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Why Light Dark Matter?



Message from Cosmology: Dark Matter (DM)

% Modern cosmology:

The Standard Model
4.9%
26.8%

Dark Matter

- - | Dark Matter?

68.3%
Dark Energy

(km/s)

A T < Compelling paradigm:

%w 0w s v Massive,

: ’ R (x 10001y)

. v Non-relativistic (v < ¢),
Many more other observations! ( )

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

v Stable particles



Conventional DM Search Strategies

Dark matter

PRI

Leptons N

Positrons

Electrons

\J

% Based on the WIMP paradigm.

Cosmological Lower Bound on Heavy-Neutrino Masses

Benjamin W. Lee®
Fermi National Accelevator Labovatory,® Batavia, lllinois 60510

and

Steven Weinberg(®
Stanford University, Physics Depaviment, Stanford, California 94305
{Received 13 May 1977)

The present cosmic mass density of possible stable neutral heavy leptons is calculated
in a standard cosmological model. In order for this density not to exceed the upper lim-
it of 2x 10°2? g/em?®, the lepton mass would have to be greater than a lower bound of the

order of 2 GeV. [PRL (1977)
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DM Wind = DM Direct Scattering

flux area

1 1
0.4 Ge\’/cmg’
0.94 GeV

x 60 cm x 170 cm

<+ Assuming my, ~m, ~ 0.94 GeV: 300 km/s x

~ 1011/5

vV o, =n,v & ny,=p,/m,




DM Direct Detection Experiments

WM

conduction band
Egap = 0.7eV I

valence band

Electron semiconductor
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DM Landscape: A Very Wide Mass Range

zeV=10"2' eV

SIMP,

ELDER,
can be

thermal

——
Thermal DM:
Too hot
m, m

WIMP

well-motivated,
extensively
studied,
thermal
No firm
signal yet!

100Mg~10%8 eV

—

Super-heavy Astrophysical

E,~mv*  E,~muv?
~eV ~keV

composite, object
WIMPzilla, MACHO, PBH,
Q-ball, non-particle
Fermi-ball,
dark-quark
nugget,

non-thermal



Light DM Direct Search: Current Status

zeV=1072! eV keV MeV GeV TeV PeV 100M5~10%8 eV
,, ------- ~
! \n--—.--——’l

Light
* E ~myv?, d, = (p,/my)ve = lighter DM: smaller E, but lager flux (lighter target)

= low E,;, preferred but even OK with small target mass (e-recoil)
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Super-Light DM Direct Search

zeV=1072! eV keV MeV GeV

100Mg~10%8 eV

% E~Ep~mv?~0(meV) with m~keV & v~1073
% New approaches are required!
v Targets: Superconductor, Superfluid He, 3D
Dirac material, Polar material, Diamond, etc.
v' Sensor technologies: TES, MKID, STJ, SNSPD,
GJJ, etc. (mostly based on superconductivity)

=» The race to prove super-light DM has begun.
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Our Proposal: GLIMPSE



GLIMPSE

Graphene-based Light Invisible

Matter Particle SEarch
[Kim, JCP, Lee, Fong, 2002.07821 & in progress]

0
D 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 E;;,~0(meV)




Super-light DM Search Strategy with GJJ

% GJJ microwave bolometer X~

3 v Achieved fundamental
limit of sensitivity:
NEP= 0.7 aW/Hz"/2

e v Corresponding Energy A -4
1CE S D .. G . -
eposit: ‘ A SC
AE=0.1 meV —
[G.-H.Lee, D.K.E., W.C.Jung et al., Nature (2020)] JOSep b
SO -

(JJ)JUI)CI.I.OQ
I. DM scatters off (st-bond) free electrons, transferring some fraction of its incoming Ej,.

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

II1. The JJ is triggered: the temperature rise switches the zero-voltage (non-resistive) of JJ to a non-zero-

voltage (resistive) state. & Ep~mu?~1meV formpyy, = 1keV

= GJJ detector: sensitivity to the signal even by keV DM.
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Super-light DM Search Strategy with GJJ

a) Energy injection
_
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v Scattering: DM traveling in 3D & electrons living in 3D but confined in 2D graphene layer.

= Constrained elastic scattering!

v' Prediction: angular dependence of the signal rate =» applicable to background rejection.

v 2D detector unit: a single switched GJJ by DM interaction allows the series resistance.
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Calculation of Event Rate

R/
* Neve

d 1 p
= dE.dv v X
e, 5, B fras (V) dEr N _PEF My
( ) (vxll/vesc) X”
fMB UX” j dCOSH FMB(
J (g /esc) 2sin6 sin@
1200 -
— Fum(v )
1000 !
IMBO )
800
= 600
<
400
200+
0 :n 1
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025
v/c

v p, =0.3 GeV/cm?
v 1y=220 km/s, v,5.=550 km/s
v pgP =7.62x1078g/cm?

— fdgpx.f M2
(2m)3 16mmZms

1ms (Er: CI)SZD (Erf CI)

with 5,5 (E,, q) = (2”)5(19?(,1' - p)Z(,f) - Sap(Er, q)

< We assume that DM interacts with electrons via an exchange

of mediator ¢:

9293  uZy heavy _ 929% ey 2 2
Oex = = iy 2 Oex °noms 00 (mg > q)

¢

. 2,2 ,,2
light _ gegy Hey
& O-e)( = 7—4 fOI‘

(m «< q%)

+ From the linear dispersion of graphene: Er = vp/mn, with

vp~108cm/s & n.~1012/cm?.
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Expected Sensitivities

— 1-10° meV

— 0.1-10% me
— Tpgyr
--—- 1ngyr
----- 1 pg-yr

— 0.1-10%° me
— 1pgyr
-—— 1ngyr
----- 1 pg-yr

m, [keV]

100

10 100 1000 104 10°

m, [keV]

v' The proposed detector (GLIMPSE) can improve the minimum detectable DM mass (mp~O(keV)) by

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

v' Capable of probing the prediction of freeze-in scenarios.



Signal Rate: Directional Dependence

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

=> Momentum transfer: the change of p,, = Signal rate: DM incident direction dependence

e
nnt®
un®
ne®
ns®
wut®
(LA
------
.
unn®
nnt®
un®
unt®
ne®
ws®

DM wind from
the Cygnus direction

20



Signal Rate: Directional Dependence

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

= Momentum transfer: the change of p,, = Signal rate: DM incident direction dependence

= DM signals: in situ validation by actively rotating the detector or time information of each signal

BG rejection

37’1

-
o

(3]

Event rate [ng'1

0.0 0.5 1.0
9}’(" = ecyg [l'ad]

1.5
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Optimization of |dI./dT| for GJJ

v |dI,/dT| 1 = Detection efficiency 1 & Dark count rate |

v Lower T, of J (=I./W) & larger J, at low temperature = Aluminum

v Contact transparency (7)1 = |dJ./dT| 1

v' For Al & t=0.78, |dI./dT| ~ 5 uA/K (@ T=500 mK) is realized.

e (4), FiX Vgaze =30V, L~200 nm

2
[ —+—Ti (7,=0.4)
|| —+—Al (7,=0.78) ||
MoRe (TMORe:0.3)

—+—NbN (beNZO.B)
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c

éﬁm
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e
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3
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[Detector performance
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Dark Count Prob.

Al-GJJ, Fix L~200nm, V,q,, =30V
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Progress in Fabrication: O(100) GJJs in Series

-

Large piece of graphene hBN-encapsulated graphene Etched hBN/Graphene/hBN

superconductors

W L=

]}

Schematics

stack

~ ¥

216 GJJs connected in series

| -
y
23



Uniformity of Multiple GJJs

Voltage per a junction (uV)

0.5

1T
\+414'..L‘“".‘A"¢

,I il
-,‘ﬁ‘“ Al 1|
I iy

1G4
m—1/15 X 1~15 GJJ

1] M

;n’ "-;J’.‘;."
*lu‘ ’!‘luf ” ;IH

Voltage per a junction (mV)

m Zm
- LN T i ‘
' Almost same I-V
216 GJJ array : '
103 GJJ array 15 GJJs array . ~ curve when scaled
500 : : 410 -5 0 5 1
' ' ' | o 008 , , . . ‘ . .
—Block 1 = Bias current (u4)
400 | |—Block 2 / D om
Block 3 - S o '
200 | =——Block 4 | *g 0021 <§_ "sr Fast measurement 33 ]
. ——Block 5 - ;g 'l by DAQ bofard? I b3
o
5 Eoeraptthy
=200 - oa, 002 8 o5l %;
) 9t
-400 4?30 004 .T'o:s wsl o Slow measurement 5
= 'E 8r . ¢ b b
-600 I ) I ' I > % s 10 5 0 5 10 15 é—)‘ 75 2 ° = $ 84
-10 -5 0 5 10 : , o r b
Bias Current(uA) Bias current (uA) : Junction index
Almost same I-V curve when scaled Almost same I-V curve when scaled 4+99% variation in switching current

Uniform Josephson junctions in series were fabricated!
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Fabrication Test on Large-scale Graphene

Voltage (mV)

% CVD-grown Graphene with exfoliated hBN
(Chemical Vapor Deposition)

% CVD-grown Graphene with CVD-grown hBN

S —

g

hBN/Graphene/hBN stack 231 GJJ array

0.5

o -]
o o

ye]
o

X 6.23
Y 0.00152

X 4.66
Y 0.00086

-0.5

Voltage(iV)
=

]
(=]

Voltage (mV)

:
:
‘ ; .
P :

2 - : K
:
:
0 .
X 1.68 X 2.696 .
Y -0.000455 :
-40

Y 0.001724
04 02 0 02 04

0.2} 1 : h

-10 -5 0
Current (uA)

5

-4 -2 0 2 4 : ‘
: B t(uA
Current (uA) : W~3um, L~300nm ias current(uA)

GJJs were demonstrated with CVD-grown large-scale graphene.
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Overview of Our Measurement Set-up

“d,
T/

Dedicated Dilution refrigerator

¥ Arbitrary Waveform Generator

~ Analog Signal Generator

Vector Network Analyzer

£ = Spectrum Analyzer

DC RF

Instrument Instrument

26



Our Measurement Set-up (RF)

———————————————————————————

1
1
I | .
| et [ e | | ! LP Filter |
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N | ] |
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~ o |

LNA Gain
A :36 dB
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_________________________ ,
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(Potential) Issues




Potential Questions for LDM Direct Detection

% Low E sensor technologies mostly feature the “on-off” type working principle or relatively

poor E resolution.

1. DM signals vs Backgrounds :

v Event discrimination via signal characteristics: difficult!
v" For better directional detection, higher Ej is preferred, e.g., longer track.
v But, light DM induces lower E: less visible signals (tracks)

= Can light DM be connected to directional recoil detection?

2. Mass determination:

v" We can recognize a DM event occurrence, but utilizing the dR /dEy spectrum is difficult!

= Is there any alternative method to determine the mass of DM?

29



Answers for the Questions

“+ Experiments using (effectively) 2D detectors: The experimental signatures are related to the

behavior of target particles scattered by DM along the detection plane.
= The incident angle (6,,) of a DM particle affects the resulting event rate.
¢ Motion of the Sun =» The DM wind has a directional preference: CYGNUS!

=> Non-trivial dependence of event rates on the incident angle (8y) of the DM wind.

® Cygnus

/
/////////DMwind

66 /////// //

G e

® Earth

T: target X

30



Answers for the Questions

< (effectively) 2D detectors: v, is more relevant to event rates than v, , w.r.t. the detector plane.

% Heavy DM: a small v is good enough to overcome the Ey,.
vs Light DM: a large v is preferred.
“* 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.

| ' [ ! [

VS m

events on Ge / keV [arb. Units]

0 | 10 ] 20 30 40 50
T. Schwetz, PPC11 CERN E, [keV]
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2D Detection:
Angular Dependence



Angular Dependence of Event Rates

> Number of events/unit detector mass/unit run time: neye = [ dE,dv, f(v ) ( { XTvrel) Px ) with
My

7 A

— n
NTzNT/MT'

» If the detector of interest is 2D, v, (to the detection plane) affects the event rate:

Neve = px f dE,.dvy f (”xu) (NT(UxTvreln))

\/1_(1’)(Il/vesc)2

> Plane-projection of f(v,): f(vy) = J \/ : .
1=(Vyi1/Vesc

1 Vxl
dcost o— f (=2 5)

sin@

> Revolution of the solar system around the GC: f(v, ) » F(V,) with V, = |#, — 7|

Neve(0) = %{f dEdVyy F(Vy; @) (NT(UXTVreln (©)))

For a given O between the Cygnus direction and 7, a plane-projection

o \
procedure of F(V, ) should be done individually & n,,, depends on O! x: DM )

T: target X 33



Angular Dependence = Angular Scanning = m

% Ewy, # 0=V, min for DM signal detection.

<« For smaller m,, larger V, is required. =» A dependence of ng, on m, through V, ,;,(m,) = The curvature of the 6

dependence: ng,(0,m,) = :l—x [dE,
X

1200
— flv,)
1000 -
AL
800 — F(Vy 1;0)
= i m |
< 600 0(=bcy) =755
400 (i=0, 3,5,7,10) |
200 )
0 ! ! L L
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025
v/c

Unit-normalized Event Rate

1.4

0.8

1.2

1.0

0.6

dVX" F(VX"; G)) dLEr (NT<O-)(TVrel|| (@))) with V)(Il,max = Vesc + U@Siﬂ@.

mg = 100 keV

[
m, = 1 keV

—mx=2keV

—mx=3keV
mx=5keV
—mx=10keV

0.5 1.0 1.5

O [rad] &



Summary ii'llllllllllllllllllllIlll [ ,

s

, , I
adopting a cutting-edge quantum sensor - GJJ. | mmuimmmummu;lm [

» Uniform O(100) GJJs in series: successfully fabricated. X
» Calibration: on-going / 15t DM search result: expected to be released soon.
> Goal: World first results for DM (<100 keV) direct search.

» Constrained scattering: e’s confined in 2D graphene =» construction of an effective model with

angular dependence = Signal rate: angular modulation!: BG rejection & mass determination

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

allowing for directionality observables Th ank You !
3
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Supplemental




Expected Limits from Calibration

< GLIMPSE: Super-light DM Search w/ GJJ

v’ Test sample graphene area: ~um?
v' Calibration: E;;,~10 meV

v trun~10% — 10° sec

Requirements for sensitivities
1. Understanding & Reduction of LEE

2. Larger area & Longer runtime

3. Better E;;, w/ Good efficiency

SENSEL

m, [keV]

1 10 100 1000

103

v’ SNSPD: E;~0.11 eV [PRL (2025)]
v' TES: E;;,~0.3 eV [2506.18982]
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Angular Modulation vs Annual Modulation

% Angular modulation

v Effects from the change of the DM wind

direction (@) relative to the plane-normal

direction due to Detector’s motion
=> contribution: annual =~ daily motions

Y Neyent(0(t)) using 6(t)

= BG rejection + mass information

[2102.04596]

<+ Annual modulation

v’ Effects from the change of [v,.,| due to

Earth’s motion relative to Sun’s motion
=» contribution: annual > daily

V' Nevent(t) @ BG rejection

North Celestial Pole

North Galactic Pole

North Ecliptic Pole
v > 7

Speed of Earth's rotation at equator = 0.465 km/s
Speed of Earth around Sun =30 km/s#
S
. -Speed of Sun around Milky Way = 230 km/s

Sun is approximately 26,000 light years from Galactic Center

Background Image Credit: ESO/S. Brunier
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   S  2 D  (   E r ,     q ) = ( 2 𝜋 ) 𝛿 (  p    𝜒 , i z −  p  𝜒 ,   f z ) ∙  S  3 D  (   E r ,     q )


   𝜌 𝜒 =


  /


   v 0


   v  esc


   𝜌  gr  2 D = 7 . 62 ×   10  − 8


  𝜙


   𝜎  e 𝜒 ≈    g e 2  g 𝜒 2 𝜋    𝜇  e 𝜒 2    (  m 𝜙 2 +  q 2 ) 2


   𝜎  e 𝜒  heavy ≈    g e 2  g 𝜒 2 𝜋    𝜇  e 𝜒 2   m 𝜙 4


   m 𝜙 2 ≫  q 2


   𝜎  e 𝜒  light ≈    g e 2  g 𝜒 2 𝜋    𝜇  e 𝜒 2   q 4


   m 𝜙 2 ≪  q 2


   E F =  v F   𝜋  n c


   v F ~   10 8 cm


   n c ~   10  12 /


   𝒎  𝑫 𝑴 ~


   p  𝜒 ∥


  𝝌


  𝝌


  𝒆


  𝜽


   𝒑  𝝌 ∥


   𝒏 ^


   𝜽 𝝌 𝐰


  𝝌


  𝝌


   p  𝜒 ∥


  𝝌


  𝝌


  𝒆


   𝒑  𝝌 ∥


   𝜽 𝝌 𝐰 =  𝜽  𝐂 𝐲 𝐠


   𝒏 ^


   𝜽 𝝌 𝐰


  𝝌


  𝝌


  𝜽


  𝜏


  𝜏


  𝜇


  300 𝜇 m


  ± 9 %


  mV


  𝜇


  mV


  𝜇 A


  𝜇


  𝜇


  W ~ 3 μ m ,   L ~ 300 nm


   E R


   E R


  d R /   d E R


   𝜽 𝝌


   𝜽 𝝌 𝐰


  𝐓


  𝝌


  𝝌


  𝜽


   𝒑  𝝌 ∥


   𝒏 ^


  𝝌


   𝜽 𝝌 𝐰


  𝝌


   𝒗  𝝌 ∥


   v  𝜒 ⊥


  v


   E  th


  v


   𝒎 𝝌 ↔ 𝜽   ?


   n  eve = ∫  d  E r d  v 𝜒 f  (   v 𝜒 )  d  d  E r  (     N - T  ⟨   𝜎  𝜒 T  v  rel ⟩    𝜌 𝜒   m 𝜒 )


     N - T


   N T


   M T


   v  𝜒 ∥


   n  eve =    𝜌 𝜒   m 𝜒 ∫  d  E r d  v  𝜒 ∥  f ~  (   v  𝜒 ∥ )  d  d  E r  (     N - T  ⟨   𝜎  𝜒 T  v  rel ∥ ⟩ )


  f  (   v 𝜒 )


   f ~  (   v  𝜒 ∥ ) =  ∫  −   1 −    (   v  𝜒 ∥ /  v  esc ) 2    1 −    (   v  𝜒 ∥ /  v  esc ) 2  d cos 𝜃  1  2 sin 𝜃 f (    v  𝜒 ∥  sin 𝜃 )


  f  (   v 𝜒 ) → F  (   V 𝜒 )


   V 𝜒 ≡  |     v → 𝜒 −    v → ⨀ |


   n  eve ( Θ ) =    𝜌 𝜒   m 𝜒 ∫  d  E r d  V  𝜒 ∥  F ~  (   V  𝜒 ∥ ;   Θ )  d  d  E r  (     N - T  ⟨   𝜎  𝜒 T  V  rel ∥ ( Θ ) ⟩ )


  𝐓


  𝝌


  𝝌


  𝜽


   𝒑  𝝌 ∥


   𝒏 ^


  𝝌


  𝚯


  𝝌


  Θ


   n ^


  F  (   V 𝜒 )


   𝒏  𝒆 𝒗 𝒆


   E  th ≠ 0


   V  𝜒 ∥ ,   min


   m 𝜒


   V  𝜒 ∥


   n  eve


   m 𝜒


   V  𝜒 ∥ ,   min


   m 𝜒


  𝜣


   𝒏  𝐞 𝐯 𝐞 ( 𝜣 ,  𝒎 𝝌 ) =    𝜌 𝜒   m 𝜒 ∫  d  E r  ∫   V  𝜒 ∥ ,   min (  m 𝜒 )   V  𝜒 ∥ ,   max  d  V  𝜒 ∥  F ~  (   V  𝜒 ∥ ;   Θ )  d  d  E r  (     N - T  ⟨   𝜎  𝜒 T  V  rel ∥ ( Θ ) ⟩ )


   V  𝜒 ∥ ,   max =  v  esc +  v ⨀ sin Θ


  𝜣 ( =  𝜃  Cyg ) =  𝒊  10 ∙  𝜋 2


  ⊥


  ∥


  𝒎 ↑


  𝒎 ↓


  𝝌


  𝝌


  𝐓


   𝒏 ^


  𝝌


  𝚯


  ~   𝜇 m 2


   E  t h ~ 10   meV


   t  run ~   10 4 −   10 5


   𝑬  𝒕 𝒉


   E  t h ~ 0 . 11   eV


   E  t h ~ 0 . 3   eV


  𝜣


  ≈


   𝑵  𝒆 𝒗 𝒆 𝒏 𝒕 ( 𝜣 ( 𝒕 ) )


  𝜣 ( 𝒕 )


  𝐓


   𝒏 ^


  𝝌


  𝚯


   |     𝒗 →  𝐫 𝐞 𝐥 |


  ≫


   N  event ( 𝒕 )

