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» Neutrinos oscillate and have mass
» Oscillation experiments results

» Neutrino properties: mass and
Majorana/Dirac nature
* Future Neutrino experiments

Dark Matter

» EXperiments and search results
_ e Future Dark Matter experiments
Speaker of today . Summary




Neutrinos and Dark M

* Neutrinos are by now well established particles (but it took
26 years to observe them..)

— They do not behave as a priori expected in the SM and have a very
small but definite non-zero mass. Properties of the neutrinos are yet
not well known to date.

* The Nature of dark matter is not known at all. We even don't
know If it Is a particle. Ideas have been evolving with time.

— We have only search limits so far. If a particle, then DM is likely
neutral and weakly interacting.

« Both programs have a strong experimental community and
program, typically using deep underground facilities, low
background environments, and they have synergies

— Eg. also the LHC is a place to search DM, and also becoming a
place to study neutrinos, via searches for new or heavy neutrinos, or
more recently via news experiments that will measure high energy
neutrino interactions (FASER(-Nu), SND@LHC)
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Neutrinos

Neutrinos are still mysterious particles
« Have only (left handed) weak interactions
* Are mass-less in the (minimal) SM .. untill 1998
* Are the only neutral fermions in the SM
* Could be Majorana or Dirac fermions

* Neutrinos are produced everywhere
— Solar neutrinos
— Atmospheric neutrinos
— Neutrinos from supernova explosions
— Primordial neutrinos from the Big Bang
— Nuclear reactor created neutrinos
— Accelerator created neutrinos
— Geoneutrinos, Radioactive decay, even from your body...




Neutrinos are Ever
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Neutrinos comein 3 F‘
LEP e+e- collider at CERN (1988-2000)
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Neutrinos

Neutrino experiments today -> Open Questions!
* Neutrino mass values? el

Neutrino mass hierarchy? Normal or Inverted?

CP violation in the lepton sector? Are neutrinos === Ing
key the baryon asymmetry in the Universe? K i

Are neutrinos their own antiparticles? -> LNV processes
Do right-handed/sterile/heavy neutrinos exist?

Are there non-standard neutrino interactions?

Neutrinos and Dark Matter?
Testing of CPT..

Neutrinos are Chameleons:
They can change flavour!!

Neutrinos are an essential part of our Universe and our very existence,
and can provide answers to some of the key fundamental questions today




Neutrino Sources, Flux and Cro
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NOvVA detector (US)
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uperKamiokande

Super-Kamiokande
Kamioka-cho, Hida City, Gifu Pref. Japan

1,000m

Ultra-pure water
50,000 tons

Super-Kamiokande experiment

Neutrino
e o

N\ Neutrino

Neutrino

S

Cherenkov light Neutrino hits an electron Neutrino collides with proton and

in water molecule making neutron to create an electron or
the electron recoil away a muon

The Sun in Neutrinos

50,000 tons of ultra-pure
water, watched by
13,000 photomuiltipliers

Super-K,
1500 days




Neutrinos Oscillate! (19

== The expected number of events without neutrino oscillation
mmmm The expected number of events with neutrino oscillation
mefe The observed number of events in Super-Kamiokande
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Atmospheric neutrino source

The number of observed muon neutrinos
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/ o |—> @ & V +V 1 Upward going neutrinos Horizontal going neutrinos Downward going neutrinos

- 9 } Flight length: 12800km Flight length: 500km Flight length: 15km

y Only a half of the expected Only 809% of the expected Consistent with the

number(blue line) was observed number was observed expected number.

1998: The Super-Kamiokande experiment in Japan used a massive
underground detector filled with ultrapure water.

They announced first evidence of neutrino oscillations. The experiment showed
that muon neutrinos disappear as they travel through the earth to the detector

It also offered an explanation for the observed solar neutrino discrepancy.
B




Neutrino Oscillations

« Important discovery in 1998: neutrino oscillations

* Neutrino oscillation is a quantum mechanical phenomenon
whereby a neutrino created with a specific lepton flavor
(electron, muon, or tau) can later be measured to have a
different flavor. The probability of measuring a particular
flavor for a neutrino varies between 3 known states as it
propagates through space

* Neutrino oscillations only possible if neutrinos have a non-
zero mass! Neutrino oscillations -> Neutrinos have mass!!

T e

hundreds of kilometers

ﬁ




Neutrino oscill

= FEach flavour state is a linear combination of mass states:

Neutrino Neutrino travel

— *
interaction /l' va) N Z Uai Ivi) An7ELen Sz
. AN

Flavour state PMNS lepton Mass state
a=eurt mixing matrix =123

Flavor states (*) Pontecorvo-Maki-Nakagawa-Sakata Matrix

J

TAU-
ELECTRON- MUON
s NEUTRINO
NEUTRINO NEUTRINO He's a tau now,
This minuscule bandit Like the other 2 but what type O’f

is so light,
he is practically = "N
massless. "

neutrinos, he's got
an identity crisis
from oscillation. =y

neutrino will he

g be next?




Neutrino Oscill_

The bizarre world of Quantum Mechanics: particles and waves

Take that the neutrino particle is a hybrid of two mass states v1 and v2
as it travels through space the associated waves of these mass states
advance at a different rate

Hence the picture looks as follows: (propagation as a superposition
of two masses)

The neutrinos change identity (flavor) along the way...!!



Neutrino oscillations is a pure Quantum Mechanical effect
The effect depends on the mass difference between flavor states

Vv 5 3 >
u V‘u or Vr

V.V,

[V"J{mg SMJ{"‘J P(v“—>Vr):sin2(29)sin2[71'27?2151

V. —sin@ cosé | v,
Am? =3x107eV
in’(26) =1
L=735km

L 1 i 1 M i
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* Measure prob.
— Survival
— Appearance
* Result 0.4
- Mixing angle a2

— Mass differences )

0.8

0.6

Survival Probability

* Am?,, = m?,— m?, = 8 * 10~ eV? => wavelength of ~100km
* |Am?,, | & |Am?;, |~ 2 * 103 eV? => wavelength of ~1km

Absolute mass values? Mass hierarchy?



Neutrino Oscilla

« Since >20 years an active field of study and
data from many experiments collected:

— Long baseline accelerator experiments (LBL)
— Short baseline reactor experiments

— Atmospheric neutrinos

— Solar Neutrinos

— Neutrinoless double beta decay experiments

LBL experiments in the US and Japan
SuperKamiokande, Icecube




Neutrino Oscil

Mixings and phases: CKM-> PMNS (Pontecorvo-Maki-Nakagawa-Sakata)
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Ordering
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In total 6 parameters
to determine

-3 angles
-2 mass differences

-1 CP violation phase




Neutrino
— Ci; = COS 0,;_7'; Sij = sinﬂij
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Measuring the mixing angle 913

Daya Bay (China)

Eight anti-neutrino detectors
(liquid scintillator based)
within 2 km of 6 reactors

RENO (South Korea)

Two anti-neutrino detectors
(liquid scintillator based)
~up to 1.5 km of 6 reactors

Double Chooz (France)

Two anti-neutrino detectors
(liquid scintillator based)
within 0.4-1 km of the reactors |

DC IV
TnC MD (n-H + n-C + n-Gd)

Daya bay

PRL 121, 241805 (2018) n-Gd
PRD 93, 072011 (2016) n-H

RENO
PRL 121, 201801 (2018) n-Gd

T2K
PRD 96, 092006 (2017)
Arn§2 >0
Am:’:;2 <0

0.05

Nature Phys 16 (2020) 558

Short Baseline Experimer-

Total uncertainty :
Statistical uncertaihty

sin?(26, ,) | I o1 |

=0.105 + 0.014

PR

'sin(20,,) = 0.086 + 0.003
18in%(26,,) = 0071 + 0.011

4 sin%(26,.) £ 0.090 + 0.007
' H 13 '

Marginalization (5., 6,,)

0.10
sin®(26, ,)

- Daya Bay

0.7

sin“260,3 = 0.0856 + 0.0029



Accelerator Based Neutrino EXp

) Focusing Decay Pipe
Neutrinos from

accelerators

Super Kamiokande

Mt. Noguchi-Goro
2924 m

Mt. Ikeno-Yaina

Baseline: 295 km » Baseline: 810 km

Peak E,: ~0.6 GeV (off-axis) « PeakE,: ~2 GeV (off-axis)

Near detector: ND280 (~2 T C/O targets, TPC tracking, magnetised)  Near detector: Scintillator tfracker (300 T)
Far detector: Super-K, 50 kT, Water-Cherenkov « Far detector: Scintillator tracker (14 kT)




Muon Neutrino Disappea

n-beam NOVA Preliminary
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Neutrino Expe|

- 10—3 T2K Preliminary 2105.06732
ﬁ': L 1 I I 1 1 1 I I 1 1 1 I I 1 1 1 1 I 1 1 1 I I 1 I 1 1 I 1 1 1 1 I I I |
o 3 =—T2Krunl1-10 -+=-' Super-K 2020 =1
> D + Bestfits |
0 [ —=NOvA 2020 ---IceCube 2017 j
~& 2.8 e
g - i
< - o
2.6 —
2.4 .l
22 1
i N TTeeeeeezmiessmentT 90% C.L. -
™ e Normal ordering -
2 I_l 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 | L I 1 | 1 1 I 1 l—

035 04 0.45 0.5 0.55 0.6 0.65

2105.06732 sin2623

Atmospheric parameter determinations by several experiments
Results are consistent




CP Violation: T2K Mea

Do neutrinos and anti-neutrinos oscillate differently ?
Measured versus expected electron-(anti)neutrino events in SK as

function of the assumed CP- angle

PRI S S T S (N R
0.6 0.8 1 1.2
Neutrino energy (GeV)

Expectation
Observed
acp == —90°
Electron neutrino 90 82
Electron antineutrino 15 17
Electron Neutrino Electron Antieutrino
g 10:_ = = 8=-90° _:
+ = gF == 85=90° ]
+- ll‘
1
L

Neutrino energy (GeV)



CP Violation: Latest T2K R

Nature Magazine April 16/4/2020
and arXiv:: 1910.03887

CP violating phase (dcp) 0° «— CP symmetric
can take a value between -180° and 180°

(No neutrino-antineutrino difference)

Disfavored
region at
the 30 C.L.

Enhance electron
antineutrino appearance

Enhance electron neutrino
appearance

«— CP symmetric
(No neutrino-antineutrino difference)

+180°

The gray region is disfavored by 99.7% (30) CL
The values 0 and 180 degrees are disfavoured at 95% CL



Taking all available data t

I arXiv:2007.14792

NuFIT group

Normal Ordering (best fit) Inverted Ordering (Ax? = 7.1)
bfp +1o 30 range bfp 1o 30 range
sin® 012 0.30479°0%5 0.269 — 0.343 0.30470 075 0.269 — 0.343
g | 012/° 33.441077 31.27 — 35.86 33.451078 31.27 — 35.87
e,
2 | sin® 6as 0.57370 0% 0.415 — 0.616 0.5757001% 0.419 — 0.617
f:; 623 /° 49.2799 40.1 = 51.7 49.3797 40.3 — 51.8
0
@)
& | sin? 63 0.022197 0 600ez  0.02032 — 0.02410 | 0.0223870 0000 0.02052 — 0.02428
1]
o | 613/° 8.571512 8.20 — 8.93 8.607912 8.24 — 8.96
@]
% Scp /° 19727 120 — 369 282126 193 — 352
Am§1 +0.21 +0.21
2
mﬁ% 42517790260 10435 5 42598 | —2.4987092  _2581 — —2.414
e

To explore Beyond the Standard Model ~ 10 times better precision needed




Neutrino Oscill

Neutrino Mass EigenStates or Propagation States: ¢

2
—; (mL)

Tk

Propagator v; = v, = dj, €

7)) V3

least v,

v. = @ v-@ -

Solar Exp, SNO SuperK, K2K,T2K Unitarity
KamiLAND MINOS, NOvA SK, Opera
Daya Bay, RENO, ... ICECUBE ICECUBE ?



CMK vs PMN

Why is Neutrino mixing so different from quark mixing?
What does that tell us?

CKM PMNS

The CKM matrix is almost diagonal, while the PMNS matrix is almost uniform.




Neutrino M

Neutrinos versus other known fermions

Upper bound
from laboratory measurements
meV eV keV MeV GeV
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e from oscillation experiments




Neutrino Mass Measure

Complementary paths to the v mass scale

Cosmology

Structure of Universe at
Method early and evolved stages

Observable =

Multi-parameter

Model assumptions cosmological model
(ACDM)

o

Search for Ovp

BB-decay of 76Ge,
130Te, 136Xe, ...

M = | s Uil

- Majorana nature of
neutrinos?

- No BSM contributions
other than m(v)?

Kinematics of weak
decays

B-decay of 3H,
EC of 163Ho

m% =2 Uei|* m3

Only kinematics;
“direct” measurement




Neutrino mass meas

The KATRIN experiment: endpoint measurement of tritium decay

region close to 8 end point
08 |
5
b | entire S, 06 [ _
spectrum Q [ m(ve) =0 eV
08 E
— 04
0]
e = only 2 x 1013 of al
0.2 decays in last 1 eV
04
02 0rp
¢ e I 3 -2 1 0
2 6 10 14 18
electron energy E [keV] E-EyleV]

mz(ve) = Zerilz ) mlz
[

What is measured really in this experiment is the effective electron anti-
neutrino mass defined by m*@.) =Z|bfe,-|2 -mf With Ue; the PMNS mixing elements




KATRIN Experiment: the Mas

Tritium source  Transport section  Pre spectrometer Spectrometer Detector

pE =092V
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Black §

TURKEY

The KArlsruhe TRItium Neutrino experiment
(KATRIN) is designed to measure the mass up to
projected sensitivity of 0.2eV

To achieve this, KATRIN will perform high-
precision spectroscopy of the endpoint region of
the tritium beta-decay spectrum.

Recent result Mv, < 0.8 eV (May 2021)
arXiv:2105.08533




Neutrinoless Double Bet

« Are neutrinos their own antiparticle? We do not know this yet!

« The highly anticipated experimental test is the observation of
neutrino-less double beta decay, ie two simultaneous beta-
decays within one nucleons, without neutrino emission

« This would be the first evidence of lepton number violation!

Elektron

Elektron Proton  Elektron Proton

Proton  Elektron Proton
Anti-Neutrinos
Neutrino
Neutron Neutron

Neutron Neutron

Some nuclei have DBD if for
an SBD the binding energy
of the Z+1 nucleus is lower
than the original, but for
DBD (Z+2) it is higher




Neutrinoless Double Bet

GERDA (GERmanium Detector Array) experimemt at LNGS (Gran Sasso/IT)
Final results: arXiV'2009 06079

127.2 kg.year exposure
between 2011-2019

Experiment now completed
No OvpBp signal observed ®

upper mass limit: mgz <79 — 180 meV

® Present best limits:

e 136Xe (KamLAND-Zen): Ti2 > 1026 yrs
e 76Ge (GERDA): Ty > 1026 yrs

e 130Te (CUORE): T2 > 3x1025 yrs

Many experiments

operating, planned
or in R&D: LEGEND
SNO+, NEXT...

® Future goal:
~2 OoM improvement in 71,

Covers 10
Up to 50% of NO

Factor of ~few in A

An aggressive experimental goal




Future Neutrino Experiments

Eg. experiments that will contribute to the mass ordering question




CERN

Future Neutrino Experim

Long-baseline experiments: T2HK and DUNE

First data in 2027 (?)

e Towards the measurement of the CP violating phase and Mass Hierarchy

Hyper-Kamiokande

Fiducial mass ~ 187 kton

Near Detector |
ea leve \ |
1,000m ~ \
Neutrino Beam
295km

Sanford Underground
Research Facility

DUNE

Fiducial mass ~ 40 kton

Fermilab

0.15 -

I—Ll v, flux (AU)

'> ] — 8cp=0°NH

ee Op=0%1H

| &
I Scp=90° NH
lr — Ocp=270°, NH

015 -

E,(GeV)

Annu. Rev. Nucl. Part.
Sci. 2016. 66:47-71

i |
(f l — Ocp=270°,NH

—~'th 6 Vy flux (AU)
— Ocp=0° NH

Scp=0%IH

— Ocp=90% NH

On-axis

E, (GeV)

+Search for different v, — v, and v, — 1, oscillation probabilities

DUNE:ProtoDUNE-SP Run 5772 Event 15132

soem  arXiv»2007.06722

100 200 300 400
Wire Number

Charge/tick/channel (ke)



DUNE “Observato

¢ Primary physics goals:

¢ “Deep Underground Neutrino
Experiment”

* 1300 km baseline

« Large (70 kt) LArTPC far
detector 1.5 km
underground

* Near detector w/ LAr
component

v oscillations (v, /v, disappearance
V./V. appearance)

- 8CP’ 923, 613

— Ordering of v masses

5

Supernova burst neutrinos

BSM processes (baryon number
violation, NSI, etc.)

SURF «+—— FNAL

Sanford Underground
Research Facility

DUNE: samples 1000’s to 10000’s of events->Neutrino Precision Physics!

Fermilab

_____

2



DUNE — a global collaboration

' Status October 2020:
- 1229 collaborators from
- 184 institutions Iin

- 31 countries + CERN

Still more groups joining
{k— —iﬁt Y A " N ’

CoIIaboratlon meetlng at CERN end of January 2020 -> 350 part|C|pants'




DUNE Far Detector

= 40-kt (fiducial) LAr TPC

» Installed as four 10-kt modules
at 4850’ level of SURF

Sanford Underground
/ Research Facility (SURF)

.'.ll..

1.5 km underground

» First module will be a
single phase LAr TPC

* Modules installed in stages.
Mot nececearilyv identical




DUNE: CP Violation and Mass

CPv sensitivity %0 Mass ordering sensitivity
L DUNE Sensitivity = 7 years (staged) DUNE Sensitivity = 7 years (staged)
- All Systematics 10 years (staged) All Systematics 10 years (staged)
10}—Normal Ordering = Median of Throws 35— Normal Ordering == Median of Throws
- sin’26,, = 0.088 + 0.003 fo: Variations of sin’26,, = 0.088 + 0.003 to: Variaions of
- 0.4 < slnzeza <0.6 statistics, systematics, 0.4 < slnzeza <0.6 statistics, systematics,
- and oscillation parameters 30 and oscillation parameters
8 -
! 25
Z o
4 . o~
! F20
1l
b ||||||||||||||||||||||
15
.......... 10
5 ................................................................................................
-1 -08-06-04-02 0 02 04 06 08 1 91 ~0.8-0.6-04-02 0 0.2 04 06 08 1
Ocp/T Ocp/T

Updated Sensitivity with realistic systematics and reconstruction
- Move quickly to potential CP violation discovery arXiv:2002.03005

- Rapid, definitive mass ordering determination (>50)



The Jiangmen Underground Neutrino
Observatory (JUNO) is a 20 kton multi-
purpose liquid scintillator detector (~20
times the size of present detectors,
including 18000 20" PMTs) being built in a
dedicated underground laboratory (700 m
underground) in China and expected to
start data taking end 2022/start2023

Determination of the neutrino mass
ordering using electron anti-neutrinos
from two nuclear power plants at a
baseline of about 53 km. With an
unprecedented energy resolution of 3% at
1 MeV, JUNO will be able to determine the
mass ordering with a significance of 3
sigma within six years of running.

(4-5 sigma with acc. exp. and IceCube)

Events par 1 Mav

2 I 2000 days of data taking —— pNo oscillztions
i Only solar term

/ = Normal hierarchy
3

— Inverted hierarchy




Neutrino Astronomy. -

Build gigantic detectors 1 km3 of size and beyond...
Use the resources of planet Earth

' : The IceCube Experiment: operational
_& . | -> In the ice of Antarctica

g RN -
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v ————

The KM3NET Experiment: 6 strings
now/ full detector by 2025
-> In the Mediterranian sea
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I +Lake Baikal



Neutrinos @ the LHC: SN

SND is 400m forward of the IPs and can
Study TeV-neutrinos with emulsion and
tracking+muon/calo detectors

charged particles (P<7 TeV)

W :
»o forward jets
—@ = neutrino, d-a'rk_pf;)tt;m i
LHC magnets S

p-p collision at IP 4 100 m of rock
of ATLAS n

TARGET REGION MION | SYBTEM

SN D — Scatteri ng a nd neutri no detector Figure 5: Layout of the proposed SNDQLHC detector.
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First Observed neutrinos In FASER-I

These are the first ever directly observed neutrinos at the LHC!!

. . . - First neutrino interaction candidates
Neutrino interaction candidates e

Highlights the potential of the forward LHC location fro neutrino physics!



SUMMARY: Neutrinos 8

* Neutrinos studies is a vibrant field of research, and has
still many open questions! Right-handed partners? Large
CP violation? More than 3 neutrinos? NS Interactions?
Are neutrinos their own anti-particle?

 Now comes the age of neutrino precision physics with
DUNE & T2HK and neutrino astronomy: look inside the
sun, understand supernovae explosions, multi-messenger
astronomy...

* Detailed study of PMNS oscillation parameters
by experiments is key to the understanding

« Large experiments are really “observatories”

* The history of neutrino research showed many
surprises. What surprise is waiting for us next??




Astronomers found

that most of the .
| matter in the Universe

must be invisible Dark }
§ Matter

Distance




The Dark World?? = I

Does it mean that there are also....

Dark Forces? Or even Dark People?

—

G

-

}
\Zm\T /

KEEP
CALM

AND USE

THE

FORCE No! We assume some simple interactions
between dark matter particles in their
environment, and a way to detect them

But what is dark matter?



Dark Matter “Candidates™
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Dark Matter Searches

Gravitational Detection

A
"

Direct Detection

Fysohon Accelerator Production

Nucleus



The Generic Dark Matter Conne
y

Searches for mono-jets and mono-photons can be used to search for
Dark Matter (DM)

DM Indirect

N q
DM g
Collider
DM
lndiréct ) ’
Collider
Direct ‘Vﬂ \\\\
) DM
Use effective theory
or better simplified g FPhotonHiET 7 Jet4MET u w
models to relate
measurements to o o
Dark Matter studies - \ 774N -

q DM q DM




Direct Searches Ove
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Searches for WIMP hypothesis in the GeV to TeV range
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Residuals (cpd/kg/keV)

DAMA results still await confir‘

e Ultra radio-pure Nal crystals @LNGS

e Annual modulation of the background
rate in the energy region (2 - 6) keV

e Last results (2018): signal at 12.9¢

Nucl. Phys. At. Energy 19 (2018) 307

2-6 keV
0-08 g ; DAMA/LTBRA- puasel (104tonxyr) ; ; - | < DAMNLIBRA- phaseZ(l 13tonxyr)

004 [

WW“WWW%\WW'V\MWWWWTW¥

-0.02

0.0« | |

4000 5000 6000 7000 8000
Time (day)

— New results July 2021: 13.7 o significance @Eers-HEP conference by P. Beli

WIMP interpretation in contradiction with many other results
Worldwide effort to verify/refute this result



No confirmation yet but jury sﬂ

ANAIS, PRD 103 (2021) 102005 & arXiv:2103.01175 COSINE-100, Sci.Adv. 7 (2021) 46 & arXiv:2104.03537
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compatible with both DAMA

e Sensitivity above 3o and no modulation

within 2022



Mono-object Searches

« Mono-jets: Generally the most powerful
* Mono-photons: First used for dark matter Searches
* Mono-Ws: Distinguish dark matter

Effective Field Theories for DM

Couplings to u- and d-type of quarks interpretation are under scrutiny!
] Alternatives such as SMS proposec
« Mono-Zs: Clean signature : =
« Mono-Tops: Couplings to tons A s aXivi1407.8257
_ _ ' " arXiv:1411.0535
° - - - I e e B s
Mono-Higgs: Higgs-portals e S L R A
. Projected90% : ... : -1 '
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LHC Comparison with Direct

Vector mediator and
Spin independent direct limits
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PRL 121 (2018) 081307
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More reliable comparisons with direct detection results now
possible via the Simplified Models method

Upper limits on scattering cross-section can be set to compare with direct detection
results using Simplified Models (note: collider sensitivity is model dependent!)

Axial-vector mediator and
Spin dependent direct limits
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A Signal in XenonlT??

XenonlT is a 3.5T Xenon-based direct DM detection experiment in Gran Sasso
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XENONT1T, Phys. Rev. D 102 (2020) 072004 & arXiv: 2006.09721
Low energy scattered electrons

Excess of events in (1-7) keV in the background region

» ~ 3.3 0 statistical significance
» A lot of excitement (> 350 citations since June 2020)

» Unclear origin: Tritium? or Axion signal? or something else?



Xenon Detectors

XENON 10 (LNGYS)
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Argon Detectors s DarkSide-50: leading 51 [imit at 1-5 GeV/c~ for
N WIMP-nucleus and WIMP-e scattering

PR e e | NL... D_... I 122 171 NO1INT /-wn‘rn\!

¥Ar is a naturally occurring 8 emitting
isotope, with Qg = 565 keV.

Activity in AAr: 1 Bq/kg,
DarkSide-50 UAr: 0.73 mBq/kg (1:1400)
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More examples of Ongoing

* New techniques for direct
experiments eg directional
detectors, bolometers,
superheated liquids, crystals...

« Light Dark Matter searches at
high intensity fixed target
experiments

« Axion and ALP searches

* Quantum interference devices,
eg cold atom interferometers

... And many more
The multi-prong attack on
Dark Matter is on!




Summary

Both the Neutrino studies and Dark Matter searches
have a strong program for the future, with new
experiments and new experimental technologies being
developped

The coming decade will be key for precision neutrino
physics and will increase dramatically the search
region in sensitivity for DM and for explore more DM
canditates

Lot’s of oppertunities for young scientists to get
engaged in these fields!

And perhaps one day soon







CP Violation T2K/NOVA Results

Summer 2020
o Ocp Results o
update NOVA Preliminary
il I L L L L e
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Some tension between NOVA and T2K results! Joint analysis required?
-> more experimental data needed ... (and coming..)




Multi Messenger Astronomy

Neutrrnos’? Perfect Messenger

electrically neutral =~ e
essentially massless o N
essentially unabsorbed Y ..
tracks nuclear processes = -h'eufri'h&,d's .-|'—|oh'otons
reveal the sources of cosmic 'rays_ﬁ- - Next? ,
| N ~ neutrinos and
.. but difficult to detect ", * gravitational waves?




Two Flavour Oscillatio-

Flavour states “Rotation Matrix” Mass states
Voo \ cosf sinf 1
vg ) \ —sinf cosf Vo

¢!
Voz A
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0 Vo

lv(t=0)) = |Vy) =cosf|vy) +sin b |vy)



Two Flavour Oscill

w(t)) = e Fr=PL) cos(0) |11) + e 2P 5in(6) |1y plane wave

(vg|v(t)) = sin(6) COS(Q)(ei(EQt_pL) — ei(Elt_pL))

ultra-relativistic

2 2 2
,m2L ,mlL 'Am’LL

(vslv(t) = sin(8) cos(8) (e 7 — 3" ) = sin(6) cos(9)e’ 22

(Vo V) = (vplv(1))? = sin?(26) sin® (Am’%)
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Direct Searches

Searches for WIMP hypothesis in the GeV to TeV range
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