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No solid observation

 Stringent constraints

on WIMP

DM Limit Plotter v5.18
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Hmm… 

WIMP Dead?
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Time to extend our point of view?!



zeV=10-21 eV keV MeV GeV TeV PeV 100𝑀⨀~1068 eV
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WIMP
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thermal
No firm 
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Heavy mediator Light mediator

 Ek ~ mv2 , Φ𝜒 = 𝑛𝜒𝑣rel = (𝜌𝜒/𝑚𝜒)𝑣rel

 lighter DM: smaller Er, but lager flux (lighter target particle)

 low Eth preferred but even OK with small target mass (e-recoil)

Dark Matter Limit Plotter v5.18 (April 07, 2023)

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

 A way out: 𝒗~𝒄

e.g., BDM

Limited by Eth

How about super-

light DM search?
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 Targets: Superconductor, Superfluid He, 3D Dirac 

material, Polar material, Graphene, Diamond, etc.

 Sensor technologies: TES, MKID, STJ, SNSPD, 

GJJ, etc.

 The race to prove super-light DM has begun.

 No experiment for O(keV) DM so far.

 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!

Dark Matter Limit Plotter v5.18 (April 07, 2023)
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1. Light DM ↔ Directional detection:

 For better directional recoil detection, higher 𝐸𝑟 is mostly preferred, e.g., longer track. 

 But, our focus is super-light DM.

 Lighter DM induces lower 𝐸𝑟, and thus less visible signals (tracks).

 Can light DM be connected to directional recoil detection? 

2. Mass information:

 Direct detection experiments utilize the differential 𝐸𝑟 spectrum to identify the DM mass scale.

 But, various low E sensor technologies feature the “on-off” type working principle or relatively 

poor E resolution.

We may recognize a DM event occurrence, but not measure the magnitude of the E deposit.

 Is there any alternative method to determine the mass of DM?
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 Our approach is available for experiments using (effectively) 2D detectors: their experimental 

signatures are related to the behavior of targets scattered by DM along the detection plane, the incident 

angle (𝜽𝝌) of a DM particle with respect to the plane-normal direction affects the resulting event rate.

 The solar system moves around the galactic center.  The resulting DM flux has a directional 

preference: CYGNUS! We expect a non-trivial dependence of event rates on the angle (𝜽𝝌
𝐰) between 

the plane-normal direction and the DM wind due to the motion of the solar system.

𝐓

𝝌

𝝌

𝜽𝝌

𝒑𝝌∥

ෝ𝒏

𝝌: DM
T: target

GC

Cygnus

Sun
Earth

DM wind
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 The velocity component parallel to the detection plane is more relevant to event rates than that normal 

to the plane for (effectively) 2D detectors. 

Heavy DM: a small 𝑣 is good enough to get over the 𝐸th, leaving a detectable signature + 𝑚 via 𝑑𝑅/𝑑𝐸𝑟.  

vs Light DM: a large 𝑣 is preferred (+ no or poor 𝑑𝑅/𝑑𝐸𝑟).

 The 2D detection plane gets exposed to the DM wind at various angles. The resultant angular 

distribution of event rates per unit exposure time allows for the determination of the mass of DM.

𝒎𝝌 ↔ 𝜽 ?vs



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]



Superconductor-Graphene-Superconductor (SGS)

Two sides of mono-layer graphene are joined to superconductors. 

 a superconductor-normal metal-superconductor Josephson 

junction.

 A GJJ single-photon detector was proposed, covering from near-IR to microwave.  [Phys. Rev. Applied (2017)]

 G.-H. Lee, K.C. Fong & their collaborators have demonstrated experimentally that the GJJ microwave 

bolometer can have sensitivity to ~𝟎. 𝟏 meV energy deposits.  [Nature (2020)]

 The detection of single near-IR photon (𝑬~𝟏 eV) has been done. [Science (2021)]

 Currently, a GJJ single-photon detector for 𝑬~𝟏 meV is under testing.
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[G.-H. Lee et al. Nature (2020)]



14

SC

SC

𝝌

𝝌

𝒆

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

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 0-voltage of JJ to a non-zero-voltage state.

𝑇𝑒 ↑: 𝑉 = 0 ⟶ 𝑉 ≠ 0

𝒆
𝒆

𝒆

𝒆𝒆

𝒆
𝒆
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𝝌

𝝌

I. Single graphene strip (a): the 1D assembly of a long graphene strip & 

a number of superconducting material pieces

 an array of SC-graphene-SC-graphene-SC-⋯ (SGSGS⋯).

II. Each sequence of SGS represents a single GJJ device.

III. 2D detector unit (b): all GJJs are connected in series so that even a single 

switched GJJ by DM interaction allows the series resistance between S & D 

 V changes from 0 to a finite value.

 A much larger-scale detector can be made of a stack of such detector units (3D).
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To calculate experimental sensitivities, we should consider 

the scattering between DM traveling in 3D & free electrons 

living in 3D but confined in 2D graphene layer.

Constrained elastic 
scattering
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 𝑛eve =
𝑁eve
total

𝑀𝑇𝑡run
=

1

𝑀𝑇𝑡run
𝐸𝑟>𝐸th

𝑑𝐸𝑟
𝑑𝑵𝐞𝐯𝐞

𝑑𝐸𝑟

=
1

𝑴𝑻𝑡run
𝐸𝑟>𝐸th

𝑑𝐸𝑟 𝑑𝑣𝜒 𝑓MB(𝑣𝜒)
𝑑

𝑑𝐸𝑟
𝑵𝒆𝜎𝑒𝜒𝑣rel

𝜌𝜒

𝑚𝜒
𝑡run

= 𝐸𝑟>𝐸th
𝑑𝐸𝑟𝑑𝑣𝜒𝑓MB(𝑣𝜒)

𝑑𝒏𝒆
𝟑𝑫𝜎𝑒𝜒𝑣rel

𝑑𝐸𝑟

1

𝝆𝑻
𝟑𝑫

𝜌𝜒

𝑚𝜒

= 𝐸𝑟>𝐸th
𝑑𝐸𝑟𝑑𝑣𝜒∥𝑓MB(𝑣𝜒∥)

𝑑𝒏𝒆
𝟐𝑫𝜎𝑒𝜒𝑣rel∥

𝑑𝐸𝑟

1

𝝆𝑻
𝟐𝑫

𝜌𝜒

𝑚𝜒

 𝒏𝒆
𝟐𝑫 = 2

𝑑2𝑝𝑒,𝑖
𝑥𝑦

2𝜋 2 𝑓𝑒,𝑖 𝐸𝑒,𝑖 = 2
𝑑2𝑝𝑒,𝑖

𝑥𝑦

2𝜋 2 
𝑑𝑝𝑒,𝑖

𝑧

(2𝜋)
(2𝜋)𝛿(𝑝𝑒,𝑖

𝑧 − 𝑝𝑒,𝑓
𝑧 )𝑓𝑒,𝑖 𝐸𝑒,𝑖

= 2
𝑑3𝑝𝑒,𝑖

2𝜋 3 (2𝜋)𝛿(𝑝𝑒,𝑖
𝑧 − 𝑝𝑒,𝑓

𝑧 )𝑓𝑒,𝑖 𝐸𝑒,𝑖

 𝑵𝐞𝐯𝐞 = 𝑁𝑒𝜎𝑒𝜒Φ𝜒𝑡run

 Φ𝜒 = 𝑛𝜒𝑣rel &  𝑛𝜒 = 𝜌𝜒/𝑚𝜒


𝑵𝒆

𝑴𝐓
=

𝑁𝑒/𝑉

𝑀T/𝑉
=

𝒏𝒆
𝟑𝑫

𝝆𝑻
𝟑𝑫

=
𝑁𝑒/(𝐴∆𝑙)

𝑀T/(𝐴∆𝑙)
=

𝒏𝒆
𝟐𝑫

𝝆𝑻
𝟐𝑫

 𝑓𝑒,𝑖 𝐸𝑒,𝑖 =1/ 1 + exp(
𝐸𝑒,𝑖−𝜇

𝑇
) ,  (𝜇~𝐸𝐹)

 Fermi-Dirac distribution function

Consistent with the assumption of no significant momentum change 

along the surface-normal direction

2D nature of graphene
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 Graphene-surface-parallel DM velocity profile:

𝑓MB 𝑣𝜒∥ = 
− 1− 𝑣𝜒∥/𝑣esc

2

1− 𝑣𝜒∥/𝑣esc
2

𝑑cos𝜃
1

2sin𝜃
𝐹MB(

𝑣𝜒∥

sin𝜃
)

 A plane-projection of a Maxwell-Boltzmann distribution.  

 Event rate on a (sufficiently thin) 2D material: 𝑛𝑒
2D𝜎𝑒𝜒𝑣rel∥ = 

𝑑3𝑝𝜒,𝑓

2𝜋 3

ℳ 2

16𝜋𝑚𝑒
2𝑚𝜒

2 𝑺𝟐𝐃(𝑬𝒓, 𝒒)

 Structure function for the 2D system:

𝑺𝟐𝑫 𝑬𝒓, 𝒒 = 2 
𝑑3𝑝𝑒,𝑖

2𝜋 3 
𝑑3𝑝𝑒,𝑓

2𝜋 3 (2𝜋)𝛿 𝑝𝑒,𝑖
𝑧 − 𝑝𝑒,𝑓

𝑧 2𝜋 4𝛿 4 (𝑝𝜒,𝑖 + 𝑝𝑒 𝑖 − 𝑝𝜒,𝑓 − 𝑝𝑒,𝑓) 𝑓𝑒,𝑖 𝐸𝑒,𝑖 1 − 𝑓𝑒,𝑓 𝐸𝑒,𝑓

= (2𝜋)𝛿(𝑝𝜒,𝑖
𝑧 − 𝑝𝜒,𝑓

𝑧 ) ∙
1

2𝜋2
𝑑3𝑝𝑒,𝑖𝛿(𝐸𝑟 + 𝐸𝜒,𝑖 − 𝐸𝜒,𝑓)𝑓𝑒,𝑖 𝐸𝑒,𝑖 1 − 𝑓𝑒,𝑓 𝐸𝑒,𝑓

= (2𝜋)𝛿(𝑝𝜒,𝑖
𝑧 − 𝑝𝜒,𝑓

𝑧 ) ∙ 𝑺𝟑𝑫 𝑬𝒓, 𝒒

 The Pauli blocking effects(=phase space suppression) are encoded in the structure function.

 The analytic expression for 𝑆3D 𝐸𝑟 , 𝑞 is available in the non-relativistic limit.  [e.g., S. Reddy et al., PRD (1998), Y. Hochberg et al., JHEP (2016)]
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 𝑛eve = 𝐸𝑟>𝐸th
𝑑𝐸𝑟𝑑𝑣𝜒∥𝑓MB(𝑣𝜒∥)

𝑑 𝑛𝑒
2D𝜎𝑒𝜒𝑣rel∥

𝑑𝐸𝑟

1

𝜌gr
2D

𝜌𝜒

𝑚𝜒

𝑓MB 𝑣𝜒∥ = න
− 1− 𝑣𝜒∥/𝑣esc

2

1− 𝑣𝜒∥/𝑣esc
2

𝑑cos𝜃
1

2sin𝜃
𝐹MB(

𝑣𝜒∥

sin𝜃
)

𝑛𝑒
2D𝜎𝑒𝜒𝑣rel∥ = 

𝑑3𝑝𝜒,𝑓

2𝜋 3

ℳ 2

16𝜋𝑚𝑒
2𝑚𝜒

2 𝑆2D(𝐸𝑟 , 𝑞)

with 𝑆2D 𝐸𝑟 , 𝑞 = (2𝜋)𝛿(𝑝𝜒,𝑖
𝑧 − 𝑝𝜒,𝑓

𝑧 ) ∙ 𝑆3D 𝐸𝑟 , 𝑞

 𝜌𝜒 =0.3 GeV/cm3

 𝑣0=220 km/s, 𝑣esc=550 km/s

 𝜌gr
2D = 7.62 × 10−8g/cm2

 We assume that DM interacts with electrons via an exchange 

of mediator 𝜙:

𝜎𝑒𝜒 ≈
𝑔𝑒
2𝑔𝜒

2

𝜋

𝜇𝑒𝜒
2

(𝑚𝜙
2+𝑞2)2

 𝜎𝑒𝜒
heavy

≈
𝑔𝑒
2𝑔𝜒

2

𝜋

𝜇𝑒𝜒
2

𝑚𝜙
4 for (𝑚𝜙

2 ≫ 𝑞2)  

&  𝜎𝑒𝜒
light

≈
𝑔𝑒
2𝑔𝜒

2

𝜋

𝜇𝑒𝜒
2

𝑞4
for (𝑚𝜙

2 ≪ 𝑞2)  

 From the linear dispersion of graphene: 𝐸𝐹 = 𝑣𝐹 𝜋𝑛𝑐 with 

𝑣𝐹~10
8cm/s & 𝑛𝑐~10

12/cm2.



 The proposed detector (GLIMPSE) can improve the minimum detectable DM mass (𝒎𝑫𝑴~𝟎. 𝟏 keV) by 

more than 2-3 orders of magnitude over the ongoing/existing experiments.

 Capable of probing the prediction of freeze-in scenarios even with a pg-scale (~103 GJJs) detector.

Heavy mediator: 𝐹𝐷𝑀 = 1 Light mediator: 𝐹𝐷𝑀 ∝ 1/𝑞2 with 𝑞ref = 𝛼𝑒𝑚𝑒

𝐸𝑘~𝑚𝑣
2< 𝑶(eV) 𝐸𝑘~𝑚𝑣

2< 𝑶(eV)
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 Constrained elastic scattering: Electron confined in the 2D graphene sheet even after the collision. 

Momentum transfer: the change of 𝑝𝜒∥ Signal rate: DM incident direction dependence 
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Anisotropic DM flux 

DM wind from 

the Cygnus direction
SC

SC

𝝌

𝝌

𝒆

𝜽𝝌

𝒑𝝌∥

ෝ𝒏

𝝌: DM



NEWSdm, Quarks 2018

 Constrained elastic scattering: Electron confined in the 2D graphene sheet even after the collision. 

Momentum transfer: the change of 𝑝𝜒∥ Signal rate: DM incident direction dependence 

 DM signals: in situ validation by actively rotating the detector or 𝒕 information of signals (statistical)
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SC

SC

𝝌

𝝌

𝒆

𝜽𝝌

𝒑𝝌∥ Handle for 
BG rejection!

𝜽𝝌
𝐰 = 𝜽𝐂𝐲𝐠 [rad]

ෝ𝒏

𝝌: DM

 𝜽𝝌: event-level unmeasurable 

 𝜽𝝌
𝐰 = 𝜽𝐂𝐲𝐠: controllable & 

statistical measurable
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Sven Vahsen, Ciaran O’Hare, Dinesh Loomba [2102.04596]
GLIMPSE



2D Detection: 
Angular Dependence
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 Number of events/unit detector mass/unit run time: 𝑛eve = 𝑑𝐸𝑟𝑑𝑣𝜒 𝑓 𝑣𝜒
𝑑

𝑑𝐸𝑟
ഥ𝑁T 𝜎𝜒T𝑣rel

𝜌𝜒

𝑚𝜒
with ഥ𝑁T=𝑁T/𝑀T.

 If the detector of interest is 2D, 𝑣𝜒∥ (to the detection plane) affects the event rate, similarly to the case of GLIMPSE:

𝑛eve =
𝜌𝜒

𝑚𝜒
∥𝑑𝐸𝑟𝑑𝑣𝜒 ሚ𝑓 𝑣𝜒∥

𝑑

𝑑𝐸𝑟
ഥ𝑁T 𝜎𝜒𝑇𝑣rel∥

 Plane-projection of 𝑓 𝑣𝜒 : ሚ𝑓 𝑣𝜒∥ = 
− 1− 𝑣𝜒∥/𝑣esc

2

1− 𝑣𝜒∥/𝑣esc
2

𝑑cos𝜃
1

2sin𝜃
𝑓(

𝑣𝜒∥

sin𝜃
)

 Revolution of the solar system around the GC: 𝑓 𝑣𝜒 → 𝐹 𝑉𝜒 with 𝑉𝜒 ≡ Ԧ𝑣𝜒 + Ԧ𝑣⨀

𝑛eve(Θ) =
𝜌𝜒

𝑚𝜒
∥𝑑𝐸𝑟𝑑𝑉𝜒 ෨𝐹 𝑉𝜒∥; Θ

𝑑

𝑑𝐸𝑟
ഥ𝑁T 𝜎𝜒𝑇𝑉rel∥(Θ)

Cygnus

𝐓

𝝌

𝝌

𝜽𝝌

𝒑𝝌∥

ෝ𝒏

𝝌: DM
T: target



26

 𝐸th ≠ 0 𝑉𝜒∥,min for DM signal detection.

 For smaller 𝑚𝜒, larger 𝑉𝜒∥ is required.  A dependence of 𝑛eve on 𝑚𝜒 through 𝑉𝜒∥,min(𝑚𝜒)  The curvature of the 𝜣

dependence:  𝒏𝐞𝐯𝐞(𝜣,𝒎𝝌) =
𝜌𝜒

𝑚𝜒

𝑉𝜒∥,min(𝑚𝜒)
𝑉𝜒∥,max

𝑑𝐸𝑟𝑑𝑉𝜒∥ ෨𝐹 𝑉𝜒∥; Θ
𝑑

𝑑𝐸𝑟
ഥ𝑁T 𝜎𝜒𝑇𝑉rel∥(Θ) with  𝑉𝜒∥,max = 𝑣esc + 𝑣⨀sinΘ.

𝜣(= 𝜃Cyg) =
𝒊

10
∙
𝜋

2
(i=0, 3, 5, 7, 10)
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 GLIMPSE: Novel DM search strategy 

adopting a cutting-edge quantum sensor - GJJ. 

 Constrained scattering: electron confined in 2D graphene  construction of an effective

model with angular dependence  Signal rate: DM incident direction dependence!

 Capable of sensing keV-range DM scattering off e’s due to 𝑬𝐭𝐡~𝟎. 𝟏 meV.

 DM flux carries a directional preference: CYGNUS. 

 New method to determine DM mass: mass from the curvature of the angular spectrum.

 Generally applied to the (effectively) 2D or 2D-projectable direct detection experiments allowing 

for directionality observables

𝝌

𝝌

𝒑𝝌∥

ෝ𝒏

𝜽

𝐓

ෝ𝒏
Cygnus


