Background rejection in
highly pixelated solid-state
detectors

* CENPA

thEp rimental
NI ar Physics and Astrophysic

UNIVERSITY of WASHINGTON

Alvaro E. Chavarria
University of Washington




Outline

Highly pixelated solid-state detectors.
DAMIC and Selena technologies.
Background identification in DAMIC.

Signals and backgrounds in Selena.

Conclusion.



Pixelated solid-state devices

Pixel array
/ pixel % ! ="

A

h Low noise: I 3

2000
1800

- =) |
< > 1200
15 um o
Standard fabrication in 422
semiconductor industry )

f_ O=0.07 e-
J L k TR A ||||| ;ﬂ&_‘_
0 0 0.5 1 1.5 2
Charge [e-]



~fem

~ |Sample CCD image (~15 min exposure), - Zoom -
‘ segment in the surface lab. -

Low-energy Electron

& | candidates

v #

50 pixels

a
Muon

i 15x15 ym?2 |

e pixels

/; o Po|nt_||ke " | .!\_510 5 e '25_.’30"

\ | Enefgy measured by pixel [keV] _
iz M | | i o .

i Dparticle =~ ¢




DAMIC

» CCDs for direct dark matter search.
> Multi-CCD array operating at SNOLAB since 2012.
> 50x more sensitive DAMIC-M will start operations at LSM in 2024.

e DM-e- interactions:

> First DM search results from ~eV ionization signals: | PRL 118 (2017) 141803
> Latest DM-e- scattering results: = PRL 123 181802 (2019)

o WIMP search: ' PRL125(2020) 241803 Full details: PRD 105 (2022) 062003

> 11 kg-day of data from seven-CCD array.
> First full background model in CCDs.




Selena

> Next generation neutrino experiment to perform zero-background
spectroscopy of gf decay and electron neutrinos in 82Se.

> Low-noise CMOS charge readout sensor coupled to few mm-thick
amorphous selenium (aSe) target layers.

> Concept paper with background estimates: | JINST12 (2017) P03022
» Measurement of charge response: |JINST16 (2021) P06018
» Snowmass 2021 white paper: | arxiv:2203.08779 (2022)

> First demonstration of imaging electron tracks in a hybrid CMOS/
aSe device:

a) Before aSe After aSe b) Electron tracks from %Sr-Y source
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Background suppression

High resolution imaging in a solid-state target provides
unique opportunities for signal/background discrimination!

» Determine t

» Determine t

he number and types of particles (4, «, etc.).

ne end-point of f 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!

a- sequence




Particle ID In

> Based on cluster ¢ : 4
topology. ‘
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» Select 95% NR and <1%
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Spatial correlations in DAMIC

210Pp surface background:
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Cosmogenic 32Si: 328i (T12= 150y, B) = 32P (T12= 14 days, B)
Search for spatially

correlated p decays. E, =51.0 keV E, = 434.8 keV
Sensitivity with current data (% Yo)
is a fraction of Bg/kg. L —

At = 29.1 days
JINST16 (2021) P06019



Limits from DAMIC on the U and Th chains from coincidence analysis:

Decay )2 Q value Search Energy cut [keV]  Time cut [d] € ney A [uBg/kg]
32Si Chain
328 1 227 keV 1 70 < E 2 At <70  0.279 19.5
32Sl B S3yr e ,3—>,3{(a) 0 < Egy <230 < 140 + 30
P g 143d 1.71 MeV (Ib) 0.5<Eg <70 25<Ar<70 0.088 12.7
238U Chain
P80 @ 447Gyr 427 MeV
3800 < Eq4; < 4600
BT B 241d  274keV @ — < Far < At <120 0.650 -0.2 <11
234 ) Elgz > 0.5
"Pa B [.16 min  2.27 MeV
24U a 246 kyr  4.86 MeV 2380 (s.e.)
20Th « 75.4kyr  4.77 MeV no limit
226Ra « 1.60 kyr  4.87 MeV
22Rn « 3.82d 5.59 MeV
28pg @ 3.10min  6.11MeV  (a+a+a) E, > 15000 At =0
24pp B 27.1min  1.02 MeV OR ~1 0 <53
24Bgi B 199min 327MeV (e +a) — B/a E 41 > 10000 At = texp
2l4pg @ 164 us  7.83 MeV
20pp B 222yr  63.5keV
2 0.5 < Eg; <70 At <25  0.734 47.1 160
20B; B s0ld lLieMey P F@ = EpLS < <
20py 138d 5.41 MeV
232Th Chain
22Th  « 140Gyr 4.08MeV  *Th(s.e.) <173
22%Ra B 575yr  45.5keV
3 0.5 < Eg; <55 At <13 0440 26 < 40
MWpAe B 615hr 212Mev P A pl
28Th  « 1.91yr 5.52MeV
2%Ra « 3.63d 5.79 MeV
E 10000 At =to, 0727 0 <173
20Rn  q 5565 640Mey @@t a2 > xp
216py @ 145ms 6.91 MeV
22pp B 10.6hr 569 keV

JINST16 (2021) P06019




NR ID by spatial correlations

» Record ionization events at nominal operating T ~ 120 K.

> Warm up CCD.

> |[dentify defects (“hot spots” from leakage current) during warmup.
> Correlate them!

» Preliminary:. >80% of of NR with E>100 keVee produce a
measurable defect (generates >10 e- per min).

> Investigating how much it improves NR/ER discrimination.
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Selena (f

> By identification of Bragg peak we
can achieve 10-3 suppression of
single electron background, with

50% signal acceptance.

» Bulk backgrounds suppressed by
a/B particle ID, spatial correlations.  *

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

JINST12 (2017) P03022

T12 > 1028 years
limit on 82Se Ovpgp

» Pixel size 15 um2 and few
mm thick aSe.

JINST16 (2021) P06018
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66 backgrounds

Background source Raw rate / (keV ton y) After disc. JINST12 (2017) P03022
B-decay (bulk) 5.8 6.4 x 10-8
B-decay (surface) 7.1 2.1 x 107 BaCkground

challenges very

-decay (cosmogenic 1.7 x10-3 2.6 x 10-6 .
; yi1 toel gt' | 1.3 x 102 1.3 x10° different from
v-ray (photoelectric) 0% o % other experiments
y-ray (Compton) 2.8 x 102 7.1x106
y-ray (pair production) 3.3 x10-° 3.3 x 106

Example U+Th y:

3000.0 2 0.0086 % 9 3475.1 0.0015 % 15
3053.9 2 0.0209 % 23 |«— Ph . 3708.4  208T| o0.0020 % 20 D ComptOn

- 0209 % otoelectric :
3081.79 25 0.0059 % 18 : 3960.9 0.0015 % 15 SCatterlng
3094.0 4 5.9E-4 % 18 absorptlon

2148 .

3142.6 4 0.00123 % 14
3149.0.5 8.6875 % 9 U+Th y rays contribute <1 background in ROI
3160.7 6 5.5E-4 % 14 :
3183.6 4 0.00136 % 23 every 109 decays (<1 In 100 ton year at 10 ppt)




ve detection

Triple sequence: E,— 172 keV
vet 8256 — 82Br* + é + C.E. (29 keV) “prompt”
82Br* —— 82Br + C.E. (46 keV) 12 = 6.1 min
82Br —— 8Kr+y + f- r12 = 35 hours
{ 1+ states \445 keV end-point
1" 75.06

2~ 4595 | 6.13min

35.3h

82Se We can use the prompt
dEC = 96007 Qp~=3093.0010) events to perform solar v
p=B~ spectroscopy!
Qp—p-— = 2997.9(3) 0+




ve backgrounds

g EXpeCted number of three 0.1d.ru Background spectrum for large scale Selena

accidental events in 100 ym?

(22 ug) is <104 in 100 ton ss0od]
year.
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- pp decay

spectrum
>~ Other «, p, or n reactions that

make 82Br* have a different
prompt event topology.

~ No cosmogenic isotope s00-. 0-9 X 107 ton-1 year-
starts a decay chain that N S I R I R = S
. . . 0 0.5 1 1.5 2 2.5
mimics the triple sequence. Energy / MeV

> Some neutron captures on Se isotopes can give triple sequences but
their event topologies are also very different.

No identified background to mimic the triple sequence.
Possibility of zero background v spectroscopy!




Rate / ton™! year-! kev!
= =
S S

[
oI

=
S
'S

Prompt spectrum (low energy)

[

Solar v spectrum

vet825e —— 82Br* + ¢+ C.E. (29 keV)

% pp 7Be

B '
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Energy / MeV

Constraints on solar luminosity,

solar metallicity, solar core
temperature, onset of matter

effects in v oscillations, etc.

E,— 172 keV

100 ton-year

: E range
Species (keV) N 1/AN
pp 29 - 278 6170 1.3%
Be 665-775 1850 2.3%
pep 1230-1360 151 8.1%

278 - 655
CNO 285 - 1990 63 12.6%

8 (1.5-15)
B « 103 209 6.9%




Conclusions

» High spatial resolution of DAMIC CCDs provide unique
capabilities in particle ID.

» Cluster topology to identify as, fs and NR with high efficiency.

» Constraints on the activities of the 32Si, 238U and 232Th decay
chains by coincidence analysis.

> Possible significant improvement in NR by spatial coincidence
analysis with lattice defects.

> Particle ID capabilities can be extended to hybrid aSe/CMOS
devices proposed for the Selena experiment.

» Selena may be able to perform background-free ff decay and
solar v spectroscopy in 100 ton-year exposure.



