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Inventory of the Universe

Dark Energy 687%

Neutrinos
O. | ‘0.54//

Ordinary matter
5%

Dark Matter
27 %



Where does physics
beyond the SM
hide?
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Explor'ing iS (at least) 2 dimensional THEORETISCHE PHYSIK
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Precision,
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Small coupling



Example WISP:

eakly Interacting Sub-eV Farticle)



A dirty little secret...

. | ) )
S = / d*z [ — ZGWGW + 10Dy + ?/)]\/[1/)]

+ The 0-term violates time reversal (T=CP)
+ Connected to strong interactions!

Not found
=> o~0lll
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A dirty little secret... e

' |
S = /d4.1? |: — ZGW/G#-U

Not found
=> o~0lll
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Axion is light + couples to two photons

small < eV

1 1

1 ' -
L = _ZFWFW + 5(‘9“&6“& — m?a? — ZgawaFWFW + ...

Coupling to two photons

o
Very very weak Javyy ™ o f

a

Because: Very large



Searching Axions
in the lab
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Light shining through walls

“Light shining through a wall”




. o o TP INSTITUT F(R
Light shining through walls

“Light shining through a wall”

X
——@\VWW- Y

De‘l'ecfr'
1/s

* Enormous precision!
+ Study extremely weak couplings!
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Photons coming through the wall

* It could be Axion(-like particle)s!

.
- Coupling to t L —al'F ~ —aE-B
oupling to two photons Ma Ma
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nghT Shmmg Thr'ough Walls THEORETISCHE PHYSIK

* A lot of activity
- ALPS
- BMV
- Gamme (&L
- LIPPS

Calibration diode

. Plunger
Tevatron magnet (6m)

Monitor sensor

Injector
Superconducting rf linac 3

UV wiggler
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Sma" COUP'iﬂg, Sma” mass THEORETISCHE PHYSIK

mass/energy
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Sma” Coupling, SmQ” mass THEORETISCHEPHYSK

Heidelberg
University

mass/energy
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Dark Matter(s)



Can Dark Matter
be WISPy?

(Weakly Interacting Sub-eV Farticley)
Slim
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Properties of Dark Matter ki

- Dark matter is dark, i.e.
(and also doesn't absorb)

> very, very weak interactions with light
and with ordinary matter

-
o (R 4
/ >
/
K
d S
. )'

= Exactly the property of /

e ¢
\ ;
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Explor'ing iS (at least) 2 dimensional THEORETISCHE PHYSIK

Energy.,Mass

\\darkll

t+OmMOdr SO

weakly coupled

Precision,
Intensity,
Small coupling
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THEORETISCHE PHYSIK

A common prejudice
- Dark Matter has to be heavy: mpy 2 keV.

* Prejudice based on

Both assumptions give minimal velocity
(thermal/Fermi)

= galaxy, i.e. structure, formation inhibited!
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Weakly l r|'|'e r‘ac'l'i ng D M THEORETISCHE PHYSIK

* Has to be non-thermally (cold!ll) pr'oduced

» See misalignment mechanism

- Bosonicl

Axion(-like particles)
Hidden Photons 8/

A § / {
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Dar'k maT'l'er' has '|'o be heavy." THEQRETISCHE PHYSIK

Dark matter has to be heavy mpy\ = keV?
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Dark matter has to be heavy... i




Axion Dark Matter
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The axion has no clue where to start TRETSEPASK

P Can sit anywhere
Early times
High T>Tqep @ V(e)
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The axion has no clue where to start TRETSEPASK

Early times TV (9)

High T>Taen

Can start moving...
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The axion solution to the strong CP problem

T Classical potential

With QCD
quantum corrections

—1Tr 0 T

=> Oscillations contain energy
=> behave like non-relativistic particles (T=0)
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Axion(-like particle) Dark Matter
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Detecting WISPy
DM
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Use a plentiful source of axions TS K

Heidelberg
University

* Photon Regeneration
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Signal: Total energy of axion

RF AE/E ~10-17
Receiver > <
Power AE/E ~ 105
‘ o~
>. J

A “ y

YV Frequency

_'V ~ 10—6 Maxion (energy)

n ‘—
LA Lo A A .
»

Frequency (GHz)

hy = myc [1 + O( “ o~ 1O_b)]

Virial velocity
in galaxy halo!




An

extremely sensitive probelll

-3 0

Logg mg [eV]
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Electricity from Dark Matter :-). B

University

* Photon Regeneration
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@ DESY + Bonn: WISPDMX e

University

mwLSW

Coulomb\

Cold Dark Mattet
Y

Stiickelberg

lanisotropic

Hidden Higgs (mp,~m,")



Broadband
Search Strategy
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Dar.k MG"""er' Antenna THEORETISCHE PHYSIK

Antenna converts axion->photon

Radiation concentrated in center

Detector

Probes here;
very sensitivell
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@ DE SY + Kar‘lsr‘u he [T THEORETISCHE PHYSKK

Recycle Auger mirror
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A Dream for Asirelogy ehhm Astronomy TG

+ Emission from moving dark matter
Vom =0 Vom=0= |

Screen




Pre-Final words



) INSTITUT FCR
AISO for‘ hidden phofons!!! I THEORETISCHE PHYSIK

* Most things also work for other well
motivated light particles.

[ E.g
extra (hidden) U(1) bosons=hidden photons!!!
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Haloscope Allowed
Searches HP CDM
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Conclusions
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CO"C'USiOnS THEORETISCHE PHYSIK

* 6ood Physics Case for Axions and WISPs

mm)p explore ° ’

* Low energy experiments
complementary to accelerators!

Intensity,
o _ Small coupling

-

S LI

* Dark Matter may be WISPy © ;Tg
= New Search opportunities!
= Searches ongoing!






Axion Dark Matter
. . 2
a+3Ha+m,a= OfH

- H > m_, 2 overdamped
oscillator

- H < m, 9 damped
oscillator



Beyond Photon
Couplings
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Light bosons can couple to fermions [ESEE

* Goldstone bosons naturally couple to
fermions (charged under the symmetry)

+ E.g. Family symmetry changing e into u

(0,0) " e + h.c.

Interestingly these couplings are not
very constrained from astrophysics!

(not enough energy to make u s
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Plenty of room for dark matter i

“-‘-"---

p—=e+y+X

Future y—e+X

AWNRJIT NAD
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THEORETISCHE PHYSIK

Flexing BICEP 2
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Axion/ALP DM: Two Scenar‘ios THEORETISCHE PHYSIK

1) Phase Transition before inflation
Inflation ensures:
same initial field value everywhere
= Can choose this value
= Tune to right DM density (always poss.)

But quantum fluctuations from inflation
= Isocurvature fluctuations ~H;

2) Phase Transition after inflation
average over initial field values
=> Predict DM density (correct only for specific mass/coup.]
= No isocurvature fluctuations



What is allowed?

1018

) INSTITUT FCR
1 THEORETISCHE PHYSIK

| /

~0,=0.0001 /

6,=0.001

Fluctuations

6;=0.01

Axion Isocurvature

E

CEP2 95%CL

WhjteI Dwarfs ICooling T.lm

108 10'° ’ 1014

H; [GeV

Preferred range!

Gondolo et al. 1403.4594
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Two . 5 Comme nTs THEORETISCHE PHYSIK
1) Similar behavior for other ALPs/WISPs

2) Can be circumvented by non-trivial
couplings to gravity.

2.5) Needs to be confirmed



TP INSTITUT FCR

Properties of Dark Matter ki

- Dark matter is dark, i.e.
(and also doesn't absorb)

> very, very weak interactions with light
and with ordinary matter

= Exactly the properties of
axions



