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Detection of Super-Light DM

Using Graphene Josephson Junction

with D. Kim, K.C. Fong & G.-H. Lee [arXiv: 2002.07821 & Inpreparation]
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Darkness on the table



Why Light Dark Matter?



Dark Matter (DM)

Observations
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++ Evidence: Galactic rotation curve,

Coma/Bullet cluster, Gravitational lensing,

Structure formation, CMB, ...
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% Modern cosmology:

4.9%
Baryonic Matter
26.8%

Dark Matter

The Standard Model

68.3%
Dark Energy

< Compelling paradigm:
v Massive,
v Non-relativistic (v << ¢),
v Non-luminous (no/tiny EM interaction),

v Stable particles



Classic Solution*;: WIMP

Cosmological Lower Bound on Heavy-Neutrino Masses

Benjamin W. Lee®
Fermi National Accelevator Laboratow,(b) Batavia, Illinois 60510

and

Steven Weinberg(®
Stanfovd University, Physics Depavtment, 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 2x10°% g/em?®, the lepton mass would have to be greater than a lower bound of the annihilation

order of 2 GeV,

| s
100 1000

x=m/T (time -)

> Correct thermal relic abundance:

CZ)Z(m
M4

0.1 pb

o) X (M: dark scale/mediator)

Qh?

with (ov)~

» Weak coupling =» naturally weak scale mass:
~1 GeV — 10 TeV mass range favored

= weak scale (new) physics

* Of course, axion is another classic solution. (Yesterday)
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Diverging Efforts for WIMP Searches
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Current Status of Conventional DM Searches

% No (solid) observation of DM signatures via non-gravitational interactions
% Many searches designed under WIMP/minimal dark sector scenarios

=> Just excluding more parameter space in DM models
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Mass Scale of DM

1022 eV
Light
dark
sector,
can be
thermal
E——
Thermal DM:
Too hot
E; ~mv?
~eV

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

Superheavy
/ Composite
WIMPzilla,
Q-ball,
Fermi-ball,
dark-quark
nugget,
non-thermal

100Mg~10%8 eV

MACHO /
Primordial BHs
non-particle



Light DM Sector

1022 eV keV MeV GeV TeV PeV 100Mg~10%8 eV
2 2
% For heavy mediator, (ov)~ “’;I "X Light < New DM relic determination mechanisms:
particle v : i .
% For weak scale physics, DM Assisted Freeze-Out [arXiv:1112.4491]
. v C ibal DM [arXiv:1602. ) .
sub-GeV DM overproduction anniba [arXiv:1602.04219, 1607.03108]
) v" Co-Decaying [arXiv:1105.1652, 1607.03110]
=» New mediator < M, for freeze-out g oo 703
. _ v" Semi-Annihilation [arXiv:0811.0172, 1003.5912]
or new mechanism e.g., freeze-in, ...
v SIMP [arXiv:1402.5143]

% Various light DM /mediator scenarios: v
v MeV DM for GC 511 keV line observation [astro-ph/0309686]
Secluded MeV DM [arXiv:0711.3528, 0711.4866]
Sommerfeld enhancement for et excess [arXiv:0810.0713]
(g — 2)e, u: ~2 — 30 discrepancy [arXiv:1806.10252]
New v interactions for the MiniBooNE excess [arXiv:1807.09877]

Solutions of Yukawa coupling hierarchy prob. [arXiv:1905.02692]
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Light DM Sector

1022 eV keV MeV GeV TeV PeV 100Mg~10%8 eV

% Eg~mv?< 0(keV) with v~10"%:  TLight Cosmogenic boostedDM searches: COSINE-100,

. . 1 DUNE/ProtoDUNE, IceCube, SK/HK/KNO, ...
< E" of typical DM direct detectors particle /Proto y 1€ ‘u e, SK/HK/ ’

DM Xo X \\\Xl /Iﬁ'g%
for nuclear recoils 1 e detector
. . . Xo X h
< New ideas for low E" w/ e-recoil are required! GC, Sun, ... ©
v Ionization by e-recoils (semiconductor) ? e
X v S

[arXiv:1108.5383, 1509.01598] . .
% Beam-produced light DM/mediator searches:

Babar, BDX, Belle-1I, CCM, COHERENT, DUNE, FASER,
JSNS2, LDMX, MATHSULA, NA64, SeaQuest, SHiP, ...

v Ejection of e’s (graphene, C-nanotube)

[arXiv:1606.08849, 1706.02487, 1808.01892]

v" Evaporation of He by nuclear-recoils .
[arXiV. 1706 00117] a) Silicon wafer Blolumeler b) FieldI ionization detector array
. . 7 ¥,
, .. —
v / N E———T T i —’
Dark ’,_/—”J/(“:\
RN T A
" / \ pronone p in the target
- \ ' v
Helium allnm recoil Liquid l\elium T[O - y + A,, T[_/+ + p/n - T[O + Tl/p
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Light DM: Direct Search Status
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Super-Light DM: Main Focus

1022 eV

keV

MeV

GeV

TeV

PeV

100Mg~10%8 eV

| s —

% Various well-motivated super-light DM pheno.:

v

<

Sterile neutrinos

o

[hep-ph/9303287, astro-ph/9810076]

Mirror v DM [hep-ph/9505385]

Axino/gravitino [arXiv: 0902.0769, 1407.0017]

Axion-like particles

[arXiv:0912.0015, 1407.0017, 1510.07633]

Super-light dark gauge bosons
[arXiv:1105.2812, 1201.5902]
Decaying DM for 3.5 keV line
[arXiv:1403.1536, 1508.06640]
keV DM for XENON1T, ...
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Super-Light DM: Current Status

1022 eV keV MeV GeV TeV PeV 100Mg~10%8 eV

Superconducting-nanowire
E;,=0.8 €V, 4.3 ng WSi, 10* s
% Ei~mv?~0(meV) with m~keV & v~1073

Light Mediator

% New ideas are required! W

v Superconductor [PRL (2016)] 10728

CDMS

Superfluid He [PRL (2016)]

SENSEI, 0.177g—day

107 \ wsinsev,

3D Dirac material [PRD (2018)]

7.[em?)

v
v
v Polar material [PLB (2018)]
v
v

107
Superconducting-nanowire [PRL (2019)] st
1074
<+ World race to prove super-light DM.
# No experiment for O(keV) DM so far. — i 1 [prL o]

mpum [MeV]
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We proposed a new super-light DM direct detection strategy
adopting the graphene-based Josephson junction* (GJ.J)

microwave single photon detector.

* A “state-of-the-art” technology:
much lower E;;,~0(0.1 meV) (Gil-Ho’s Talk)

14



Status of Sensor Technologies

Single photon energy: 0.1 meV 1meV 10 meV 0.1eV 1eV 10 eV
I I I I I I
microwave THz-wave Far-IR Infrared(IR) Near-IR | visible IUltraviolet(UV)
| TES
Detector technology: MKID SPAD, STJ, SNSP
Y s |
¢ ____________ 9GS ______________ |

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

% Graphene

[E.-W.,W.C.Jung,G.-H.Lee, et al.,

Science (2021)]

v" Minute electronic heat capacity: ~ 10 kz/um?2

o

— Large response in electron temperature (7)
e.g., E=1 meV raises from 7=0.01 Kto 1.3 K

v" Slow cooling time: T, , ~

v Fast thermalization time: 1., < 1 ps

11ns

v Sensitive response: dI./dT ~ a few pA/K

v' Fast response: T,=1/ fp~0.1 ns (K Tepp)

Plasma frequency:
J»~ 100 GHz

Details: Gil-Ho’s Talk!
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GJJ Device

The device consists of a sheet of mono-layer
graphene two sides of which are joined to

superconductor, forming a superconductor-

hBN oLl , normal metal-superconductor Josephson junction.

grapk éhe

Superconductor-Graphene-Superconductor (SGS)

% A GJJ single-photon detector was proposed, covering from near-IR to microwave.

% K.C. Fong, G.-H. Lee & their collaborators have demonstrated experimentally
that the GJJ microwave bolometer can have sensitivity to E~0.1 meV energy

deposit.

% Currently, a GJJ single-photon detector is under testing in the laboratory.

Details: Gil-Ho’s Talk!
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Detection Principle

I. DM scatters off (;t-bond) free electrons, transferring some fraction of its incoming E,.
II. The recoiling e heats up & thermalizes with nearby €’s rapidly via e-e interactions.

ITII. The JJ is triggered: the temperature rise switches the zero-voltage of JJ to resistive state.

% Ep~mv?~1meV for mpy = 1keV

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

17



Conceptual Design Proposal

(a) Energy injection
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(b)

L.

Single graphene strip (a): the assembly of a
graphene strip & a number of superconducting
material strips = an array of SC-graphene-SC-
graphene-SC---- (SGSGS:--).

Each sequence of SGS represents a single GJJ device.

. Full detector unit (b): all GJJs are connected in

series so that even a single switched GJJ allows the
series resistance measured between S & D to switch

from O to a finite value.

<+ E.y, is determined by the strip width W,;: W;; = 3 um (30 um) = E;;, = 0.1 meV (1 meV).

% A much larger-scale detector can be made of a stack of such detector units.
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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.

19



Calculating Signal Rates

< Goal: The event rate of DM scattering off free electrons in a 2D graphene sheet.

< Key point: An electron is still confined in the 2D graphene even after the collision.

=» No significant momentum change along the surface-normal (z-axis) direction.

= Signal rate depending on the DM direction

< We will calculate the number of events/unit detector mass/unit run time:

total
N eve

Neve
M T trun

(NFotal: total number of events, My : total detector mass, t,,: total time exposure)

20



Calculation Procedure I

& n — NeYe! 1 dE d v Néc\?ctaal = NeyeMrtiyn
eve MTtrun MTtrun Er>Etn r dE,
- Neo-e)(q))(trun
1 Py _ _
= dE, dv v N v t vV d,=n,v.. & n, =p,/m
MT7trun fET>Ethf )(fMB( X) eOey rel .~ m, run X x “rel X '0)(/ X
dni oo vrel 1 P =
= dE,dv v - X T8 S Ne _ Ne/V _ ni
fET>Eth xfme (V) dEr  pp”my ) ‘ My Mt/V o piP
2D nature of _ Ne/(aay _ ngP
- — 2D
dngP OexVrell 1 Py graphene M1/(AAl)  pZ
fEr>E dErdvy) fus (V) aE,  pPm,
Zp(x}’) pxy dpz-
o _ el _ el e,l Z Z
M Tle Zf (2m)? fel(Ee l) Zf (27)2 f (217) (27‘[)5(}?8'1- o pe,f)fe,i(Ee,i)
Eei—l
ap Y foi(Be)=1/{1 + exp=D)), (u~Ep)
= 2 f (2n )esl (Zn)5(pel pezf)fe,i(Ee,i) erirel
=» Fermi-Dirac distribution function

Consistent with the assumption of no significant

momentum change along the surface-normal direction
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Calculation Procedure 11

2 2
z(e_v)(ll/vo _e—vésc/v%)

+ Graphene-surface-parallel DM velocity profile: fyg(v,) =

2 2
VITvgerf(Vesc/Vo) —2Vesce ~Vesc/o

= We take a plane-projection of a modified Maxwell-Boltzmann distribution.

Aoyr M
(2m)3 16mmZm> San(Er) q)

+ Event rate on a (sufficiently thin) 2D material: (nZo,,vyey) = [

< Structure function for the 2D system: S, (E,, q)

> el a’ e,
=2 6(122)'3 J (zZ)'; m)8(pZ; — péf)2m)*$™® oy + Pei — Py — Pes) fei(Eei){1 = for(Eer))

= (271')5(}9?(,1- - p)Z(,f) ’ #f dgpe,i5(Er + E)(,i - E)(,f)fe,i(Ee,i){l - fe,f(Ee,f)}

= 2m)8 (5, — Pyrf) - San(Er, q)
=» The Pauli blocking effects(=phase space suppression) are encoded in the structure function.

The analytic expression for S;p(E,, q) is available in the non-relativistic limit.
[S. Reddy et al., PRD (1998), Y. Hochberg et al., JHEP (2016)]
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Calculation Procedure I11

o _ Ng OexVrell) 1 Py _
* neve - ET'>Eth dE dv}(” d péll‘) m)( v pX —0.3 GeV/Cm3
v 1y=220 km/s, v.,.=500 km/s

v piP =7.62x10"8g/cm?

d°p 19112
2D — x.f
Z(e_v)(ll/”o _ e—vésc/vé) <ne O-e)(vre1||> B f (2m)3 16mmZms S2p(Er, q)

- — ~v&sc/V4 .
Vvgerf(Vesc/Vo) — 2Vesce °  withS,,(E,, q) = (Zﬂ)(s(p?(,i — p)z(,f) - Sap(Er, q)

<+ We assume that DM interacts with electrons via an exchange of mediator ¢ as done in many

of the preceding studies :

2 42 42
gegx lie)( > heavy _ gegxﬂex f 2 llght 9eJdy Hey 2 2
r ~ — for
Oey = = A7) Oy — 0 (m¢ »> q°) & o g+ 10 (m¢ K q°)

|2 2

< The matrix element | M|* is related to the scattering cross section as g, = oz Mex
e X

% From the linear dispersion of graphene: Er = vp/an, with vp~108cm/s & n.~10%%/cm?.
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Expected Sensitivities

10—20 ]

10-33
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PhaseIl e
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0.1 1 10 100 1000 10¢ 10°
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Light mediator: Fpy, « 1/q? with q.ef = a,m,

Freeze—In
— 1-10° mev |°
— 0.1-10" meV
— lpgyr
--- 1 ngyr
----- 1 pg-yr

o Bemp?< Q(eV
‘k mv‘ & ‘

1 10 100 1000 10¢ 10°

m, [keV]

v The proposed detector can improve the minimum detectable DM mass (mpy~0.1 keV) by

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

v' Capable of probing the prediction of freeze-in scenarios even with a pg-scale detector.
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Expected Sensitivities: (Far) Future
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10—47 I 4

! — | mgwyr, 1-10° meV
— lafigyr, 0.1-10° meV
-51 " i
107" ‘e +="1 gyr, 1-10° meV
feo- ’Ek~mv2 < O(ev‘)—— 1 gyr, 0.1-10> meV
10—55 PN B\ PN B - Y Y
0.1 1 10 100 1000 10* 103
m, [keV]

v' Capable of fully probing the prediction of freeze-in scenarios with mp, < O(GeV).

v' Great search prospect even for sub-keV DM.
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Snowmass Community Planning Meeting - Virtual

5-8 October 2020
Virtual

US/Central timezone

Town Hall Presentations
Oct 5, 2020, 2:45 PM Plenary
® 1h15m

Q@ Zoom Webinar

from 20-25 speakers who will present a few of the many novel ideas and smaller
scale projects that are perhaps less well-known. The goal is to provide a

Mayly Sanchez - ANNIE and the Future of Hybrid Neutrino Detectors

Doojin Kim - Detecting keV-range super-light dark matter using graphene Josephson junction

Rebeca Gonzalez Suarez - Searches for Long-Lived Particles at the FCC-ee

David Hertzog - Testing Lepton Flavor Universality and CKM Unitarity with Rare Pion Decays

Sebastian Ellis - Heterodyne Detection of Axion Dark Matter via Superconducting Cavities

Marcela Carena - Towards Future Discoveries at the Energy Frontier

Philip Harris - DarkQuest and LongQuest at the 120~GeV Fermilab Main Injector

Marcel Demarteau - Perspective on a Unified US Particle Physics Program

Brian Nord - Culture change is necessary, and it requires strategic planning

Kelly Stifter - Snowmass as a path towards cultural change, and the role of collaborations

Sven Vahsen - Gas TPCs with directional sensitivity to dark matter, neutrinos, and BSM physics

Matthew Citron - Searching for millicharged particles with scintillator based detectors

Holger Mueller - Alpha: Measurement of the fine structure constant as test of the Standard Model

Harvey Newman - Future Information and Communications Technologies for HL-LHC Era: Beyond CMOS and Beyond the
Shannon Limit

Marianna Safronova - Atomic/nuclear clocks and precision spectroscopy measurements for dark matter and dark sector
searches

Francesco Giovanni Celiberto - 3D proton tomography at the EIC: TMD gluon distributions

Richard Talman - Colliding beam elastic pp and pd scattering to test T- and P-violation

Matthew Szydagis - Metastable Water: Breakthrough Technology for Dark Matter & Neutrinos

Karan Jani - A deci-Hz Gravitational-Wave Lunar Observatory for Cosmology

Ferah Munshi - Testing SIDM with Realistic Galaxy Formation Simulations

Ankur Agrawal - Superconducting Qubit Advantange for Dark Matter (SQUAD)

Caterina Doglioni - Initiative for Dark Matter in Europe and beyond 26




Summary

» We have proposed a class of new DM detectors, adopting the GJJ device which

has been implemented & demonstrated experimentally.

> For the scattering between DM moving in 3D space & e’s confined in 2D graphene,

we (for the first time) built an effective model and computed the event rate.

=» Signal rate depends on the DM incident direction!

» The proposed detector is capable of sensing sub-keV (warm) DM scattering off
electrons due to its outstanding E;,~0.1 meV. = Improving the minimum

detectable DM mass (mpy~0.1 keV) by more than 3 orders of magnitude.

The Test Run with the Existing GJJ Device samples is in progress.

Thank you,




