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mass termU(1) is simplest extension of SM, predicted by many theories
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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, �. The four
constraints that bound the allowed region from above, “⌧2 > 1”, “CMB distortions”, “N e↵

⌫ ” and
“X-rays” are described in the text.

neutrino decoupling T ⇠ 2MeV. If the injected photons thermalize, the photon temperature
increases to

T 0 =

✓
T 4
res +

15

⇡2
�⇢

◆1/4
⇠ Tres

✓
1 + 1.85

mp

Tres
⌘B(e

⌧
2 � 1)

◆1/4
, (4.14)

where we used ⇢CDM ⇠ 5mp⌘Bn� , with mp being the proton mass and n� the photon number
density. We see from eq. (4.14) that to obtain a significant increase in temperature one needs
⌧2 � � ln(⌘B) ⇠ 21. Imposing17 T 0/Tres < 1.06, we can exclude the region above the curve
labelled “N e↵

⌫ ” in figure 5.
If the resonance happens below a critical temperature, the interactions of photons with

the relic electrons and ions of the plasma might not be enough to fully recover a blackbody
spectrum. The photons are initially injected at ultra-low energies, ! ⇠ !Pl ⌧ T , at which

17In this high ⌧

2

regime, our formula (4.10) is not completely consistent. But, as long as T 0
/T ⇠ 1, it should

provide a reasonable estimate.
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Abstract.Very weakly interacting slim particles (WISPs), such as axion-like particles (ALPs)
or hidden photons (HPs), may be non-thermally produced via the misalignment mechanism
in the early universe and survive as a cold dark matter population until today. We find that,
both for ALPs and HPs whose dominant interactions with the standard model arise from
couplings to photons, a huge region in the parameter spaces spanned by photon coupling
and ALP or HP mass can give rise to the observed cold dark matter. Remarkably, a large
region of this parameter space coincides with that predicted in well motivated models of
fundamental physics. A wide range of experimental searches — exploiting haloscopes (direct
dark matter searches exploiting microwave cavities), helioscopes (searches for solar ALPs or
HPs), or light-shining-through-a-wall techniques — can probe large parts of this parameter
space in the foreseeable future.

Keywords: dark matter theory, axions, dark matter experiments

ArXiv ePrint: 1201.5902

c� 2012 IOP Publishing Ltd and Sissa Medialab srl doi:10.1088/1475-7516/2012/06/013

JCAP06(2012)013

o
u

rn
a
l 
o

f
C

o
sm

o
lo

g
y

 a
n

d
 A

st
ro

p
a

rt
ic

le
 P

h
y

si
cs

A
n

 I
O

P
 a

n
d

 S
IS

S
A

 j
o

u
rn

a
l

J W
I
S
P
y
c
o
l
d
d
a
r
k
m
a
t
t
e
r

P
a
o
l
a
A
r
i
a
s
,

a
,b
D
a
v
i
d
e
C
a
d
a
m
u
r
o
,

c
M
a
r
k
G
o
o
d
s
e
l
l
,

a
,d

J
o
e
r
g
J
a
e
c
k
e
l
,

e
J
a
v
i
e
r
R
e
d
o
n
d
o

c
a
n
d
A
n
d
r
e
a
s
R
i
n
g
w
a
l
d

a

a
D
eu
ts
ch
es

E
le
kt
ro
n
en
-S
yn

ch
ro
tr
on

,
N
ot
ke
st
ra
ße

85
,
D
-2
26
07

H
am

b
u
rg
,
G
er
m
an

y
b
F
ac
u
lt
ad

d
e
F́
ıs
ic
a,

P
on

ti
fi
ci
a
U
n
iv
er
si
d
ad

C
at
ól
ic
a
d
e
C
h
il
e,

C
as
il
la

30
6,

S
an

ti
ag
o
22
,
C
h
il
e

c
M
ax

-P
la
n
ck
-I
n
st
it
u
t
fü
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5 Direct searches with haloscopes

One well-known tool to search for axion dark matter are so-called axion haloscopes [75].
Let us briefly recap the basic principle of a haloscope. Using the abundance of axions all
around us the task at hand is to exploit their coupling to photons and to convert those axions
into photons which can be detected. For axions this can be achieved by utilizing o↵-shell
photons in the form of a strong magnetic field. Moreover, this conversion can be made more
e�cient by employing a resonator, resonant at the frequency corresponding to the energy
of the produced photons. The energy of the outgoing photons is equal to the energy of
the incoming axions. As the DM particles are very cold their energy is dominated by their
mass. For axions in the natural dark matter window this mass is in the 1–100µeV range
corresponding to microwave photons. A number of experiments of this type have already
been done [104–108] and further improvements are underway [109–111].

5.1 Axion-like particles

For axion-like particles the experiment proceeds exactly as in the axion case [75] (and very
similar to the hidden photon case described below). The important point is, however, that
now even bounds which do not reach the predictions of axion models (axion band in figure 1)
become meaningful since they test viable models.

For completeness we recap. In the axion case, the power output of a cavity of volume V ,
quality Q and coupling  to the detector is

Pout = g2V |B0|2⇢0Gaxion
1

ma
Q , (5.1)

with ⇢0 the local axion CDM energy density, |B0| the strength of the magnetic field and

Gaxion =

� R
dV Ecav ·B0

�2

|B0|2V
R
dV |Ecav|2 . (5.2)

For cylindrical cavities in the TM010 mode as, e.g., used in the ADMX experiment, Gaxion =
0.68. The currently excluded region from various axion haloscopes is shown as gray area in
figure 1. It already excludes a part of the ALP CDM parameter space.

5.2 Hidden photons

Microwave cavity experiments looking for relic axions could also be used to constrain and
search for the hypothetical cold HP condensate that we have discussed above. Starting from
eq. (4.5) we can follow the usual route and trade the kinetic mixing term for a mass mixing
by performing a shift of the HP field X ! X � �A. Neglecting terms of second order in �
the equation of motion for the photon field A then reads,

@µ@
µA⌫ = �m2

�0X⌫ . (5.3)

We can therefore see that the hidden photon field acts as a source for the ordinary photon.
Let us first determine the strength of this source. As discussed above we can take

X0 = 0. For the spatial components we write X. The energy density in the hidden photons
is equal to the dark matter density. Therefore we have,

⇢CDM =
m2

�0

2
|X|2. (5.4)

– 26 –

Non-thermal production,
formation of a condensate
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Transition conditions at metallic mirror

Setup with  
spherical mirror

- Signal in radius point
- Daily / seasonal shift by ~ few mm P

center

⇡ c2 r
CDM

A
mirror
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Comparison of signal of low-noise PMT
in radius point and outside (motorized stage)

Light-tight boxParabolic mirror

Photon

Motorized stage

PMT

Figure 1. Schematic diagram of the apparatus. Photons from non-relativistic HPs are emitted from
the surface of the mirror and converge to a small region at twice the focal length of the mirror. A
photon-counting PMT was placed at the point of convergence and detects emitted photons. The PMT
is mounted on a motorized stage, which shifts the position of the detector to measure background
noise. Devices described above are installed in a light-tight box to shield from the ambient light.

deviation and the dispersion originated from the velocity distribution 1 of the dark matter
particles.

We used a motorized stage to shift the position of the PMT, which enabled us to mea-
sure background noise. The stage is driven by a stepper motor connected to a ball screw
mechanism. We used a pair of mechanical micro-switches to calibrate the position of the
stage even inside the light-tight box. The stepper motor was controlled from a computer,
which recorded the time when the switch was turned on and when the stage started to move.

The mirror and the detector were mounted on a steel frame, which rigidly holds the
arrangement. We confirmed the stability of the optical alignment by checking the position of
the detector before and after a month of test runs. The frame is wrapped with 150µm thick
black polyethylene sheets. The whole architecture was placed in the underground laboratory
of the University of Tokyo at East longitude 139�45’47”, North latitude 35�42’50”, and the
mirror is directed to the West.

Figure 2 shows a schematic diagram of the data acquisition system. The PMT output
current is connected to a charge-sensitive preamplifier (ORTEC 113) followed by a shaper
(ORTEC 572). The signal is then sent to a digital oscilloscope (PicoScope 3206A), which
samples the signal at 10M samples/sec and streams the data to a computer through USB 2.0.
Event triggering and pulse-height analysis are done in a software, which records pulse heights
and arrival times.

3 Measurement and analysis

The existence of HP CDM would yield a single photon and be detected by the PMT as a
single-photon event. We calibrated the PMT with a pulsed very faint blue LED light to
study its response to a single photo-electron. The pulse-height spectrum constructed from

1
We adopted the isothermal model for the distribution of velocities, which is widely accepted for a working

hypothesis in the field of the direct detection of dark matter.
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Figure 5. Excluded region of �–m�0 parameter space. The upper limit obtained in this experiment
is shown in a solid red line. The region allowed for HPDM [1] is filled with light reddish brown, and
the excluded region from this experiment is overpainted with transparent red. The limit translated
from the previous results for axion DM with the assumption that DM is mainly composed of HP [1]
is marked as “Haloscope”. Other filled areas are excluded by other experiments or considerations on
astronomical sources. The regions excluded by precision tests of Coulomb’s law [10, 11], “Light Shining
through Walls” experiments [12–15], the CAST experiment [16], solar hidden photon search utilizing
the Tokyo Axion Helioscope [17] and FIRAS CMB spectrum [18] are marked as “Coulomb”, “LSW”,
“CAST”, “Tokyo” and “FIRAS”, respectively. Constraints from the solar lifetime which takes only
transverse mode into account [16] is marked as “Solar lifetime”, and the calculations which properly
deal with longitudinal mode of the massive state [19, 20] is shown with a green solid curve.

Walls” experiments [12–15], the CAST experiment [16], solar hidden photon search utilizing
the Tokyo Axion Helioscope [17] and FIRAS CMB spectrum [18] are marked as “Coulomb”,
“LSW”, “CAST”, “Tokyo” and “FIRAS”, respectively. Constraints from the solar lifetime which
takes only transverse mode into account [16] is marked as “Solar lifetime”, and the calculations
which properly deal with longitudinal mode of the massive state [19, 20] is shown with a green
solid curve.

Although the upper limit for � obtained in this experiment is nominally weaker than
the constraint from the solar lifetime, it is still significant because the calculation of the limit
from the solar lifetime strongly depends on the solar model, in which severe discrepancy
with the real situation can occur, while our experimental limit only assumes that DM is
mainly composed of hidden-sector photons. This work also showed an example of detailed
experimental method with points to make note of to search for HPDM with a dish antenna.
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Figure 5. Temperature dependence of the dark count rate. The count rate for each temperature
bin is plotted on the vertical axis, and the temperature is on the horizontal axis.

In addition to the e↵ect of the temperature variation, the Cherenkov emission caused
by cosmic-ray muons could be a source of systematic errors. Cherenkov photons would be
emitted by cosmic-ray muons passing through the window of the PMT. If the PMT is located
at position S, some portion of emitted photons would be reflected by the mirror and re-enter
into the PMT because of the optical configuration. On the other hand, no Cherenkov light is
reflected back to the PMT if it is at position B. The most pessimistic evaluation of this e↵ect
without the black paper shield yields a count rate of ⇠ 0.01Hz, which would be larger than
the statistical uncertainty for measurement over a week. In order to reduce this e↵ect the
e↵ective area of the PMT was limited to 11 mm in diameter from its original size of 22mm
in diameter. As the signal spot is well localized and the movement of the spot during a day
caused by the dark-matter ‘wind’ [14] is . 2mm, the e�ciency of the measurement therefore
would not be a↵ected by this treatment. The e↵ect of the Cherenkov light to the final result
is estimated to be less than 2 ⇥ 10�3Hz in count rate with the limited e↵ective area of the
PMT, which potentially may cause a positive shift in the possible HPDM signal. However,
we did not subtract this e↵ect from N

fit

in eq. (3.1) and tried to estimate a conservative
upper limit to it.

Combining eq. (3.1) and the systematic error from the temperature variation, we obtain
the possible count rate of the signal which originates from the existence of HPDM as

N = (�1.9± 3.8(stat.)± 0.5(sys.))⇥ 10�3Hz,

which shows no significant evidence for the existence of HPDM. From this we calculate an
upper limit of

N
UL95

= 6.4⇥ 10�3Hz

at 95% confidence level. Making use of this value of photons detected at the PMT divided
by the quantum e�ciency of the PMT and the reflectivity of the mirror, and according

– 7 –

Photon rate In - Out (at 4.5 Hz rate):
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Finding	U(1)s	of	a	Novel	Kind	–	FUNK
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Search for Dark Matter in the Hidden-Photon 
Sector with a Large Spherical Mirror

The FUNK Experiment

Darko Veberic, K. Daumiller, B. Döbrich, R. Engel, J. Jaeckel, M. Kowalski, A. 
Lindner, H.-J. Mathes, J. Redondo, M. Roth, C. Schäfer, R. Ulrich

Prototype mirror (Auger Observatory)
- solid aluminum mirror
- 6 x 6 segments
- R = 3.4 m
- A = 14.56 m2
- reflectivity ~ 0.7



Alignment	of	mirror	segments
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New alignment

  

Darko Veberic ICRC 2015 8/24

Alignment Quality
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New Center Point

Spot size 2 mm
after alignment

Radius point
marked by lasers
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New setup

Motorized stage and shutter

Low-noise PMT
(can be cooled)



Measurement	with	low-noise,	UV-extended	PMT
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Low-noise PMT

far-UV extended sensitivity (Q)

T = –50°C

Outlook and Future Plans

cooled encasing
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sensitivity.
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as max size of possible signal

- envisaged sensitivity given by 
statistical uncertainty

Shutter and motorized stage  
unique tools for studying  
systematic uncertainties

Work in progress
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KIT, Institute for Data Processing and Electronics (IPE)IBIC’14 14-18 Sep, 2014, Monterey, CA, USA 
N.Hiller for M. Caselle

Ultra-Fast THz Detectors
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Fast THz Detectors

Quasi-optical
broadband detector

room temperature

response time <200ps

50 GHz up to 1 THz

based on schottky diode

ACST (acst.de)

Hot Electron
Bolometer (NbN)

cryogenic (LHe)

response time <165ps

200 GHz up to 4 THz

high sensitivity

YBCO detector

cryogenic (LN2)

response time <15ps

30 GHz up to 2.5 THz

(KIT - IMS)

J. Raasch [1]

Resolve intensity of each bunch (minimal bunch spacing 2 ns)
[1] Thoma, P.; Raasch, J.; et al.; IEEE Trans. Appl. Supercond., vol.23, no.3, pp.2400206,2400206, June 2013
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Hot-Electron-
Bolometer (NbN)

YBCO-Detector

• Response time < 165 ps 
• LHe cooling 
• Developed at DLR

• Response time < 15 ps 
• LN2 cooling 
• Developed at KIT-IMS

• Response time < 200 ps 
• No cooling required 
• Commercially available  

(ACST, VDI)

[1] A.D. Semenov, et al., IEEE Transactions on Microwave Theory and Techniques 55 (2007) 239  
[2] P. Thoma, J. Raasch, et al., IEEE Trans. Appl. Supercond., Vol. 23, No 3, pp2400206, June 2013 
[3] A. Semenov, et al., IEEE Electron Device Letters 31, (674) 2010

[1] [2] [3]

GHz receivers (commercial) 
Ku bands: 11 - 14 GHz

THz detector developed at KIT (LN2)

Improve measurement in visible and UV range

- Study of systematic effects, check FoV effect and search for possible light leaks

- Improvement of setup (light shielding, temperature stability, monitoring)

- Use of signal time correlation (time echo) to measure Cherenkov background

- Correction for temperature-dependent gain of PMT

Perform measurements with other sensors to cover other phase space regions
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In the following we will consider two possibilities for the direction of the vector fieldXDM.

(i) XDM is the same everywhere in space.

(ii) The hidden photons behave like a gas of particles with random directions, i.e. we have
a mixture of hidden photons “pointing” in random directions.

If we suppose that all the dark matter in the galactic halo, whose energy density is of
order

⇢CDM,halo ⇠
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is comprised of a hidden photon condensate, then the energy density in hidden photons is
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The average is only relevant in the case (ii) where we treat the hidden photons as a gas. In
case (i) it is trivial.

A small fraction of the energy density is, however, also present in the form of a small
oscillating ordinary electric field (where the average is taken over a su�ciently large spatial
volume),

EDM = �@0A = �m
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0
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Using eq. (2.6) we find that this corresponds to an (oscillating) electric field of amplitude
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To see how a dish antenna can be used for a WISP search let us first consider the e↵ects
of an infinite plane mirror at x = 0. In particular let us look at the fields on the right hand
side of the plane. Far away from any boundaries the HP dark matter has the following visible
and hidden electric fields,
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4In our galaxy dark matter particles are expected to have a small velocity ⇠ 10�3. Accordingly we have
a momentum |k0| ⇠ 10�3m�0 . However, for our consideration this is negligible in first approximation. Going
beyond this simple approximation, one finds that the momentum of the dark matter HPs parallel to the plane
adds to the momentum of the outgoing photon. This leads to small angular corrections to ordinary photon
emission from the surface. Given a detector with a su�cient spatial resolution this could be used to determine
directional information on the velocity distribution of dark matter.
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a relatively slow scan over frequencies. WISPy dark matter is possible in a wide range of
masses [3]. Therefore, it is clearly advantageous to have a broadband experiment to scan
quickly and easily as much parameter space as possible.

In this paper, we propose such a broadband search, using the electromagnetic radiation
emitted by conducting surfaces when excited by cold dark matter ALPs or HPs. The idea is
to focus this radiation into a detector by using a conveniently shaped surface, a spherical cap.
This way “dish antennas” coupled to a sensitive broadband receiver turn out to be excellent
dark matter detectors. We find that dish antennas can compensate the lack of a resonant
enhancement, used in haloscopes, by using a large surface area. For HPs where no magnetic
field is required for the conversion this is very easy to realize and large antennas even allow
to exceed the sensitivity of dark matter searches with resonant cavities. For the ALP case
the size is limited by the need to embed the whole dish into a magnetic field. Therefore, as
we will later see, in this case dish antennas are most advantageous to explore higher masses
where the same enhancement requires a smaller area and cavity experiments lose sensitivity
because of the small volume of the cavity. In addition to this we stress that, given a suitable
detector, dish antenna searches require no scanning and the technique can be used in a large
range of masses from below µeV to beyond eV.

The paper is organized as follows: in section 2 we characterize the radiation emitted
by a conducting surface when excited by cold dark matter HPs. ALPs are considered in
section 3. In section 4 we discuss e↵ects of the environment, like magnetic field boundaries,
shielding and non-vacuum condition. We conclude in section 5.

2 Dish antenna search for hidden photons

Hidden photons (X̃µ with field strength X̃

µ⌫) interact with ordinary photons (Aµ with field
strength F

µ⌫) via a so-called kinetic mixing [22],
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where � is the dimensionless parameter quantifying the kinetic mixing and J

µ is the ordinary
electromagnetic current. Typical values predicted in fundamental extensions of the Standard
Model for � are in the range 10�12 � 10�3 [23].

The parameter range of interest for hidden photon dark matter can be inferred from
figure 1. It is quite broad in mass and thus a broadband search for its signature seems
appropriate.

It is convenient to perform a shift X̃µ ! X

µ��A

µ which eliminates the kinetic mixing
term. After this shift and dropping terms of order ⇠ �

2, when convenient,3 we have the
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Let us consider the equation of motion for plane waves with frequency ! and momentum k,
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3We will continue to do so in the following.
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If we suppose that all the dark matter in the galactic halo, whose energy density is of
order

⇢CDM,halo ⇠
0.3GeV

cm3
, (2.5)

is comprised of a hidden photon condensate, then the energy density in hidden photons is
given by

⇢HP =
m

2
�

0

2
h|XDM|2i = ⇢CDM,halo ⇠

0.3GeV

cm3
. (2.6)

The average is only relevant in the case (ii) where we treat the hidden photons as a gas. In
case (i) it is trivial.

A small fraction of the energy density is, however, also present in the form of a small
oscillating ordinary electric field (where the average is taken over a su�ciently large spatial
volume),

EDM = �@0A = �m

�

0
XDM. (2.7)

Using eq. (2.6) we find that this corresponds to an (oscillating) electric field of amplitude

p
h|EDM|2i = �

p
2⇢CDM,halo ⇠ 3.3⇥ 10�9 V

m

⇣
�

10�12

⌘✓
⇢CDM,halo

0.3GeV/cm3

◆
, (2.8)

which oscillates with a frequency

f =
m

�

0

2⇡
= 0.24 GHz

✓
m

�

0

µeV

◆
. (2.9)

To see how a dish antenna can be used for a WISP search let us first consider the e↵ects
of an infinite plane mirror at x = 0. In particular let us look at the fields on the right hand
side of the plane. Far away from any boundaries the HP dark matter has the following visible
and hidden electric fields,

✓
E(x, t)

Ehid(x, t)

◆ ����
DM

= �m

�

0
XDM

✓
��

1

◆
exp(�i!t), (2.10)

4In our galaxy dark matter particles are expected to have a small velocity ⇠ 10�3. Accordingly we have
a momentum |k0| ⇠ 10�3m�0 . However, for our consideration this is negligible in first approximation. Going
beyond this simple approximation, one finds that the momentum of the dark matter HPs parallel to the plane
adds to the momentum of the outgoing photon. This leads to small angular corrections to ordinary photon
emission from the surface. Given a detector with a su�cient spatial resolution this could be used to determine
directional information on the velocity distribution of dark matter.

– 3 –

Re-definition to find classic e.o.m.

Constraint on energy density

Small oscillating electric field

Spatially constant oscillating field



Test	measurement	with	cooled	CCD	camera

17

  

Darko Veberic ICRC 2015 11/19

Preliminary Results

PCO Sensicam VGA

640x480 pixel CCD

internally Peltier-cooled –15°C

no lens, exposed CCD

total image intensity

Motorized shutter for camera
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Preliminary Results

Veberic et al. ICRC 2015 (1509.02386)



Data	runs:	raw	trigger	rates
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Charge	distribuOon	of	measured	signals
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Calibration: single-photon trace
measured with flasher (direct trigger)

Charge obtained by integrating traces

Selection window for single photons
(selection efficiency 0.75)

Electronics noise
Muon hits and showers



Larger	mirrors	available	?
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Pierre	Auger	Observatory,	ArgenOna



Fluorescence	telescope	of	Auger	Observatory
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Thank you!


