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Dark matter in various scale
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Cosmic microwave background

 The Universe has been cooled down from the Big
Bang.
* 4x10>y --- Electron and proton coupled to H.
. Light can_freely g@through in the Universe.
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CMB measurement
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CMB results and DM

e Odd number peaks
related to Q,

« Even number peaks
related to Q,,

Temperature fluctuations [ jtK*]
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CMB results and DM

Dark Matter

Dark Energy




Galaxy cluster

* In the galaxy clusters scale, hot gas plays an important role.

Abell 1835 (z=0.25) 5.2 arcmin ~ 1.2 Mpc images

Allen, Evrard & Mantz 201 |

)

X-ray optical mm (Sunyaev-Zel'dovich)
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-lliptic galaxy

e X-ray observation of gas
« DM needs to attract the gas

¢ MDM/L N]_O

Optical.



Spiral galaxy
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Scale DM |Note

The Solar sys. No evidence yet.

® Spiral galaxy @ Rotational curve ® DM ~x10
® Ellipse ® Kinematics of hot gas ® DM ~x10
galaxy

Cluster ® Kinematics of hot gas ® DM ~x8-30

® Kinematics of galaxies @ DM~x3-4

motion

® \Micro-lensing
Cosmological @ CMB ® DM~x5 (*)
scale ® Type la SNe ® DM~x6-7

® BAO
Indication of  ® Numerical studies on ® Cold DM is favored.
DM the structure formation @ Hot DM is strongly

disfavored.
® Warm DM ?

(*) There were(are?) also issues: not all of baryon in the Universe is observed. Missing Baryon.
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\We cannot help convincing the
presence of DIV.




In our Galaxy
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DM around us

| 1 GeV
P! = (0.39 £0.03) =

e Value in PDB2014.

e Fitting in 7- or 8 dim. parameters and galactic
models.

« This value is usually taken as a
standard value.
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 [nvisible axion
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 Axion mass and breaking scale:

. Mmy~6.2Xx10"% eV (101;;6")
« Axion is supposed to be produced by miss-
alignment mechanism.
« > |tis notthermally produced.

e Axion is categorized as though it has light mass.




« Current axion density:
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Axion production in the Sun
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« Atomic recombination | g
« Bremsstrahlung I . 32T .

axiorecombination
e — I bremsstrahlung

« Compton scattering
e Primakov conversion

« X-ray emission from M1 transition
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FIG. 1. Left: Expected signal in energy space for ABC solar axions with a coupling g.e = 5 x 1072 (blue), for solar axions
produced from the de-excitation of *"Fe with coupling ¢<f =1 x 107 (red), and for solar axions produced from the Primakoff
effect with coupling g., = 2 x 107'° (orange). Right: Signature of an enhanced neutrino magnetic moment with magnitude
7 x 107" up (green) and a 20keV/c* ALP with coupling constant g.. = 2 x 10™'> (purple). Both the true deposited energy
spectra in a xenon detector without efficiency loss (unshaded) and the expected observed spectra in XENONIT including the

specific detector resolution and efficiency (shaded) are shown.
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Axion Helioscope

Primakoff (Sikivie 1983)
production

rY a Axion fIEEEED:--- - s2ssssssssas AN\ NN NN 'Y

Axion-Photon-Oscillation

Sun

R R I *iftheAL'Pcoupleswith » Tokyo Axion Helioscope (“Sumico”)

N aSiegiione.) (Results since 1998, up again 2008)
° :— _: » CERN Axion Solar Telescope (CAST)
i _ (Data since 2003)

N _ Alternative technique:
' ~ Bragg conversion in crystal
o F o Experimental limits on solar axion flux

0 2 4 6 8 10 from dark-matter experiments

Axion energy [keV] (SOLAX, COSME, DAMA, CDMS ...)

Georg Raffelt, MPI Physics, Munich Vistas in Axion Physics, INT, Seattle, 23—-26 April 2012




Solar axion detection

PHYSICAL REVIEW D

PARTICLES AND FIELDS

THIRD SERIES, VOLUME 39, NUMBER 8 15 APRIL 1989

Design for a practical laboratory detector for solar axions

K. van Bibber
Physics Department, Lawrence Livermore National Laboratory, University of California, Livermore, California 94550

P. M. Mclntyre
Physics Department, Texas A&M University, College Station, Texas 77843

D. E. Morris
Physics Division, Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720

G. G. Raffelt
Institute for Geophysics and Planetary Physics, Lawrence Livermore National Laboratory, University of California,
Livermore, California 94550
and Astronomy Department, University of California, Berkeley, California 94720
(Received 19 September 1988)

We present a practical design for a detector sensitive to axions and other light particles with a
two-photon interaction vertex. Such particles would be produced in the solar interior by Primakoff
conversion of blackbody photons and could be detected by their reconversion into x rays (average
energy about 4 keV) in a strong laboratory magnetic field. An existing large superconducting mag-
net would be suitable for this purpose. The transition rate is enhanced by filling the conversion re-
gion with a buffer gas (H, or He). This induces an effective photon mass (plasma frequency) which
can be adjusted to equal the axion mass being searched for. Axion-photon conversion is then
coherent throughout the detector volume for all axion energies. Axions with mass in the range
0.1 eVSm, S5 eV can be detected using gas pressures of 0.1-300 atm. Axions with the standard
coupling strength to photons would give counting rates of 107°~10 sec™ ' over this mass range. The
search would definitively test one of the only two regions of axion parameters not excluded by astro-
physical constraints.
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FIG. 4. Schematic design of the detector employing a
multiple-wire proportional chamber (MWPC).
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(A(2)| a(0)) & BN,
p(z) = (A(2)|a(0))|* =5t E

o4 w—m3/20—il/2  B/2M A
'Ula | B/2M o—mp|la]| Y
= i L., = Absorption length of signal X-rays
(B/2M)* ~IL —~TL/2
(L)= 1+e —2e cos(gL)] .
Py q2+r2/4[ * ] q=|(mf,—ma2)/2w|

w = Signal X-ray energy
m, = mass of photon in a detector INnT - 0, Dy N (
(Usually, zero. But some cases, non-zero.
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CAST

Sunrise
X-ray telescope system

Saolar
axion flux

Shielding

X-ray detector

Figure 1| Sketch of the CAST helioscope at CERN to search for solar axions. These hypothetical low-mass bosons are produced in the Sun by Primakoff
scattering on charged particles and converted back to X-rays by the same process in the B-field of an LHC test magnet. The two straight conversion pipes
have a cross-section of 14.5cm? each. The magnet can move by +8° vertically and +40° horizontally, enough to follow the Sun for about 1.5 h at dawn and
dusk with each end of the magnet, where separate detection systems can search for axions at sunrise and sunset, respectively. The sunrise system is
equipped with an X-ray telescope (XRT) to focus the signal on a small detector area, strongly increasing signal to noise. Our new results were achieved
thanks to an XRT specifically built for CAST and improved low-noise X-ray detectors.
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Figure 2: Solar exclusion plot for axion-like
particles [50]. The red dashed line is the sen-
sitivity of the ongoing 3He phase of CAST.
The vertical line (HDM) is the hot dark-matter
limit [59]. The yellow band represents models
with 0.07 < |[E/N — 1.92| < 0.7, the green solid
line corresponds to KSVZ axions.
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Figure 2 | CAST excluded region (95% CL) in the m,-g,, -plane. Solid

black line: Envelope of all CAST results from 2003-2011 data’'6. Solid red

line: Exclusion from the data here presented. Diagonal yellow band: Typical )

QCD axion models (upper and lower bounds set according to a prescription Nature Physics (2017).
given in ref. 49). Diagonal green line: The benchmark KSVZ axion model DOI:

with E/N=0, where g,,, =(E/N -1.92)a/(2nf,), with f, the axion 10.1038/nphys4109
decay constant.
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Solar axion detection concept

X-ray optics

L
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flux
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X-ray detectors

Shielding

a: spot area
b: back ground
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Parameter Units CAST-1 TAXO Nominal TIAXO Enhanced

B T 9 2.5 2.5

L m 9.26 20 20

A m? 2 x 0.0015 2.3 2.3
fir 1 300 300

b 200~y 5 x 1072 103
€d 0.5-0.9 0.7 0.8

€o 0.3 0.5 0.7

a cm? 0.15 8 x 0.2 8 x 0.15
o 1 17 60

€t 0.12 0.5 0.5

t year ~ 1 3 3

fr 1 3.5 3.5
f* 1 2 x 10* 6 x 10*

Table 3: Values of the relevant experimental parameters representative of IAXO, both the nominal and
enhanced ones, based on the considerations explained in section 4. They are compared to the ones
representing the CAST vacuum phase result (CAST-I) [59]. Numbers shown for the figures of merit
(equation 11) are relative to CAST-1, i. e. f* = f/fcasT, and are approximate.
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Figure 25: Expected sensitivity of IAXO as explained in the text, compared with current bounds from
CAST and ADMX. Also future prospects of ADMX (dashed brown region) and ALPS-II [192] (light
blue line) are shown. For the sake of clarity we have removed labels from other bounds or regions. We
refer to figure 1 for those.
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DM Axion search (Halo scope)
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VoLuME 51, NUMBER 16 PHYSICAL REVIEW LETTERS 17 OCTOBER 1983

Experimental Tests of the ‘“Invisible’’ Axion

P. Sikivie
Physics Department, University of Florida, Gainesville, Florida 32611
(Received 13 July 1983)

Experiments are proposed which address the question of the existence of the “invisible”
axion for the whole allowed range of the axion decay constant. These experiments exploit
the coupling of the axion to the electromagnetic field, axion emission by the sun, and/or
the cosmological abundance and presumed clustering of axions in the halo of our galaxy.

PACS numbers: 14.80.Gt, 11.30.Er, 95.30.Cq

2Na

L==}F, F¥+ T

35 FuF" + 30 a8%a = ym, a*[1+0(a®/27)],

where FH=Lel PR . F_ s=08,A5-94A,, and where we have assumed grand unification of the
strong and electroweak interactions with the unrenormalized sin®6,°=4. The action density (4) has
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Maxwell eqn. in Vac. With Axion

e V-E=kKkB-Va
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Dicke radiometer

THE REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 17, NUMBER 7

The Measurement of Thermal Radiation at Microwave Frequencies

R. H. Dicke*
Radiation Laboratory, Massachusells Institute of Technology, Cambridge, Massachusells**

(Received April 15, 1946)

The connection between Johnson noise and blackbody radiation is discussed, using a simple
thermodynamic model. A microwave radiometer is described together with its theory of opera-
tion. The experimentally measured root mean square fluctuation of the output meter of a
microwave radiometer (0.4°C) compares favorably with a theoretical value of 0.46°C. With
an r-f band width of 16 mc/sec., the 0.4°C corresponds to 2 minimum detectable power of 10~
watt, The method of calibrating using a variable temperature resistive load is described.

kTsys = Psys (v)

TS ys Tsys

F1G. 1. Antenna system in black enclosure.

JULY, 1946
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« Longer integration t

« Signal P, can be found with
bandwidth Af in integration
time ¢

e~ (52 s

 |[n axion case, Af = f,/0Q, and
P, x Q., then t o« Q2
[T we search for axion, its

mass is unknown, so assume
search AF around f,, the scan

AF _ AF1
rate X Q.
At Qo t

« Lager Q. always helps.



e T,po = 2.725 + 0.002 K
+ By FIRIS

« AT =36 +5uK at 7 deg.

« AT =30.5+ 2.7 uK at 10
deg.
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Inflationary Axion Parameter Space
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FIG. 2. Parameter space for the QCD axion dark matter, assuming a long enough period of inflation that the axion reaches equilibrium
as described in the text. Axes are axion decay constant f, (left) and mass m, (right, inverted), Hubble scale of inflation H; (bottom), and
inflationary energy scale E; = (3H?M3)'/* (top). In the large green region, the observed dark matter density is a typical density to get
from our axion equilibrium distribution (p > .1 and g > .1). Smaller values of p and g are shown as solid and dashed contours around
this region. At near-Planckian f,, the axion’s behavior changes: in the pink region, backreaction effects become significant and force
6 — =; in the blue region, the distribution does not reach equilibrium and depends on initial conditions, except in eternal inflation. At
high H; and low f, is the classical window, where PQ symmetry breaks and produces axions after inflation. The thin green line shows
the standard value of f, where this production matches the observed dark matter density. Observational constraints are shown in gray:
isocurvature from the CMB spectrum, a lower bound on f, from supernova 1987A, black-hole superradiance, and an upper bound on H;
from the Planck 2015 constraint on r.



Dish antenna
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Many project to search for axion
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ALP & HP
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A. Ringwald / Dark Universe 1 (2012) 116-135 125
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Fig. 4. Kinetic mixing parameter vs. hidden photon mass (adapted from Refs. [2,3,27]). Coloured regions are: experimentally
excluded regions (dark green), constraints from astronomical observations (grey) or from astrophysical or cosmological
arguments (blue), and sensitivity of planned experiments (light green). Shown in red are boundaries where the hidden photon
would account for all cold dark matter produced either thermally or non-thermally by the vacuum-realignment mechanism or
where the hidden photon could account for the hint of dark radiation during the CMB epoch. The regions bounded by dotted
lines show predictions from string theory corresponding to different possibilities for the nature of the hidden photon mass:
Hidden-Higgs, a Fayet-Iliopoulos term, or the Stiickelberg mechanism. In general, predictions are uncertain by factors of order
one. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Figure 5. Allowed parameter space for hidden photon cold dark matter (HP CDM) (for details see
text). The exclusion regions labelled “Coulomb”, “CMB”, “ALPS”, “CAST” and “Solar Lifetime”
arise from experiments and astrophysical observations that do not require HP dark matter (for a
review see [38]). We also show constraints on the “cosmology of a thermal HP DM”. Note that
only constraints on HPs with masses below twice the electron mass are shown since otherwise the
cosmological stability condition requires unreasonably small values of the kinetic mixing, x. The four
constraints that bound the allowed region from above, “r, > 1", “CMB distortions”, “N¢*” and

SY _rave” are decerihed in the tovt
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