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Modern cosmology:

 Compelling  paradigm:

 Massive,

 Non-relativistic (𝑣 ≪ 𝑐),

 Non-luminous (no/tiny EM interaction),

 Stable particles

The Standard Model

Many more other observations!

Dark Matter?



 Galaxy rotation curve

 Coma cluster

 Gravitational lensing 

 Bullet cluster

 Structure formation

 Cosmic microwave background radiation (CMBR)

 Sky surveys

 Type Ia supervovae

 Baryonic acoustic oscillation (BAO)

 …



Karina ∈ SM 

But DM ∈ SM

Nature
of DM?
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DM

 Based on the WIMP paradigm.DM DM

SMSM

Interaction 32
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[PRL (1977)] 
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DM Direct Detection:

Target Particle Recoil



Credit: NASA, ESA, T. Brown & J. Tumlinson
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 Assuming mDM ~mp ~ 0.94 GeV:

 Φ𝜒 = 𝑛𝜒𝑣rel &  𝑛𝜒 = 𝜌𝜒/𝑚𝜒

flux area

Credit: C. Mucha

DM
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 DM: all around us!  recoil of DM-nucleus scattering from E & p conservation!

What is measure:  E of recoiling nucleus ~ 1-100 keV for mDM ~ 1-100 GeV

(Ek ~ mv2 with v/c~10-3)

 Challenges:  very small E, small event rate, large backgrounds
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Coherent Elastic 𝝂-Nucleus Scattering (CE𝜈NS)

PRD (1974)

PRD (1984)

CsI: > 𝟔. 𝟕 𝝈

COHERENT [2003.10630]

Ar: > 𝟑 𝝈

COHERENT [1708.01294]

PRD (1985)



, COSINE, DM-Ice

DarkSide

, LZ 
, PandaX

Very Active

Lots of Exps. are 

in operation 

or planned. 
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[1903.03026]

Cygnus



 Two main approaches to measuring ρDM

 Global measures: inter/extrapolating ρDM from the rotation curve

 Local measures: the vertical kinematics of stars in the local Milky Way  ‘tracers’

 There have been attempts to bridge two scales.

 Recently, analysis of Galactic dynamics, even using machine-learning approaches.

[arXiv: 2305.13358]





Credit: NASA, ESA, T. Brown & J. Tumlinson
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 Mass & interaction strength of DM

Differential recoil rate: 

Amplitude Interaction strength

Curvature (~distribution)Mass
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Eth



DM 
(𝝌)

DM’ 
(𝝌′)

SMSM

Interaction

𝛿 = 𝑚𝜒′ −𝑚𝜒



COSINE

DAMA, XENON

~1.4 km



G. Deuter, Eurograd Workshop, Sept. 2010



XENON/LZ Nuclear recoil

Electron recoil



DAMA [arXiv: 1805.10486]
 As the Earth orbits the Sun, v of the detector relative to the DM halo varies.

 DAMA has detected an annual modulation in the event rate (12.9 σ significance). 

 14 annual cycles, modulation amplitude: 0.0103 ± 0.0008 in the (2-6) keV

 Phase: 145 ± 5 days  (cf. June 2nd), Period: 0.999 ± 0.001 yr



 COSINE-100 w/ 106 kg NaI & 6.4 years: No annual modulation signal
COSINE-100 [arXiv: 2409.13226]



24

DM Limit Plotter

Limited by Eth



Credit: Samuel Velasco
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Something 
New ?



New Technologies for 

Light Dark Matter
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1. Energy threshold

 Need lower E thresholds (eV-scale or less)

 R&D to push towards meV-scale E thresholds 

 Electron is preferred as a target.

2. Exposure (target mass + runtime)

 Not as important as for WIMP searches 

3. Backgrounds

 Complicated, non-radiogenic backgrounds at lower energies

Φ𝜒 = 𝑛𝜒𝑣rel =
𝜌𝜒

𝑚𝜒
𝑣rel
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Daniel Baxter, IDM 2024

Detectors searching for ionization

 S2-only searches in TPCs: XENON, 

DarkSide-50

 CCD: DAMIC, SENSEI

 Neganov–Trofimov Luke (NTL) effect: 

SuperCDMS-HVeV, EDELWEISS



XENON/LZ

 e-recoil  stronger S2 Massive exposure, but 

large unmodeled dark rate (no discrimination )



Daniel Baxter, IDM 2024
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Limited by Eth

DM Limit Plotter

DAMIC: CCD
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[2203.08297]
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 Targets: Superconductor, Superfluid He, 3D 

Dirac material, Polar material, Diamond, etc.

 Sensor technologies: TES, MKID, STJ, SNSPD, 

etc. (mostly based on superconductivity)

 The race to prove super-light DM has begun.

 𝑬𝒌~𝑚𝑣
2~𝑶(meV) with 𝑚~keV & 𝑣~10−3

New approaches are required!

zeV=10-21 eV keV MeV GeV TeV PeV 100𝑀⨀~1068 eV

Light mediator

No Direct 
Search Yet!

Dark Matter Limit Plotter

Super-light
DM
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Dan McKinsey, IDM 2022

PRL (2019), PRD (2022)

SNSPD

[2403.19739]

KID

PRD (2022)
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1. Single atom liquid/gas

 Noble gas

 Electron binding E of the target atom: ionization E

2. Solid

 Single atom: Ge, Si, C

 Composite: GaAs, NaI, Al2O3

 Electron band structure
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Other 
Ideas?
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Why inelastic channel?

 Signatures

 Elastic: low energy nuclear recoil

 Inelastic: 𝛾 cascade (∆𝐸 ≲ 10 MeV), 

𝛾 cascade + nucleons (∆𝐸 ≳ 10 MeV)

 Motivation

 A new channel to study

 Larger energy ~𝑂(1 − 10) MeV

 Better S/B ratio

Sahu et al., [2004.04055]

𝑵

𝝂, 𝝌

𝑵∗

𝝂, 𝝌




𝐸𝑖𝑛 ≲ 50 MeV

𝜸

𝜸

𝜸

𝜸
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PLB (1976)

PLB (1991)

 Recent 

improvements

 Inclusion of multiple excited states

 Consistent handling of hadronic currents

 Exclusive cross sections for each stateDutta, Newstead et al., 
[2206.08590]

Inelastic 𝝂-Nucleus Scattering (I𝜈NS)

𝑵

𝝂

𝑵∗

𝝂




𝜸
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Inelastic DM-Nucleus Scattering

𝑵

𝝌

𝑵∗

𝝌




PLB (1988)

XENON1T [2011.10431]

39.6 keV de-excitation 𝜸 from 𝟏𝟐𝟗𝐗𝐞

57.6 keV de-excitation 𝜸 from 𝟏𝟐𝟕𝐈

COSINE-100 [2307.09814]

𝜸
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B. Dutta, W.C. Huang, D. Kim, J. Newstead, JCP, I. Shaukat Ali 
PRL (2024) 

 Inelastic (solid) better than elastic (dashed)

 LZ - nuclear recoil data; others - projected/attainable; NR DD (gray) - standard direct detection 



DM: a clear sign of new physics (particle) beyond the Standard Model

DM wind Searching for scattering between DM & SM particles

 So far most of Exps. focusing on WIMP, but no firm positive result yet

New approaches (especially for light DM) by adapting new ideas & technologies

ありがとう

DM 
DD

Astro-
physics

Cond.-M. 
physics

Particle 
physics



Supplemental



We proposed a new super-light DM direct detection experiment, 

adopting the Graphene-based Josephson Junction* (GJJ) 

microwave single photon detector.

* A “state-of-the-art” technology: 

much lower 𝐸𝑡ℎ~𝑂(0.1 meV)
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[Kim, JCP, Lee, Fong, 2002.07821 & in progress]



SC

SC

45

𝝌

𝝌

𝒆

I. DM scatters off (π-bond) free electrons, transferring some fraction of its incoming 𝐸𝑘.

 𝐸𝑘~𝑚𝑣
2~1 meV for 𝑚𝐷𝑀 = 1 keV

 GJJ detector: sensitivity to the signal even by sub-keV DM.

II. The recoiling e heats up & thermalizes with nearby e’s rapidly via e-e interactions.

III.The JJ is triggered: the temperature rise switches the zero-voltage (non-resistive) of JJ to a non-zero-

voltage (resistive) state.

𝑇𝑒 ↑: 𝑉 = 0 ⟶ 𝑉 ≠ 0

𝒆
𝒆

𝒆

𝒆𝒆

𝒆
𝒆

 Achieved fundamental 

limit of sensitivity:

NEP= 0.7 aW/Hz1/2

 Corresponding Energy 

Threshold:

ΔE=0.1 meV

[G.-H.Lee, D.K.E., W.C.Jung et al., Nature (2020)]

 GJJ microwave bolometer
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SC

SC

𝝌

𝝌

𝒆 𝒆
𝒆

𝒆

𝒆𝒆

𝒆
𝒆𝜽

𝒑𝝌∥

 Scattering: DM traveling in 3D & electrons living in 3D but confined in 2D graphene layer.

 Constrained elastic scattering!

 Prediction: angular dependence of the signal rate  applicable to background rejection.
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 2D detector unit: a single switched GJJ by DM interaction allows the series resistance.


