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Åremote ɆɶȭǯǞǭǵ Ǟǋ Ȇ
Å ͬ ǲ ǘ Ǯ ǞȅǠƳ
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Å ǹǘǦװ ș2 3ɒɁȭȠɁɕǞǭ ǞǦǋǯדǋȅǠƳ
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ÅDM: seen in various scales in the universe
Å@ galaxy: rotation curves 1970

Å@ cluster of galaxies: collision of
galaxy clusters (2007 )

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

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

plasma
(baryon)

mass
(dark matter)

rotation curve

Plankteam

cluster collision pie chart of the universe

GR !

http://map.gsfc.nasa.gov/ContentMedia/A2218.jpg


log( )

lo
g
(W

IM
P

)

ův

i ) ii ) iii )

ův

DM

DM

SM

SM

WIMP̱SM

WIMP ∕ χⱲḧ ᴟ

annihilate

production

log (history of the universe )

presentstart

lo
g

(W
IM

P
a
b
u
n
d
a
n
c
e

)

observed

large ův

small ův

WIMP abundance evolution

ÅDM candidates: thousands of them
ÅĝfnncĞb`mchc`sdrwould solve other problems
ÅAXION (CP problem in QCD)

ÅPrimordial black hole (BHs are there !)

ÅWIMPs (Weakly Interacting Massive Particles)

ÅWIMPs
ÅProduced in the early universe

ÅA nnihilate
rate ō cross section ¥ velocity

ÅFreeze out at some point
abundance is fixed

ÅÐ weak scale explains present abundance
ŃWIMP miracle !



ÅWIMP hunting
ÅWIMP- SM(standard model particle, i.e. quarks) particle interaction
ÅDirect search

ÅIndirect search

ÅCollider
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WIMP hunting
complementary,

synergy



ÅCollider
ÅLHC @ CERN

ÅMissing E signal

ÅSearches with various ways

ÅNo hint so far

Kentaro Miuchi 7

simulation



ÅIndirect Search
ÅWIMP annihilate @ Galactic Center,

Dwarf Galaxy, rtmĢ

ÅNo conclusive result yet

Kentaro Miuchi
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Direct Search



Direct Detection
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ÅWIMP signal
Ånuclear recoil: elastic scattering

Åenergy

Ånucleus dependence

Åseasonal modulation

Ådirection

nuclear recoil
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ÅWIMP signal
Ånuclear recoil: elastic scattering
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Ånucleus dependence

Åseasonal modulation
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1-1

M=80GeV
0.1pb

ˢѣʿangle between the nuclear recoil direction
and constellation CYGNUSˣ

direction
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Ånuclear recoil: elastic scattering

Åenergy

Ånucleus dependence

Åseasonal modulation

Ådirection second half of this talk
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ÅTechnologies
ÅOrdinary radiation detectors

ÅBackground: electron recoil

Åmore than two info
Ҝ reject electron BGs



History

Kentaro Miuchi 16

Åleading technologies
Åsemiconductor Ҝ scintillators
Ҝ cryogenic detectors (bolometers)
Ҝliquid noble gas

Direct search history

lim
it
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Direct Search Review

1. Mainstream : Large Detectors
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ÅDAMA (NaI)
Å250kg NaI scintillators

ÅAnnual modulation were reportedʿ1998˙

ÅLatest 2.46 ton year 12.9 ů

ÅSOMETHING is detected

No BG explains this modulation

No natural DM model explains, eitheré

DAMA

DAMA/LIBRA



ÅExplaining DAMA with BG
ÅLong discussion on BG modulation

ÅMuon?

ÅMuon & neutrinos
ÅSolar neutrino has largest flux in winter. (Sun closer.)

Kentaro Miuchi 20

ÅNo, not enough neutrinos

ÅNone worked so far ...
ÅSo the right way is to ...

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

PRL 113, 081302 (2014)

ÅNo, muon comes laterMUON

DAMA

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



ÅDAMA Strong tension with other nuclei
ÅRecent papers cnmĜsshow C@L@Ĝrarea.

ÅIt doesn't mean DAMA signal is gone...

Kentaro Miuchi 21

SI
SD



ÅOther NaI detectors
ÅCOSINE(106kg)
ÅAnnual modulation measurement

ÅConsistent with null and DAMA, yet .

ÅANAIS (112kg)
ÅAnnual modulation measurement

Å(NEW) incompatible with DAMA

ÅSABRE
ÅNorth and South

ÅPICOLON
ÅPure crystal

Kentaro Miuchi 22

Need to be stay tuned.

3.3ů 2.6ů

vs DAMA



XMASSᾁ Ṁ

ÅLiq Xenon 1 phase (liquid - only) detector
ÅXMASS
ÅObservation 2013 Nov. 2019 Mar.

Å642 ¥ PMTs

Å800kg liquid xenon

ÅOne of the main results Ğfiducial paper Ğ
Åĝself -rghdkchmfĞof liquid xenon



ÅXMASS fiducial paper: limit
ÅFitting the obtained energy spectrum with BG + WIMP

ÅConsistent with the BG model

Kentaro Miuchi 24

ÅBest limit as a 1 - phase liq. Xe detector
Å Learned lesson Reduction of the systematic error is

important for an effective BG reduction

XMASS DM limits

WIMP fit ersults



ÅXMASS other results
ÅKaluza - Klein solar AXION

ÅExtra dimension AXION: mass keV

ÅThermally produced in the Sun Ń gravitationally trapped
Ń decays in the detector

Kentaro Miuchi 25

N.Oka et. al.
expected signal

result

ÅFirst experimental limit!



ÅLiquid Xe/ Ar double - phase (liquid+gas )
ÅXENON1T, LUX, PandaX - II (Xe) , DARKSIDE( Ar )

ÅSeveral 100kg 1ton

Åz position can be known

ÅElectron background can be discriminated

Kentaro Miuchi 26

Double phase detector principle
XENON detector

PMT

PMT

liquid Xe

gas Xe

light yield

time



ÅXENON1T
ÅSome events in ROI

ÅER radon neutron neutrons from ¿ particle

Kentaro Miuchi 27

red nuclear recoil (signal) region

gray BG (electron) region

AccidentalElectron

PRL 121, 111302 (2018)

PRL 121, 111302 (2018)



ÅXENON1T 1ton ɵyear result

Kentaro Miuchi 28

fitting

Å4.1 ¥10 - 47 cm - 2 @30GeV

ÅLeading the direct detection

ÅSUSY predictions are investigated

PRL 121, 111302 (2018)



ÅNext
ÅXENONnT

ÅLZ

ÅPANDA - X

Kentaro Miuchi 29

1.4 10-48cm@50GeV1.4 10-48cm@40GeV



ÅNext
ÅXENONnT

ÅLZ

Kentaro Miuchi 30

1.4 10-48cm@50GeV

ÅCommissioning ongoing



Direct Search Review

2 . New Trend : Low Mass DM
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ÅBolometers
ÅLeading technology before Xe detectors
ÅFirst¬DAMA killerº
ÅShift to low energy WIMPs

Direct search history

lim
it



ÅBolometers
ÅLow energy threshold Ń low mass DM

Kentaro Miuchi 33

CRESST-III detector

CRESST-III result



ÅCCD
ÅDAMIC

Åpioneer of low threshold

ÅSENSEI
Åskipper CCD
Åsensitive to single electron
ÅDM - electron channel

Kentaro Miuchi 34

DAMIC

PLB 711 (2012) 264ï269

DAMIC

0.5g

threshold 40eV

CRESST

XENON 10

SENSEI

1.9g

24days



ÅLiq. noble gas: S2 only analysis
Åcan lower threshold Ń low mass WIMPs

ÅDARKSIDE Ar

Kentaro Miuchi 35

PRL 121, 081307 (2018)

PRL 121, 081307 (2018)



ÅXENON S2 only
ÅImproved 4 - 7 GeV limits

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

Kentaro Miuchi 36

PRL 123, 251801 (2019)

PRL 123, 251801 (2019)

target

target

nucleus dependence
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ÅAnd still lower: MIGDAL
ÅLow mass search vhsgĝLHFC@KdeedbsĞ

ÅOrdinary nuclear recoil : ionization along the track

ÅLow energy recoil : ionization efficiency is low
Ń cannot be detected

ÅVery rare case electrons are emitted

PRL123, 241803 (2019)

PRL123, 241803 (2019)

PRL123, 241803 (2019)
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Direct Search Review

3 . Others



ÅBubble chamber
ÅPICO
ÅSuperheated chamber
ÅThreshold - type detector
ÅBest SD sensitivity

Kentaro Miuchi 40

PRD 100, 022001 (2019)

C3F8 52kg

1167kgdays

2.45keV threshold

3 events remained



ÅFluorine advantage
ÅSD search

Ådifferent ĝMdtsqhmneknnqĞeqnl
xenon

Kentaro Miuchi 41



ǵ
ÅDAMA, Xenon(SI), Fluorine (SD)

Kentaro Miuchi 42

PRD 100, 022001 (2019)

PRD 100, 022001 (2019)
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Topics

1 . Electron Recoil (ER) signal



ÅXENON ER excess
Å0.65 tonne - years exposure

Kentaro Miuchi 45

arXiv 2006.09721 (to appear in PRD )

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

xenon1t_er_excess_20200617.pdf

ᵺ for NR search

PRL 121, 111302 (2018)

ᶓfor ER search

arXiV 2006.09721



KEK-PH Oct. 2020
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arXiV 2006.09721

ÅDetector response
ÅEnergy scale & Efficiency

ÅBoth confirmed independently

ÅDemonstrated with 220Rn calibration data

arXiV 2006.09721

DM run calibration
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arXiV 2006.09721

ÅBackground
ÅRadioactive isotopes (214 Pb: radon daughters)

214Pb



ÅResults

ÅExcess between 1 - 7 keV

Å285 events observed

Å232 events expected(BG only)

Å3.3 Ð Poisson fluctuation

Kentaro Miuchi 48

arXiV 2006.09721



ÅTritium?
Å2-1Ð

Å3 H/ Xe = 6.2 ¢ 2.0 ) ¥ 10 - 25 mol / mol

ÅTwo possible source
Åcosmogenics : made from xenon by cosmic - ray

Åatomosperic : H2 O (HTO) or H2 (HT)

Kentaro Miuchi 49

Å100 ppb level of H2 can
explain this amount.

Å i. e. O2 < 1ppb

ÅCompared the significance with other sources.
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@DARKONLINE2020



ÅXENONnT

Kentaro Miuchi 51



Topics

2 . MIGDAL
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ÅAnd still lower: MIGDAL
ÅLow mass search vhsgĝLHFC@KdeedbsĞ

ÅOrdinary nuclear recoil : ionization along the track

ÅLow energy recoil : ionization efficiency is low
Ń cannot be detected

ÅVery rare case electrons are emitted

PRL123, 241803 (2019)

PRL123, 241803 (2019)

PRL123, 241803 (2019)
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ÅMIGDAL effect ?
ÅA. B. Migdal J. Phys. USSR 4(1941)449
Åcalculated (predicted)

Ånuclear recoil Ń excitation / ionization

Åcaused by a sudden change of the nuclear velocity

Åsmall probability

ÅIbe et. al. 2018
Åreformulated

Åenergy momentum conservation

Åprobability conservation

Åcan be used for DM search



ÅLow mass WIMP search by MIGDAL effect

Kentaro Miuchi 55

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.



ÅWhy MIGDAL observation is difficult?
ÅNeutron beam for nuclear recoil
ÅStandard elastic scattering (Nuclear Recoil): huge background
ÅSignal: NR + electron track 0.1 keV

Å<<energy resolution
Å<<spatial resolution

Kentaro Miuchi 56
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ÅMigdal challenge

Kentaro Miuchi 57

CERN-UK

JP

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

/attachments/1985262/3307758/RD51_mini_week_Pawel

_Majewski_ver2.pdf



ÅCERN - UK (in preparation)
ÅStraightforward method

ÅNuclear track +electron track with gaseous detector

ÅDemonstrations OK for
nuclear recoil / electron recoil each.

ÅHard to discriminate from standard nuclear recoil

Kentaro Miuchi KEK-PH Oct. 2020 58


