Exploring the Nature
of the Dark Matter
by Direct Searches

focusing on directional methods

with gaseous detectors ® DM Overview
; : - Directional
Kentaro Miuchl - Related Topics
(Kobe University) <. Summary
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Dark Matter Overview
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ADM: seen| in _various

rotation curve
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Gravitational Lens in Abell 2218 HST - WFPC2

PF85-14 - ST Scl OPO  April 5, 1995 - W. Cauch (UNSW), NASA
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http://map.gsfc.nasa.gov/ContentMedia/A2218.jpg

ADM candidates: thousands of them

WIMP_ SM

annihilate

A AXION (CP problem in QCD) ! M
A Primordial black hole (BHs are there !)
A WIMPs (Weakly Interacting Massive Particles)

DM <:I SM

WIMP abundance evolution production
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A Produced in the early. universe

A Annihilate
rate 0 cross section ¥ velocity

A Freeze out at some point
abundance Is fixed
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start present

log (WIMP abundance )

AP ~ weak scale explains present abundance i i
N WIMP miracle !

log (history of the universe )



AWIMP, hunting

A Direct search
A Indirect search WIMP_hunting
A Collider indirect

Dark Matter seqrches in the 2020s :>
DM
M

At the crossréods of the WIMP
collider

SM

Syr‘nposnu on next-generation collider,
direct, and indirect Dark Matter searches

SM

coniee_ C BRIV T | KASHIWA DARK MATTER SYMPOSIUM 2020
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Solar System

B -230km/s

nuclear recoil

- AWIMP signal . N e

Anuclear recoil: elastic scattering ‘ | |
Aenergy i A =
Anucleus dependence Tt g, ucteus
A seasonal modulation N .
A direction



Egx+DIRECTION

DAMA, DM-ICE, COSINE,

DRIFT, NEWAGE, MIMAC, SABRE, ANAIS (NaI)
CYGNUS (gasTPC) Eg (light) DEAP(Ar)

ALiquid .Xe/Ar double -phase (liguid+gas ) et

(photon + heat) = (ight + charge)

CRESST 1 XENON, LUX,

(Caw04) k- PANDAX,LZ (Xe)
<ILESY DarkSide (Ar)

Zi=il
(charge Er(charge)

PICO (CxFx) J-hieab) CoGent CDEX

DAMIC (Ge)

CDMS (Ge/Si)
GETWIMPS2019 EDELWEISS (Ge) NEWS-G (Ne)

Double phase detector principle The Time Projection Chamher (TP
PMT T XENON detector

11 h11 Pl =t = + 248 3” low-bkg PMTs

e 1 mdrift X ¢1 m
— 2 tons active LXe
; 1it — largest LXe TPC built
liquid Xe B W1 | ¢ filled and functional
' | since May 2016

- PMT array

light yield

S1 at 100.5 us S2 at 251.8 us
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A 5.5ton~. 60 livedays
A6.5¥ 10 -48 cm2 @ 30GeV
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SR Y Rl Ve I sWwre

DAMA, DM-ICE, COSINE,

1
DRIFT, NEWAGE, MIMAC, SABRE, ANAIS, Plco'b%":\;":zlr))

ABubble chHamber (w/ fluorine) e el

A Superheated chamber e e o

(Cawo04) PANDA-X,LZ gX
A Threshold -type detector |

A Best SD sensitivity

+ heat) CoGent CDEX
DMS(Ge/Si) DAMIC,SENSEI (Ge)
ENEIWETSC/Ra) NEWS-G (Ne)

Hugh Lippincott, Fermilab
for the PICO Collaboration
EDU 2017
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PICO-60 C,F, G4k 52kg
Complete Exposure 1167kgdays
2.45keV threshold

10 10° 3 events remained
WIMP mass [GeV/c*

many bubbles can you count?

107



Hugh Lippincott, Fermilab
for the PICO Collaboration
EDU 2017

Scaling to PICO-500

A SD search
gMdt s gérknmng Ge g n |
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ADAMA., (Nal)

A SOMETHING

DAMA/LIBRA
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IS detected

Eur. Phys. J. C (2008) 56: 333-355
DOI 10.1140/epjc/s10052-008-0662-y

2-6keV

DAMA/LIBRA -phiasel (1.04 thnxyr) =—t——————i—>

NUCL. PHYS. AT. ENERGY 19 (

Time. d

I, (charge Eq(charge)

Residuals (cpd/kg/keV)

SR Y Rl Ve I sWwre

DAMA, DMJICE, COSINE,
SABRE, ANAIS, RICOLON (Nal)
DEAP(Ar)

XMASS (Xe)

DRIFT, NEWAGE, MIMAC,
CYGNO,CYGNUS (gasTPC)
NEWS-DM(emulsion)

(photon + heat) . light + charge)

CRESST XENON, LUX,
(Caw04) PANDA-X,LZ (Xe
DarkSide (Ar)

3

0 (CxFx) + heat) CoGent CDEX
COMS(Ge/si)  DAMIC,SENSEI (Ge)

EDELWEISS (Ge) NEWS-G (Ne)

d———— DAMA/LIBRA phase2 (1.13 tonxyf) =——————f—>

30°



AOth er. Nal detectors DAMANL & DAMATLISRA

COSINE-100 Multiple-Hit

A3 xd  qgr G mmdulation measure
A Consistent. with null and DAMA, vyet.
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A3 xd > gr G mmdulation measure
A Incompatible with DAMA ? 2 B I T

Energy [keV]

PHYSICAL REVIEW D 103, 102005 (2021)
0.02

0.015

A North and South

' O
2.0 —— DAMAJLIBRA result

D CI
—o— ANAIS-112 best fit

A Pure crystal
o sensitivity
exposure 3.0y
20 sensitivity
exposure 3.0y
3o sensitivity
exposure 3.0y

modulation amplitude
(cpd/kg/keV)

[1-6] keV  [2-6] keV




Direct Search in a nutshell
ADAMA, - Xenon(Sl), Fluorine (SD)

2-6keV

DAMA/LIBRA -phiasel (1.04 thnxyr) =——t————> ! €———+—— DAMA/LIBRA-phase2 (1.13 tonxyr) =——————i—>

Residuals, cpd/kg/keV

Time. d

S2-only Migdal

S2-only NR

SD WIMP-proton cross section [em?]

PICO-60 C,F,
XENON1T, Laura Baudis Complete Exposure

0.1 0.3 1 3 10 30 100 300 1000
Dark matter particle mass [GeV/c?] WIMP mass
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Directional Searches

“ DM Overview
® Directional
< Related Topics
< Summary
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AEmulsions (NEWSdm)

A Largeynass
A Fine-grain AgBr-erystals for fine track detection

Freezer Box (2 cm thickness)

——i2em—

PhysRevC.107(2023)014608
A A number of R&D publications\ PTEP (2021) 043H01
A Neutron measurement at Gran Sasso surface

PhysR .107(2023)014608
A Hope to see DM search paper soon. o)
Kentaro -Miuchi 16



Directional Detection

AClear Discovery
even with-the neutrino BG

+ study the nature of DM after discovery

w/ neutrino BG
(expected)

directionality 1.6667 - 3.3333 keV
expected o
(exp ) M=80GeV neutrino floor

0.1pb

J Billard, L Strlgan E Figueroa-Feliciano arXiv:1307.5458
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NEWAGE: pre history

A PhD work: DM search with a bolometer (conventional detector)
AShocked by inp r ot tr canm&gé in 4.0 .

And It all started...

PRL73(1994)1067.pdf




NEWAGE: the history

A Proposal pLs 578 (2004) 241

AFirst direction-sensitive limits
PLB654 (2007) 58

AUnderground results

PLB686 (2010) 11 ... , PTEP(2021) 063F01, arXiv:2301.04779

APhaseforin | 8 @& | a volgree®

. PLB654 (2007) 58



ATechnology:,.Gaseous Time Projection Chamber
A 2-dimensidnal image; Micro Patterned Gaseous Detector (MPGD)

A timing information: 3 dimension MPGD
Arealtime| 3-dimensional tracking GEM, micromegas, £-PIC

Position

Dirift plane

Board

A drawback: small. mass O(kg) / m3



ADetector{ NEWAGE-0 . 3 b 6 6

A Detection Yolume: 31 31 4icm?

A’ 1500ch readout system

A Gas! CF, at 0,1atm (50keVee threshold) Field cage

A Gas circulation system with cooled charcoal Drift length: 41cm

PEEK + copper wires

outside

QQQQQQ

L g'}
£ N GEM
B mPIC(Micrepixel chamber)  -31 32cnt
-31 31cn? ' - 8-segmented
! pitch : 400m - hole pitch : 140m
- gain : ~1000 - hole diameter: 76m
- made by DNP, Japan - insulator : LCP 10fin
\ -gain : ~5
’ - made byScienergyJapan




ANEWAGE latest results aniv:23o1.04779
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(a) Nuclear-recoil directions in the detector coordinate

Direction efficiency (%)
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DMTPC 2012
NEWAGE2015
NEWAGE2020 3D-vector
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ANEWAGE way to gO  anv2301.04779
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ANEWAGE getting low background

Ae P.lo€low rate alpha-ray emission (LAE-PIC) nim a 977 (2020) 164285
Ae P | o€low background (LBG-PIC)

Low-BG u-PIC (LBGu-PIC)

* Proto-type Low-BG p-PIC is developed and evaluated

Original design Low surface alpha version LBGp-PIC
copper electronodes (LAH_PK: 201 7_) (2022?-)

Polyimide Faimice o Quartz + Resin
QDSG cloth Polylm[d e W/O glass Cloln
(Rn contaminated) w/ glass cloth

LBGU-PIC (DNP)_ -

Radon emanation measurement:
LAY-PIC: 2.3 £ 0.5 [mBqg / y-PIC]

s

LBGu-PIC: <0.17 [mBq / u PIC]
(9




A Resistive Sheet TPC PTEP 2019 (2019)063H01
A need electric field to drift electrons
A traditional method: wires, ribbons...

A new approach: resistive sheet
easy to assemble
radioactive low BG mi“,.;j 100, - R 110
uniform electric field (At

s )
hAFIUhsEs | A5

gL P

=W IFEA T LA E-SZ %880, 2x1000x10m

SEEDUR
: ' RSTPC

EVOHsheet(for radon barrier



ANEWAGE getting low background = negative ion TPC

A originally for small gas diffusion
A use several ion species with different drift velocities

Vessel

SF; 20 Torr

Copperring

50 MQ
< resistors

J. Inst. 15 P07015

¢ 4 mm hole

2
________ 4 I
L]

Neodymium
magnet 10x10 mm?
PIN photodiode

ransfer gap

~ GEM1 (-1540 V, -1370 V)
EM2 (-800 V, -550 V) 02 04 06 08

Time (ms)

3mm

(wuw) z 8INjosqe pajaNASuU0IaYy

Transfer gap Detection area (12.8 mm/32 strips) ™ u-PI1C (400 V)



ANEWAGE/|getting larger
A C/N(CYGNUS/NEWAGE)-1.0 chamber

A18 .30 30.cm? detectors
A being commissioned @ Kobe

———

— ) test module

e ‘ : ' ! N
| CIN-1.0 chamber & e = installation
B M« o | - -’.‘.k‘.' fl‘.:i‘.’: 4 . l\', AR

| ._B

HG waveform

o

|||||111|111

-4000 0 1300 1400 1500 1600
800 1000~ 1100 1200 us(4000sampling)

IIlllllllIllllll

Kentaro-Miuchi



2020 J. Phys.: Conf. Ser. 1468 012044
NEWAGE/CYGNUS-KM

CYGNUS-10 Kamioka, Japan
Boulby, UK \ SF6 / CF4 r
10m3 He:SF 4/ v Strip readout

GEM + wire readout,
&

CYGNUS-HD10
SURF, USA
He:CF,:C,H,,

Strip readout
CYGNO-Initium

Gran Sasso, Italy
He CF, (SFy)
SCMOS+PMT readout

CYGNUS-0Oz
Stawell, Australia
R&D leading to 1 m3

. i o o multi-site observatory
Kentaro -Miuchi - 2




CYGNUS: physics reaches
ARealistic simulation (strip readout) ariv 2008.12587

CYGNUS x 6 yrs
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CDMSlite
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Exploring the Nature of the Dark Matter

A astronomy/cosrmology
A Test the HALO model

Our GALAXY

A S eXX Saglttarlus Stream PHYSICAL REVIEW D 90, 123511 (2014)

expected

standard HALO

b constellatlon
CYGNUS

Leading arm
9 \p-v-

Orphan
( stream
ittarius ~ 4 &rsa Il :
. - D & a B standard HALO +
3 stream
\ Trailing arm ]
\\ galactic

coordinate




A isotropic (1-r)+ anisotropic(r) DM HALO model indicated by n-body
simulation (r 0.3)

Discrimination of anisotropy in dark matter velocity distribution with
directional detectors
]&:311\0 [ Nagan Tcmmnon leeda

Rvnta Yakabe ¢, Tatsuhiro Naka ¢, Kentaro Miuchi ©

Nithama, Ehime 792-8580, Japan

Physics of the Dark Universe 27 (2020) 100426

A main observables: energy +
c hqgdbs h Nm@D Atfing
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Exploring the Nature of the Dark Matter

A Some interaction provide characteristic angular distributions

angular distribution

My, -
e C operator Si SD
—y O _ s
0.025 —e 0, | 1 : 0y, Oy,
2 —am O 7
S : f,-’j_ . Cj? . ng .
E 0.020 - O'Irﬁ
' 3
% Cr' :COQ,CO]G.CI)]].C)]E,
0.015 o
Proportional toq v7 g~ 05,043, 04.
0.010 .
q 103, O,
0.005
' 4¢.2 | .2 .
q* (g~ +vi) :0;s,
0.000 | | | | ' ' ' ' -4 LR
0O 20 40 60 80 100 120 140 160 180 q : O] _
# (degrees) \

PHYSICAL REVIEW D 92, 023513 (2015)
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Related Topic

AMIGDAL effect

[. Spin-independent

103

- )

10—° EDELWEISS (MIGD)

—  CDEX (MIGD) MEWS-G
—  CDMSlite
—  DarkSide

-® - .Ij;ff_itf

—  CRESSTII
104 - LUX (MIGD)
[

0.08 0.1 0.2 0.5

" PRL123, 241803 (2019)

mmm 52-only data (XENONIT)
m— 5]1-52 d'.ll.anlﬂ'iffl'*-'(]f'-;]'ﬂ

1.0

I\/I I RAC L U E PTEP (2021) 013C01

= Migdal effect observatlon 0)Y, gaseous TPC

4!;

: AI

lead by Kiseki Nakamura
Tohoku University

PRL123, 241803 (2019)

FIG. 1. HNlustration of the ER signal production from BREM



AMIRAGLUE concepts

expected signhature

s e AV MIRACLUE detectors 2-cluster distance

|| p————— '
=L A W&
2 / .5- 3 \#
g ¢ \ el W 3 Bk
; \} 0/ / Fl )
¥ RN o | =) . % ) ‘ .
)

NEWAGE

o
o
=]

Ar 1atm

—— Expected SIG+BG

—— SIG: Migdal (cut3)

counts d-1 cm-1

BG: intrinsic neutron (cut3)

PTEP 2021 013CO01

« Ar Tatm
Xe gas 8atm
. GEM + uPIC o MPPC

N ‘K 10 12 14 16 18 20
- (10cm)”3 , 1 6 ¢ mdOcm

cm




Related Topic : KC

= solar KK axion search by gaseous TPC

search by XMASS: v “
AKaluza-Klein-axion produced in the sun e 2017 051~ gy
Y decays to 2 photons INn the detector lead by Keishi Hosokawa
Y can be detectedasii 2 | u sin gaseaus TPC o

concept

- KK axion ~5keve-5/§§' .35 expected signature
r S>3 2-cluster distance
S

A~ 6¢cm (bkeV)

Readout Board



= alpha-ray imaging by gaseous TPC

A For material’screening J. Phys.: Conf. Ser. 2156 (2021) 012176.

A sensitivity: Os |10 U/ é&/mour |
lead by Hiroshi Ito

Related Topic : AICHAM J

Sample

ACZ » s W § - Tokyo University of Science
photo el [ | i COncept
' ) 2 d (35x35) X15cm? | 4

ay
Q
I o]
¢ B & "
’ I

results example

g - Finite net alpha was found.
N ; | SamPle Region . (1.09:+0.14) X101
\ / : - (15x15cm?) = : e a/hr/cm2 @E>2.5MeV
N .
\ @ 5 @LabA in Kamioka, Japan
A

2 3 4 5 0.7 B ToL

ol 20 6 10 5 0 5 10 15 20
Cathode [cm] _ Clear image was obtained



Related Topic : QPIX
= Pixel readout ASIC for gaseous TPC

AFine pitch|: lower energy threshold
Apixel: better angular resolution without i @ h O ST~ “ebe niversity

test just started
concept
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Strip readout Pixel readout
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