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BIEX Challenges for the directional dark matter direct detection

Kentaro Miuchi,’
lf_h'pm'rrfwm of Physics, Kobe University, Hyogo 657-8501, [apan.

to appear in JAIS
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DM seen in.various scales in the universe

rotation curve
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PF85-14 - ST Scl OPO  April 5, 1995 - W. Cauch (UNSW), NASA

pie chart of the universe

Dark Matter

Dark Energy

THE ASTROPHYSICAL JOURNAL, 648:1.109-1.113, 2006 September 10 Plank team



http://map.gsfc.nasa.gov/ContentMedia/A2218.jpg
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Symmetry 2021, 13(10), 1945;
https://doi.org/10.3390/sym13101945
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« JFIADM AXION (CP problem in QCD) &
« KiFDM WIMPs (Weakly Interacting Massive Particles) /&
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Rev. Sci. Instrum. 92,

124502 (2021)
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PRL 127, 261803 (2021)
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New ideas in the cavity
« When we ook Gy, = (f av E-Bo)
|B2|V [ dV E2

negative interference can avoid by dV in
numerator.

carefully, the

Large volume
(H=100mm)

Smaller volume
(H=10 mm)

Wave-like dark matter

UGAP conference in Sendai on March 5th, 2024
Y. Kishimoto
RCNS, Tohoku University
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Polit run system for axion search in Tohoku
* Magnet

« Sample volume D=110mm, L=220 mm
« Max B=9.1 T (2% unifomity)
« Simple cavity
* G = 0.686
+ V=373 cm>
« Q; = 1.84x10*

« Antenna coupling g = 2.04

« Temperature

« T =8.85K
* No load min. T = 3.8K




Phys. Rev. Lett. 124, 171801 (2020)
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WIMP-nucleon cross section [cmz]

History

Direct search history

* leading technologies
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Nal

- DAMA. (Nal)

DAMA/Nal (0:29 tonxyr) —————F+—5
itargct mass i = 87 3 kgi N

« SOMETHING is detected

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

COSINE-100 Multiple-Hit

3 years’ measurement completed
Consistent with null and DAMA.
upgrading (low threshold, mass X2)

|

r.:}II I

°
Modulation Amplitude [dru]

3 years’ measurement

incompatible with DAMA 7 s 3 o T
Energy [keV

2 more years to test by 5o gy [keV]

Phys. Rev. D 103, 102005 (2021)
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Pure crystal n
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—— DAMA/LIBRA result

—e— ANAIS-112 best fit
16 sensitivity
exposure 3.0y

20 sensitivity
exposure 3.0y

30 sensitivity

Need to be stay tuned. : exposire 30y

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

(cpd/kg/keV)

modulation amplitude




e Liguid-Xe/Ar : double-phase (liguid+gas)

Double phase detector principle
Time projection chamber

¥\ Extraction field 2.9 kV/em (in liquid)
~50% electron extraction efficiency

¥ Drift field 23 V/em

5.9 tonnes Xe in TPC
8.5 t total

Hamamatsu R11410-21
3-inch photomultiplier tubes (PMTs)

light yield

477 out of 494 PMTs operational

XENON universitatfreiburg

XENON nT detecto

i

PTFE pillar
—PTFE reflector

HV feedthrough
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Field shaping
elements

Bottom TPC grids

XENONNT STATUS AND RESULTS | ICRC2023 | A. BROWN




» XENONQT

Upgrade from XENON1T to X n

LNGS, Italy

[ e

Status of XENONNnT and the final results of XMASS

; Shigetaka Moriyama
ICRR, NNSO, Kavli IPMU

- The University of Tokyo
. March 5, 2024

https://doi.org/10.48550/arXiv.2402.10446

LXe time projection chamber (enlarged)
— 5.9 t LXe active (3 x XENONI1T)

Liquid xenon purification (new)

— Faster purification (>> XENON1T) n zoec,e&\o(\
Neutron veto (new) \’bQooc\"

C
— Cherenkov neutron veto (68% eff. with pure
water, 87% with planned Gd-loaded water)

Radon distillation column (new)

— Reducing Rn-originated BG (<1/10 x XENON1T

17



e | Z:09 ton ¢ year 9.2e-48 cm? for 36 GeV WIMPs

« XENON : 1.1ton * year 2.6e-47 cm? for 28 GeV WIMPs
(blind analysis + power constraint limit setting)

1 o sensitivity 2 o sensitivity

dashed : w/o power constraint

WIMP-nucleon og; [em?]
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PRL 131, 041003 (2023)

WIMP-nucleon cross-section o3[cm?]
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MIGDAL

Migdal effect in dark matter direct detection

- (REEWINIP. MIGDALZE

BRFRRESICHICEFHHESND
A. B. MigdallZ K> CETE  J. Phys. USSR 4 (1941) 449 T —
FEISAFICK > CDMIERZREIC UlZreformulation  jHepo3(2018) 194
BRORHEMEBE (<1GeV) ICREE

EX[}IEI’i ments

PRL123, 241803 (2019)

[. Spin-independent

10~

1038

EDELWEISS (MIGD) :
— CDEX (MIGD) NEWS-G \“H
— CRESST-II — CDMSlite m— 52-only data (XENONIT)

- LUX(MIGD) —  DarkSide m— 51-52 data (XENONI1T)

1041
10—~
0.08 0.1 ).2 0.5 1.0
FIG. 1. Tlustration PRL123, 241803 (2019) M m.[GeV J'CE]

(green) and .\I]gdal PLUCEDDED | PHIN] @AILEL C1aduls DLT'd.LLt‘.ling z[
between DM (y) and a xenon nucleus.




s BFERBKICHEDMIGDALREISEEREY(C K
« 2MBAF 2/ UIEHEs

« 14MeVEEF — TkeV nuclear recoil

« 20 )L=TNsheE ERBISNT/RZRIC

Search for the Migdal effect in liquid xenon with keV-level nuclear recoils

J. Xu,'»* D. Adams,? B. Lenardo,® " T. Pershing,! R.L. Mannino,! E. Bernard,! J. Kingston,*1
E. Mizrachi,>?! J. Lin,® R. Essig,? V. Mozin,! P. Kerr,®! A. Bernstein,! and M. Tripathi*

arxiv:2307.12952v1

—— Single scatters
Passive scattering
] N

—— Neutron multi-scatters Tinad_N
—— Migdal (best-fit)

MIGDAL

una-oun talk at UCLA DM2023

- Migdal (predicted)

RZ7

Jeanne Bang, Austin Vaitkus, Chen Ding
On behalf of the LZ Collaboration

UCLA Dark Matter 2023 3 incorporated in full

03/31/2023

Observe a 3.4 o excess in data in Y’ in region of high S/B

Source

Number of events
inY'>042

Observed Data Events

23

104
Preliminary — S5
— MSU2

1034 ~— MSU3

- IE+CSU
Bkg Only
4 LZ DD Migdal Data

3 Preliminary Result reports Event
10 Data only in this
en Shaded Region W, > 0.42)

T Je=—= RZ
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. fines not

Counts per bin

=

SS

0.3 +/- 0.1 (sys.)

MSU2
BG Model

4.9 +/- 0.1 (sys.)

Prediction
MSU3

2.4 +/-0.1 (sys.)

IE+CSU

2.0 +/- 0.2 (sys.)

Total BG Model
Predicted

9.6 +/- 0.5 (sys.)

03 0.4 0.5 0.6
Y’ (=rotated S2, bin size varies by Y"3)

5 50 75 150 175 200

Significance
versus BG-only Model
Poiss(n223|p=9.6+0.5)

340

S2 [electrons]



https://indico.cern.ch/event/1188759/contributions/5222299/attachments/2622583/4534820/UCLA 2023 Dark Matter - Migdal Search in LZ - Jeanne Bang.pdf

MIGDAL

» JJRAIRHES
» RFER+EFES
« PIEFIRIFRZIBHTND

FIG. 1. Nlustration of the signal production from BREM
(green) and Migdal proces pink) after elastic scattering
between DM () and a 3 cleus.

Astroparticle Physics 151 (2023) 102853

The MIGDAL experiment: Measuring a rare atomic process to aid the search
for dark matter

H.M. Aratijo ®*, S.N. Balashov®, J.E. Borg?, F.M. Brunbauer ¢, C. Cazzaniga“, C.D. Frost ¢,

F. Garcia®, A.C. Kaboth', M. Kastriotou?, I. Katsioulas ¢, A. Khazov ", H. Kraus ",

V.A. Kudryavtsev', S. Lilley ¢, A. Lindote/, D. Loomba*, M.I. Lopes/, E. Lopez Asamar/*,

P. Luna Dapica‘, P.A. Majewski **, T. Marle C. McCabe ™, A.F. Mills*, M. Nakhostin "
T. Neepé®, F. Neves’, K. Nikolopoulos§, E. Oliveri ¢, L. Ropelewski ¢, E. Tilly ¥, V.N. Solovov/,
T.J. Sumner?, J. Tarrant”, R. Turnley ¢, M.G.D. van der Grinten®, R. Veenhof ¢

BFREFDHF

PTEP(2020)ptaal62

Detection capability of Migdal effect for argon
and xenon nuclei with position sensitive

gaseous detectors

Kiseki D. Nakamura!, Kent .\[il_.u:'hil._Shing‘o Kazama?®, Yutaro Shoji?,
Masahiro Ibe®® and Wakutaka Nakano®

O-TPC at UNM (from D. Loomba)
Ar + B 51 2D reconstruction

Hit Image / FADG wavelorms (GBKB-01_D004_mada) Hit Image / FADC wavelorms (GBKB-13 0004 mada)

UNM setup: + 25-35 Torr CF4

"B > - 2THGEMs (0 > 0.7 mm)
+ Imaging area ~1.9cm x 1.9cm
* 4x4 on-chip binning

Data acquired using following sources:

+ Fe-55 (5.9 keV x-rays)

+ Co-60 (y’s)

+ DD neutron generator (~2.2 MeV n’s + y’s)

CTxon

E ~100-120 keVee

E ~270-300 keVee

1
60 80 100 strigﬁ)



« Spin—-dependent WIMPIEZR

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

PRD 100, 022001 (2019)

Hugh Lippincott, Fermilab
for the PICO Collaboration
EDU 2017

SD WIMP-proton cross section [cm?]

PICO-60 C,F, G4k 52kg
Complete Exposure 1167kgdays
2.45keV threshold

10 10 3 events remained
WIMP mass 5

How many bubbles can you count?




Hugh Lippincott, Fermilab
for the PICO Collaboration

« SP search

« different “Neutrino floor” from EDU 2017
Xxenon Scaling to PICO-500

—

<
[#%]
[{e]

[sotope Abundance(%) | ftmag AT (J 4 1) | unpaired nucleon

100
92.5
80.1

0.4

2.793

3.256

2.689
—0.283

0.750
0.244
0.112
0.087

100

2.629

0.647

100
100
100

1.0 x 10~*

0.0
4.7
7.8
26.4
21.2
14.3

2.813
—2.128
—1.890
—0.555
—0.879
—0.778

0.692

0.118

0.041
0.007
0.052
0.928
0.342
0.063
0.065
0.124
0.055
0.003

proton
proton
proton
proton
proton
proton
proton
proton
neutron
neutron
neutron
neutron
neutron
neutron
neutron

Dark Matter-nucleon cross section [cm?]

I
N
o

— — — —
3 8 3§ §
P e e
w N -

-

<
n
()]

N
o
A
mm

Dark Matter Mass [GeV/c?]

500 1000




INERFPoC T RGO
N\ BIPCE 2 L — S D=
- 2021 F/ SBHCF, HRDFEN (B

Scintillation light increase of carbontetrafluoride gas at
low temperature

K. Mizukoshi,” T. Maeda, Y. Nakano,! 5. Higashino and K. Miuchi

« 2023558k  RILCR,DFICHES

_ _ | Sl . 90ns |
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EE=WIMP

 Low energy threshold = low mass DM

Latest results of CRESST-III's s CRESST-Il detector
sub-GeV/c? dark matter CRESST-III result

Holger Kluck
) ~—— CRESST-ll 2019 = =eeee- CRESST surface 2017 — -~ CRESST-l 2016 CRESST-l 2014
on behalf of the CRESST collaboration - CDEX 2014 —  — CDMSlite 2015 COMS-Si 2013 SuperCDMS 2014

CoGeNT 2013 DAMIC 2016 e EDELWEISS-IIl 2016 — - — EDELWEISS surf Migdal 2019

‘16th |nternat|0na| Conference N~ [ EDELWElS_S surf stand. 2019 Callar?mﬂ —— COSINE-100 2018 DarkSide binom, 2018

. i i = LUX combined 2016 — - — LUX Migdal 2018 — NEWS-G 2018 ——= PandaX-l 2016
Topics in Astroparticle and September 10, 2019 —— XENON1t 2018 -= XENON100 low-mass 2016 PICO-60 C,F, 2018
Underground Physics (TAUP2019) = 10° 5 T T 103~
) ! T T o E
i = 10t e 107 ©
May 2016: S b *\_ eV 0B E
10 CRESST-Ill modules o - ARt SO VN O =
installed 10 A 107§
% 10 N : : : T [ 10-353
o ~ 1]
& 1 \\ N . 1073 o
JU| 2016 == Feb 2018 c 10_1 ____HLR\':\\_\\?\____\ “"ul 10-3?0
data taking (80% blinded, 8 102 | 5?:;%::&;;__;% 10635
% traini E TS 3
20% training set) § 10° _ S 10_395
5 10° . 104 8
Detector A | Eoqos 104E
- lowest nuclear recoil rullT) L] S 1042
threshold so far: 30.1 eV £ 407 10% &
Target crystal masg: 23.69g § 108 1044§
Gross exposure: 56 kg d S 10 Coherent Neutrino Scattering on CaWo, 10% &
10-10 1 1 1 Lol
0.1 0.2 0304 1 2

larXiv-1904 004981

Dark Matter Particle Mace (CGaV/e2)




DAI\/”C arXiv:2007.15622v1
* pioneer-of low threshold
SENSE] PRL 125, 171802 (2020)
« skipper CCD
« sensitive to single electron
* DM-electron channel and other

DAMIC

_ hitp://dmtools.brown.edu/
PLB ..711 (2012) 264-269 Gaitskell, Mandic,Filippini

rﬁ?m d 40eV

— . I . .
Cross—section [cm 5]_ l’g:r@mhﬁcd to nucleon)

o 1
XENON 1d?
WIMP Mass [GeV/c]

A. M. Botti* for the SENSEIT collaboration
38th International Cosmic Ray Conference, Nagoya

July 31, 2023

~— SENSEI@SNOLAB: Commissioning data
- SENSEI@SNOLAB: Blinded data
m—— SENSEI@SNOLAB: Combined data
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« TES (transition edge sensor), KID (kinetic inductance detector),
MMC (metallic-magnetic calorimeter), nanowire...

e KID E.Fﬁ%é 'I'.Ep Prog. Theor. B PTEP 2023 103H02
« PILZ IO ADMIRECaF,D T/ \ LIS
2 %?ﬁ : 5 KamiOka Cry Ol—ab _Czﬂf_%;;%comﬁ)]ex Kinetic inductance detectors on calcium fluoride
> 21aVvV1-7 BEE substrate for astroparticle physics

n K. Ishidoshiro @', T. Kobayashi®, K. Hosokawa &%, Y. Kawamura®, Y. Kamei &',
S. Mima @, C. Otani™®, A. A. Suzuki', M. Zulfakri’, and T. Taino"

Kamioka CryoLab 1av17 El

Low BG dilution refrigerator (DR) at Kamioka
for integration of quantum sensing and low BG technology

KID®D B EFREE

241Am wio tapes
241Am wf tapes

PTEP 2023 103H02
5.55MeV aff

Quantum sensing Low background

Underground facility b
at the Kamioka mine

* Protecting system o
from cosmic-ray

i
=
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i
>
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Y
=]
[
a
0
=
=
=

Cryogenic system ] W ]
« ~0.1 K with refrigerator

60keV H> R

Superconducting device
. MKID, TES, - : Low environmental radiation
« Fabrications . « Understanding impacts of radio activities
« Chain tests : « Low radio activities in materials

« Shielding system from radio activities

-0.5 0.0 0.5 1.0
loglo(@)

RF/readout electronics

« 5G/6G technologies
* Quantum limited amplifier

Low systematic fluctuations

« Low thermal noise 'gfﬂ 51
» Low vibration
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« FrETr—DFHHEUL PREFiR (R KICEPP)
- BEME EEFE 21pT3-6, HEE: 21pT3-7 2023.12.22 IPNS workshop Z 41 3432 0 5 ¥ K K

https://conference-
indico.kek.jp/event/236/contributions/4348/attachments/3270/4481/IPN o
S 20231222 quantum_schen.pdf Chen, Fukuda, Inada, Moroi, Nitta, Thanaporn

BITEEFEY M = 3 VIS ZT-EBFLCEEE PRL 131, 211001 (2023
Frequency (GHz)

10° 10*

- 107

 } q.. .
Hy~ hoa'at+—a a'aa FHBIOME: o, ~ e/2C

° 10

Al \ ,'¢ h(l)l_(_- + (Jhuw

E] I\\‘ I,"I 1 hwy o +4ha, 1 D-l 1

Al \ ]
\ ‘a\ / I hay o + 'lfzud‘
Josephson junction o

(200nmx200nm) Josephson junction (JJ)

103

https://arxiv.org/pdf/2311.10413.pdf 10744

. . . . -15
Quantum Enhancement in Dark Matter Detection with Quantum Computation 10 3
Shion Chen,! Hajime Fukuda,? Toshiaki Inada,! Takeo Moroi,?* Tatsumi Nitta,! and Thanaporn Sichanugrist?: * '
ren ) " Hidden Photon Mass (eV)
International Center for Elementary Particle Physics (ICEPP),

The University of Tokyo, Tokyo 113-0033, Japan
2 Department of Physics, The University of Tokyo, Tokyo 113-0033, Japan
SQUP (WPI), KEK, Tsukuba, Ibaraki 305-0801, Japan

Dark blue: ng=1 @ImK =R 30mK
Niry ~ O(104)




|_|1||t Dark deh—*r Search with Nitrogen-Vacancy Centers in Diamonds
: .--...-"'LtIE $ LB C




Ot
a}
gl
b

* Directional search
e Concept. AYGNUSS

More robust evidence than annual modulation
« Study the DM nature after discovery

DM HALO

\]/

_ ' ﬁ" . ¢ 2
. .'A » ‘v’t
5 a5 oo ’ ‘
SRR e o ,
F ‘ -:;_..'" > «.- B,
o AR e 1 CYGNUS [JiF BN -
' e 9.4 . ks PRV 5 =230km/s g s taalitin
expected anguler distribution TR —
Physics Letters B 578 (2004) 241-246 . i R ¥ ' : \
Ng: 12 events N :201 events E‘ ; '-.‘.::,'_‘%'- : )

~ M=80GeV SR A Y
- 0=0.1pb TR i,

o -
v R

-1 cos 0 1 e

(0 : angle between the nuclear recoil direction [ P
and constellation CYGNUS)




. ﬁZ(NEVVAGE)n

« 3D tracking
ke P C
- SKYMAPR

CI:4 gas
« High spatial resolution ® 50-60keVee  © 080keVe  ® 90100 keVe
» Spin-Dependent search W B

PTEP 2023 103F01 .
—~ 10% NEWAGE limits
(b, QO

Proposal

=
o
w

PLB 578 (2004) 241
First directional search

PLB 654 (2007) 58
Underground measurements

=
o
0§

DMTPC 2012
NEWAGE2015
NEWAGE2020 3D-vector
— NEWAGE2021
mmmm TH|S WORK 3D-vector
= DRIFT 2017
DAMA/JLIBRA

PLB 686 (2010) 11, PTEP (2015) 043F01S,
PTEP (2020) ptaal47, PTEP 2023 103F01

SD WIMP-proton g, _,, (p
S 2

102

=
o
l_l

WIMP mass (GeV/c?)



. J??$Z$’Z$}§(NEVVSdm)n

First direction sensitive search for
dark matter with a nuclear

(b)

Cygnus

(parallel to x axis) arxiv:2310.06265

B
/

L
Thermals;ensor =B
~_ Cables for
_outside PC |
W -‘a:’ ‘ glass base

v

y

—
(2]
S—

brightness

%)

(=]
S

me Carbon

Nitrogen

Raw image After Image Processing !90

50}
Oxygen

Y pixel (/27.5 nm)

ellipticity = 1.55
o~ [
C‘) 30}

| :
Dihi = 67 degree 20— &a)
. 1of R
, ity el

- T+
| L

401

detection efficiency(

WIMP — nucleon cross section (cm?)

20 0 60 80 100

0 : | | 1 Pl B | Ll 1
X pixel (/27.5 nm) 0 60 80 100 120 140 160 180 200

E (keV)

-
L=
3

emulsion detector at a surface site

1

WIMP mass (GeV/c?)




SHXQXOFE EEHE (DM) WA ERE
CDRTFIXISI0->TELTES: ®
i)

IMER
HRBRES

XX FEXXBXXE

HEIC L ZERYMBERRRLBFRE

()

FHOBEEMEDOIEGRERARERLRETT,
IDFORMOBMZES LS ETICEREIATVWEVLWT 2 —XAR—
ADEEVELZERTIILHARICEVET, FTEPEOFETR
HERE LTEAD L ZXKAEL. ZORVBEIWLTENY I
FEPKREL%1TS Z & THBNZ@A 2EPLH ICHEBRRFERRZITS
ZEHNTEXT,

CNIERERAGE R RITAEHH BT E,



