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THE MOST IMPORTANT QUESTION IN PARTICLE & ASTRO-PHYSICS

IN THE NEXT DECADES

WHY DARK MATTER?

» Missing mass of the Universe

» Seed for structure formation in the
Universe

> Missing part of understanding stellar
motions in the Galaxy

> Missing knowledge of the stellar
evolution, solar physics ...
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SEARCH METHODS FOR WIMP-LIKE DARK MATTER 4

image credit TsingHua University
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» Direct detection — x w\ - / = ot
Target: DM at rest in the Galactic halo — ol =
- e =al
Signal: DM-nucleon/electron scattering in — b2 ;
Energy

the detector

» Indirect detection through cosmic particles
Target: DM from the Galactic Center, dwarf
galaxy, Sun ...

Signal: gamma rays, charged particles,

neutrinos

» Accelerator
Target: DM produced by the particle beam

Signal: missing energy & momentum

image credit Daniel D nd Maximilien Brice/CERN

Koun Choi, SKKU, 2021 SAGA_YONSEI WORKSHOP



THE WORLD LARGEST NEUTRINO DETECTOR 3

SUPER-KAMIOKANDE (SK)

» Water Cherenkov detector (WCD) built in Kamioka, Japan

» 50 ktons water (22.5 ktons fiducial volume)
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FUTURE NEUTRINO DETECTORS

Hyper-Kamiokande

WbLS: THEIA, ...

Baikal-GVD
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mmm |ceCube (2011-2014)
+ Super-K (1996-2012)

=« Antares (2007-2012)

lceCube, arxiv:1612.05949



IceCube86 bb
Eur.Phys.J.C 77, 2017
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cCammarays
Dark matter They point to their sources, but they
can be abcorbed and are created by
multiple emission mechanisms.

They are weak, neutral
particies that point to their
sources and carry information
from deep within their ongins

They are charged particles and
are deflected by magnetic fields

* x

IceCube (this work)
HAWC (dSph, 2018)
HAWC (GC, 2018)
Fermi/LAT (2012)
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WHAT'S NEXT? 9

DARK MATTER NOT FOUND

» A few anomalies but no consistent signal

........
N MNMMNENF N
..................

» Dark matter may not be WIMP Kﬂ , : ‘

» How the searches in the next decade
should be?
- persistently look in (WIMP parameter §
space not closed)
- also look in every corner (open minded,
experiment-driven strategy)
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>
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image credit US Cosmic Visions: New |deas in Dark Matter 2017
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CRESST-II (2015) = ]

LUX (2015) — 3

XENON100 (2013) -
SuperCDMS (2014)
CDMSlite (2015)

WIMP DM

—— WIMPless DM
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xx — vr, 20 yrs, 90% CL DM

e—e SK 2016 NFW
HK TDR NFW
SK DSNB w/o Gd
HK DSNB 10 yrs w/ Gd




BOOSTED

Experiment Volume (MTon) p—— L 0r% (degree)
Super-K 224 x 1072 {_ 0.01_3 3° [69]
Hyper-K 0.56 ). 3° [81]
IceCube 103 30° 82, 83]
PINGU 0.5 23°(at GeV scale) 8]
MICA 5 30°(at 10 MeV scale)  [9, 84]

Elastic scattering Elastic scattering Deep inelastic
on electrons on nucleons scattering

T,d®,/dT, [cm™2 s71]
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NEW DM SEARCHES IN NEUTRINO DETECTORS 13

Super-K

COSMIC-RAY BOOSTED DM SEARCH

» Cosmic rays can hit abundant DM and accelerate
towards the Earth

Solar Reflection

» For X-p scattering, Minimal thermal relic scenario
can be tested for new mass region (below 4 GeV)
- Proton recoil Cherenkov threshold ~ 1.07 GeV
narrows down the signal region & reconstruction | _
of proton track is challenging (SK, 5 10 10¢ 1072
arxiv:0901.1645) My [Gev]
- Oxygen Neutral Current detection efficiency

can be enhanced by SK-Gd neutron tagging
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Cappiello et al., arxiv:1906.11283
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NEW DIRECT DM SEARCHES IN NEUTRINO DETECTORS 14

TWO-COMPONENT (NATURALLY S IT NATURAL TQ ASSUME SINGLE-
BOOSTED) DARK MATTER SEARCH COMPONENT DARK MATTER

image credit Wikipedia
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positron antimuon
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thermal relic DM (secluded)

» In addition to DM at rest, there can be DM
component with more energetic spectrum

» insight: sometimes it's easier to find “friend” of DM
than DM itself (Agashe et al., arxiv:1405.7370)
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for mg=200 MeV, mv'=20 MeV, g'=0.5

Annihilation

102

Ma (GeV)

C. Kachulis for the Super-Kamiokande,
Phys.Rev.Lett. 120 (2018) no.22,221301

Visible in the detector fiducial volume

My =2 GeV, M, =50 MeV, 6M = 10 MeV

e-scat: DUNE-40 kt-yr, 0 BGs
~———  p-scat: DUNE-40 kt-yr, 0 BGs

0.05 0.1 0.2
My [GeV] p=scat: DUNE~40 kt-yr, 0 BGs and HK-380 kt-yr, 0 BGs

DUNE (My, M., 6M) = (2000, 50, 10) MeV

DUNE (My, , 6M) = 2000, 50, 30) MeV

DUNE (Mg, M, 6M) = (6, 0.4, 0.5) GeV
(My, ,0M) = (6,0.4,0.5) GeV

0.05 0.1 0.2
My [GeV)
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LONG BASE-LINE DARK MATTER SEARCHES 16

DARK MATTER BEAM FROM INVISIBLE DECAY OF DARK PHOTON

image credit www.ppd.stfc.ac.uk

water equiv.

Neutrino beam

DM flies 295km

Directional search for DM produced by dark photon decay in J-PARC proton beam
2.5° off-axis, 295km distance

Background reduction by time delay of DM beam to neutrino beam, different E spectrum

Oxygen Neutral Current detection efficiency can be enhanced by SK-Gd neutron tagging

= On — axis
=== PRISM — 24 m
U B
——— LDMX — Phasel

LSND/MB DM

6;’(1'( mt-lm v) 4

Y

“1x1021/yr, 3.5(on)/
0.7(off-)axis/yr

DUNE sensitivity, arxiv:2008.12769 deNiverville et al, arxiv:1609.01770
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Cosmic Rays

Dark Photons (my = 0.01 GeV) at cos@ = 0.9, h = 154 km
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SUMMARY

» Neutrino detector with sub-GeV threshold has a great potential for sub-GeV DM
searches in both direct & indirect detections (GeV-TeV search still important)

» With 20-year data of SK, using the low-energy data (<100MeV) for DM searches for
the first time, world-leading results are foreseen

» Multi-disciplinary DM searches collaborating with cosmic-ray, particle accelerator,
theory, ...

» Results can be extrapolated to bigger volume; can highlight future neutrino
experiments (i.e. HK, KNO, DUNE, ...) as multipurpose detector
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THANK YOU FOR LISTENING
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