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BIEX Challenges for the directional dark matter direct detection
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some results will updated this week in TAUP 2023
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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

ADM candidates: thousands of them

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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AP ~ weak scale explains present abundance
N WIMP miracle !

present

log (history of the universe ) 4



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

— C BRIV T | KASHIWA DARK MATTER SYMPOSIUM 2020

Kentaro N ' > =5 ()2 3



WIMP hunting
indirect

ACollider Dark matter searches
at colliders

Dark Matter searches in the 2020 - Tokyo
11-13 November 2019

Dark Matter

Conclusion - Cheat sheet

; Signature Dataset Reference
Theoretical framework

Di-lepton resonance 139 fb 1903.06248

1901.10917, ATLAS-
Di-jet, Di-jet + ISR, 139 fb-1 CONF-2019-007,
1808.03124

Di-bjet 80 fb-1 ATLAS-CONF-2018-052
Di-jet + leptons 80 ol ATLAS-CONF-2018-015
SM particle Dijet + photons 36 fb-1 1905.10331
Etmiss + Higgs 36 fb-1 1908.01713
Etmiss + t/ttbar 36 fb-! 1901.015653
Etmiss + jet 36 fb-t 1712.02345

s. Rev. Lett. 122 (2019)
231801

COMPLETE
THEORIES

(e.g Susy)
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SIMPLIFIED MODELS

a
O
c
L
{
Q
S
O
IS
B
St
L
S
Y
=

EFFECTIVE FIELD THEORIES H invisible 36 fb-

ATLAS DM summary 36 fb-1 JHEP 05 (2019) 142




WIMP hunting

Alndiréct Search

AWIMP: dnnihilate @ Galactic Center,
Dwarf Galaxy, r t mG

ANo,Conclusive result yet

- anti-particle

\]

”*‘4 NASA/AMS

ICECUBE

50 meters

IceCube Array g
86 strings, 60 sensors eac g
5,160 optical sensors

1,450 meters i DZZPCOFZ‘ .
i 6 strings optimized
for low energies

1 Eiffel Tower

4# 324 meters
2,450 meters |

2,820 meters \ :
\ ICECUBE
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Solar System

B -230km/s

nuclear recoil

- AWIMP signal . N e

Anuclear recoil: elastic scattering Ak L |
Aenergy N L e S SR =
Anucleus dependence LRI ey vl
A seasonal modulation e e |
Adirection e
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V,=220km/s

- Direct Detection

direction

Physics Letters B 578 (2004) 241-246

Ng: 12 events N_:201 events
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DAMA, DM-ICE, COSINE,
SABRE, ANAIS, PICOLON (Nal)

DEAP(Ar)
XMASS (Xe)
(light + charge)

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

Er+DIRECTION

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

(photon + heat)

CRESST
(Caw04)

ATechnologies
A Ordinary radiation detectors

A Background: electron recoil

A more than two info (charge E. (charge)

K reject electron BGs PICO (CxFx) + heat) CoGent CDEX
COMS(Ge/Si)  DAMIC,SENSEI (Ge)

GETWIMPS2020 | PPP2023 EDE| WETSS(Ge) NEWS-G (Ne)




limit
WIMP-nucleon cross section [cmz]

Histor

Direct search history

Aleading technologies
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Direct Search Review

1. Mainstream : Large Detectors



ADAMA., (Nal)

A SOMETHING

DAMA/LIBRA

0
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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 E (charge)

Residuals (cpd/kg/keV)

N R

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)

S

O(CxFx) + heat) CoGent CDEX
CDMS (Ge/Si) DAMIC,SENSEI (Ge)

EDELWEISS (Ge) NEWS-G (Ne)

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

30°



AExplaining DAMA with BG

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

On the Cosmic Ray Muon Hypothesis for DAMA
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- 1000 1200 1400 1600 1800 2000 2200 2400

days since Jan 1, 2001

PRL 113, 081302 (2014)
A Solar neutrino has largest flux' in winter. (Sun closer.)

Fitting the Annual Modulation in DAMA with Neutrons from Muons and Neutrinos

mmm  Best-fit Neutrino+Muon Signal
o~ “ = = Component Muon Signal
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Eur. Phys. J. C (2014) 74:3196

Days since January 2003




{ DAMA/Nal + DAMA/LIBRA
§ COSINE-100 Single-Hit
I COSINE-100 Multiple-Hit

AOther ~Nal| detectors

|

I.:}II .

A3xd  gr Gl d’ r t gothpledeths
A Consistent  with null and DAMA.
A upgrading (low threshold, mass ¥ 2)
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Adexd gir Gl d - rtgd ]l dnts Mt A
A incompatible with DAMA T Bnergy lkevl
A 2 more years to test‘by 4 B

Phys. Rev. D 103, 102005 (2021)
0.02

A North and South inpreparation

0.015

ot
o
—h

—i— DAMA/LIBRA result
6 U

—e— ANAIS-112 best fit

A Pure crystal

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 2

A bolometer technique
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ADAMA | Strong tension with other nuclei

PRL 109, 181301 (2012) Physics Letters B 682 (2009) 185-192

| \ I I | I I I I I 11 | I
- o XENON100 (2012)
. \Ik c:.._ DAMA/MNa S I m hzerved limit (90% CL)

Expected limit of this run:
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ALiquid .Xe/ Ar

Double phase detector principle

PMT

liquid Xe

light yield

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

double -phase (liquid+gas ) [ el

((photon + heat) (light + charge)

CRESST k. XENON, LUX,
(Cawo4) PANDAX,LZ (Xe)
DarkSide (Ar)

(charge Eg(charge)

PICO (CxFx) J-hieab) CoGent CDEX

CDMS (Ge/Si) DAMIC (Ge)
EDELWErSS(Ge) | NEWS-G (Ne)

Time projection chamber

+ "
¥\ Extraction field 2.9 kV/em (in liquid)

. ~50% electron extraction efficiency

¥ Drift field 23 V/em

—_—

il F

PTFE pillar

5.9 tonnes Xe in TPC

8.5 t total —PTFE reflector

HV feedthrough

Field shaping
elements

A

i

i I

Hamamatsu R11410-21

3-inch photomultiplier tubes (PMTs) Bottom TPC grids

477 out of 494 PMTs operational

I 7 wessssssuns:

XENON universitatfreiburg XENONNT STATUS AND RESULTS | ICRC2023 | A. BROWN



From XENONI1T to XENONNT: main upgrades

4 Neutron veto

Built inside existing muon veto

¥ | 120 PMTs observe
| 2.2 MeV n-capture gamma

(83 £ 3)% tagging efficiency

1 (250 us window) with life time

loss of 1.6%

= Gd will improve efficiency to
.\ 87% (150 ps window)

Triggerless DAQ

All signals of photoelectron size
or bigger saved

Improves low-energy sensitivity
2212.11032

% XENON universitatfreiburg

Radon distillation column
Continuous radon removal

Activity 1.8 pyBg/kg for these results
See poster H. Schulze EiBing (PDM1-3)
EPJC 82, 1104 (2022), 2205.11492

1207

100

80

(:iD

Events/(t-y-keV)

4D

ZD

XENONIT

ﬁ“%ﬁmﬂﬁrrﬁ

XENONNT

0.

0

1'5
Energy [keV]

XENUNNT STATUS AND RESULTS T TCRCZUZS | AL BRUWN

Liquid xenon purification

Clean 2 | liquid Xe per minute

(full 8.5 tin 18 hours)

Lifetime > 15 ms achieved

See poster M. Kobayashi (PDM1-2)
EPJC 82, 860 (2022), 2205.07336




A ER “.radon neutron  neutrons from ¢ particle

A AC :accidental coincidence
A Some events in ROI consistent with BG Lt upper limit

BN ER B Wall

Neutron M AC

104
4.5“__|_ LZ I I 1 1 I I I 1 1 I | I 1 I I II-I 1 | 1 I 1 1 I I_ : XEONnT
4.25F ke Lt L Eetaimad
: BG : I.'.-t.: . L : - :" =
4.00F T A R e 6 e T J
= B 3" Ny -
RO R E = oot ]
%3.?5: O NR
1 B A
23500 | .
o b WIMPs'(30GeV)
> - _
3.25F V5 . :
L *
- Y PRL 131, 041002 (2023) PRL 131, 041003 (2023)
3-{-"3: II:‘" 0.9 keV,. 2.9 keV,, 5.1 keV,, 7.4 keV,
: - v I* . 15 |I | |-.k-‘x'|. | |.k-k'| . I ' I I
o100 20 30 40 50 60 70 80 0 20 40 60 80 100
CEVNS Sle [phd] cS1 [PE]



ALZ :0.9 ton e year 9.2e -48 cm? for 36 GeV WIMPs

A XENON : 1.1ton e 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

:I

I

a
C\
L
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A\

WIMP-nucleon og; [em?]

PRL 131, 041002 (2023)

R | 1 Lol L [ R R B
10° 10° 10
WIMP Mass [GeV/c?]

PRL 131, 041003 (2023)

= E
WIMP-nucleon cross-section o3[cm?]




XEONN

What next?

Even lower radon level Neutron suppression
Already achieved < uBa/kg by changing flow path Adding Gd to neutron veto for 87% efficiency

/ L

7 /

Radon Removal System: Radon Removal System:
GXe-only mode GXe+1.Xe mode

0.8 uBg/kg

PRI A 11, Hihﬂﬂ#“l’l'
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7Ar calibration and removal
RRS improvements and restart

First science data

r / L 1
7 /!

A Ta .'.-',t\'ﬁ':}.‘;'.f'.- demecaygr AL 7 R oo ! maetreys ‘::‘ . =l ot atia e
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. . - . J .

1 i A1 L L T L 1 1 n | L
0 20 40 60 80 100 1207 7340 360 380 400 420
Time since 01 July 2021 [d]

New analyses

And keep taking data!

: XENON universitatfreiburg XENONNT STATUS AND RESULTS | ICRC2023 | A. BROWN



rational throughout run

:174.1 K ( 0.02%)
D1 bar(a) (0.2%)

3t/day

cm (32 kV cathode,
iducial volume)

L3 kV/cm in gas
AV)

Uf DANj H

10. 89()

E
]

w

=]
oo
o
urvival Prob. at Max Drift Time

Electron Lifetime [ms]

"~ SRI1 Start
- 23 Dec 2021
Calibration

0. 7')()U)

i y i . __40.700
12-2021 01-2022 02-2022 03 2022 04-2022 05-2022

JUI-Jen (Ryan) Wang

ICRC 2023 @ Nagoya

S2

dead

interactions in the gas phase or in the liquid above the gate
clectrode, or drifting electrons trapped on impurities and
released with O( 100 ms) time delay [53]. Analysis cuts to
remove accidentals target individual sources of isolated S1s
and S2s using the expected behavior of the S1 and S2
pulses with respect to quantities such as drift time, top-

bottom asymmetry of light, pulse width, timing of PMT hits
within the pulse, and hit pattern of the photons in the PMT
arrays. The cuts remove > 99.5% of accidentals, measured
using single-scatter-like events with unphysical (> 951 ps)
drift time and events generated by random matching of
isolated S1 and .hl yopulations.

veto



sagging. Two additional parallel-wire screening electro-
des are used to shield the PMT arrays from the electric
fields. After two months of commissioning at a drift field
of 100 V /cm, a short between the bottom screening and
cathode electrodes limited the applied drift field to
23 V/cm, corresponding to a maximum drift time of

2.2 ms. The extraction field was set to 2.9 kV/cm in LXe
to reduce localized, intermittent bursts of single electron
S2 signals. Despite the lower-than-designed drift and
extraction fields, the energy and position resolution, as
well as the energy threshold, are comparable to those

achieved with XENONIT.




PHYS. REV. D 101, 052002 (2020) arXiv:2007.08796v |

LZ sensitivity (1000 live days) XENONNT SI projectionin 20ty
Projected limit (90% CL one-sided) Discovery limit (50)
Discovery limit (30)
Sensitivity (920% CL)

+1o expected

+20 expected

-

- —— - Projected 3 significance

T TT Irllll'rl'l

= = = = Projected 53 significance pMSSM1 1

(MasterCode, 2017)
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Direct Search Review

2 . New-Trend :Low'Mass DM



limit
WIMP-nucleon cross section [cmz]

Direct search history

ABolometers
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ABolometer$

Latest results of CRESST-III's search for

sub-GeV/c? dark matter  CRESST-1II detector

Holger Kluck
on behalf of the CRESST collaboration
16th International Conference on

Topics in Astroparticle and
Underaround Physics (TAUP2019)

September 10, 2019

« May 2016:
10 CRESST-Ill modules
installed

« Jul 2016 — Feb 2018:
data taking (80% blinded,
20% training set)

« Detector A

CRESST-III result

- |lowest nuclear récoil
threshold so far: 30.1 eV

« Target crystal mass| 23.6g
« (Gross exposure: 56kgd

« [arXiv:1904.00498],

accepted by Phys.Rev.D
> this talk PPP

DRIFT, NEWAGE, MIMAC,

CYGNO,CYGNUS (gasTPC)
NEWS-DM(emulsion)

DAMA, DM-ICE, COSINE,
SABRE, ANAIS, PICOLON (NaI)
DEAP(Ar)
XMASS (Xe)

(light + charge)

(photon + heat)

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

3

Er(charge)
CoGent CDEX

DAMIC,SENSEI (Ge)
NEWS-G (Ne)

IENGEED) (charge

PICO (CxFx) . Jeat)
CDMS(Ge/Si)
EDELWEISS (Ge)

—— CRESSTI 2019 -eee CRESST surface 2017 ——- CRESST-I2016 oo CRESST-l 2014
- CDEX 2014 — . — CDMSlite 2015 CDMS-Si 2013 SuperCDMS 2014
CoGeNT 2013 DAMIC 2016  eeeeeeees EDELWEISS-Ill 2016 — - — EDELWEISS surf Migdal 2019
---------- EDELWEISS surf stand. 2019 Collar 2018 ——— COSINE-100 2018  ------- DarkSide binom. 2018
- LUX combined 2016 — - — LUX Migdal 2018 ——— NEWS-G 2018 — —— PandaX-l 2016
——— XENON1t 2018 === XENON100 low-mass 2016 PICO-60 C,F, 2016

10° T — =TT

Dark Matter Particle-Nucleon Cross Section (pb)
=
ra

» X
10 Coherent Neutrino Scattering on CaWo, <104 5

| a
1 1 1 I S N I I ! Y O I I 10-45
0.1 0.2 0304 1 2 3 4 567890

Dark Matter Particle Mace (CGaV/e)




ACCD

arxi1v:2007.15622v1

A pioneer of low threshold

PRL 125, 171802 (2020)
A skipper CCD

A sensitive to single electron
A DM -electron channel and other

DAMIC

PLB 711 (2012) 264i 269 Jidmtools. brown.edu/
. Gaitskell, Mandic,Filippini

CRESST

rlesh,Q d 40eV
0

Cross—section [cmé_ig:.gmliﬁcd to nucleon)

.
XENON 1409
WIMP Mass [GeV/c’]

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

CYGNO,CYGNUS (gasTPC) DEAP(Ar)

NEWS-DM(emulsion) XMASS (Xe)

(photon + heat) (light + charge)

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

$ (charge Er(charge)

DTAAFVEW + heat) CoGent CDEX
A. M. Botti* for the SENSEIT collaboration PARILC AERE

NEWS-G (Ne) ,
38th International Cosmic Ray Conference, Nagoya
July 31, 2023

~— SENSEI@SNOLAB: Commissioning data
- SENSEI@SNOLAB: Blinded data
m—— SENSEI@SNOLAB: Combined data

FDM=1

€n ch
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= 019)
17 (28
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ALig. noble! gas: S2 only analysis

PRL 121, 081307 (2018)

PRL 121, 081307 (2018)

Double phase detector principle
PMT

— DarkSide-50 2018
DarkSide-50 Binomial Fluctuation
Dark8ide-50 Mo Quenching Fluctuatiord
— HEWS-E 2018 - CODEX-10 2018
LY 2017 — XENON1T 2017
— PICO-60 2017 PICASED 2017
==« COMELite 2017 — CEEEST-III 2017
== EDELWEISSE-III 2014 PandaX-II 201&
N XENONL10O 201s DAMIC 2016
. == CDEX 2016 CRESST-II 2018
—.==« SuperCDME 2014 COMS1lice 2014
COEENT 2013 COME 2013
CREEET Z01l2 DAMA/LIBRA 2008
HEutIinF Floor

liquad Xe

o o ol S D [ ¢ JC ¢ i L

34 5 6 78910
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A Improved 4-7 GeV limits
A note: lighter nucleus (Ar) is better for low mass WIMPs

PRL 123, 251801 (2019)
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Direct Search Review

3. Others



ABubble chamber

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

Hugh Lippincott, Fermilab
for the PICO Collaboration
EDU 2017
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many bubbles can you count?
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A SD. search
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Scaling to PICO-500
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AANnd still lower: MIGDAL e o

PRL123, 241803 (2019)
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L0
0.08 0.1 0.2 0.5 1.0 FIG. 1. Ilustration of the ER signal production from BREM

m Z[GEV!’CE] (green) and Migdal processes (pink) after elastic scattering
3 between DM () and a xenon nucleus.




AMIGDAL leffect ?

A calculated (predicted)
A nuclear recoil N excitation / ionization
A caused by a sudden change of the
A small probability

A reformulated

A energy momentum conservation
A probability conservation

A can be used for DM search

Migdal effect in dark matter direct detection

EK[)EI’iITIEHtE

FIG. 1. Illustration of the ER signal production from BREM
(green) and Migdal processes (pink) after elastic scattering
between DM () and a xenon nucleus.

Masahiro lbe,*? Wakutaka Nakano.” Yutaro Shoji® and Kazumine Suzuki®




ALow “._mass WIMP search by MIGDAL effect

LUX: PRL 122(2019)131301
EDELWEISS: PRD 99(2019)082003
CDEX: PRL 123 (2019) 161301
XENON: PRL 123 (2019) 241803
SENSEI: arXiv:2004.11378v1

S2-only Migdal

PRL123, 241803 (2019)

S2-only NR
[. Spin-independent
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AWhy MIGDAL observation is difficult?

electron track 0.1 keV
A <<energy resolution
A <<spatial resolution

Xe (qe = m. X 107%)

FIG. 1. Illustration of the ER signal production from BREM
(green) and Migdal processes (pink) after elastic scattering
between DM (y) and a xenon nucleus.




A2 X&mpRm il arXiv:2307.12952v1
Al14MeV + 14 t 7keV nuclear recoil
$

A wFra\ g J

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

3.1 T. Pershing,! R.L. Mannino,! E. Bernard,’ J. Kingston,*!

J. Xu,b»* D. Adams,? B. Lenardo
/. Mozin,! P. Kerr,! A. Bernstein,! and M. Tripathi*

E. Mizrachi,”! J. Lin,® R. Es
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A |\/||gda| A MIGDAL 0 Astroparticle Physics 151 (2023) 102853
A Straightforward ~ method

A Nuclear track +electron track with gaseous
detector

A Demonstrations  OK for
nuclear recoil / electron recoil each.



