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• はじめまして 身内賢太朗です
• いまのところずっと 暗黒物質直接探索 ⇄ 見つからない

• そろそろ 見つけて 性質解明 と行きたい

• D論 東大物理 みのわ研 LiFボロメータ

• PD～助教 京大物理 宇宙線研究室 ガスTPC

• 准教授 神戸大 粒子物理研究室 +=液体キセノン検出器
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暗黒物質
see also

日本物理学会誌第75巻
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• DM: seen in various scales in the universe
• @ galaxy: rotation curves（1970～）

• @ cluster of galaxies: collision of
galaxy clusters (2007～)

• @ universe: CMB and other observations
(2002~)

Annu. Rev. Astron. Astrophys. 29(1991)409 

plasma
(baryon)

mass
(dark matter)

rotation curve

Plank team

cluster collision pie chart of the universe

GR !

http://map.gsfc.nasa.gov/ContentMedia/A2218.jpg
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• DM candidates: thousands of them
• “good”candidates would solve other problems

• AXION (CP problem in QCD)

• Primordial black hole (BHs are there!)

• WIMPs (Weakly Interacting Massive Particles)

• WIMPs
• Produced in the early universe

• Annihilate
rate ∝ cross section × velocity

• Freeze out at some point
abundance is fixed

• σ～weak scale explains present abundance
⇒WIMP miracle !



• WIMP hunting
• WIMP-SM(standard model particle, i.e. quarks) particle interaction

• Direct search

• Indirect search

• Collider
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synergy



• Collider
• LHC @ CERN

• Missing E signal

• Searches with various ways

• No hint so far
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simulation



• Indirect Search
• WIMPｓ annihilate @ Galactic Center,

Dwarf Galaxy, sun…

• No conclusive result yet

Kentaro Miuchi
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Direct Search
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• WIMP signal
• nuclear recoil: elastic scattering

• energy

• nucleus dependence

• seasonal modulation

• direction

nuclear recoil
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• WIMP signal
• nuclear recoil: elastic scattering

• energy

• nucleus dependence

• seasonal modulation

• direction
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cosθ 1-1

M=80GeV
σ=0.1pb

（θ：angle between the nuclear recoil direction
and constellation CYGNUS）

direction
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• Technologies
• Ordinary radiation detectors

• Background: electron recoil

• more than two info
⇒ reject electron BGs



History

Kentaro Miuchi 15

• leading technologies
• semiconductor ⇒ scintillators
⇒ cryogenic detectors (bolometers)
⇒liquid noble gas

Direct search history

lim
it



２．直接探索の現状



Direct Search Review

1. Mainstream : Large Detectors
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• DAMA (NaI)
• 250kg NaI scintillators

• Annual modulation were reported：1998～

• Latest 2.46 ton year 12.9 σ

• SOMETHING is detected

No BG explains this modulation

No natural DM model explains, either…

DAMA

DAMA/LIBRA



• Explaining DAMA with BG
• Long discussion on BG modulation

• Muon?

• Muon & neutrinos
• Solar neutrino has largest flux in winter. (Sun closer.)

Kentaro Miuchi 19

• No, not enough neutrinos

• None worked so far ...
• So the right way is to ...

Eur. Phys. J. C (2014) 74:3196

PRL 113, 081302 (2014)

• No, muon comes laterMUON

DAMA

Eur. Phys. J. C (2012) 72:2064



• Other NaI detectors
• COSINE(106kg)

• Annual modulation measurement

• Consistent with null and DAMA, yet.

• ANAIS (112kg)
• Annual modulation measurement

• (NEW) incompatible with DAMA

• SABRE
• North and South

• PICOLON
• Pure crystal

Kentaro Miuchi 20

Need to be stay tuned.

3.3σ 2.6σ

vs DAMA

arXiv 2111.08863



• DAMA：Strong tension with other nuclei
• Recent papers don’t show DAMA’s area.

• It doesn't mean DAMA signal is gone...

Kentaro Miuchi 21

SI
SD



• Liquid Xe/Ar：double-phase (liquid+gas)
• XENON1T, LUX, PandaX-II (Xe) , DARKSIDE(Ar)

• Several 100kg ～ 1ton

• z position can be known

• Electron background can be discriminated

Kentaro Miuchi 22

Double phase detector principle
XENON detector

PMT

PMT

liquid Xe

gas Xe

light yield

time



• XENON1T
• Some events in ROI

• ER ：radon neutron：neutrons from α particle

Kentaro Miuchi 23

red：nuclear recoil (signal) region

gray：BG (electron) region

AccidentalElectron

PRL 121, 111302 (2018)

PRL 121, 111302 (2018)



• XENON1T 1ton・year result

Kentaro Miuchi 24

fitting

• 4.1×10-47cm-2 @30GeV

• Leading the direct detection

• SUSY predictions are investigated

PRL 121, 111302 (2018)



• 最新（PandaX）

Kentaro Miuchi 北海道大学 コロキウム 25

Phys. Rev. Lett. 127, 261802

arXiv:2107.13438



• Next
• XENONnT

• LZ

• PANDA-X

Kentaro Miuchi 26

1.4×10-48cm@50GeV1.4×10-48cm@40GeV



Direct Search Review

2. New Trend : Low Mass DM
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• Bolometers
• Leading technology before Xe detectors
• First “DAMA killer”
• Shift to low energy WIMPs

Direct search history

lim
it



• Bolometers
• Low energy threshold ⇒ low mass DM

Kentaro Miuchi 29

CRESST-III detector

CRESST-III result



• CCD
• DAMIC

• pioneer of low threshold

• SENSEI
• skipper CCD
• sensitive to single electron
• DM-electron channel

Kentaro Miuchi 30

DAMIC

PLB 711 (2012) 264–269

DAMIC

0.5g

threshold 40eV

CRESST

XENON 10

SENSEI

1.9g

24days



• Liq. noble gas: S2 only analysis
• can lower threshold ⇒ low mass WIMPs

• DARKSIDE（Ar）

Kentaro Miuchi 31

PRL 121, 081307 (2018)

PRL 121, 081307 (2018)



• XENON S2 only
• Improved 4-7 GeV limits

• note: lighter nucleus (Ar) is better for low mass WIMPs

Kentaro Miuchi 32

PRL 123, 251801 (2019)

PRL 123, 251801 (2019)

target

target

nucleus dependence



Direct Search Review

3. Others



• Bubble chamber
• PICO

• Superheated chamber
• Threshold-type detector
• Best SD sensitivity

Kentaro Miuchi 34

PRD 100, 022001 (2019)

C3F8 52kg

1167kgdays

2.45keV threshold

3 events remained



• Fluorine advantage
• SD search

• different “Neutrino floor”from
xenon

Kentaro Miuchi 35



直接探索の現状
• DAMA, Xenon(SI), Fluorine (SD)

Kentaro Miuchi 36

PRD 100, 022001 (2019)

PRD 100, 022001 (2019)



3. 最近の話題



Topics

1. Electron Recoil (ER) signal



• XENON ER excess
• 0.65 tonne-years exposure

Kentaro Miuchi 39

arXiv 2006.09721 (to appear in PRD )

https://web.bo.infn.it/xenon/sito_web_Bologna/docs/

xenon1t_er_excess_20200617.pdf

⇐ for NR search

PRL 121, 111302 (2018)

⇩ for ER search

arXiV 2006.09721



KEK-PH Oct. 2020

Kentaro Miuchi 40

arXiV 2006.09721

• Detector response
• Energy scale & Efficiency

• Both confirmed independently

• Demonstrated with 220Rn calibration data

arXiV 2006.09721

DM run calibration
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arXiV 2006.09721

• Background
• Radioactive isotopes (214Pb: radon daughters)

214Pb



• Results

• Excess between 1-7 keV

• 285 events observed

• 232 events expected(BG only)

• 3.3 σ Poisson fluctuation

Kentaro Miuchi 42

arXiV 2006.09721



• Tritium?
• 3.2σ

• 3H/Xe =（ 6.2 ± 2.0 ) × 10-25 mol/mol

• Two possible source
• cosmogenics: made from xenon by cosmic-ray

• atomosperic: H2O (HTO) or H2 (HT)

Kentaro Miuchi 43

• 100 ppb level of H2 can
explain this amount.

• i. e. O2 < 1ppb

• Compared the significance with other sources.



Kentaro Miuchi Einstein-Nambu セミナー 2020 44

風間@DARKONLINE2020



• XENONnT

Kentaro Miuchi 45



Topics

2. MIGDAL
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• And still lower: MIGDAL
• Low mass search with“MIGDAL effect”

• Ordinary nuclear recoil : ionization along the track

• Low energy recoil : ionization efficiency is low
⇒ cannot be detected

• Very rare case electrons are emitted

PRL123, 241803 (2019)

PRL123, 241803 (2019)

PRL123, 241803 (2019)
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• MIGDAL effect ?
• A. B. Migdal J. Phys. USSR 4(1941)449

• calculated (predicted)

• nuclear recoil ⇒ excitation / ionization

• caused by a sudden change of the nuclear velocity

• small probability

• Ibe et. al. 2018
• reformulated

• energy momentum conservation

• probability conservation

• can be used for DM search



• Low mass WIMP search by MIGDAL effect

Kentaro Miuchi 49

LUX: PRL 122(2019)131301

EDELWEISS: PRD 99(2019)082003

CDEX: PRL 123 (2019) 161301

XENON: PRL 123 (2019) 241803

SENSEI: arXiv:2004.11378v1

PRL123, 241803 (2019)

Standard WIMP detector down to 100MeV

CAVEAT: Migdal effect itself is yet to be observed.

loose 3orders of magnitude if we use Bremsstrahlung only.



• Why MIGDAL observation is difficult?
• Neutron beam for nuclear recoil
• Standard elastic scattering (Nuclear Recoil): huge background
• Signal: NR + electron track ～0.1 keV

• << energy resolution
• << spatial resolution

Kentaro Miuchi 50

n



• Migdal challenge

Kentaro Miuchi 51

CERN-UK

JP

https://indico.cern.ch/event/872501/contributions/3730586

/attachments/1985262/3307758/RD51_mini_week_Pawel

_Majewski_ver2.pdf



• CERN-UK (in preparation)
• Straightforward method

• Nuclear track +electron track with gaseous detector

• Demonstrations OK for
nuclear recoil / electron recoil each.

• Hard to discriminate from standard nuclear recoil

Kentaro Miuchi KEK-PH Oct. 2020 52



• Our approach (proposal)
• Detect characteristic signal

“two-cluster” events

• Help to reduce huge background

Kentaro Miuchi 53

any “MIGDAL anomaly” prediction?

PTEP(2020)ptaa162



Topics

3. Directionality



• Directional search：concept “CYGNUS”
• More robust evidence than annual modulation

• Study the DM nature after discovery

Kentaro Miuchi 55
cosθ 1-1

M=80GeV
σ=0.1pb

expected anguler distribution

（θ：angle between the nuclear recoil direction
and constellation CYGNUS）

clear forward scattering



40cm

World-wide CYGNUS
NEWAGE/CYGNUS-KM

Kamioka, Japan

SF6 / CF4

Strip readout

CYGNUS-OZ

Stawell, Australia

R&D leading to 1 m3

Long-term plan 10 m3

CYGNO-Initium

Gran Sasso, Italy

He CF4 (SF6)

sCMOS+PMT readout

CYGNUS-10

Boulby, UK

10m3 He:SF6

GEM + wire readout

CYGNUS-HD10

SURF, USA

He:CF4:C4H10

Strip readout

Kentaro Miuchi 56
multi-site observatory

2020 J. Phys.: Conf. Ser. 1468 012044



• NEWAGE(Kobe+)
• 3D tracking

• μ-PIC

• SKYMAP

• CF4 gas 
• High spatial resolution

• Spin-Dependent search

• Proposal

• First directional search

• Underground measurements

Kentaro Miuchi 57

PLB 578 (2004) 241

PLB 654 (2007) 58

PLB 686 (2010) 11, PTEP  (2015) 043F01S, TAUP2019

PTEP (2020) ptaa147
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• Realistic simulation (strip readout)

Kentaro Miuchi 58

even 10m3 detector

can start exploring Xe neutrino

floor

arXiv 2008.12587



Toward discovery

• Potential to search beyond the “neutrino floor”
where large detectors are reaching.

solar

atmospheric

ecliptic coordinate
8B

WIMPS

distinguishable

expected

59

WIMPs

8B ν’s



• CYGNUS After Discovery: astronomy/cosmology
• Test the HALO model

• （ex）Sagittarius stream

Kentaro Miuchi 60
streams, debris…

standard HALO

standard HALO +
stream

GC

Our GALAXY

SUN

constellation

“CYGNUS”

galactic
coordinate

expected



• scan r value

• Halo model test
• isotropic (1-r) + anisotropic(r) DM HALO model indicated by n-

body simulation (r～0.3)

Kentaro Miuchi 61

• main observables: energy +
direction(θ) ⇒2D fitting

• next:



• CYGNUS After Discovery : particle physics
• Some interaction provide characteristic angular distributions

Kentaro Miuchi 62

SI SD

angular distribution

operator



最近の話題 まとめ

• ER signal
• XENONnT/LZ are in preparation

• MIGDAL
• Observation

• Directional Detectors：gas detectors
• Clear evidence・DM nature study

Kentaro Miuchi 63



Thank you!
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