
 

Improved limits on solar axions and bosonic dark matter from the
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We present the improved constraints on couplings of solar axions and more generic bosonic dark matter
particles using 737.1 kg days of data from the CDEX-1B experiment. The CDEX-1B experiment, located at
the China Jinping Underground Laboratory, primarily aims at the direct detection of weakly interacting
massive particles using a p-type point-contact germanium detector. We adopt the profile likelihood
ratio method for analysis of data in the presence of backgrounds. An energy threshold of 160 eV was
achieved, much better than the 475 eVof CDEX-1Awith an exposure of 335.6 kg days. This significantly
improves the sensitivity for the bosonic dark matter below 0.8 keV among germanium detectors. Limits
are also placed on the coupling gAe < 2.48 × 10−11 from Compton, bremsstrahlung, atomic-recombination,
and deexcitation channels and geffAN × gAe < 4.14 × 10−17 from a 57Fe M1 transition at 90% confidence
level.

DOI: 10.1103/PhysRevD.101.052003

I. INTRODUCTION

For the charge-parity (CP) problem of strong inter-
actions, the Peccei-Quinn (PQ) mechanism [1] is still the
most compelling solution in which a new kind of U(1)
symmetry would be spontaneously broken at large energy
scale fA. After this original solution to the CP conservation
in QCD, a new Nambu-Glodstone boson called axion is
proposed later by Weinberg [2] and Wilczek [3] through
the PQ symmetry. Axions are pseudoscalar particles with
properties closely related to those of neutral pions and their
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mass mA is fixed by the scale fA of the PQ symmetry
breaking,mA ≈ 6 eV (106 GeV=fA). The range of scale fA
cannot be restricted by theory, but the order of the
electroweak scale has been excluded by experiments. At
a higher symmetry-breaking energy scale, “invisible” axion
models such as hadronic model KSVZ (Kim-Shifman-
Vainstein-Zakharov) [4,5] and nonhadronic model DFSZ
(Dine-Fischler-Srednicki-Zhitnitskii) [6,7] are still allowed.
Another interest in this paper is more general bosonic dark
matter (DM) like axionlike particles (ALPs) and vector
bosonic DM, which also have couplings to electrons.
Several experiments have reported the corresponding

results [8–23] using the mechanism arising from the
couplings to electrons,

AðBÞ þ eþ Z → eþ Z; ð1Þ

where A and B represent axion and bosonic DM, respec-
tively. This effect is similar to photoelectric effect just
replacing photon with axion or bosonic DM.
The China Dark Matter Experiment (CDEX) is primarily

designed to carry out direct detection of low mass weakly
interacting massive particles (WIMPs) with p-type point-
contact germanium detectors (PPCGe) at China Jinping
Underground Laboratory (CJPL) [24–30]. With a vertical
rock overburden of 2.4 km, CJPL provides a measured
muon flux of 61.7� 11.7 y−1m−2 [31]. Besides the
WIMPs constraints [32,33], the axion searches results from
the CDEX-1A experiment based on the 335.6 kg days of
data have been reported before [18]. Using a PPCGe with
fiducial mass of 915 g, a physics threshold of 475 eV [33]
was achieved for CDEX-1A. Focused on the lower energy
threshold, a new 1 kg scale PPCGe detector has been
designed and named “CDEX-1B” based on the experience
from our previous prototype detector used in CDEX-1A.
In this paper, we report the solar axion, ALPs, and vector

bosonic DM search results from the CDEX-1B experiment
based on the 737.1 kg days of data, which is the same
dataset in the analysis of WIMP search [34], annual
modulation [30], and Midgal effects [29]. Also, we
describe the statistical model with profile likelihood ratio
method applied to these data.

II. AXION SEARCHES WITH CDEX-1B

A. CDEX-1B setup and overview

The CDEX-1B experiment adopts one 939 g single-
element PPCGe crystal with dead layer of 0.88� 0.12 mm
[35]. Outside of the PPCGe detector is the passive shielding
system and the detailed information is described in
Ref. [34]. A well-shaped cylindrical NaI(Tl) crystal sur-
rounding the PPCGe detector is used as the anti-Compton
detector. The coincidence events both in germanium and
NaI(Tl) crystals denoted as ACþ are discarded to depress
the γ background.

The schematic diagramof electronics and data acquisition
(DAQ) system is shown in Ref. [34]. Four identical energy-
related signals were out of the pþ point-contact electrode
after a pulsed-reset feedback preamplifier. Two of themwere
distributed into the shaping amplifiers at 6 μs (SA6 μs)
and 12 μs (SA12 μs) shaping time for low energy region
(0–12 keV). The output of SA6 μs provided the system
trigger of the DAQ. The other two outputs were fed into
timing amplifiers (TA) which provide the accurate time
information. Onewith high gain (TA1) is limited to medium
energy region (0–20 keV), and the other one with low gain
(TA2) for high energy can reach 1.3 MeV. The energy
resolution of TA1 output is similar to the SA6 μs;12 μs. As a
result, the spectrum below 12 keV is from SA6 μs and above
12 keV is from TA1 in our analysis. The energy resolution
(σ) from SA6 μs at 1.3 keV is about 44 eV.

B. Particle sources

1. Solar axions

The Sun is a potential source of axions and in this paper
we concentrate on two different mechanisms.
The first important source is the 14.4 keV monochro-

matic axions from the M1 transition of the 57Fe in the sun,
i.e., 57Fe� → 57Feþ A, due to the stability and the large
abundance of 57Fe in the sun.
The Lagrangian coupling axions to nucleons is [12]

L ¼ iψ̄Nγ5ðg0AN þ g3ANτ3ÞψNϕA; ð2Þ

where ψN is the nucleon isospin doublet, ϕA is the axion
field, and τ3 is Pauli matrix. g0AN and g3AN are the model-
dependent isoscalar and isovector axion-nucleon coupling
constants [36,37]. Introducing geffAN ≡ ð−1.19g0AN þ g3ANÞ as
the effective nuclear coupling adapted to the case of 57Fe,
the corresponding axion flux is given by [12,38]

Φ14.4 ¼
�
κA
κγ

�
3

× 4.56 × 1023ðgeffANÞ2 cm−2 s−1; ð3Þ

where κA and κγ are the momenta of the outgoing axion and
photon, respectively. Given the axion-nucleon couplings
g0AN and g3AN for specific models such as DFSZ and KSVZ,
the axion flux can be evaluated.
Other important sources are from the Compton-like

scattering (C), axion-bremsstrahlung (B), atomic-recombi-
nation (R), and atomic-deexcitation (D) processes. Their
corresponding effective Lagrangian is given by [12]

L ¼ igAeψ̄eγ5ψeϕA; ð4Þ

where gAe is the dimensionless axion-electron coupling
constant. Its flux depends on the g2Ae,
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dΦCB

dEA
¼dΦC

dEA
þdΦB

dEA

¼g2Ae×1.33×1033E2.987
A e−0.776EA

þg2Ae×2.63×1035EAe−0.77EA
1

1þ0.667E1.278
A

; ð5Þ

where the units of fluxes are cm−2 s−1 keV−1 and axion
energy EA is in unit of keV. For the atomic-recombination
and atomic-deexcitation process, the tabulated spectrum in
Ref. [39] is used. As discussed in Ref. [39], the flux is valid
for relativistic axion; hence, we consider only the axion
mass below 1 keV.
The axion-electron coupling is depended on models. In

the DFSZ model, the coupling is proportional to cos2 β,
where tan β is the ratio of the two Higgs vacuum expect-
ation values. In the KSVZ model, it depends on E=N, the
ratio of electromagnetic to color anomalies. E=N ¼ 0 and
cos2 β ¼ 1 are used in this analysis [12].

2. Bosonic dark matter

The main cosmological interest in bosonic particles such
as ALPs and vector bosonic DM arises from their possible
role as the dominant component of dark matter, the nature
of which is still unknown. The absorption via ionization or
excitation of an electron in target atom makes bosonic DM
experimentally interesting and PPCGe detectors have
advantages to study bosonic DM due to their excellent
energy resolution, sub-keV threshold, and low radioactivity
background.
Assuming that these bosonic particles constitute all of

the galactic dark matter, we get the total average flux of
dark matter axions on the Earth,

ΦDM ¼ ρDM · vA=mA

¼ 9.0 × 1015 × β ·

�
keV
mA

�
cm−2 s−1; ð6Þ

where ρDM ∼ 0.3 GeV=cm3 is the dark matter halo density
[40], mA is the axion mass, vA is the mean axion velocity
distribution with respect to the Earth, and β is the ratio of
the axion velocity to the speed of light for cold dark matter.
This flux is independent of any axion coupling.

C. Particle interactions in CDEX-1B

The axion detection channel studied in this paper is the
axioelectric effect illustrated in Eq. (1). The axioelectric
cross section as described in Refs. [41–43] is given by

σAeðmAÞ ¼ σpeðmAÞ
g2Ae
β

3mA
2

16παm2
e

�
1 −

β
2
3

3

�
; ð7Þ

where σpeðmAÞ is the photoelectric cross section for
germanium in the unit of barns/atom, mA is the mass of

axion, α is the fine structure constant, me is the electron
mass, and β is the ratio of the axion velocity to the speed of
light. The expected axion event rates of CBRD process and
57Fe under the consideration of energy resolution are
displayed in Fig. 1.
In the situation of ALPs in cold dark matter model

(β ≈ 10−3), the coupling to electrons is the same as in the
case of solar axions. For the vector bosonic DM, the
absorption cross section σabs can be written as

σabsðmvÞ ¼ σpeðmvÞ
α0

α
; ð8Þ

where mv is the mass of the vector bosonic DM, α and α0
are the fine structure constant and its vector boson
equivalent, respectively.
Using the parameter mentioned above, the interaction

rate in the direct detection experiment can be written as

R ¼ 1.2 × 1043A−1g2AemAσpeðmAÞ ð9Þ

for ALPs and

R ¼ 4 × 1047A−1 α
0

α
m−1

v σpeðmvÞ ð10Þ

for vector bosonic DM, where A is mass number of
germanium. The expected rates of these two kinds of
particles are shown in Fig. 2.

III. DATA ANALYSIS

A. Data selection

As discussed in earlier analysis [34], the background
spectrum is derived by the following steps:
(1) Stability check, removing the time periods of cali-

bration or other testing experiments.
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FIG. 1. The expected axion event rates of CBRD process
at the mass of 0 and 1 keV, and 57Fe 14.4 keV axion at the
mass of 0 keV. Here the axion couplings are gAe ¼ 2 × 10−11 and
geffAN × gAe ¼ 2 × 10−17.
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(2) Anti-Compton (AC) veto, discarding the events in
coincidence with the AC detector and retaining the
anticoincidence events.

(3) Basic cuts, removing the electronic noise through
getting rid of the abnormal pulses and spurious
signals.

(4) Bulk and surface event selection, rejecting the sur-
face events by pulse shape analysis using their
characteristic slower rise time.

Depicted in Fig. 3 are the trigger efficiency as well as the
selection efficiency with energy including those from the
selection of physics versus electronic noise events, AC
vetos, and DAQ dead time. The trigger efficiency is derived
from the calibration sources in coincidence with AC
detector [34]. The selection efficiencies are derived by
events due to random triggers, the AC tagged events from
calibration sources, and in situ background. An improved

ratio method, which is based on the bulk/surface rise-time
distribution probability density functions (PDFs), is devel-
oped to reject the surface events [44]. This method has been
proved correctly above 160 eV. So, in this analysis, 160 eV
is selected as the physics analysis threshold, at which the
combined efficiency (εeff ), including trigger and selection,
is 17%.

B. Background and understanding

With an exposure of 737.1 kg days, the bulk spectrum
from 160 eVup to 20 keVafter data selection and efficiency
correction is displayed in Fig. 4(a). The background
consists of several K-shell x rays and their corresponding
L-shell x rays from the cosmogenic isotopes and a
continuous background with a smooth, slightly increasing
profile as the energy decreases [34]. Considering the low
muon flux mentioned above, the contribution from muons
can be neglected. The continuous background below
20 keV is expected to probably originate from the 238U,
232Th, and 40K in the materials in the vicinity of the PPCGe
detector, radon gas penetrating through shielding, and
cosmogenic 3H in the crystal. A detailed modeling of
the continuous background is beyond this work and will be
studied in our future work.
However, axion analysis is not sensitive to the accurate

background assumption because the signatures of axion are
significantly different from the continuous background.
As can be seen from Fig. 2, the signal signatures of 57Fe
and bosonic DM are monochromatic and of Gaussian
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FIG. 2. The expected event rate of ALPs (red solid line) and
vector bosonic DM (blue solid line) at different masses. The red
dashed line is the maximum event rate of ALPs Gaussian
distributions versus their masses, while the blue dashed line is
corresponding to vector bosonic DM. The couplings used here
are gAe ¼ 2 × 10−11 and α0=α ¼ 5 × 10−25. The widths of these
peaks are determined by the energy resolution.
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FIG. 4. (a) The corrected bulk spectrum from 160 eV to 20 keV.
(b) The corrected surface spectrum from 160 eV up to 20 keV.
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distribution with widths determined by the energy reso-
lution. As to the continuous CBRD solar axion, a sawtooth-
like profile arises between 0.9 and 1.6 keV considering the
axion mass below 1 keV. So, in the following fitting
procedure, the background model can be described by a
continuous background plus the peaks from K/L-shell x
rays. Benefiting from the low threshold and excellent
energy resolution of CDEX-1B, the L-shell x-ray peaks
at low energy region can be clearly distinguished.
Therefore, in the background model, the amplitude of
the K-shell x-ray peaks and the corresponding L-shell x-ray
peaks are limited by each other using the K/L-shell x-ray
ratios mentioned in Refs. [45,46]. In the ultralow energy
region around the threshold, M-shell x rays are also taken
into consideration in the background model.
The corrected surface spectrum derived from ratio

method is depicted in Fig. 4(b). Note that, as will be clear
in next section, the likelihood analysis makes use of both
the bulk and surface data.

C. Profile likelihood analysis

A profile likelihood analysis, as described in Ref. [47], is
adopted to derive the constraints and the test statistics is

qμ ¼
(
−2ln

�
Lðμ; ˆ̂θÞ
Lðμ̂;θ̂Þ

�
μ ≥ μ̂

0 μ < μ̂;
ð11Þ

where L is the likelihood function. Quantity μ is a
parameter corresponding to the strength of signals and θ

denotes all of the nuisance parameters. The quantity ˆ̂θ
denotes the value of θ that maximizes L for the specified μ,
while the denominator is the maximized likelihood func-
tion, i.e., μ and θ are their maximum-likelihood estimators.
To obtain the 90% C.L. bounds on the signal strengths μ,
the asymptotic formulas are used to calculate the proba-
bility distribution functions (PDFs), i.e.,

fðqμjμ0Þ ¼Φ
�
μ0−μ

σ

�
δðqμÞ

þ1

2

1ffiffiffiffiffiffi
2π

p 1ffiffiffiffiffiqμp exp

�
1

2
−
� ffiffiffiffiffi

qμ
p −

μ−μ0

σ

�
2
�
; ð12Þ

where fðqμjμ0Þ is the PDF of the test statistic qμ under the
signal strength hypothesis μ0, while σ is the corresponding
standard deviation [47]. Since downward fluctuations of
background might lead to much stringent exclusion results,
we used the CLs method [48] to get rid of this effect. The
90% up limits μup are defined as

1 − FðqμjμÞup
1 − Fðqμj0Þup

¼ 10%; ð13Þ

where F is the cumulative distribution function of the test
statistic.

1. Likelihood function

The specific full likelihood function L we used in this
analysis is written as a product of three terms,

L ¼ L1ðνA; νb; νs; gb; gs; εeff ;mAÞ × L2ðεeffðEÞÞ
× L3ðtb; tsÞ; ð14Þ

the parameter of interest becomes the number of fitted
axion event numbers denoted as νA which is related to the
axion-electron coupling strength gAe, whereas νb, νs, gb, gs,
εeff are considered as the main nuisance parameters.

L1 ¼
YNτ

j¼1

YNE

i¼1

Poisson½nijjðgbðτj;Ei; tbÞ · εeffðEiÞ · Ni;bulk

þ gsðτj;Ei; tsÞ · εeffðEiÞ · Ni;surfÞ� ð15Þ

describes the measurement of the detector. Here we
projected all the data into the energy versus rise-time
two-dimensional (2D) grids, as depicted in Fig. 5(a).
The nij is the measured event number both in the energy
spectrum bin Ei and the rise-time spectrum bin τj.
gbðτ;Ei; tbÞ and gsðτ;Ei; tsÞ are the distributions of rise
time at the condition of a certain energy bin i from bulk
event and surface event, respectively, i.e., gkðτj;EiÞ ¼
μkðτj;EiÞ þ tk · σk;ij, k ¼ bulk or surface. Normalized
PDFs μkðτj;EiÞ are the best-fit values derived from ratio
method in the rise-time distribution shown in Fig. 5(b), as
well as their corresponding errors σk;ij including statistical
and systematic uncertainties which have already been
derived in Refs. [34,44]. εeff described by e⃗ refers to the
combined efficiencies mentioned in Sec. III. A,

εeff ¼
	
1

2
× ½1þ Erf

�
E − e1ffiffiffi

2
p

e2

��

trigger

×

	
e3
2
×

�
1þ Erf

�
E − e4ffiffiffi

2
p

e5

��

selection

: ð16Þ

Ni;bulk and Ni;surf are the expected numbers of bulk
events and surface events at the certain energy bin i,
respectively, which are determined by the fitting results,

Ni;bulk ¼ νb · fbðEiÞ þ νA · fAðEiÞ
Ni;surf ¼ νs · fsðEiÞ: ð17Þ

fb, fA, and fs represent the PDFs of the background, the
axion signal, and the surface events, respectively. Each of
them is normalized to unity over the energy range of the fit.
fA describes the axion events as shown in Figs. 1 and 2.
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The background fb consists of K-shell x-ray peaks from
the cosmogenic nuclides and their corresponding L-shell
x-rays and a continuous component with a smooth, slightly
increasing profile as the energy decreases. The surface
event fs is derived from fitting the surface spectrum with a
smooth curve. The systematic uncertainties of the PDF
selection of fs are negligible by comparing bin by bin PDFs
from the fs spectrum. The number of surface events
derived from the ratio method is used as νs and fixed in
the likelihood fit. The results are consistent with the
situation in which νs is free, but more conservative below
400 eV in the bosonic DM fit. While νb and νA fitted as free
parameters are the numbers of background events and
axion events, respectively.

2. Constraints and systematic uncertainties

L2 is a constraint term which encodes prior constraints
on the combined efficiencies εeff ,

L2 ¼ exp

�
−
1

2

X2
i;j¼1

ðei − μeiÞV−1
ij ðej − μejÞ

�

×exp

�
−
1

2

X5
i;j¼3

ðei − μeiÞV−1
ij ðej − μejÞ

�
: ð18Þ

The five parameters e⃗ used in two error functions to
describe the trigger efficiency and selection efficiency
included in εeff are constrained by L2, with 2D and 3D
Gaussians, respectively. Both centers of the Gaussians are
derived by the best-fit values of parameters denoted as μ⃗e
depicted in Fig. 3, and their shapes are determined by the
covariance matrix V between the best-fit values.
According to the evaluation in the previous work [34],

one of the dominated uncertainties at the energy range
below 1 keV, including statistical and systematic errors,
originate from the bulk surface event selection, i.e., the
nuisance parameters gkðτj;EiÞ, in likelihood function L1.
In order to take these uncertainties into consideration, L3

term is introduced,

L3 ¼ e−t
2
b=2 × e−t

2
s=2; ð19Þ

which has been parametrized with two parameters tb, ts.
The likelihood function is defined to be a product of two
normally Gaussian distributions, corresponding to where
t ¼ �1 corresponds to a �1σ deviation in gkðτj;EiÞ.
The uncertainties of the background assumption fb are

evaluated by using different continuous component in the
background assumption between different combinations of
exponential, polynominal, and flat functions for the fit
below 12 keV. For the energy range around 14.4 keV,
background assumptions are varied between polynomial,
flat, and exponential function. The variation of background
models causes the change of constraints less than 8% for
CBRD axion, less than 16% for bosonic DM, and less than
8% for 57Fe solar axion. As for the uncertainties of
resolution, varying the energy resolution by �10%, the
changes of results are less than 17% for 57Fe solar
axion, less than 13% for bosonic DM, and negligible for
CBRD axion.

IV. AXION SENSITIVITY ANALYSIS
AND RESULTS

A. 14.4 keV solar axion

The signal of solar axions produced in the 57Fe magnetic
transition on the spectrum is a monochromatic Gaussian
peak around 14.4 keV with width determined by resolution,
which is about 84 eV (σ) under this situation. The fitting
range is limited to 14.06–14.76 keV, about �4σ, and a
polynomial function is used to described the background in
this range. The 90% C.L result is shown in Fig. 6, and the
rate of this kind of axion was found to be less than
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FIG. 5. (a) The event distribution in the rise time versus energy
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0.029 counts · kg−1 · day−1. For a low-mass axion at 0 keV,
this result translates to a 90% C.L. constraint on the
coupling,

geffAN × gAe < 4.14 × 10−17: ð20Þ

Scanning the axion mass from 0 to 14.4 keV, we obtained
the model-independent limit of geffAN × gAe shown in Fig. 7.
Within the framework of a specific axion model, KSVZ

or DFSZ, the limits on the couplings gAe can constrain
axion mass mA directly. Using the assumption of param-
eters mentioned in Sec. II B, CDEX-1B excludes the
mass range 7.3 eV=c2 < mA < 14.4 keV=c2 for DFSZ
axions and 141.2 eV=c2 < mA < 14.4 keV=c2 for KSVZ
axions.

B. CBRD

For CBRD solar axions, the fitting range is from
0.8 to 2.0 keV, and there is a sawtoothlike profile arising
in this energy range which is different from the continuous
background. Using the analysis procedure mentioned
above, we get the constraints on gAe,

gAe < 2.48 × 10−11: ð21Þ

Figure 8 depicts the fitting results of 90% C.L. This
result, together with other experimental bounds, is dis-
played in Fig. 9. This result excludes the axion masses
mA > 0.9 eV=c2 in the DFSZ model ormA > 257.3 eV=c2

in the KFSZ model, which is better than the result of
CDEX-1A.
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C. Bosonic dark matter

For bosonic dark matter, the fitting range is from 0.16 to
11.66 keV, and Fig. 8 displays the fitting results at the mass
of 385 eVas well as the background model below 1.6 keV.
Because of the monochromatic signal, better energy

resolution and larger exposure, the CDEX-1B gives us
much better results of bosonic DM comparing with CDEX-
1A. The 90% C.L. limits on gAe of ALPs and α0=α of vector
bosonic DM are displayed in Figs. 10 and 11, respectively.
Due to the lower energy threshold, we can extend the first
point of exclusion line down to 185 eV.

V. SUMMARY

Tighter constraints on the couplings of solar axions and
bosonic DM are obtained from CDEX-1B data with an
exposure of 737.1 kg days. Competitive results at the mass
of sub-keV of ALPs and vector bosonic DM have been
achieved by the help of lower energy threshold and
excellent energy resolution measured by the germanium
detectors.
These results demonstrate that the profile likelihood ratio

method successfully derived the upper limits for our
CDEX-1B data in the presence of backgrounds based on
the bulk/surface rise-time distribution PDFs. This statistical
model takes the main systematic uncertainties, including
bulk/surface selection and combined efficiencies, into
account through the construction of the likelihood function.
The aim of the analysis developed is to provide a reliable
statistical forecast of positive signals.
The CDEX-10 detector array with a target mass of the

range 10kg has provided results on low-massWIMPsearches
[27] and will be installed in a new 1700 m3 large LN2 at
CJPL-II [25]. In the meantime, the homemade germanium
detectors with ultralow-background electronics are being
pursued, which establishes a platform to study the crucial
technologies and foresees to suppress the background.
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