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Disclaimer

This presentation focuses mainly on hypothetical
very \Weakly Interacting and very lightweight Sub-eV Particles (WISPSs),

which are viable dark matter constituents.

¥ (o) X ()

Searches for hypothetical

dark mediators,

which care for self-interacting dark matter and/or dark matter couplings to
SM constituents, will be covered by Felix Kalhdfer on Thursday.
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The WISP program of this session

> Dark matter and dark matter candidates
> Axions and other WISPs

> Dark matter search options

> Dark matter candidate search options

> Summary
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There is physics beyond the SM

> Dark matter and dark energy:
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http://science.nasa.gov/astrophysics/focus-areas/what-is-dark-energy/

Dark Matter

Even if one neglects dark energy:
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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> Extremely lightweight scalar particle
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Evidence for dark matter in the universe

Dark matter

shows up in gravitation only, il
which is the only interaction not + Fungecuentar Foroes
embedded in the standard e .o
model. —

gravitation fits

only shows up in large systems
much beyond the scale of the

solar system! o G_rqvitation requires
; : additional dark matter
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Dark matter properties

> The dark matter density around us is of about
0.3 GeV/cm3 = 5-102° g/cm?3

> It has negligible interactions with our
“visible” world and negligible self-interaction.
The couplings is “weakly” at maximum.

> Itis “cold”, moving at non-relativistic speeds only.

> It is non-baryonic.

> The dark matter constituents must have a
lifetime much longer than the age of the universe.

None of the known particles within the Standard Model

fulfills all these requirements! T
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Dark matter candidates: where to focus experimentally?

Selection criteria:

> Are experimental options
in reach to either

= identify dark matter
candidates in laboratory
experiments,

= find directly of indirectly the
particles composing the dark
matter halo we are living in?

> Does the theory explain
“‘just” dark matter or is it
embedded in a more
general extension of the
standard model of particle
physics?

Uint (p b)

Q-ball -
n
c |
]
-
. =
. @
neutrinos @
E_
O |
I
%_
el
o
b
SuperWIMPs :
[fuzzy CDM l gravitino
- I -
Il'
o
[R5}
]
b ] ]
1010 3i[’1[12?1[12"10‘2110 lsu] ’jmulu’ m{ 10° 10° 10° 1[15 109 1[11‘2 1|J15 10"

mass (GeV)

Axel Lindner | WISP searches | LNF Dec. 2015 | Page 8

Prog.Part.Nucl.Phys. 71 (2013) 167-184 arXiv:1303.4758 [hep-ph]



The WISP program of this session

> Dark matter and dark matter candidates
> Axions and other WISPs

> Dark matter search options

> Dark matter candidate search options

> Summary
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Intoduction to W

> In this presentation: WISPs are hypothetical bosons with m < 1eV.

> Axion: a neutral pseudoscalar predicted to explain the CP conservation
iIn QCD. Its physics is determined just by a symmetry breaking scale f_:

= Mass: m, = 0.6eV - (10’GeV / f,) o
= Coupling to two photons: g, = a-g, / (2n-f,) /ﬁ

= Abundancy in the universe: Q, / Q. ~ (f, / 1012GeV)’/6 ] {"i:
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Intoduction to W

> In this presentation: WISPs are hypothetical bosons with m < 1eV.

> Axion: a neutral pseudoscalar predicted to explain the CP conservation
iIn QCD. Its physics is determined just by a symmetry breaking scale f_:

Mass: m, = 0.6eV - (10’GeV / f,)
Coupling to two photons: g,,, = a-g, / (2n-f,)

Abundancy in the universe: Q. / Q. ~ (f, / 1012GeV)’/®

Cold Dark Matter!
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Intoduction to W

> In this presentation: WISPs are hypothetical bosons with m < 1eV.

> Axion: a neutral pseudoscalar predicted to explain the CP conservation
iIn QCD. Its physics is determined just by a symmetry breaking scale f_:

= Mass: m, = 0.6eV - (10’GeV / f,) -
= Coupling to two photons: g, = a-g, / (2n-f,) /ﬁ

= Abundancy in the universe: Q, / Q. ~ (f, / 1012GeV)’/6 Lo {i:

> Axion-like particles (ALPs):
Coupling strength and mass are not related by one f,.

> Hidden photons: neutral vector bosons. ’\/\/\rH—P(— —
My =

> Mini-charged particles, Chameleons, massive gravity scalars, ...
(some of these might be related to dark energy).
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Axion and axion-like-particle (ALP) couplings

> Axion and other Nambu-Goldstone bosons arising from spontaneous

breakdown of global symmetries are theoretically well-motivated very
weakly interacting slim (ultra-light) particles.

The coefficients are determined bv specific ultraviolet extension of SM.
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Recent developments in WISP theory

> Axion cosmology: arXiv:1508.06917 [hep-lat]
lattice QCD calculations are used to determine the amount of axion
Dark Matter today via the temperature dependence of the axion mass.

> Baryon genesis from the axion: Phys.Rev.Lett. 113 (2014) 17, 171803
this cold genesis requires a coupling of the Higgs to a new scalar with
O(100 GeV) mass (to be tested at LHC!).

> A naturally small electroweak scale: arXiv:1506.09217 [hep-ph]
could be explained by a cosmological Higgs-axion interplay.
The symmetry breaking scale f, may be at the same time the
see-saw scale explaining the active neutrino masses,
m, ~m, ~ 1/f,, JHEP 1406 (2014) 037

Just WISPs could show up!
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Axion and axion-like-particle (ALP) couplings

> Axion and other Nambu-Goldstone bosons arising from spontaneous

breakdown of global symmetries are theoretically well-motivated very
weakly interacting slim (ultra-light) particles.

The coefficients are determined bv specific ultraviolet extension of SM.

O —~
£o - Grafu ;
s
v :
<
~ 8

Axel Lindner | WISP searches | LNF Dec. 2015 | Page 15



How to look for WISPs ...

... by exploiting their coupling to photons:

> WISPs pass any barrier and could make

light-shining-through-a-wall.

b P
'Y»’W\/\% > > §/\/V\/*'Y
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,.Y* 7*
Okun 1982, Skivie 1983, Ansel‘m 1985, Van Bibber et al. 1987
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Introducing this session’s dark matter candidates: WISPs

> Weakly Interacting Slim Particles (WISPSs)

= Theory: WISPs might arise as (pseudo)
Goldstone bosons related to extra dimensions in
theoretical extensions (like string theory) of the
standard model.

4 V(a)
= Dark matter: in the early universe WISPs are
produced in phase transitions and would _
compose very cold dark matter in spite of their .
low mass. = Smm— d
= Additional benefit: with axions (the longest known i S F =

WISP) the CP conservation of QCD could be
explained, axion-like particles could explain A
different astrophysical phenomena. .

dﬁl P d¢

> Prediction: s oA
Dark matter is composed out of elementary TS
particles with masses below 1 meV. Its Vi

number density is larger than 1012 1/cm3.
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The big picture: ALPs (axion & axion-like)
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The big picture: ALPs exclusions
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The big picture: ALPs

excluded

> excluded
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The big picture: ALPs
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> excluded
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The big picture: ALPs
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| Exploring the role of axions and other WISPs in the
— 8 | y dark universe

|

Andreas Ringwald
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1 HB DOI: 10.1016/j.dark.2012.10.008
=T0 ’ Telescopes e-Print: arXiv:1210.5081 [hep-ph]
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Particular interesting:

> ALP-photon couplings around 10-11GeV-1, masses below 1 meV.
This can be probed by the next generation of experiments.
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The big picture: ALPs
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Particular interesting:

> ALP-photon couplings around 10-11GeV-1, masses below 1 meV.
Physics at a scale of 10° TeV will be probed.
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The WISP program of this session

> Dark matter and dark matter candidates
> Axions and other WISPs

> Dark matter search options

> Dark matter candidate search options

> Summary
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Under your bed, gnawing at your dreams...

\\" ¥-This Dark Matter

http://thisdarkmatter.com/reviews/lockwood-co-just-dark-enough/
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Dark matter search strategies:

> Direct:
detecting particles of the DM halo

> |Indirect:
finding astrophysical signatures
of the DM halo constituents.
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Dark matter search strategies: WIMPs

> Direct:
detecting particles of the DM halo

> |Indirect:
finding astrophysical signatures
of the DM halo constituents.
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Dark matter search strategies: WISPs

> Direct:
detecting particles of the DM halo

> |Indirect:;

finding astrophysical signatures
of the DM halo constituents.

WSPs convert to
photons:

no dependence on halo
velocity distribution!
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Dark matter search strategies:

> Direct:

detecting particles of the DM halo WSPs convert to
photons:
no dependence on halo
velocity distribution!

> |Indirect:;

finding astrophysical signatures
of the DM halo constituents.

. v e F :
Figure 7-22. The giant elliptical galaxy NGC 3923 is surrounded by faint

ripples of brightness. Courtesy of D. F. Malin and the Anglo-Australian
Telescope Board.
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WISPy dark matter: option | — exploit microwave cavities

> Make dark matter WISPs convert to photons
in an otherwise dark environment.

P. Sikivie, Experimental Tests of the "Invisible" Axion,
Phys. Rev. Lett. 51, 1415 (1983):
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WISPy dark matter: option | — exploit microwave cavities

> Make dark matter WISPs convert to photons
in an otherwise dark environment.

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 (WISPs move non-relativistic).

AE/E ~ 10711
rad Pyy X (B% VQ) (gf, &)

Amplifier /I\
. Frequency d i H
MaTxion (energy) CaV|ty AXxion
volume cCavity  number

power density
build-up
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WISPy dark matter: option | — exploit microwave cavities

> Make dark matter WISPs convert to photons
in an otherwise dark environment.

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 (WISPs move non-relativistic).

AE/E ~ 10711
rad Pyy X (B% VQ) (gf, &)

Amplifier ma
U by Cavity T Axion
volume cCavity  number
power density

build-up:

the cavity

frequency

Cavity has to

match m,]!
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The Axion Dark Matter eXperiment

Cavity Frequency (GHz)

> ADMX at 1 10 100
Washington Univ., Seattle.

o S F% AN NN\ White Dwarf and Sugernova Bounds, NN
> Sufficient sensitivity 8 o N |
. =
to detect DM axions, S
ERTEENE |
= if axions happen to §
have the right mass. S 4075
5 Successively smaller cavities allow
access to higher frequencies
in16 i
[ 10 100 1000
l Axion Mass (neV)

G. Rybka, PATRAS 2015

Superconducting
coils

Liquid helium
QUID amplifier

Tuner
= Tuning rods

Superconducting
magnel

Microwave cavity

The Search for Axions, Carosi, van Bibber, Pivovaroff,

Contemp. Phys. 49, No. 4, 2008
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The Axion Dark Matter eXperiment

Cavity Frequency (GHz)

Washington Univ., Seattle. ™0
o L > X \\\\"White Dwarfand Supernova Bounds, | (W NN\
> Sufficient sensitivity S g hy e
o= “00“\\(\ a““
N NAaTe [ YN/l o .. % T\ arorC W

Probing a large range of WISP masses Is a very
lime-consuming process due to the requirec
tuning of the cavity resonance freqguency!

; = . AN \‘ Axion Mass (ueV)
- SENESS T G. Rybka, PATRAS 2015
o : ] -7 Superconducting

The Search for Axions, Carosi, van Bibber, Pivo

Contemp. Phys. 49, No. 4, 2008



Extending the DM search mass range

> Improve on cavity experiments

ADMX Achieved and Projected Sensitivity

= ADMX will be upgraded with | ¢

t
a new SQUID amplifierand | -7 — \/
dilution refrigerator to cover N FTsys V Av

"
—~
Q

Cavity Frequency (GHz)

—_
o
(0

-

o

a mass region up to 10 pev. “% R N\\\\White Qwar and Sugetnva Bounds, | i
- ADMX-HF will be a pathfinder < e
for higher masses and test-bed e
for hybrid superconducting cavities H §
(to be placed in a 10 T field). 3 10715 &
Up to a few 10 peV? '
1076 NN

= For searches above 10 GHz = - 2
i it Axion M
photonic-band-gap cavities on Mass (ueV)
are evaluated.

Get smaller! —> %
< . ; ! » arXiv:1405.3685 [physics.ins-det]
n{; s . 4 \“:
Y o 9
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WISP searches at CAPP

There will be more experiments soon: in South Korea a dedicated
“Center for Axion and Precision Physics Research” has been founded.

Organization Chart > About th... * | &

er/center 0104.htm!

€ | @ cappibs.rekr/html/capp_en,

Jb® institute for Basic Science

Center for Axion and
Precision Physics Research

About the Center People Publication:
- Undergraduate Students

Organization Chart

« Alumni

About the Center

Introduction

Mission

Core Values

Organization Chart

Location/ Google Map

sear
- People Search

Lectures

Contact Us
Administrative Office Research Group
Email Email
Groupl Group2 Group3
Cryogenics Axion Experiment E'“"”"“’Qs"e“‘
1

Board

hers - Administrative Staff - Graduate Students

Links  Job openings

Director: Y. K. Semertzidis

Technical Support Team

Group4

Proton EDM
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WISP searches at CAPP

ADMX goals and CAPP plan
0.5 1 g TE
bl T T TRYAR B
10-13 _ ;Current
: 1plan,
- 1low T
? I _] Bfield
O, 1014 : . -
a f ADMX THigh-a V]
| st s | B-field
el Lo :
or .
1 100
e - - 34
-

(courtesy Y. Semertzidis)
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WISPDMX in Hamburg

> A 208 MHz cavity from the
HERA accelerator is used
to search for hidden photons
below the ADMX mass range.

Lol HédemHggs  mmmmm=SSSSoo—o—— T
- Stiickelberg
=~ L anisotropic ) ic S
= e Cold DM stagwar_g{?"ff‘i? ----- i -~
n WISPDMX ] / (
15— — .
- Spherical - http://arxiv.org/abs/1410.6302
[ Reflector -
[ Radiometer n
L Chamber ]
s \ ! \ \ \

Log,, ny,[eV]

> If a suitable magnet is found, axions and ALPs can be searched for.

Axel Lindner | WISP searches | LNF Dec. 2015 | Page 38



WISPy dark matter: option Il - broad band mass searches

> Convert dark matter to photons, but do not exploit resonance effects
to achieve a broad acceptance in mass.
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WISPy dark matter: option Il - broad band mass searches

> Convert dark matter to photons, but do not exploit resonance effects
to achieve a broad acceptance in mass.

= If the WISP wave function encounters a sharp reflecting surface
a (tiny) electromagnetic wave is reflected.

= This wave is emitted perpendicular to a reflecting surface
(assuming cold dark matter).

= This emission can be concentrated onto a photon detector.

= Axions/ALPs: with dish sizes of 1m?in a 5T field
competitive sensitivities can be reached.

©
—

1 o

) 4.6 x10°° 5T (Rﬂ,,det) ™
&y, sens — — < <
GeV (|B|||2> 1Hz } = &

3 1 1 S 0

(mqg)E (U.3GeV/cm3)2 (1m2)9 2 5 S

eV PDM,halo Adish 3 - S

_ a~

-3
Logo my [eV]

1o 6 ) 3
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Seeing the dark matter halo!

> This “dish antenna” approach even allows to measure the
DM velocity distribution with respect to the dish!

S8 | For some theory:

i ,k1FP|_|- X"
o7 P K PHYSICAL REVIEW D 88, 115002 (2013)
NS o
RO e e REE Resonant to broadband searches for cold dark matter consisting of weakly
i B R Tt e 14 2 5 s 5
i R s == E N 4 il (didy) interacting slim particles
¢ PO 7] $
) J 7 Joerg Jacckel' and Javier Redondo™*
| UInstitut fiir theoretische Physik, Universitit Heidelberg, Phil g 16, 69120 Heidelberg, Germany

- ~
kl’:my'n 2Arnold Sommerfeld Center; Ludwig- lians-Universitit, Theresienstrasse 37, 80333 Munich, Germany
3Max-Planck-Institut fiir Physik, Fohringer Ring 6, 80805 Munich, Germany
(Received 6 September 2013: published 2 December 2013)

Image on a CCD

0004 |
0,003

J. Jaeckel, J. Redondo, JCAP11 (2013) 016

Thanks to J. Redondo
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FUNK: a KIT- DESY study

> Pilot “dish” experiment searching for hidden photons: ~ A . - - —
Finding U(1)s of a Novel Kind. HP (m., >

.7_ — 3.6x3.6m!!
S a7 HELMHOLTZ ]

| ASSOCIATION

= SAlliance for Astroparticle Physics

.

L& Thanks to HAP
for the PMT $ !

Hidden photons convert to light at a spare mirror system of the AUGER
fluorescence telescopes, which is focused onto a photomultiplier.
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FUNK: a KIT- DESY study

> However, to find dark matter soon
a little luck is required. x
e
> Most important: 3
getting started with a new int B
experimental approach! o
X
> More Info at SIE I = Cold HP Dark Matter —-15
arXiv:1501.03274 ., log(masslev)

Hidden Photon Dark Matter Search with a Large
Metallic Mirror

Babette Débricht, Kai Daumiller?, Ralph Engel?, Marek Kowalski'3, Axel Lindner!, Javier
Redondo*, Markus Roth?

!Deutsches Elektronen-Synchrotron (DESY), 22607 Hamburg and 15738 Zeuthen, Germany
2Karlsruher Institut fiir Technologie (KIT), IKP, 76021 Karlsruhe, Germany

2Humboldt Universitit, Institut fiir Physik, 12489 Berlin, Germany

4Zaragoza University, Pedro Cerbuna 12, E-50009 Zaragoza, Spain

Axel Lindner | WISP searches | LNF Dec. 2015 | Page 43



WISPy dark matter: option Ill - time-dependent effects

Exploit time-dependent effects:

> Axions (and other dark matter WISPSs) are the quanta of an oscillating
field in the universe: a(t) = a, - cos(ma - t)

> This oscillating field induces
an oscillating
electric dipole moment:

d~3x107"°(a/f,) e-cm

> This can be searched for
In NMR-like experiments.

Zi

pd

Magnetic resonance-basedsearchin a solid

magnetometer '
(eg: SQUID) 1°

IE" |

1cos(m,t)

resonance condition:

-”'Bﬂl :ma

axion field oscillates:
alr) = a, cos(m,_t)

when on resonance, oscillating
transverse magnetization is
detected by magnetometer

[Phys. Rev. X 4, 021030 (2014)]

A. Sushkov, PATRAS 2015
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WISPy dark matter: option Ill - time-dependent effects

Exploit time-dependent effects:

> Axions (and other dark matter WISPSs) are the quanta of an oscillating
field in the universe: a(t) = a, - cos(ma - t)

> This oscillating field induces
an oscillating

electric dipole moment:

d~3x107"°(a/f,) e-cm

> This can be searched for
In NMR-like experiments.

= Axion coupling to the nucleon spin
(CASPETr wind)

= Time varying nucleon EDM
induced by axions

(CASPEr electric)

frequency (Hz)

10? 10* 106 108 1010

1012 1014

103

10-10 |

24 (GeV™?)

- -
10-2

g CASPEr proposal

1
10-14 10-12

| | | | | | | | | |
10-10 10-% 10-¢ 10+ 10-2 100
mass (eV)
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WISPy dark matter: option Ill - time-dependent effects

PHYSICAL REVIEW X 4, 021030 (2014)

Proposal for a Cosmic Axion Spin Precession Experiment (CASPEr)

Dmitry Budker,'” Peter W. Graham,” Micah Ledbetter,’ Surjeet Raj-ﬁ:ndran,2 and Alexander O. Sushkov®
'Departmem of Physics, University of California, Berkeley, California 94720, USA
and Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
2Dc,'J(m‘mem of Physics, Stanford Institute for Theoretical Physics, Stanford University,
Stanford, California 94305, USA
3AOSense, 767 North Mary Avenue, Sunnyvale, California 94085-2909, USA
4Departmem of Physics and Department of Chemistry and Chemical Biology, Harvard University,
Cambridge, Massachusetts 02138, USA

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

The QUAX proposal: a search of galactic axion with

magnetic materials

G Ruoso!, A Lombardi', A Ortolan!, R Pengo!, C Braggio®, G
Carugno?, C S Gallo?, C C Speake®
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WISPy dark matter: option IV - spectroscopy

Axion dark matter detection by laser spectroscopy
of ultracold molecular oxygen: a proposal
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WISPy dark matter: option IV - spectroscopy

10.0 1.2-103

> Dark matter axions could
introduce atomic transitions A
which could not happen B
otherwise, if the axion mass
corresponds to the energy
difference of the transition.

1 0.0

energy (eV)

- -
"
-
energy (cm) I
o
Te W
o —
1

-10.0 |- —=4-1.2-103

> Use the Zeeman effect to tune
the energy difference between N
two states to the axion mass. - 10,

-20.0 1 | 1 -2.5-10°
0.0 5.0 10.0 15.0 20.0
magnetic field (T)

~-290 nm

> Use resonance-enhanced multi-
photon ionization to detect the
few molecules excited by axion
absorption.

~- 290 nm

-~ 290 nm

X*E; (v=0), N=1;) = ;M =1
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WISPy dark matter: option IV - spectroscopy

> Such an apparatus could probe
rather heavy dark matter axions Ap——
Of 14 tO 19 meV charcoal

> The signal depends also on the
kinetic energy of the DM axion
with respect to the detector.
Hence, one could measure the
DM velocity distribution and its

daily/seasonal changes. ,,},ﬁ. 5 autter
-:' }v%r: s° T gas
> However, the experimental g‘[’ ) (s cell
P iy

techniques are challenging!
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Summary on direct axion / ALP dark matter searches

Warning: this is just to guide the
eye! Not all experiments will
measure the coupling to photons!

> Resonating cavity experiments

ol

>
[5)
=
£
> g
b
i
> NMR

> Spectroscopy

Many experiments, many
different tools, very different
expertise required.

-6
»
O
O OPC
|
e Sy i v ' -‘E"‘ - A
—12=
WD cooling hint

— Dish axion CDM

- Antenn ]p’ ADMX—HF
-14F ALP CDM i

i ADMX

I S 4 1Y S Intetmediate string sca I .
- 16}
_18_I|||l| | T T I I O T T R T T

-12 -10 -8 -6 -4 -2 0 2 4

Log Mass [eV]
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Indirect WISPy dark matter searches

> Dark matter WISPs, which do not originate from a thermal freeze-out
process, but have been produced by a phase transition, are extremely
cold and might even form Bose-Einstein condensates (BECs).

> Ultralight WISPy (m<10-2°eV, A .>1013 m) dark matter would suppress
small scale structure formation.

> Very lightweight WISPs might mimic dark energy.

A search for ultralight axions using precision cosmological data

PHYSICAL REVIEW D 78, 063508 (2008)

Caustic ring model of the Milky Way halo Renée Hlozek,! Daniel Grin,2 David J. E. Marsh,® * and Pedro G. Ferreira®
! Department of Astronomy, Princeton University, Princeton, NJ 08544, USA

1. D Duffy"* and P. Sikiviez‘+ 2Kavli Institute for Cosmological Physics, Department of Astronomy and Astrophysics,
Unzi it Chi Cha INllinois, 60637, U.S.A.
"Theoretical Divisi(in, Lgs A!amos Nat.imm[ L¢.1b0rc{mr_\', Los. Alamos, New Mexico 87545, USA 3 Dorimeter f:;:g ef’ ;f Ca;zt;f;; Str:?gjf\)if: W:;::";;O, ON,, N2L 6BY, Canada
“University of Florida, Gainesville, Florida 32611, USA 4 Astrophysics, University of Ozford, DWB, Keble Road, Ozford, OX1 SRH, UK
(Received 30 May 2008; published 5 September 2008) (Dated: May 22, 2015)
wl® 3 G e Phys. Rev. D 91, 103512 (2015)
0.~ : | . ® . L e ,
e . X R
e
o GO e ik g
e e Cosmological implications of WISPy dark matter:
R : : :
B e RS
e sl work in progress, very mterestlng!
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Figure 7-22. The giant elliptical galaxy NGC 3923 is surrounded by faint
ripples of brightness. Courtesy of D. F. Malin and the Anglo-Australian

Telescope Board.



The WISP program of this session

> Dark matter and dark matter candidates
> Axions and other WISPs

> Dark matter search options

> Dark matter candidate search options

> Summary
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Dark matter candidate search strategies:

> Laboratory experiments:
finding (possible) candidates

> Astrophysics:
iIdentifying phenomena hinting at
new particles which could be the
dark matter constituents
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Dark matter candidate search strategies: WIMPs

> Laboratory experiments:
finding (possible) candidates

> Astrophysics:
iIdentifying phenomena hinting at
new particles which could be the
dark matter constituents

In general: the high WIMP
mass prohibits significant
influence in present day's
astrophysics.
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Dark matter candidate search strategies: WISPs

> Laboratory experiments:
finding (possible) candidates

> Astrophysics:
iIdentifying phenomena hinting at
new particles which could be the
dark matter constituents
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Dark matter candidate search strategies: WISPs

> Laboratory experiments:
finding (possible) candidates

> Astrophysics:
iIdentifying phenomena hinting at
new particles which could be the
dark matter constituents

s

ght be produced i

n the sun

) I L
Sun magnet

WSPs emission
might alter the

development of stars

https://physics.aps.org/assets/d3e15240-0e17-4941-9195-f9fb739a1058/e14_1.png
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Hints for WISPs in the sky?

WISPYy effects could show up in astrophysics due to the low WISP masses.
> WISP could change the propagation of TeV photons in the universe.
> WISP could change the development of stars.

> There could be a Cosmic Axion Background (CAB).
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(Vague) hints for WISPs in the sky?

ALP-y coupl. Reference
[GeVY]
- arXiv:1302.1208 [astro-ph.HE]

Globular clu
stars (HB)

CAB (Coma Cluster)

Iv:1406.6053 [astro-ph.SR]

White dwarfs < 1072 (9, ~ 5-1013) iv: 130452 [astro-ph.SR]

> There are allowed regions in parameter space where an ALP can

simultaneously explain the gamma ray transparency, the cooling of HB
stars, and the soft X-ray excess from Coma and be a subdominant
contribution to CDM.

Axel Lindner | WISP searches | LNF Dec. 2015 | Page 59



Direct searches for WISPs as dark matter candidates

> Experiments in the laboratory

Laser I *********** Detector

cavity mirrors wall HERA magnet
(a) ALPS-I

> Helioscopes

_______.'. I":":;?D" ,4
W N4
2 S/ pheten
Sun j—o—o—trt\io—o—o—
3\5\'{ Geno
8 -------
Y a
A
gAy
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Direct searches for WISPs as dark matter candidates

> Experiments in the laboratory

Laser

> Helioscopes

(a) ALPS-I
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Laboratory experiments
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LASER ZENTRUM HANNOVER e.V.

1} { Leibniz
{ 0 Z Universitat
Hannover

oo 4

ALPS 12007-2010

(PLB Vol. 689 (2010), 149, or http://arxiv.org/abs/1004.1313)
> Unfortunately, no Ilght was shlnlng through the wall!

’r

- ’/“

HERAdlpol sy

3 5-10%1 1/s
WISP
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> The most sensitive WISP search experiment in the laboratory (nearly)




Prospects for ALPS || @ DESY

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

> Magnet:
upgrade to 10+10 straightened HERA dipoles
iInstead of ¥2+v2 used for ALPS I.

> Regeneration cavity to increase WISP-photon
conversions, single photon counter
(superconducting transition edge sensor).
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ALPS Il essentials: laser & optics

~10m
I

ALPS I Laser I ——————————— Detector
basis of success was / '\ #\
the Optical resonator cavity mirrors wall HERA magnet
. a) ALPS-I
in front of the wall. (2) ALPS

~ 10m ~ 10m
> A L PS | |a Laser I """"""" Detector

cz:\hy IIllI'I'OI‘S/ ‘\cawty rm{ors

/ (b) ALP‘: IIa \

Optical resonator to | Optical resonator to :
increase effective | increase the conversion !
light flux by ! probability |
recycli

ycling the laser 'WISP—Y |
power 00| meemee e mmm e — -

First realization of a 24 year old proposal :

F. Hoogeveen’ T Ziegenhagen’ Axel Lindner | WISP searches | LNF Dec. 2015 | Page 65
Nucl.Phys. B358 (1991) 3-26



ALPS Il is realized in stages

ALPS | Laser I ——————————— Detector

cavity mirrors wall HERA magnet
(a) ALPS-I

----------- Detector

> ALPS lla — . / I \ P

cavity mirrors cavity mirrors

(h AI P‘a IEY

~100m ~100m
0y o [

"""""""""" Detector
o o [ o o [

A

HERA dipole magnet

> ALPS lic -

(d) ALPSIIc

20 HERA dipoles, 200 m long
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The ALPS Il challenge

> Photon regeneration probability:

X ) . B 1\
P,Y_ms_w _ E -fpchC'(ga'wBl)4 —6-10 38.TPCFRC- (10_1%g:zv—1 17 10m>

> ALPS Il

" Fpc = 5000, Fge = 40000 (power build-up in the optical resonators)
= B=5.3T, =88 m (two times)

LSW (ALPS-I)

Helioscopes (CAST) %“‘” — -23
o | - P, 4, = 6-10%°, 30 photons per hour
R s o | T < :
= =6-1027
£-n P, 4, = 6-10“", 2 photons per month
S axion CDM
2 _14 L ADMX-HF

ADMX
Intermediate

ol b b b b b b b b b b b b b b b Axel Lindner | WISP searches | LNF Dec. 2015 | Page 67
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ALPS II: main experimental challenges

> HERA dipole magnets:
straighten the cold mass cheap | | Fi==V experti's_e,“'but
and reliably to increase the 8 mostly retired experts only. 1
35 mm aperture to 50 mm. v s s by o

Increase width of free sight

from35to50mm

with very small losses by clipping

After deformation the screws are
replaced by pressure props

> OptICS Thin walled titanium pressure prop =
construct and operate two 100 m Qam / A
long optical resonators of high e .f .
guality which are mode matched Adapt techniques developed
and aligned to better than for LIGO,
10 |.|rad. AEI I—Janover apd U. of~FIori('JIa

/ A . i

B S

> Detector:
characterize and operate a
superconducting Transition Edge
Sensor (25um-25um-20nm) at
80 mK to count single 1064 nm
photons.

Close collaboration with
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ALPS Il optics

~ 100 m ~ 100 m
-4 - -4 -
N 0 e o ¢

Laser I """"""""""" Detector
I I [ [ [ ----é-----

HERA dipole magnet

Production cavity, infrared Wall Regeneraton cavity, locked with green light.

L
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ALPS Il optics

single photon
detector

fA PC 150kW

RC

100m

==+ common optical cavity axis
=== 1064nm laser beam

== 532nm laser beam

Piezo actuated mirror
@ quadrant photo detect

Production cavity, infrared Walll

Regeneraton cavity, locked with green light.

W
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ALPS Il optics

Six Ph.D. theses!

At least.




ALPS Il detector

Transition Edge Sensor (TES)

D computer

read out
electronics
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ALPS Il detector

Transition Edge Sensor (TES)

T AT = E/C
D computer et = 7/(1+ a/n) AT =100 pK
_ Tt r=C/G
d out
g%gctr%%ics ! (b)
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ALPS Il detector

Transition Edge Sensor (TES)

T AT = E/C
D computer et = 7/(1+ a/n) AT ~ 100 pK
_ et r=C/G
d out
g%gctr%%ics ! (b)

normal

" SQUID _ TdR AR ~1 Q
ad @ = Rar
Vv superconductive
(©)

Al = 70 nA

heat bath '. (a)

(d)
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ALPS Il detector

Transition Edge Sensor (TES)

T
D computer

read out
electronics t )

AT = E/C
Tt = T7/(1 + afn) AT ~ 100 pK
et r=C/G

normal

Yo SQUID T AR AR ~1 Q
ad @ = Rar
— V superconductive
(©)
i/
Al = 70 nA
E=V/[AIdt
heat bath” @) ; = (d)

> Expectation:
very high quantum efficiency, also at 1064 nm,

very low noise.
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ALPS IlI: Transition Edge Sensor (TES)

S

B st
,

L @

25 X 25 pum?2

W

EETY

8 um
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ALPS Il: Transition Edge Sensor (TES)

Four Ph.D. theses!

At least.




First ALPS Il results

> WISP measurements:
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First ALPS Il results

> WISP measurements: none
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First ALPS Il results

> WISP measurements: none

> But starting careers with ALPS seems to work:
The three (male) DESY PhD students have finished 2014 and 2015.

> The two (female) postdocs got nice positions:

= Tenure track at XFEL (much too early from the ALPS point of view),
= CERN fellowship.
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ALPS Il schedule (rough)

ALPS lla (without magnet

L
risk assessments .... .
ALPS llc ....

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

side | clean gray clean gray clean
view| reom room ot r¢fo}m room roor»n
| AR . B B
Regeneration cavity ~ 10m Production cavity ~ 10m
N o B i
ALPS I IC In 2018 ‘. V\\ A N R optical table optical table optical table
in the HERA tunnel
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The ALPS collaboration

Albert Einstein Institute UNIVERSITY o
ALPS Il is a joint effort of .U!H‘t 4 UF [¥iORIDA
- sonannes GUTENBERG

> DESY, UNIVERSITAT v
> Hamburg University, @

> AEI Hannover
(MPG & Hannover Uni.),

> Mainz University,

> University of Florida
(Gainesville)

with strong support from
> neoLASE, PTB Berlin, NIST (Boulder).
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Standards and Technology
U.S. Department of Commerce




Exploiting WISP-nucleon couplings in the lab

Search for long range forces mediated by axions / ALPs:
Axion Resonant InterAction DetectioN Experiment (ARIADNE)

> A rotating mass induces a periodic
axion-mediated force on a polarized target.

Shielding

> An external B-field and NMR techniques
are used to measure this force.

> ARIADNE will be sensitive mainly to
spin-dependent forces and
could bridge the gap between
astrophysical bounds and A.Arvanitaki and A.Geraci,
dark matter axion searches. Phys. Rev. Lett. 113,161801 (2014).
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CAST: the dominating helioscope

> LHC prototype magnet pointing to the sun.

Sun

& 10 mir
Z "
. 18 Axions or ALPs from the center
L F of the sun would come with
oo X-ray energies.
=§ 10
g 10°*
q: | ISR R S S SRS Y
07y BEE 20 25 30

Energy (keV)

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

> LHC prototype magnet pointing to the sun.

> Most sensitive experiment searching for axion-like particles.

= Unfortunately no hints for WISPs yet.

= [f a WISP is found, it would be compatible with known solar physics!
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|IAXO proposal

> The International Axion Observatory

= CAST principle with dramatically enlarging the aperture
= Use of toroid magnet similar to ATLAS @ LHC

= X-ray optics similar to satellite experiments.
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Solar axions in EDELWEISS

> Axions / ALPs produced in the sun might e TN :
convert into photons via coherent Bragg \ / g
diffraction in the crystals of EDELWEISS. -
g .......
i a
Y

JCAP 1311 (2013) 067

> Such experiments probe parameter region / j

higher masses not accessible in other
experiments. SRS R eSS

> Nice opportunities to search for WISPs
In experiments designed for WIMPS!

10" 1
Axion mass (eV)
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Summary on axion / ALP candidate searches

Warning: this is just to guide the
eye! Not all experiments will g
measure the coupling to photons!

> ALPS Il can reach the
parameter region
indicated by hints from
astrophysics.

|
—
(=

|
—
[§8)

Log Coupling [GeV ']

|
—
~

T T

> Helioscopes reach
QCD axion parameter space.

-16

_18-|llllll I|l|l|l|l|lll|||l|||||l|

> However: =18 ~ ~%8 =8 4 2 0 > :; .
IAXO Is of 0(50 M€), Log Mass [eV]
ALPS Il is of O(2 M€).

> ARIADNE might probe the
QCD axion around 0.1 meV.
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More on axions

s W/
universita'tbonn
V

f,

Bethe Forum 2016

Bethe Center for
Theoretical Physics

Lecture Series on “Supersymmetric Grand Unified Theories*

15" to 19" February, 2016

Stuart Raby (Ohio State University, Columbus, Ohio, USA)

Bethe Forum “‘Axions and
the Low Energy Frontier
7t to 18" March, 2016

Organizers: Klaus Desch (Bonn), Axel Lindner
(DESY, Hamburg), Hans Peter Nilles (Bonn)
and Georg Raffelt (MPI, Miinchen)

Bethe Forum ‘““Model Building
in the 13 TeV Era‘“
30*" May to 3" June, 2016

Organizers: Rolf Kappl (Bonn), Herbert K.
Dreiner (Bonn), Christophe Grojean (DESY,
Hamburg) and Martin Winkler (Bonn)

onn
: (+49) 228 / 73 3432

e-mail the-forum@uni-bonn.de
http:/#bctp.uni-bonn.de

Bethe Forum “‘Dark Matter
beyond Supersymmetry‘
13t to 17* June, 2016

Organizers: Oleg Lebedev (Helsinki), Lars
Bergstroem (Stockholm), Manuel Drees (Bonn)
and Alejandro Ibarra (TUM, Minchen)

Bethe Forum
“Mirror Symmetry“
4t to 8t July, 2016

Organizers: Hans Jockers (Bonn), Daniel

.. Huybrechts (Bonn) and Albrecht Klemm
(Bonn)

> The University of Bonn is
organizing a “Bethe Forum” on
“Axions and the Low Energy
Frontier”, 7-18 March 2016.
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Summing up
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Maturity of selected WISP searches

A very coarse and very subjective exemplary classification scheme:

WISP search | Quick experiment Do the best with | Dedicated tools
just with stuff available for dedicated

sitting around equipment experiments
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Maturity of selected WISP searches

A very coarse and very subjective exemplary classification scheme:

WISP search | Quick experiment Do the best with | Dedicated tools

just with stuff available for dedicated
sitting around equipment experiments
Direct DM
search
Indirect DM
search

Candidates in
the laboratory

Candidates in
astrophysics

Many WISP experiments are just starting!
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To-take-home

> Axion, ALPs and other WISPs are strongly motivated by theory
and could provide the dark matter in the universe.

> WISPs provide a window to particle physics beyond 10° TeV.
> Perhaps we already start seeing WISPy phenomena in astrophysics.

> WISPy experiments are not always mature yet and a plenty of new
concepts are waiting for realization.
WISP experiments are realized in time and resource domains very
different from accelerator based particle physics.

> Experimental and theoretical WISP physics is (still) an
emerging physics field with lots of options for
young (and even not so young) scientists.

> In order to get a clue on dark matter, TR
N S s

one has to exploit all experimental possibilities.  © "

5
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The fun of it: WISP experiments with German participation

- Ty
Ns I

' A . 3 4 | A E
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