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- ultralight dark ma
1 - candidates:{0CD axion, ALPs, HPs ...

2 - Non-thermal production mechanisms
5 -BEC?

4 - Detection...




Ultralight dark matter? *

- Low mass ... stabilised by symmetry?
- Nambu-Goldstone Bosons,
- U(1) vector-boson

- Tremaine-Gunn, mass < eV -> Bosons

- Secluded from SM interactions... Weakly-Interacting-SLIM-Particles
- Production mechanism?
- Isocurvature constraints?
- BEC?
- Experimental Detection?



The strong CP problem

Flavor conserving CP-violation in the SM, one phase 6 = 6qcp + N0
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This CP violation is not observed (Neutron electric dipole moment,..)
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The strong CP problem and axions

In pure SM the vacuum energy has a minimumat 6 = 0

exp (- L v<9)> _ / DA} exp (~Ser[6, Aj)) exp (652 GG) < exp (— / V(O))

X

V(o)

here we don’t know it so well

v, : ﬂ ... but theta is a constant of nature...

If 6is a dynamical field (axion!), will roll down to zero, problem solved!

Y 0Go — 2GGo(x) + %(aﬂe)(aﬂe) f2 o(z) = “}5’3)

ST ST \
new energy scale!




Simple model KSVZ

- Peccei-Quinn symmetry, color anomalous, spontaneously broken at f,
L= Lsu +iQDQ — (yQLQr® + h.c) — A|®|* + p?| D
D(x) = plx)e’ o
| 3
1 Qg .~ -
- At energies below f.(SSB) £ € =(0a)* + -GG —
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- At energies below Agcp, o —1n' — 7 —n — ... mixing t
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axion mass o, ~ M fx 6meV 107 Gel %
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Landscape, what do we know?
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If axions exist, they are very light and VERY weakly interacting!



Landscape, what do we know?
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small mass

- non-thermal DM, Initial conditions

- Axions
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Axion DM, how much

i +3Hay + (kB +m2)a, ~0 o diluting '_
. DARK MATTER (DR) |
3(4) -
a(t) s p~ po/R*Y
ao '
00F
030001 001 o i 10 100 1000
this time is given by
1 , 1
t ~ ~ min{\, —}




why decreases with the mass?

- Energy density redshifts as matter, from the onset of oscillations

R
R(t)

3
Palt) ~ H%AQCD ( ) X HIAQCDm_S/z

o oo R \* o\ * 1o ° 1o ’ —3/2
dilution factor (R_()) N(ﬁ) ~< ¢H1mp1) N(\/mamm) x m,

Smaller mass axions, start oscillating later, and get less diluted ...

Pa (t) /l M

(- With T- dependence

Pa(t()) o O7m,,

—7/6

~

time



=
J
S
=
=
o
=
>3
(e
-
2
x
<<

I N
- - - -
— — — —
D
[ /A ]"0

Kepoy Ayisuap W@

1075

meV eV

ueV




Axion DM, how much
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If axions exist, they are very light and VERY weakly interacting!



Axion DM, isocurvature issue and BICEP2-like discovery

- Axion fluctuates during inflation (6a®) ~ HF /7°

d(ng) d{a®)  Hj Hj
PiSO p— ~Y p— 5 p—

< 0.039P, = 0.88 x 10~ 'Y
Ny a,% 7T2a,I 7T2f§9%

P SCENARIO-II

=

insisting on axionDM 0, = 0;(f,)

. / 4 fa > HI \
Constraint f.(H1) ,
| T \\‘?"“ -12
10" ¥46.20.0001 / 10
so then... T / g i
16 J%<0.001 , &K
10 | Axion Isocqrvature 1072
- BICEP2 would exclude SC-II o Fluctuations
in the simplest models... > 10| N EXCLUDED 2 %
C 6,=0.1 " 106 -
- of course, there are plent < 1012 S
plenty 107 7 aDMX 7
of ways out ... , ' bt
1010} =314 ,/ : 11073
- note that inflation cannot generate /
108 b White Dwarfs Cooling Time

the initial amplitude required for DM .
P . 10* 10° 0% 10 102 10

Hl [GCV]



ultralight DM forms a BEC?

correlation length

horizon at QCD mass set in
- Condensed... they are u —

pPDM /Mg 61
phase-space density N iy ~ 10
T (op ~ H)?

SAAAAAS

0(1) inhomogeneities
between horizons

0(10-3) inhomogeneities
between horizons

Evolution of ~ coherent state with huge number of non-relativistic quanta, subhorizon correlation scale

- thermalisation rates
Self-interactions : marginally relevant for a few H-times (axitons,...)
4 1ALéQCD 2 1 ALéQCD 4 Mg i —40
V(a) = Agop(T)(1 — cos(a/ o) = =570 = 51— A~ ) O(10~7)
1 An 3
I'y ~ ZW X @~ (condensed regime, Sikivie 1111.1157)

Gravity : increasingly relevant

'y ~ 47TGnm2l(230rr X @ (condensed regime, Sikivie 1111.1157)




ultralight DM forms a BEC?

- gravitational thermalisation -> BEC ?

thermalisation, maximal entropy configuration

Intuition of BEC from atomic physics -> highly occupied k=0 state due to REPULSIVE interactions

ATTRACTIVE interactions (gravity) led to different configurations: BOSE STARS!

solutions of the Schoedinger-Newton equation i) = — iv%cs +m oNY

/.y

Wave-function” Heisenberg-pressure ~ Newton’s potential

Jean’sinstability £ < k; = (167er3n0)1/4

Looks like axion-modes evolve just like a g-mechanical version of density fluctuations

n = [|° thermalisation = virialisation?

Controversy is served: Guth’s bottleneck (1412.5930) vs Sikivie’s big vortex (1307.3547)

Numerical simulations under way (Guth, Davidson)







Detecting Axion (Dark Matter) in the lab

1 _
OCDM = O.SGe\?)/ = MaNg ~ =2 f267 > 6 ~ O(10 19)
cim 2
—3
velocities in the galaxy v < 300 km/s ~ 107"¢
. Ny 1029 ueV 4
phase space density dnps =
3 a
occupation number is HUGE! > treat it like a classical coherent (NR) field
Roughly.. a(t) = ag cos(mgt)
Fourier-transform a(x) ‘p‘l me? . % 013 (1056\/)
w = me(l+v2/24+..) Aﬂ"(_ 2 ” e
BECRNETEY —5
l'.\ " ST, ~ % ~ 20m <10m eV)




Detecting Axion (Dark Matter) in the lab

Cavity experiments Atomic transitions?

ADMX, ADMX-HF,Yale,WISPDMX

CASPER (Mainz-Berkely) CARRACK, IAXO, RADES...
Oscillating EDM Axion-photon conversion Axion-electron absorption
\
\

““‘ ‘ )
*
dy, ~ O(1073%) cos(mqt)[e cm] BE&B

Graham, Rajendran 2011 Sikivie 2014



Axion DM in a B-field

o a
£[ — _Ca’Y’y%f_B o

- In a static magnetic field, the oscillating axion field generates EM-fields

87 \\\
£] — —Cayfy%e(t) Bext - E

B-field

- Electric fields of order  |E| ~ O(107 "2V /m)|Bexst| oy cos(mqt)

- oscillating at a frequency given by the axion mass

Do not depend on mass or coupling strength!



Cavity experiments

- Haloscope (Sikivie 83)

“Amplify resonantly the EM field in a cavity” T
llgldg:)?' .
P ~ Q‘Ea ‘2 (Vma)gm (on resonance) gw
T -

- Past experiments Florida U., RBF, ADMX, CARRACK
- Future endeavors: ADMX, ADMX-HF, YMCE, CAPP

- Parameters unexplored at low and high masses: WHY?

Cylindrical cavity (h/r=0b) like ADMX but scaled

_ 1
- Signal (V xX m, 3) Pouyw cVm, ~ —
ma g2 | ([l HEEN Ll Ll | [N =

2 =7 -6 - -4 -3

- Noise Pnoise — TsysAVa xm, 1 1 107 1 o
Mg |peV]
. . . . S Pout
- Signal/noise in Ay, of time, {, — = v/ Av,t 4 2
N Pnoise : .

A : :
C
- Scanning rate 1 dAma’ X 0 Very easy, but needs Very complicated,
mg dt ngL large magnet volume! needs new ideas...

N




Axion DM searches with IAX0?

N field map of transverse cut
- Length = 20 m

- Magnetised radius ~ 1 m
- Peak value ~ 5.4 T

- Average in bore 2.5 T

- Available T ~ 4.5 K

- Sensitivity
Big cavity
(realistic) .
Many flat (exploit the huge volume)
(very speculative, R&D needed!)
l()‘l;}- Ll 1ol vl 1 llllllf; l()'l
107 10°6 105 1074 1073
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Dish antenna experiment?

; . BRIPY
A=10m2,T=5K, B=5T, t=1year, - 10 (106 glo
: S S
P Feect T LT T
A=10m2, T=QL, B=10T, t=Llyear, — 10 bommmit T : : = 10
. | L KSVZ =
O.SGGV < 1 e ,—"“ DES7 = 1
PCDM "~ 3 = : E
CIn = CARRACK _HS | HKS '
-1 DS+ _|1n-1
10 = Post—Inflation—PQ = 10
= »>—
—  Pre—Inflation—PQ —
1072 5 | | = 1072
H I I I I I [ T 1111
107¢ 107 1074 1073
m,[eV]
broadband! — % oa)
w

<€ ‘ >
measure 1/octave of a decade |

with the same detector at the same
time




possible boost

Enhance the emissivity by multilayers of dielectric

-3 E,| — |E. x N

> v [GHz]

, 10 102 ,
10 T T T T T T 10

+ back production and all reflexions ...
4 layers tuned lambda/2

10 10

M ‘?

boostfactor

Increases sensitivity but

losses bandwidth 107!

—_
<

T \HHH‘ j \ \HHH‘
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Dish antenna and miniclusters

- Typical Dish antenna experiments fall a bit short, 1 10 102

if the DM density is just pcpm = 0.3GeV/ cm? 10° 10°

10?
- 0.1-1 meV range is most interesting in Scenario-II

1 IIIIII|--«—~=A LT III|

[ 10

- S-1II predicts miniclusters of axion CDM

Scenario 11

F— —
|
\
|
i
i
\ i
t
|

Mo ~ 1072 M

ch/QaCDM ~ 0(1) 10~1 Lol Ll L e 107!
106 1075 10~4 1073

I[_IIIII I|

B Zurek et al 07, See also Kolb & Tkachev 94 ma [GV]

- Encounter with the Earth (every 10* years)
pepm X 108, Q. ~ 107, ¢ ~ 3days

- Even with a modest realistic experiment one can get a huge signal ! (if lucky...)



Detecting Axions

5th forces

m‘-"m.

Arvanitaki Geraci PRL 2014

O Ao £ Ge\
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ALPS-1I TDR 2013




A developing picture

falGeV]
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Conclusions

- Axion DM - well motivated and testable
- but underrepresented
- key targets still not covered
- plenty of new ideas

- Cavity experiments on the run
- micro-eV range by ADMX, ADMX-HF, CAPP?
- lower masses, IAXO?
- Dish antenna?

- Millions of things not covered here
- Axions in BSM physics
- Axion DM astrophysics (BEC?, miniclusters?, BHs?)
- other ultralight DM candidates...



Thank you!!!



want more? ... come to Zaragoza!

11" Patras Workshop on Axions, WIMPs and WISPs

AXION-WIMP 2015

Organizing committee:

lgor G Irastorza (Chair, University of Zaragoza)
Vassilis Anastassopoulos (University of Patras)
Laura Baudis (University of Zurich)

Joerg Jaeckel (University of Heidelberg)

Axel Lindner (DESY)

Andreas Ringwald (DESY)

Marc Schumann (University of Bern)

Konstantin Zioutas (University of Patras & CERN)

http://axion-wimp2015.desy.de/




