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Dark matter search with 
superconducting detector



‣ Search for DM interacting electrons (hidden-photon, milli-charged DM etc) 
‣ Aim to achieve keV mass region using superconducting target

Motivation
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reported in [14], whose conditions differed from the
present data only in the hardware threshold set point. The
good agreement in this known case confirms the validity of
the simulation, which is then left with a single free pa-
rameter: the hardware threshold set point. We constrain
this threshold by noting that the trigger efficiency curve
must ‘‘turn-on’’ at, or prior to, the first nonzero bin in the
measured spectrum of triggering events, shown in Fig. 2 of
[10]. In this context, we define the turn-on point as the
location where the efficiency curve crosses 5%, which is
indicated by the orange-hatched vertical band in Fig. 1. If
the efficiency were to turn on at a higher point, the peak of
the single-electron distribution would be shifted to values
much lower than that of the known detector response to
these events, demonstrated by Fig. 2 (top) of [10].

The measured spectrum of triggering ionization events,
which we analyze for a signal, is given in Fig. 2 (top) of
[10]. We reproduce this spectrum in Fig. 1 (top), corrected
for the trigger efficiency. Wide (blue) bars represent sta-
tistical uncertainty, while the narrow (green) bars indicate
the systematic uncertainty introduced by the range of
allowed trigger efficiencies. This spectrum is fit by a triple

Gaussian function with five free parameters: the heights,
Hi, of the three components and the mean and width of the
first component (!1, "1). The means, !i, and widths, "i,
are constrained to follow the relations !i ¼ !1i and "i ¼
"1

ffiffi
i

p
, respectively, where i ¼ 1, 2, 3 identifies the

Gaussian component. Individual marginal posterior proba-
bility distributions are obtained for the event rates of the
three components, ri ¼ Hi"i

ffiffiffiffiffiffiffi
2#

p
=$S!x, where $ ¼ 0:92

is the overall cut efficiency reported in [10], S ¼ 15 kg day
is the exposure, and !x ¼ 0:1 electrons is the histogram
bin width. From these, upper limits are extracted taking the
measured spectrum to be due entirely to signal (i.e., no
background subtraction). The result of the fit, including
statistical and systematic uncertainties, gives 90% upper
confidence bounds of r1 < 23:4, r2 < 4:23, and r3 <
0:90 cts kg"1 day"1.
Direct detection rates.—We assume that DM particles

scatter through direct interactions with atomic electrons. If
the DM-electron interaction is independent of the momen-
tum transfer, q, then it is completely parametrized by the
elastic cross section, "e, of DM scattering with a free
electron. For q-dependent interactions, we define a cross
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FIG. 1 (color online). Top: The spectrum of XENON10 dark-
matter search data, corrected for trigger efficiency. Wide boxes
(blue) indicate statistical uncertainty, while narrow boxes (green)
indicate the systematic uncertainty arising from the trigger
efficiency. The efficiency curve crosses 5% within the orange-
hatched vertical band. The thick continuous curve (gray) is the
best-fit triple Gaussian function. Thin solid curves (red) indicate
the best-fit individual components. Dashed lines indicate curves
allowed at the 90% upper limit for each component. Small open
squares indicate the raw spectrum (uncorrected for trigger effi-
ciency) from [10]. Arrows indicate 1-" upper limits on the
number of events for bins with no events. Bottom: The trigger
efficiency as determined by Monte Carlo simulation, whose
range is chosen such that the efficiency curve crosses 5% at,
or before, the first nonzero bin in the histogram.
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FIG. 2 (color online). Top: Expected signal rates for 1-, 2-, and
3-electron events for a DM candidate with "e ¼ 10"36cm2 and
FDM ¼ 1. Widths indicate theoretical uncertainty (see text).
Bottom: 90% C.L. limit on the DM-electron scattering cross
section "e (solid line). Here the interaction is assumed to be
independent of momentum transfer (FDM ¼ 1). The dashed lines
show the individual limits set by the number of events in which
1, 2, or 3 electrons were observed in the XENON10 data set,
with gray bands indicating the theoretical uncertainty. The
shaded region (light green) indicates the previously allowed
parameter space for DM coupled through a massive hidden
photon (taken from [2]).
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‣ Electron recoiled by DM breaks cooper pairs in superconductor. 
‣ Gap energy of cooper pairs is enough low to observe keV mass DM.

Detection principle
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‣ Read out “Resonant Frequency” alteration. 
- Phonons/quasi-particles change inductance in KID LC circuit.

Lumped Element Kinetic Inductance Detector (LEKID)
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62 CHAPTER 4. RESONATOR THEORY AND THE KID CONCEPT

wavelength of the photons to be sensed. The meander section as an absorber will

be discussed in detail in chapter 7, but for now we will concern ourselves with the

relevant microwave details of the LEKID.

Figure 4.7: (Right) A schematic of a LEKID device. (Left) The equivalent LEKID
circuit. Here M is the mutual inductance between the LEKID and the feedline, R, is
the resistance of the meander section, L

ext

+ L
int

is the total inductance of the meander
section, C is the capacitance of the inter-digital and G is the conductance of the inter-
digital capacitor section.

The device is etched from a single layer superconducting film deposited on

to a low loss substrate such as sapphire. The resonant frequency of the device is

simply given by:

!0 ⇡
1

q
(L

ext

+ L
int

)C
, (4.38)

where L and C are the inductance and capacitance of the meander and inter-

digital section respectively. The coupling of the LEKID to the microstrip feedline

is inductive and is caused by magnetic flux from the microstrip feedline threading

the meander section. To analyse the scattering parameters of such a device it is

useful to consider the resonant section as shown in figure 4.8.

L

C

f =
1p
LC



Lumped Element Kinetic Inductance Detector (LEKID)
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1.1. LEKID BASIC CONCEPT 5

film making up the inductive section of the resonator altering L
k

and hence altering

!0. This change in !0 is measured by observing the change in amplitude and

phase of a fixed tone microwave probe signal of frequency !0 transmitted past the

resonator along the microwave feedline as the resonant feature shifts. This e↵ect

is demonstrated in 1.2 by the dashed curve.

Figure 1.2: Amplitude and phase response of a LEKID resonator

The change in phase for a given change in frequency is determined by the

slope of the phase curve (d�/d!) which sets the responsivity of the detector. This

response as we shall see later scales with the loaded quality factor of the resonator.

By fabricating many resonant elements of varying resonant frequency it is

Simon Doyle Ph.D thesis(2008)



‣ Multi resonators onto a single feedline 
- Possible to connect  
over 100 LEKIDs by just 2 feedlines 

- Reduce heat inflow from signal line

LEKID scalability
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6 CHAPTER 1. INTRODUCTION

possible to multiplex many resonators onto a single feedline [2, 3]. For the MKID

this is achieved by varying the length of each quarter-wave resonator. The same

principle applies to the LEKID but is achieved by varying the value of the capacitor

in each resonator. This idea is demonstrated in figure 1.3.

Figure 1.3: Multiplexed LEKID schematic. Here the resonant frequency of each resonant
element is varied by varying the value of the capacitor. This makes it possible to multiplex
many LEKID devices onto a single feedline

The relevant superconductivity and microwave theory for the operation of a

KID device are quite complex and will be studied in detail throughout the following

chapters.

Simon Doyle Ph.D thesis(2008)

L
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1p
LC



Expected sensitivity
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4

FIG. 4. Annual modulation amplitude for FDM = 1 (solid) &
FDM = ↵2m2

e/q
2 (dashed) for m� = 100 MeV (blue) & 1 GeV

(black).

comparison with the XENON10 bound derived in [2]. In
the Appendices, we show cross-section bounds for the
individual PE bins, taking into account the systematic
uncertainties from the secondary ionization model. For
F

DM

= 1, the inclusion of the high-PE bins in XENON10
significantly improves upon the bound from [2] for m

�

&
50 MeV (small di↵erences at lower masses are from
the limit-setting procedure). The new XENON10 and
XENON100 bounds are comparable for m

�

& 50 MeV.
For F

DM

= ↵

2

m

2

e

/q

2, the low PE bins determine the
bound, and XENON100 is therefore not competitive due
to its high analysis threshold.
Modulation. A useful discriminant between signal
and background is the annual modulation of the signal
rate [26] due to the Sun’s motion through the DM halo.
Fig. 4 shows f

mod

versus n

e

, where f

mod

= R

max

�R

min

2R

avg

is the modulation amplitude, derived by calculating the
rates for the average Earth velocity and varying it by
±15.0 km/s. The f

mod

spectrum is distinctive, which
should provide a helpful discriminant between signal and
background. The significance of a signal S over a flat
background B is then given by sig = f

mod

Sp
S+B

.

To demonstrate the power of an annual modulation
search, we imagine that a future detector with 1000 kg-
years of exposure observes the same S2-only event rate
and spectrum as observed in XENON10 data, R

Xe10

. Re-
quiring the signal rate to be less than the observed event
rate yields the same constraints as with XENON10 data,
�

e,Xe10

. However, an annual modulation analysis would
potentially see a signal of high statistical significance,
and in the absence of one a fraction of the observed event
rate must be background. Requiring the significance of
the annual modulation signal to be less than sig, the
expected sensitivity is

�

mod

e

=
sig ⇥ �

e,Xe10

f

mod

p
R

Xe10

⇥ exposure

. (3)
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FIG. 5. Sensitivity reach from an annual modulation analysis
with a hypothetical 1000 kg detector and 1-year exposure, as-
suming the observed spectrum and data rate are the same as
in XENON10 [22] (solid blue) or XENON100 [23] (solid red).
DM-electron scattering event rates assuming a 1-electron (4-
electron) threshold are shown in dashed (dotted) green. Blue
(red) shaded regions show our XENON10 (XENON100) lim-
its. These lines/regions are overlaid on several simple and
predictive benchmark models for DM (�) scattering o↵ elec-
trons via a dark photon A0. Top: (FDM = 1) A complex
scalar obtains the correct relic density from thermal freeze-
out (light orange), while a fermion, which obtains its cor-
rect relic abundance from an initial asymmetry, must have
�e above the dark brown line (assuming no additional anni-
hilation channels) to avoid indirect-detection constraints [41–
43]. Bottom: (FDM = ↵2m2

e/q
2) Fermion DM coupled to

an ultralight mediator A0 obtains the correct relic density
from freeze-in (thick brown line). Gray regions show con-
straints as in [5], updated on the top plot with data from
MiniBooNE [44] and BaBar [45]. Due to earth-scattering
e↵ects [46], no XENON10/100 limit exists in the top right
region.

We calculate �

mod

e

for bins of n

e

= 0.5�1.5, 1.5�2.5, . . .
and show with a blue line the best sensitivity across all
bins in Fig. 5 for sig = 1.65 (90% CL) (see Appendices
for sensitivities from each bin). Similarly, a red solid line
shows �

mod

e

assuming the future observed rates/spectrum
correspond to the current XENON100 rate/spectrum.
We overlay these lines on the DM benchmark models

10 meV Eth, 1 mg•days 
no BG assumption

arXiv:1703.00910v1 



Expected sensitivity (nuclear recoil)
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FIG. 2. Elastic (dR/dER) and photon-emission (dR/d!) rates
in xenon. The ionization threshold is 12 eV. The dotted line
is derived from the näıve cross section (3).

R ER,max

ER,min

dER
d�

dERd! . The boundaries of the recoil energy

integration are found from 3-body kinematics,

ER,max/min

=
µ2

Nv2

mN

✓
1� !

µNv2

◆
±
r

1� 2!

µNv2

�
.

Consider now a standard DM-nucleus recoil cross
section, d�/dER = �SI

0

mN/(2µ2

Nv2)F 2(|q|) with
spin-independent DM-nucleus cross section �SI

0

'
A2�n(µN/µn)2 where �n is the DM-nucleon elastic cross
section and µn the DM-nucleon reduced mass. Making
the excellent approximation that the nuclear form factor
at low recoil is unity, F 2 ' 1, the di↵erential cross section
can be integrated to yield,

d�

d!
=

4↵|f(!)|2

3⇡!

µ2

Nv2�SI
0

m2

N

r
1� 2!

µNv2

✓
1� !

µNv2

◆
.

(9)

In a final step, we take the average of the cross section
over the velocity distribution of DM in the frame of the
detector and compute the event rate,

dR

d!
= NT

⇢�
m�

Z

|v|�v
min

d3v vfv(v + ve)
d�

d!
. (10)

Here, NT is the number of target nuclei per unit detec-
tor mass and ⇢� = 0.3GeV/cm3 is the local DM mass
density. For fv(v) we take a truncated Maxwellian with
escape speed v

esc

= 544 km/s [19] and most probable
velocity v

0

= 220 km/s; ve is the velocity of the Earth
relative to the galactic rest frame and v

min

=
p

2!/µN .
The penalty for going to the inelastic channel is of

course very large. Whereas a factor of ↵ is compensated
by Z2 in (3) [or by f2

1,2 in (9)], the factor ER/mN

may be overcome by a quasi-exponential rising event
rate dR

el

/dER ⇠ e�ER/E
0 with decreasing ER where

E
0

= few ⇥ keV for WIMPs and typical target masses.
The spill over from photons into the higher energy region
is the key that allows us to exploit the inelastic channel
in the electron recoil band experimentally.
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FIG. 3. (m�,�n) plane of DM mass and DM-nucleon cross
section. Regions labeled CRESST-II and CDMSlite were pre-
viously excluded from elastic DM-nucleus scattering [22, 23];
regions labeled XENON10 and XENON100 show newly de-
rived constraints based on (1b). Above the line “m.f.p.” lim-
its are invalidated as DM scatters before reaching the detec-
tor. The region XQC is excluded from rocket-based X-ray
calorimetry data [24]. Projections for CRESST-III and for a
dedicated liquid Xe experiment, labeled LXE, are also shown;
see main text. The monojet constraint CDF is model depen-
dent; CMB constraints can be evaded [25] and are not shown.

The prospective parameter space where the method of
Bremsstrahlung emission yields an improvement of sen-
sitivity, is best identified by demanding that no elas-
tic nuclear recoil event (with rate dR/dER) has been
induced above the detector-specific nominal threshold
recoil energy ER,th, N(ER > ER,th) = exposure ⇥R1
ER,th

dER
dR
dER

< 1, and by computing from there the

number of bremsstrahlung-induced electron recoil events
via (10). It is important to note that N(ER > ER,th) < 1
becomes trivially fulfilled for any value of DM-nucleon
cross section once the DM mass falls below the kine-
matic threshold imposed by the maximum relative veloc-
ity between DM and target nucleus, v

max

= v
esc

+ ve '
750 km/s. For example, N(ER > ER,th) < 1 for any
value of �SI

0

once the DM mass falls below 3.3GeV in
a xenon experiment with nominal threshold of ER,th =
1.1 keV such as in LUX [20, 21] and before accounting
for finite detector resolution. Figure 2 shows the theoret-
ical rates for elastic scattering, dR/dER, and the photon
emission rate dR/d! as labeled resultant from nuclear
recoils of a DM particle of mass m� = 1GeV and a DM-
nucleon cross section of �n = 10�35 cm2. The dotted line
is the rate according to the naive estimate (3).
Probing low-mass DM. We now explore the sensitiv-

ity to Bremsstrahlung in the usual (m�,�n) plane. Here
we focus on the ionization-only signal in liquid scintil-
lator experiments, for which XENON10 [26], and most
recently XENON100 [27], have presented results. The
ionization threshold of xenon is ⇠ 12 eV, hence the emis-
sion of a 100 eV photon can already produce multiple
ionized electrons.
For XENON10 the collaboration has reported the spec-

trum in number of electrons, and we compute the elec-

arXiv:1607.01789v2 

1 eV Eth, 1 mg•days 
no BG assumption



Sorption refrigerator system
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Sorption Refrigerator 
Reaching temp. : 0.3 K 
Keeping time : 100 hours

Network analyzer(VNA)

Control PC

Chiller

Compressor



‣ Achieved 0.3 K by about half day operation. ( Tc(Al) = ~1.18K ) 
‣ Full automatic!! Keep cooling state over 100 hours.

Cooling test
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Simple operation test
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Simple operation test
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‣ Energy calibration down to O(100) eV using characteristic X-rays

Ideas for calibration
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DAMIC calibration (keVee) 

15 

Linearity Resolution 

Paolo Privitera @ COSMO 2014



‣ Energy calibration down to O(1) eV using photoelectrons

Ideas for calibration
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http://www.icepp.s.u-tokyo.ac.jp/info/sympo/18/torape/20120222_kazuki_ICEPPsympo.pdf

MCP再位置キャリブレーション
• ひょろひょろ電子（~数eV）を作るのは困難

⇒UV＋銅（光電効果）を用いる方法を考案

⇒銅：仕事関数～4.7eV
⇒UV 200nmの場合、平均エネルギー：～2eV

銅標的中心を(-2、2)に置いたときのMCP image
ひょろひょろ電子のイメージングに成功⇒今後詳細を詰める

UV源：フラッシュランプ
Photoelectron imaging with MCP

K. Ueno, KEK (2012)

UV source: Flash lump

http://www.icepp.s.u-tokyo.ac.jp/info/sympo/18/torape/20120222_kazuki_ICEPPsympo.pdf


‣ Aim to search ultra-low mass dark matter with superconductor 
‣ Cooling and operation test using Si - Al KID detector. 
- Observed expected resonance. 

‣ To do 
- Construct our LEKID detector 
- Read out environment 
- Calibration 
- etc...

Summary
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