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Outline
• The Selena neutrino experiment. 

• Neutrinoless !! decay. 

• Solar neutrinos. 

• Sterile neutrinos. 

• Detector technology: hybrid aSe/CMOS pixelated devices. 

• Toward a large detector. 

• Conclusion.
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Broad neutrino science program!}
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Selena detector concept
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Detector goals
• Excellent energy resolution to perform precision spectroscopy, 

e.g., distinguish 0" signal from 2" !! decay background. 

• Excellent spatial resolution to suppress backgrounds by event 
topology, e.g., number of Bragg peaks, decay sequences, etc. 

• Easy to build: room temperature operation, not very stringent 
radio purity requirements or fiducialization, etc. 

• Scalable: standard CMOS foundry process (300 mm diameter 
wafers) and industrial aSe deposition.
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Small 
prototypes
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module (2 kg)

100 kg (50 modules) 
demonstrator

10-ton detector 
underground



Background 
suppression

‣ Determine the number and types of particles (!, #, etc.). 

‣ Determine the end-point of ! tracks by identifying the Bragg peak. 

‣ Since atoms remain immobile in the solid target, we can identify 
radioactive decay sequences with time separations of up to 
weeks! 

‣ DAMIC uses this strategy to constraint the decay rates of every ! 
in the U and Th chains.
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High resolution imaging in a solid-state target provides 
unique opportunities for signal/background discrimination!



Spatial correlations
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• 210Pb surface background:

210Pb 210Bi 210Po

• Cosmogenic 32Si: 32Si (T1/2= 150 y, β) ➔ 32P (T1/2= 14 days, β)
Search for spatially 
correlated beta decays. 
Sensitivity with current data 
is few Bq/kg.

Data from DAMIC
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Science case
With a 10-ton detector (100 ton-year exposure)
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Results and Status of KamLAND-Zen

Double-Beta Decay
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‣Detectors measure the kinetic energy 
of the emitted electrons 

‣ 2νββ produces a broadened spectrum 

‣ 0νββ has no neutrinos, thus no missing 
energy. 

‣ 2νββ is the slowest process ever 
measured with T1/2~1019-1024 yr 

‣ 0νββ is slower still with  
T1/2>1024-1026 yr (if it occurs at all) 

‣We combat this by making detectors 
very large and very low background!
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received the largest attention are indeed those discussed
above. A specific subclass, named ⌫SM [87], is found
interesting enough to propose a dedicated search at the
CERN SPS [87, 88], aiming to find rare decays of the or-
dinary mesons into heavy neutrinos. Other models, that
foresee a new layer of gauge symmetry at accessible ener-
gies and, more specifically, those connected to left-right
gauge symmetry [89] might instead lead to impressive L-
violation at accelerators [90–92]. This should be quite
analogous to the 0⌫�� process itself and that could be
seen as manifestations of operators similar to those in
Eq. (24).

We would like just to point out that in both cases, in
order to explain the smallness of neutrino masses, very
small adimensional couplings are required. Although this
position is completely legitimate, in front of the present
understanding of particle physics, it seems fair to say that
this leaves us with some theoretical question to ponder.

IV. PRESENT KNOWLEDGE OF NEUTRINO
MASSES

In this section we discuss the crucial parameter de-
scribing the 0⌫�� if the process is mediated by light Ma-
jorana neutrinos (as defined in Sect. IIIA). We take into
account the present information coming from the oscil-
lation parameters, cosmology and other data. On the
theoretical side, we motivate the interest for a minimal
interpretation of the results.

A. The parameter m��

We know three light neutrinos. They are identified by
their charged current interactions i. e. they have “flavor”
` = e, µ, ⌧ . The Majorana mass terms in the Lagrangian
density is described by a symmetric matrix:

Lmass =
1

2

X

`,`0=e,µ,⌧

⌫t
`
C�1M``0 ⌫`0 + h. c. . (25)

The only term that violates the electronic number by
two units is Mee, and this simple consideration motivates
the fact that the amplitude of the 0⌫�� decay has to be
proportional to this parameters, while the width to its
squared modulus. We can diagonalize the neutrino mass
matrix by mean of a unitary matrix

M = U t diag(m1,m2,m3)U
† (26)

where the neutrino masses mi are real and non-negative.
Thus, we can define:

m�� ⌘

������

X

i=1,2,3

U2
ei mi

������
(27)

where the index i runs on the 3 light neutrinos with given
mass. This parameter is often called “e↵ective Majorana

mass” (it can be thought of as the “electron neutrino
mass” that rules the 0⌫�� transition, but keeping in mind
that it is di↵erent from the “electron neutrino mass” that
rules the � decay transition).
The previous intuitive argument in favor of this defini-

tion is corroborated by calculating the Feynman diagram
of Fig. 1. Firstly, it has to be noted that the electronic
neutrino ⌫e is not a mass eigenstate in general. Then,
substituting Eq. (26) into Eq. (25), we see that we go
from the flavor basis to the mass basis by setting

⌫` =
X

i=1,2,3

U`i ⌫i. (28)

Therefore, in the neutrino propagators of Fig. 1, we will
refer to the massesmi (that in our case are “light”) while,
in the two leptonic vertices, we will have Uei. Taking the
product of these factors, we get the expression given in
Eq. (27).
It should be noted that the leptonic mixing matrix U

as introduced above di↵ers from the ordinary one used in
neutrino oscillation analyses. Indeed, the latter is given
after rotating away the phases of the neutrino fields and
observing that oscillations depend only upon the combi-
nation MM†/(2E). This matrix contains only one com-
plex phase which plays a role in oscillations (the “CP-
violating phase”). Instead, in the case of 0⌫�� the ob-
servable is di↵erent. It is just |Mee|. Here, there are
new phases that cannot be rotated away and that play
a physical role. These are sometimes called “Majorana
phases”. Their contribution can be made explicit by
rewriting Eq. (27) as follows:

m�� =

������

X

i=1,2,3

ei⇠i |U2
ei| mi

������
. (29)

We can now identify Uei of Eq. (29) with the mixing
matrix used in neutrino oscillation analyses.3

Before proceeding in the discussion, some remarks are
in order:

• it is possible to adopt a convention for the neutrino
mixing matrix such that the 3 mixing elements Uei

are real and positive. However, in the most com-
mon convention Ue3 is defined to be complex

• only two Majorana phases play a physical role, the
third one just being matter of convention

• it is not possible even in principle to reconstruct
the Majorana mass matrix simply on experimen-
tal bases, unless we find another observable which
depends Majorana phases.

3 Note that the specific choice and the symbols for these phases
may di↵er among authors.

Decay rate
Phase space 

factor

Nuclear matrix 
element (NME)

Particle physics:

0!"" decay
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Excellent energy resolution to 
distinguish neutrinoless decay

High Q-value to avoid 
background from U+Th

Bonus: Identify the ββ decay in an event-by-event basis by 
measuring the event topology (two electrons vs. one).

Strategy
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‣ By identification of Bragg peak we 
can achieve 10-3 suppression of 
single electron background, with 
50% signal acceptance. 

‣ Bulk backgrounds suppressed by 
α/β particle ID, spatial correlations.

Background rate <6 x 10-5 
/keV/ton/year!

JINST12(2017)P03022

T1/2 > 1028 years 
limit on 82Se 0"!!

Double e
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D. FREKERS et al. PHYSICAL REVIEW C 94, 014614 (2016)

82Se 82Br

82Kr

5−0+

0+

β−β−

Qβ−β− = 2997.9(3) 

Qβ− = 3093.0(10) QEC = 96.6(17) 

35.3h
2− 45.95 6.13min
1+ 75.06

1+ states{

FIG. 1. Sketch of the 2νββ decay process in 82Se. The transition
paths through the intermediate 1+ states in 82Br are indicated.
The various Q values and excitation energies are taken from
Refs. [1,30,31]. All energies are given in keV units.

T
2νββ

1/2 (130Te) = [6.9 ± 1.3] × 1020yr. Nonetheless, the mod-
eling of the time of mineralization, as well as of the
retention times for the noble gases, and the assumptions made
about alternative productions through fission, fission induced
neutrons or cosmic rays over geological time scales, remain
the main sources of systematic uncertainties in geochemical
analyses. On the other hand, by today’s good knowledge of
many 2νββ-decay half-lives one is now in the position to
constrain many of these assumptions. This is indicated in detail
in Ref. [14].

In this article the 82Se(3He ,t)82Br reaction has been
used to provide a detailed and high-resolution insight into
the GT strength distribution in 82Br, as this ties in to
some of the aforementioned subjects. One may recall that
hadronic charge-exchange reactions at intermediate ener-
gies (i.e., 100–300 MeV/A) and low momentum transfers
qtr ≈ 0 fm−1 are a well-established tool to selectively induce
GT transitions [15]. This follows from the dominant στ
component of the effective nucleon-nucleon (NN ) interaction
in this energy/momentum region [16–20], where, in addition,
the nucleus exhibits a high nuclear transparency.

The present experiment is within the spirit of previous
high-resolution (3He ,t) charge-exchange experiment on light
and medium-weight nuclei reported in Refs. [15,21–28], and
many details of the reactions and analyses can be found there.
Charge-exchange reactions for ββ decay and astrophysical
neutrino studies are, for instance, reviewed in Ref. [29].

II. EXPERIMENT

The experiment was performed at Research Center for
Nuclear Physics (RCNP), Osaka University. A 420 MeV
3He++ beam was accelerated using the Azimuthally Varying
Field (AVF) Cyclotron in combination with the Ring Cyclotron
and transported to the scattering chamber of the Grand Raiden
Spectrometer [32]. The West-South (WS) beam line [33]
provided the dispersion of the beam necessary for obtaining
high-resolution (3He ,t) spectra. Several tuning techniques for
dispersion matching between beam line and spectrometer were

employed to optimize energy and angular resolution. These are
described in Refs. [32–36].

Outgoing reaction tritons were momentum analyzed in
the Grand Raiden Spectrometer within its full acceptance of
±20 mrad in horizontal and ±40 mrad in vertical direction.
The detection system consisted of a set of two mutliwire drift
chambers, which allowed precise track reconstruction on the
focal plane [37]. They were followed by two thin (3 and
10 mm) plastic scintillators used for particle identification and
for providing the event trigger.

A thin 1.79(5) mg/cm2 Se target evaporated on a 150 µg
carbon backing was employed. The target thickness was
determined by performing an energy-loss measurement of
α particles traversing the target foil in a specially designed
setup. The thickness calculation was done with the computer
code SRIM [38]. The Se material was isotopically enriched and
specified at 97.43(2)% 82Se.

After applying various off-line spectrometer aberration
corrections, a final-state energy resolution of 38 keV was
obtained, which was partly due to the energy-loss differences
between 3He and triton ions in the target.

An energy calibration was performed using a 26Mg and a
natSi target. These targets provide numerous levels at well-
known excitation energies distributed over a large momentum
in the focal plane. In the energy region up to the isobaric
analog state (IAS) the accuracy is at a level of ±2keV.
Two spectrometer-angle settings, i.e., 0◦ and 2.5◦, allowed
generating center-of-mass (c.m.) angular distributions ranging
from θc.m. ≈ 0◦ to θc.m. ≈ 4.0◦.

III. ANALYSIS

Excitation-energy spectra of the 82Se(3He ,t)82Br reaction
are shown in Fig. 2. Three angular cuts have been overlaid to
visualize the behavior of the angular distribution.

The spectra are dominated by the strongly excited IAS,
which is located at an excitation energy of Ex = 9.576 MeV.
This energy agrees well with the value of Ex = 9.58 MeV
reported in Ref. [13] from a 82Se(p,n) reaction at 134.4 MeV
and with an energy resolution of about 300 keV. The broad
Gamow-Teller resonance (GTR) appears above the IAS at
an excitation energy of Ex ≈ 12.1 MeV and has a width of
≈5 MeV.

The low excitation energy region is dominated by a GT
transition to the 75 keV (1+) state. The lowest excited state at
45.9 keV (2−) (cf. Fig. 1) was too weakly populated at these
angles to be identified against the strong 1+ state at 75 keV.

It appears that the spectra below ≈2.1 MeV excitation
energy show a remarkably low level of fragmentation, contrary,
for instance, to its close-by neighbor 76Ge [22]. Only three
strongly excited J π = 1+ states, at 75, 1484, and 2087 keV
appear in the spectra. On the other hand, the fragmentation
suddenly increases dramatically above ≈2.1 MeV. In total,
more than 60 states below 6 MeV were identified above a
general background dominated by the tail of the GTR. This
situation is more reminiscent of the 76Ge case shown in
Ref. [22], where this high level of fragmentation was attributed
to the softness of the nuclear shape near A = 76.

014614-2

!e + 82Se 82Br* + e- + C.E. (29 keV)

82Br* 82Br + C.E. (46 keV)

“prompt”

82Br 82Kr + " + #-

$1/2 = 6.1 min

$1/2 = 35 hours

445 keV end-point

E! – 172 keVTriple sequence:

We can use the prompt 
events to perform !e 

spectroscopy!

!e detection



‣ Expected number of three 
accidental events in 100 %m2 
(22 µg) is <10-4 in 100 ton 
year. 

‣ Other #, p, or n reactions that 
make 82Br* have a different 
prompt event topology. 

‣ No cosmogenic isotope 
starts a decay chain that 
mimics the triple coincidence. 

Backgrounds
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‣ Some neutron captures on Se isotopes can give triple coincidences but 
their event topologies are also very different.

No identified background to mimic the triple coincidence. 
Possibility of zero background & spectroscopy! 



Solar neutrinos
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Solar fluxes Survival probability

‣ Nuclear reactions in the sun. 
‣ pp + CNO cycles. 
‣ Predicted by solar models.

‣ Vacuum oscillations, matter effects. 
‣ Precise prediction by MSW-LMA 

(parameters from PMNS matrix).
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!e + 82Se 82Br* + e- + C.E. (29 keV)

E! – 172 keV

pp 7Be
pep

CNO CNO

Capture $(E) from 
PRC 94, 014614 (2016)

Species E range 
(keV) N 1/√N

pp 29 - 278 6170 1.3%

7Be 665 - 775 1850 2.3%

pep 1230 - 1360 151 8.1%

CNO 278 - 655

785 - 1220 63 12.6%

8B (1.5 - 15)

x 103 209 6.9%

100 ton-year



Solar Physics
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‣ Solar luminosity: pp rate unc. improved to 1.3% (currently 
~10% by BX). Flux measurement uncertainty depends on 
uncertainty on !e capture $. If calibrated to !-e scattering $ by 
comparing measured 7Be rate with BX, sys. unc. = 3.5%. 

‣ Solar metallicity: CNO flux measured to ~10%. Difference 
between high- and low-metallicity solar model predictions: 28%. 

‣ Solar core temperature: 

Species RMS width 
(keV)

Mean unc. 
(keV) 

Line diff. 
(keV) Fraction

7Be 14.8 0.34 1.29 26%
pep 19.8 1.60 7.59 21%

PRD 49, 3923 (1994)



Neutrino physics

16

‣Onset of matter effects in ! oscillations: pep/pp rate ratio 
measured to 8%. Flux ratio very well predicted by SSM, MSW 
effect should suppress pep !e flux by 7%. NSI could increase this.

Sensitive probe for neutrino transport in the Sun
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Figure 3 shows the allowed �m2 - sin22✓ parameter
space assuming that ⌫e ! ⌫s oscillations is the origin of
the gallium anomaly. The best fit for BEST only data is
�m2 = 3.3 eV2 and sin22✓ = 0.42. Including all the Ga
data, the result is �m2 = 1.25 eV2 and sin22✓ = 0.34.
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FIG. 3. Top: Exclusion for the results from BEST. The best
fit point (b.f.p.) is for �m2 = 3.3 eV2 and sin22✓ = 0.42.
Bottom: The exclusion plot for the BEST result combined
with the previous SAGE and GALLEX results. The best fit
point is for �m2 = 1.25 eV2 and sin22✓ = 0.34.

The ⌫e � ⌫s oscillation parameter space minimum
(Fig. 3) is very broad and gradual with very small �2

di↵erence between the two best fit points. Because the
values for R are similar for the two volumes, the deduced
oscillation length is similar to, or smaller, than the vol-
umes’ dimensions. As a result, the acceptable�m2 range
extends above a lower limit. As a consequence, it is not
well determined and the results are consistent with val-
ues above about 1 eV2. The large deviation of the R’s
from 1 drives the mixing angle to a large value within an

extended range. This description is similar to the pre-
vious Ga results and hence, given the broad minimum,
the di↵erence in parameter values at the minima points
is inconsequential.
Because the measured R’s for the two volumes are sim-

ilar, an alternative explanation for the results could be
an overall error in � or e�ciency. Since the observed
R’s would require a smaller � than the ground state con-
tribution alone, some fundamental misunderstanding of
the nuclear or atomic physics would be necessary for a
reduced � to resolve the Ga anomaly. Given the known
71Ge decay rate, � to the ground state is assumed to be
well determined and the inclusion of excited state contri-
butions cannot decrease �.
An error in the e�ciency also cannot be ruled out

but the experimental procedures have been verified ex-
tensively over the past two decades. Many aspects of
BEST have been double-checked, including the Ga target
masses, the extraction e�ciency, the source strength, the
source placement, the counting e�ciency and the count-
ing system operation. No cause for concern was found.
After the BEST measurements the Ga anomaly looks

more pronounced; the weighted average value of the neu-
trino capture rate relative to the expected value for all Ga
experiments is 0.80±0.05, accounting for the correlated
uncertainty for �. If one ignores the excited state contri-
bution to �, the value would increase to 0.84±0.04, but
still be significantly below 1. The hypothesis of ⌫e ! ⌫s
oscillations is consistent with these results. A future
source experiment with a smaller inner volume might be
considered, but the required source strength would be
challenging.
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Sterile !
‣ The gallium anomaly: Observed "e capture rate from sub-MeV EC 

sources is 80±5% of expected. Recently confirmed by BEST.  

‣ We expect ~3000 "e captures from a 3.5 MCi 51Cr  source at the 
center of a 10 ton Selena detector, in a similar configuration to BEST.
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Selena could confirm oscillations into sterile neutrinos as 
the explanation!
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Detector technology



Amorphous Se detectors
aSe X-ray detectors are used in 

medical imaging. 
720 cm2, 1 mm-thick. 

Pixel size: 85 µm x 85 µm.

Operated at high electric fields (~10s V/µm) and ~50 e-h 
pair per keV for 140 keV X-rays.

Large band gap: ~pA/cm2  dark current at room temperature.

Present limitation: 1000 e-h RMS noise per pixel  
(from readout and leakage current).
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JINST16(2021)P06018R&D: Single pixel
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JINST16(2021)P06018R&D: Single pixel
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High S/N pulses from photo absorption of 122 keV ' rays

HV: 6 kV, Signal: ~5000 e-, Baseline noise: 270 e- RMS

‣ %h is significantly higher than the %e in aSe (measured in Ref.). 

‣ Pulse shape depends on the depth of the interaction.

Demonstrated depth reconstruction from pulse shape for the first time!
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JINST16(2021)P06018R&D: Single pixel
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‣ Charge yield vs. HV 
‣ Line width vs. HV

From 57Co photo absorption peak:

Ab initio Monte Carlo to extrapo-
late energy resolution to Q!!:  

1.1% after track-length correction.

50 V / %m



R&D: Topmetal-II-
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Before aSe After aSe

Test board

‣ From Berkeley Lab. 
‣ CMOS pixel array with exposed metal 

electrodes. 

‣ 83 %m pixel pitch. 

‣ 15 e- pixel noise.
NIMA810(2016)144

Setup at CENPA

Topmetal II-



R&D: Topmetal-II-
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‣ Improved noise by 50x 
relative to commercial 
detector. 
‣ Imaged electron tracks 

in amorphous selenium 
(at room temperature!) 
for the first time.

Technological 
breakthrough!

Noise distribution

90Sr-Y source:



R&D: Package
‣ Current aSe/CMOS device tested was an already-packaged 

Topmetal-II- with aSe deposited on top. 
‣ HV electrode is smaller than pixel array and aSe tapers off 

within the pixel array. 
‣ We are developing new package so that device is the same 

size as standard test devices at Hologic (4x4 cm2). 
‣ Expect much more uniform electric field within pixel array and 

higher HV can be applied.
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Topmetal II-

Carrier PCB

Sapphire substrate aSe Support
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Toward a large 
detector



Selena module
‣ Module design has evolved beyond original proposal. 
‣ Now we plan for thick aSe to fully contain electron tracks. 
‣ Back-to-back imagers with ~2 kg of active 82Se per module. 
‣ More functionality on CMOS pixel array: time-of-arrival (TOA) 

of charge for 3D reconstruction, signal processing.
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CMOS pixel array

CMOS pixel array

VHV
5 mm of a82Se

1 mm of aSe
300-mm diameter wafer



Selena module
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Front wafer with aSe

Back wafer with vias

Cross section of edge

‣ 15 %m pixel pitch. 

‣ 15 e- pixel noise. 
‣ Pixel charge measurement 

accurate to ~10 e-. 
‣ 5 ns TOA resolution. 
‣ 50 mW/cm2.

Pixel array specs:

HV electrode



100 kg Demonstrator
‣ 50 modules for 100 kg of a82Se. 
‣ 82Se from cryogenic distillation of H2Se? 
‣ Dedicated aSe deposition chamber with 

recovery. 
‣ Our partners at Hologic deposit 1 ton of 

aSe per year.
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The demonstrator would detect 5 pp neutrinos and 
15,000 !! decay events > 2 MeV with zero background 

after one year of operation

‣ Demonstrate detector response (esp. energy resolution) to 
events with energies up to Q##. 

‣  Demonstrate background suppression capabilities.



Conclusion
• Selena is a proposed neutrino experiment to perform 

zero-background spectroscopy of !! decay and low-
energy neutrinos. 

• High resolution imagers with a target layer of a82Se. 

• Technology development stage. 

• Early R&D milestones: i) measurement of energy 
response, ii) first electron tracks in a CMOS/aSe device. 

• Next steps: finalize R&D to develop a large-area module. 

• Building block for a 100 kg demonstrator and beyond!
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