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t = Time (seconds, years)
E = Energy of photons (units GeV = 1.6 x 10710 joules)
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The concept for the above figure originated in a 1986 paper by Michael Turner. Particle Data Group, LBNL © 2015 Supported by DOE
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CMS, ATLAS,

ALICE etc.
Energy: GeV - TeV I ) I3 R iR T XX R LR
ol ol NIEFER
PandaX, JUNO, GERDA, LHAASO,
CDEX, DUNE, CURO, DAMPE,
XENON etc. HyperK, EXO etc Trident etc.
Energy: keV Energy: MeV- Energy: MeV Energy: MeV-
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Nuclear capture of pion

- o kg i)
%. 1 a. PHOTOMICROORAPH OF CEXTRE OF STAR, SHOWING TRACE OF

150¥ PRODUCING DISINTEGRATION. (LEITZ 2 MM. OIL-IMMERSION
OBJECTIVE. X 500)

N \ S *A is the new meson
: *B,D,C are likely protons
*Track C goes into the page

Why A is a new meson:

electron: range too large

A\ proton: scattering too large

muon: frequent nuclear interaction

0 50 100 p
Fig. 1 b. TRACE OF COMPLETE STAR ON SCREEN OF PROJECTION
MICROSCOPE, SHOWING PROJECTION OF THE TRAOES IN THE PLANE
OF THE EMULSION. TRACK 4 CANNOT BE TRACED WITH CERTAINTY
BEYOND THE ARROW

(Jan 1947, observed by D. Perkins) '
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First Evidence of Dark Matter

Coma Cluster, 0.3 billion light years .a\./'vay

Virial Theorem to Coma Cluster.
400 times more ‘“unseen’ matter
than visually observed!!

Fritz Zwicky, 1933
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Vera Rubin, 1976

Credit: https://youtu.be/sI23cwbbNgs

Velocity

Predicted —
Observed —

Radius

Galactic object velocity (M33, ~2.7 million light-years).
Found 6 times as much dark matter as visible matter.

Galaxies are embedded in a dark matter halo!




. “Bullef clusters”” calliding with, ea&i other argl ‘sepasating the
dark matter and~gormal-matt;er parts. o : '
' " 4 Jormel 'mg,ttér- N

-

Use gravitational lensing to
measure spatial distribution of dark — EEEEEERRETIES _
matter after cluster collision. ¥ By W RN .
Use X-ray to measure the EeE S
distribution of normal matters. Clear separation between gravitational

matters and normal matters!




Planck CMB map, 2015

Multipole moment, ¢
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Second and third peaks reveal the ratio of
baryonic and dark matter in Universe.




Large Structure

Inflation

Ouwantum
Fluctwations

Bullet cluster collision Galaxy rotation curve

Primordial Universe

| Gravitational evidences
Multipole moment, ¢ . . . M;n.y“ .
00 2 10 50 500 1000 1500 200 Dark Suggest dark matter IS
A the dominant form of
matter in Universe!
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|
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Temperature fluctuations [ 1 Kz]
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Dark Matter Candidates

Mass, in electron volts (eV)

/ i
ULTRALIGHT | i Mass range

DARK MATTER | : : ~1to ~30
: : solar masses

Mass range
Experiments

~10-22 eV to ~10-6 eV 0 . .
LIGO/Virgo
Experiments :
CASPEr, MAGIS-100 : : L ]

WIMPs
freeze out -

Mass range h"'r‘" thiey

log[¥,/Y{(x=0)]
S
T

~1GeV to ~1 TeV Y
Experiments ey ]
XENONNT, “Trg
PandaX-4T, -0 1t i 07 107

LZ, CRESST, DAMA, z = N/T
COSINE-100

Core-cusp Problem

on N SUB-GeV R L ]

Viess raris / \ ] DARK MATTER » DM only

~10-6 eV to ~10-3 eV Mass range it

Experiments ~1 keV to ~1 GeV 10 o _E

ADMX, MADMAX, Experiments n E ]

QUAX, CAPP-8TB ‘ SENSEI, TESSERACT 2 L ]
100

R/R

0.3

Samuel Velasco/Quanta Magazine
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- SM particle

—_

e DM particle DM particle’
Collider Search

Requirements:

e ~keV threshold;

* Low background, better to
have PID;

Direct Search




Dark Matter Halo

Extent of Survey
around the Sun

Milky Way

100000000 (1e8) DM particle crossing single human body (~1e29 atoms) every

second!

Every year DM interacts with human body less than 1 (current experimental
results).

Every day, there are 100000000 (1e8) energy depositions in human body caused
by cosmic rays and background gamma radiation.
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Coutesy of APPEC report

Bubble Chamber; ..
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MIP Neutron

To Hydraulic Cart Cooling Coils
: Propylene Glycol
Bellows | /(hydraulic fluid)
Water (buffer)
Acoustic Sensors /
: :  CFsl (target)
Pressure Vesse ‘ Cameras
Fused Silica Jar ‘ .
Pros: Almost background free.
| NS Cons: No event-by-event energy info;
Few info for checking anomaly




‘December

Credit : - James Josephides

DAMA/LIBRA-phase2 (1.13 ton x yr)
1-3 keV
s f——— DAMA/LIBRA-phase2 -250 kg (l.ljgnxyr) N S S S

: BTy

Residuals (cpd/kg/keV)

Time (day)
. 1-6 keV
b DAMALIBRAphase2~280kg (L3tomxyr) —
. b

Residuals (cpd/kg/keV)

Time (day)
) 2-6 keV
——— DAMA/LIBRA-phase2 ~250 kg (L13tonxyr) @ oo,

Residuals (cpd/kg/keV)

Time (day)

Pros: Simple

Cons:
1) No discrimination

2) Background rate still too high.




SuperCDMS @ SNOLAB

Courtesy: superCDMS

SNOBOX

PHYSICAL REVIEW LETTERS 121,051301 (2018)
Phys. Rev. D 102,091101 (2020) PHYS.REV.D 99, 062001 (2019)

—— DM-search 100 i
B4 1 GeV/e? 1/¢% 0-15% CT . g; 103 1’ \
——— Laser-calibration 10 — KA |
- 5 CDMSlite R3
10t “ ©107L  PLR Linit
® g (This Resylt)
X £ S
10* = s N
= g 104
102 2 g
10742
10! =
1 3 7 10
10° M, (GeV/c?)

» Super-high resolution, 3% to single e-h
pair;

» High sensitivity to GeV WIMP.

» Current status: Infrastructure under
construction

M. Mancuso, Journal of Low Temperature Physics 199, 547 (2022)CRESST @ LNGS

Silicon-on-Sapphire light detector To L. Canonica, TAUP 2021
/’ Tes \ \\‘
g CaWO4 target crystal

Light Yield

TES thermometer for the TES thermometer for the
target crystal Light detector
& Ot
(';n\\'(H instrumented
N\ lwld{mga(wk
\
«l |"~ Phonon detector Light detector

(20 x 20 x 0.4) mm3
Silicon-on-Sapphire

20x20x10 mm?
(CaWOs4, Al20s, Si, LIAIO,...

Reflective foil

Copper housing

30 eV threshold, 15 mK, 24 g
Phys. Rev. D 100, 102002 (2019)

£ 2
N 10 ’.‘,
8
" L | PR MYS
0.1 02 0304 1 2 3 4 5678910
Dark Matter Particle Mass (GeV/c?)

Coherent Neutrino Scattering on CaWo,

Energy (keV)

» Great background rejection power.
» Status: Complementary target material &
Infrastructure upgrading



» ~0.01g Si skipper CCD.
» Reduced noise through skipper

=y mw | CCD technique (non-destructively
e T measure charge multiple times)

» Singe electron sensitivity.

1200/
1000

800

600

400—

200
: {.lA;Lll

Readout-noise: 0.067 e RMS

1400~ T T

A L e, T 0 I

L | 1 l
9!0 -8 -6 -4 -2 0

4 6 8 10

measured charge in pixel [e-]

Pros:
o Ultra-low threshold
o Ultra-low noise

Cons:

o High cost per unit

o Background level high.
o No discrimination.
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- [BASABAR]
o )
O el | Scalability Good Good _
Target e > .X> c .)?
_____________________________________ - Density 3 kg/L 1.4 kg/L
[ W I W S A 133 40
Long-lived - Ar39 (1 Bg/kg in
bkg Xel36 Negligible |, At, T, =269yr) .
DarkSide-50 ) S2/S1, Pulse shape,
(DarkSide-20k Bkg rej. S2/S1, 3D pos. 3D pos.
ARGO) T
Scintillation 178 128 nm (need
light nm WLS)
PandaX-4T Cost ¥15000/kg ¥20/kg for "tAr CMASS
igNON“T O High sensitivity to >10GeV DM due to its good
(XLZD scalability and bkg discrimination;
PandaX-xT) O Liquid xenon dual-phase TPC currently has the world-
7

leading sensitivity to >10GeV DM.
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m, = 50 GeV
» _How IT STARTED... ® Best Limit (90% CL)
107 E_ e XENON10 = Sensitivity Goal
- ©® |
wl ZEPLIN-III -
1077 -
NE E
‘2‘ 10_45 ;_ - © XENON100
g F 20}/ ...HOW IT'S
c;)% 1074 = ee I PandaX-4T GOING
2 - § XENONIT ® o o XENONIT
O 1 n-47
= 107" - @
@) = s LZ
sl e g
107 = neutrino fog (1 evt) T
= neutrino floor, Billard (2014) DAI:N IN/XLZD
g T e = ] Gourtesy to P Ullo
1022 10! 10 & M.E. Monzani

|
Target Mass [t]
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Dark matter: nuclear recoil
(NR)

v background: electron
recoil (ER)

g1 _Drifttime, o5

TV

51 -Drifttimg g5

(S2/51)\r<<(S2/S1)er

Multi-site scattering
background (ER or NR)

S1

S2
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‘WIMP-nucleon og; [em?]

U

Three multi-tonne detectors operating.

Stanford, LZ;7ton L

XENONNT PandaX-4T

20 sensitivity

arXiv: 2408.00664 (2024 new)

10 sensitivity
1073

»—\
=)
|
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PundaX-AT 2021
XENON 2023

— Lz
—— PandaXAT 2024 (this work)

10-44

10-45

SI WIMP-nucleon cross-section [cm?|

WIMP-nucleon cross-section o/[cm?]

10710 N ,@ﬁ?:‘“‘g}:“‘ﬁfq%? 104
1077 ¢ ;
PRLI31,041002 (2023) |& t PRLISL,041003 QO23)F  “wep o wo? 2%
WIMP mass [GeV/c?]

10 102

10° 10° 10
WIMP Mass Moy [GeV/e?]

WIMP Mass [GeVic?] [ & -_— @ . -
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= PandaX”

Co-developed by Tsin
University and Yalong River
Hydropewer Inc.




104 ey

—— PandaX-4T 2021
——— XENONNT 2023
10_44 A —— LZ 2023
E = PandaX-4T 2024 (this work) Rt

10_45 =

10746 =

SI WIMP-nucleon cross-section [cm?]

1047 -

11 1 1 1 1 1 11 11 I 1 1 1 1 ) I 1 1 1 1 |- I:
10T 102 10° 104
WIMP mass [GeV/c?]

* PandaX-4T detector assembled at May, 2020,
and started taking commissioning data at Nov.,
2020.

* Total exposure = 1.54 tonne-year;
« 1.6e-47 cm? @ 40GeV;




_From G. Giovanetti

10

= T — Ry From M. E. Monzani, IDM2024
p 10k —EeRaps e
N e Global Argon Dark DarkSide 20k Argo
g §_X14oo reduction PAr (Global Fit) Matter Collaboration LNGS SNOLAB
g 10“; 4 P
PP MiniCLEAN 5 ke
g =
2 10";—
107 o
F Rl g
10 L L L 1 | R
[ 1000 2000 3000 4000 5000 6000 [ g »
. S1 [PE] £
Energy [keVar] & > e
1220 40 60 80 100 1207140 160 180 200 o
0.9 : > :
O0.8HR -~ N\ . : 2 P 2
0.7 s - DarkSide50 /¥ iy
9.8 DS-10 LNGS &4 >7 o
0.5 2 I
0.4 3
0.3
0.2
0.17%

[

Higher intrinsic bkg with natural Ar, but with PSD discrimination!



DarkSide-20k

From M_.E. Montani, IDM2024

Membrane 50 tonne (20 fid.)
“ProtoDUNE-like” UAr DM target
cryostat .

Vacuum vessel
containing UAr
and TPC/veto

“Inner detectors”,
TPC and neutron
veto

Under construction,
2025~2026 data taking;
50-tonne total mass;

20t fiducial mass for 10-year
exposure;

SiPM 4pi coverage;

o 00 O

,
‘/\

From Roberto Santorelli - La Thuile 2022

Characterisation: DArT
Measurement of the 3°Ar depletion factor

~/

S

{

UAr transported via boat
for final purification at Aria

N\

Production: Urania
+ Commercial-scale plant to extract UAr
* Located in Southwestern Colorado

* UAr extracted from CO, well gas at the tonne scale

i
\

* 350 m tall cryogenic distillation column to purify UAr and

* Located in refurbished carbon mine shaft in Sardinia, Italy

Purification: Aria

isotopically separate argon and other elements

*  Will chemically purify the UAr for DS-20k to detector grade

U UAr mined from Urania;
U Further distillated at Aria facility;
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1000

X\

500

Y [pixels]
o
Intensity [ADU]

[
2
0
&5
[
é
oo

I: 4 I: |: —500
[X
[CJpur [@cep  [JTurboPump  —— -HV  —— #HV Ground _1000—1000 —500 0 500 1000
X [pixels]
» 30-70 Torr CF4 gas. Pros: Cons:
» 1m3 volume o High discrimination | o High threshold
» Particle discrimination through| power o Low energy resolution.
track length and dE/dx. o Angular resolution o Exposure too low.
> Angular sensitivity o Spatial resolution.




CRESST (Surf)

EDELWEISS (Surf)

Cross Section [cm?]

W S0lAr,

0.1 0305 1 3 5 10

Atomspheric

o PHYSICAL REVIEW D 92, 063518 (2015)

- pep

wiev hep
—— 7Be_384.3keV.
- 7Be_861.3keV
-8B
— 1N
-+ 150
- ATF
dsnbflux_8
dsnbflux_5
- dsnbflu_3
—— AtmNu_e
-~ AtmNu_ebar
-+ AtmNu_mu
=+~ AtmNu_mubar

1| I\Ilill \III\Hl ;l\ I“\!I\‘\‘ L1 TR

-1 \2 3
10 1 10 Neutrin1ooEnergy [Me\}]o

Ultimate background: neutrinos

-+90°

Fluorine recoils [8-50 keV,]

b

+
>
<

+30°

Galactic latitude,
<

—60°

SE. Vahsen et al., arXiv:2008.12587
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SOULIINU .

0
180°

CYGNUS-10N m3

Neutron:gammashislding

Galactic longitude, ¢

CYGNUS-10 m3 module

0.5m

e ———

\.i

G

irection ——

Low-pressure gaseous TPC;
Highly pixelized charge readout
for high track resolution;
Directionality can help go beyond
neutrino floor to some extent.

CYGNUS X 6 yrs

2
=2

@

w

5

emmmm—————

7 10~49H-~~~ Single electron threshol 5 keV, [755:5 Torr He:SFg]
—— Worst-case threshold: 8 keV, [755:5 Torr He:SFg]
-+ Search mode: 8 keV; [1520 Torr SF¢

10° 10! 10? 10° 10
WIMP mass [GeV/c
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Beta Decay

Number of
p-particles {+ or —}

Beta

s

@ Particle
‘{’ (fast electron)

Typical Beta spectrum

>

>

In a beta decay, a nucleus decays another by
emitting an electron.

Conservation of energy tells us the energy of
electron (beta radiation) shall have fixed
energy. Measurements say NO!

In 1930, Wolfgang Pauli postulates that
another invisible particle is also emitted
during beta decay. It has very weak
interaction so hard to detect.




» Neutrinos are fundamental particles!

» Trillions (10'?) of neutrinos pass per
second through your body for every
second of your life! They come from our
Sun!

» Neutrinos are ghostly particles. They need
a light year of lead (~10'3 km) to be
stopped with 50% chance.

» There are a billion neutrinos for each
atom 1n the Universe. There are ~3e8
neutrinos per cubic meter: relic neutrinos.

» Neutrinos have a fixed chirality. They
only interact through weak interaction!

FACT: about 65 million neutrinos pass
through your thumbnail every second. isnen.com

>

~»  100trillion neutrinos pass through
your body every second!!!

left-handed ri
neutrino

t-han
eutrino
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Extra-Galactic

9

Galactic

-
e
~

Accelerator

Atmospheric
SuperNova

Cross-Section (mb)
] 3

Reactor

Terrestrial

—h
-

—
=

1 0—22
1 0-25

1 0-28

L ST T 24 2N Y Y Y Y Y Y Y Y Y Y Y Y Y O Y R R I
10* 10?2 1 102 10* 10° 0 10 Ww:* W 1* 10°
Neutrino Energy (eV)

» Neutrinos are everywhere in Universe. Energy ranges from eV to
EeV (10'8 eV)! Interaction rate increases as energy!
» On earth, we can produce MeV-GeV neutrinos.




PN

———————————————————————————————— Vo Vo,
wt * Z° Z
Neutrino-Electron Scattering (4,2) (4,2)
Ty pt Coherent Elastic v-Nuclei
Scattering (CEVNS)
W ™
v
A » Deposit energy ~ keV;
n,p p,n » Cross section high;

(a)
Charged Current Quasi-Elastic

Neutrino Capture




Savannah River reactor

! Filled with 200

101® neutrinos [ liters of water,
s . .
per second! : dissolved with

. S— b o A WM 10ko of CACI,,
<. &A1 1m from reactor i 4 L 8 | And liquid
L scintillator for

gamma
detection.

thermalisation
y-cascade

Gd-capture




» Interestingly, this was not the first idea
of Cowan and Reines.

» They originally had proposed (and got
approved!) to put an experiment close to
an even more intense neutrino source!

100 meter away from an atomic bomb
blast!

» They abandoned that idea when they
realized there were certain ‘practical

problems’ for the detector... (to survive
the blast)




Homestake Experiment: First to detect solar neutrino |
v, +HCI-¥Ar+€ o

Threshold 0.8MeV i s

i =
| l‘_'_,
| &y
| :ﬁgﬁzﬂ ﬁ:'-:: — )
|
|
tank chamber ';‘]
. | :

-----------

» Argon 37 has a half-life of 36 days.
» Helium bubbled through main chamber to collect Ar into a small gas chamber.
» Expected 1.5 Ar atoms/day from Solar model, detected only 1/3.
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» SNO has a central transparent acrylic spherical vessel filled with 1000 tonnes of heavy
water (D,0O). Light water (H,O) fills outer vessel. 9438 photomultipliers views the whole
volume.

» Before SNO, other experiments have confirmed the solar neutrino deficit in different
energy range, however with different missing ratio. Such as SuperK observes slightly
more solar neutrino than Homestake experiment.




I SuperK, SNO

L_Gallium (Chlorine
1012 ¢ -
10" 5— PP) | Bahcall—Pinsonneault 2004 -é
1010 [ ]
2 100 | +12% ]
[0 F +127% - E
108 | +2% 3
g 3 7Be "Be pep 3
.C 107 ? -§
= 10e F ep +23% -
[} F E
= 105 F // E
104 /’ :
103 ; +16% -;
T <P -
101 L 1 1 1 1
0.1 0.3 1 3 10

Neutrino Energy (MeV)
Charge Current Quasi-Elastic Scattering:

Ve + d — p+p+e - Because of energy is too low, only

V. can participate such channel.
Neutral Current Scattering:

U + d —=n + D + U, - All flavors participate in such

channel, with equal odd.

Electron Elastic Scattering: All flavors participate in such
U, + e = U, + e~ - channel, with v, 6 times more

irobabiliti than v” and vi
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ultra pure water;
» 13,000 Photo-multipliers are
instrumented inside.

, {
ili {
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» Electron- and muon-neutrinos are produced through pion and
Kaon decays after high energy cosmic rays collide with
atmosphere;

» CCQE channel v; + N -> [+ N’ for detecting . or e neuntrino.

» Signature is Cherenkov radiations produced by charge particles
moving through material;

» High-energy electrons can produce electromagnetic shower
(secondary particles), "blurring” the “ring” structure.

MUON
NEUTRINO

= uen e i NUON

Muon-like

Times (ns)

ELECTRON
Q NEUTRINO

300 F
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Super -Kamiokande 848 days Preliminary
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» Electron- and muon-neutrino ratio measured not to be what was predicted by pion
and Kaon decay;

» And the ratio has dependence on the zenith angle, aka the travel length from the
production site of atmospheric neutrino;

» It turns out to be the result of muon-neutrino oscillating into tau-neutrino.




Two Neutrino case:

‘ Am2L [eV?] [k
g cost sim0)\ o (20 sin? (1.27 2 V7] [km) )
—sinf cosf |GeV]
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An oscillation example for reactor neutrino (MeV)
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Short Baseline: Double Chooz -
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We would like to be convinced the neutrino mass ordering by consistent results

from several different technologies/methods with > 3 o CL from each exp.
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» Central detector is 20k tonne liquid scintillator.
» Equal Distances (53km) to two reactors.

» Photo detection efficiency is 27%.

» Main neutrino channel is inversed beta decay.
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» Main physics target of JUNO is mass hierarchy of neutrinos. It is
determined through the “phase” of 1-3 oscillation in energy spectrum;
» It requires very high energy resolution, about 3% at 1MeV.




Sanford Underground
Research Facility

Fermilab
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Run 3493 Event 41075, October 23", 2015
» Four 10k tonne level far detector.
» Accelerator produced muon-neutrino and muon anti-neutrino;
» Main detection channel is CCQE;

» LArTPC can identify the topology (outgoing product particles).
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» Besides the mass hierarchy, DUNE can also discover the CP phase by
significance of >5 sigma.
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