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IS
approximately | proton-mass for every 3 cubic
centimeters, roughly 6x10-28 kg/cm-3

proton mass ~ |.7 x10-27 kg




early Universe: hot and dense (T>>Mx)

e

known particles (q) collide and produce dark
particles (x), and vice versa.



Universe: colder and dense (T < Mx)

production is now harder because of lower energy
collisions, annihilation is easy because of density



Universe: cold and low density (T>>Mx)

no more production
no more annihilation
“relic density”
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m, =100 GeV

A particle with the mass of ~100 protons is
ideal.
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Phys. Rev. Lett. 131, 041002 (2023)
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Wimp search : 7 ton active liquid
xenon time projection chamber (TPC)
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Looking for wimps in a deep
| / experimen’[ UndergrOund lab (SURF)
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FIG. 1. Calibration events in log;;,S2c-Slc for the tritium
source (dark blue points, 5343 events) and the DD neutron
source (orange points, 6324 events). Solid blue (red) lines
indicate the median of the ER (NR) simulated distributions,
and the dotted lines indicate the 10% and 90 % quantiles.
Thin gray lines show contours of constant electron-equivalent
energy (keVee) and nuclear recoil energy (keVy,).



Current limits
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Lots of progress no signal.
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More ideas for dark matter ... beyond wimps

zeV aeV feV peV neV peV meV eV keV MeV GeV TeV PeV 30Mg
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Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing
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See theory talk by Carlos Yaguna. y



Search tools
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QCD Axion
- Ultralight Dark Matter
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Post-Inflationary Axion

Wave detection
Coherent wave

Small Experiments: Coherent Field Searches, Direct De
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Search tools
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Search tools : will discuss this
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Dark wave detection

Electromagnetic

N

Dark Matter
Wave

Cavity +
Quantum Sensor

When the DM is light (~20 peV) it becomes a coherent
wave with scale ~100 m. In this case we build detectors
that will resonate with this wave...

N ANTY
a»< Axions particles couple to magnetic field.

r'va




magnetic field to convert dark matter
axions to detectable to microwave
photons.

Frequency (Hz)

CAPP

17 |Lumped @ﬂ@lﬁﬂl@ﬁﬁii > Filled areas: Present exclusion limits

PRL 1 20 151301 2@ 1 8) : Dashed lines: Projected sensitivities

Yellow band: QCD axion band
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Signal power level = 1022 W

I " Each tuning ~ 100 s.
B, = % g g g gy* = a é""’f"’* B Obtain 104 spectra of 100 Hz resolution spanning

the 20 kHz cavity bandwidth. Tune cavity

- - frequency slightly and repeat.
Bo

Classical Sea of Axion-photon
EM field virtual photons interaction

SCIENCE ADVANCES 23 Feb 2022 Vol 8, Issue 8



Dark particle detection

Dark .
Matter ™

As DM becomes heavier,
we look for particles hitting
our detector.

N g
N
% B Detector
S

LZ discussed before is an example of particle detection
(WIMPS), but here will focus on lower masses (<1 GeV).



Direct Dark Matter search in CCDs (DAMIC)
started with strong LA participation!

CCD

coherent elastic scattering

& >

DAMIC held its first collaboration meeting at
UNAM in 2013. Mexico, Paraguay, and
Argentina were early supporters of this
technology as a tool for dark matter.

LA groups accepted risk of an unproven
. technology.



| TueSday talk on DL E‘nergy 'Survey "

-

"

When build'ing DES wWe realizéd the' Sensors Could be élso used for direct
dark matter. (Same Ie.chlonolc)gy than DESI)



Charge-Coupled Device (CCD)

Single pixel distribution

Entries 8428899
Constant 1.12e+05
Mean  -0.005619
Sigma 1.8
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charge [e]

Charge coupling makes the detectors ideal for low noise
measurements, typical noise for scientific CCDs is 2e- RMS
(7.2eV). In DES, we had to make “massive” thick detectors
to see the near IR.
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DAMIC sensors

~ e

4 amplifiers |
2e- noise , . :
low background package . 16 Mp]X yor~ 36g



CCD design by LBNL

CCD

Kapton <R J
signal cable

1.

s

Lad ock Kapton

signal cable

Polyethylene

Cu vacuum

> 4

a) Packaged DAMIC CCD
b) Copper CCD housing
c) In-vacuum setup

d) Pb and polyethylene outer
shielding




Jorge Molina (current government minister in Paraguay)
working on the early deployment of DAMIC at SNOLAB.

Lesson: Dark Matter gives you many job opportunities....



Particle ID with CCDs

X-ray? .l
DM? L /
Diffusion
P € limited
X
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5 10 15 20 25 30

Energy measured by pixel / keV



DAMIC Result Phys. Rev. Lett. 125, 241803 (2020)
11 - kg-day
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skipper-CCDs

Reduction of the CCD noise by torce!



The skipper-CCD is a modification of the output stage of a CCD (Janesik et al
-1990). It allows for multiple non-destructive readout of the charge in a pixel.

Shift charge one Shift charge in serial register
column to tha right one pixel down (3 times)
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Readout Time [ms/pix]

Readout Noise [e™ rms/pix]
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skipper CCD
SENSE]

DAMIC 2014 DAMIC 2021

4000 samples

1045_ -§1so:— ' ! ! —
103;_ c=18¢€ E‘“i‘ _
S 140 -

- 1200 =
10%E" 100 =
- 80/ | ; ; =

: e .
1? 20 JNL\‘M =
80 20 d0 0 10 20 30 07 4 - 3 2
pixel value /e charge [e]

Designed ~30 years ago, and sleeping. Sensors designed by LBNL (Steve Holland),first
demonstrated summer 2017 by Javier Tiffenberg et al (arXiv:1706.00028) allows reduction of the
noise by 10.
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skipper-CCDs for DM, is a LA development:

e 2012 paper by Guillermo Fernandez-Moroni (student from
Universidad Nacional del Sur, Argentina). Fernandez Moroni, G.
Exp Astron 34, 43-64 (2012).

o 2017 papert by Javier Tittenberg. The firt student who got the first
result working with Javier is Miguel Sofo-Haro (Bariloche,
Argentina). I[EEE award for Miguel.

 Now 3 skipper-CCD experiments running in Argentina (DM2,
Atucha reactor) and Brazil (CONNIE).

 Lambda lab in University of Buenos Aires focused in these
applications (Dario Rodrigues).

Involved early in the development of the technolgy (risky) and
developed expertise for a strong local program.



Dark sector search

WE ARE (OSING THE BATTLE WITH

THE
DARK MATTER, BUT A NEW APPROACH
WILL LEAD US TO VICTORY |

RENEMBER ... IN BATTLE
LicuTness MATTER HORE
THAN HEAVINESS

A=

—— |




use CCDs as target and record the ionization produced

biding energy (~1 eV)

conduction

\ 7
mass
. 9 [ Type Examples Ein threshold Status
\ Noble Xe, Ar. He | ~10eV -5 MeV Done w/ XENON10+100 data;
\
e

liquids improvements possible

Ewn~ 40 eV (SuperCDMS, DAMIC*)

Semi-

oot Ge, Si ~1eV | ~200keV En~ 1 eV (SENSEI)
R&D ongoing
]_ Scintillators G%”: Nal.|  _1ev | ~200kev R&D required

Epm ~ 5 DM vipm > AE

UDM S 800 km/s ——> MDM Z 300 keV (1Ae13/)
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SENSEI 2020
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Skipper-CCD is an
electron counting silicon
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Rates:
 1e- =450 ev/g-day (1.6 104 e/pix/day)
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Phys. Rev. Lett. 125, 171802 — Published 20 October 2020



DAMIC-M (@Modane)

Phys. Rev. Lett. 130, 171003 — Published 28 April 2023

arXiv:2302.02372

Counts/0.1 e-
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—+— Data

Background only
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1021

Pixel charge (e-)

= DAMIC-M, this work

= = = DAMIC-SNOLAB (2019)
« = = EDELWEISS (2020)

e DarkSide-50 (2022)

—10%
5 Fow=( mJ/a)’
o)
g 1072
1
FIG. 1. The DAMIC-M Low Background Chamber installed
underground at LSM: the two skipper CCDs are monted in
a high-purity copper box (right); the box is placed inside the
copper cryostat, visible here (left) during assembly of the ex- -31
ternal lead and polyethylene shielding. 1 0
Improvement over
SENSEI 2020 107
See talk by Xavier -
107°
Bertou.
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PandaX-l (2021)

e SENSEI (2020, recasted)

= = = XENONI1T (2022)

" SuperCDMS (2019)

+ XENON10 (2017)



https://arxiv.org/abs/2302.02372

SENSEI-2023 (@SNOLAB)  «xzeiz1:2

103

Solar-reflected DM~/
wurTanmmumm,

10~ /

m
A
R
2]
=
n
c
5

FIG. 1. The SENSEI detector at SNOLAB. Left: Two CCD
modules in their copper tray. Middle: Copper CCD box
and trays deployed inside the vessel. Right: Closed SENSEI
vacuum vessel, before installing the outer copper, lead, and
poly-water shields.
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https://arxiv.org/abs/2312.13342

SENSEI-2024 (@SNOLAB) in arXiv: 2410.18716

Improved single electron rate (dark count rate!!!)
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8 - - kA :
o - ~30[ % Fpwmel/q® ]
B 102 107 Z
o = 20 hs i ]
= f 10731
E10°: : 5
2 F _ 10732 SENSEI le~ 3
4| N F
- 5 103 *
- Ny é
107 10-34
109 - . 1()—35;
1.5
Electrons 360 SENSEI (previous) .
-3 10— = . N\ Previous .
0.8719 ; E
5_ : o W!tness 1 // — 1 0
S 06l * Witness 2 L m, [MeV]
@ -0~ M Golden //
2 I S
2 o4l We observe a single-electron event rate of (1.39 +
§ i 0.11) x 10-° e—/ pix/day, corresponding to (39.8 + 3.1)
‘o 023 e—/gram/day. This is an order-of- magnitude
r iImprovement compared to the previous lowest single-
electron rate in a silicon detector and the lowest for any
0 | |

s 53— photon detector in the near-infrared-ultraviolet range.
Exposure (hs)
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Skipper-CCD DM program : technology roadmap

Experiment I\[/Ikags]s #CCDs Radia[t;:l:'] okgd Inst[retfr/r;?:/t(ai:,s]kgd Commissioning
SENSEI @ MINOS ~0.002 1 3400 1.6 x 104 late-2019
DAMIC @ SNOLAB ~0.02 2 ~10 3x103 late-2021

DAMIC-M LBC ~0.02 2 10 3x103 late-2021

SENSEI-100 ~0.1 50 10 (goal) mid-2022

DAMIC-M ~1 200 0.1 (goal) ~2023

OSCURA ~10 20,000 0.025 (goal) 1 x 10-¢(goal) ~2028

Oscura is an ambitious program that brings together the DAMIC,
SENSEI and DAMIC-M teams for the development of ultimate DM
experiment with skipper-CCDs. See Brenda’s talk on Oscura
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Oscura development at Latin America

Sensors:
characterization by
students at UNAM anad
UBA (B.Cervantes,
S.Perez).

R Packaging:
| students at

,. Readout: ASIC

\/Iechénical design

| == I B = designers at
W IPSUM T Bariloche (Miguel

Www.ipsuminc.com FabHClO Alcalde)

s Jremendous expertise for this technology in LA.
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with E > E

Fig. from Emken
(2102.12483)

incoming DM particle
with E;> 0

reflected DM particle

Solar reflected Dark Matter

temporarily bound
orbit withE< 0

m, = 100 keV, Fom(q)=(am.)?/q*
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(R.Essig, Stony Brook University)

This effect allows searching for lower masses.



But if the cross section is too large, you do not see |
underground labs.

DarkNESS will
skipper-CCDs
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4 skipper-CCDs in a 6U CubeSat

Sensor package design in UNS(Arg).
Fernando Chierchie.

Current prototype

DREAM 2.0 MISSION KICKOFF

Spacecraft: DarkNESS
Mission: DREAM 2.0

Launch Vehicle: Alpha

Launch Window: 3Q25-4Q25
Mission Manager: Kyle Watkins

5/3/24




DarkNESS will also look at [(l\QII decay

xO
O
\’\,\‘&*
K in(2 5
\l\‘\l\‘ Ty oy = 1.38 x 10732571 [Sm—(lo)] (1T£§V)
Ns Vv
sterile neutrino standard neutrino

Phys. Rev. D 107, 023009 (2023)

.'=. Sicilia.n+202(.) ‘

DarkNESS will be the first o Bzt
demonstration of skipper-CCDs i _Hofmann+2019 |

10-11

for X-rays. Also the first

NuSTAR

demonstration in space. Critical £ | ;
for future NASA missions that : |
require counting photons T et

(Hwo). o T |

mass (keV)


https://arxiv.org/abs/2207.04572

e Strong ongoing eftort to look for WIMPs and beyond.
 Dark Matter search is a technologically diverse ftield,
where smart ideas could have a huge impact even

with small budgets.

 There is already a huge participation of the Latin
America HEP community in these efforts.

Thanks!!
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https://arxiv.org/abs/2207.04572

the “classic” search for wimps looks for nuclear recoll, but
when looking at lower mass particles the e-recoil channel is

more competitive.
DM /
o

Q Il:
e
AW
e O
mass
¥ Type Examples Ein threshold Status
Nople Xe, Ar. He | ~10 eV -5 MeV Doqe w/ XENON10+1 Op data;
liquids improvements possible
bldlng energy (~1¢eV) Semi- En~ 40 eV (SuperCDMS, DAMIC*)
duct Ge, Si ~1 eV ~200 keV En~ 1 eV (SENSEI)
conductors R&D ongoing
l Scintillators GaCAj Nal. | 1ev | ~200kev R&D required

1
Epm ~ 5 DM vy > AFE

AFE
vpMm S 800 km/s ——> mpwm < 300 keV (1 eV)
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XMM - MOS -
Full Sample 1

3.57 +0.02 (0.03)

(4
o v,
(AKX

XMM Newton MOS CCDs

e

~ Residuals  Flux (cnts s keV')

i u\ﬂuﬂ\ﬂm Hﬁ s | l W% ﬁ b

34 3.6
Energy (keV)

Bubul et al 2014 observed this line at 3.5
keV In galaxy clusters using X-ray
telescope.

Perseus cluster in X-ray (Chandra)
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Particle identification in a CCD image

electrons and diffusion limited hits.
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Calibration using X-rays
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Once you can count electrons, you can search for electron recoils produced by very low
mass dark matter (dark sector searches). This is what we are planning to do with the
skipper-CCD in the SENSEI experiment.
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Design: Overall

« 24,576 skipper-CCDs:
« 1.35 Mpix each
* readout noise 0.15e-
« 10 kg active mass
- 24,576 readout channels:

« cold front end electronics
(MIDNA)

- cold analog multiplexing
« warm backend
« 1536 Multi Chip Modules (MCM)
« 16 CCDs mounted
- Silicon substrate
« low background flex
« 96 Super Modules (SM)
« 16 MCM on each
« 130 g of active mass
- Pressure vessel
« Nitrogen gas
* internal copper and lead shield
« Outside shield
* lead for gammas
« poly/water for neutrons
- Background
« Operated underground (SNOLAB
- 0.025 DRU
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