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DM Direct Detection



DM Direct Detection: Beginning

PHYSICAL REVIEW D VOLUME 31, NUMBER 12 15 JUNE 1985

Detectability of certain dark-matter candidates

Mark W. Goodman and Edward Witten
Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544
(Received 7 January 1985)

We consider the possibility that the neutral-current neutrino detector recently proposed by
Drukier and Stodolsky could be used to detect some possible candidates for the dark matter in galac-
tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in-
teractions and masses 1—10° GeV; particles with spin-dependent interactions of typical weak
strength and masses 1—10% GeV; or strongly interacting particles of masses 1—10"* GeV.

PHYSICAL REVIEW D VOLUME 30, NUMBER 11 1 DECEMBER 1984

Principles and applications of a neutral-current detector
for neutrino physics and astronomy

A. Drukier and L. Stodolsky
Max-Planck-Institut fiir Physik und Astrophysik, Werner-Heisenberg-Institut fiir Physik,
Munich, Federal Republic of Germany
(Received 21 November 1983)

We study detection of MeV-range neutrinos through elastic scattering on nuclei and identification
of the recoil energy. The very large value of the neutral-current cross section due to coherence indi-
cates a detector would be relatively light and suggests the possibility of a true “neutrino observato-
ry.” The recoil energy which must be detected is very small (10—10° eV), however. We examine a
realization in terms of the superconducting-grain idea, which appears, in principle, to be feasible
through extension and extrapolation of currently known techniques. Such a detector could permit
determination of the neutrino energy spectrum and should be insensitive to neutrino oscillations
since it detects all neutrino types. Various applications and tests are discussed, including spallation -
sources, reactors, supernovas, and solar and terrestrial neutrinos. A preliminary estimate of the
most difficult backgrounds is attempted.




DM Direct Detection: Basics
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DM Direct Detection: Results
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DM Direct Detection: Some Issues

1. DM signals vs Backgrounds

>

v Event discrimination via signal WIMP. ~ rif time

characteristics: most of experiments
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v' Earth’s motion around the Sun =
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drift time

Annual modulation in event rate (e.g.

DAMA), Directional detection (e.g.
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DM Direct Detection: Some Issues

2. Mass & interaction of DM

v" Differential recoil rate:
Amplitude =» Interaction strength

Curvature (~distribution) =» Mass

events on Ge / keV [arb. Units]
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Light Dark Matter




Dark Matter Landscape: A Very Wide Mass Range

zeV=102! eV keV MeV GeV TeV PeV 100Mg~10%8 eV
Light WIMP Super-heavy Astrophysical
SIMP, well-motivated, composite, object
ELDER, extensively WIMPzilla, MACHO, PBH,
can be studied, Q-ball, non-particle
thermal thermal Fermi-ball,
No firm dark-quark

signal yet! nugget,
_ non-thermal



Light DM Direct Search

zeV=102! eV keV 100Mg~10%8 eV
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=> lighter DM: smaller E_, but lager flux (lighter target particle)

v A way out: v~c
e.g., Boosted DM

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

zeV=102! eV keV MeV GeV TeV PeV 100Mg~10%8 eV
| | | || pe———)
< E,.~mv?~0(meV) with m~keV & v~1073 0% . ightmediator = 0
“» New approaches are required! o0 | .

v' Targets: Superconductor, Superiluid He, 3D Nﬁm %
Dirac material, Polar material, Graphene, E ol . 510" E
Diamond, etc. % 1074 Sl:;)r]c)lllr‘e{ztt! 107 %

v Sensor technologies: TES, MKID, STJ, SNSPD, & 1o e |0
GJJ, etc. (mostly based on superconductivity) E - | ' |,y E
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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 may recognize a DM event occurrence, but utilizing the differential E spectrum is difficult!

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

“ Experiments using (effectively) 2D detectors: the experimental signatures are related to the behavior
of targets scattered by DM along the detection plane, the incident angle (8,,) of a DM particle affects
the resulting event rate.

% Due to the motion of the Sun, the DM flux (DM wind) has a directional preference: CYGNUS!

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

/// / .C]::::nd
. ,//é/ ///f v

/

@ /// ® Sun

® Earth

T: target X
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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 get over the Ey;,, leaving a detectable signature + m via dR/dEp.
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.

| ' [ ! [

VS m

events on Ge / keV [arb. Units]
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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,) % (NT(axTvrel) %) with
r X
NTzNT / M T-

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

= p" de de"f(vX") (NT(UXTVreuI))

Neye

\/1_(1’)(Il/vesc)2

. . ~ v
%+ Plane-projection of f (v, ): f(vy) = J _dcos —— f (Slﬁ'('g)
_Jl_(vxll/vesc)
% Revolution of the solar system around the GC: f(v,) - F(V,) with V,, = |9, + 7|
ﬁaetween the Cygnus Hﬁ@é@gn ndfﬁgné%@cﬁanpwﬁéﬂﬂé/ oAl (9)
F( X) should be done individually = n.,. depends on ® non-trivially. x: DM \

T: target X 16



Angular Dependence = Angular Modulation

% 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

p_)( V viLma

dependence: ng.(0,my) = m dErden F(Vos @) (NT(UXTVrelu (©))) With Vi max = Vesc + vosin®.
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Angular Modulation vs Annual Modulation

% Angular modulation % Annual modulation
v' Effects from the change of the DM wind v' Effects from the change of |V, | due to
direction (@) relative to the plane-normal Earth’s motion relative to Sun’s motion
direction due to Detector’s motion => contribution: revolution > rotation
=> contribution: revolution = rotation V' Nevent(t) = BG rejection

North Celestial Pole

\/ Nevent(@) from Nevent(t) uSing @(t)

North Galactic Pole

= BG rejection + mass information

North Ecliptic Pole
g o 75

= . Galactic Plane

Speed of Earth's rotation at equator = 0.465 km/s
Speed of Earth around Sun =30 km/s{: 3
. Speed of Sun around Milky Way =230'km/s
Sun is approximately 26,000 light years from Galactic Center

[2102.04596]

Background Image Credit: ESO/S. Brunier 18




Summary

» DM flux (DM wind) carries

a directional preference: CYGNUS.

[2102.04596]

> Angular modulation = New method for DM mass determination as well as BG
rejection!
» Generally applied to the (effectively) 2D or 2D-projectable direct detection

experiments allowing for directionality observables

> Experiments even w/ good Ey: an additional way to cross-check their results

Thank You! |
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Supplemental




Directional Dependence: Angular Information?

v Actively rotating the detector to run the experiment with a fixed 8y = 0.

v Timing information of each signal = statistically @(t).

INSTRUMENTS |

v' 8,: event-level unmeasurable
v’ 8y = 0: controllable &
(statistically) measurable

NEWSdm, Quarks 2018
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Detector classes by directional information "%

— Statistical

Proposed |
Indirect 1 Recoil imaging |

11 Event-level

|
Modulation-based

directionality

Indirect recoil

Time-integrated
event directionality

recoil imaging

Time-resolved
recoil imaging

“ GLIMPSE

Sven Vahsen, Ciaran O’Hare, Dinesh Loomba [2102.04596]
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Graphene-based super-Light
Invisible Matter Particle SEarch

[Kim, JCP, Lee, Fong, 2002.07821 & in progress]

GLIMPSE

9
N 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(0.1 meV)
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