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The Qﬁnsei Experiment

Sub-Electron-Noise Skipper-CCD Experimental Instrument

New generation Charge Coupled Devices (CCD)
LBNL MicroSystems Lab Energy threshold ~ 1.1 eV
(Si bandgap) and readout noise ~ 0.1 e

Main goals

- First DM detector with Skipper-CCDs
- Validate technology for DM and v detection
- Probe DM masses at the MeV scale (e - recoil)

- Probe axion and hidden-photon
DM masses > 1 eV (absorption)
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Skipper-CCD for rare-event searches: number of contributions accepted @ TAUP
Skipper-CCD
demonstrated
@ FNAL
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18th International Conference on Topics in Astroparticle and Underground Physics - August 31, 2023 # Fermilab O ensei

Latest results (2023)
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The \C%}]s@ Experiment
2017 2018 2019 2020 Ongoing
Demonstrate DM search with DM search with DM search with Production (100g) +
sub-electron proto-SENSEI proto-SENSEI at science grade commissioning at
resolution (0.1 g) at surface MINOS
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Tiffenberg, Javier, et al.
Physical Review Letters
119.13(2017): 131802.

(230 m.w.e.)

(~2 g) at MINOS

SNOLAB (6000 m.w.e.)
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Charge-coupled devices (CCD)
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Covered at DM
plenary talks
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Standard CCD mode: charge in New Skipper CCD: charge in eact

S ki p pe r_cc D each pixel is measured once pixel is measured multiple times

read-out noise .i

Readout-noise: 3.5 e RMS :> Readout-noise: 0.06 e RMS

o

L o = N W

measured charge in pixel [e]

1. pedestal integration.

2. signal integration.

3. charge = signal - pedestal.
4. Repeat N times.

5. Average all samples.

N
Y

measured charge in pixel [e7]

h b b
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Skipper-CCDs for dark matter

Light-DM mass range:

. 1-1000 MeV for e recoil

. 1~1000 eV for absorption

. 0.5~1000 MeV Nucleus recoil (Migdal effect)

Sensitivity to 1,2,3 e signals needed: Skippers can do this!

But only if we understand and control backgrounds...

Covered at DM
plenary talks

M. Cirelli

Expected spectrum from benchmark
models (e recoil)
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The @/e}wsei Experiment

2017 2018 2019 2020 Ongoing
Demonstrate DM search with DM search with DM search with Production (100g) +
sub-electron proto-SENSEI proto-SENSEI at science grade commissioning at
resolution (0.1 g) at surface MINOS (~2 g) at MINOS SNOLAB (6000 m.w.e.)

(230 m.w.e.)

The SENSEI Collaboration
Physical Review Letters 121.6 (2018): 061803.

The SENSEI Collaboration
Physical review letters 122.16 (2019): 161801.

readout stages

' 200 um thick
0.1 aram mass
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The @/e}wsei Experiment

2017 2018 2019 2020 Ongoing
Demonstrate DM search with DM search with DM search with Production (100g) +
sub-electron proto-SENSEI proto-SENSEI at science grade commissioning at
resolution (0.1 g) at surface MINOS (~2 g) at MINOS SNOLAB (6000 m.w.e.)

(230 m.w.e.)

The SENSEI Collaboration
Phys. Rev. Lett. 125, 171802
(2020)




18th International Conference on Topics in Astroparticle and Underground Physics - August 31, 2023 vjt Fermilab O ensei

2020 New device @ MINOS

e First skipper-CCD optimized
for DM detection

e 5.5 Mpix of 15 um
e 675 pm thick
e Activemass~2g

copper
.« 20kQ (inside)
e 4 amplifiers '

e T~135K+vacuum Skipper-CCD
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2023: Milli-charged particles @ MINOS

Proton collisions w/ fixed target -> Extension of previous analysis to 6e-
mCPs collinear w/ NuMI beamline: = = = = = =
| | 1le= [2e~ [3e” [4e” [ e [6e |

” Efficiency | 0.069 [0.105]0.325]0.327[0.331]0.338
Exp. [g-day]| 1.38 | 2.09 [ 9.03 [ 9.10 | 9.23 [ 9.39
p— @ Py X —s [Obs. Events[1311.7] 5 | 0 | 0 | 0 | 0 |
Target ol b% 10-1 ,
arXiv:1902.03246 —————
== SENSEI@MINOS Limit
102
w
1073
————— arXiv:2305.04964
10_101 102 103 104

Mass (MeV)
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https://arxiv.org/abs/2305.04964
https://arxiv.org/abs/1902.03246
https://arxiv.org/abs/2004.11378

18th International Conference on Topics in Astroparticle and Underground Physics - August 31, 2023

2= Fermilab O/%nsei

2017

Demonstrate
sub-electron
resolution

The O/ensel Experiment

2018

DM search with
proto-SENSEI
(0.1 g) at surface

2019

DM search with
proto-SENSEI at
MINOS

(230 m.w.e.)

2020

DM search with
science grade
(~2 g) at MINOS

Ongoing

Production (100qg) +
commissioning at
SNOLAB (6000 m.w.e.)

14
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SENSEI @ SNOLAB

Towards a 100 g science grade skipper-CCD detector:
e Produce ~ 50 devices
« Packaging at Fermilab

» Testing
o Deliver and deploy at SNOLAB (6000 m.w.e.)

Vessel deployed during the pandemic by SNOLAB staff

- 10000 dru (MINOS standard shield): proto-SENSEI
-> 3000 dru (MINOS extra shield): first science grade skipper
- 5 (ultimate goal) dru (SNOLAB): SENSEI 100 g

15
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SENSEI @ SNOLAB: Setup

Setup:

o Copper box for 12 copper tray

e Each tray for 2 (4) ~2g CCDs.

o Cold copper box

e 6-in copper bricks and hat inner shield
e Vacuum pump (< 2x107-4 mbar)

o Cryocooler + heater (~140 K)

o 2 layer of copper outer shield

e 3-inlead

o 42-inch polyethylene and water shield

16
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SENSEI @ SNOLAB: First science run
Setup: Operations:
e 6 CCDs (~13 q), o 20 hour exposures
o 6144 x 1024 pixels « 129 images (~50% blinded)
e 15 pm pitch, 675 pm thick « 7.3 hours readout, noise of ~0.14 e-
« Installation: 4-7/2021  Temperature variations of 135 K-155 K
« Commissioning: 10/2021-8/2022 o 1 e- density (after cuts): ~2 x 10-4 e-/pixel
e Science: 9/2022-4/2023
17
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O/ensei

SENSEI @ SNOLAB: quality cuts

1. Data quality cuts to remove anomalous images
2. Cluster any contiguous pixels =1 e-
3. Apply masks to images to remove:

o Electronic noise

o Cross-talk

» Edges of CCDs

» Bad pixels and columns

« Serial register events

« Charge transfer inefficiencies

e Region surrounding any =1e- pixels
SURFACE . 2/ >

(~20 less

exposure)

4. Remove clusters with any pixels overlapping a mask

5. Remove individual high-background cluster shapes

18
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O/ensei

SENSEI @ SNOLAB: quality cuts

e 45 unblinded commissioning images,
» 37 blinded images
e 2-10 e- channels

« Combined datasets: ~70 g-days per electron
channel with cuts

e Three limits: blinded dataset, commissioning
dataset, and combined commissioning + blinded
exposure

19
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SENSEI @ SNOLAB: First results
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SENSEI @ SNOLAB: Second science run

e 19CCDs (~40q)
« Improved support
« Shield fully deployed

« Data acquisition starting soon

21
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Ne
Cuts » 2 - 4
| 1. Charge Diffusion” 1.0 | 0.228 0.761 | 0.778 |
0 0 . Eff. | #Ev | Eff. | #Ev | Eff. |#Ev | Eff. [#Ev
Data available in SENSEI papers: 2. Readout Noise 1T [>105| 1 [58547| 1 [327 | 1 | 155
3. Crosstalk 0.99 > 10°|0.99|58004|0.99 | 314 {0.99| 153
° Physical Review Letters 121.6 (2018): 061803. 4. Serial Register ~1|>10°[~1]|57250|~1|201 |~ 1| 81
° Physical review letters 122.16 (2019): 161801. 5. Low-E Cluster 0.94|4228410.94| 301 |0.69| 35 |0.69]| 7
° PhyS. Rev. Lett. 125, 171802 (2020) 6. Edge. 0.70(2558510.90| 70 (0.93| 8 (0.93| 2
° arXiv:2305.04964 7. Bleeding Zone 0.60(11317(0.79( 36 |0.87| 7 |0.87| 2
SNOLAB . ¢ 8. Bad Pixel/Col. 0.98(10711(0.98 24 |0.98] 2 |0.98| O
° RS RIRIC ROl 9. Halo 0.18| 1335 [0.81| 11 |~1| 2 |~1]| 0
10. Loose Cluster N/A 0.89] 5 |0.84| 0 |0.84| O
11. Neighbor ~111320 [~ 11 5 N/A
Total Efficiency 0.069 0.105 0.341 0.349
Contact us if anything else is needed Eff. Efficiency 0.069 0.105 0.325 0.927
Eff. Exp. [g-day] 1.38 2.09 9.03 9.10
Observed Events 1311.7%) 5 0 0
90%CL [g-day] ! 525.2(%) 4.449 0.255 0.253

22
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Perspectives DM with skippers

SENSEI 100g

DAMIC-M 1kg

OSCURA 10kg

arXiv: 2304.04401

0Seprs¥reqa

7, [em?]

Fom=(am,/q)* 3

1 1
10! 102
my [MeV]

1
103

10*
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Perspectives mCP with skippers

DAMIC-M 1kg OSCURAIT 1kg | OSCURA 10kg

SENSEI 100g

10°| — Current

=== 1Hit- 3 and 4 electrons (Bkg=0)
—— 1 Hit- 3 and 4 electrons

—— 2 Hits - 2, 3 and 4 electrons

10-1{ —— 3 Hits - 1, 2, 3 and 4 electrons

arXiv: 2304.08625

10! T BT 10*
Mass [MeV]
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arxiv: 2210.16418
F rom S E N S EI to o Sc U RA arxiv: 2304.13088  arxiv:2004.07599
arxiv: 2108.09389  PoS(444)1397

OSCURA is expanding SENSEI concept to scale from 100 g to 10 kg

SENSETI: OSCURA:
e 200 channels / 50 CCDs « 24000 channels / 24000 CCDs
1 Low-threshold acquisition « 1 Low-threshold acquisition board +
board per 1 CCD ACDS and mux in ASIC per 4000 CCDs

Current OSCURA electronics can read whole
125g with 1 channel and whole 2 kg with 1
board

« 1 Silicon pitch adapter per 1 « 1 Silicon pitch adapter per 16 CCDs
ccb

+ SENSEI expertise on sensor design and fabrication, operations,
testing, debugging, theory, processing and analysis software
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arxiv: 2210.16418
F rom S E N S EI to o Sc U RA arxiv: 2304.13088  arxiv:2004.07599
arxiv: 2108.09389  PoS(444)1397

OSCURA is expanding SENSEI concept to scale from 100 g to 10 kg

SENSETI: OSCURA:
e 200 channels / 50 CCDs « 24000 channels / 24000 CCDs
1 Low-threshold acquisition « 1 Low-threshold acquisition board +
board per 1 CCD ACDS and mux in ASIC per 4000 CCDs

Current OSCURA electronics can read whole
125g with 1 channel and whole 2 kg with 1
board

« 1 Silicon pitch adapter per 1 « 1 Silicon pitch adapter per 16 CCDs
ccb

Check R. Smida
DAMIC-M talk on
backgrounds

+ SENSEI expertise on sensor design and fabrication, operations,
testing, debugging, theory, processing and analysis software
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Summary

e SENSEI: first dedicated experiment searching for e-DM
interactions with skipper-CCDs.

e protoSENSEI at the surface and MINOS produced first
physics.

e First scientific grade skipper-CCD achieved.

e New limit with MINOS data for mCP. Best constraints
around 100 MeV

e Best constraints on DM-e- scattering for light mediator
(1-1000 MeV) and heavy mediator (1-10 MeV)

e Absorption and Migdal limits coming

Production of full 100 g detector fully funded
2nd science run at SNOLAB with 40 g starting soon

generations of skipper-CCD experiments foreseen for
cosmic DM searches in the next ~ 7 years

New efforts to build particle trackers at beams for
mCPs

27
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SENSEI @ SNOLAB: First results

« Signal model: expected DM events per electron

e 45 unblinded commissioning images, _
channel with QEdark, PhystatDM

« 37 blinded images (arxiv:2105.00599f) and ionization model

e 2-10 e- channels (arxiv:2004.10709)

« Combined datasets: ~70 g-days per electron « Split each electron channel into bins based on
channel with cuts geometry

 Three limits: blinded dataset, commissioning o Effective exposure with Monte Carlo given masks
dataset, and combined commissioning + blinded and charge diffusion
exposure

« Calculate expected coincidence background in each
bin given measured 1e- density

e Limit: combined likelihood over all bins to set 90%
C.L. upper limits

28
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Quality cuts

N ) S
Cuts i 1 2 4 ! |
| 1. Charge Diffusion || 1.0 | 0228 [ 0761 | 0.778 | _iL_‘-

Eff. | #Ev | Eff. | #Ev | Eff. | #Ev | Eff. | #Ev
2. Readout Noise 1 [>10°] 1 [58547] 1 [327| 1 [ 155
3. Crosstalk 0.99|> 10°]0.99 (58004 |0.99| 314 [0.99]| 153
4. Serial Register ||~ 1|> 10%|~1[57250|~ 1| 201 |~ 1| 81
5. Low-E Cluster 0.9414228410.94( 301 10.69| 35 [0.69( 7

ek
J

Example image Masking

|~ 1]
10.84]

9. Halo 10.18] 1335 [0.81] 11 [~ 1]
10. Loose Cluster N/A 0.89

| _|6. Edge 0.70/25585|0.90| 70 [0.93] 8 [0.93] 2 | | T S R B T ;
7. Bleeding Zone 0.60[11317]10.79( 36 |[0.87| 7 |0.87| 2 /\\ o Fit 16 16 Giits
8. Bad Pixel/Col. [[0.98]10711]0.98] 24 [0.98] 2 [0.98] 0 10° . — 2e’cuts
2 0
0 0

ot

0.84|

Pixels per 0.01 e bin
2

15)
T
AL R B L L L B UL L

Eoon vl ol vl ol ol 3ol

11. Neighbor ~1]1329 |[~1] 5 N/A
[ TTotal Efficiency 0.069 0.105 0.341 0.349 | 10?
Bit. BEfficiency 0.069 0.105 0.525 0.027 10
Eff. Exp. [g-day] 1.38 2.09 9.03 9.10 .
Observed Events 1311.7%) 5 0 0 - ‘_'1‘ s 0 05 1 l,l ' H2,| H ' ‘2_'5
90%CL [g-day] ! 525.2(*) 4.449 0.255 0.253 Charge [¢]
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a3 Fermilab O/ensei
° o
Summary: from prototype to science grade
1001 T IRAARERRRRN T T = g qfE T AT 7
it T AR ER ' ] E periodic-readout 3 10 E fe outs. E
E 0k _ ‘0 oL —e— Fitto 1e cuts 3
) Exposure: 0.019 gram-days E - Exposure: 0.069 g day 3 5 E — 26 cuts E
10 E 0 10°E gaussian fit ] S 0k ]
E ] o ] 8 F
g 1L " = 1 o ]03: ]
= E 3 10°e E ~ E E
< F = ) E E g-g E 3
m F 4 [ E ] o= o[ q
10 E *VE’ IOZE— E & 1o E 3
E 3 o F ] C ]
E -1 > £ 4
aUs e E
i ] e 4 e T
l()'] P R L Ll I L | L = — - TR M T L dv 1 g
1 2 3 4 5 6 1 05 0 05 1 1§ 2 25 3 35 4 -1 0.5 0 0.5 1 15 5 25
Charge [¢]] Charge [¢] Charge [¢]
Active mass ~0.1g Active mass~0.1g Active mass~2g
0.019 gram-day exposure 0.069 gram-day exposure 19.926 gram-day exposure
9 y exp 9 y exp
0.14 e- RO noise 0.14 e- RO noise 0.14 e- RO noise
(800 samples) (800 samples) (300 samples)
SEE ~ 1.14 e-/pixel/da SEE ~ 0.005 e-/pix/da SEE ~ 1.6x10* e-/pix/day
P y P y
30



2= Fermilab QO/%nsei

First Skipper-CCD
prototypes

o Prototype designed at LBNL MSL

e 200 & 250 pum thick, 15 pm pixel size

e Two sizes 4k x 1k (0.5gr) & 1.2k x 0.7k pixels
« Parasitic run, optic coating and Si resistivity ~10kQ Instrument:

o 4 amplifiers per CCD, three different RO stage designs " SRR B Qe &It HEmE
- Custom cold electronics

- Firmware and image processing software

- Optimization of operation parameters

37
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Background sources: detector

Exposure dependent 102
- Dark current (10 e/pix/day at 135 K) =
.. - _ _ - . [oR

- Amplifier light (10" to 10 e”/pix/day) NS
Exposure independent %

- Spurious charge (102 to 10 e/pix/image) g 10
[ua]

Single electron rate reduced by optimizing operation D

parameters
Read-out mode: continuous vs expose By

Voltage configuration
Amplifier off while exposure

N N N
~ oo O
Readout noise (e rms/pix)

g
o)

g
W

Drain voltage Vpp (volts)

- 1
1
1 t
1 1
- == e o it =
4
T T
. T
24 23 22 21 20 -19 -18 -17

The SENSEI Collaboration. Phys. Rev. Applied 17, 014022 (2022)
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Background sources: environment

High-energy:
- Air shower muons
- Nuclear decays
- X/y-rays

Low-energy:
- IR photons

- Halo and transfer inefficiency
- Compton scattering
- Charge collection inefficiency

Environmental background is reduced with shielding, and
removed from data with quality cuts

x107

—

o
0
el i

T |

<
»

R,. [e/pix/day]
=) o
) [=))
T 1.1 I T 1 1 I T T 1 [ T T 1 [ T 1T 1 I T 1

= Extra shielding

PR ST BT [
4000 6000 8000 10000

Background radiation [DRU]

The SENSEI Collaboration - Phys. Rev. Lett. 125, 171802 (2020)
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DC (e-/pix/day)
10+ General purpouse CCD setups. No IR cover. At sea level.
Output transistor ON.
1T SENSEI prototype surface run (low resistiv. Si) and
1 CONNIE experiment (high resistiv. Si). ~ IR cover.
107+ At sea level. Output transistor ON.
102 Dark Current >lem > 2e™ > 3e™
T — -1 -1 . . .
SENSEI prototype run (low resistiv. Si). ~ IR cover. [e pIx day ] [pIX] [pIX] [pIX]
1034 At MINOS (100m underground). 103 15 108 3x 103 7% 102
DAMIC experiment run (high resistiv. Si). ~ IR cover. -5 6 -1 -8
1044 At SNOLAB (2km underground). Output transistor ON. 10 - e 7 B0
_»1077 Ll 3Ixile® Tlo-ls

1054« SENSEl expectation
with high resistivity Si. IR cover. At SNOLAB
(2km underground).Output transistor OFF.

10°%4

1074 «——Theoretical expectation. Janesick, SPIE press, 2001.

v

Background estimations for 1 year and 100 g.

Blue: discovery channel (background free)

Red: modulation or limits
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Skipper-CCD read-out noise

y [pix=15um]

o empty pixels distribution [e]

10-1_ ..... s —
h .. . T .
1 » 10_1 10 10 #san_1ples per Plxel e o 320
10 10 1 10 RO time per pixel [ms] X [pix=15um]




Skipper-CCD resolution

#entries
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Skipper-CCD for photo detection

D. Rodrigues et al., NIMAA 1010 165511
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CCD read-out noise

Traditional CCD: charge transferred to sense
node and read once

Pedestal and signal integration reduces
high-frequency noise.

But not low frequency...

| signal
PIXE! cnarge pedestal | |smnanee:
measurement ’
high frequency ] il
noise JUUU

low frequency
noise




Skipper CCD read-out

Multiple sampling of same pixel without
corrupting the charge packet.

Pixel value = average of all samples

Suggested in 1990 by Janesick et al.
(doi:10.1117/12.19452)

node

H .SW . 0OG ,k s . VR
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Skipper CCD read-out

1. pedestal integration.

2. signal integration.

3. charge = signal - pedestal.
4. Repeat N times.

5. Average all samples.

Then, the low-frequency noise is reduced

JUUuuuuuunuiy
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Charge-coupled devices (CCD)

Vertical clocks

;o e tte

ntal clocks

=
=

conduction

Horizo

valence band

Serial register

coherent elastic scattering

DM-electron scattering DM-Nucleus scattering
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Proton collisions w/ fixed
target can produce mCPs
collinear w/ NuMI beamline:

v

p— @ s X —
* —

Target Y X

arxiv:1902.03246

Using production rates accepted
by SENSEI@QMINOS...
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. and data from SENSEI@MINOS:

| | le”

| 2e~

| 3¢~ | 4e”

| 5e~

| 6e~

Efficiency 0.069

0.105

0.325|0.327

0.331

0.338

Exp. [g-day]| 1.38

2.09

9.03 | 9.10

9.23

9.39

|Obs. Events [1311.7| 5

0 [0

0

0

Using same analysis as PRL 125.171802,
but extending up to 6e” (PRELIMINARY)

World-leading limits
around 100 MeV:

—— Current
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Significant potential for future
mMCP searches with CCDs!
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