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deposit energy in a detector

£ — (1-— cos@)E
R=7 2 W (center of mass)
 AM, My Nuclear
F= (M, + My WIMP o ex) Xe
Let's assume: 0
Mw = 100 GeV/c2 , MT = 100 GeV/c2 (Xe :A ~130)
®
WIMP velocity: v= 220 km/sec ~ 0.75 X 103 ¢
)
| ©
2 )
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= 1/2 x 100GeV/c? x (0.75 x 107%)?
— 28keV Shergy




—nergy spectrum

Ref: PRD 74, 043531 (2006) C. Savage et al. h'"E L\,

Expected spectrum:

R(ﬂ[}szR )I ko

Eor

k 27vg Y Ymin v

Umaz 1

dEp
l detector
motion dynamics

RO: Event rate

F: Form Factor
depends on atomic

Maxwellian distribution for DM velocity
IS assumed.

V :velocity onto target,

VE: Earth’s motion around the Sun

=> annual modulation

(v, vg)d°Vv



—nergy spectrum

Ref: PRD 74, 043531 (2006) C. Savage et al. /B L\,
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Cross Section (Spin independent)

do(En)
dE,.. 202 (2 ®FSI (Enr) + O-SDFSD(Enr)} ;

2(foZ + fulA = Z))? 2
oot = oty PEEILZI = 0, 18D

K, 2 12
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Cross Section (Spin dependent)

dU(Em) myn

5p(Enr)] »

[USIFSQI(EHI“)

dE,., 202 2
2
dUSD_SGF[a (S} + an (S >]QJ 1.5(|q])
— n {On .

dlg? w2 P J 5(0)
Nucleus || J | Odd Nucleon | (S),) (Sn) A]f,ZJ (J+1)
"Li 3/2 p 0.497 | 0.004 0.406
OF 1/2 p 0.441 | -0.109 0.855
23Na 3/2 p 0.248 | 0.020 0.089
B3Ge 9/2 n 0.009 | 0.372 0.105
125Te 1/2 n 0.001 | 0.287 0.178
1277 5/2 n 0.309 | 0.075 0.084
129%e 1/2 n 0.028 | 0.359 0.232
B3lxe 3/2 n -0.009 | -0.227 0.057
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Spin Independent

WIMP-nucleon cross-section ¢5! [cm?]
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Spin dependent

Coupling to unpaired neutron
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Form Factor

Lewin&Smith
1996, Astro. Phys.

ﬂ _ ROIFZ(ERj ko 1 fvmax 1
k 2mug

dER o E()?“

1. Why does a form factor appear?
DM scatters off atomic nuclei in the detector.

However, a nucleus is not a point particle; it has a finite size.

+ Small momentum transfer (low recoil energy):
The DM wavelength is larger than the nucleus
— the entire nucleus scatters coherently
= F(q) ~1

- Large momentum transfer (high recoil energy):
The DM wavelength becomes comparable to or smaller
than the nuclear size

— loss of coherence inside the nucleus
— scattering is suppressed (F(g)<1)

Masaki Yamashita, ISEE NagoyaU

-effective nuclear radius

-nuclear skin thickness

(v, vg)dv

Umin U

-Helm approximation:

1 .
Fourier transform of o(r)  F(@) = ZJdgr p(r) €T

]1(q ) —(qs)2/2
qTn

F(g) = 3——

ral=c*+ %wzaz — 557

c~1.23A"3 - 0.60 fm;



Form Factor

109

T - :
Atomic Mass Atomic Mass
0-3 =129 (lodine) Form Factor
F? =23 (Na) F2
t0-s | 1 Lewin&Smith
. ; 1996, Astro. Phys.
10-¢ \ ?
-A ]
" 0 200 460 sﬁo acim 1000 10-‘ln 250 4('10 600 800 1000
E, kev £, keV

the nucleus acts as a finite-size scattering object
waves scattered from different parts of the nucleus interfere
at certain momentum transfers the interference is destructive.

Masaki Yamashita
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Differential Rate

Pam = 0.3 GeV/cms,
Vo = 220 km/s + Standard Halo Model

5GeV Mass Veso = Sadkm/s 100GeV Mass
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Uncertainty DM Count rate

dR __ RoF?(Ep) kg 1 [vmas 1

dEr Eqgr k 2mug

Type Signal Parameter

- DM mass (GeV-TeV)

Particle physics - Couplings

Nuclear physics - Form factor

. - Local DM density
Astrophysics S
- DM velocity distribution

Umin

(v, vg)dv

impact on signal
- rate, shape

- shape

- rate (0.3 GeV/cm3)

« shape (standard Halo Model)

Masaki Yamashita



DM velocity distribution

N. Wyn Evans et al., PRD99, 023012 (2019)

Gaia Sausage

Gaia-Sausage is the debris of an ancient dwarf 35 | | | | | | | |
galaxy that merged with the Milky Way, revealed 7
by stars on radial orbits observed by Gaia. 3k SHM 0.3 |
o\ 02
SHM Local DM density  p, 0.3 GeVcm™ o5k SHM y _
Circular rotation o 220 kms™! 0.1
speed 0
Escape speed Vese 344 kms~! 21 -

Velocity distribution fr(v) Eq. (1)
SHM** Local DM density  pq 0.554+0.17 GeV cm™3

Gaia
20% Sausage

10° fiap(v) [km™! ]

Circular rotation o 233 £ 3 kms™!
speed 20% Sausage
Escape speed Vese  52873% 1 ]
Sausage anisotropy 0.9 £0.05
Sausage fraction n 0.240.1 05 —

Velocity distribution f(v)  Eq. (3)

#The local dark matter velocity distribution is affected not only by the 0 =
0 100 200 300 400 500 600 700 800

v [km s}

Gaia-Sausage merger but also by the gravitational perturbation from

the Large Magellanic Cloud and smaller tidal streams.
Masaki Yamashita



dR/dE, [ton~! yr7! keV 1]

DM velocity distribution

N. Wyn Evans et al., PRD99, 023012 (2019)
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Institute for

JS3E 5. What we (will) get from Direct Search?

I~

-DM exists around us in nature

-DM mass

-DM-SM cross section

-higher than100 GeV, harder to determine mass. (spectrum shape is similar)

—
:.

N

=

100GeV
F20GeV ~ 100Gev ~ 500GeV I\
NEIO 154 evts 224 evts 60 evts .. NEIO 2\240 evts ... L e
210 = gled 2107 = b - =3
g g [ 224 evts
310 810" & |
A 2 [ 22evts .
S aasl S s \
O0TE S0
-49 ;_ i 10" ;_ n fl r
v S . | ne.Ut.rl.n.C.) .-I.:!lxloor = N ) ./m' ne.u-l.:r.l ..O. ) .|OO |
10 10 10° 10 10 10°
WIMP mass [GeV/c?] \ WIMP mass [GeV/c?]
arXiv:1606.07001

. . coherent scatter
Masaki Yamashita, ISEE NagoyaU 16



Institute for

JSSE - What we get from Direct Detection?

- - once we detect dark matter....

- DM particles are moving around us.
- Mass of DM particles

- DM-nucleus scattering cross section » Complementarity of targets
- It will rely on pam (= 0.3 GeV/cm3), Velocity distribution (= > Maxwellian, DM stream? )

10 44
Xe target
10-44 E
<[ 20GeV  100Gev ~ 500GeV .
g [154evts 224evts  B0evts . o
Syl gt N;E.»
§ E =
8wl 5
z 107 E 10-46
§ 48 i
St e
104 & neutrino floor
Eoil | L] 10-47
10 10 ) 10° 10 100 1000
WIMP mass [GeV/c] my[GeV]
J. Aalbers et al JCAP11(2016)017 J. Newstead et al ,PRD 88,076011 (2013)

Masaki Yamashita, ISEE NagoyaU
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el History of Direct WIMP Dark Matter Search

Liquid-gas double phase Xe Time Projection Chamber

« Scalability, large mass (tonne scale)
« Self-shielding: High Z(=54) and density (~3g/cm3)

« Easy purification in gas and liquid phase, even during
science run

« Particle identification of electronic recoils and nuclear
recoils

 Low energy threshold

e Liquid Xenon Detectors: World leading since 2007

Limit on Nucleon o(Sl) at 50 GeV

10-41 -
10-43
10-44
1045 1

1046 ;

Liquid Xenon
Liquid Argon
Crystals
Cryogenic
Bubble Chamber

o B o AL V

1990 1995 2005 2010 2015 2025
2000 2020

Year

D. Akerib@IDM 2025




Direct Dark Matter Search Experiments

Masaki Yamashita, ISEE NagoyaU
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Detectors

Keys:

-low energy threshold < 10 keV

-Large target mass (> tonne)

-low background Phonon
SuperCDMS
EDELWEISS

>

CRESST

CRESST-II Detector module

Erecoil

| PICO
CoGENT Ge .

— A
lonization

XENON, LZ, Panda-X
DarkSide

DAMA, NAIAD, XMASS,
DEEP-CLEAN

L Xe, LAr, Nal -

Masaki Yamashita, ISEE NagoyaU



(b) .

Crystal Target T-Sensor '+, " |
“’.A/ e "\
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..................... R a—
Gas — i S2 ]
Phase 0 @" __|T_
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arXiv:2104.07634v1
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How to Detect?

Underground Lab

$

Radiation Shield

$

Material Selection

$

Particle Identification

$

Fiducial volume

$

Neutron veto

Masaki Yamashita, ISEE NagoyaU



How to Detect?

Underground Lab

$

Radiation Shield

$

Material Selection

$

Particle Identification

$

Fiducial volume

$

Neutron veto

Masaki Yamashita, ISEE NagoyaU

-1

Muon Intensity, m 2y

cosmic ray flux > 1/10°

Muon flux vs overburden
A Proposed NUSL Homestake
106 _ ®  Cunent Laboratories =
. WIPP
107 = Soudan
Kamioka
10*
Gran Sasso
3
10° = omestake Baksan
hlori C
(Chlorine) Mont Blanc [
102 4 Sudbury E
NUSL - Homestake -
10"
éé'véé'a 2 3 4 5 6 7 89
10 10

Depth, meters water equivalent



Radiation Shild

Underground Lab

$

Radiation Shield

$

Material Selection

$

Particle Identification

$

Fiducial volume

$

Neutron veto

Masaki Yamashita, ISEE NagoyaU

- ~20cm of Copper, Lead, Polyethylene (for neutron)
- Tonne scale detector -> Water shield
- XMASS, LUX, XENON, LZ, (DarkSide(LAr)

- => muon veto: tagging neutron
Multi-Layer Shields

Gamma Ray Shield (Pb)
~ Inner Neutron Shield (PE)

24



Material Selection (radioactivity)

- All materials used in the detector are screened for radioactivity using high-purity germanium
(HPGe) detectors, ICP-MS, and surface alpha counters.

Underground Lab - The required sensitivity is typically at the ppt-ppb level, mainly for the U/Th decay chains, as well
as 40K and 60Co.

- Components such as photomultiplier tubes (PMTs) are disassembled and measured part by part.

counts/sec

Radiation Shield

Material Selection 12 ﬂ“al.; il

|
|, ‘r mw;

Wiy,

1500

2500 3000
energy[keV]

Particle Identification ,
PMT in HPGe

Table 3: Results of measurements for the developed R10789 parts measured in mBg/PMT for 226Ra, 228Ra, *°K and %°Co with HPGe, and for 23U and 232Th with
HPGe, GDMS and ICPMS. Measuring methods for 23U and 23> Th are also listed. Details of the calculation of upper limit and summation are explained in the text.

Samples 226Ra 228Ra K 0Co 28U 22Th Method for
238U & 232Th
PMT(R10789)
= = Dynodes <0.10 <0.27 <0.95 0.11£0.04 <2.8-1072 0.15 GDMS
FI d UucCia I VOI ume Electrode <0.20 <0.17 <063  <88-102 <1.0-102 <33-10°  GDMS
Body, hex part <0.16 <035 <16 1.0£0.1  <4.2-102 <1.4-1072 GDMS
Body, cylinder part <0.18 <0.33 <1.6 1.14£0.08 <6.2-102 <2.0-1072 GDMS
Stem <0.14 <0.24 <1.2 1.08+0.07 <3.3-1072 <I1.1-1073 GDMS
Glass beads 1.61+0.02 0.28+0.02 3.3+0.2 <6.7-1073  0.43+0.16 HPGe
Lead wires <9.4-1073 <2.3-1072 <82-1072 <4.0-10° <22-107% <72-107™ GDMS
Quartz <0.18 <0.19 <29 <75-102 <6.0-1073 <1.9-1073 ICPMS
Sealing <12-102 (3.5+09)-1072 <0238  <6.0-1073 1.3 2.5-1072 ICPMS
N e utr O n V et O gretterf — <6.1-1072 0.10+0.04 <0.53 <22-1072
um of the .
(R10789) parts 1.6+0.3 1.1+0.3 <32 34402 aI‘XIVZ 1 808 .036 1 7V 1

Masaki Yamashita, ISEE NagoyaU



History of low radioactive PMTs(XMASS)

2inch
Prototype

glass
25%
50
13
610
<1.8

XMASS PMT HISTORY

R8778
Kovar
25%
18+2
6.9+1.3
140+20
5.5+0.9

2inch
R10789
Kovar
27-39%
0.70 +/- 0.28
1.5 +/-0.31
< 5.1
29 +/-0.16

3inch
R13111

goal Is
1/10 of
R10780

26



Exercise: Radioactivity of *’K in the Human Body

Estimate the total radioactivity (in Bq) of *°K in a human body with a mass
of 70 kg.
Use the following information:

e Mass fraction of potassium in the human body: 0.20%
e Natural abundance of *°K in potassium: 0.0117%

e Half-life of *°K: 1.25 x 10? years

e Molar mass of potassium: 39.1 g/mol Hint:

e Avogadro constant: 6.02 x 10?3 mol !
decay constant

T1/2

radioactivity:
A = AN



Solution

1. Total mass of potassium in the body
For a 70 kg person:

my = 70 x 0.002 = 0.14kg = 140 g

2. Mass of YK

The abundance of °K is

0.0117% = 1.17 x 10~*
Thus,

myo = 140 x 1.17 x 107% = 1.64 x 102 g

3. Number of “°’K atoms

_ Myo —4
n= 391 4.19 x 10" * mol

N =nN4 =419 x 107% x 6.02 x 10%* = 2.52 x 10%°

4. Decay constant

Convert the half-life to seconds:
Ty /2 = 1.25 x 107 x 365 x 24 x 3600 = 3.94 x 10'° s

~In2  0.693

— —=17 —1
=T, = 390 10% = 176X 107

A

5. Activity

A=AN

A=1.76x10"'7 x 2.52 x 10" ~ 4.4 x 10> Bq

28



XENONNT uses about 500 light sensors.

How low in radioactivity do these sensors need to be?

. 1 radioactive decay/second

1 Bq

29

less than 1/1000 than usual one

4000 Bg/person
40K

Masaki Yamashita, ISEE, Nagoya University




How low in radioactivity do these sensors need to be?

XENONNT uses about 500 light sensors.

1 Bq : 1 radioactive decay/second

40K
less than 1/1000 than usual one

4000 Bg/person
15 Bg/Banana

Masaki Yamashita, ISEE, Nagoya University



XENONNT uses about 500 light sensors.

How low in radioactivity do these sensors need to be?

1 Bq : 1 radioactive decay/second

4000 Bg/person
40K

15 Bg/Banana

0.01 Bg/Sensor
5 Bq/500 sensors less than 1/1000 than usual one

o ‘V /

Masaki YamashitISEE, Nagoya University
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/—-——\Reseorch

Underground Lab

$

Radiation Shield

$

Material Selection

$

Particle Identification

$

Fiducial volume

$

Neutron veto

Masaki Yamashita, ISEE NagoyaU

nuclear recoil

Inside an

Nucleus

fast neutron

Neutrino

WIMP

dE/dx in LXe (keV/micron)

[QE ;. Particle Identification

electronic recoll

Inside an

Electron Electron

Nucleus

ele. rec., ESTAR 3

alphas, ASTAR electron

nuc. rec., SRIM
== nuc. rec., Hitachi

10' 10° 10

10°
Energy (keV)



Institute for

Space-Earth
Environmental

Research

Two-phase Xe Time Projection Chamber

IS=E:

- Recoil type discrimination from ratio of charge (S2) to light (S1)

104 T I I T

Masaki Yamashita, ISEE Nagoyau

40 60 80

cS1 [PE]
- Scintillation light - S1

) i | . gamma/beta ray
I i Electronic Recoil (ER) e
e 2 .
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Institute for ° °
Fiducial volume cut
I Environmental I I v m

/_\Reseorch R/ [em]
10 20 30 40 50
0 P -
Underground Lab Xe a0 b 2
High Z(=54) 0t
: : = —401 8
‘ High Density 3g/cc g P
. . . T e - =
Radiation Shield A/GO 100 3
Material Selection ~100 000 1200 2000 50 10°
-1t is essentially impossible for an MeV R™<2 [cm?]
‘ gamma ray to deposit energy only in the VE

Particle Identification| few-keV fiducial volume and then escape ;5,'4
the detector without further interactions. 3
‘ - This leads to a background suppression
. ) of order 1075.
Fiducial volume | _therefore, reducing internal backgrounds
‘ —such as M8b5}Kr and radon (M222}Rn)—

Is crucial.

TrryrTT TTTT T T T T TrrorrprTT
| [ | [ [

Neutron veto

TII[IIIIIIIIIIII‘

llllll Illllll ‘lll Jllllll Illll‘ 1

Masaki Yamashita, ISEE NagoyaU %0 40 30 20 -10 0 10 20 30 W 50
cm




Institute for

Space-Earth

qaenmena - NEUTION Veto
Research

R —
-About a few neutrons single-scatter events per ton per year are expected over a 4-year
Underground Lab exposure.
-Such neutron events are indistinguishable from dark-matter signals using the TPC alone.
‘ -These neutrons originate mainly from fission and (a,n) reactions induced by U/Th
contamination in detector materials such as the cryostat, PMTs, and PTFE.
Radiation Shleld -To enable a dark-matter discovery, a neutron tagging efficiency exceeding 80% is required.
-XENONNT: neutron tagging using water Cherenkov detector with gadolinium, based on
‘ technologies developed in EGADS and Super-Kamiokande-Gd
‘LZ: neutron tagging using a liquid scintillator veto

Material Selection

$

Particle Identification

$

Fiducial volume

‘7/

Neutron veto

current generation
(XENONNT, LZ, Panda-X)

Masaki Yamashita, ISEE NagoyaU



Underground lab and DM searches
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SuparCDMS Soudan Low Thrashokd
XENON 10 82 (2013)

erCDMS Soudan COMS-lite
CDMS-I Ge Low Thrashold (2011)
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Low Mass by cryogenic detectors

SuperCDMS CRESST-III
CDMSlite CaWO4 @LNGS
E threshold =56 eV Mass: 23.6 g

E threshold =30.1 eV
=> SNOLAB
4 towers x 6 detectors
about 30 kg total

Phys.Rev.D 99, 062001 arXiv:1711.07692

Masaki Yamashita, ISEE NagoyaU
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Phonon signal

cooper pair = OPs

Al fins O d|ffuse

Phonon

Luke phonon

(izIP only)

Charge signal | A A A

Etotal — E'recoil + Eluke
recoil 1 QBAV

lim F X
AV o0 total Q

Eth << TkeV

Masaki Yamashita, ISEE NagoyaU
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XENON Experiment
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Gran Sasso Laboratory

l >"7r(_-"'7|,-. 9289 ) )

A 17z

« 120 km from Rome (Abruzzo)
« Gran Sasso (2,914 m)

-Underground Lab 1,400 m
* Cosmic Rays flux 1/108
- Middle of 10 km high way tunnel

Masaki Yamashita, ISEE, Nagoya University
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XENONNT Detector

- Data Acqwsntlon
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Liquid Xenon Purification

-Liquid Xenon Purification

Masaki Yamas



XENONIT at Gran Sasso, Italy
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Why Liquid Xenon?

Aluminum block floating in liquid xenon (picture)
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Development of XENON Program

XENONTO XENONTOO XENONITT XENONNT

2005-2007 2008-2016 2012-2018 2019-202x
25 kg - 1bcm drift 161 kg - 30 cm drift 3.2 ton - T m drift 8 ton - 1.5 m drift

~1043cm?2 ~1045cm?2 ~1047cm?2 ~1048cm?2

NAa
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Dual phase xenon time projection chamber (TPC)
. Cylindrical PTFE walls for high reflectivity,
all materials carefully screened and selected

« 494 3" PMTs (R11410-21)
* Inside TPC: 5.9t of liquid xenon ( > 4 t fiducial volume)

* 5 meshes and a field cage to define electric fields and protect PMTs
cathode, gate and anode + 2 screening meshes to shield PMT

XENONNT

arrays

vAaimfAavAa~nA Ll AAdAd ALkAl mAviaAnAT AL lA ll':v’\f\)

Masaki Yamashita, ISEE NagoyaU



Neutron
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Supernova Neutrino Detection
through inverse-beta decay channel

Gd-loaded water (EGADS, SK-Gd technology)



- Scintillation light - ST
-lonization electron -S2

particle
1 N (NR)

Two-phase Xe Time Projection Chamber

drift time
«———— (depth) ——

‘
N»

ER

- two signals for each event:

- 3D event imaging: x-y (S2) and z (drift

time)

- self-shielding, surface event rejection,

single vs multiple scatter events

- Particle identification using S2/S1 ratio
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Interaction with dark matter

i nuclear recoill H ] ]
Inside an Inside an ciectronic recoil Electron

Electron

Atom Atom

Orbit

©2003 HowStuffWorks ©2003 HowStuffWorks

Masaki Yamashita
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- Recolil type discrimination from ratio of charage (S2) to light (S1)
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|ﬁ . Two-phase Xe Time Projection Chamber
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- Recoil type discrimination from ratio of charge (S2) to light (S1)
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SuparCDMS Soudan Low Thrashokd
XENON 10 82 (2013)

erCDMS Soudan COMS-lite
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1 MARCH 1974

PHYSICAL REVIEW D VOLUME 9, NUMBER 5

Coherent effects of a weak neutral current

Daniel Z. Freedmanf
National Accelerator Laboratory, Batavia, Illinois 60510
and Institute for Theoreticak Physics, State University of New York, Stony Brook, New York 11790

(Received 15 October 1973; revised manuscript received 19 November 1973)

If there is a weak neutral current, then the elastic scattering process v + A —v + A should
have a sharp coherent forward peak just as e + A —~e + A does. Experiments to observe this
peak can give important information on the isospin structure of the neutral current. The
experiments are very difficult, although the estimated cross sections (about 1073 ¢m? on
carbon) are favorable. The coherent cross sections (in contrast to incoherent) are almost
energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi-
coherent nuclear excitation processes v + A —v + A*provide possible tests of the conservation of
the weak neutral current. Because of strong coherent effects at very low energies, the
nuclear elastic scattering process may be important in inhibiting cooling by neutrino
emission in stellar collapse and neutron stars.
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D. Akimov et al, Science 357 (2017)

~7 o~

Masaki Yar

Coherent Elastic Scattering of Neutrinos (CEVNS)

1973 Coherent elastic neutrino-nucleus scattering
(CEVNS) was predicted theoretically by D.Z. Freedman.

1985 Drukier&Stodolsky and Goodman&Witten
showed the possibility for the detection of
astrophysical neutrino or dark matter through
coherent elastic scattering

2017 It was observed experimentally for the first
time only in 2017 in the COHERENT experiment with
neutrinos produced by the Spallation Neutron
Source.

It took ~40 years to observe it. Why?
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ZI.')
AN
Inelastic incoherent Elastic incoherent Elastic coherent (CEvNS)
Azo L 2R Azo S 2R Azo 2 2R
~ 100 GeV ~ GeV ~MeV
A~R (~ 5fm), Ey 5 50 MeV, M. Cadeddu etal. EPL, 143 (2023) 34001
2 °
Erma - ~ 1.5 keV E ~x1/1000 w.r.t. neutrino detector

Masaki Yamashita, ISEE NagoyaU 58
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Masaki Yamashita, ISEE NagoyaU

XENONDT: The Smallest

Solar Neutrino Detector
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|ﬁ ~omens XENONNT as @ Solar Neutrino Detector via CEVNS

A
== jnverse B decay Super Kamiokande 1013
== p-e in H,0/D,0 Nature 562, 505-510 (2018
104 i 120520 10 &~ pp [+0.6%] (2018)
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« XENONNT maintains high electron lifetime thanks to its novel liquid
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Calibration with Mono-energetic Electronic Recoils

/__-\Reseorch
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Masaki Yamashita, ISEE NagoyaU

3.0

neutron energy 152keV
(Y, n) reaction, ~ 20 n/s
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Energy [keV]

140

Electronic Recoil Background

Final ER background prediction

« SRO: 0.13 £0.13 Events
« SR1: 0.56 + 0.56 Events
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Final Prediction

AC - SRO 7.48 £ 0.52
AC - SR1 17.77 £1.23
ER 0.68 + 0.68
NR 0.47 = 0.32
;ztcaliground A ER
5B 11.93 + 3.1

We expect solar 8B neutrinos at a median significance of ~20, with a counting-only analysis

Masaki Yamashita, ISEE NagoyaU
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Asymptotic discovery significance Z
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|SEE o First Measurement of CEVNS with a Xe Target
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-First 8B solar neutrinos
measurement by the coherent

neutrinos-nucleus scattering.
#Recently, LZ report > 4 sigma

30
22.9

-Demonstration of Supernova burst% 15

neutrino detection. (flavor
independent, multi-messenger)

Masaki Yamashita, ISEE NagoyaU
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Summary and Outlook

Counts per ton
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And more...

Inelastic scattering
(Higgsino e.g. CAP04(2023)026)

Migdal effect

(Nature 649, 580 (2026))

Electronic Signal

-Solar Axions
-ALPs
-Dark Photon

- ¥ magnetic moment

Masaki Yamashita, ISEE NagoyaU
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JSSE:->- Summary and Outlook

NSGO rch

Gradient of discovery limit, n = —(dInc/dInN) ™!
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-First 8B solar neutrinos -
measurement by the coherent 10
neutrinos-nucleus scattering.
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-Demonstration of Supernova burst
neutrino detection. (flavor
independent, multimessenger)
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- Dawn of Neutrino Fog Era for Dark
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The XLZD Collaboration
XENONNT + LUX-ZEPLIN + DARWIN

N ety CE Ly Johannes Gutenberg University Mainz
STFC Rutherford Appleton Laboratory g0 4. 01m University Karlsruhe Institute of Technology

University College London Max-Planck-Institut fiir Kernphysik
University of Bristol TU Darmstadt

Created with Datawrapper

University of Edinburgh TU Dresden
p A University of Liverpool _ . : University of Freiburg
~  Black H@State University Rice University University of Oxford - Nikh ' University of Heidelberg
e SURF University of Chicago University of Sheffield ™ : University of Miinster
South Dakota School of Mines University of Texas, Austin University of Sussex :

University of Bern
Uniﬁrsity of Zurich

LPNHE
Subatech/IN2P3
“Brookhaven National Laboratory | |p_coimbra

Brown University University of Coimbra
Bucknell University

Lawrence Berkeley National Labora
Lawrence Livermore National Lab:
SLAC National Accelerator Labor:
University of California, Berkeley
University of California, Davis

»

Vinca Institute of Nuclear Sciences % . .
1 Kobe University
‘ Nagoya University
The University of Tokyo

University of California, Los Angeles Columbia University University of Barcelona :mﬁ;fﬁségatono Astérof|5|.co Torino | \ o

University of California, San Diego Pennsylvania State University o, SISSA Weizmann Institute . . .

University of California, Santa Barbara Purdue University ’ University and INFN Bologna Institute for Basic Science
University of Alabama University of Ferrara
University of Maryland University of L'Aquila The Chinese University of Hong Kong, Shenzhen
University of Massachusetts University of Naples "Federico II" Tsinghua University

University of Michigan

! ! Westlake University
University of Rochester

Countries: 17
Institutions: 76
Members: 440+

+active discussion

with nEXO members

University of Sydney
The University of Melbourne

XLZD Meeting - LNGS, July 2025 r
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==l Science: Multi-purpose observatory Sl

-~ -~

WIMP Dark Matter
* Spin-independent
* Spin-dependent

* Sub-GeV

* Inelastic

Extended Dark Matter
* Dark photons

* Axion-like particles

* Planck mass

Sun Neutrino Nature
* pp neutrinos * Neutrinoless
* Solar double beta decay . '
metallicity * Double electron y WI M P SearCh IS the p” mary goal
* "Be, B, hep capture

* Magnetic moment

Opportunity to be competitive in 0v(3[3

Other DM candidates
(Light WIMPs, Axions, ALPs, Dark Photons, etc)

* Neutrino physics

Supernova ' ‘ . A Cosmic Rays « Solar neutrinos (model, properties)
* Early alert : 7 . ; * Atmospheric

* Supernova neutrinos neutrinos . Supernovae
* Multi-messenger astrophysics

Masaki Yamashita, Kavli IPMU, UTokyo 74
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" Detector: Liquid Xenon Time Projection Chamber

- Largest xenon observatory for rare events

« The design is based on the mature technology of current-
generation LXe TPC and will have opportunities for
further optimization of the individual detector
components.

- ~ 3 mdiameter and drift length

- Target Mass: 60-80 tonnes LXe

active

60-80tonhes




el Xenon Isotopes

124Xe 126Xe 128Xe 129Xe 130Xe 131Xe 132Xe 134Xe 136Xe
0.10% 0.09% 1.92% 264% 4.07/% 21.2% 269% 10.4% 8.87%

-Both spin-independent and spin-dependent WIMP DM search (half-half)
-No long-lived isotopes except 124Xe and 136Xe
-124Xe double electron capture isotope (T1/2~ 1022y)
-the longest half-life ever measured directly
- 136Xe Ov[3[3 decay
-Enrich or depleted gases are possible.

* €.0. Y.SuzukiarXiv:0008296



e ‘e I: l 7 X L Z D ] WI IVI P Se n S itiv it The XLZD Design Book: Towards the Next-Generation Liquid
e - = y Xenon Observatory for Dark Matter and Neutrino Physics

Projected sensitivity and current limits

10 4551‘1|r|l| LI | LI L R | T """‘:' a
& ) 5
— - m \\ .
= ; \ o
S 107%E y E
b g \ n; ]

- ) 11
8 - | |} \ #

L n ) 2%
g 47 p 7 L&
51077 1] o7 e’

- ]
= f t\n
o - 1
= " L
S I 1
= 1078 Ve
, = L} &
‘z o LAY g

i ‘\ V== g
[ '

e
U) 10 4() :I 111l T‘I-I—l'l’lll 1 1 l-l-ll-lllm wl(%)llll-‘
v

10 10° 10° 104
DM mass [GeV/c?|
e Searching for WIMPs down to the neutrino “fog”
« Indistinguishable background from astrophysical neutrinos
« Limited sensitivity improvement (20% flux uncertainly)
« Systematic uncertainty limit (1000 t-yr)
o 90% C.L. exclusion 2.5x10-49 cm?2 (at 40 GeV, 200 t-yr)
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(N U p/ou[p)— = u ‘JuII] UOISNPXD JO JUIIPLIX)

w

8]

T—

arXiv:2410.17137v1

Detection capability of benchmark candidates
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o Constraining dark matter properties
» evidence contours for 20 GeV and 80 GeV WIMPs (1000t - y)

« covering most of the cases for Electroweak multiplet DM
« Higgsino and Bino DM: highly complementary to that of collider

Masaki Yamashita, Kavli IPMU, UTokyo



S P XLZD: 136Xe 0vBB Search

136Xe 0vBP Q = 2458 keV
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Energy [keV]

» 136Xe is 8.9% of natural xenon

*  With 80 t target mass, XLZD will contain >7 t of 136Xe
* Xenon TPCs have excellent resolution

e 0.67% demonstrated in LZ, 0.8% in XENON1T

':‘ 1 Ll L I 1 T L] I T 1 ] I T L T I | L] T l L T T
b = = Optimistic
—_ w— Nominal 4.6 (20)
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Exposure time [yr]

* Internal and intrinsic backgrounds

« 214Bj 3 from 222Rn in the xenon (Q = 3270 keV)

We assume 0.1 uBa/kg 222Rn rate and >99.95% BiPo tagging

« 137Xe B (Q = 4170 keV), neutron activation of 136Xe

Mostly by muon-induced neutrons, depending on the installation site

» Electron recoils from v-e- scattering (8B), irreducible

mgg sensitivity [meV]

Masaki Yamashita, Kavli IPMU, UTokyo
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Neutrino

-~ -~
1.0
¢ Borexino
0.8 # KamLAND
4 SNO XLZD
0.6 | F |
% I e Iy l
QN 0.4 pp "Be } ﬂ
0 pep -“B*
0.0 1]7]][ 1 T 1 TTIIII 1 ] IIIITT] 1 1 TIITTII
10! 102 10° 104

E, [keV]

e Neutrinos (solar model, neutrino properties)
e High statistics pp neutrino measurement

* Neutrino survival probability (5.1-420 keV)
* lowest energy threshold
* Test the LMA-MSW solution to neutrino oscillations

e Neutrino magnetic moment

Masaki Yamashita, Kavli IPMU, UTokyo

Significance [o]
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Counts per ton
6.9 1.73 0.77 0.43 0.28
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DARWIN (~ XLZD)

Preliminary

Phys.Rev.D 94 (2016) 10, 103009
Ann. Rev. Nucl. Part. Sci. 27, 167 (1977)

~———XENON after cuts
—— DARWIN (scaled: 40t)

10 20 30 40 50 60
Distance [kpc]

*Flavor independent detection via CEVNS
A few 100s events @ 10kpc
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R&D Activities: TPC and Electrodes/HV

Full height and diameter test facility for DARWIN/XLZD

2.0m

JINST 16 P08052(2021)

High voltage, Purity --- Electrode and other detector components

80



R11410 (LZ, XENONNT, PandaX)

2inch square

Photosensors

K. Abe et al. JINST 15 P09027

R13111 (XMASS)
Lowest radioactivity

Low Dark Current SiPM

VUV light(A~175 nm)

Photocathode(2-3kV) l

\. e-
2-3keV
-Eq;using field

Quartz

i UVight
Phosphor AN (A~ 450nm

| l SiPM

B Boxes show Macra
Pixels with 3x3 SPADs

ez, |
JINST 18 C03027 (2023) Digital SiPM
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L=l Conclusion

- -

« The XLZD collaboration was formed in 2024 by
« XENONNT + LUX-ZEPLIN + DARWIN

‘XLZD will be a successor to the state-of-the-art
liguid xenon dark matter detector.

Ultimate detector for WIMP search (neutrino fog)
-Solar Neutrino Wit B L, t‘g‘gr:/iw\l

m a5
-Double Beta Decay

-SuperNova :--etc

LUX/XENONITT LZ/XENONNT  startusactivity XLZD
}—’ ﬁ
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Masaki Yamashita, ISEE NagoyaU

83



Masaki Yamashita, ISEE NagoyaU

90yrs

Dark Matter
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Masaki Yamashita, ISEE NagoyaU
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MACRO (1988-2002) at LNGS

Scintillator + Trach Etch Detector (CR39)

Search for
magnetic monopole,
nuclearite (u + d + s)

charged Q-ball

Scin\illalor

Streamer Tubes

PMTs

H/ Electronics

|

Rock Track Etch | 1)
Absorber Detector
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Masaki Yamashita, cce 1vayvyuo

NuclearInstruments andMethodsinPhysicsResearchA486(2002)663—707
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Fig. 9. The global MACRO limit for an isotropic flux of bare
magnetic monopoles, with m > 10" GeV/c?, ¢ = gp and
aear < few mb. For comparison, we present also the flux limits
from other experiments [31]
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