Exploring the Nature
of the Dark Matter
by Direct Searches

focusing on directional methods

with gaseous detectors ® DM Overview
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DM seen in.various scales in the universe

rotation curve
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DM candidates: thousands of them
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 WIMP. hunting

Direct search

Indirect search
- Collider indirect

Dark Matter seqrches in the 2020s :>
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Egx+DIRECTION

DAMA, DM-ICE, COSINE,
DRIFT, NEWAGE, MIMAC, SABRE, ANAIS (NaI)

» Liquid.Xe/Ar : double-phase (liquid+gas) [ "

(photon + heat) / {light + charge)
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Double phase detector principle The Time Projection Chamher (TP
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— largest LXe TPC built
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since May 2016

- PMT array
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« 5 5ton 60 livedays
¢« 6.5X10-48 cm2 @ 30GeV
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DRIFT, NEWAGE, MIMAC,

Bubble cthamber (w/ fluorine) SR

(photon + heat) . light + charge)

¢ Superheated chamlber
* [hreshold-type detector
« Best SD sensitivity

Hugh Lippincott, Fermilab
for the PICO Collaboration
EDU 2017
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Complete Exposure

._;,ow many bubbles can you count?
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Hugh Lippincott, Fermilab
for the PICO Collaboration

« SD search

 different “Neutrino floor” from L
Xenon Scaling to PICO-500
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* Direct Detection
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- DAMA, (Nal)

« 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—>
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 Othér Nal detectors

3 years annual modulation measure
Consistent with null and DAMA, yet.

3 years annual modulation measure
Incompatible with DAMA @3 o

North and South
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DAMA/Nal + DAMA/LIBRA
COSINE-100 Single-Hit
COSINE-100 Multiple-Hit
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Direct Search in a nutshell
DAMA, - Xenon (S, Fluorine (SD)

2-6keV

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

- DM Overview
® Directional
- Related Topics
< Summary



V,=220km/s

=

Ng: 12 events N :201 events

“CYGNUS” concept

-

WIMP-wind detection

Kigi nucteus



 Emulsions (NEWSdm)

* Largeass
+ Fine-grain AgBr-erystals for fine track detection

Freezer Box (2 cm thickness)
——i2em—

‘ Samplel
|

PhysRevC.107(2023)014608
« Anumber of R&D publications® PTEP (2021) 043H01
. Neutron - measurement at Gran Sasso surface

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



Directional Detection

» Clear-Discovery
even with-the neutrino BG

+ study the nature of DM after discovery  w neutino BG

(expected)

directionality 1.6667 - 3.3333 keV

expecer) M=80GeV neutrino floor ~

J Billard, L Strigari, E Figueroa-Feliciano arXiv:1307.5458 SB V,S
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NEWAGE: pre history

« PhD work: DM search with a bolometer (conventional detector)
» Shocked by “proton track” image in w3 81

And It all started...

PRL73(1994)1067.pdf
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NEWAGE: the history

cathode [cm]

Proposal pLs 578 (2004) 241

First direction-sensitive limits yl
PLB654 (2007) 58 '

Underground results

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

Phase for “low BG” & “large volume®

. PLB654 (2007) 58



» Technology:.Gaseous Time Projection Chamber
« 2-dimensional image: Micro Patterned Gaseous Detector (MPGD)

« timing,information: 3 dimension MPGD:
» realtime| 3-dimensional tracking GEM, micromegas, p-PIC

TPC principle Position
Dirift plane

Board

« drawback: small mass O(kg) / m?3



» Detettor:] NEWAGE-0.3b”

* Detection Volume: 31 X 31 X41cm?

« ~1500ch readout system

« Gas’ CH, at 0.1atm (50keVee threshold) Field cage

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

PEEK + copper wires

i
¥ : \ GEM
B 11-PIC(Micro-pixel chamber) B -31X32cm?
-31 X 31cm? ! - 8-segmented
! pitch : 400pm - hole pitch : 140um
- gain : ~1000 - hole diameter: 70um
- made by DNP, Japan - insulator : LCP 100um
-gain:~5
- made by Scienergy, Japan




 NEWAGE latest results arxiv:2301.04779
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 NEWAGE way {o go arXiv:2301.04779
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» NEWAGE getting low background @

« UPIC of low rate alpha-ray emission (LAY-PIC) nim a 977 (2020) 164285
» UPIC of 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 Folimice o Quartz + Resin
w/ glass cloth Polyimide W/© glass cloin

(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




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

* 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

SEEDUZR
. . RS-TPC
—  EleF .- - - ing | ~ "L (RS on 4 sides)

carbon sputtered
EVOH sheet (for radon barrier



» NEWAGE getting low background (2) = negative ion TPC

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

Vessel

SF; 20 Torr

Copperring

50 MQ
< resistors

¢ 4 mm hole

2
________ 4 I
L]

Neodymium
magnet 10x10 mm?
PIN photodiode

ransfer gap

~GEM1 (-1540 V, -1370 V)

Transfer ga Detection a;ea (12.8 mm/32 strips) ™~ EM2 (-800 V, -550 V) 02 04 06 0.8
gap ~ u-PIC (400 V) Time (ms)

3mm



« NEWAGE]|getting larger
 C/N(CYGNUS/NEWAGE)-1.0 chamber

« 18 x:.30x 30.cm? detectors
¢ 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 1200 1300 1400 1500 1600
800 1000~ 110047 38 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
» Realistic simulation (strip readout) ariv 2008.12587

CYGNUS x 6 yrs
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Exploring the Nature of the Dark Matter (U

« astronomy/cosmology

Test the HALO model
« (ex) Sagittarius stream

b constellatlon
ﬁ ‘CYGNUS”

Our GALAXY

Leading arm
9 \p-v-

Orphan
( stream
h " Ursa
Sagittarius ~ /S Ma;or Il
dwarf \
Trailing arm

\\

PHYSICAL REVIEW D 90, 123511 (2014)

expected

standard HALO

lm standard HALO +
stream

galactic
coordinate



* 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 , Ryota Yakabe
echnology, Niihe ':. ege, Nithama, Ehime 792-8580, Japan

Tatsuhiro Naka ¢, Kentaro Miuchi

Physics of the Dark Universe 27 (2020) 100426

* main observables. energy +
direction(8) =2D fitting
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Exploring the Nature of the Dark Matter (2

e Some Interaction provide characteristic angular distributions

angular distribution

operator Sl 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
' 40,2 | .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)







Related TOplC @ MIRACLUE PTEP (2021) 013C01

= Migdal effect observation by gaseous TPC
 MIGDAL effect

A‘.

: A\

lead by Kiseki Nakamura
(Tohoku University)

PRL123, 241803 (2019)

[. Spin-independent

- " PRL123, 241803 (2019)

"‘_ amEEE
L
‘.
‘.'F
N )

~—38
[0—-" EDELWEISS (MIGD)
—  CDEX (MIGD) NEWS-G

— CRESSTHII — CDMS5lite mmm 57-only data (XENONIT)
| LUX (MIGD) | — DarkSide | m— 5]-52 d'.ll.auli.'-'i:ffl'*-'('.if';]'ﬂ

10~
L
0.08 0.1 0.2 0.5 [.0

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



* MIRACLUE concepts

expected signhature

s s AVE] MIRACLUE detectors (2-cluster distance)
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\

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 ELCC+MPPC

N ‘K 10 12 14 16 18 20
- (10cm)”3 , 16cm® X 10cm

cm




Related Topic @): KC ol? = I¥,

= solar KK axion search by gaseous TPC o W
: ! v search by XMASS: v 4
» Kaluza-Klein-axion produced In the sun rrep (2017) 103c01 ) N
— decays to 2 photons in the detector lead by Keishi Hosokawa
— can be detected as “2-cluster” in gaseous TPC HERRS

concept

- KK axion ~5keve-5/§§' 0.35 expected signature
O (2-cluster distance)

A~ 6¢cm (bkeV)

Readout Board



= alpha-ray imaging by gaseous TPC
- For material'screening J. Phys.: Conf. Ser. 2156 (2021) 012176.

e sensitivity: O (10-3) “a/cm2/hour |
Sample lead by Hiroshi Ito

ACE » TP - (Tokyo University of Science)
photo f’ 5. I T ; SR concept

ay -
3 Volume:
| 0
¢ 690
. I

Related Topic (3): AICHAM J

(35%35) x15cm?

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

* Fine pitch : lower energy threshold
» pixel: better angular resolution without “ghost” " tose unveraity

concept e test just started
| e e g3 £
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SUMMARY

The nature of the dark matter can be explored

by directional method
with gaseous TPCs

which also have a variety.of other applications.

KEK 75vk74—LC
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Unraveling the History of the Universe and Matter Evolution with Underground Physics



- « Physics cases for directional TPCs as a function of
|

expos

THIS TALK

Neutrinos
sub-GeV WIMP search Directional CELNS

5 & Directional neutron
‘ measurement _ ... detection

N = volume in " Best SD-p WIMDP fimits

s Constrain non- e
m3 assumlr’.g 1 stand:rd CEv k¢
atm operation :

o Precision directional
Competitive : 3

sub-keV ER/NR
non-WIMP £ " | - a measurements
search

Many interesting

physics opportunities $8M1] High-statistics directional

already al relatively ' background measurements
small scale , |

DM astronomy

E. Baracchini - Directional Dark Matter Searches - IDM 2022, Vienna, 19t July 2022



