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Why Light Dark Matter?




Message from Cosmology: Dark Matter (DM)

x Modern cosmology

The Standard Model
Baryonic Matter
26.8%

Dark Matter

- - |Dark Matter ?

68.3%
Dark Energy

AR N < Compelling paradigm

%«o W W v Massive,

R (x 1000ly)

: v Non-relativistic (0 L @),
Many more other observations! (VL o

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

v Stable particles



Conventional DM Search Strategies

PR Positrons
Leptons z'l\ Electrons

Dark matter

\J

x Based on theWIMP 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
A

1
0.4 Ge\’/cmg’
0.94 GeV

x 60 cm x 170 cm

x Assuming mpy, ~m, ~ 0.94 GeV: 300 km/s x

o anll g
VE t0 &% T4 ~ 107 /s




DM Direct Detection Experiments
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DM Landscape: A Very Wide Mass Range

zeV=1021eV

SIMP,

ELDER,
can be

thermal

——
Thermal DM:
Too hot

WIMP

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

Super -heavy  Astrophysical

composite, object
WIMPzilla , MACHO, PBH,
Q-ball, non-particle
Fermi-ball,
dark-quark
nugget,
non-thermal
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Light DM Direct Search: Current Status

zeV=1021eV

r I

X Ek~d V2
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" J& 0 C lighter DM :smaller E,,butlagerflux (lighter target)

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

zeV=1021eV keV MeV GeV

p TIUEX 10%8 eV

E(meV) with G*.keV & ¢ p T

X 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)

C Therace to prove super -light DM has begun.
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Our- Proposal: GLIMPSE




Graphene-based Light Invisible

GLIMPSE

Matter Particle SEarch
[Kim, JCP, Lee, Fong, 2002.07821 & in progress]
, o
D we proposed a new super -light DM direct detection experiment ,
adopting the Graphene -based Josephson Junction  *(GJJ)
microwave single photon detector.
\_/

*

A Aoftheaatret 0 t

much lower ‘O *x 0(meV)

edq
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Super-light DM Search Strategy with GJJ

x GJJ microwave bolometer

3 V Achievedfundamental
limit of sensitivity :
NEP= 0.7 aW/Hz 12

V Corresponding Energy
Deposit:
gE=0.1 meV

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

|. DM scatters off (  ¢-bond) free electrons , transferring some fraction of its incoming O .

lI. The recoiling e heats up & thermalizes with near by edideractiang.i dl y vi a e

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

voltage (resistive) state < OX 40 1meVfor & o keV

C GJJdetector: sensitivity to the signal even bykeV DM .




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.
C Constrained elastic scattering !

V Prediction : angular dependenceof the signal rate C applicable to background rejection.

V 2D detector unit : a single switched GJJ byDM interaction allows the series resistance






Calculation of Event Rate

x & y ODW-0Q v- \ vV " 0.3GeWcm?
T V 0 =220 km/s, b =550 km/s

2 X® ¢ p mg/cm?
N L Ly ORR"Y ORA
L7 il 0 o with 'Y (ORf)  ¢*1 A5 Ay #Y (ORN)

"Q (0 - QA | O—"1 — h h

1200 - - - ‘ - — x We assume that DM interacts with electrons via an exchange

1000 — b of mediator %s

IMBO )

800
= 600 ] , C . ———for(& 1 n)
N~

400

200 ] &, ——for(d L n)

(?0600 00005 0.0010 00015  0.0020 00025' x From the linear dispersion of graphene: O 0 /7€ with
v/c Ox p TA i/s & &€ x p Tt Tem?2.
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Expected Sensitivities

— 1-10° meV

— 0.1-10% me
— 1pgyr
--—- 1ngyr
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V' The proposed detector (GLIMPSE) can improve the minimum detectable DM mass (& ¢ 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

x Constrained elastic scattering: Electron confined in the 2D graphene sheeteven after the collision.

C Momentum transfer: the change ofrj - C Signal rate : DM incident direction

e
nn®
un®
un®
un®
nut®
nnt®
------
.
un®
nnt®
un®
un®
nn®
s

dependence

DM wind from

the Cygnus direction
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Signal Rate: Directional Dependence

x Constrained elastic scattering: Electron confined in the 2D graphene sheeteven after the collision.

N~

C Momentum transfer: the change ofrj - C Signal rate : DM incident direction

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

¥
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Optimization of |dI./dT| for GJJ

V |dIJdT| § C Detection efficiency § & Dark count rate Z

V Lower T.of J(=1JW) & larger J. at low temperature C Aluminum

V Contact transparency (f)y C |dJJdT| ¢

V For Al & t=0.78, |dIJdT| ~ 5 AIK (@ T=500 mK) is realized.
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Progress in Fabrication: O(100) GJJs in Series

-

Large piece of graphene hBN-encapsulated graphene Etched hBN/Graphene/ hBN
stack
Lé&f;” superconductors

A 3

216 GJJsconnected in series

Ws h
v
fo 23

-
‘R

Schematics




Uniformity of Multiple GJJs
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15 GJJs array
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-
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Uniform Josephson junctions in series were fabricated!

1C
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Fabrication Test on Large-scale Graphene

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

S —

g

hBN/Graphene/ hBN stack 231 GJJ array

:
:
:
. :
. : H
:
:
:
0f = :
X 4.66 X 2.696 :
Y 0.00086 Y -0.000455 .
:
0.2 : :
-0.5 1 .
1 1 1 I I L :
:

-10 -5 0 5 -4 -2 0 2 4
Current (uA) Current (uA)

05 =300 nm o, L=700nm jz

20

-20
-40

04 02 0 02 04
7% o [ hx ortrl | Bias current(uA)

X 6.23
Y 0.00152

X 1.68
Y 0.001724

Voltage (mV)
Voltage(iV)
=

Voltage (mV)

GJJs were demonstrated with CVD -grown large -scale graphene




Overview of Our Measurement Set-up

Dedicated Dilution refrigerator

4 Arbitrary Waveform Generator

| Analog Signal Generator

Vector Network Analyzer

@ Spectrum Analyzer

DC RF

Instrument Instrument
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Our Measurement Set-up (RF)

o l Port 1 | Port 2 |

Port 3 |
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