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covered here.




ULTRALIGHT
DARK MATTER

Mass range
~10-22 eV to ~10-6 eV

Experiments
CASPEr, MAGIS-100

AXIONS

10-2

10:*

Mass range

~10-% eV to ~10-% eV
Experiments

ADMX, MADMAX,
QUAX, CAPP-8TB

10-21

DM: low hanging fruit?

Mass, in electron volts (eV)

W hat Could
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Dark Matter
Be?

PRIMORDIAL
BLACK HOLES

Mass range
~1to ~30
solar masses
Experiments
LIGO/Virgo

WIMPs

~1 GeV to ~1 TeV

Experiments
XENONRT,
PandaX-4T,

LZ, CRESST, DAMA,
COSINE-100

1018

SUB-GeV
DARK MATTER

Mass runge
~1 keV to ~1 GeV

Experiments
SENSEI, TESSERACT




The WIMP Miracle

Weakly Interacting Massive Particle (WIMP) Miracle!
Massive, mediator heavy Y point-like interaction



Away from Standard WIMP: <

the dark sector

one or two particles in Credit: Flip Tanedo
stable the narrow width limit

Dark matter Mediator Standard
Model

Renormalizable
Strength of coupling (or low-dimension)

controls abundance, portal interaction
clf-interacti

Bottom-l i ne: the prejudice of fnmdyss.i
IS eliminated, wide search for sub-GeV dark matter (and mediators)



Global status: hide & seek

Elastic spin-independent cross section
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Neutrino coherent scattering
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Low mass DM detection technigues

Liquid Nobles ¢ - Approg_chl: Energy
Bubble Chambers | - deposition converted to
Gas e phonon

Dark Matter

lonization in e : g (mass - Ge/ — TeV)
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Superconductors, Superfluids Phonons can be measured,
Single Phonon Detectors e.g., by transitional edge
sensor (TES)
-1 e e So_mg acpompanying energy
Mass (MeV) in ionization or photons:
particle 1D




—— CRESST-IIl 2024 CRESST-IIl 2022 === SuperCDMS-CPD 2020 Collar 2018
CRESST-Il 2019  --- CRESST surf. 2017  ---' SuperCDMS-0VeV 2022

y — ~ T T
| |

m?2)

106 10-30 e

10° 10-31

10—32

=t
o
S

detector

—t
o
w
=
S
w
w

i

=
o
S

oM T T T T T TTTm T TOm 1 Ty T TTm T Ty 1)

- :
Main .
absorber"E

3

3

1
3
¥
'
3

a
o
c
O

=]
9]
Q

wn
1]
)]
o
|

o
c
o

L
)
-

<

Q

A=
=
| .

&
.
)
]
i
1]

=

=

e
©

(]

=
o
|
)

Dark Matter Particle-Nucleon Cross Section

| |
0.2 0.3
Dark Matter Particle Mass (GeV/c?)

Si on Sapphire, 0.6 g, 138 g*day, threshold 6.7 eV, single 7.6 eV luminescence photon observed first time
PRD 110, 083038 (2024), arXiv:2405.06527




TESSERACT

arxiv:2503.03683

TES on Si

2-TES coinc
0.23g*12 hour
Threshold: 1.5 eV

DM-nucleon gs [cm?]
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Prompt
Scintillation Evaporation Triplet Scintillation
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PRD 110, 072006 (2024)
arXiv:2307.11877

m,[MeV/c?]
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Low mass DM detection technigues

Bubble Chambers

- 2203.08297 US Snowmass
Liquid Nobles &
:
Gas l
.
|

lonization In
Semiconductors/Insulators

Optical Phonons
Low-Gap Materials

puperconductors, Superfluids
ﬁingle Phonon Detectors

101 10© 101 102
Mass (MeV)

Approach?2: electron
as target, with atomic
Inelastic scattering:
accessing full DM KE-
binding.

Essig, Mardon, Volansky,
PRD 85, 076007 (2012)
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SuperCDMS

—— Model: F x1/g2%, 3 MeV/c?

[—1 DM-search data

Energy ranges outside
the region of interest
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Energy (eV)

HVeV underground run, 7.6 g*day, structure
below first eh peak not yet understood

- AROE I , _
Phonon-only or ionization-only = PRD 111, 012006 (2025), arXiv:2407.08085 )
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Skipper CCD

A Small amount of energy converted to e-h pairs in CCD pixels

A'Si: 1.2 eV for an e-h pair production

A Repeated readout to reduce noise <<le-h

Pixel array S~

‘\-

pixel
—

Free
charge 675 um

x |0n|z|ng Carl'lers
particle
Z

Fully depleted
substrate
. 4]

15 pm

skipper CCD
Readout-noise: 0.06 e RMS

3 0 a6 8 10
measured charge in pixel [e-]

PRL 119 (2017) 13, 131802

Ongoing effort:

A SENSEI (40 g)

A DAMIC SNOLAB (42 g)
A DAMIC-M (26g->~kg)

A Oscura: 10 kg

11
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Electrons
APRL’L34, 011804 (2025), PRL 134, 161002 (2025)

A Lowest dark rate achieved: 40 e-/gram/day

H_ [ IIIIIII| I IIIIIII| I IIIIIII| | IIIIII|'| I IIIIIII|

A Analysis performed with 1e- data!

SENSEI le~




DAMIC-M

F o=l mJq)? DAMIC-M, this work - DAMIC-M, this work

O
===+ DAMIC-M, this wurk. (QEDdrk) E ===+ DAMIC-M, th|5. wc:rk {OEDark]
— DAMIC-M (2023,2024) & = — DAMIC-M (202
SENSEI (2D25) F SENSEI {2025 J
SuperCDMS (2025 E SuperCDMS 2025;
DarkSide-50 (2023 E DarkSide-50 (2023
}:ENONnT{E 25 F . XENON- 1Tfn 52019 ,2025)
=m0 PandaX-4T (202 E\/I L === PandaX-4T
- - Solar-Reflected D E - Solar- Refletted D

m, (MeV/c?)

APRL130, 171003 (2023)
A arXiv:2503.14617: 1.3 kg*day, Dark rate: ~400 /g/day (improved 50Id)
A Significant freezén parameter space probed!




Phonon detectors

Rate (1 / kg / days / eV)

10-1

10-2 :

10! 102
Energy (eV)

—— CRESST-IlIl CaWO4 —— BULLKID NUCLEUS
CRESST-III SOS SCDMS-CPD
—— EDELWEISS RED20

A Physics? No!

A Background?
APhonon:
Al oni zati on:

A Major challenge for the DM physics

TESSERACT LS

Rate (1 / g/ days)

2016 '17 '18 '19 '20 '21 '22 '23 '24 '25
Year
DAMIC DAMIC-M A SCDMS-HVeV

B SENSEI m CONNIE 140K 1e thermal

Stress/ def ect € Excegss Workshop: 2202.05097
Aspuri oushREVIBW 90898892 c k gr ound
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Global status: hide & seek

Elastic spin-independent cross section
« Lower E, W
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XENONI1T (2020)

nucleoncross section [pb]

Neutrino coherent scattering
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obel-liquid dual-phase time
projection chamber

7 Dark matter: nuclear recoil v background: electron
Gamma — (NR) recoil (ER)

electron recoil

sy _Drifttime, o5 s1 -Drifttime s

incoming particle 1 ' 1 '

(S2/S1)\r<<(S2/S1)r

liquid xenon

Multi-site scattering

| cathode background (ER or NR)
- 3 - S1 S2

In the case of Ar, significant pulse-shape discrimination ability to differentiate ER/NR




Global Ar Collaboration

C. Galbiati, UCLA-DM 2025

Since 2017

The Global Argon Dark Matter Collaboration (GADMC)

GADMC unified in a single Collaboration more than 400 scientists interested in

DM searches with argon to explore heavy (and light) dark matter to the neutring
" oor and beyond Y P

DarkSide-20k => ARGO=>DS-LM

17



-20K @ LNGS

Progress of DS

-20k at LNGS

UCLA-DM 2025
To [2

DarkS

C. Galbhiati,

ProtoDUNE Cryostat  UAr Cryogenics UAr Transportation S@88and Storage

AAr Cryogenics

Compressor

UAr
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Underground Ar (suppress 3%Ar)!

C. Galbiati, UCLA-DM 2025




Liquid Xxenon experiments

Sanford Lab, LZ, 7 ton
3 LNGS, XENONNT, 6.5 ton

\2;
S G
C I h—

~ CJPL, ParidaX-4T, 3.7 ton
) 4




Panda-4T, 1.5 tonne*year,
blinded analysisi Run0+1

WIMP (6 GeV) 127Xe L-shell EC Accidenta T ————r1

Tritium 3 121%e LL-shell ECEC Surface
Other ER I Neutron

e ’ 3 — PandaX-4T 2021
: ' : XENONnT 2023
LZ 2023
s PandaX-4T 2024 (this work)
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Likelihood (norm.)
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17. 19 21
Candidate Index

SI WIMP-nucleon cross-section [em-]
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PRL 134, 011805 (2025), arXiv:2408.00664




XENONNT: 3.1tonne*year
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A Record-low ER background: PRL 129, 161805
(2022), arXiv:2207.11330
A Rn distillation removal: <1 nBg/kg, 2502.04209

WIMP-nucleon cross-section ¢>! [cm?]

w— XENONNT (this work)
—— XENONNT 2023

— L7 2023

—— PandaX-4T 2025
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—-46 2 Mpm
3.7x107** cm* X e

raal L 1 P S T
102 103
WIMP mass Mpym [GeV/c?]

New result: 2502.18005, 3.1 tonne*year



https://arxiv.org/abs/2207.11330

t=25 min
t=0 min i

t=5 min
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t=5 min

* Median 3o discovery potential
t=15 min

==== Median expected upper limit 3

log(S2¢ [phd])

= Power Constrained Upper Limit J

==+ Unconstrained upper limit

[ | ! I S|

_ : 10° 10’ 10
c - 5 0 ‘( noo 3 ‘2
t=25 min ¥ - - Sl("‘[?)hdj ’ s 0 W]MP Md.\% [(JCV/L ]

A Tag radon daughter Pb214 via P0218-Pb214 (t,,, = A Latest results: arXiv:2410.17036
27 min)

A Untagged Rn rate: 1.8 micro-Bg/kg ALeading DM exclusion
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LZ 4.2 tonne*year, arXiv:2410.17036
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== Data Best Fit . Signal

— EIEPb 21-‘1Ph 1251
BKr == Solar v Material
— 36%0 2vBB == Xe
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PandaX-4T, PRL 134, 071004 (2025), arXiv:2409.00773



https://arxiv.org/abs/2409.00773

Accessing light DM: S2-only

Electron
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PandaX-4T, PRL 130, 261001 82023) 5
(A) Fpm =1 (B)Fpm~ 1/q
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Accessing light DM: Migdal effect

A Reformulated: Ibe et al., JHEP 2018, 194 (2018); Dolan et al., PRL 121, 101801 (2018)

A Direct DM-e ionization and Midgal-induced ionization probability are closely related, Essig,
Pradler, Sholapurkar, and Yu, PRL 124, 021801 (2020)
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S2-only + Migdal

Migdal effect now widely used in light
DM searches

E.g.PRL 130, 261001 (2023),
arXiv:2212.10067

29


https://arxiv.org/abs/2212.10067

Many experimental efforts (with neutron
beam)

AGas TPC

A MIGDAL experiment; Astropart.Phys.
151,102853(2023),
arXiv:2207.08284

A PTEP, Vol 2021, 1, 013C01

A Semi-conductor: PRD 107, 4, L041303
(2024), arXiv:2210.04917

A Liquid xenon: PRD 109, L051101
(2024), arXiv: 2307.12952

Counts

Data— Sim

—— Single scatters
Passive scattering
—— Neutron multi-scatters
— Migdal (best-fit)
~- Migdal (predicted)

H

125 150 175 200
S2 [electrons]
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Boosting via nucleon or electron

CR : ; FDh-{(.q) =1
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Bringmann and Pospelov, PRL 122,

171801 (2019) e XENONIT (S2-only)

s PandaX-11 (S2-only)
XENONI10 (S2-only) (Essig)
Freeze-out
CDEX-SBDM
H.P.An-SBDM
PandaX-4T (S2-only)

| 0_4' RG disfavoured
 distey PRL 134, 161003 (2025),
This work arXiv:2412.19970
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What else can be done with
these large LXe detectors?




"Coherent Neutrino-Nucleus Scattering

AQuantum mechanics: 200 MeV ~ 1 fm
ASo MeV neutrino cannot resolve individual atomic nucleus

scatte_red Coherent effects of a weak neutral current
neutrino

aniel Z. Freedman
Phys. Rev. D 9, 1389 — Published 1 March 1974

Article References Citing Articles (412) m Export Citation

If there is a weak neutral current, then the elastic scattering process v+ A — v + A should have a
sharp coherent forward peak just as e + A — e + A does. Experiments to observe this peak can give

Ea

important information on the isospin structure of the neutral current. The experiments are very difficult,

seébndary MeV may be suitable. Quasi-coherent nuclear excitation processes v + A — v + A* provide possible
recoils tests of the conservation of the weak neutral current. Because of strong coherent effects at very low

scintillation energies, the nuclear elastic scattering process may be important in inhibiting cooling by neutrino EA - (E /1 MCV ) kev

emission in stellar collapse and neutron stars. 3 A

» O ., E
’ although the estimated cross sections (about 1078 em? on carbon) are favorable. The coherent cross Amax
3 . " . . . FIG. 1. il- / spec S S i
/f 5 sections (in contrast to incoherent) are almost energy-independent. Therefore, energies as low as 100 G. 1. Recail-energy spectrum of the struck nucleus 4 in
elastic neutrino scattering.

The experimental idea that motivated DM direct detection 40 some years ago!



Solar B8 neutrinos!

‘ Physics Magazine highlights of the year 2024
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A Majorana or Dirac
A Lepton number violation

A Measures effective Majorana mass: relate
O3bb to absolute ne

3
[(mpp)| = |Y_ Usm;
=1

A Leptogenesis!




