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There is physics beyond the SM

> Dark matter and dark energy:
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Even if one neglects dark energy:
85% of the matter is of unknown constituents.
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There is physics beyond the SM

> Dark matter and dark energy candidate constituents:
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There is physics beyond the SM

> Dark matter and dark energy candidate constituents:
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> Very weak interaction witl o? tter > Extremely lightweight scalar particle

> Very weak intere 55“ \
themselve O““:se““s

al umes
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There might be physics beyond the SM

> CP-conservation in QCD:
why does the static electromagnetic dipole moment of the neutron vanish?

http://www.Ibl.gov/Science-Articles/Archive/sabl/2006/Oct/3.html

Why do the wave functions of the three quarks exactly cancel out
any observable static charge distribution in the neutron?

Why does QCD conserve CP?

In principle QCD would allow for CP violation
parameterized by an overall phase {¥] of the quark mass matrix.
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There might be physics beyond the SM

> CP-conservation in QCD:

F. Wilczek at “Vistas in Axion Physics”, Seattle, 26 April 2012

(see http://www.int.washington.edu/talks/WorkShops/int 12 50W/People/Wilczek F/Wilczek.pdf)

The overall phase of the quark mass matrix is physically meaningful.

In the minimal standard model, this phase is a free parameter, theoretically.
Experimentally it is very small.

This is the most striking unnaturality of the standard model, aside from the
cosmological term.

It does not seem susceptible of anthropic “explanation”.

In QCD a free parameter %] could have any value between 0 and 21r.

Experimentally, [¥] < 109,

> A “fine-tuning” problem!
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Physics beyond the standard model

> STRONG EVIDENCE FROM COSMOLOGY

= No clue on energy scale of BSM physics from DM.

>HINTS FROM PARTICLE PHYSICS

= Fine-tuning issues not only at the TeV-scale!

http://wp.patheos.com.s3.amazonaws.com/blogs/crossexamined/files/2014/04/Balancing-Chairs-2.jpg
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Introducing the axion

> CP-conservation in QCD:

A dynamic explanation for [¥] < 10 predicts the axion,
which couples very weakly to two photons.

. Wilczek and Weinberg 1978
Peccei-Quinn 1977
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Introducing the axion

Javier Redondo’s talk at the 2012 DPG spring meeting:

Peccei-Quinn symmetry and the axion

Introduce a new axial global color-anomalous
symmetry, which is spontaneously broken at a
high energy scale, >>> TeV

» Massless Goldstone Boson: the axion
Ve

— % 21 ~ } & T T T
Lo 87Ttr{Ga G (9+ fa>
Free parameter

The QCD induced potential is
minimized for ...

geff:9+<.;i>:0
a 0 \a)
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Tuesday, February 28, 2012
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Introducing the axion

Javier Redondo’s talk at the 2012 DPG spring meeting:

Peccei-Quinn symmetry and the axion

Introduce a new axial global color-anomalous
symmetry, which is spontaneously broken at a

h The axions adjusts its v.e.v. to cancel
the effects of any theta!
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Introducing the axion
Javier Redondo’s talk at the 2012 DPG spring meeting:
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Searching for axions (l)

Couplings to Standard Model constituents: how to look for WISPs

A. G. Dias et al., arXiv:1403.5760 [hep-ph]

> QCD:
as A ~
L o-——=__—G* Gum
2 T 8x fa
> QED: two photon coupling
1 n 1 2 42 gA~ ninz

(coupling to nucleons)

~ (photon appearance experiments)
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Searching for axions (l)
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Searching for axions (ll)

> Axioelectric effect

A -
(for example exploited by XENON100, arXiv:1404.1455) O =
> Yukawa type interactions due to the exchange of _3_3_3_ AV.
ALPs lead to corrections of 1s hyperfine splitting. Zie o

> Bragg diffraction I |
(for example exploited by EDELWEISS). 7\ [ o

\\\\:\\\ /,//,’I photon E
:—Q — O—&f:o\jg::Q—O— ;f_-‘
e o o ‘8, 6 o o c
By
: : . " Y a 5
> Axions emitted in nuclear transitions Y
(exploited in M1 transition of °’Fe) ; S
Ay

with the axion converting into a
photon or electron: g, x g/
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Searching for axions (ll)

Axio-electric effect

> Axioelectric effect
(for@sample exploited by XENON100, arXiv:1404.1455)

> Axions emitted in nuclear transitions

(exploited in M1 transition of °"Fe)

with the axion converting into a

photon or electron: g,, X gf{]{,
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Searching for axions (lll)

> Axion-induced effects in atoms, molecules, and nuclei:
Y. V. Stadnik and V. V. Flambaum, PHYSICAL REVIEW D 89, 043522 (2014)

> Cosmic Axion Spin Precession Experiment (CASPEr):

arXiv:1306.6089v1 [hep-ph]

= Dark Matter axions induce a nucleon
EDM of 10-3* e-cm oscillating at m,c?/h.

= This oscillation is brought into
resonance with

oscillating moments induced
by B and E fields
in the laboratory.

= Pathfinder experiment
needed!

SQUID
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Properties of the axion

> The QCD axion: light, neutral pseudoscalar boson.

> The QCD axion: the light cousin of the °. Y

= Mass and the symmetry breaking scale f, are related: a
m, = 0.6eV - (10’GeV / f,) Y

= The coupling strength to photons is ;
Jayy = "9y AURNE )
where g, is model dependent and O(1).
Note: g, = a-g,/ (T1:6-10°GeV) - m,

The Search for Axions, Carosi, van Bibber, Pivovaroff, Contemp. Phys. 49, No. 4, 2008
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Properties of the axion

> The QCD axion: light, neutral pseudoscalar boson.

> The QCD axion: the light cousin of the °. Y

= Mass and the symmetry breaking scale f, are related: a
= 0.6eV - (107GeV / f,) / Y

= The coupling strength to photons is ;
Jayy = "9y AURNE )
where g, is model dependent and O(1). wamsaans
Note: g, = a-g,/ (T1:6-10°GeV) - m,

= The axion abundance in the univer, 6@; ,
Q,/Q, ~(f,/1012GeV)"s. h\‘

12
f, < 102GeV X~y
m, > peV ,\\ “
PJ 2N
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Properties of the axion

> The QCD axion: light, neutral pseudoscalar boson.

> The QCD axion: the light cousin of the °. Y

= Mass and the symmetry breaking scale f, are related: a
m, = 0.6eV - (10’GeV / f,) Y

= The coupling strength to photons is ;
Jayy = "9y AURNE )
where g, is model dependent and O(1). wamsaans
Note: g, = a-g,/ (T1:6-10°GeV) - m,

= The axion abundance in the universe is

m, > peV

The Search for Axions, Carosi, van Bibber, Pivovaroff, Contemp. Phys. 49, No. 4, 2008
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More general: WISPy particles

\Weakly Interacting Slim Particles (WISPs):

> Axions and _
axion-like particles ALP
ALPs, pseudoscalar or scalar bosons,
m and g are not related by an f.

> Hidden photons (neutral vector bosons) " ANAs — — —
HP (., >

v

> Mini-charged particles

> Chameleons (self-shielding scalars), massive gravity scalars

Axel Lindner | ALPs in the lab | 04 June 2014 | Page 22



Such WISPs are expected by theory

> Axions, ALPs and other WISPs occur naturally in string theory inspired
extensions of the standard model as components of a “hidden sector”.

'HEP PuBLISHED FOR SISSA BY £) SPRINGER

RECEIVED: July 13, 2012
ACCEPTEL r 17, 2012
PUBLISHED: October 22, 2012

DESY 14-020

The Quest for an Intermediate-Scale Accidental Axion and Further ALPs

A. G. Dias'.* A. C. B. Machado?.! C. C. Nishi'.} A. Rinewald3.? and P. Vaudrevange?!

The type IIB string axiverse and its low-energy
phenomenology

Michele Cicoli,*” Mark D. Goodsell° and Andreas Ringwald?

DOI: 10.1007/JHEP10(2012)146
http://www.arxiv.org/abs/1206.0819v1

http://arxiv.org/abs/arXiv:1403.5760

> Their weak interaction might be related to very heavy messenger

particles.

Thus WISPs may open up a
window to particle physics at
highest energies.

Standard Hiddeaecfor

Axel Lindner | ALPs in the lab | 04 June 2014 | Page 23






Properties of the axion

> The QCD axion: the light cousin of the °.

> Therefore the Primakoff effect
will also work for the axion!

Axel Lindner | ALPs in the lab | 04 June 2014 | Page 25



Properties of the axion

> The QCD axion: the light cousin of the °.

> Therefore the Primakoff effect /(,WW\,.,RPHJJ
will also work for the axion! éy, H—LK

> Axions could be produced (detected)
by sending a light beam (them)
through a magnetic field:
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Basics of WISP experiments (l)
Weakly Interacting Slim Particles (WISPs) can be searched for by

converting WISPs to photons (and vice versa) via
> kinetic mixing (hidden photons)

> the Primakoff effect (axion-like particles)

= photon + (virtual) photon — ALP
ALP + (virtual) photon — photon

A virtual photon can be provided by
an electromagnetic field.

7

: % axion

'y* ’Y a
N/ =
The Search for Axions,

I B =
Carosi, van Bibber, Pivovaroff,
i i Contemp. Phys. 49, No. 4, 2008
Classical EM field Sea of virtual photons Primakoff Effect
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Basics of WISP experiments (ll)

> Basic idea: due to their very weak interaction WISPs may traverse any
wall opaque to Standard Model constituents (except v and gravitons).

= WISP could transfer energy out of a shielded environment

= WISP could convert back into detectable photons behind a shielding.

> “Light-shining-through-a-wall” (LSW)

¢ ¢
Yy > 8 steel wall, cryostat,
earth’s atmosphere,
B > stellar body,
v v

intergalactic background light,

Okun 1982, Skivie 1983, Ansel‘m 1985, Van Bibber et al. 1987
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Basics of WISP experiments (lll)

> Basic idea: due to their very weak interaction WISPs may traverse any
wall opaque to Standard Model constituents (except v and gravitons).

= WISP could transfer energy out of a shielded environment

= WISP could convert back into detectable photons behind a shielding.

> “Light-shining-through-a-wa

7V\AA§—$ :ib gﬂl\/")’
B B
,.Y* ,.Y*

Okun 1982, Skivie 1983, Ansol‘m 19§85, Van Bibber et al. 1987

\/
Real WISPs are produced!

” (LSW)
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Basics of WISP experiments (1V)

> Basic idea: due to their very weak interaction WISPs may traverse any
wall opaque to Standard Model constituents (except v and gravitons).

= WISP could transfer energy out of a shielded environment

= WISP could convert back into detectable photons behind a shielding.

> “Light-shining-through-a-wa

Okun 198

v ‘Mm%—;b ke gw Y
| % B
,.Y* ,.Y*

), Skivie 1983, Ansel‘m 1985, Van Bibber/et al. 1987

| /

” (LSW)

The primary and the regenerated photons have
exactly the same properties (energy, polarization).
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Basics of WISP experiments (V)

> Basic idea: due to their very weak interaction WISPs may traverse any
wall opaque to Standard Model constituents (except v and gravitons).

= WISP could transfer energy out of a shielded environment

= WISP could convert back into detectable photons behind a shielding.

> “Light-shining-through-a-wa

7V\AA§—$ :ib gﬂl\/")’
B B
,.Y* ,.Y*

Okun 1982, Skivie 1983, Ansol‘m 19§85, Van Bibber et al. 1987

AV

” (LSW)

Coherent production and regeneration: P,_ 4, o (B-L)?
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ALPs in LSW experiments

> The production (and re-conversion) of
WISPs takes place in a coherent fashion.

¢ ¢
B 'NWE_} > §NV\/‘ B
) ) B B
Wlth q= py_p(pzé'm /CU »y* ,Y*

I: length of B field

9
1 sin (Zq/f
P,_4(B.l,q)=~(gB()° F(qf)  Flgl) = 1(2 )
With Py_,¢=Pq,_,y= P2 g=(P)"4-2-/(L-

P = %ws; / Example:
(photon flux behind wall) / tei;:) /;\,szg nlt
(flux before wall) 0 experment
\Ps | aions' photons.
Re\a’(\\"\s"“ ) eeereeverseustI YOOI NSTTSSSTIOTE

log, (m [eV])
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Three kinds of WISP searches

\Weakly Interacting Slim Particles (WISPs) are searched for by

> Purely laboratory experiments
(“light-shining-through-walls™)
optical photons,

> Helioscopes
(WISPs emitted by the sun),
X-rays,

> Haloscopes

Laser

(looking for dark matter constituents),

microwaves.

I ----------- Detector

cavity mirrors wall HERA magnet
(a) ALPS-I

Magnet
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Three kinds of WISP searches

\Weakly Interacting Slim Particles (WISPs) are searched for by

> Purely laboratory experiments e
(“light-shining-through-walls”) Laser b Detector
optical photons, " e

cavity mirrors wall HERA magnet
(a) ALPS-I

wn
®
> Helioscopes cz
(WISPs emitted by the sun), =
X-rays, é“'
> Haloscopes .
(looking for dark matter constituents), “
microwaves. |

Cavity
Axel Lindner | ALPs in the lab | 04 June 2014 | Page 38



Three kinds of WISP searches

\Weakly Interacting Slim Particles (WISPs) are searched for by

> Purely laboratory experiments
(“light-shining-through-walls™)
optical photons,

> Helioscopes
(WISPs emitted by the sun),
X-rays,

> Haloscopes
(looking for dark matter constituents),
microwaves.

Cavity
Axel Lindner | ALPs in the lab | 04 June 2014 | Page 39



Three kinds of WISP searches

\Weakly Interacting Slim Particles (WISPs) are searched for by
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Three kinds of WISP searches

\Weakly Interacting Slim Particles (WISPs) are searched for by

~ 10m

> Purely laboratory experiments
(“light-shining-through-walls™)
optical photons,

> Helioscopes
(WISPs emitted by the sun),
X-rays, o
.
> Haloscopes

(looking for dark matter constituents),
microwaves.

Cavity
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The Dark Matter case: ALPs at rest

> Cold Dark Matter: ALPs / axions move at non-relativistic speeds.

P. Sikivie, Experimental Tests of the "Invisible" Axion,
Phys. Rev. Lett. 51, 1415 (1983):

> When converting to photons, the photon energy is given by the
WISP rest mass + an O(10°) correction.

Amplifier

AE/E ~ 10711
| AE/E ~10-6 Pa—>y x (B% VQ) <g§ &)

Magnet

- A
. Frequency i i i
MlTXion (energy) CaVlty Axion
volume Cavity number

power denSity
build-up
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The big picture: ALPs

excluded

(@)

g

o~ -10

2%

o3

§Z-n |

I°H Excluded by WISP experiments

'ngn Excluded by astronomy (ass. ALP DM)
Q- -u Excluded by astrophysics / cosmology
|_

Axions or ALPs being cold dark matter

-4 -2
Log Mass [eV]

ALP mass
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Log Coupling [GeV ']

The big picture: ALPs

LSW (ALPS-I)

_ Solar v
Helioscopes (CAST)

HB

—~10 _ ‘ Tlelcscopes
SN ‘y_buISt y ‘r:‘n’,r"\“;;w,‘y .‘

-12

ADMX-HF

ADMX

Intermediate string scale

~14

-16

—18|'|'|'|I'I'I'I'I'I'I'I'I'I'I'I'I

-12 -10 -8 -6 -4 -2 0 2 4
Log Mass [eV]

Particular interesting:

ntents lists available at SciVerse ScienceDirect

Dark Universe

wwwwwwwwwww

:

Exploring the role of axions and other WISPs in the
dark universe

Andreas Ringwald

Deutsches Elkgronen. Synchrotron DESY, Notkestr. 85, D-22607 Hamburg, Germany

DOI: 10.1016/j.dark.2012.10.008
e-Print: arXiv:1210.5081 [hep-ph]

Excluded by WISP experiments

Excluded by astronomy (ass. ALP DM)
Excluded by astrophysics / cosmology
Axions or ALPs being cold dark matter

Sensitivity of next generation WISP exp.

> ALP-photon couplings around 10-1'"GeV-', masses below 1 meV.
Such ALPs are predicted by string theory.
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The big picture: ALPs
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Particular interesting:

> ALP-photon couplings around 10-1"GeV-1, masses below 1 meV.
Physics at a scale of 10° TeV will be probed.
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WISP experiments worldwide

An incomplete selection of (mostly) small-scale experiments:

Exorment | e | Locion | St

ALPS I

CERN microwave
cavity experiment

OSQAR
REAPR
CAST
|AXO
SUMICO
TSHIPS
ADMX
WISPDMX

Laboratory
experiments,
light-shining-

through-a-wall

Helioscopes

Haloscope

DESY construction

CERN finished
CERN running

FNAL proposed
CERN running

? proposed
Tokyo running
Hamburg running
Seattle, NH running
DESY in HH studies
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Searches for WISPy cold dark matter

> Due to their low mass WISPy cold dark matter can not be detected by
recoil techniques.

> WISPy dark matter particles have to convert into photons in a
thoroughly shielded environment.

> The mass of the dark matter particle determines the energy to be
detected. For axions it is in the microwave range.

> The resonance frequency of the cavity
is to be tuned to the WISP mass
to be probed.
This is a very time consuming process! wagne

Cavity
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ADMX

> ADMX at Washington university, Seattle.

> Sufficient sensitivity to detect DM axions,

Log,, 2 |GeV™

= if they constitute all of the DM,
= if the KSVZ model is right,

= if axions happen to have the right mass.
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ADMX

> ADMX at Washington university, Seattle.

> Sufficient sensitivity to detect DM axions,

Log,, 2 |GeV™

= if they constitute all of the DM,
= if the KSVZ model is right,

= if axions happen to have the right mass.
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Extending the DM search mass range

DM axions might hide in a large mass region:

QCD axion cold dark matter (two scenarios)

JalGeV]
10 108 102 10! 10 10° 10® 107 10° 10° 10* 10°

postinflation PQ I
(realignment+cosmic strings+DWSs)

preinflation PQ

alignment)

1077 10 1075 10* 1073 102 100t 1 10 102 10° 10%
my[eV]

Friday, 28, February,2014
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Extending the DM search mass range

DM axions might hide in a large mass region:

QCD axion cold dark matter (two scenarios)
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Extending the DM search mass range

DM axions might hide in a large mass region:

QCD axion cold dark matter (two scenarios)

JalGeV]
0% 108 102 10! 10 10° 108 107 10° 10° 10* 10° 102 10! 1

\
(realignment+cosmic strings+DWs) \

postinflation PC

preinflafion PQ

lignment)

i i
1077 10 1075 10* 1073 102 100t 1 10 10* 10° 10* 105 10° 107

myeV]

ADMX

Friday, 28, February,2014
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Extending the DM search mass range

> Option 1: improve on cavity experiments

> Option 2: approaches to new broad-band searches
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Extending the DM search mass range

> Option 1: improve on cavity experiments

= ADMX will be upgraded with | ¢ Psia t
a new SQUID amplifierand | 77 = kTsy s \ Av

dilution refrigerator to cover
a mass region up to 10 peV.

= ADMX-HF will be a pathfinder
for higher masses and test-bed
for hybrid superconducting cavities
(to be placed in a 10 T field).
Up to a few 10 peV?

ADMX Achieved and Projected Sensitivity

Cavity Frequency (GHz)

-

o
o
o

N\

/Too Much Dark Matter”//\

&

/

\\\\\\\\\\\\\\\\\\\\

-

o
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X

ADMX LF

Axion Coupling |g,y, | (GeV™")
= B
& 5

—_
o
(g

-

(2]

= For searches above 10 GHz 10 100 1000
. .y Axion Mass (ueV)
photonic-band-gap cavities
are evaluated.

Get smaller!
: L » arXiv:1405.3685 [physics.ins-det]
Y 0/"\1 v .‘—,;fﬁ"w
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Extending the DM search mass range

> Option 1: improve on cavity experiments

= ADMX will be upgraded with | ¢ Psia t
a new SQUID amplifierand | 77 = kTsy s \ Av

dilution refrigerator to cover
a mass region up to 10 peV.

= ADMX-HF will be a pathfinder
for higher masses and test-bed
for hybrid superconducting cavities
(to be placed in a 10 T field).
Up to a few 10 peV?
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= For searches above 10 GHz 10 100 1000
. .y Axion Mass (ueV)
photonic-band-gap cavities
are evaluated.

Get smaller!
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Extending the DM search mass range

> Option 1: improve on cavity experiments

PHYSICAL REVIEW D 85, 035018 (2012)
Prospects for searching axionlike particle dark matter with dipole, toroidal, and wiggler magnets

Oliver K. Baker,! Michael Betz,” Fritz Caspers,” Joerg Jaeckel,® Axel Lindner,* Andreas Ringwald,*
Yannis Semertzidis,” Pierre Sikivie.® and Konstantin Zioutas’
1Depurtmem of Physics, Yale University, New Haven, Connecticut 06520-8120, United States, USA
2CERN, CH-1211 Geneva, Switzerland
3Institute for Particle Physics Phenomenology, Durham DHI 3LE, United Kingdom
“Deutsches Elektronen Synchrotron DESY, Notkestrasse 85, D-22607 Hamburg, Germany
SBrookhaven National Laboratory, New York-USA
SDepartment of Physics, University of Florida, Gainesville, Florida 32611, USA
7University of Patras, Patras, Greece
(Received 10 November 2011; published 17 February 2012)

Log,,f [GHz]
0 3

> No really promising ideas ? !

on how to reach a sensitivity % ~ 7

to probe DM axions, = —

> but ALP DM could be found! F B
* Log;mqleV] b

Axel Lindner | ALPs in the lab | 04 June 2014 | Page 59



Extending the DM search mass range

> Option 2: approaches to new broad-band searches

PHYSICAL REVIEW D 88, 115002 (2013)

Resonant to broadband searches for cold dark matter consisting of weakly
interacting slim particles

Joerg J aeckel' and Javier Redondo™
Unstitut fiir theoretische Physik, Universitiit Heidelberg, Philosophenweg 16, 69120 Heidelberg, Germany
2Arnold Sommerfeld Center, Ludwig-Maximilians-Universitdt, Theresienstrasse 37, 80333 Munich, Germany
3Max-Planck-Institut fiir Physik, Fohringer Ring 6, 80805 Munich, Germany
(Received 6 September 2013; published 2 December 2013)
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Extending the DM search mass range

> Option 2: approaches to new broad-band searches

= |f the axion wave function encounters a sharp magnetic boundary,

a (tiny) electromagnetic wave is reflected.

= This wave is emitted perpendicular to a reflecting surface

(assuming a very slow moving axion).

= This emission can be concentrated onto a photon detector.

= With dish sizes of 1m? in a 5T field
competitive sensitivities can be reached.

, 46x105 [ 5T (R,,,det)%
oy, sens —
GeV (|B|||2) 1Hz

1

(%) (O.3GeV/cm3)§ (m?)%
eV DM, halo Adish

> A tuning of cavities to a specific
axion mass is not required!

Log, g [GeV™']

D. Horns et al.,
JCAPO04 (2013) 016

-3
Log,o my [eV]

-19
-9 -6 [ 3
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Extending the DM search mass range

> Option 2: approaches to new broad-band searches

= This “dish antenna” approach even allows to measure the
axion DM velocity distribution with respect to the dish.

Fpttl‘-‘ XX
et A% k
VWi s s
------ A A ey
X v
Q" »
klzm,-ﬁ

S= For some theory:

PHYSICAL REVIEW D 88, 115002 (2013)

Resonant to broadband searches for cold dark matter consisting of weakly
interacting slim particles

Joerg Jacckel' and Javier Redondo™
nstitut fiir theoretische Physik, Universitdt Heidelberg, Philosophenweg 16, 69120 Heidelbers. Germany
*Amold Smmnﬂ(uld Center, Ludwig-Maximilians-Universitit, Theresienstrasse 37, 80333 Munich, Germany
‘Max-Planck-Institut fiir Physik, Fohringer Ring 6, 80805 Munich. Germany
(Received 6 September 2013 published 2 December 2013)

J. Jaeckel, J. Redondo, JCAP11 (2013) 016
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CAST: the dominating helioscope

> LHC prototype magnet pointing to the sun.

—_
=

f—

5

Axions or ALPs from the center
of the sun would come with
X-ray energies.

3

3

Axion flux (g2, 10 em=2 s~ keV™)
5 9

Energy (keV)

New J. Phys. 11 (2009) 105020
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CAST: the dominating helioscope

(courtesy of I. Irastorza)

10-5 T |||||||| T |||||||| T T |||| T ||||||| T I L ||||||| T TTTIT I
10°
o0 107 Photon regeneration (ALPS)

Solar (CAST)

11 .
10 Microwave cav.

10"

SNIOSTA %

108

1 0—14 obe’\s

I0-16 I)ml IIIIII|| 1 IIIIIII| 1 IIIIIII| Il IIIIIII| 1 IIIIIlIl IR IR

107 10 10% 104 103 102 10"

10-15

> Most sensitive experiment searching for axion-like particles.

= Unfortunately no hints for WISPs yet.

= If an ALP is found, it would be compatible with known solar physics!

> However, CAST relies on astrophysics:

= CAST has to assume ALP production in the sun.
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|JAXO proposal

> The International Axion Observatory

= CAST principle with dramatically enlarged aperture

X-ray optics ———
L
Solar N 'y -
axion 1
1\
flux 4 L v
------- > AN NN NN AN NN A
_______ 1 1 1 1 1 11
_______ < B field; | i 1
_______ > bz A B A R B S U
_______ R A R e
> R L AU R N
------------- I I I I ‘l“ | ] T I

y \ X-ray detectors

Shieldin
Movable platform T &
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|JAXO proposal

> The International Axion Observatory

= CAST principle with dramatically enlarging the aperture

= Use of toroid magnet similar to ATLAS

= X-ray optics similar to satellite experiments.

-
N
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|JAXO proposal

> The International Axion Observatory 3

= Could be constructed within about six years.

> |AXO could probe QCD axions i: CASTphasel
as well as ALPs F
(even in their Dark Matter parameter space)!

1011

Ll Lol T
10° 102 10 1
m, ;.. (eV)
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|JAXO proposal

> The International Axion Observatory P

= Could be constructed within about six years. i

> |AXO could probe QCD axions i: CASTphasel
as well as ALPs -

(even in their Dark Matter parameter space)!

1011

1 0—12 1
107

Ll

10?2

Lol

107!

1 I
1
m, ;.. (eV)

> However, DM axions
are out of reach.
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Laboratory experiments

Axel Lindner | ALPs in the lab | 04 June 2014 | Page 70



ALPS @ DESY in Hamburg

=== RO ALPS I
Pt o
‘ in the HERA tunnel?
\ & x .

: PETRA l1I-Extension




ALPS | at DESY in Hamburg

Any Light Particle Search @ DESY: ALPS | concluded in 2010

B N e - X : 5 N LR b g d
A o ! ’J A T — | |
% g 4 2{ . r ASay | LS O al ‘ ‘ E
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ALPS | results

(PLB Vol. 689 (2010), 149, or http.//arxiv.org/abs/1004.1313)
> The most sensitivity WISP search experiment in the laboratory (still).

> Unfortunately, no Ilght was shining through the wall!

e - v

HERA~d1p01

3.5-10%1 1/s <103 1/s
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Prospects for ALPS Il @ DESY

> Laser with optical cavity to recycle laser power,
switch from 532 nm to 1064 nm,
increase effective power from 1 to 150 k\WV.

> Magnet:
upgrade to 10+10 straightened HERA dipoles
instead of ¥2+%2 used for ALPS |.

> Regeneration cavity to increase WISP-photon
conversions, single photon counter
(superconducting transition edge sensor?).
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The ALPS Il reach

Parameter Scaling ALPS-I ALPS-IIc | Sens. gain
Effective laser power Plaser | Gay o P’ 1 KW 150 kW 3.5
Rel. photon number flux n,, | guy X 17y A (532nm) | 2 (1064 nm) 1.2
Power built up in RC Pre | gay  Preg 1 40.000 14
BL (before& after the wall) | g4, o< (BL)™" 22Tm 468 Tm 21
Detector efficiency QF Jary X QE—1/4 0.9 0.75 0.96
Detector noise DC Jary X DCV® 1 0.0018s~! | 0.000001 s~ 1 2.6
Combined improvements 3082

Axel Lindner | ALPs in the lab | 04 June 2014 | Page 75




ALPS Il essentials: laser & optics

ALPS I:

basis of success was
the optical resonator i
front of the wall.

> ALPS lla

~ 10m

Laser I ——————————— Detector
| S
cavity mirrors wall HERA magnet

(a) ALPSI

Laser I """"""" Detector

N,

cavity mirrors cavity mirrors
wall

/ (b) ALPS-IIa \

Optical resonator to | Optical resonator to :
increase effective ' increase the conversion |
light flux by | probability :
recycling the laser ' WISP—Y |
power G I ——— '

First realization of a 23 year old proposal!
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ALPS Il will be realized in stages

ALPS |

> ALPS lla

> ALPS lib

> ALPS lic

~10m
/7
Laser I ——————————— Detector
cavity mirrors wall HERA magnet
(a) ALPS-I
Laser I """"""" Detector

NS

cavity mirrors

AN

cavity mirrors
wall y

(b) ALPS-IIa

- ~ 100 m _ - ~ 100 m _
Laser I ------------- Detector
(c) ALPS-IIb
~ 100 m ~ 100 m
o o o [ o
Laser ———— ] —~~~ =~ """ "= =====—— Detector

(d) ALPS-IIc
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ALPS Il will be realized in stages

ALPS |

> ALPS lla

> ALPS lib

> ALPS lic

Laser

Laser

Laser

~ 10m
I
D D I ——————————— Detector
‘\ # -
cavity mirrors wall HERA magnet

(a) ALPS-I

(b) ALPS-IIa

(d) ALPS-TIc

etector

etector

HERA dipole magnet
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ALPS Il will be realized in stages

ALPS |

> ALPS lla

> ALPS lib

> ALPS lic

Laser

Laser

Laser

~ 10m
I
D D I ——————————— Detector
‘\ # -
cavity mirrors wall HERA magnet

(a) ALPS-I

(b) ALPS-IIa

(d) ALPS-TIc

etector

etector

HERA dipole magnet
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ALPS Il schedule (rough)

2013 | 2014 | 2015 | 2016 | 2017 | 2018 _
ALPS lla

|
lic risk assessments (llb) ....
ALPS lic ...

installation T

. data runs

Closure of the LINAC tunnel
of the European XFEL project
under construction at DESY.

ALPS llc in 2018 in the HERA tunnel
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The collaboration: PhDs and postdocs
ALPS Il is a joint effort of

> DESY:
, Samvel Ghazaryan,
, Ernst-Axel Knabbe, Axel Lindner,
Andreas Ringwald, , Richard Stromhagen, Dieter Trines

> Hamburg University:
, Dieter Horns

> AEIl Hannover

(MPG & Hannover Uni.):
, Benno Willke

> Mainz University:
Matthias Schott,

with strong support from

> neolLASE:
Maik Frede, Bastian Schulz
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ALPS Il essentials: laser & optics

BS: beamsplitter opt' table 2
PD:  photodetector F2 (RC offset +
QPD: quadrant-PD phase IFO)
Alx: waveplate IM
(Phase IFO)
allows fast remote
alignment 3.1 mW,
532 nm
allows fast remote N2
positioning =
opt. table 1 vacuum g ﬂ@ 5
0w, enclosure IFO) /n.___:.. e g ﬁ
1064 nm i ) (HR 532 nm) single-photon
r - Iris prism .E detector
2 p [
W
. ALPLAN baseplate = (ovf’;’% a5 "
: 1 in vac. - 2 [
A < : (located ac.) B H
-4 CBS1b 2 1.5 mWy i 1295% @1064 o5,
R . 9
pIc | i T=10% S M5, n T<1% @532 g5y,
L . = -
1 1150/
T"_":;/ T=750ppm,;
7% froc=250 m;
A angl
Tt tI:ooard T=10% (HR 1064 nm)
16 mW emp.,
/50/50BS " s % 310 W Ms, opt. table 3
@ 3 1064-pol. =ik I
QPD2 (DWS) QPD3 ;7
(DC)
h @QPD4 (bC)
@ QPD1 (DWS+PDH)

Production cavity, infrared

Wall Regeneraton cavity, locked with green light.
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ALPS Il essentials: laser & optics

Optical design based on well established techniques used in
the field of gravitational wave detectors.

Several prototype stages to test / demonstrate new challenges
and mitigate risk before large investments.

Encouraging first results!

30W, enclosure | | &yro) | |J-2
1064 nm *
; i; ALPLAN b.aseplate
R < (located in vac.) i
i v @uee T2ooEr U004
N IRE
angled dichroics -3
o/ 50/50 BS opt. table 3
% diigﬁnwso
% QPD1 (DWS+PDH)
Production cavity, infrared Wall Regeneraton cavity, locked with green light.

9.
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The central optics breadboard




The big vacuum tank
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ALPS II: Transition Edge Sensor (TES)

> High quantum efficiency at 1064 nm, very low noise.

> Tungsten film kept at the transition to
superconductivity.

> Sensor size 25Um x 25um x 20nm.

> To be operate around 100 mK.

107
0
-10

> Single 1066 nm
photon pulses!

voltage [mV]
Lol

—40}

-50

module with two channels » Energy resolution =8%. ool

(scale ~ 3cm x 3cm) 0 20 30 60 80
time [us]

> Background 10 counts/second.
> Pulse shape well understood.

> 0Ongoing: background studies, optimize fibers.
Try to minimize background from ambient thermal

photons.
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ALPS Il sensitivity

> Well beyond current limits.

> Less sensitive than IAXO
(but much cheaper).

> Aim for data taking in 2018.

> QCD axions not in reach.

> Sensitive to Dark Matter
axion-like particles.

v

Log Coupling [Ge

:

Solar v

f ALPSII .

-10

/ Iaxion CDM

ADMX-HF

ADMX

-12

-16

. )
| T T T T T T O O O N N AR
2 -10 -8 -6 -4 -2 0 2 4 6

Log Mass [eV]

-18

|
_ =
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Beyond ALPS Il

> Rough estimation with some crucial parameters:

Photon

flux (1/

B-L PB
(Tm) | reg.cav.

ALPS |
ALPS I
“ALPS III"

European
XFEL

PW laser

S)
3.5-1021
1 .1024
3-1025

< 1018

1020 1/
pulse

1-10%

2.3

5.0
5.3
13

5.3

106

4.4
106
400

106

10-°

22 1 0.0003 0.001
468 40,000 1 0.0002
5200 100,000 27 0.0001

562 1 0.001 0.01

10 1 0.0003 0.5
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“ALPS III” sensitivity

> With a multi - 10 M€ project
one could even probe well

beyond the IAXO reach. _ ALPS "I ce Solar v

HB

Telescopes

:

|
—
=

/ | axion CDM

ADMX-HF

However:

> |t is to be shown first
that ALPS Il can be realized.

Log Coupling [GeV ']
[
S

ADMX

|
—
=
I\

> Magnets as being _16:_
developed for the LHC - ,
energy upgrade are —l8_|12' | |_I10| | _I8| ] |_|6| | |_|4| | |_I2| | |(I)| | |£ | |£I1' ] .
eSSGHtIa| . Log Mass [eV]

> “ALPS lII” not before 2025.
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Indications for a WISP world?

Do white dwarfs (WDs) cool too fast?

> The luminosity distribution of WDs as well as http://arxiv.org/abs/1304.7652

> the pulsation changes in individual WDs suggest nhttp:/arxiv.org/abs/1205.6180

> and extra cooling mechanism.

This could be the emission of axions or ALPs coupling to electrons.

LSW (ALPS-I)

Helioscopes (CAST)

I
S

SN y-burst

Log Coupling [GeV™']

oling hint
& .
ish axion CDM
=

ADMX-HF

ADMX
Intermediate string scale

- ) : \
- o '),.
gl L 1 1 FENEEEEE NN NN A NN EEEEn
- =8 =6 =4 =20 2 4 6 Axel Lindner | ALPs in the lab | 04 June 2014 | Page 91
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Indications for a WISP world?

Is there a cosmic axion background radiation (CABR)?

PREPARED FOR SUBMISSION TO JCAP

http://arxiv.org/abs/1312.3947

Soft X-ray Excess in the Coma Cluster
from a Cosmic Axion Background

Stephen Angus,” Joseph P. Conlon,” M.C. David Marsh,” Andrew
J. Powell® and Lukas T. Witkowski®®

“Rudolf Peierls Centre for Theoretical Physics, University of Oxford,
1 Keble Road, Oxford OX1 3NP, United Kingdom

bInstitut fiir Theoretische Physik, Universitit Heidelberg,
Philosophenweg 19, 69120 Heidelberg, Germany

Axel Lindner | ALPs in the lab | 04 June 2014 | Page 92



Indications for a WISP world?

Is there a cosmic axion (or ALP) background radiation (CABR)?

> A relativistic CAB is well motivated from compactifications of string theory
to four dimensions.

> A CAB is compatible with CMBR measurements (AN.¢).

> Such ALPs may convert into soft X-ray photons in the magnetic fields of
clusters of galaxies and explain the observed soft X-ray excess.

> It is difficult to explain the excess with conventional astrophysics
(warm gas, inverse Compton scattering of the CMB).

> |In the CABR scenario:
me, < 10712eV
(a) ,
10" GeV < M <7 x 1012/ 225 Gev  (with M = 1/g)
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Indications for a WISP world?

Is there a cosmic axion (or ALP) background radiation (CABR)?

LSW (ALPS-I)

Helioscopes (CAST) YMCI

|
|
S

SN y—burst o :

Log Coupling [(eV ™!

> In the CABR scerario: R
me < 10712 ¢V
(a) _
10 GeV < M <7 x 1012/ 224 Gev  (with M = 1/g)
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Indications for a WISP world?




The first axion institute!

> The Center for Axion and Precision Physics Research (CAPP)
is funded by the Institute for Basic Science in Korea.
http://capp.ibs.re.kr/html/capp_en/

> Director: Y. Semertzidis

CAPP

> Resources dedicated to
axion searches!

E-mail =4

> CAPP is very open
to new ideas and
proposals for Concn 1
experiments!

Group] Group2 Group3 Group4

Electromagnetic Proton EDM
Cavities
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The first “global” axion effort?

> The Internation AXion Oberservatory




“Patras” wWoOo rkshop Series http:axion-wimp.desy.de/

> Workshop on WIMPs and WISPs!

4th Patras Workshop on Axions, WIMPs and WISPs i (GURFEHERELTisshop on Axions,
et et e e i oo
- \'/IMPs and WISPs

5-9 July 2010
Zurich University

10™ Patras Workshop
on Axions, WIMPs and WISPs

9™ Patras Workshop ~ 23:28 hne2013 29" June - 4" July 2014

on Axions, WIMPs and WISPs CERN Ge

DESY, Hamburg Site/Germany
18-21 June 2008

26 June - 1 July 2011
Mykonos (GR)

http://axion-wimp.desy.de

Scalar Dark E

Organizing committee:
assilis Anastassopoulo:
natios Antoniadi
ura Baudi
Joerg Jaeckel
xel Lindne
Andreas Ringwald
humar
Emmant meli
Konstantin Ziouta

his workshop is supported by http://axion-wimp.desy.de

CERN | DESY | AEC UNIVERSITY OF BERN | UNIVERSITY OF PATRAS | UNIVERSITY OF HEIDELBERG | UNIVERSITAT ZURICH | CAST



> The axion “invented” to explain the CP-conservation in QCD is also a
perfect and extremely lightweight cold dark matter candidate.

= |t can be searched for in dedicated dark matter experiments.

= Helioscopes as well as purely laboratory experiments will — in the foreseeable future — not
provide sufficient sensitivities to probe the parameter region of dark matter axions.

> In addition to axions theory predicts axion-like particles (ALPs) as well as
other Weakly Interacting Slim Particles (WISPs).

= Such ALPs and other WISPs might also constitute the dark matter.

> There may be hints for ALPs from astrophysics with couplings
5-10-13GeV-T < gyy < 5-10-1"GeV-1.

> Couplings down to 2-10-"1GeV-"! will be probed by ALPS Il in =2018.
> |AXO or a possible ALPS Ill might in future go down to 10-2GeV-".

> The next decade could see “low energy BSM physics” jointly
discovered by astro(particle)physics and in the laboratory!
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BSM physics might hide anywhere!

@Wl LEY rrl/l Early View publication on wileyonlinelibrary.com

(issue and page numbers not yet assigned;
ONLINE LIBRARY citable using Digital Object Identifier - DOI)

annalen 1
Ann. Phys. (Berlin), 17 (2013) / DOI 10.1002/andp.201300727 der p hYS| k

The quest for axions and other new light particles
K. Baker', G. Cantatore?, S. A. Cetin3, M. Davenport#, K. Desch, B. Débrich®*, H. Gies’, I. Irastorza®,

J. Jaeckel®, A. Lindner®, T. Papaevangelou', M. Pivovaroff”, G. Raffelt”?, ). Redondo'?, A. Ringwald®,
Y. Semertzidis'3, A. Siemko#, M. Sulc3, A. Upadhye'4, and K. Zioutas's

Via a discovery of WISP,

astrophysics and laboratory experiments
might jointly open up a window to
fundamental physics at 1056 TeV!
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Backup slides
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Axions are perfect cold DM candidates

> Axions with peV mass are :
perfect cold dark matter &
Cand idateS. Some Dark Matter Candidate Particles g

> They would interact wf T e T || £
extremely weakly of 3 i g
with SM constituents. 2 i J] 2
(@) 10'F & °

. . © 10’ = s

> Slml|al' tO SUSY'WIMPS E ,’é: 10:' neutrinos ~ WIMPs E' é
. y— K- neutralino %‘ 5
axions would solve Ol =zut £ =
two puzzles in one go: g o] 5

= Dark matter § oot o :

= CP conservation in QCD. M ﬁfuizy o | g 5

1010 10 10 10 10107 ;;)]d‘ii E(E';é@vio 10 10° lCl 10 10 10 ::

8

T

52 orders of magnitude

<

S
&
Axel Lindner | ALPs in the lab | 04 June 2014 | Page 103




ALPs in LSW experiments arXiv:1011.3741 [hep-ph]

¢
A plane e.m. wave propagating in an external magnetic field: “"“‘?=
> ALPs may be produced via £ O % qﬁFM,,F’“’ = —goE-B . 7*3

> At each position on the e.m. wave’s path through the magnetic field
an ALP may be produced.

> The final state does not depend on the origin of the ALP production.

> Hence one has to sum the amplitudes over the path through the B-field:
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ALPs in LSW experiments arXiv:1011.3741 [hep-ph]

A plane e.m. wave propagating in an external magnetic field: “"“’?_

Z ,@F;LI/F W = g@E
> At each position on the e.m. wave’s path through the magnetic fleld

an ALP may be produced.

> ALPs may be produced via £ D

> The final state does not depend on the origin of the ALP production.

> Hence one has to sum the amplitudes over the path through the B-field:

.A(’Y N @) _ I/ gBext Z_Qldl gBei{)tu/ 1 — eziL
0 2 mg

> There are interference effects! The probability to produce an ALP is:

g° B2 w? m2L
Py — ¢) = |A]* = ,;}flt sin’ ( 4?: ) .
¢
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Hidden photons in LSW experiments

> The production (and re-conversion) of " ve—s ¢ D
WISPs takes place in a coherent fashion.

4
~!

. 2
5 sin < ™
(mg, + 2w3(n — 1))

With P, =P, =P"2: y = (P)"

9 m

P(y 7)) ~4x

P =
(photon flux behind wall) /
(flux before wall)
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The big picture: hidden photons

Logy ¥
o

-12

-15

T I T T 0 Contents lists available at SciVerse ScienceDirect
B Earth ‘ Dark Universe
ELSEVIER journal www.elsevier..
- AGN, SNR mwLSW
— COLllOlT]b — 3 Exploring the role of axions and other WISPs in the
dark universe
™~ Andreas Ringwald
| DOI: 10.1016/j.dark.2012.10.008
e-Print: arXiv:1210.5081 [hep-ph]
B - -9
B Cold Dark Mattei WISPDMX
- Stickelberg
\anisotropic. fu, eyl
B Hidden Higgs (mp,~m,") | R T 1-12
B -15
I [ TR N NN N S NN NN R NN N

Log,, my[eV]

Excluded by WISP experiments, helioscopes and WIMP dark matter search
Excluded by astronomy

Excluded by astrophysics and cosmology

Dark radiation in the CMB epoch

Hidden photons as dark matter

Sensitivity of next generation WISP exp.
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Standard model background

arXiv:1011.3741 [hep-ph] (J. Redondo, A. Ringwald):
> Light-shining-through a wall mediated by

gravitons neutrinos

P(y—=g— ) ~10"% (%)4 (é)4

> Negligible!
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Resonant regeneration

> From one-way experiments to resonant set-ups:

@) my | wen [ By S
i I ....... ]
Magnet Magnet
< L > < L >
Photon
Detectors @
(b) N o,,%
________________ \] 0@@
EH' ---------------- /] % ”
Magnet {96 >
Matched Fabry-Perots o"ﬁ:/
2007: http://link.aps.org/doi/10.1103/PhysRevLett.98.172002
> Generation in a Regeneration in a
cavity before the wall:  cavity behind the wall:
“recycle photons” Increase back-conversion probability

to enhance the of WISPs into photons.
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Resonant regeneration

> Already proposed in 1991!
http://dx.doi.org/10.1016/0550-3213(91)90528-6

F. Hoogeveen, T. Ziegenhagen / Light bosons

Z
7
— = g R e Gl‘. G oF

7

N'yout 0? (ngleLle)

N 0—-m 4

a

2
IF\(q)I*Fy()*|G,’IG,|?
with |GJ? = power build-up Q in a cavity

vy in

> With Q up to 10°: very large sensitivity improvements possible.
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Resonant regeneration in haloscopes

Photon
Detectors

3/PhysRevlLett.98.172002

Regeneration in a

cavity behind the wall:

Increase back-conversion probability
of WISPs into photons.
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Resonant regeneration

> Already proposed in 1991!
http://dx.doi.org/10.1016/0550-3213(91)90528-6
F. Hoogeveen, T. Ziegenhagen / Light bosons

’g
— e St % e Gie Gz:

The number of photons produced is extremely small. One might therefore
wonder whether it is allowed to make this calculation using classical fields,
surpassing a proper quantum-mechanical treatment. In such a treatment however,
the proper states to use are not the eigenstates of particle number, but coherent
states. The amplitude of coherent states is a solution to the classical equations of

motion. whether or not the particle number is macroscopically large. In this sense
it is allowed to consider here classical fields only.

> Purcell effect (1940-ties):
spontaneous emission rates change inside a resonating cavity.
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Exploit the possibilties of other magnets

PHYSICAL REVIEW D 85, 035018 (2012)
Prospects for searching axionlike particle dark matter with dipole, toroidal, and wiggler magnets

Oliver K. Bakcr,1 Michael Bctz,2 Fritz Caspcrs,2 Joerg Jacckcl,3 Axel Lindncr,4 Andreas Ringwald,4
Yannis Scmcrtzidis,5 Pierre Sikivic,6 and Konstantin Zioutas’

DOI: 10.1103/PhysRevD.85.035018, arXiv:1110.2180v1 [physics.ins-det]

Experiments with toroid
(IAXO),dipole and wiggler
magnets could complement
ADMX (using a solenoid).
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Options with Tore Supra

> Use large magnetic volume B2.V
equipped with microwave cavities (T) m3 sza)
to search for
dark matter ALPs and axions. ADMX

Tore Supra 4 35 560

> However, Tore Supra cannot be (easily) cooled down to a few K.

> Questions

= |s the electromagnetic noise within the magnet tolerable?

= |s it possible to use the magnet as a cavity at its fundamental resonance at about
145 MHz (0.6 peV)? What is the Q value here?

= |s it possible to assemble a number of smaller cavities inside the magnet?

= Does a broad spectral range search for dark matter make sense (Q=1)?
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Will tokamaks unveil the #1 mystery of the Universe? SSISluILIG Newaiing £227
-Robert Arnoux Focus On

Because of their large magnetized volume, tokamaks could
be used to detect the elusive particles that are postulated to
constitute dark matter/dark energy.

A huge chunk of mass appears to be missing from the Universe.
The billions and billions of galaxies that telescopes observe, the
giant gas and dust clouds that float in the immensity of
intergalactic space account for only a fraction of what is really
there. The rest is invisible and remains undetectable.

The existence of a "dark matter” permeating the Universe and
accounting for such gravitational phenomena as the rotational
speed of galaxies or the "bending” of light around massive
astronomical objects was inferred by cosmologists as early as the
1930s. Theories were established that remain unconfirmed to this .
day— The more astronomers observe the Universe, the more matter they
need to find to explain it all. Do “exotic particles™ hold the key to the
Decades later, observations of the accelerating expansion of the bt il ARG
Universe led cosmologists to postulate the existence of another mysterious entity, a force whose nature can only be
surmised— the so-called "dark energy".

It is generally estimated that the mass-energy content of the Universe is made up of approximately 74 percent dark
energy, 22 percent dark matter and only 4 percent ordinary matter such as stars, planets, dust and intergalactic gas.

Dark matter and dark energy hold the answers to our ultimate destiny. Will the Universe expand forever in all directions
or will it eventually retract and end in a Big Crunch? The question is definitely worth pondering ...

There is a consensus among cosmologists and particle physicists that
"exotic” particles are key to understanding dark energy and dark matter.

P Dubbed "chameleons” (they are able to change their own mass) and

. “axions" (in reference to the US detergent Axion because their existence
may help to clean up some theory problems) these hypothetical particles
have been assigned a set of properties that would explain the behaviour of
the Universe. As of today, however, both chameleons and axions have
escaped detection.

Now, there’s big news on the cosmic front. Tokamaks—and specifically the
CEA-Euratom machine Tore Supra in Cadarache, France—could play a

Dr Jean-Claude Vallet, of CEA's Institut de Recherche e : 7 : e N
sur la Fusion Magnétique (IRFM), is participating in the decisive role in the detection of some of these elusive particles: the "solar

discussions with CERN and ESAontuming  chameleons” that may originate in the Sun, and the "relic axions" that were

Jove Supra inio = e tve dexk mafier defeotor produced right after the Big Bang ...

Axions and chameleons are postulated to interact weakly with matter (they traverse it as if it didn't exist) and to change
into photons via the "Primakoff effect” in the presence of an intense magnetic field. However, experiments aimed at

confirming their existence, like the CERN Axion Solar Telescope (CAST) in Geneva, have failed, to this day, to detect
either axions or chameleons.




TSHIPS-| status

> Light collected via
a 20 cm Fresnel lens:

> Low noise PM:
(ET Enterprises 9893/350B)

> Data taking since March
2013: 250 h of sun +
background data each,

but no hint for an
excess (yet).

100~

O L L
80 100 120 140 160 180 200

eeeeee per five minutes
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TSHIPS-I potential

1077

Significant improvement
compared to present
experimental
sensitivities!

Q
Aa, Yt
[ GOO@O/)/&,
- TSHIPS /e /7/37
B L=4.15m N %
— Diam.=18 cm 69/7 7 0 /5
= Eff.=0.2 S (oY’
— Back.=1.7 Hz /‘GQ .0/78
B T=1 (4) weeks (///‘GO,
n %
- ol L Lol Cronnl
1075 107* 1073 1072 107!
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ALPS Il detector

The studies of the Transition Edge Sensors proceed.

[ ”ll cold water supply
Py ;/ g i‘ ,!"v
. ADR in the grey-room

compressor for the ADR
pulse tube cooler
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ALPS Il detector

Transition Edge Sensor (TES)

| computer

read out
electronics
gSQUID
absorbe
-
in%?na‘ ¢
heat bath (a)
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ALPS Il detector

Transition Edge Sensor (TES)

T AT = E/C
|:J computer et = 7/(1 + a/n)
(] Teff + = /G
d out
5 g?gcn%%ics ! (®)
L7
SQUID
absorbe : TES ]- Vv
C'/ — I
fiflxlei(rmal c
heat bath (a)
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ALPS Il detector

Transition Edge Sensor (TES)

T AT = E/C
l:) computer et = 7/(1 + a/n)
= Tt +=C/G
read out
electronics t ®)
SQUID RA Bet point normal
o« a-}#
|4 S superconductive
L2 = ©
c

}i}:ﬁ(rmal c

heat bath (a)

(d)
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ALPS Il detector

Transition Edge Sensor (TES)

T AT = E/C
(:) computer et = 7/(1 + a/n)
= Tt +=C/G
d out
I(;(legctl%%ics t (®)
SQUID A\ setpoint normal
«  a=}#
|4 S superconductive
7';: T} (©)
i
E=V[AIdt
(@
heat bath r o (d)

> Very high quantum efficiency, also at 1064 nm, very low noise.
> Tungsten film.

> Sensor size 25Um x 25um x 20nm.

> To be operate around 100 mK.
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ALPS |l essentials: magnets

The aperture of the magnets determines the lenghts of the optical cavities:

> The laser beam diverges and clipping is to be avoided to not spoil the
power built-up in the cavities.

Eff. dipole aperture | Max. # of dipoles B-L (Tm)

HERA LHC HERA LHc HERA

35mm  (HERA) 2.4 187 dipoles are
competitive
40 mm (LHC) 26 2-4 281 514 with LHC
(HERA : -
50 mm  amost 210 468 dipoles, if
straight) one could get
them straight!
55mm  Goeny  2:12 562 ?
> Challenge:

develop (cheap) straigthening procedure for HERA dipole magnets!
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ALPS |l essentials: magnets

Inexpensive method to increase the aperture of the vacuum pipe in the HERA dipole

Force ends and middle of cold mass
towards the center
with simple deformation tools

— ||

cold mass

‘QJ\

vacuum tank

HERA dipole in Hall 1
received from PR

Dieter Trines ) 5
PRC Review Nov 7th 2012
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ALPS |l essentials: magnets

The deformation of the
yoke is elastic. Therefore
the force must be
maintained also during
cryogenic operation of
the dipole.

So, the deformation tools
are replaced by
pressure props

with a sufficiently low
heat flow to the 4K
helium vessel.

pressure prop

The outer pressure props |

have to follow the length
change of the helium
vessel during cool down
and warm-up.

Dieter Trines
PRC Review Nov 7th 2012

TSNS
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ALPS |l essentials: magnets

The problem to follow the shrinkage of the cold mass
was solved by using the section of a sphere,
which rolls with the motion of the cold mass.

— ball

The distance
between warm and

Low heat flow
pressure prop

—

cold wall does not
change during roll
except for a thermal Wall
shrinkage of the
pressure prop

TIAIVG4 7
screw thread to

generate the force.

o

The prototype was
tested at liquid nitrogen
temperature in vacuum

Dieter Trines 9
PRC Review Nov 7th 2012
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Status of magnets

> Already the first test of the straightening procedure in September 2012
was very successful!

=)

60
1000
2000

Measure: d Current [A]
o0 25.9.2012 0.05

4 LIS I (S S S (N L S [ SO B
Z ause A .
= Current for 5.3 T: 5690A ( base line ALPS II) |
a Run away B
= ST _
s Dipol in Hall 55; ex-ALPS | Dipol
Quench current [A]
3000 unchanged dipole
/ August 2011 5920
2000 — September 2012
straightened dipole
1000 |- 6072
|l 6056
(4 a0 L 1 Il L L Il 1 L T T T T -JTIJ
13:13:20 13:20:00 13:26:40 13:33:20 13:36:40
Auto Scale Time
|¥ = x:09:02:03 y: -1.659
@) [« @O 1sen

> The straightening procedure for the HERA dipoles has been revised.
A simpler and more robust method will be tested soon.
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Sketch of the ALPS |l sensitivity

1010 10-3 10-6 10~# 0.01 1
mleV]

> ALPS llc will surpass present day direct and indirect limits.

> ALPS llc will probe the parameter region proposed by astrophysics

phenomena and theory (strings, dark matter).
Axel Lindner | ALPs in the lab | 04 June 2014 | Page 128



Beyond ALPS Il

> On the longer run one could strive for an “ALPS III”:

= New dipoles based on developments for LHC energy upgrade:
B = 13T, aperture 100 mm: gain in B-L by a factor of about 10.

= Increasing the cw laser power to a few MW.

= Reach for ALP couplings down to 10-12 GeV-"!

= However, only light ALPs with masses below 0.1 meV could be searched for!

(B = 10BO" Flt)  Fad - [ '1
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ALPS and IAXO

> The International Axion Observatory: could be ready in 2020.

_ . <— ALPS| 2007-2010
> ALPS Il aims for data taking in 2018.

> An “ALPS III” need considerable R&D and might be ready in 2025.

l<— ALPSII (butm <0.2meV) 2018

s <— “ALPS lII” dream (but m < 0.1meV) 20257

m;..(eV)
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WI(S)P searches at LHC

IPPP/12/94; DCPT/12/188;

IPPP/12/94; DCPT/12/188
arXiv:1212.3620 [hep-ph]

LHC probes the hidden sector

Joerg Jacckel'* Martin Jankowiak!? and Michael Spannowsky?*

> LHC can probe

couplings much weaker
than the typical values
of the visible sector.

> However, there is

hardly any sensitivity
for lightweight particles,
which are of
cosmological
relevance.
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Indications for a WISP world?

> Puzzles from astrophysics:

... but this seems to be in conflict with observations.

100 ! 1 T 1 1 r
3 \ ;
H QNP{L D. Horns, M. Meyer, JCAP 1202 (2012) 033
10 - Qm’\b‘
d
— 11
s L |
[:/1 L
e Y
| | | |
-l .
L L. -
0.1F"= .
001 L L L L L
0 0.1 0.2 0.3 04 0.5 0.6

> If physics beyond the SM is involved,
it happens below the MeV scale!
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Indications for a WISP world?

> Axion-like particles might explain the apparent transparency
of the Universe for TeV photons:

TeV photons may “hide”
as ALPs:
LSW in the Universe!

M. Meyer, 7th Patras Workshop on Axions, WIMPs and WISPs, 2011
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ALPs and cosmic TeV photons

> Axion-like particles might explain the apparent transparency
of the Universe for TeV photons:

Two photon coupling

<

10g,0(9,, / GeV ™)

|
—
—
. |

1.3 X Tpgy

—12-_

optimistic—IGMF

vvvvv

WD cooling hint [
T e S —
IOgIO(ma / eV)
ALP mass
< >

M. Meyer, D. Horns, M. Raue,

arXiv:1302.1208 [astro-ph.HE], Phys. Rev. D 87, 035027 (2013)
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Ja =101GeV, m, < 107eV
have to be probed!



Unexplained physics phenomena
might hint at \Weakly Interacting Slim Particles (WISPs).

> Axions and axion-like particles (ALPs, pseudoscalar or scalar bosons)
> Hidden photons (neutral vector bosons)
> Mini-charged particles

> Chameleons (self-shielding scalars)

Solar phenomena * Chameleon, ALP
White dwarf cooling X Axion, ALP
TeV transparency * ALP

CMBR neutrino number X HP, Chameleon (?)
Dark matter Axion, ALP, HP
Dark energy x Chameleon

X to be confirmed!
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Unexplained physics phenomena
might hint at \Weakly Interacting Slim Particles (WISPs).

> Axions and axion-like particles (ALPs, pseudoscalar or scalar bosons)
> Hidden photons (neutral vector bosons)
> Mini-charged particles

> Chameleons (self-shielding scalars)

WISPy explanation WIMPy explanation

Solar phenomena * Chameleon, ALP

White dwarf cooling X Axion, ALP

TeV transparency * ALP

CMBR neutrino number X HP, Chameleon (?)

Dark matter Axion, ALP, HP LSP
Dark energy x Chameleon

X to be confirmed!
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The big picture: ALPs

excluded

|
-
=]

Excluded by WISP experiments
Excluded by astronomy (ass. ALP DM)

Excluded by astrophysics / cosmology
Axions or ALPs being cold dark matter
WISP hints from astrophysics

Two photon coupling
Log Coupling [GeV~']
I I
= o

—16

—18

-12 -10 -8 -6 -4 -2 0 2 4 6
Log Mass [eV]

ALP mass
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The big picture: ALPs
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Particular interesting:

Contents lists available at SciVerse ScienceDirect

Dark Universe
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Exploring the role of axions and other WISPs in the
dark universe

DOI: 10.1016/j.dark.2012.10.008
e-Print: arXiv:1210.5081 [hep-ph]

Excluded by WISP experiments

Excluded by astronomy (ass. ALP DM)
Excluded by astrophysics / cosmology
Axions or ALPs being cold dark matter
WISP hints from astrophysics

Sensitivity of next generation WISP exp.

> ALP-photon couplings around 10-1'"GeV-1, masses below 1 meV.
This can be probed by the next generation of experiments.
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Physics beyond the standard model
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Input to the discussion on the future European

strategy on particle physics:

> In searches for WISPs as a Dark Matter component a variety of new
experimental approaches have recently emerged and deserve serious
attention, as they may yield an experimental program complementary to and
competitive with the leading US Axion Dark Matter search eXperiment
(ADMX).

> In searches for WISPs emitted by the sun the proposal for an International
AXion Observatory (IAXO) stands out as a larger scale follow-up of the
successful CAST helioscope at CERN.

> In purely laboratory based WISP searches the proposal for Any Light
Particle Search (ALPS Il) at DESY offers leading prospects for this
technique worldwide.

Although significant challenges remain, the rewards of exploring the low-
energy frontier of particle physics could be enormous. Looking through the
low-energy window may reveal fundamental insights on the underlying
structure of nature and shed light on such important mysteries as the origin of

Dark Matter and Dark Energy.
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Dark Matter WIMPs

Model Independent (Direct Detection) Limits at the LHC

Model independent limits on the direct detection cross
section
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@ LHC limits on SD and Sl interactions are comparable
SD, Sl are properties of non-relativistic operators
no enhancement of S| due to coherent scattering with nucleus

@ strong limits on light dark matter as observable recoil energy does not
depend on dark matter mass
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