recently expanded)

Gray Rybka     Fermilab Astroparticle Physics Seminar     10/11/2010

 

11/46

ADMX Design

Cavity Frequency changed by moving
metal rods (not shown) inside cavity

4m
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ADMX is Generation 2 Dark-Matter Detector

23/53

End of Interlude
Back to Axions

Symmetry Magazine
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ADMX key hardware 1
high-Q microwave cavity Experiment insert
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ADMX key hardware 2: Tuning

Gray Rybka - Perimeter Institute - Oct. 2014 12/45

Tuning

Cavity with lid off,
showing tuning rods

Field simulation of 
TM010 mode, no rods
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ADMX key hardware 3

Vacuum and cryo
Quantum electronics
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ADMX key hardware 4: axion receiver
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ADMX: Multi-mode readout

filter

filter

TM010

TM020

receiver

receiver
DAQ

cold warm

TM010%
mode%

corresponding%TM020%
mode%
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A brief digression on microwave amplifiers
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Quantum-limited SQUID-based amplification

• GHz SQUIDs 
have been 
measured with 
TN ~50 mK  

• Near quantum– 
limited noise

• This provides an 
enormous 
increase in 
ADMX sensitivity

IB 

Vo (t) Φ

Superconducting quantum interference device as a near-quantum-limited
amplifier at 0.5 GHz

Michael Mück, J. B. Kycia, and John Clarke
Department of Physics, University of California, Berkeley, California 94720 and Materials Sciences
Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

!Received 10 October 2000; accepted for publication 14 December 2000"

A dc superconducting quantum interference device !SQUID" with a resonant microstrip input is
operated as an amplifier at temperatures down to 20 mK. A second SQUID is used as a
postamplifier. Below about 100 mK, the noise temperature is 52!20mK at 538 MHz, estimated
from measurements of signal-to-noise ratio, and 47!10mK at 519 MHz, estimated from the noise
generated by a resonant circuit coupled to the input. The quantum-limited noise temperatures are 26
and 25 mK, respectively. The measured noise temperature is limited by hot electrons generated by
the bias current. © 2001 American Institute of Physics. #DOI: 10.1063/1.1347384$

At submillimeter or shorter wavelengths, a wide variety
of detectors of electromagnetic radiation are quantum lim-
ited, that is, able to detect a single photon.1 There have re-
cently been advances in this technology using, for example,
superconducting transition-edge sensors for infrared, optical,
and ultraviolet wavelengths,2 and a single-electron transistor
involving a semiconductor quantum dot for far infrared
wavelengths.3 Quantum-limited performance has been
achieved at frequencies as low as 20 GHz, with a Josephson-
parametric amplifier.4 At still lower frequencies, it becomes
increasingly difficult to approach the quantum limit. For ex-
ample, at frequencies f around 1 GHz, the lowest noise is
achieved with a cooled heterostructure field effect transistor5
!HFET", which can attain a noise temperature TN of about 2
K. At 0.5 GHz, this value is about a factor of 80 above the
quantum noise temperature, TQ"h f /kB%25mK.

The recent development of an amplifier based on a mi-
crostrip coupled to a dc superconducting quantum interfer-
ence device !SQUID"6–8 has resulted in noise temperatures
that are substantially lower than those achievable with
cooled semiconductors. A microstrip SQUID amplifier
cooled to about 0.5 K achieved a system noise temperature of
0.50!0.07 K at 438 MHz. This noise temperature was domi-
nated by the noise of the postamplifier—a cooled HFET—
coupled to the SQUID, which contributed an estimated
0.38!0.07 K to the system noise temperature. In this letter
we describe an amplifier cooled to 20 mK in which the pos-
tamplifier is a second microstrip SQUID.7 The noise tem-
perature of the first stage microstrip SQUID is about 50 mK;
by comparison, the quantum-limited noise temperature is
about 25 mK. The noise temperature is limited by hot elec-
trons in the resistive shunts of the SQUID, which cause the
effective temperature of the shunts to saturate at about 100
mK.

The SQUID is in the conventional square washer
configuration9 shown in Fig. 2. The inner and outer dimen-
sions of the Nb washer are 0.2#0.2mm2 and 1#1 mm2,
giving an estimated inductance L%450 pH !including the
slit". The 11-turn niobium coil has a width of 5 &m, an
estimated self-inductance Li%n2L%55 nH, and a mutual in-
ductance to the washer Mi%nL%5 nH. Each of the

Nb–AlxOy–Nb tunnel junctions has a critical current I0
%3.5&A, so that 'L(2LI0 /)0%2.5; here )0(h/2e
%2.07#10$15Wb is the flux quantum. Each shunt has a
resistance R%22* , and the hysteresis parameter 'c
(2+I0R2C/)0 is estimated to be about 0.8. At 4.2 K and at
frequencies of a few kilohertz, the flux-to-voltage transfer
coefficient V)"!,V/,)!%90&V/)0 , and the flux noise is
about 3&)0 Hz1/2.

The microstrip SQUID is operated as an amplifier with
the counterelectrode grounded !inset, Fig. 2". The signal
source is connected between the innermost turn of the coil
and ground, and the amplified signal is measured between
the washer and ground. In this configuration, positive feed-
back from the output to the input via the capacitance be-
tween the coil and the washer increases the frequency at
which the maximum gain occurs.6 We measured the noise
temperature of a microstrip SQUID amplifier in a dilution
refrigerator, using a second nominally identical device as a
postamplifier !Fig. 1". A low pass filter network prevented
the two SQUIDs from interacting with each other. The
SQUID chips were attached with vacuum grease to a printed
circuit board which was bonded to the cold stage of the re-
frigerator. All leads connected directly to the SQUIDs were
very heavily filtered over a wide frequency range using a
combination of lumped circuit and copper powder filters, and
a superconducting shield surrounding the SQUIDs elimi-
nated ambient magnetic field fluctuations. With its current
and flux biases adjusted to maximize V) at low frequencies,
the gain of the first SQUID peaked at 538 MHz. The current
and flux biases of the second SQUID were adjusted slightly

FIG. 1. Schematic of cascaded microstrip SQUIDs and HFET. The input
circuit consists of either a resistive network !lower" or a resonant circuit
!upper".

APPLIED PHYSICS LETTERS VOLUME 78, NUMBER 7 12 FEBRUARY 2001

9670003-6951/2001/78(7)/967/3/$18.00 © 2001 American Institute of Physics
Downloaded 09 Mar 2006 to 129.97.4.54. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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Microstrip SQUID amplifiers with varactor tuning

Au bonding pads

p-n junction5mm

DESY 12may15  LJR      32 

SQUID washer varactor tuning



SQUIDs and lower system noise

Systematics-limited for signals
< 10-26 W  ~10-3 of “DFSZ” axion 
power (< 1/100 yoctoWatt).
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G. Rybka   April 5, 2014 5

Axion-like Signal Injection

Raw Power Spectrum Row Spectrum with Artificially 
Generated Axion-Like Signal

Injection of Axion-Like signals into cavity allow us to calibrate our analysis

See C. Boutan's talk next for details

Raw data and hardware synthetic axion (✕100)
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Operations include searches for exotics: 
“Chameleons”& hidden-sector photons

Chameleons Hidden-sector photons
Scalars/pseudoscalars that mix with
photons, and are trapped by cavity
walls.  Arise in some dark energy
theories. Detectable by slow decay
back into photons in cavity

Vector bosons with photon quantum
numbers and very weak interactions.
Detectable by reconverting HSPs back
into photons in ADMX cavity

DESY 12may15  LJR      35 



Chameleons: How experiment worked

Gray Rybka     DOE/HEP Site Visit   UW     12/6/2010 8/18

 

ADMX as a chameleon-photon 
regenerator

(Step 4: tune rods ~10 kHz and repeat)

Timescale: 10 minutes Timescale: 100 milliseconds Timescale: 10 minutes

Total Run Time:  1 Day

Power in ~25 dBm Sensitivity ~10-22 W

Bandwidth ~20 kHz

DESY 12may15  LJR      36 



Chameleons

One day of running set limits 100 times more sensitive
than that from FNAL.

Gray Rybka     DOE/HEP Site Visit   UW     12/6/2010 9/18

 

GammeV 
2009 region

Chase
2010 Region

Chameleon Search Results

Laboratory Dark Energy Search
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Hidden-Sector Photons: Another dark-matter candidate

Gray Rybka     DOE/HEP Site Visit   UW     12/6/2010 12/18

 

ADMX as a HSP receiver

Ground Level

Photons in this driven
cavity mix with HSPs
and escape

HSPs mix with photons
and are detected in the
ADMX cavity

HSPs

1

2
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Hidden Sector Photons: Results

Gray Rybka     DOE/HEP Site Visit   UW     12/6/2010 13/18

 

ADMX 2010

Coulomb Exclusion Region

Povey, Hartnett,Tobar
Phys Rev D. 82 (2010)

(colder, more power, better resolution)

Hidden Sector Photon Search Results

Next phase projected to extend
limits by more than a factor of 10.
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ADMX infrastructure
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!"

96K)L)5*:%95(56)1%+4)*/5%<?>

B.P1-)=1(<1/$/35),.D-&=.3$0)./0).55$(D%6)D$9'/)YL"C!"

H/53.%%.3&1/)1,)D'=T&/9)=1&%

>55$(D%6)1,)31<)8.%,

1,)&/5$-3

Assembling the experiment insert
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Quantum-electronics

SQUIDs
(at lower frequencies)

“JPAs”
(at higher frequencies)

Insert assembly 

Dmitry Lyapustin                                                        11                                                        April APS meeting DESY 12may15  LJR      42 



Component overview 3 

Dmitry Lyapustin                                                         9                                                         April APS meeting 

bucking coil and “squidadel”
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Component overview 4 

Dmitry Lyapustin                                                        10                                                        April APS meeting 

Cavity, tuning and coupling
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High-frequency (high axion mass) “side car” cavity
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Insert assembly 

Dmitry Lyapustin                                                        11                                                        April APS meeting 

ADMX insert going into and out the magnet bore
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Typical ADMX Run CadenceTypical run cadence when data taking starts!

2!

-  Inject broad swept RF signal to record cavity 
response. Record state data (temperature 
sensors, hall sensors, pressure, etc.).!

-  Integrate for ~ 80 seconds (final integration time 
based on results from cold commissioning).!

-  Move tuning rod to shift TM010 & TM020 modes 
( ~ 1 kHz at a time).!

-  Every few days adjust critical coupling of TM010 
& TM020 antennas.!

!
-  Anticipated scan rate ~100 MHz (0.5 μeV) every 

3 months!
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ADMX Gen 2: Science Prospects
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Gen 3 and beyond: Can the RF-cavity experiments do better? 
Very high frequencies, higher Q, etc. ?

New cavity structures – under development!

19!

*C. Hagmann simulation!

Prototype multi-post cavity!

Gen 3 cavity concepts!

higher-frequency, large volume
resonant structures
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Lower Frequency Cavity R&D!

22!

•  Certain theorists have proposed lighter mass axions (ma < 1 μeV which 
would possibly evade lower cosmological bounds)!

•  We have been exploring lower frequency cavities using reactive endcaps!

*work from H. Swan (UW)!

Gen 3: Low-frequency R&D
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An experimental scenario for QCD dark-matter axions: 
Focus on three “flagship” technologies in the near term

cavity: next year

cavity: by 5-year

cavity: challenging

helioscope: current

helioscope: 10-year

Laser: current

Laser: locked FP
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Theory challenges going forward (1) include

e.g, White dwarfs:
Can we better understand their cooling?

Isern et al., 2012

Figure 1: White dwarf luminosity function. The solid lines represent the models obtained with
(up to down) gaee/10−13 = 0, 2.2, 4.5 respectively.

with an estimated proper motion correction Π̇ = −(7.0±0.2)×10−16 s/s. Theoretical predictions
[8] indicate that this star should experience a secular drift of only Π̇ = 1.2× 10−15 s/s. Similar
values (Π̇ = 1.92 × 10−15 s/s or Π̇ = 2.98 × 10−15 s/s depending on the adopted mass of
the envelope) have been independently obtained [9]. These results suggest that white dwarfs
are cooling faster than expected (it important to confirm this statement by measuring this
drift in other stars). There are three possible reasons for this. i) An observational error.
This measurement is difficult and it has been obtained by only one team on just one star.
Although the measurement tends to stabilize, it suffered strong fluctuations in the past [10].
ii) A modelling error. Models have been noticebly improved during the last ten years and the
two independent models computed up to now [8, 9] are in a qualitative agreement. iii) An
additional sink of energy is responsible of the accelerated cooling rate [3].

Under the conditions of temperature and density in the interior of G117-B15A, the axion
emission rate is dominated by electron bremsstrahlung (only the DFSZ axion model) that
behaves as ϵ̇ax ∝ g2aeeT

4
7 erg/g/s, where T7 is the temperature in units of 107 K and gaee is the

strength of the axion–electron Yukawa coupling [11]. Thus it is possible to include the axion
emissivity in Eq. (1) and adjust gaee to fit the observed values. The value that best fits the
observations is in the range of gaee ∼ (3 − 7)× 10−13.

Figure 1 displays the white dwarf luminosity function, DA and non–DAs [12]. The values
from the DR4 of the SDSS [13] (squares) were complemented at high luminosities with those
obtained using the more recent DR7 [14] (crosses). It is important to notice that models without
axions [15] predict an excess of white dwarfs in the region log(L/L⊙) ∼ −2 as in the case of the
pure-DA sample [4]. If axions are included, the best fit is obtained for gaee ∼ (2 − 3)× 10−13.
The luminosity function at high luminosities is still poorly known from both the theoretical
and observational point of views, but it is clear that will provide strong constrains.

Patras 2011 3
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Theory challenges going forward (2) include
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ABSTRACT
The surprising discovery by MAGIC of an intense, rapidly varying very high energy (E > 50

GeV) emission from the flat spectrum radio quasar PKS 1222+216 represents a challenge for
all interpretative scenarios. Indeed, in order to avoid absorption of γ rays in the dense ultravi-
olet radiation field of the broad line region (BLR), one is forced to invoke the existence of a
very compact (r ∼ 1014 cm) emitting region at a large distance (R > 1018 cm) from the jet
base. We present a scenario based on the standard blazar model for PKS 1222+216 where γ
rays are produced close to the central engine, but we add the new assumption that inside the
source photons can oscillate into axion-like particles, which are a generic prediction of many
extensions of the Standard Model of elementary particle interactions. As a result, a consider-
able fraction of photons can escape absorption from the BLR much in the same way as they
largely avoid absorption from extragalactic background light when propagating over cosmic
distances. We show that observations can be explained in this way for reasonable values of the
model parameters, and in particular we find it quite remarkable that the most favourable value
of photon-ALP coupling happens to be the same in both situations. An independent laboratory
check of our proposal can be performed by the planned upgrade of the ALPS experiment at
DESY.
Key words: radiation mechanisms: non-thermal — γ–rays: theory — galaxies: individual:
PKS 1222+216

1 INTRODUCTION

Blazars dominate the extragalactic γ-ray sky, both at high energy
(> 100 MeV) and at very high energy (VHE) (> 50 GeV). Their
powerful non-thermal emission, spanning the entire electromag-
netic spectrum, is produced in a relativistic jet pointing toward the
Earth. The spectral energy distribution (SED) shows two well de-
fined ”humps”. The first one – peaking somewhere between the IR
and the X-ray bands – derives from the synchrotron emission of
relativistic electrons (or pairs) in the jet. The origin of the second
component which exhibits a maximum at γ-ray energies is more
debated. Leptonic models attribute it to the inverse Compton emis-
sion of the same electrons responsible for the lower energy bump.
Hadronic models, instead, assume that the γ rays are the leftover
of reactions involving relativistic hadrons. Blazars are further di-
vided into two broad groups, BL Lac objects and flat spectrum ra-
dio quasars (FSRQs). BL Lacs are defined by the weakness (or even
absence) of thermal features (most notably broad emission lines) in
their optical spectra. This evidence leads to the common belief that
the nuclear region of BL Lacs, where the jet forms and accelerates
is rather poor of soft photons. On the contrary, FSRQs display lu-
minous broad (v > 1000 km s−1) emission lines, indicating the ex-

⋆ E–mail: fabrizio.tavecchio@brera.inaf.it

istence of photo-ionized clouds rapidly rotating around the central
black hole and organized in the so-called broad line region (BLR).

Besides their importance for to the study of the structure and
functioning of relativistic jets, growing interest for blazars is moti-
vated by the use of their intense γ-ray beam as a probe of the extra-
galactic background light (EBL) (see e.g. Aharonian et al. 2006)
and the intergalactic magnetic fields (see e.g. Neronov & Vovk
2010, Tavecchio et al. 2010) and – even more fundamentally – for
the study of new physical phenomena beyond the Standard Model
(SM) of elementary particle interactions and even quite radical de-
partures from conventional physics such as violation of Lorentz in-
variance (for a review, see Liberati & Maccione 2009). Concerning
the possible evidence for new elementary particles, particular im-
portance is played by axion-like particles (ALPs) – namely very
light spin-zero bosons a characterized by a two-photon coupling
aγγ – which are a generic prediction of many extensions of the
SM (for a review, see Jaekel & Ringwald 2010). In the presence
of an external magnetic field, the aγγ coupling gives rise to the
phenomenon of photon-ALP oscillations (conversion), quite simi-
lar to oscillations of massive neutrinos of different flavour. Within
the present context, photon-ALP oscillations can drastically alter
the propagation of hard photons of energy E from a blazar to us.
Two different scenarios have been proposed. One – called DARMA
– contemplates photon-ALP oscillations γ → a → γ as taking
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Gamma ray propagation:
e.g., Can we better understand gamma-ray propagation?
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Conclusions (1)

Listen to Nature:
We’re keeping our eye on the LHC and WIMP detectors.

The jury is certainly still out, but if SUSY-WIMPs remain
undetected, you might want to look harder at axions.

First, in honor of LHC turn-on, an 
update on SUSY searches at LHC

Atlas/CMS: no sign of mSUGRA at LHC7:
mg̃ > 1400 GeV for mq̃ ' mg̃; mg̃ > 800 GeV for mq̃ � mg̃

3Monday, April 23, 2012
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Conclusions (2)

On the other hand, some say, LHC finding
SUSY may strongly suggest axion dark matter.

Why thermally-produced neutralino-
only DM is not the answer

(in spite of the hype):

Generates too much or too little DM; only 
rarely is                   : fine-tuned!
gravitino problem and BBN constraints
neglects the strong CP problem and its 
solution

�std
� h2 ⇠ 0.11
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H. Baer

DESY 12may15  LJR      55 



Overall Conclusions
Axions: A very compelling dark-matter candidate.

The QCD dark-matter axion is well bounded in mass and couplings.
The dark-matter axion focus is 1-100 μeV axion masses.

There are many search techniques, but the RF-cavity one is most sensitive.
ADMX is largest and most mature; several others are on the horizon.
The next several years will either see a discovery or reject the QCD

dark-matter axion hypothesis.

The space of variant axion (non “QCD”) models is wide open.
Large efforts are underway for solar axions and laser experiments.
And ideas are out there for searching for very low-mass & high-mass

axions

Quite starkly: These experiments have the sensitivity and mass reach to
either detect or rule out QCD dark-matter axions at high confidence.
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