Office of

#Fermilab ‘@ EﬁMERTMRE&DFY Science

Review of Low-Mass “WIMP” Direct Detection with lonization Detectors

Daniel Baxter
Identification of Dark Matter (IDM 2026)
4 June 2024

Northwestern
University




Motivation

* Yesterday, multiple plenary
speakers covered the more
“traditional” searches at and
above GeV mass

e Marco called “Frontier 1”

e Those searches mostly rely on
elastic scattering of DM off
detector nuclei

e Bigger = better!
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Motivation

* Yesterday, multiple plenary
speakers covered the more
“traditional” searches at and
above GeV mass

* Marco called “Frontier 1”
* Those searches mostly rely on

elastic scattering of DM off
detector nuclei

e Bigger = better!
* Below the proton mass are

very well-motivated models of
dark matter

6/4/2026 Daniel Baxter | IDM 2026

10-% B,

10

10-36 |
108 |
10»40 |

104

SI scattering cross section og; in cm?

102 ¢

10-28 )

|0-42 L

10-46
plot from {
10 Marco Cirell :
|050 (R LU SRR L L L ' Al | H_lllll_.‘;"
102 10! I 10 102 10*

Direct Detection constraints on SI scattering

DM mass in GeV

2= Fermilab



Low-Mass Dark Matter Detection
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Low-Mass Dark Matter Detection

Fig. adapted from 2203.08297
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Low-Mass Dark Matter Detection

1. Energy Threshold

— At a minimum, need few-eV
thresholds to be competitive

— R&D is pushing towards sub-eV
energy thresholds

2. Exposure

— Not as important as for WIMP
searches (ton-yrs)

—  Current best limits have kg-days
3. Backgrounds

— Complicated, non-radiogenic
excess backgrounds plague
lower energies
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Low-Mass Dark Matter Detection

1. Energy Threshold

— At a minimum, need few-eV
thresholds to be competitive

— R&D is pushing towards sub-eV
energy thresholds
2. Exposure

— Not as important as for WIMP
searches (ton-yrs)

—  Current best limits have kg-days

3. Backgrounds
— Complicated, non-radiogenic
excess backgrounds plague
lower energies
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Low-Mass Dark Matter Detection

1. Energy Threshold

— At a minimum, need few-eV
thresholds to be competitive

— R&D is pushing towards sub-eV
energy thresholds
2. Exposure

— Not as important as for WIMP
searches (ton-yrs)

—  Current best limits have kg-days

3. Backgrounds
— Complicated, non-radiogenic
excess backgrounds plague
lower energies
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Rate (1 /g / days)
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Detectors Searching for lonization @

Aggarwal et al, PRL 135, 071002 (2025) [arXiv:2503.14617]

1. S2-only Searches in TPCs S0
— S n30L v Fpu=1 we DAMIC-M, this work
XENON/LZ/PandaX b°'10 : . == = DAMICM, this work (QEDari)
— DarkSide50 i \ ENSEI (2025

2. CCD Program
— DAMIC at SNOLAB
— SENSEI at SNOLAB :
— DAMIC at Modane (DAMIC-M) % et i
— OSCURA : ..

3. NTL-Amplification
— SuperCDMS HVeV

~
........

— TESSERACT
4. Novel (low bandgap) Materials ___"._'_f'_'_f.',,'..'.'..’_.'f
— SPLENDOR 103
m, (MeV/c?)
£& Fermilab

6/4/2026 Daniel Baxter | IDM 2026



10

Detectors Searching for lonization

1. S2-only Searches in TPCs
— XENON/LZ/PandaX
— DarkSide50

2. CCD Program
— DAMIC at SNOLAB
— SENSE| at SNOLAB
— DAMIC at Modane (DAMIC-M)
— OSCURA
3. NTL-Amplification
— SuperCDMS HVeV
— TESSERACT

4. Novel (low bandgap) Materials
— SPLENDOR
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Aprile et al, PRL 134, 161004 (2025) [arXiv:2411.15289]
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S2-only searches

Time
A

S2

field |
Drift time
indicates depth

L S1

— ionization electrons
NN UV scintillation photons (~175 nm)

Image by CH Faham (Brown)

see Wed. plenary from Rick Gaitskell on LXeTPCs
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S2-only searches @)

Aprile et al, (2026) [arXiv:2601.11296] PandaX-4T
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Detectors Searching for lonization @

Aggarwal et al, PRL 135, 071002 (2025) [arXiv:2503.14617]

1. S2-only Searches in TPCs S0
— S n30L v Fpu=1 we DAMIC-M, this work
XENON/LZ/PandaX b°'10 : . == = DAMICM, this work (QEDari)
— DarkSide50 i \ ENSEI (2025

2. CCD Program
— DAMIC at SNOLAB
— SENSEI at SNOLAB :
— DAMIC at Modane (DAMIC-M) % et i
— OSCURA : ..

3. NTL-Amplification
— SuperCDMS HVeV
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The CCD Program C@

Interaction with silicon produces free charge

Pixel array '\y carriers. ..

o ...which are drifted across fully-depleted

/ pixel /Xy region...
4 no loss of charge
- o ...and collected in 15 micron square
pixels...

& exceptional position resolution

o ...to be stored until a user-defined readout
time after many hours.

& >

« . & large exposures
15 um

Pros: low dark rates, few eV threshold, 10 micron position resolution, 1-10 dru backgrounds
Cons: silicon target only, lack of timing, no discrimination below 10 keV

2% Fermilab
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The CCD Program — Skipper Amplifiers C@

Skipper Amplifiers: allow repeated, non-destructive readout

Regular CCD Skipper CCD
signal

pixel charge Telerense | ‘ l ’ ’ ‘ ’ ‘ ’
measurement '

nigh f | AR
o e A O

low frequency
noise

Tiffenberg et al, PRL 119, 131802 (2017) [arXiv:1706.00028]
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The CCD Program — DAMIC

2% Fermilab
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The CCD Program — DAMIC @)

5900 6440 6460 6480 8180 8200 8220 8240 8260

2% Fermilab
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The CCD Program — DAMIC EXCESS @
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The CCD Program — DAMIC (20g; 6e threshold) @)
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The CCD Program — SENSEI (40g; 1-2e threshold) @

gzmo * Record silicon dark rates of 1.4 x 10 e"/pix/day
1500] ] * New limits on MeV-scale DM scattering
1000
500
. | AN )
0 1 2
Charge [e "]
'E 401+ |
m
30
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10f
| L : L ‘
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Tiffenberg et al, PRL 119, 131802 (2017) [arXiv:1706.00028] k
and Adari et al, PRL 134, 011804 (2025) [arXiv:2312.13342]

see Tues. talk from Ansh Desai

2% Fermilab
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The CCD Program — SENSEI (40g; 1-2e threshold) @

* Record silicon dark rates of 1.4 x 10 e
{8 g /pix/day
. >°°'3?"2*° * New limits on MeV-scale DM scattering

CCD-2
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y nd Daily modulation search
9 commissioning  |Research into improvements on
1000 2000 3000 4000 5000 6000 (40g) fundamental perfﬂrmance
Cowrm 2nd science run parameters
Bloch et al, PRL 134, 161002 (2025) [arXiv:2410.18716] at SNOLAB 3rd science run at SNOLAB

see Tues. talk from Ansh Desai .y .
3£ Fermilab
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The CCD Program — DAMIC-M LBC (26g; 1-3e threshold)

see Arnquist et al, PRL 130, 171003 (2023) [arXiv:2302.02372]
see Tues. talk from Nuria Castello-Mor
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The CCD Program — DAMIC-M LBC (26g; 1-3e threshold)
What do you see?

)
©»
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5250 events w/ le- across 90k pixels
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see Tues. talk from Nuria Castello-Mor
£ Fermilab
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The CCD Program — DAMIC-M (~250g; 1e threshold) (@

Kg*year target exposure! (

:

1

Vacuum & :
Electronics )
Feedthrough !
B ;

X

Radio-pure flex

EPJ Tech. Instrum., 10(1):17, 2023.
| Ancient Lead
| | ; = E.F. Copper
| i

Phase l:Array of 26 CCD Modules

Lead & Poly Shield ___ Cryocooler | (340 g silicon target)
(Partially shown) (CCD operated at ~130K)

see Tues. talk from Rocio Vilar

2= Fermilab
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The CCD Program — DAMIC-M (~250g; 1e threshold) @

* Installation happening this summer, with commissioning first data by end of 2026.

CDMS HVeV
EDELWEISS
DAMIC at SNOLAB
XENON10 fi
SENSEI (recast)
DarkSide-50
DAMIC-M LBC

10-30
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1036

105} ‘\ DAMIC-M (1 kgy) __ ===~
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I
— ——
. ——
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see Tues. talk from Rocio Vilar
£ Fermilab
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Detectors Searching for lonization C@

1. S2-only Searches in TPCs Albakry et al, PRD 113, 032001 (2026) [arXiv:2509.03608]
— XENON/LZ/PandaX _o5 |
10~=
—  DarkSide50 ]
2. CCD Program 10728 :—m
— DAMIC at SNOLAB :
— SENSEI at SNOLAB STl o g 2020
— DAMIC at Modane (DAMIC-M) K] ; EeVr
— OSCURA 10-**p <ENSE! 7022
4
. - ificati f 25
3. NTL-Amplification oo s \?X.“ -
— SuperCDMS HVeV i Pands
- TESSERACT 10—110 ' i PR AT | 7 g ....l() o .....l1
] 10~ 10 10
4. Novel (ngEbNaggsap) Materials m,, [GeV/
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NTL-Amplification — Neganov-Trofimov-Luke Effect @

Clever way to search for individual e-h pair creation with a phonon sensor!

10*
1 DM Search Data — HVeV Run4
Sensors measure Et 10% & DM Search Data — HVeV Run3
=y Region Outside the Analysis Range
i : — Fx1/¢, 3.5MeV, 0. =29 x 10~ cm?
V Y102 ’
b~100V
@ Prompt phonons i =
h* o L 10
S
g% Luke phonons 101
1021 f ,
0 100 200 300 400 500
Eph = ET + Nep - € - Vbias Energy [eV]

Albakry et al, PRD 113, 032001 (2026) [arXiv:2509.03608]

Pros: in-situ aggregate discrimination, target-agnostic*, timing, 1-10 dru backgrounds
Cons: large dark rates, limited position information, no event-by-event discrimination

see Mon. talk from Aditi Pradeep, Wed. talk from Aviv Simchony, and
see Wed. plenary from Belina von Krosigk for more information on SuperCDMS

Je .
3¢ Fermilab
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NTL-Amplification — SuperCDMS HVeV @)

images borrowed from Emanuele Michielin’s talk at EXCESS24
see also Amaral et al, PRD 102, 091101 (2020) [arXiv:2005.14067]

CDMS HVeV Run 4 at NEXUS Detectors installeq at CUTE

>
() B
%i le  peak (3.7 eV) 65‘5
T \
& Q@Q
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Dilution
refrigerator

2e peak (nearly gone)

|

300 350 0 450 500
Total phonon gnergy [eV]

LEE increase  oyigin of these

events?
see Thurs. talk from Kyle Kennard for update!

Drywell with low activity Pb shield

Jt :
3¢ Fermilab
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NTL-Amplification - TESSERACT @)

e First demonstration of single- o -
. . . e- L libration (1650nm)
electron resolution with NTL in oo q Gebias=50V
. = 2 e-h -
a massive (40g) Ge crystal! st - et
5000 bcze - 013
g “%7 3e-h |CLab
3 Cryosel:Ge_16
2000 Preliminary
2000 —
1000—]
0

I I I | I | 1 I |
5 B 0 48 96 144 192 240 288 336 384

TES Amplitude (AU)
‘ ___
l‘m NTL amplification

see Wed. talk from Juliette BIé and Thurs. talk from Dan McKinsey
£& Fermilab
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Detectors Searching for lonization C@

1. S2-only Searches in TPCs
— XENON/LZ/PandaX image borrowed from Sam Watkins (as Caleb Fink)’s IDM2024 talk

— DarkSide50 — 10~ ADELWEISS (HPGe bolometer)

stellar + BBN LA g-day3, sucluce
2. CCD Program constraints
— DAMIC at SNOLAB
— SENSEI at SNOLAB
— DAMIC at Modane (DAMIC-M)
— OSCURA

3. NTL-Amplification
— SuperCDMS HVeV
—  TESSERACT 0 | | | | |
4. Novel (low bandgap) Materials ! O'wodarkmmrmas:?MeV] o
— SPLENDOR

10—3!

10—33 L

10—35 L

.. :'.".,' ..... ?\\' ----- density target
10737 - (freeze-in, ultralight mediator)

SPLENDOR
(EusInzSbe, 1 g-day)

DM-e~ scattering cross section [cm?

£% Fermilab
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Low-Mass Dark Matter Detection @

e Charge-hole pair detection is fundamentally limited by material band gaps
10_33: o ! "'yl ! "'W"“;

Fig. adapted from 2203.08297
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L. Adari et al, (2023) [arXiv:2312.13342]
fundamental lower limit
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Backgrounds and Daily Modulation @

* For sufficiently large cross sections, the rotation of overburden relative to Cygnus
results in a non-negligible change in flux underground!

Diurnal Modulation , Asgarwal etal, (2025) [arXiv:2511.13962]
—~10% ¢ .
Earth-attenuated halo flux E - Fu-(amjg?  Thiswork |
o E — QCDark s Median, 10, +20
b@ 10-31 0 — = QEDark
10—32 i :
Dark Matter Dark Matter E
. ; 107"
At Modane U 1 0-34
Detector
At Modane B
107§
10~36
10 £
T = 8 hours T = 20 hours 107% I

! 10
2
see Tues. talk from Nuria Castello-Mor m, (MeVic’)

2% Fermilab

6/4/2026 Daniel Baxter | IDM 2026



33

Backgrounds and Daily Modulation

@

* For sufficiently large cross sections, the rotation of overburden relative to Cygnus
results in a non-negligible change in flux underground!

Diurnal Modulation
Earth-attenuated halo flux

10—3()
10—31
10—32

5 10—33
Detector =

1
—

N

A g = I
- Dotector e 103
At Modane
10—35
10—3(}'
H i 10—37
T = 8 hours T = 20 hours
see Tues.
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Bloch et al, PRL 136, 211001 (2026) [arXiv:2510.20889]

1.+ Reflection ___ -\
hiﬁ_(\l Refl ———— b

Fpom « 1/¢%

SENSEI Modulation

talk from Ansh Desai
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Directional Sub-GeV Dark Matter C@

* What if the anisotropy came from the detector, and not the overburden?

Bloch et al, PRL 136, 211001 (2026) [arXiv:2510.20889]
e H
2 Fermilab
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Directional Sub-GeV Dark Matter — Organic Scintillators C@

* Directionality remains the only definitive way to maintain discovery power in the
face of the (still-unmodeled) low-energy excess and the neutrino fog

* We’'ve demonstrated single-electron (eV-threshold) charge detectors with
unprecedentedly-low dark rates (10-100 e- per g-day)

Modulating Signal

= | | | | ]

DM Rate [Hz]

1

Tim

ol

e [hr]

Blanco et al, PRD 104, 036011 (2021) [arXiv:2103.08601]
e H
2 Fermilab
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Directional Sub-GeV Dark Matter — Organic Scintillators C@

e 10g trans-Stilbene prototype read out by Skipper CCD deployed in MINOS this year

Cccb HoIder Skipper CCD

— Top-Down View

Back thinned surface

Crystal Scintillators

Read out different crystal regions
Ice-cube Tray
Side View

I!II!II_II_II!II!I
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Sample/photo from

2025
1g cubes

20XX
100g+ “cubes”
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FNAL/NU Team — D. Baxter

ENAL/UofC Team — A. Drlica-Wagner, B. Roach,
E. Marrufo (GIRA), A. Williams

MIT Physics Team — L. Winslow, N. Hoch (GIRA)

MIT Chemistry Team — D. Freedman, D. Johnson

UIUC Team — P. Abbamonte, D. Balut, L. Haske,
L. Thompson, J. Oh

Penn State — C. Wagner, B. Lillard

Toronto — M. Diamond, Y. Kahn

Special Thanks — J. Estrada, J. Tiffenberg

2% Fermilab

37 6/4/2026 Daniel Baxter | IDM 2026



y " U.S. DEPARTMENT OF Office of

#Fermilab j‘ jENERGY Science

Back-up Slides



39

The CCD Program — OSCURA
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Aguilar-Arevalo et al, (OSCURA Collaboration) [arXiv:2202.10518]
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