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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.
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ü
n
ch
en

,
G
er
m
an

y
d
D
ep

ar
tm

en
t
of

P
hy

si
cs
,
C
E
R
N

T
h
eo
ry

D
iv
is
io
n
,

C
H
-1
21

1
G
en

ev
a
23

,
S
w
it
ze
rl
an

d
e
In
st
it
u
te

fo
r
P
ar
ti
cl
e
P
hy

si
cs

P
h
en

om
en

ol
og

y,
D
u
rh
am

U
n
iv
er
si
ty
,

D
u
rh
am

D
H
1
3L

E
,
U
.K

.

E
-m

ai
l:
p
ao

la
.a
ri
as
@
d
es
y.
d
e,

ca
d
am

u
ro
@
m
p
p
m
u
.m

p
g.
d
e,

m
ar
k.
go

od
se
ll
@
ce
rn
.c
h
,

jo
er
g.
ja
ec
ke
l@

d
u
rh
am

.a
c.
u
k,

re
d
on

d
o@

m
p
p
m
u
.m

p
g.
d
e,

an
d
re
as
.r
in
gw

al
d
@
d
es
y.
d
e

R
ec
ei
ve
d
F
eb

ru
ar
y
27

,
20

12
A
cc
ep

te
d
M
ay

7,
20

12
P
u
b
li
sh
ed

Ju
n
e
8,

20
12

A
b
st
ra
ct
.V

er
y
w
ea
kl
y
in
te
ra
ct
in
g
sl
im

p
ar
ti
cl
es

(W
IS
P
s)
,s
u
ch

as
ax

io
n
-l
ik
e
p
ar
ti
cl
es

(A
L
P
s)

or
h
id
d
en

p
h
ot
on

s
(H

P
s)
,
m
ay

b
e
n
on

-t
h
er
m
al
ly

p
ro
d
u
ce
d
vi
a
th
e
m
is
al
ig
n
m
en
t
m
ec
h
an

is
m

in
th
e
ea
rl
y
u
n
iv
er
se

an
d
su
rv
iv
e
as

a
co
ld

d
ar
k
m
at
te
r
p
op

u
la
ti
on

u
nt
il
to
d
ay
.
W
e
fi
n
d
th
at
,

b
ot
h
fo
r
A
L
P
s
an

d
H
P
s
w
h
os
e
d
om

in
an

t
in
te
ra
ct
io
n
s
w
it
h
th
e
st
an

d
ar
d
m
od

el
ar
is
e
fr
om

co
u
p
li
n
gs

to
p
h
ot
on

s,
a
hu

ge
re
gi
on

in
th
e
p
ar
am

et
er

sp
ac
es

sp
an

n
ed

by
p
h
ot
on

co
u
p
li
n
g

an
d
A
L
P

or
H
P

m
as
s
ca
n
gi
ve

ri
se

to
th
e
ob

se
rv
ed

co
ld

d
ar
k
m
at
te
r.

R
em

ar
ka
b
ly
,
a
la
rg
e

re
gi
on

of
th
is

p
ar
am

et
er

sp
ac
e
co
in
ci
d
es

w
it
h

th
at

p
re
d
ic
te
d

in
w
el
l
m
ot
iv
at
ed

m
od

el
s
of

fu
n
d
am

en
ta
l
p
hy

si
cs
.
A

w
id
e
ra
n
ge

of
ex
p
er
im

en
ta
l
se
ar
ch
es

—
ex
p
lo
it
in
g
h
al
os
co
p
es

(d
ir
ec
t

d
ar
k
m
at
te
r
se
ar
ch
es

ex
p
lo
it
in
g
m
ic
ro
w
av
e
ca
vi
ti
es
),
h
el
io
sc
op

es
(s
ea
rc
h
es

fo
r
so
la
r
A
L
P
s
or

H
P
s)
,
or

li
gh

t-
sh
in
in
g-
th
ro
u
gh

-a
-w

al
l
te
ch
n
iq
u
es

—
ca
n
p
ro
b
e
la
rg
e
p
ar
ts

of
th
is

p
ar
am

et
er

sp
ac
e
in

th
e
fo
re
se
ea
b
le

fu
tu
re
.

K
ey

w
or
d
s:

d
ar
k
m
at
te
r
th
eo
ry
,
ax

io
n
s,

d
ar
k
m
at
te
r
ex
p
er
im

en
ts

A
rX

iv
eP

ri
n
t:

12
01

.5
90

2

c �
2
0
1
2
IO

P
P
u
b
li
sh

in
g
L
td

a
n
d
S
is
sa

M
ed

ia
la
b
sr
l

d
oi
:1
0.
10

88
/1

47
5-
75

16
/2

01
2/

06
/0

13

JCAP06(2012)013

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 = g
2
V |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@
µ
A

⌫ = �m
2
�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

X
0 = 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 =
m

2
�0

2
|X|

2
. (5.4)
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where we have used that X0 = A0 = 0 can be achieved with a suitable gauge choice. In this
basis the dark matter solution corresponds to the spatially constant mode4 k = 0, oscillating
with frequency ! = m�0 ,
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◆
exp(�i!t). (2.4)

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 ⇠
0.3GeV

cm3
, (2.5)

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

⇢HP =
m2

�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�0XDM. (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
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⇢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�0XDM

✓
��
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.
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First measurement of this type: Tokyo group

 5

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

1We 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. 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 Nfit 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

NUL95 = 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 –
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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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3.4 m segmented mirror 
(aluminum alloy, glass)

Much larger mirror – Auger fluorescence telescopes



FUNK – Finding U(1)s of a Novel Kind
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Darko Veberic ICRC 2015 1/19

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 ~ 0.8

Motorized stage and shutter

DPG2019 - Aachen 5Arnaud Andrianavalomahefa

FUNK: Finding U(1)s of Novel Kind – The setup 

Location: KIT Campus Nord

 windowless experimental hall with 2m thick walls

 additional black curtain + polyethylene foil around the setup and black-painted floor

 continuous monitoring of temperature, pressure, muon rate

Aluminum mirror: prototype for the Pierre Auger fluorescence telescope

 6x6 mirror matrix, total area ~ 15 m2, reflectivity ~ 0.8

 PSF spot-radius ~ 2 mm

Photosensor: 

 test phase: CCD camera

 current phase: low-noise 

PMT (ET. 9107QB)

5 typical spectral response curves

7 typical voltage gain characteristics
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Figure 7. Charge Q collected at the anode of the PMT as function
of the intensity the LED flasher (pulse strength in arbitrary units).
The red line indicates the setting used for the SPE study (see text for
details).

rate of a voltage scan, as detailed in [18]. We then performed
an operational test and a calibration of the PMT with a faint
blue-LED flasher emitting light pulses of adjustable strength.
In Fig. 7 we observe how the distributions of collected anode
charge Q (black lines) at particular pulse strengths (in arbitrary
units) develop a peak at large charges (i.e. at Q > 109 e) as the
intensity of the LED is gradually increased and increasingly
more photons are emitted in each pulse. For the estimation of
the SPE charge, the optimal setting of the LED was chosen such
that (i) 95% of the captured traces contained only one single
pulse, (ii) the PMT saw pulses only 20% of the time, and (iii)
the pulse was observed in a narrow time interval ⇠290 ns after
the flasher trigger. From the charge distribution at this chosen
LED intensity and high-voltage setting we determined the gain
of the PMT to be G ⇡ 108.

The internal background of the PMT was measured by at-
taching a light-tight metal lid onto the FACT50 housing, essen-
tially isolating the PMT from all external light sources. The
trigger rates captured in this condition for more than a month
are shown in Fig. 8, where a relatively stable and low trigger-
rate can be observed with a mean of 1.5898 Hz and a standard
deviation of 0.1978 Hz. The isolated peaks seen at certain
times are most likely the result of cosmic-ray muons directly
hitting the glass envelope of the PMT and thus releasing many
Cherenkov photons.

C. Mechanical parts

The PMT camera was placed in the CP and directed along
the optical axis of the mirror, see Figs. 1 and 3. Our setup
included motorized components which enabled us to obscure
and move the PMT. We installed a black-felt wrapped plate
as shutter in front of the PMT in a way that, when closed,
it obscured the view of the PMT towards the mirror (see the
drawing in Fig. 9). This shutter was operated by a Thorlabs
MFF101 motorized flipper. In addition to that, we placed
the whole camera (PMT, FACT50 housing, and shutter) on
an OWIS Precision Linear Stage LTM60-150-HSM with a

Figure 8. Measurement of the internal background rate of the PMT.
Data were taken with the PMT inside the sealed FACT50 housing.
TODO: raw-trigger rates ! rate, raw data ! raw, 10 events average
! 10-event average

Figure 9. Schematics of the four measurement configurations. For the
two configurations on the left, the PMT is placed in the central point
(CP) of the mirror and the shutter in front of the PMT is open (top)
and closed (bottom). The same shutter configurations are repeated
with the PMT placed outside the CP (right).

total travel distance of 145 mm. The linear stage was installed
horizontally and orthogonal to the optical axis of the mirror,
enabling us to drive the PMT onto positions inside (in) and
outside (out) of the CP, where the latter was at a distance of
71.5 mm from the CP. Since the experimental area is locked
down during data-taking, we had to control these mechanical
components remotely. For this task we chose a Raspberry
Pi (mini)computer which could be accessed and programmed
remotely through the network connection. As the PMT was
exhibiting non-negligible memory e�ect, see Section III E, we
decided to replace the Thorlabs shutter, which could obscure
the PMT with only.80% e�ciency, with a perfectly light-tight
6-blade-teflon iris-diaphragm Uniblitz NS65B with a 65 mm-
aperture bi-stable optical shutter.

Since through the reflection in the mirror the PMT is ob-
serving a slightly di�erent scenery behind the camera when it
is moved in and out of the CP, we installed a felt ba�e around
the camera opening so that this view stays approximately the
same in both positions, see Fig. 6.

6

PMT
PMT

PMT

horizontal
coincidence

vertical
coincidence

Scintillator

Figure 11. Top: Schematics of the muon-monitoring system. The
system counts vertical coincidence (red) and horizontal coincidence
(blue) of hits of ionizing particles. Bottom: Measured mean rates for
the vertical (red) and horizontal (blue) coincidences.

ing triggers to coincidence units which are in turn connected
to counters, read out periodically by a slow-control computer
(Raspberry Pi). The scintillators and coincidence units were
arranged so that we could monitor the temporal and spatial
coincidence of muons, as schematically depicted in Fig. 11-
(top). The Fig. 11-(bottom) shows the captured coincidence
count-rates of our muon-monitoring system for a time period
of approximately one year.

How did we use these data?

III. ANALYSIS

We reported on some preliminary results from our previous
measurement runs in [19, 20]. For the analysis discussed here,
we use our run number v35 which was taken from March 07
to April 04, 2019 (with a duration of 27.5 days). To minimize
eventual systematic drift due to the changing environmental
conditions, we limit the data-taking to 60 s for each of the
modalities in the measurement cycle shown in Fig. 9. This
corresponds to an e�ective life-time of 4⇥ 145.3 hours for the
entire duration of the run v35.

A. Sources of background

Fig. 12 shows the averaged trigger rates in this dataset, sepa-
rately for the PMT in the four possible modes. It is interesting
to note that the rate observed with the closed shutter is much

Figure 12. Trigger rates for events recorded in run v35. For this plot
the rates are averaged over 10 cycles (i.e. over ⇠44 min). The dashed
line indicates the level of internal dark trigger-rate. TODO: make the
plot start with zero for y axis?

Figure 13. Distribution of the trigger rates (in counts/min) obtained
during the measurements of a dark current in the sealed FACT50
housing (black), of a dark current in the black-box (blue), and during
a standard run (dark red). For the last two, the data were taken from
the measurement with an open shutter. The inset shows mean rates
µ and their variances �2. TODO: raw-trigger counts ! count/min,
remove y-axis label

higher than the dark-current rate (shown in Fig. 8) and follows
rather closely the variations of the rates with the open shutter.
The origin of this phenomenon is discussed in Section III E.
In the following we will make a distinction between internal
and external sources of the background, in line with its origin
being the internal parts of the PMT or due to external causes.

As is clear from the Fig. 9, a positive di�erence of the
open rates, rin/open � rout/open, is a proxy for the HP signal.
We found that this quantity is uncorrelated with the relative
variation of the internal background as given by the closed
modes, rin/closed � rout/closed, implying that the signal detection
is mostly limited by external nuisances. Moreover, as can be
seen in Fig. 12, the typical rates are 3 to 4 times higher than
the internal-background rate measured with the sealed PMT.

In the following we consider three main contributions to
the dark-count rate, originating from thermal and cosmic-ray-
induced background, and summarize the conservative esti-

Scintillators for muon background

Four channels of data taking (60 sec. each)
Signal: difference of these channels
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Counting single photons

 PMT sees SPE for ~ 20% of the time

 Capture single pulse per trace ~ 95% of the time

 Photon arrival time ~ 290 ns

SPE events
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Figure 14. Top: 2D histogram of the information entropy carried by
each pulse and its width. The solid-line is to indicate the expectation
for a Gaussian-shaped pulse. Bottom: Distribution of the pulse charge
before and after cuts.

mean) — (ii) correlated events at short waiting-time scale. The
overdispersion may be captured by a Gamma heterogeneity in
the Poissonian rate. The resulting marginal distribution is a
negative binomial whose mean always exceeds the variance
[24]. Event arrival-times however depend on the stochastic
process in play.

We investigated this process from an independent run dur-
ing which the PMT is kept at a fixed position and the shutter
remains open. Data were captured in intervals of 60 s and the
measurement lasted overall 10 days. Pulse-events are tagged
and further processed o�-line. The recorded sample contains
about 4.95⇥106 of raw-pulses. They are then selected accord-
ing to the true-SPE criteria discussed in Section III C.

In Fig. 15 (top) we plot the probability integral transform
of the durations between successive pulse-events under the
assumption of a Poisson process. If the waiting-time were to
be exponentially distributed, this mapping would result into
a uniform distribution between 0 and 1. The result however
indicates that there is a substantial clustering of correlated
events, thereby confirming that a non-poissonian process is
taking place.

If those events are correlated in time (for example, after-
pulses or photon-burst), we may recover the poissonian nature
of the counts by artificially imposing a counting deadtime ⌧dead.
In Fig. 15 (middle) we plot the mean squared deviation (MSD)

of the events interarrival-time distribution from the expected
shifted-exponential distribution as function of ⌧dead (up to the
sampling-period scale). The MSD is normalised such that the
maximum deviation is at 1.

We thus observe two significant departure points from Pois-
son statistics. The first jump occurs at millisecond scale and is
likely related to cosmic-ray shower ??? The second jump hap-
pen at microsecond scale ??? Afterpulses can span a time win-
dow from 100 ns to a few µs, however they typically amount
for 1% of the count rate in case of the FUNK PMT [16].

Such correlated triggers cannot come from a HP signal.
Nonetheless to get a conservative limit, we do not reject those
events.

E. Memory e�ect

The photon rate measured by a PMT contains an intrinsic
historical part which relates to the level of excitation of its
photocathode. Such an e�ect is usually relevant in case of a
high illumination. Although due to our particular sequence of
data-taking where exposure to external source is intermittently
turned on and o� with an optical shutter, it is crucial to also
understand this behavior in the low-noise condition.

The trigger rates plotted in Fig. 12 already hint a certain
correlation between the open and closed measurement. This
e�ect was also checked with di�erent time duration for each
of the optical configuration. For definiteness, we proceeded
as follows: the shutter is initially kept closed for 200 min,
after which it is switched open for a duration of 30 min. This
sequence was then repeated several times. We recorded the
number of triggers in intervals of 60 s.

This measurement is plotted in Fig. 16-(top). The photon
rate slowly increases as the photocathode is exposed to some
external-background source. Then after closing the shutter, it
takes over a timescale of an hour for the rate to decay to the
nominal value of the internal-background. We have discarded
the hypothesis of a light-leak through the optical blade or any
eventual defect in the shutter mechanism itself.

From this experiment we conclude that the history of the
measurement, i.e. the detector’s state prior to a reference time,
influences significantly the next measurements. What is strik-
ing is that this e�ect appears to extend over a long time period,
even if the photocathode has only been exposed to a very faint
source (few Hz).

Given a signal s(t) we model the output rate r(t) of the PMT
as follows

r(t) = s(t) + ↵
π t

�1

dt 0 K(t 0, t) s(t 0), (3)

where the memory kernel is

K(t 0, t) =
1
⌧

exp
✓
�

t � t 0

⌧

◆
, (4)

where in addition to the instantaneous rate we folded an expo-
nentially decaying response of the detector to account for the
historical e�ect. ↵ and ⌧ are characteristic of the PMT.
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Figure 19. Histogram of the triggering-time di�erence �tp between
two SPE pulses captured within the same trace. The shaded regions
corresponds to the event excess due to reflection (see text for details).
�tp ! �tp

G. Systematics

a. Temperature drift. FUNK operates in environmental
conditions which o�ers an excellent temperature stability. This
is proven from continuous monitoring before, during and after
a complete run. Systematical error arises from fluctuations
occurring between changes of the measurement configuration.
In Section III A we roughly estimated the temperature coe�-
cient of our PMT to 0.07 Hz/�C. For definiteness, we deter-
mine this coe�cient from the internal-background level of the
PMT. The result is shown in Fig. 18. This yields a systematical
uncertainty of 0.22% on the di�erence in� out over the whole
run.

b. Pressure dependence of the Cherenkov rate. The rate
of Cherenkov photons produced in air varies with the ambi-
ent temperature or pressure. Within the range of pressures
of interest, we estimated this dependence to behave linearly
with a gradient of 0.03 mHz/hPa at 15 �C. From the pressure
monitoring, we obtain a systematical uncertainty of 10�4% for
the di�erence between two measurement positions.

c. Mirror reflection. When the PMT is positioned at the
center of the spherical mirror with the shutter open, some pho-
tons (e.g from muon hits) may be refracted towards the mirror
and get reflected back to the PMT window. This e�ect has
been evaluated and the result shown in Fig. 19. We measured
the triggering-time di�erence between two pulse events and
looked at the time scale corresponding to the duration that a
single photon needs to cover back and forth the mirror’s radius
((⇠22 ns). The two observed significant peaks fit our hypoth-
esis of photons being reflected once and twice, respectively.
The overall contribution of this e�ect is estimated from Monte
Carlo simulation, which gives a correction factor of 99.64% for
the event counts with the in/open configuration. This results
into a systematical error which is of the same order of magni-
tude as our statistical uncertainty. However in our conservative
analysis, we do not correct for this e�ect.

d. Timing uncertainty. A systematic shift in the timing
accuracy with the uncertainty quoted in Section II D would

Figure 20. Distribution of the reconstructed SPE event-rates inside
and outside the radius point. The light and thicker lines correspond
to the dataset before and after the frequency detrending, respectively.
rates!rate.

result in a systematic bias of 0.004% on the average count
rate for a given measurement configuration, which remains
negligible compared to the counting uncertainty over a month
of data-taking.

IV. RESULTS

A. Sensitivity equation

Assuming that HP condensates make up the whole cold
DM in the galactic halo, we can read-o� our sensitivity to the
kinetic-mixing parameter directly from Eq. (2) such that

� = 4.1⇥10�12
✓
�det/qe�

Hz
m�̃

eV

◆1/2 ✓⌘Amirr

m2

◆�1/2

⇥

✓
hcos2 ✓i

2/3

◆�1/2 ✓0.3 GeV/cm3

⇢CDM

◆1/2

, (10)

where �det is the minimum detectable DM-induced photon rate
and qe� the quantum e�ciency of the detector. The parameter ⌘
encodes the wavelength-dependent reflectivity R of the mirror.
For a good reflector, we have ⌘ = (1 + R)/2 + O(R � 1)2. The
angle ✓ corresponds to that between HP field and the incidence
plane onto the mirror. If there is no preferred directions, the
average orientation is hcos2 ✓i = 2/3. Finally we use the value
⇢CDM = 0.3 GeV/cm3 for the local dark-matter energy density.

B. Exclusion limit

The data cleaning is mainly proceeded in three steps:

(i) individual pulse-events are tagged and cleared by the
SPE filters based on their rise-time, width and the en-
coded Shanon entropy (Section III C),

(ii) the total SPE counts for each 60 s record is corrected
for the historical e�ect and the first 50 cycles in the
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Figure 7. Charge Q collected at the anode of the PMT as function
of the intensity the LED flasher (pulse strength in arbitrary units).
The red line indicates the setting used for the SPE study (see text for
details).

rate of a voltage scan, as detailed in [18]. We then performed
an operational test and a calibration of the PMT with a faint
blue-LED flasher emitting light pulses of adjustable strength.
In Fig. 7 we observe how the distributions of collected anode
charge Q (black lines) at particular pulse strengths (in arbitrary
units) develop a peak at large charges (i.e. at Q > 109 e) as the
intensity of the LED is gradually increased and increasingly
more photons are emitted in each pulse. For the estimation of
the SPE charge, the optimal setting of the LED was chosen such
that (i) 95% of the captured traces contained only one single
pulse, (ii) the PMT saw pulses only 20% of the time, and (iii)
the pulse was observed in a narrow time interval ⇠290 ns after
the flasher trigger. From the charge distribution at this chosen
LED intensity and high-voltage setting we determined the gain
of the PMT to be G ⇡ 108.

The internal background of the PMT was measured by at-
taching a light-tight metal lid onto the FACT50 housing, essen-
tially isolating the PMT from all external light sources. The
trigger rates captured in this condition for more than a month
are shown in Fig. 8, where a relatively stable and low trigger-
rate can be observed with a mean of 1.5898 Hz and a standard
deviation of 0.1978 Hz. The isolated peaks seen at certain
times are most likely the result of cosmic-ray muons directly
hitting the glass envelope of the PMT and thus releasing many
Cherenkov photons.

C. Mechanical parts

The PMT camera was placed in the CP and directed along
the optical axis of the mirror, see Figs. 1 and 3. Our setup
included motorized components which enabled us to obscure
and move the PMT. We installed a black-felt wrapped plate
as shutter in front of the PMT in a way that, when closed,
it obscured the view of the PMT towards the mirror (see the
drawing in Fig. 9). This shutter was operated by a Thorlabs
MFF101 motorized flipper. In addition to that, we placed
the whole camera (PMT, FACT50 housing, and shutter) on
an OWIS Precision Linear Stage LTM60-150-HSM with a

Figure 8. Measurement of the internal background rate of the PMT.
Data were taken with the PMT inside the sealed FACT50 housing.
TODO: raw-trigger rates ! rate, raw data ! raw, 10 events average
! 10-event average

Figure 9. Schematics of the four measurement configurations. For the
two configurations on the left, the PMT is placed in the central point
(CP) of the mirror and the shutter in front of the PMT is open (top)
and closed (bottom). The same shutter configurations are repeated
with the PMT placed outside the CP (right).

total travel distance of 145 mm. The linear stage was installed
horizontally and orthogonal to the optical axis of the mirror,
enabling us to drive the PMT onto positions inside (in) and
outside (out) of the CP, where the latter was at a distance of
71.5 mm from the CP. Since the experimental area is locked
down during data-taking, we had to control these mechanical
components remotely. For this task we chose a Raspberry
Pi (mini)computer which could be accessed and programmed
remotely through the network connection. As the PMT was
exhibiting non-negligible memory e�ect, see Section III E, we
decided to replace the Thorlabs shutter, which could obscure
the PMT with only.80% e�ciency, with a perfectly light-tight
6-blade-teflon iris-diaphragm Uniblitz NS65B with a 65 mm-
aperture bi-stable optical shutter.

Since through the reflection in the mirror the PMT is ob-
serving a slightly di�erent scenery behind the camera when it
is moved in and out of the CP, we installed a felt ba�e around
the camera opening so that this view stays approximately the
same in both positions, see Fig. 6.

Time between pulses
Effect of pulse 
finder algorithm

Refections in mirror
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Figure 5: Left: Distribution of the event interarrival times transformed under the exponential cumulative
distribution function. The dashed grey line corresponds to the expectation for a Poissonian process. Right:

Histogram of the trigger-time difference, Dtp, between two successive SPE pulses captured within the same
trace. The shaded regions correspond to the event excess due to reflections (see text for details).

confirm our hypothesis of photons being reflected once and twice, respectively. The overall con-
tribution of this effect can be estimated with a Monte Carlo simulation, which gives a correction
factor of ⇠0.4% for the measurement in/open. This results in a systematic error which is of the
same order of magnitude as our statistical uncertainty. However, in our conservative analysis, we
do not correct for this effect.

4. Results

Assuming that the whole CDM in the galactic halo is made of HP condensates, we can express
our sensitivity to the kinetic-mixing parameter from Eq. (1.2) such that

c = 4.1⇥10�12
✓

fdet/qeff

Hz
mg̃
eV

◆1/2✓hAmirror

m2

◆�1/2✓hcos2 qi
2/3

◆�1/2✓ rCDM

0.3GeV/cm3

◆�1/2

,

(4.1)
where fdet is the minimum detectable DM-induced photon rate and qeff the quantum efficiency of
the detector. The parameter h encodes the wavelength-dependent reflectivity R of the mirror. For
a good reflector, we have h ⇡ (1+R)/2. The angle q corresponds to that between the HP field
and the mirror surface. If there is no preferred direction, the average orientation is hcos2 qi= 2/3.
Finally, we use the value rCDM = 0.3GeV/cm3 for the local dark-matter energy density.

The potential HP signal is resolved from the difference of single-photon counts inside and
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do not correct for this effect.
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Figure 6: FUNK exclusion limit at 95% C.L. (red shaded region). The Tokyo limit was obtained by a similar
setup but with a smaller mirror [6]. HP bounds from other direct-detection experiments: DM haloscopes [3],
DAMIC [10], and Xenon10 (both as DM and as dark radiation emitted by the sun) [11] are also shown in
comparison. The regions labeled Solar lifetime, HB (horizontal-branch stars) and RB (red giants) are indirect
constraints derived from astrophysical considerations [12]. Finally, the grey-shaded region corresponds to
the allowed parameter-space for HP to be CDM [2, 3].

Summary. HP can constitute the entire CDM that our Universe needs. Our experiment searched
for HP-CDM with masses 1.94 6 mg̃/eV 6 8.40 but no signal was found. We thus constrained the
magnitude of the mixing parameter to c . 6.87⇥10�13 at 95% CL within this region.
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trace. The shaded regions correspond to the event excess due to reflections (see text for details).

confirm our hypothesis of photons being reflected once and twice, respectively. The overall con-
tribution of this effect can be estimated with a Monte Carlo simulation, which gives a correction
factor of ⇠0.4% for the measurement in/open. This results in a systematic error which is of the
same order of magnitude as our statistical uncertainty. However, in our conservative analysis, we
do not correct for this effect.
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Assuming that the whole CDM in the galactic halo is made of HP condensates, we can express
our sensitivity to the kinetic-mixing parameter from Eq. (1.2) such that

c = 4.1⇥10�12
✓

fdet/qeff

Hz
mg̃
eV

◆1/2✓hAmirror

m2

◆�1/2✓hcos2 qi
2/3

◆�1/2✓ rCDM

0.3GeV/cm3

◆�1/2

,

(4.1)
where fdet is the minimum detectable DM-induced photon rate and qeff the quantum efficiency of
the detector. The parameter h encodes the wavelength-dependent reflectivity R of the mirror. For
a good reflector, we have h ⇡ (1+R)/2. The angle q corresponds to that between the HP field
and the mirror surface. If there is no preferred direction, the average orientation is hcos2 qi= 2/3.
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