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The Dark Matter Landscape
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Potential DM masses span many orders of magnitude

Have to choose where to look!
Z= Fermilab
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Dark Matter-Nucleon Parameter Space
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DM-nucleus scattering heavily constrained in the traditional WIMP mass range
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Dark Matter-Electron Parameter Space \Oﬁnsa
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DM-electron interactions allow us to cast a wider net in the search for dark matter!
Z= Fermilab
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Probing Sub-GeV Dark Matter \%nsei
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arXiv:1509.01598
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- *Sub-Electron-Noise Skipper-CCD
The SENSEI* experiment Experimental Instrument

Silicon charge-coupled devices (CCDs) w/
Skipper amplification (designed by LBNL):
e Energy threshold of Si bandgap (~1.1 €V)
e Low dark current (~10* e”/pix/day)
e Sub-electron (~0.1e") readout noise

-

flex circuit ‘ 1IN o adout
flex circuit Skipper-CCD ] “

2% Fermilab
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. *Sub-Electron-Noise Skipper-CCD I
The SENSEI* exPerlment Experimental Instrument O ENSEl

£

Silicon charge-coupled devices (CCDs) w/
Skipper amplification (designed by LBNL):

pixel

conduction

e Energy threshold of Si bandgap (~1.1 eV) | hole
. A ATALAY electron
e Low dark current (~10™* e/pix/day) 88833 ?
) . CISICISIS)
e Sub-electron (~0.1e") readout noise valence band o
/-\ ==
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Skipper amplifier makes repetitive, non-destructive measurement of the
pixel charge, reducing noise to sub-electron levels s ilab
af Fermiia
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*Sub-Electron-Noise Skipper-CCD \%n se|

The SENSEI* experiment Experimental Instrument

Silicon charge-coupled devices (CCDs) w/
Skipper amplification (designed by LBNL):

conduction

e Energy threshold of Si bandgap (~1.1 €V)
e Low dark current (~10* e”/pix/day)
e Sub-electron (~0.1e") readout noise

Low threshold enables low-mass searches:

e Electron scattering of 1-1000 MeV DM ’
e Nuclear scattering of 1-1000 MeV DM via 1500}

Migdal effect g —
e Absorption of 1-1000 eV DM |
e Scattering of milli-charged particles =1
e FEic... 0
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https://arxiv.org/abs/1706.00028

History of SENSEI results Qo/ensel
2017 Demonstration of 0.068e™ noise in SENSEI prototype [PRL 119.131802]

2018 DM search with surface run of SENSEI prototype CCD [PRL 121.061803]

2019 DM search with underground run of SENSEI prototype CCD [PRL 122.161801]

Entries

2020 DM search with underground run of SENSEI science-grade CCD [PRL 125.171802]
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https://arxiv.org/abs/1706.00028
https://arxiv.org/abs/1804.00088
https://arxiv.org/abs/1901.10478
https://arxiv.org/abs/2004.11378

SENSEI in JAHEP High Energy News

 Thanks to Sho Uemura, SENSEI
overview and 2020 dark matter
result is presented in JAHEP High
Energy News (Vol. 41, No. 1
2022/04.05.06)

SIRILF—=-21—-XR

HIGH ENERGY NEWS
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https://www.jahep.org/hepnews/2022/41-1-2-sensei.pdf
https://www.jahep.org/hepnews/2022/41-1-2-sensei.pdf

Current status: two science-capable SENSEI setups Ofensei
SENSEI@MINOS SENSEI@SNOLAB

] o ed O Collaboratio

IOL I8 (300 1) Norite
ot Rock
G'aﬂlt’ 1130 ﬂ:g:W " 2im
Gabbro
One CCD module installed in copper cryostat Up to 48 CCDs installed in copper cryostat

Will show results from both detectors today

2% Fermilab
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SENSEI@MINOS o/ensei

One CCD module installed in copper cryostat: ~1.925 g, operated at 135 K

Shielding: inner and outer layers of lead shielding, underground site at FNAL in
MINOS cavern (~107 m)

Intersects with NuMI beamline

- : cch

Underground location Located in MINOS cavern at FNAL

NS

3¢ Fermilab
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Milli-charged particle (nCP) search in SENSEI@MINOS O/ensei

Proton collisions w/ fixed target can Using production rates accepted
produce mCPs collinear w/ NuMI beamline: by SENSEI@QMINOS...

arxiv:1902.03246 4 0 —
_§ 103 : F’,
=~ ~ — 1
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arXiv:2305.04964

1072 107! 10°
Millicharged Mass ( GeV )

... and data from SENSEI@MINOS:
| | le™ |26_|3e_|46_|56_|66_|
Efficiency | 0.069 [0.105[0.325]0.3270.331]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’ .
$& Fermilab
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https://arxiv.org/abs/1902.03246
https://arxiv.org/abs/2004.11378
https://arxiv.org/abs/2305.04964

Milli-charged particle (nCP) search in SENSEI@MINOS O/ensel

Proton collisions w/ fixed target can World-leading limits . }
. . arXiv:2305.04964
produce mCPs collinear w/ NuMI beamline: around 100 MeV!

Combined Existing Limits:

arXiV:1902.03246 i

MilliQ@SLAC, LHC,

1072
LEP, ArgoNeuT

LSND, BEBC,

proto-MilliQan

1073

SENSEI@MINOS

1074

102 103
Mass (MeV)

Significant potential for future
mCP searches with CCDs

2% Fermilab
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https://arxiv.org/abs/2305.04964
https://arxiv.org/abs/1902.03246

SENSEI@SNOLAB setup

16

Copper trays fit two to four Copper box fits 12 Vacuum pump (< 2x10™ mbar)
~2 g CCDs copper trays Cryocooler + heater (~140 K)
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Each CCD is 6144 x 1024 pixels (15 ym pitch) and 675 pym thick

2% Fermilab
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SENSEI@SNOLAB setup

Three inches of 42 inches of polyethylene
lead shielding and water shielding

= -

Two layers of copper shielding

2% Fermilab
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SENSEI@SNOLAB first science run

Six CCDs (~13 g) used for first science run ,_I.F;Z'é‘ffahﬁéi”fei?f'd with part of @
Installation: 4-7/2021 S
Commissioning: 10/2021-8/2022
Science: 9/2022-4/2023

Many thanks to the SNOLAB staff Fully assembled and shielded
for their support!! SENSEI@SNOLAB
£& Fermilab
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CCDs are operating well!

20 hour exposures: 129 images, no binning,
~50% hidden for bias mitigation

300 Skipper samples — 7.3 hours readout,
noise of ~0.14 e”

3 hour “clear” following each image to
sweep charge from active area

Temperature variations of 135 K-155 K due
to failing cryocooler

1 e density (after cuts): ~2 x 10 e”/pixel
e No dark rate measurement performed

SENSEI@SNOLAB data

2= Fermilab
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Cluster reconstruction + selection
1. Data quality cuts to remove anomalous images

. . . SR Charge transf
2. Cluster any contiguous pixels =1 e- _ . '
3. Apply masks to images to remove: | |
e Electronic noise ‘
e C(Cross-talk
e Edges of CCDs
e Bad pixels and columns | .
e Serial register events : Reqions around hiah
e Charge transfer inefficiencies (CTl, size varies
by charge) : '
e Region surrounding any >=1e™ pixels (size varies
by charge) | _
4. Remove clusters with any pixels overlapping a i |
o P PPing |
5. Remove individual high-background cluster T .
shapes SENSEI@SNOLAB data

€ .
2¢ Fermilab
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Cluster reconstruction + selection

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

Charge transfe
inefficiencies|

3. Apply masks to images to remove: Edge of CCD
e Electronic noise
e C(Cross-talk
e Edges of CCDs
e Bad pixels and columns
e Serial register events Reqions around hiah
e Charge transfer inefficiencies (CTl, size varies
by charge)
e Region surrounding any >=1e™ pixels (size varies
by charge)
4. Remove clusters with any pixels overlapping a
o P PPIng
5. Remove individual high-background cluster
shapes SENSEI@SNOLAB data

2% Fermilab
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Dark matter-electron scattering limit setting

Signal model: generate expected DM events per electron channel
using QEdark (upper right) and other calculations given astrophysical
parameters from PhystatDM and ionization model (lower right)

Bin by shape: split each electron channel into bins based on number
of pixels and/or shape of cluster

Exposure: determine effective exposure for each bin using Monte
Carlo simulation given actual masks and charge diffusion parameters |,
measured in SENSEI@MINOS

o
©

o
o

Backgrounds: calculate expected coincidence background in each
bin given measured 1e” density

Pair creation probability
o
=

0.2

Limit: Determine a combined likelihood over all bins to set 90% C.L.
upper limits in cross section-DM mass parameter space

0.0
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Ee [eV]

1.1 47 83 119 155 191 227 263 299 335 37.1 407

Normalized rate

P S

- Fpmecl/gq

- Fpuel/q®

my=1GevV ]
m, =10 MeV

12345678.9I1011
arXiV:1509.01598

Q

arXiVv:2004.10709

OU s WN
© 000D 0 0
[ ]
nnononaon
FI s
23 D0 D
352333

5

10 15 20

25 30 35

Recoil energy (eV)

2% Fermilab


https://arxiv.org/pdf/2105.00599.pdf
https://arxiv.org/abs/1509.01598
https://arxiv.org/abs/2004.10709

First SENSEI@SNOLAB results: DM-electron scattering

10—30

Data: 45 commissioning images, 37 ; T e I
. . I —— SENSEI@SNOLAB: Hidden data
hidden images, 2-10 e” channels 1073t —— SENSEI@SNOLAB: Combined data

_ ' Fom = (ame/q)?
Exposure: combined datasets amount = 1032

to ~70 g-days per electron channel with
current masks

I

10-3L Current limits

Gelcm?]

Three limits: hidden dataset, 10~F

commissioning dataset, and combined 155,
commissioning + hidden exposure |

I

107°*= Preliminary

Paper in preparation to present full
results

10—37 - ]

10° 10! 102 10°
my [MeV]

2% Fermilab
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First SENSEI@QSNOLAB results: DM-electron scattering

10

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

Exposure: combined datasets amount 10‘33%
to ~70 g-days per electron channel with g 0™,

current masks S 107
10736}

Three limits: hidden dataset,
commissioning dataset, and combined

Paper in preparation to present full
results
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107,
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commissioning + hidden exposure 10_392 Preliminary

—— SENSEI@SNOLAB: Commissioning data
——— SENSEI@SNOLAB: Hidden data
= SENSEI@SNOLAB: Combined data

Fom =1

Current limits

10—40 j.

il
10°

“10* 102 108
my [MeV]

2% Fermilab



First SENSEI@SNOLAB results
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SENSEI@SNOLAB exclusion limits on dark matter interacting with electrons
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SENSEI@SNOLAB: Current Status

Ended Science Run 1 in April 2023 Results of Science Run 1 to appear

. . soon
Performed hardware intervention at

SNOLAB to: Pursuing additional measurements and
analyses with SNOLAB and MINOS data:
e 1 e studies
e Alternate interactions, including
Migdal, absorption, solar reflection,

e Repair cryocooler
e |Install additional CCDs
e Improve noise environment

Hardware intervention was successful, etc.
Science Run 2 is underway! e Alternate signatures, including daily
modulation

2% Fermilab
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Many hands make light work...

.....
Mariano Cababie y o | | Kel Itay Bloch Tien-Tien Yu |

Santiago Ezequiel Perez Javier Tiffenberg (he) [ [ jan Lawson |

Guillermo Fernandez

Thanks to my collaborators for all their hard work to help us reach this milestone!

2% Fermilab
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More to come from skipper-CCDs...

SENSEI (100 g) DAMIC-M (1 kQ) Oscura (10 kg)
2021 2024 2027

10727 ¢ T T
10728\ B g
10_29 E .’: 32 Z
10:?:' 8 & 1 Experiment Mass .. Radiation Instrumental e
ok ‘ ® [ke] bkgd [dru]  bked [e-/pix/day] ciing
103 MINOS. = SENSEl @ MINOS  ~0.002 1 3400 1.6 x 104 late-2019

S 10734 \ N\ i

8§ 103} DAMIC @ SNOLAB  ~0.02 2 5 ~3x 103 late-2021

< 10-360

S 18-37 DAMIC-M LBC ~0.02 2 ~10 3x103 late-2021
10~ SENSEI-100 ~0.1 50 10 (goal) mid-2022
1079k
107 N —— DAMIC-M ~1 200 0.1 (goal) ~2023
10741F
1020 OSCURA ~10 20,000  0.01 (goal) 1 x 10-¢(goal) ~2028
104k

10 102 10°

1
arXiv:2202.10518 i, (vevy
Next-generation skipper-CCD experiments are in development!

2% Fermilab
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https://arxiv.org/abs/2202.10518

More to come from skipper-CCDs...

SENSEI (100 g) DAMIC-M (1 kQ) Oscura (10 kg)

2021 2024 2027

Oscura Integration Test (1 kg):

10°{ = Current

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

— 2 Hits - 2, 3 and 4 electrons

10-}{ = 3 Hits - 1, 2, 3 and 4 electrons

arXiv:2304.08625

e Engineering test with 10% of Oscura
detector payload

e Will conduct a search for millicharged
particles from the NuMI beam at Fermilab

e Projected exclusion limits are promising!

1072

1
102 = ——————

r
4
’

10-4

______

_____________ : 90% C.L. for 1 kg-yr

10! 102 103 10
Mass [MeV]

€ H
2¢ Fermilab
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https://arxiv.org/abs/2304.08625

From SENSEI to Oscura: scaling up mass

_ arXiv:2304.04401

arXiv:2210.16418

ront-end moduls
odule: SM-
ch. e
3
=,
:
ch. e
3
=
s £
odule: SM-
ch. e
o
94
ch. - E
3
=
s

Multiplexing schematic

Multi Chip Module (MCM): Super Module:

16 skipper-CCDs 16 MCMs (125 g) Acquisition (LTA)
SENSEI: Oscura: electronics

e 50 CCDs, 200 channels e 24,000 CCDs, 24,000 channels

e One LTA board per CCD e One LTA board per 4000 CCDs

A lot of progress has been made to develop sensors and readout electronics!
See Brenda Cervantes’s UCLA DM 2023 talk for more details
£& Fermilab
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https://indico.cern.ch/event/1188759/contributions/5222765/attachments/2622556/4534771/UCLADM2023_BrendaCervantes_ALL.pdf

Conclusions

e The SENSEI collaboration has two detectors
utilizing Si Skipper-CCDs to perform

world-leading science:
o SENSEI@MINOS has set new, world-leading limits
on milli-charged particles around 100 MeV
o SENSEI@SNOLAB has ended its first science run,
and set world-leading limits on sub-GeV dark
matter interacting with electrons
e Many more exciting results to come, paving
the way for the next generation of CCD

experiments
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1072

Combined Existing Limits:
MilliQ@SLAC, LHC,

LEP, ArgoNeuT

LSND, BEBC,

proto-MilliQan

arXiv:2305.04964

SENSEI@MINOS

102 103
Mass (MeV)

—— SENSEI@SNOLAB: Commissioning data
—— SENSEI@SNOLAB: Blinded data
m— SENSEI@SNOLAB: Combined data

Fom = (ame/q)?

Current limits

;Preliminary

L L L
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https://arxiv.org/abs/2305.04964
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