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Abstract

A small, natural abundance, germanium detector (COSME) has been operating
recently at the Canfranc Underground Laboratory (Spanish Pyrenees) in improved
conditions of shielding and overburden with respect to a previous operation of the
same detector (1. 2]. An exposure of 72.7 kg day in these conditions has at present a
background improvement of about one order of magnitude compared to the former
operation of the detector. These new data have been applied to a direct search
for WIMPs and solar axions. New WIMP exclusion plots improving the current
bounds for low masses are reported. The paper also presents a limit on the axion-
photon coupling obtained from the analysis of the data looking for a Primakoft
axion-to-photon conversion and Bragg scattering inside the crystal.

PACS: 95.35+d: 14.80.Mz
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1 Introduction

Substantial evidence and well-founded arguments exist pointing out that the Universe may
well consist of a suitable mixture of cold dark matter (CDM). hot dark matter (HDM)
and baryons (in the amount required by the primordial nucleosynthesis), which together
with a large component of dark energy could complete the proper gravitational balance
of the Universe. Regarding the nature of the dark matter, there are compelling reasons to
believe it consist mainly of cold non-baryonic particles. Among these candidates, Weakly
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Axi0-Electric and Primakoff Effects

e.g. a+ Ge — e+ Ge™

Dimopoulos, Starkman & Lynn, 1986

a+ (Z,A) > v+ (Z,A)

Frank Avignone

constraints from SOLAX, COSME, DAMA,
CDMS, EDELWEISS, XMASS, CUORE,
CDEX, Xenon, LUX, PandaX



First results from the CERN Axion Solar Telescope (CAST)
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Hypothetical axion-like particles with a two-photon interaction would be produced in the Sun
by the Primakoff process. In a laboratory magnetic field (“axion helioscope”) they would be trans-
formed into X-rays with energies of a few keV. Using a dec issioned LHC test magnet, CAST ran
for about 6 months during 2003. The first results from the analysis of these data are presented here.
No signal above background was observed, implying an upper limit to the axion-photon coupling
Gany < L16x 10710 GeV ™! at 95% CL for mq < 0.02 eV. This limit, assumption-free, is comparable
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to the limit from stellar energy-loss arguments and considerably more restrictive than any previous

experiment over a broad range of axion masses.

PAC'S numbers: 95.35.+d; 14.80.Mz; 07.85.N¢; 84.71.Ba

Introduction.—Nentral pions, gravitons, hypothetical
axions, or other particles with a two-photon interac-
tion can transform into photons in external electric or
magnetic fields, an effect first discussed by Primakoft
in the early days of pion physics [1]. Therefore, stars
could produce these particles by transforming thermal
photons in the fluctuating electromagnetic fields of the
stellar plasma [2, 3|. In laboratory or astrophysical
B-fields, transitions between these particles and pho-
tons occur [4, 5], an effect that can be observed in
the laboratory [6], affects the propagation of cosmic -
rays [7, 8], and can modify the apparent brightness of
distant astronomical sources [9, 10, 11]. Gravitons in-
teract too weakly to be observable in these situations,
while pions are too heavy. However, these effects can be
crucial for new particles, notably the pseudoscalar ax-
ions that arise in the context of the Peccei-Quinn so-
lution to the strong CP problem and are viable cold

dark matter candidates [6, 12]. Galactic axions are cur-
rently being sought by two large-scale Primakoff-type
microwave cavity experiments [12]. Anomalous stel-
lar energy loss by axion emission is constrained by the
observed properties of globular cluster stars, implying
gay < 10710 GeV ! [3] for the axion-photon coupling,
where the axion-photon interaction is written in the usual
form Loy = —+guy Fu F*'a = goy E - Ba. Axions would
also contribute to the magnetically induced vacuum bire-
fringence, interfering with the corresponding QED ef-
fect [5, 13]. The PVLAS experiment [14] apparently ob-
serves such an effect far in excess of the QED expectation,
although an interpretation in terms of axion-like particles
requires a coupling strength far larger than existing lim-
its.

On the other hand, the Sun would be a strong ax-
ion source and thus offers a unique opportunity to ac-
tually detect these particles by taking advantage of



CerN Axion Solar Telescope




Outline

« Axion motivation In particle physics and
cosmology

« Axion electrodynamics

« Some axion search strategies



The Strong CP Problem
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The absence of P and CP violation In the
strong interactions requires

— 10 from upper limit
9 < 10_ on the neutron electric
dipole moment



A level pooltable on an inclined floor




The Standard Model does not provide a
reason for & to be so tiny,

but a relatively small modification does



Upo ()

* IS a symmetry of the classical action
* |S spontaneously broken

* has a color anomaly

Peccei and Quinn, 1977



Chiral symmetry breaking

In the two flavor quark model (u,d)
SUL(2) ® SUR(2) @ Ua(1) ® Uy (1)

|
SUy (2) ® Uy (1)

4 Nambu-Goldstone bosons 7 7" 7~ n

my, < \/§ m S. Weinberg

The Ux(1l) Problem



In Quantum Chromodynamics (QCD)

U4(1) has a Adler-Bell-Jackiw anomaly, and is therefore
explicitly broken.

Quantum tunneling events, called instantons, produce
axial charge for each flavor
; 't Hooft, 1976

ur, dr,
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Ifa Uy, (1) symmetry is assumed,

a g°
fo 3272

~ 1
L= .. - G, G+ 0,0t

— a
0 = — relaxes to zero,

fa

and a light neutral pseudoscalar
particle is predicted: the axion.

Weinberg, Wilczek 1978



A self adjusting pooltable




Searching for the pooltable oscillation quantum
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g, = 0.97 in KSVZ model
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Axions are constrained by

beam dump experiments
: K+ +
rare particle decays  (e.g. )

radiative corrections
(e.g. the =~ anomalous magnetic moment)

the evolution of stars



AXion constraints

10° 10" 105 fa (GeV)
I B e e e B S B E e e e — >

m, (eV) 1 107° 1071
D s o . B B B B B B B A B e my

laboratory
searches




A self adjusting pooltable




Effective potential V(T,D)
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Axion production by vacuum realignment

TV IR
- a \/ a
T > 1GeV T <1GeV

na(t) ~ %ma(tl)a(tl)Z ~ L 20(t)?

3
R _ 7 initial
Pa (t()) = MgMNg (tl) (—1> X Mg 6 mi;alignment
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J. Preskill, M. Wise & F. Wilczek, L. Abbott & PS, M. Dine & W. Fischler, 1983



AXion constraints
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The Witten Effect (1979)

When @ ;é () magnetic monopoles acquire electric charge

@
Qe:_HQm
Tr

e = ((9—|— f ) with axion
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(Q&Q’m) — (07 2%)

~~ axion domain wall
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The Witten Effect (1979)

When @ ;é () magnetic monopoles acquire electric charge

@
Qe:_HQm
Tr

e = ((9—|— f ) with axion
/

~~ axion domain wall



—

Loyy =g a(z) E(z) - é(x)

Axion Electrodynamics

—

V- (E — gaB) = pe
V X (é + gaE) — 0,5(5 — gaé) = Jel
VxE+8B=0

—

V- -B =0

wef}

0fa —Via+mia=—gFE -



electric charge
surface density

ol = gAaB| = 2aB |



Axion Electrodynamics
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In background electric and magnetic fields
the axion field is a source of electromagnetic radiation

—

6’35— VQA — Q(EO X ﬁa — Egﬁta)




Axions convert to photons in a magnetic field and
vice-versa

Q?a—VQa:—géo-E

BUT

Bo \°/aBy \°
= (20 (220) o



We may search for axions produced in the Sun
or present on Earth as dark matter

* Axion helioscope 10 axions/cm2sec




Axion dark matter I1s detectable
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ADMX in its second generation

*Supported by DOE Grants DE-FG02-97ER41029, DE-FGO02-
96ER40956, DE-AC52-07NA27344,DE-AC03-76SF00098, NSF
Grant PHY-1067242, and the Livermore LDRD program
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HAYSTAC at Yale




CAPP

Center for
Axion and Precision
Physics Research




Cavity haloscopes

ADMX In Seattle & FNAL

HAYSTAC atYale

CAPP In Korea

QUAX at INFN laboratory in Legnaro
ORGAN at University of Western Australia
RADES at CERN

TASEH In Taiwan
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Axion dark matter detection
using an LC circuit

PS, D. Tanner and N. Sullivan, 2013

ABRACADABRA,

@

V X By = jo = gayy Bo(Z) 0sa(Z, 1)

circuit should be cooled to milli-Kelvin

temperatures
see talk by

SLIC, DMRadio Lindley Winslow
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Reentrant Cavity

R

p =10

S. Chakarabarty et
al. (ADMX Colloab.)
2303.07116

“Low frequency
(100 — 600 MHz)
searches with axion
cavity haloscopes”
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Prototype cavity
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We may search for axions present on Earth as
dark matter or axions produced in the Sun

* Axion helioscope 10 axions/cm2sec




Tokyo Helioscope - Sumico

Makoto Minowa
et al.




CerN Axion Solar Telescope

Konstantin Zioutas
et al.




International AXion Observatory

Ilgor Irastorza
et al.




Baby IAXO at DESY
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Axi0-Electric and Primakoff Effects

e.g. a+ Ge — e+ Ge™

Dimopoulos, Starkman & Lynn, 1986

a+ (Z,A) > v+ (Z,A)

Frank Avignone

constraints from SOLAX, COSME, DAMA,
CDMS, EDELWEISS, XMASS, CUORE,
CDEX, Xenon, LUX, PandaX
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Shining light through walls
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Resonantly Enhanced Axion-Photon Regeneration

(a) Photon
?0 Wall I?’_O Detector
m—
Magnet Magnet
Photon
Detectors
(b)

Laser

Matched Fabry-Perots

Hoogeveen (1996); P.S., Tanner and van Bibber (2007) & G. Mueller (2009)



ALPS Il at DESY

A. Ringwald, A. Lindner et al.

Byg=53T L=2x120m inHERAtunnel



Many approaches to axion detection

Dielectric haloscopes MADMAX
Nuclear Magnetic Resonance CASPEr
Axion to magnon conversion QUAX
LC circuit ABRACADABRA, SLIC, DMradio
Shining light through walls (SLW) ... ALPs, OSQAR

Axel Lindner
Stellar evolution constraints white dwarf cooling

SLW in astrophysical magnetic fields

Marco Roncadelli



AXxions relate to

particle physics

nuclear physics

astrophysics

cosmology

solid state physics (topological insulators)

atomic physics

statistical mechanics (Bose-Einstein condensation)



Conclusions

« Axions solve the strong CP problem

« A population of cold axions is naturally produced

In the early universe which may be the dark
matter today

« AXxion dark matter is detectable

Happy Birthday, Frank!
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