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Historical progress
A Quick Refresher: how to read an upper limit
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Direct Detection constraints on SI scattering
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Historical progress
A Quick Refresher: how to read an upper limit
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SI scattering cross section o-sy in cm”

Direct Detection constraints on SI scattering
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Historical progress

Direct detection has been driven by detector progress

Several orders of magnitude in sensitivity have been gained by improving detector technology, not

only by analysis choices alone.

Cleaner materials = Reduce radioactive backgrounds
Better background rejection = Distinguish NR / ER

Larger exposures = Increase the P rare events

observing

More stable readout = Control systematics

Lower thresholds = smaller E accessible

A historical benchmark: Sl sensitivity at 60 GeV/c?

-40
10 Qroville 1y 11194 [ 2
® ® Ge
- @Homestake i ‘ggxsﬁx Nal
c
o CDMS | SUF * P S ® Cryodet
o —42 Edelweiss ~0.CDMS.| WARP |07 ® Lig. Xe
g 10 %ZEPUN\ @ZEPUNT ® Liqg. Ar
| @COMI! Soudan '04gCRESST '11
@ ® Bubble
O& 10743 Edelweiss '08}akside.
b e comsii sol®n 10 EdelWé‘SS'lép’m opReRL g
O XENON100 '1 SOLIN il | g PICO-60 GF31'16 O limit
o — Darkside V’e. Darkside-50 '18 . |
—~ 1074 x[N(mmgpus'mup an 17'SuperCDMSSoudan‘18 X signa
8 § _ig @DEAP-3600 '19 O projected
2]
> @ @xENGN100 1\
goie® LR S
E 8 I 1‘ o I .Pamaxh‘ Q
= clean materials
c Jr_g‘ 10746 XENON1T 17..Pa—max 117 ODEAP-3600(5yr)
$ .XFN(NHﬁb X (4T 21
o g7 ER/NR rejection e
Lg [PaNd- 4 Darkside-20k (2 yp)
N
= Scalabilit L2 240 o Xepin Darkside-20k (10 yr
o 10748 y [JATgo (2 ¥
Argo (10 yr)
OXLzo @ yr) o
10_49 Gaitskell et. al. (250307T1537) XLZD (10 yr Il
1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040
Year

solid: achieved limits
empty: projected sensitivities

S0l ‘L (9202) 6 "sAyd unwwiod :einjeN


https://www.nature.com/articles/s42005-026-02563-1/figures/10

The central detector question
From nuclear recoils to detector observables

How does a tiny nuclear recoil become a measurable detector signal?

Primary recoil-response channels

phOﬂOﬂS / heat Detector-level signatures

ionization

scintillation

phase transition / bubble

track topology / directionality

Different detector technologies probe different parts of the recoil response



Scope of this talk

From recoil physics to detector observables

Direct detection is a chain of physical conversions and instrumental choices

recoil microscopic signal electronics reconstructed
sensors
energy quanta transport and DAQ observables

e What microscopic excitations can a recoil generate?

e How do different detectors measure them?

e What instrumental trade-offs define their performance?



The basic WIMP signal

Elastic scattering kinematics: a rare, low-energy nuclear recoill

X+ N a5 IN

Expected recoil spectrum

2 .2
. I . (% B
Elastic recoil kinematics F/, — M(l — COS 9) i m,=100GeV o, =10+ cm2
mn 1071 & /
B
2 2
Emax — 2'U’XN,U '54)
R T myn ~
> 107
X
e Galactic WIMPs are non-relativistic: ,, -, 10-3¢ =,
5
e The standard signal is a single nuclear recaoll M
e Typical recoil energies are sub-keV to tens of keV

The recoil spectrum falls steeply with recoil energy

Low thresholds are essential because the WIMP recoil spectrum falls steeply with recoil energy.



Electronic recoils vs nuclear recoils
Nuclear recoils and electronic recoils partition energy differently

_ visible signal from NR
Qchannel(ER) ~ visible signal from ER at same Epr <l1

NR ionization yield is energy-dependent and below ER yield
50 T T T

40

e quenching: reduced visible signal for NR

20

lonization yield (%)

e ionization yield: charge response

e scintillation efficiency: light response

e ER/NR discrimination: compare signal channels

Channel-specific response parameters:
Yion; Eefﬁ Lya an s 438

Lindhard Model

= Sarkis Model
Sattler et al. 1965
Gerbier et al. 1990
ANTONELLA 2017
Dougerty et al. 1992

lonization yield (%)

The same recoil energy does not imply the same .
detector signal , /

1 1
10! 100 10! 102
Energy (keV)

Chavarria et al. 2016
IMPACT 2023

++*H> 40 |




From recoil energy to measurable quanta
Only part of the recoil energy appears in measurable channels

ER = Fion + Escint + Ephonon -+ Edefects + ...

Phonons,
Heat
e ionization

with charge readout bolometers
EFr —
e phonons / heat
e defects / invisible channels ,

— energy not directly measured @
Liquid noble-gas \ /

Detector threshold is set by measurable quanta, not by recoil energy alone.



Main signal channels in WIMP detectors

CDMSlite COUPP
SuperCDMS HV pr—— PICO
. SBC
: Phonon-only / ! Superheated y
We will now look at the calorimetric mode ! fluids / bubble }
‘. chambers /
anatomy of a detector signal ‘ A
in representative Phonons,
. Heat
technologies.
CDMS 11 ROSEBUD
SuperCDMS iZIP CRESST
EDELWEISS-III (FID) COSINUS
Crypgenlc bolometers Scintillating cryogenic
with charge readout bolometers
CoGeNT Semiconductor \ o DAMA/LIBRA
CDEX fonization e COSINE-100
detectors _ ANAIS-112
Liquid noble-gas \ /
P N dual-phase time
- projection chambers
. . I." Directional gas B Single-phase
historical / precursor / completed \ TPCs / topology | ) noble-liquid
current / flagshi DRIFT LUX, XENON100, XENON1T, DarkSide-50, . scintillation XMASS
gship ) DMTPC R Lz DEAP-3600
future / planned / emerging NEWAGE XENONNT
MIMAC PandaX-4T
CYGNUS DarkSide-20k

Argo

The vertices represent the main microscopic signal channels: charge, light, and phonons or heat.
The edges correspond to technologies that combine two signal channels.
The dashed external circles represent detector-level signatures not described by one microscopic channel alone.
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Charge readout: silicon skipper CCDs

Representative experiments: SENSEI, DAMIC-M, OSCURA

Signal Anatomy
E; — eh” pairs — drift in depleted Si
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Charge readout: silicon skipper CCDs

Representative experiments: SENSEI, DAMIC-M, OSCURA

Signal Anatomy

E; — eh" pairs — drift in depleted Si — pixel collection

3x3 pixels CCD
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Charge readout: silicon skipper CCDs

Representative experiments: SENSEI, DAMIC-M, OSCURA

Signal Anatomy

Es — e’h* pairs — drift in depleted Si — pixel collection — skipper readout — n,
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Charge readout: silicon skipper CCDs

Representative experiments: SENSEI, DAMIC-M, OSCURA

Signal Anatomy

E; — e’h” pairs — drift in depleted Si — pixel collection — skipper readout — n,

3D reconstruction: particle ID

e : R muones _
: : e ot v S
. | e AR N )\.\ ' : -~ ) L)
= . N iR g E
L . electrones . a.
s > o
NG '

: ] I
: ¢ - & 5 10 15 20 25 30
e J . Energy measured by pixel [keV]

Pros: single-electron resolution, eV-scale threshold, fine spatial granularity, low dark-current rates
Cons: limited target mass, no precise timing, slow readout, limited event-by-event NR/ER discrimination b



Charge readout: The DAMIC-M Experiment

DArk Matter with CCDs at Modane

poly shielding

——

—

ancient lead

O = ==

Lead & Poly Shield Cryocooler
(Partially shown) (CCD operated at



Main signal channels in WIMP detectors

CDMSlite COUPP
SuperCDMS HV JIrs PICO
p SBC
: Phonon-only / ! Superheated y
We will now look at the calorimetric mode ! fluids / bubble }
chambers
anatomy of a detectorsignal gy .
in representative Phonons,
. Heat
technologies.
CDMS 11 ROSEBUD
SuperCDMS iZIP CRESST
EDELWEISS-III (FID) COSINUS
Crypgenlc bolometers Scintillating cryogenic
with charge readout bolometers
CoGeNT Semiconductor \ Sl DAMA/LIBRA
CDEX ionization — & COSINE-100
SENSEI detectors ANAIS-112
DAMIC-M
OSCURA
Liquid noble-gas \ /\
P N dual-phase time
- projection chambers
4 Directional gas l‘\ Single-phase

historical / precursor / completed

\ TPCs / topology ,"

noble-liquid

LUX, XENON100, XENON1T, DarkSide-50, _ scintillation

current / flagship D]IDVIRTI}EE L
future / planned / emerging NEWAGE XENONNT
MIMAC PandaX-4T
CYGNUS DarkSide-20k
Argo

The vertices represent the main microscopic signal channels: charge, light, and phonons or heat.
The edges correspond to technologies that combine two signal channels.
The dashed external circles represent detector-level signatures not described by one microscopic channel alone.

DEAP-3600
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Light readout: single-phase LAr scintillator
Representative experiments: DEAP-3600

Signal Anatomy
Ex— Ar'/Art— Ar2* — VUV photons — TPB (wavelength shifting) — visible photons — PMTs

Excitation Excited molecule A
L &—-@9
—_—
V Uv
@ ~128nm
~ CQ
— —_—
Ionization Ionized molecule /
.ef

Recombination

48 muon
veto PMTs

TPB: tetraphenyl butadine (128nm — ~420 nm)
PMTs: photomultiplier tubes

255 inner

O
PMTs 3 um TPB Wavelength

Shifting Coating
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PMT Voltage [V]

Light readout: single-phase LAr scintillator ©
Representative experiments: DEAP-3600

Signal Anatomy

Ex — Ar/Art— Arz* — VUV photons — TPB (wavelength shifting) — visible photons — PMTs — S(t) — N_(t)

waveform for a y absorption
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i i o 2o e

0.05 |- R B
spin-triplet states £ s Pt

0.1 + - E

051--""|  NR T
Sl T . £ e 90 ns

- § 0.2 5’/ f‘)O = fo S(t) dt
0.2 - . A ‘ fo"” S(t) dt
-0.25 ' ' ' ' ool
“o 1000 2000 3000 4000 5000 6000 7000 8000
0 1000 2000 3000 4000 5000 Time [ns)

Time [ns]

ER — lower ionization density — larger triplet component — slower pulse (f,~0.3)
NR — higher ionization density — larger singlet component — more prompt pulse (fy,~0.7)
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Light readout: single-phase LAr scintillator
Representative experiment: DEAP-3600

Signal Anatomy

Ex — Ar/Art— Arz* — VUV photons — TPB (wavelength shifting) — visible photons — PMTs — S(t) — N_(t)

fprompt

How much of the

light arrived promptly?
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singlet triplet
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Light readout: single-phase LAr vs Na(Tl) scintillator crystals

DEAP-3600:
Ex— Ar/Art— Arz* — VUV photons — TPB (wavelength shifting) — visible photons — PMTs — S(t) — N__(t) — PSD
ANAIS-112:

E, — Nal(Tl) lattice excitations / ionization — Tl activator centers — visible photons — PMTs — S(t) — qPE — Eee — R(E,1)
Strategy: ultra-low background, large exposure, long-term stability, annual modulation in the low-energy rate
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Main signal channels in WIMP detectors

CDMSlite
SuperCDMS HV
We will now look at the
anatomy of a detector signal
in representative
technologies.
CDMSII
SuperCDMS iZIP

EDELWEISS-III (FID)

Cryogenic bolometers
with charge readout

CoGeNT Semiconductor
CDEX ionization
SENSEI detectors
DAMIC-M
OSCURA

4 - . N
i Directional gas

historical / precursor / completed ' TPCs / topology /

current / flagship ol
future / planned / emerging NEWAGE
MIMAC
CYGNUS

The vertices represent the main microscopic signal channels: charge, light, and phonons or heat.
The edges correspond to technologies that combine two signal channels.
The dashed external circles represent detector-level signatures not described by one microscopic channel alone.
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Charge + Light readout: Dual-phase noble-liquid TPCs

Representative experiments: XENONNT, LZ, PandaX-4T, [LAr: DarkSide-50, DarkSide-20k]

Signal Anatomy
Ex — Xe'/Xe*— Xez* — 31 scintillation + e” drift — extraction to gas — S2 electroluminescence — PMTs — (S1,S2,x,y,z)

Dual-phase TPCs convert one interaction into two light signals

e
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*Time Projection Chamber (TPC)


https://pure.uva.nl/ws/files/126087832/Thesis.pdf

Charge + Light readout: Dual-phase noble-liquid TPCs

Representative experiments: XENONNT, LZ, PandaX-4T, [LAr: DarkSide-50, DarkSide-20k]

Signal Anatomy

Ex — Xe'/Xe*— Xez* — 31 scintillation + e” drift — extraction to gas — S2 electroluminescence — PMTs — (S1,S2,x,y,z)

S1-S2 identified par during a 2*'AmBe calibration run (NR due to its position on the S2/S1 diagram)
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https://arxiv.org/pdf/1708.07051

Charge + Light readout: Dual-phase noble-liquid TPCs

Representative experiments: XENONNT, LZ, PandaX-4T, [LAr: DarkSide-50, DarkSide-20k]
Signal Anatomy

Ex — Xe'/Xe*— Xez* — 31 scintillation + e” drift — extraction to gas — S2 electroluminescence — PMTs — (S1,S2,x,y,z)

ER/NR discrimination based on the charge-to-light ratio
T T It

L

241 AmBe

cS2p/cS1

ol o | . Nuclear Recoil (I-\IR)

0 étllééllou I14.
Energy [keVEgr]

bOnly-bottom PMT array
Ccorrected from detector response


https://www.physik.uzh.ch/dam/jcr:aec0610f-c331-48b1-acdb-e92271fc6ddb/phd_thesis_final_giovanni_volta.pdf
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Dual-phase LXe TPC: The XENON1T Experiment

Polyethylene
Shield

\

—— BeamPipe

7 PMT

| ___Reflector
Panel

™. I-belt with
Collimator

Water Tank / Muon Veto

Outer Dome
s

Inner Dome

Diving Bell

Field Cage

Outer Cryostat —-

Cryostat Pipe Cable Pipe .
not shown not shuwn/ New Cable Pipe

PMT Array

Inner Cryostat
LXe Purification Line

</

i

Heat Exchanger

ﬁ Cryostat Pipe A

Cable Feedthrough 1

/<

Cable Pipe 1

AY

Cable Feedthrough 2

Cable Pipe 2

—Mag-

Rn-DST
Mag-Pumps

Lxe-PUR Purity
= Monitor
=8

GXe

|
QDrive Cyier

Column

L
LXe
Pump

T
LXe
Filter

CRY: keeps LXe stable at ~175-178 K
GXe/LXe-Pur: removes electronegative impurities(O,, H,0) — preserves S2
Rn-DST: removes radon — reduces internal ER backgrounds

Water + neutron veto: shields and tags muon/neutrons

Pump
........... _ -
_______________________ . Filter
__GXe-PUR |
TPC
175-178 K HV
Connector

Cryostat
Neutron|Veto

Water Tank/Muon Veto


https://eprints.whiterose.ac.uk/id/eprint/227000/1/Material%20radiopurity%20control%20in%20the%20XENONnT%20experiment.pdf

Main signal channels in WIMP detectors

CDMsSlite
SuperCDMS HV

We will now look at the
anatomy of a detector signal
in representative
technologies.

SuperCDMS iZIP
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CoGeNT Semiconductor
CDEX ionization
SENSEI detectors
DAMIC-M
OSCURA

4 - . N
i Directional gas

historical / precursor / completed ' TPCs / topology /

current / flagship ol
future / planned / emerging NEWAGE
MIMAC
CYGNUS

The vertices represent the main microscopic signal channels: charge, light, and phonons or heat.
The edges correspond to technologies that combine two signal channels.

The dashed external circles represent detector-level signatures not described by one microscopic channel alone.
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Charge and phonons: cryogenic semiconductor
Representative experiments: SuperCDMS HV

Athermal phonon sensors

e Energy deposition in detector crystal creates charges and prompt phonons.

e Drifting charges create additional phonons via NTL (Neganov-Trofimov-Luke) effect.

e Phonons are measured by QETs (Quasiparticle trap assisted Electrothermal feedback Transition edge sensors).

Measuring phonons with QTEs

E > 2A~meV TES resistance curve

¥ L epeee—— \
/ COOPER PAIR - QPS i ; ~10 mK
| 1
\\
T, ~50 mK T (mK)

'..;..{
<::: Z&Alﬂw 0.18 meV A. Bowles’ PhD tt
Voltages biases usually O(10-100 V) Aw ~ 0.015 meV

normal

z

=

o]

=
Rres (Q)

PROMPT [superconducting

PHONONS

E - FIELD

Phonons break QPs in Al fins
which diffuse into the TES _>

>

Arecoil in a cold Si/Ge crystal produces prompt phonons and charge carriers. At mK temperatures, the heat capacity is very smaII,
so a tiny deposited energy can produce a measurable phonon signal.



Charge and phonons: cryogenic semiconductor
Representative experiments: SuperCDMS HV
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Charge and phonons: cryogenic semiconductor

Signal Anatomy

Er — e-h pairs + prompt phonons — e-h drift in HV —additional NTL phonon — QET/TES phonon readout — E andY,

phonon

iZIP (interleaved Z-sensitive lonization and Phonon) detectors

’ <=

Luke phonons Vp~3V
e Measure charge and phonons s —1_
(Y. ) b\ g Prompt phonons —
on
e Discrimination between NR and (

ER

Luke phonons

i Luke phonons Vb ~ 100V
e Amplified NTL phonon = X .
production

4
) <@> Prompt phonons —
e Better energy resolution and §.‘ b

lower threshold h g9e
Luke phonons




Charge + Phonon readout: iZIP

Cooper
pair

tungsten

Aluminum trap Transition -
Edge Sensor
collector (TES)

Diffusion

Phonons Ge or Si crystal
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Phonon readout: HV

Connector

W/AI overlap
region

35% Al fin coverage (compared to
4% in iZIP)

Decreases phonon collection time
Better position information

Tighter energy resolution

2-sided bias giving uniform E-Field 31



Phonon readout: high-voltage cryogenic semiconductor
Representative experiments: SuperCDMS HV,

Signal Anatomy
Er — e-h pairs + prompt phonons — e-h drift in HV —additional NTL phonon — QET/TES phonon readout — E

phonon

Example Energy Spectrum

Response from particle interaction ' -
—— Template Pulse 1 eh E — ER _|_ neheV_

2
=

— p== |

3 e

5 ©

= 9,

3 b

£ {

2 g

< =
L

-0.5 0.0 0.5 1.0 1.5

Time [ms]

SQUIDS: Height of pulse gives
estimate of energy

Energy [arb. units]

Peaks correspond to number of
electron-hole (eh) pairs produced 32



Phonon + Channel readout: SuperCDMS Expermient

Dilution N
Refrigerator K
n E-Tank
m $ 4
L s
C-Stem y
[ i
Seismic Platform SNOBOX

2 km of rock overburden (6000 m.w.e) at SNOLAB, Canada
— Factor of 100 reduction in muon flux compared to previous generation




Phonon + Channel readout: SuperCDMS Experiment

SNOBOX

SNOBOX

Radon filter plant

Dilution
Refrigerator

Py Shig, ’ﬂing

Detector
Packs

Vacuum bulkhead for signals

Cryostatand

‘!‘ detectors
Scl h’lla‘twgo ’

Water and Poly outer shielding
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Phonon + Channel readout: SuperCDMS Experiment

4 towers, 6 detectors each
o 10GeiZlPs
o 2SiiZlPs
o 8GeHVs
o 4SiHVs
28.8 kg payload
o 0.6 kg per Si detector
o 1.4 kg per Ge detector
Channel segmentation for
position reconstruction
o 12 phonon channels
o 4 charge channels oniZIPs

=2 =
— :
=

Tower 1 (iZIP)  Tower 2 (HV) Tower 3 (HV)

iZIP detector
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Were detector technologies compete in WIMP searches

Detector performance is not one-dimensional

High-mass WIMPs: sensitivity is mainly exposure- and
background-limited
— large, ultra-clean LXe/LAr targets dominate.

Low-mass WIMPs: sensitivity is mainly threshold- and
quenching-limited

— cryogenic semiconductors, CCDs, and low-threshold
detectors become competitive.

Different technologies push different frontiers:
mass, threshold, background rejection, and
stability.

DM-nucleus scattering

<‘< ‘% LOWER TARGET

~. & MASS
’ "% and detector
‘% THRESHOLDS

s

*

DM-nucleon cross secti

10

WIMPs

.Y

Longer exposure

|

»

1 0—48
1073 1072 10 1 10

WIMP mass

[y

“Frontier 1o
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Frontier 1: LEE Frontier for current WIMP searches

Low Energy Excess mitigation is key to opening up the sub-GeV regime for discovery

= CRESST-IlIl CaWO4

CRESST-IIl SOS

—— EDELWEISS RED20

Rate (1 / kg / days / eV)

107

= BULLKID
——— SCDMS-CPD

NUCLEUS
TESSERACT LS

106 +
10° 4
104 4
103 +
102 4
101 4
100 ;
1071 4

|

/

1072

10!

Energy (eV)
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Impact on the DM sensitivity: in the LEE presence the DM
sensitivity is worsened by orders of magnitude!

And exposure increase does not help in the sub-GeV DM
regime

High LEE Rate

Low LEE Rate

107!

10°
DM Mass (GeV)

1 min
Exposure

107!

10°
DM Mass (GeV)



Adapted from: arXiv:1904.07915

Frontier 2: Beyond nuclear recoils
Electron recoils and quantum excitations

T T T T T T
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(Liquid) noble gas detectors ”'i‘
LXe, LAr, LHe, Ne
NR
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Cryogenic detectors
Si, Ge, AlL,O3;, CaWwQ,, LIAIO, Nal
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https://arxiv.org/pdf/1904.07915

Summary: detector technology defines the physics reach

e A WIMP signal is not measured directly: it is converted into charge, light,
phonons, heat, or topology.

e ER and NR depositions produce different visible signals because of quenching
and channel-dependent yields.

e CCDs, scintillators, noble-liquid TPCs, and cryogenic semiconductors optimize
different trade-offs.

e Large exposures dominate high-mass WIMP searches; low thresholds dominate
the low-mass regime.

e Future progress requires controlling the low-energy excess and developing
sensors for new quantum excitations.
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