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INTRODUCTION TO EXPERIMENTAL NEUTRINO PHYSICS

* EXPERIMENTAL NEUTRINO PHYSICS HAS CONTRIBUTED TO THE DEVELOPMENT OF ELECTRO-
WEAK THEORY IN A DECISIVE WAY.

* THE NEUTRINO DISCOVERY AND DETECTION HAS BEEN CRITICAL FOR:
* FORMULATION OF FERMI'S THEORY
*  EXISTENCE OF INTERMEDIATE BOSON

* DISCOVERY OF NEUTRAL CURRENT

 DISCOVERY OF PARITY VIOLATION



DISCOVERY OF NEUTRINO

1956 Reines and Cowan

Source of an intense flux of neutrinos:

Nuclear fission bomb -> fission reactor (1/1000 lower flux)
Very large detector

The newly discovered, liquid, organic scintillators:

Target for neutrino interaction (high proportion of hydrogen)
Detection medium from scintillation light.

(1954) The Hanford Experiment:
The huge BG due to cosmic rays
allowed just to observed a small
increase of neutrino candidates
when the reactor was on/off.

- Insufficient evidence to claim
the nevutrino discovery.

(1956) The Savannah River Experiment
The detector was improved and segmented
to distinguish from false signals induced by
neutrons, gamma rays, and other particles
from cosmic ray showers.

The rate of neutrino signals was
5 times greater when the reactor was on/off

- Discovery !



BROOKHAVEN NEUTRINO BEAM (19262)

Generdtion: n* - u* + (v/v)

Detection: v+n-op+e vEn-p+u
10 (1-ton) modules spark chambers after an iron shield wall
of 13.5m

Goals:

proton
beam target proton accelerator

—

-

= PP —t P = =3 =

it
detector -

pi-meson steel shield spark chamber ya

beam

The accelerator, the neutrino .
beam and the detector

Part of the circular accelerator in
Brookhaven, in which the protons
were accelerated. The pi-mesons (1),
which were produced in the proton
collisions with the target, decay into  COncrete
muons (1) and neutrinos (3.). he 13
m thick steel shield stops all the
particles except the v penetrating
neutrinos. A very small fraction of the
neutrinos react in the detector and
give rise to muons, which are then
observed in the spark chamber.

Based on a drawing In Sclentific Amerkcan
March 1963

- Are there two kinds of neutrinos? Are these 2 reactions produced with the same rate?
- Test of Fermi’s theory: The existence of an infermediate boson solves the Unitarity
problem but implies the existence of reactions like u - e + y (not observed) unless the

two neutrinos are different (lepton number conservation)

Only muons were detected 2>



GARGAMELLE BUBBLE CHAMBER FOR NEUTRINO
DETECTION AT CERN (1973)

Muon nevutrino and anti-neutrino beams at the CERN PS
Gargamelle bubble chamber with freon CF3Br.
Fiducial volume 6.2 m3.

First direct evidence of the weak neutiral current (Z boson)

Charged
Current

Nevutiral
Current

Only hadrons are
produced 7




INTRODUCTION TO EXPERIMENTAL NEUTRINO PHYSICS

Experiments carried out in the last 20 years has shown:

 THE NEUTRINO IS THE ONLY PARTICLE WHOSE BEHAVIOR IS NOT WELL DESCRIBED BY THE STANDARD
MODEL

* IN MANY ASPECTS IS DIFFERENT FROM THE REST OF LEPTONS.

* THE PHENOMENA AROUND THE NEUTRINO COULD OPEN A WINDOW TO NEW PHYSICS. THE STUDY OF
THEIR OSCILLATIONS AND INTERACTIONS COULD GIVE US INFORMATION ABOUT:

* CP VIOLATION --> LEPTOGENESIS AND BARYON ASYMMETRY
* THE EXISTENCE OF NEW PARTICLES (DARK MATTER)
* NEW MASS GENERATION MECHANISM

* SM UNITARITY

* |TS DETECTION HAS BEEN A CHALLENGE FOR EXPERIMENTAL PARTICLE PHYSICS: VERY LOW PROBABILITY OF 2
INTERACTIONS, LOW ENERGY SIGNALS, ETC....
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NEUTRINO INTERACTION

Nevutrinos cannot be detected by the current particle detectors
but they can interact and produce new particles sensitive to
electro-magnetic fields and, therefore, perceptible.

* Flavor of outgoing lepton tags flavor
of incoming nevtrino

« Charge of outgoing lepton determines
whether v or anti- v

Charged Current (CC):

v, ?8 g, 2 E

%R W,
e =P

« Flavor of outgoing fermion is
independent of incoming neutrino
« It is not possible to infer the
neutrino flavor

Nevutral Current (NC):

10




NEUTRINO CROSS SECTION

d Information needed in the interpretation of neutrino oscillation data
d Many experiments dedicated to the measurement of the different
processes cross-section

2

Extra-Galactic

%

e+e- processes
Galactic

A
<
~

Accelerator

Atmospheric
SuperNova

(1 mb =102' cm?)
Cross-Section (mb)

10"
;e
10
10"

1012 1014 1016 1018
Neutrino Energy (eV)




NEUTRINO ELECTRON SCATTERING

The nevutrino is detected through the eleciron signal in the detector.
The electron scattered retains the information on the nevtrino direction

(and energy)

The cross-section is higher for v.than for v, and v, because they interact
only via NC 12



CHARGED-CURRENT QUASI-ELASTIC SCATTERING

Quasi-elastic scattering is the dominant
neutrino intferaction for E< 1GeV
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QE: INVERSE BETA DECAY

Vo.p = et n

IBD is largely used for v, detection (from B decays: reactors, geo-neutrinos)

Detection through the time correlated signal of e* and neuiron capture of some

nuclei.
The neutron-capture cross-section and the energy of the released gammas depend on the type

of nucleus.

E, = E +(M,—M,)+ 0 (EV/Mn)

14



QE: NEUTRINO INTERACTION WITH DEUTERON

The binding energy of the deuteron is only 2.2 MeV, so any neutrino with
E,>2.2 MeV is capable of initiating the first of these reactions:

NC:vy+d - vy+p+n

The neutrino is detected through the neutron capture signal

CCv,+d > e +p+p

The nevutrino is detected through the electron signal

15



RESONANCE PRODUCTION
DEEP-INELASTIC SCATIERING

- —
r H

S
S
5

56(10*”
B O
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v cross section /
o ©

(=)

Resonance Production: v_(V )+ N = A+u (u"), where A =+ N

Deep-inelastic scattering on the quarks inside the nucleons
--> Production of hadronic showers




SOURCES OF NEUTRINOS

< atmospheric neutrinos >
i ?
nuclear reactors ’ extra galactic source>

sSuper-novas -

[ hesn >

| ||||||||| ||||||||] ||||||||] ||||||||| |||||||]] |||||||1| ||||||||| ||||||||]'||||||||I ||||||||| |||m||] ||||||||l
103 104 10° 106 107 10° 10° 10 10! 1012 10" 10 1015
' Energy leV] '

)'

O ,

@ primarily Ve or anti-ve duty cycle ~ 1
<G> primarily v, or anti-v, } at source duty cycle << 1
<@ mixed Ve + Vv




NEUTRINO DETECTION

The nevutrino interaction cross-section VERY SMALL

MASSIVE DETECTORS needed.

19



LIQUID SCINTILLATOR

Target: Organic compounds rich in H nuclei (p)

Interaction: IBD (v,) and ES (v,)

Detection: Charged particles (and y-rays) produce light.
The light yield is proportional to particle energy.
The light is detected by large area photo-multipliers.

v Large and homogenous target

v Good energy and time resolution

% Noft very accurate vertex reconstruction
Directional information not preserved

% Particle identification from scintillation time profile
(but difficult)




Super-KamiokaNDE, 50ktons H,0, 11,500PMTs

VTS EE VL
VAV IVOY

WATER CHERENKOV

Target: Water (cheaper and easier to handle than LS)

Interaction: ES and QE

Detection: Cherenkov radiation

Charged particles propagating in a medium with a speed
exceeding that of light in that medium emit Cerenkov
radiation.

Detected as a ring by large area photo-mulfipliers.

Cherenkov light

Neutrino
v Good energy and time resolution <>
v Directional information Charged
v Particle identification from ring patten (e/u) particle

- .‘.
In water ages

Photosensors




TRACKING DETECTORS

Target: Solid (liquid) plastic scintillator (expensive, so
limited for very large detectors)

Interaction: ES and QE

Detection: Reconstruction of charged leptons tfracks
(ionization or deposited energy).

A magnetic field could bend the tracks

- measurement of the momentum and sign(q).

v Very good energy and time resolution

< best suited fo higher energy neutrinos (v, beam)

v Good at separating y,s from e-,s

v Good reconstructing events containing multiple particles

)
B

9kton'LS
16x16x63 MEERY

.l



LIQUID ARGON TPC

Target: Ar atoms (liquid) Higher atomic number and
density than water and LS.

Requires cryogeny (-186 °C).

Interaction: QE

Sense Wires

Detection: Reconstruction of charged particle tracks / V ]
(ionization)

Charged Particles

v Very good energy resolution Cathode
v Good fracking and calorimetric capability e
v Good reconstructing events containing multiple particles
v Particle identification photon/electron separation

Y wire plane waveforms



LIQUID ARGON TPC

Target: Ar atoms (liquid) Higher atomic number and
density than water and LS.
Requires cryogeny (-186 °C).

Interaction: QE

Detection: Reconstruction of charged particle tracks
(ionization)

v Very good energy resolution] Ve Signal
v Good tracking and calorime
v Good reconstructing events )
v Particle identification photorn e
\[eNCETe]

13em

BNB DATA : RUN 5360 EVENT 45. MARCH 8, 2016.

Sense Wires
Uuvy V wire plane waveforms

Liquid Argon TPC

Charged Particles

llllllll

v, Background

i’ - yy

BNB DATA : RUN 5536 EVENT 1612. MARCH 22, 2016.

B3em

Y wire plane waveforms



UNDERGROUND DETECTORS

The main background are cosmic muons and their products: fast neutrons, B-emitters isotopes,
Michel electrons, etlc...
The laboratories hosting neutrino experiments are always under 2 1000 m rock coverage

Muon flux vs overburden

A Proposed DUSL Homestake
e Current Laboratories

DUSL - Homestake
(Shallow)

Kamioka

Gran Sasso

Muon Intensity (m2 y-!)

DUSL - Homestake Baksan

(Hitiotng) Mont Blanc

—~
j
)
n

o
—
—_
—

S
-
-
-
)
—
—
[}
-
—
—
—
©
O
-
H
)
-

DUSL - Homestake

DUSL - Homestake
(Deep Option) 25
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10*

depth (km.w.e.)

Depth, meters water equivalent
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NEUTRINO OSCILLATION (MASSIVE NEUTRINO)

The atmospheric neutrinos: 7~ —=u +(v,[v,)
w —e +(v,|v,)+ (vu v,)
— Honda flux

Bartol flux
Fluka flux

The flux ratio

(vﬂ ‘vﬂ)
(ve 176) s
should be ~2 T e,

10
E (GeV)

The Kaimokande experiment.

Water Cerenkov detector of 4500 tons mass.

The Cerenkov rings are detected by 1000 20 inches PMTs.
Both v, and ve are detected.

—— Honda flux
Bartol flux
- Fluka flux

Fluxx E 2(m*?sec'sr'GeV)




NEUTRINO OSCILLATION (MASSIVE NEUTRINO)

The Kaimokande experiment which was initially created to study proton decay,
did the first observation of v, oscillation: detecting a deficit of v,/ ve .

From the study of high energy (muti-GeV) atmospheric — v data:
- Deficit of events in the upward going direction
- No deficit for downward going u-like

Blejle Prediction =

Q

e-like 93 88.5 3
events &
Q

u-like 85 144.0 =
events 2

Hirata K.S. et al.

Phys. Lett. B 205 416 (1988) 28
Evidence for Oscillation of Atmospheric Neutrinos

Phys.Rev.Lett..81 (1998)



NEUTRINO OSCILLATION (MASSIVE NEUTRINO)

Larger version of Kamiokande ~15m - ~40m
4.5k - 50k tons of water

First observation of neutrino oscillation 1998

Multi-GeV e-like
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Number of Events
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102 103
L/E (km/GeV)




NEUTRINO OSCILLATION (MASSIVE NEUTRINO)

Detector

Larger version of Kamiokande ~15m - ~40m
4.5k - 50k tons of water

First observation of neutrino oscillation 1998 Cosmic ray "

Multi-GeV e-like

-t
[e0]

- i—‘i—li—l
0sC.)
N Do

The “oscillation” v, = v, explains
the atmospheric v, deficit

— N W W
n n n

Number of Events
Number of Events

@
S
£
=
9
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O
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S
o
3
©

0 o2

102 103 104

L/E (km/GeV)
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NEUTRINO OSCILLATION: SOLAR NEUTRINOS

Nevutrinos are the sole direct probes of the Sun’s core
The measurement of v, fluxis a direct way of testing Standard Solar Model
The first predictions of v flux made by John Bahcall

v flux Emx (MeV) — GS98-SFII  AGSS09-SFII Solar SFII-GS98 + eeCNO

Solar Neutrino Spectra (£10)

p+p—2H+et4v 0.42 5.98(1+0.006) 6.03(1+0.006) 6.05(1+39%

pp[*£0.6%]

p+e”+p—2H+v 1.44 1.44(1£0.012) 1.47(1£0.012) 1.46(115519
"Be+e~—Litv 0.86 (90%)  5.00(1+0.07) 4.56(1+0.07)  4.82(113%)

0.38 (10%)
eN[£14%)]

8B—8Be+et +v ~ 15 5.58(1+£0.14)  4.59(1+0.14) 5.00(1 =+ 0.03) | €O+OF[215%] 511149

>
()
X
o
o
=
‘n
o
&
L,
%
=
(T

\I

1

3He+p—*He+et+v 8.04(140.30)  8.31(1 = 0.30) |
i

i

BN—BC+et+v . 2.96(140.14)  2.17(1£0.14 |
|

i
i

BO—-PN+et+v . 2.23(14+0.15)  1.56(1£0.15)

TF5170+et+v . 5.52(14+0.17)  3.40(1£0.16)
0.5 1.0 2.0 5.0

Neutrino Energy in MeV

X2/Pagr 35/90% 34/90%

W.C. Haxton et al.
Ann. Rev. Astron. Astrophys. 51 (2013)



3 3 -
Cl+v, = 7Ar+e

OMESTAKE EXPERIMENT

Goal Measurement of the flux of solar neutrinos (1970-1994)
Detection mode based on the inverse beta reaction

Radlochemlca}éxperlment :/»-‘t. ¥

o rate measgred fro;rr .

SCL+ v, > TAr +es

Threshold 814 keV =2 8B dominant contribution but 7Be, pep, 3N
and °O neutrinos also contribute.

Results The flux measured is 1/3 of the solar model predictions

- “the solar neutrino problem”

Possible causes:

- The theory was wrong

- The experiment was wrong
- Both are wrong




OTHER SOLAR EXPERIMENTS

GALLEX (1991-1997). another radiochemical experiment
with lower threshold 233 keV

"Ga+ v, » "1Ge + v,

 First pp solar nevtrino observation in 1992

» The flux measured is 1/2 of the predicted one

* The response of the detector was tested with
an infense man-made v, source *'Cr

« Only sensitive to 8B neutrinos
 Detection ES
« Directional information: first
evidence Sun emits neutrinos
 The solar-v flux was also below the prediction

33



SNO EXPERIMENT

Heavy-water Cherenkov detector
2 km underground
VALE's Creighton mine (Canada)

Only sensitive to 8B neutrinos
E>3 MeV

34




SNO EXPERIMENT Evidence for Solar Neutrino Oscillation

Goal measurement of not only v, but also v, and v,
Detection mode:

ve+d_)e—+p+p ¢CC=¢e

v td > vy kptn

vy + e~ = vy + e~ (ES reaction sensitive to all but notf in the same way) [EEEdVR LRI

Results:

e @CC(ve) =(1.76+0.06+0.09) x 10¢ / cms
PES(v,) = (2.39+0.24+0.12) x 104 / cm's

@NC(v,) = (5.09+0.44+0.44) x 10 / cms

The speciral shape of the eleciron energy was consistent with
expectations (no distortion is observed)
No significant day-night flux asymmetries were observed




“For the greatest beneﬁt to mankind”
2 TV otel
9015 NOBEL PRIZE IN PHYSICS
Takaaki Kajita
Arthur B McDonald




PROBABILITY. OF NEUTRINO OSCILLATION
(IN VACUUM)

Propagation of state v; in vacuum:

P(v, = vy) = (v, v, O = D Uye U, [

* * . L * * . L
P(v,—=v,)=0,- 42 RU,ULU, U, )sin’(Am; E) +2E 1U,U,U, U, )sin® (Am, E)
i>] i>]

N X W Rl (v, = V) =0,

Flavor change implies v mass

« If no mixing: [N then [ECAEERPYETM (Mass)?

Flavor change implies mixing \'2)

37




PROBABILITY OF 2-FLAVOUR NEUTRINO
OSCILLATION

2
,» Am

P(v, —v )=sin’20sin L

L(or 1/E)

| —> | Amplitude ==> sin226

Frequency => Am2 = |m§ — mlz‘



NEUTRINO OSCILLATION FOR A GIVEN AM? AND SIN?G

Am? =0.003eV?,  sin?260 = 0.8, E, = 1GeV




NEUTRINO OSCILLATION

ATMOSPHERIC REACTOR

PMNS Matrix:

& would lead to P(v, = V,) = P(v, —Vv,;) CP violation

But can be measured only if all mixing angles are #0

V3
|Uﬁi|zgives the probability that a v, creates
a charged lepton of flavor B (Mass)?
lﬁ V2
Vi

|

U

ui

Am322

(A EEE
Am122
i

where ¢, =c0S H,y

43



NEUTRINO FLAVOR CHANGE IN- MATTER

e : . Borexino
Matter effects play a critical role in solar neuirino data Nature 562, 505-510 (2018)
ES cross-section larger for v than v, and v; in the Sun _ "Be
+ Effective mass difference between states is modified | } pep
+ off-diagonal ferms in the mixing matrix

> The sign of 4m3, can be determined
» Enhancement of vacuum oscillations (MSW effect)

1
Neutrino energy (MeV)

44



NEUTRINO OSCILLATION RESULTS IN 201 |

KamLAND e MINOS best fit MINOS 2008 90%

Bl 95% C.L.

99% C.L.

Bl 99.73% C.L. 0 = = miNoS 68%
e best fit

— MINOS 90% === Super-K 90%

— 99.73% C.L.
best fit

0, =33.36"% deg 6,,=40.0". ®50.4" " deg

-0.78

45

+0.070
-0.067

am? =[7.50 *018 1107 ep Am},| =| 2473 x107 eV

-0.19




NEUTRINO MASS ORDERING

Neutrino Mass Ordering ;
m?> m?2 « Am35,>0 from matter effects

In solar neutrino oscillation
« The sign of Am%, is still unknown.

Normal Inverted
" solar~7x10~3eV2 Determination of 4m3,
PR = The sign of Am;;32 can be measured by the
atmospheric : %,
~2%10-3eV?2 study of the in tfransitions due
atmospheric to Am; ;32
m,>2 ~2x107eV? = MO can be determined through the

solar~7x102eV? remote detection of v, from a

HI]"

47




NEUTRINO BEAM EXPERIMENTS

Muon Monitors

Target Hall Decay Pipe Absorber

n A beam of protons (Fermilab and Tokai) impacts onto a target (carbon, graphite...) producing m* and K*
These mesons are focused toward the beam axis by magnetic horns.

The mesons then decay into muons and neutrinos during their flight through a long decay tunnel.

n A hadron absorber downstream of the decay tunnel removes the remaining hadronic particles from the

49
beam. The muons are absorbed by the subsequent earth shield.




12K EXPERIMENT

Near detectors (280m from the target): To measure v-beam direction, spectrum and composition
before oscillations and to measure v-interaction cross-sections.

Far detector- Super-Kamiokande (295km from the target): To detect the oscillated neutrinos

v, Beam:
= T2Kbeamis 95% v, 4% v, , ve <1%

= Both detectors are 2.5° off v beam axis
(Epeak = 600 MeV)

Neutrino energy spectrum

By going off-axis, beam energy  REiEEiat EIERILY

is reduced and spectrum becomes

very sharp

» Energy > maximum oscillation
le]gle]

= Removes the high energy flux
that contributes to background

00705 1 15 2 25 3 356'




12K EXPERIMENT

Near detectors (280m from the target): To measure v-beam direction, spe:
before oscillations and to measure v-interaction cross-sections.

Far detector- Super-Kamiokande (295km from the target): To detect the

Ve signal

v, Beam: | =

= T2Kbeamis 95% v, 4% v, , ve <1%

= Both detectors are 2.5° off v beam axis ’
(Epeak = 600 MeV) o o e

eutrino energy spectrum

By going off-axis, beam energy 3500 (cross-section x flux)

is reduced and spectrum becomes

very sharp _

» Energy > maximum oscillation ' Vu signal
le]gle]

= Removes the high energy flux
that contributes to background

Vpt+n—p+us




NOvVA EXPERIMENT

Near detector (1km from the source): To measure v-beam spectrum before oscillations occur.

Far detector (810 km from the source): To detect the oscillated neutrinos

Beam:
= The beam is predominantly v,, 1.8% 7, , 0.7% v The 14-kton detector are made up of 344000
cells of PVC filled with liquid scintillator.

Spatatle N N S et STt ol et
810 km baseline = Sensitive to matter effects

Neutral current: sometimes there’s an outgoing
Electron Neutrinos yield outgoing electrons neutrino and we can not know the flavor Muon Neutrinos yield outgoing muons

o
£
=0
=~
o
=
‘a

Photons also Muons leave longer paths
make showers with little energy in each cell

Electrons showers-like paths
N
10 10° 10°  g(ADC)




NUCLEAR REACTOR EXPERIMENTS

Disappearance Probability
AmZL
4E

trir oduced by-beta- ; Sion'products P(V. > V,) = 1 — sin® 20 sin?
Commercial nuclear reqc fors produces 102 am‘r-ve/s of

enErgles up- ’ro-w’l Ow

o
o 0 =

—
>
TQ)
2
=
p—
o |
=]
<
=
=]
S
==

o O O

10
Length (km) [at E~3MeV]
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Incident
antineutrino

Gamma rays

Prompt signal:
E, ~ Esignal + 0.8 MeV

/

Positron
annihilation

Inverse
beta
decay

Gamma rays

Neutron capture

Delayed signal:
8 MeV Y’s from n-Gd

2.2 MeV y'’s from n-H

Liquid scintillator
and cadmium

From Bemporad, Gratta and Vogel

Observable V Spectrum

/\\[




9,3 MIXING ANGLE MEASUREMENT

0,3 was measured to be non zero at the end of 2011 by
the Double Chooz experiment.

The determination of 8,5 was one of the primary goals in neutrino physics until
this date. Why?

1. The possibility of CP violation in neutrino oscillations depends on a non-zero value

of 613.
2. Any readlistic possibility 1o determine the neutrino mass hierarchy (i.e. the sign of
Am;32) relies on a not too small 6;;.

The ways used to measure this parameter were:

1. Through the disappearance of v, produced in a nuclear reactor
-> Reactor neutrino experiments

2. Through the appearance of vein a beam of v,,
- Long baseline experiments

55




MEASUREMENT OF ©,5 BY REACTOR
EXPERIMENTS

Am123L Am,

A,

P(v, >v,)=1-sin’ 26, sin’

+0O(

(0.0]

Doubie Choo

Reactor experiments provide an unambiguous
measurement of ©;;.
Insensitive to 6-CP phase and matter effects
Weak dependence on Am?2,;

>

=)
>
Tﬂ)
2
Z
—
© |
=
<
=
=
R
(="

o O O o
(*))

Small angle 6,3< 10.5 deg

Its measurement requires:

- High stafistics

- Extremely small systematic uncertainty

10
Length (km) [at E~3MeV]

New generation of reactor experiments: 56
Daya Bay, Reno and



DOUBLE CHOOZ

Larger detectors
Less BG

= Reduction of flux

uncertainty
= Reduction of detection

efficiency error

Reactors

Two N4-type PWRs
4.25 GWth each
1021 /s

57



DOUBLE CHOOZ [/ DAYA BAY

EH2 .
oo e
= Larger detectors Lie®
Water Hall Ling Ao-Il NPP "
" lessBG , Ll
L2 ..
. Ling Ao NPP
= Reduction of flux W _
% Tiifiiél Construction Tunnel
uncertainty Entrance ADTHS EH1

AD2

= Reduction of detection
efficiency error

Daya Bay NPP D.2 .m

NearD ¢~ 3 Daya Bay was designed to be able to measure
L/ extremely small values of 0,3
§ - using multiple detectors in every site.




DOUBLE CHOOZ / DAYA BAY: RESULTS

Double Chgoz

' —— Data
No oscillation + best-fit BG
Best fit: sin’26,,=0.090
Accidentals
%i + ®He

[ZZZ7] Fastn + stoppingu

Events/0.25 MeV

EH1
EH2
e [EH3

Events/0.25 MeV

——— Best fit

¢

2 4 6 8 10 12 14 16 18 20
Visible Energy (MeV)

12 14 16 18 20

Visible Energy (MeV) 0.2 04 0.6

L.,/ (E,) [km/MeV]

2 =0.105 = 0.014

Phys. Rev. D95 no.7 (2017)

sin” 260, =0.0856=0.0029

Far (818 live-days) PhYS Rev. Lett. 121 no.24. 241805 (201 8)

Double Chooz IV

. Double Chooz IV |
: Near (258 live-days):

Observation / No-oscillation prediction
Observation / No-oscillation prediction

Visible Energy (MeV) Visible Energy (MeV)

sin? 20 = 0.105 + 0.014(stat. + syst)
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MEASUREMENT OF ©;2 BY LONG BASELINE
EXPERIMENTS

sin’(A-DA The first term
(/i 1)2) €— dominates (for large 6;3)

c 2 c 2
P(v,—v,)=sin"26,;sin" 0,

sin AA sin(A-1)A The second term depends
A PN €— onthe CP phase 6 and is
responsible for CP violation

+asin20,,sin26,, sin20,, cos(A + 0)

In this case, the oscillation probability depends not only on 6,3 but also on:
« CP violation parameter &

« sign of Ams;2 (matter effects)
« size of sin20,3 (octant)

Examples of this kind of experiments are NOvVA and
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CP VIOLATION 6 LONG BASELINE EXPERIMENTS

Long baseline experiments can measure additionally CP violation
using beam of neutrinos and anti-neutrinos

L~ Lgin? 260, —0.043sin 20, ,sin 26, sin

2

o lsin2 20, +0.043sin26,,sin 26, sind
Ve 2
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‘.....l...l...,,,,,Parameter Value LA I L B B B |
—— Data sin” 63 0.528 —4— Data
3. —>7.CC sin” 013 0.0212 v, > 7¥.CC
o sin? 012 0.304 v v CC

B, .o : 0.304 — e
[ v. > veand ¥, > v.cC A (NO) _' [0 v, - v and v, - ¥, CC

N = m32 -3 172/ 4 S -
L |v,and¥,CC AmZ, (10) 2.509x10"°eV?/c L Jv,and¥,CC

|:| Neutral Current Am%1 753 x 10_5eV2/c4 |:| Neutral Current

Mass Ordering Normal
Inverted ordering

v, —mode v, —mode
1o CL x 400 600 800 1000 1200 800 g)go 1200
N\ 90% CL Ere (MeV) E..c (MeV)

rec

12K EXPERIMENT

Number of events/(125 MeV)

T2K preliminary

— Normal ordering

v e ey b by |

LI I B B

TTT T[T [T T[T T T [T T T[T T T[T T T [ TTTT[TTTT
T

LI B L s B L B B B B B B

v Best Fit

Illlllllllllllllllllllll

— Analysis A

— Analysis B

“Analysis C

\D|IIII|II|I|IIII|I|II|IIII|IIII|

I
—

25 26

Presented at Neutrino2022 sinzel

3

Improved constraints on neutrino mixing from the T2K experiment with 3.13 102! protons
on target. T2K Collab. K. Abe et al. Phys. Rev. D 103 (2021) 11, 112008
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NOvA EXPERIMENT

+FDData  —Best-it Pred.

1-0 syst.
range

it

Reco. v,/ v, energy (GeV)

arXiv:2108.08219

Normal Ordering

- E%’é; m BF — <90% CL --- <68% CL

NOVA: 4+ BF | | <90% CL || <68% CL

Inverted Ordering

Nat.TS%}é : — <90% CL

NOVA : <90%CL || <68% CL
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Ocp RESULTS T2K & NOVA

reliminary

0.7-  Normal Hierarchy —— T2K 2020
A ASaSn Not official: made with GIMP!

0.6D

D
R

T2K, Nature 580: m BF — <90% CL --- <68% CL
NOvA: + BF [ ] <90%CL [ <68% CL
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NEUTRINO OSCILLATION RESULTS (2021)

ATMOSPHERIC and REACTOR SECTORS

0.3

0.4

0.5
. 2
sin 923

NuFIT 5.1 (2021)

’.ﬁ‘-—r“

DayaBay

Dbl-Chooz

10

0.6 0.7 0.015 0.02 0.025 0.03
sin2913
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NEUTRINO OSCILLATION RESULTS (2021)

SOLAR SECTOR

NUFIT 5.1 (2021)

GS98 (Nu
P GS98
Tension between PN

I~ AGSS09
KamLAND
Solar and KamLAND

[107° eV?]

2
21

Am

8

NUFIT 5.1 (2021)

33.5° 42.1° 8.62°
33.5° 49.0° 8.61°
2.3 2.3 1.4

230° 7.42x10°eV?2  2.510x103eV?
278° 7.39 x10°eV?2  -2.490x 103eV?
13* 2.8 1.1
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OSCILLATION PARAMETERS

The measurement of 6,3 # 0 allows
- Determination of the mass ordering
- Study of the existence of CP violation in the leptonic sector.

The goals of the future research in neutrino oscillation are:

1. To determine the status of the CP symmetry in the leptonic sector

2. To solve the octant 8,; degeneracy. sin?2(20,;) ~ 1, but the data are
inconclusive whether 0,; is larger or smaller than 45°

3. To determine the mass ordering. There are 2 possibilities for the
ordering of the neutrino masses m1 < m2 < m3 “Normal hierarchy”
and m3< m1< m2 “Inverted hierarchy”
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CP VIOLATION PHASE

The CP violation in neutrino oscillation is a genuine three flavor effect, so it can be

observed only when there is an interface between flavor oscillation involving at least
2 different Am2 and 3 mixing angles:

3/ 2 SRR ; ot Silll 261} ) . X R
P(vy, — ve) =~ sin” nggﬁ sim“((A—1)A) Atmospheric

-

sin(A) sin(AA) sin((1 — A)A)

Interference cos ¢ p cos f13 sin 26015 sin 2603 s1n 26053

1a : _ cos(A) sin(}{i&) sin((1 — .-i)i&)
A(l — A)

) . ) { -
5 COS~ fl9g sIn” 269

+x 42

sin?(AA)  Solar

) B Y ; ‘ 0 ’
where a = Amgj;/Am3;, A = Am3L/4E,,

71
P(Vﬂ - ,) the same except that the sign of the second term is negative



CP VIOLATION

Maximum Oscillation Probabilities in vacuum:;

L/En (KWL/G€V) ~(2n-1) %

1

1.27 x Ams,

Short-baselines: The n>1 maxima too low in energy

for neutrino beams

Long-baselines: It is possible to observe multiple
oscillation nodes if E, covers a wide range

M. Bass et al. arXiv:1311.0212

(@) Electron Neutrino Appearance Probabilty vs. LEE

o L
= sin“26,, term only

Solar oscillation term only

O v '._.»_‘.' 1 el L \
1500 2000 2500 3000 3500 4000 4500 5000
Baseline/Neutrino Energy (km/GeV)

(b) Impact of CP Phase on Vacuum Oscillations

Allterms, 5., = +=/2

All terms, &, = - m/2

2500 3000 3500 4000 4500 5000
Baseline/Neutrino Energy (km/GeV)
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CP VIOLATION

(RN RS O P(v, —V,)= P(v, = V,)

The CP asymmetry is defined as:

P(v. =»v)-P(v —v
A(E.) | POu V)= PF > V)

P(v,—v)+PWV,—V,)

If §=0 or &=m

= In vacuum Id( el BEFL UM @] and Acp=0

EQURUCUCIEN P(v, —>v,)=P(Vv, >V, )@ P, (NH)=P,(IH)

e ue ue

A, (E)=-03sin0+2L/ L,
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CP VIOLATION A, for different baselines

-
o

S
©

.
N

o
o

= 2nd osc max

P(v,—>Vv,)-P¥,—>V,)
P(vi—=v. +P(¥,—=7)
o
o

500 1000 1500 2000

Vacuum, ¢

‘AARERRRARRRRRRRREIRARRRRRRRRRRRRERAL

Baseline (km)

SERREEREENEDR (BASIRRRRRRRRRRRRY |
Vacuum, SCP =T/2

. 1st osc max

s 2nd osc max

Vacuum, § ., = /2

500 1000 1500 2000 2500 3000
Baseline (km)

= The asymmeiry due to 6#0 is constant as a function of L (at oscillation max.)
while that due to matter effects increases with baseline, as expected.
= The measurement at the second node has better sensitivity but requires 74

long-baselines



NEUTRINO MASS ORDERING

Once we understand the ordering of the neutrino mass states:

1. The uncertainty on the CP-violating phase measurement is significantly reduced.
2. MH knowledge would define the scope for future neutrino-less double beta

decay experiments.

3. In combination with cosmological measurements, which are sensitive to the sum of

neutrino masses, MH could also be used to determine the absolute mass scale of
neutrinos

Determination:

= The sign of Am;3;2can be measured by the
study of the in fransitions due
o Am;32

— ()’
(Amz) sol
s (m, )’ (m,)’s —
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normal hierarchy inverted hierarchy



MASS ORDERING

(c) Impact of Matter Effects on Oscillations (5, = 0)

R . . 3 " . Vacuum oscillations, all terms,5., =0
equirements of the experiment: . e st et AE 000K N
o Matter effect at 2000km, NH
= u1u:5: Matter effect at 3000km, NH

= mimim Matter effect at 3000km, IH

Future experiments:

= Long baseline experiments: (depends on §)
= Atmospheric experiments:

YA K]

3500 4000
Baseline/Neutrino Energy (km/GeV)
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FUTURE LBL PROJECTS: DUNE AND HYPER-K

* LONG-BASELINE ACCELERATOR NEUTRINO PROJECTS:

. . MINIMIZES MATTER EFFECTS AND MEASURES CP (MH MUST BE
KNOWN BY OTHER MEANS)

L=295 KM ,, E~0.6 GEV --> L/E ~ 492 (KkM/GEV)

* DUNE APPROACH: MEASURE FIRST AND SECOND OSCILLATION MAXIMA TO
DISENTANGLE CP AND MATTER EFFECTS

L= 1300 kM ,, E~2 GEV (WIDE-BAND BEAM) --> L/E~500-1300 (kM/GEV)

(b) Impact of CP Phase on Vacuum Oscillations

T 0.18 —_ Vacuum oscillations, all terms,3

- ﬂ
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DUNE

Sanford Underground
Research Facility

Fermilab

NEUTRINO
PRODUCTION

PARTICLE
DETECTOR PROTON

ACCELERATOR

L UNDERGROUND

: PARTICLE DETECTOR
L— EXISTING

LABS

Near Detector
Service Building
(LENF-40)

Muon Shielding
[ b

ROCK

Floor Elevation 546 +

‘/w&/

Near Detector
Hall

Apex of Embankment
Max, Height = 607 +

Elevation BOD+

Absorber Hall
Service Building
(LBNF-30)

Target Hall Complex

(LBNF-20) Primary Beam

Service Building
(LBNF-5)

:M Main Injector ROCK
- 66%-3 o
Beamblne
Extraction

Absorber Hall Target Elevation 750 & Enclosure

and Muon Alcove

Floor Elevation 659 4



DUNE

will reduce systematic
errors by measuring:
= neutfrino-argon interactions
= ynoscillated neutrino spectra
= neutrino flux

Near Detector Absorber Hall Target Hall Complex 3
Service Building Service Building (LBNF-20) Primary Beam

Service Building
LBNF-30 1
(LBNF-40) ‘ ) (LBNF-5)

Muon Shielding

ROCK s v M 202 Main Injector ROCK

Floor Elevation 546 + =) Beamline
[ == Extraction

Absorber Hall Target Elevation 750 & Enclosure

B},‘fﬂ\'& - ‘ and Muon Alcove
o
- Floor Elevation 659 +



DUNE FAR DETECTOR

Detector
= Liguid Argon Time-Projection Chamlber

= Four 17-kt separate modules

Detection mode:
1. Neutrino interaction produces charged particles

2. The charged particles will produce ionization electrons
That drift under a high-voltage electric field to the anode
where the detection elements are installed

Schedule:

» Far site construction is underway

« Start of Modules 1-2 Installation: 2024

« Far detector physics data expected in late 20°s




DUNE FAR DETECTOR

Detector
= Liguid Argon Time-Projection Chamber

= Four 17-kt separate modules

Detection mode:

1. Neutrino interaction produces charged parficles

2. The charged particles will produce ionization electrons
That drift under a high-voltage electric field to the anode
where the detection elements are installed

Schedule:

» Far site construction is underway

« Start of Modules 1-2 Installation: 2024

« Far detector physics data expected in late 20°s

Liquid Argon TPC

Cathode

DUNE:ProtoDUNE-SP Run 5770 Even 59001
ProtoDUNE-SP | |

el (ke)

c
c
o
L
¥
=
F 4
[¥]
=
4
[
o
o
o
o
(9]
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DUNE FAR DETECTOR

Detector
= Liquid Argon Time-Projection Chamber

= Four 17-kt separate modules

Detection mode:

1. Neutrino interaction produces charged particles

2. The charged particles will produce ionization electrons
That drift under a high-voltage electric field to the anode
where the detection elements are installed

Schedule:

» Far site construction is underway

« Start of Modules 1-2 Installation: 2024

« Far detector physics data expected in late 20°s




DUNE EXPECTED SENSITIVITY

CP Violation Sensitivity Mass Ordering Sensitivity

DUNE Sensitivity (Staged) . S = -2

All Systematics B 100% of 5., values
Normal Ordering —— Nominal Analysis
sin®26,, = 0.088 + 0.003 0,5 unconstrained
sin?6,, = 0.580 unconstrained

DUNE Sensitivity 7 years (staged)
All Systematics 10 years (staged)
Normal Ordering = Median of Throws
Sin22913 = 0.088 + 0.003 10: Variations of
0.4 < sin’0,, < 0.6

statistics, systematics,

and oscillation parameters

In 2 years, mass ordering
will be determined with 50

regardless &¢p

g1 -08-06-04-02 0 02 04 06 08

dep/m 83
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HYPER-KAMIOKAND

Detector:
260 kton Water Cherenkov (187 kion FV)

(TOxSK)
2nd tank 6 years after 15t fank

The Neutrino Beam

J-PARC Main Ring Fast Extraction Power Projection
1600
: 3.6

Rep. Rate (Hz): ! : :
0.40 {077 080 083 ! 0.86 34
L i 132
Mainking g 3
Power:Supply : 34928
; 12.6
2.4
b : =122
;| s 2
T2K,T2K-Il ¢ HyperK ;3
i : I s 11.6
2016 2018 2020 2022 2024 2026 2028 2030

Fiscal Year

1400

Protons per pulse (x10'%)

Diameter 7T4m

Water Room

5
|
:
:

|
|
'
\

-

2
2
a

&
B

! Height 78m

ISHIKAWA

Beam Direction

R S—
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HYPER-KAMIOKAND R

Detector:
260 kton Water Cherenkov (187 kton FV)

(10xT2K)
2nd tank 6 years after 15t fank

Height 78m

The Neutrino Beam

J-PARC Main Ring Fast Extraction Power Projection

Rep. Rate (Hz): ! ; 3.6
0.40 ¢ 0.77 0.80: 0.83 : 0.86 13.4

§ 132
MainRing | | g 3
Power:Supply : A 2.8
2.6

24

: ; 122

: : 2
e R
: : 1.6

2014 2016 2018 2020 2022 2024 2026 2028 2030

Beam Power (kW)

Protons per pulse (x10'%)

Fiscal Year




Hyper-Kam

' -y '™

L-’ j | : i

Peering into the Universe and its ele mentary particles from underground

The plan ned Hy per-Kamiokande detector will consist of an
order of magnitude larg=rtank than the predecessor Super
Kamiokande, and will be equip ped with ultra high s=nsitivity
photosensors. The Hyper-Kamiokande detector & both a
“microscope,” used to observe elementary particles, and a
“telescope’, used to study the Sun and supemovas through
neutrinos. HyperKamiokande aims to elucidate the Grand

Experimental Technique

The phobsensors on the tank wall detect the very
light emitted dong its direction of travel by a
epcted in he ollision be tween neutrinos and wat
This Cherenkox light is emitiedin the form ofa cone:
cases aring as the charged

perticleis eventualy absorbed Chererkoy lisht

The energy direction and type

of neutrinos are determined PSS

using the information cbtaned -

from the photosensors, such Charoed

e the quantity of light and the i
SR Photoss recrs

Unified Theory and explain the evolution of the Universe
through the investigation of proton decay, CP violation (the
difference between neutrinos and antineutrinos), and the
observation of neutrinos from supemova explosions. The
HyperKamiokande experiment & an international research

project aiming to become operational in the second half of
the 2020s.

Ultrasensitive Photodetectors

We have been developing the world's lagest -
photos=nsors, which exhibit a photod etection -
efficiency two times greater than that of the
Super -Kamiokande photosensors. These new -
photosensors are able to per ormlightintensity ©
and timing measurements with a much higher ¢
precision.

The new Large-Aper ture High-Sens fvity Hybrid
Photodetec tor (eft) the new Large-Aperture
High-Sens tivity Photomultiplier Tube (right).
The bottom photographs show the electron
rmultiplication component.

A megaton water tank

The huge Hyper-Kamiokande tank will be used

in order to obtain in only 10 years an amount
of data corresponding to 100 years of data
collection time using Super- Kamiokande. This
dlows the cbservation of previousd y unreveded
rare phenomena and small values of CP
violation.

260,000 tons

SuperKamiokande
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Schedule:

HYPER-K EXPECTED SENSITIVITY

Normal mass hierarchy
sin®20,5=0.1
Sin?0,4=0.5

-150 -100 -50 50

Detector construction is underway
Expected first data in 2027

HK 1tank 10years

100 150
Ocp [degree]

\/Ax? Wrong Hierarchy Rejection

+Beam (True Normal) sm«n=044
+Beam (True Normal sirfd_ =05
+Beam (True Normal) sirfd, =06
+Beam (True Inverted) siff6_=0.4
+Beam (True Inverted) siff6_=05

+Beam (True Inverted) smazfos

8 9 10
Running Time (Years)
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NUMBER OF NEUTRINO FLAVORS

e'+e” — 7" — qg — hadrons

ALEPH
DELPHI
L3
OPAL

{ average measurements,

error bars increased
by factor 10

R it ol 11 | hag

= 3.00£0.08

If there is Z° — v,v,:

20 lifetime = shorter

20 width = wider
However, if

(1) mg>mz/2 ~ 45 GeV

(2) v4 doesn’t couple to Z°
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EXTENSION OF v MIXING MATRIX: 3 v, + 1 v,
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REACTOR NEUTRINO FLUX ANOMALY

- Bugey-3
—  Bugey-4
- Chooz

B S L A S e

Daya Bay ILL
Double Chooz -+~ Krasnoyarsk &~ RENO SRP
Gosgen #  Nucifer % Rovno88 STEREO

95

ToATMullerebakPhyssRevaE@ 83201k
P. Hubert Phys. Rev. C 84 (2011)



REACTOR NEUTRINO FLUX ANOMALY

—=— Bugey-3 — Daya Bay ILL <— Palo Verde “— Rovno91
& Bugey-4 <~ Double Chooz # Krasnoyarsk < RENO SRP
= Chooz Gosgen *  Nucifer “— Rovno88 STEREO

V. Kopeikin et al. Phys. Rev. D 104 (2021)
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REACTOR NEUTRINO FLUX ANOMALY

STEREO 95% C.L.:
2D Sensitivity
2D Exclusion
----- R-S Sensitivity
R-S Exclusion

CLs Sensitivity
CLs Exclusion

RAA 95% C.L.
* RAA Best-fit

Strong consiraints from
very-short baseline experiments
that compare flux rates

at different distances
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Rear mirror ends of the fibers

Grooves

Gd-containin

Polystyrene-based scintillator
WLS fibers —

The nevutrino flux is measured
at two distances from the reactor core:
10.7 mand 12.7

Very short baseline oscilla

g coat

The detector is placed

in the Kalinin Nuclea
t (Russi

Water

5 strips =20 cm

il

gl g 00




THE GALLIUM ANOMALY

Deployment of radioactive sources for detector calibration | Recently confirmed by BEST Experiment arXiv:2109.11482

with mono-energetic v [ Gostagvum
ooling system

Meas./Exp. =0.78 £ 0.05
e +°'Cr—="V + v, E,=0.82 MeV
e”+ 7 Ar — V'Cl+ v, BRSNSV

The nevutrinos emitted were detected through the
same reaction used for the solar neutrinos

71 -
"Ga+v, = ""Ge+e

Inner target
Ga :

00 01 02 03 04 05 06 07 08 09 1.0

71Ge production rates sin'20

E i t| Source Meas./Expected :
aldatiy . /EXP The robustness of these experiments proven by:

Gallex &I A » Their sophisticated calibration
Cr2 0.800.10 « Solar neutrino measurements in agreement with

Sage Cr 0.93+0.12 other experiments
Ar 0.77+0.08

Average 0.84+0.05
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LSND EXPERIMENT Los Alamos NL 1993-1998

2 pﬁ'u—w -y

Beam Excess

T PR e

“y  other

1 1.2 14
L/E, (meters/MeV)

800 MeV proton beam from
LANSCE accelerator

‘ Water target

@@er beamstop

Decay at rest

scinfillator
detector
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I_S N D EX P E R | M E NT A. Aguilar et al., Phys. Rev. D 64, 112007, (2001).

Atmospheric

Solar MSW
V.=V .

Am?Z>0.03eV?2
= Different from known v oscillations 101
=>» Sterile Neutrino is needed



MINIBOONE EXPERIMENT

decay region
(50 m) detector

Similar E/L as LSND but:

- Different energy, beam and detector
systematics

" - Cherenkov detector: Different event
il signafures and backgrounds
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MINIBOONE EXPERIMENT rermilab 2002-2018

. Data (stat err.)
1 v, from p*”
@ v, from K™
s v, from K°
B ° misid
— .

B dirt

I other
Constr. Syst. Error
Best Fit

Events/MeV

MiniBooNE
2018 v, appearance results:

Neutrino mode
12.84E20 POT

Total neutrino mode excess (12.84E20 POT):
381.2 +/- 85.2 excess events (4.50)
Best-fit x2-prob = 15%

Combined with antineutrino mode:
460.5 +/- 95.8 excess events (4.80)
Best-fit x2-prob = 20%

v, 12.84x10%° POT
v,: 11.27x10%° POT
(1., 0.04 eV?) best fit
(0.01, 0.4 eV?
v, and v, excess observed

>
s
8
c
o
>
w
»
7]
]
o
X
w

b s «-b b
-y N - (=2 @

g 5 2 ¢ Neutri d
The electron signal might be N.C. v signal mis-ID o | 5 el
=>» Confirmation is necessary BT Antineutrino mode

11.27E20 POT
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MINIBOONE RESULTS

—68% CL
—90% CL
—95% CL
99% CL
—30CL
40 CL
KARMEN2
90% CL

OPERA
90% CL

v mode

|:| LSND 90% CL

|:| LSND 99% CL

1072
-3

10 1072 10~

1
sin®20
(Am?, sin? 26) = (0.037 eV?,0.958)

x%/ndf = 10.0/6.6 (prob = 15.4%)

—68% CL

—90% CL
95% CL
99% CL

—30CL
40 CL
KARMEN2
90% CL
OPERA
90% CL

v + Y mode

|:| LSND 90% CL

I:l LSND 99% CL

-3

10 107 10~

sin?-'ze1
(Am?,sin® 26) = (0.041 eV?,0.958)
x%/ndf = 19.5/15.4 (prob = 20.1%)

Neutrino and anti-neutrino results are consistent with LSND allowed regions
and high-Am? oscillation interpretation
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GLOBAL FIT RESULTS

99% CL
2 dof

= =) =)
Vel Vu=Ve

S
Ip
=
T,

105

sin® 26

arXiv:1803.10661 (2018)



The MicroBooNE experiment at Fermilab

Booster Neutrino Beam (BNB)

8 Gev protons on Be target
(E,) ~ 0.8 GeV

s MicroBooNE
L=541m LAI;TzP‘éegsn':on
Ch k il) 818t
erenkov (oil) o v data 2015 — 2021

v data 2002 — 2019

Only neutrino mode
10°F Same beam as MiniBooNE

I —Vu 93.5%

v/IPOT/GeV/cm?

m
X

-—
<

= ———————=

102 ~ L MicroBooNE ™4
- Public Note 1031 ]

10 f
| I L Lo 1 Il el i L 3
00 05 10 15 20 25 3.0 35 40 45 50

Energy (GeV)




The MicroBooNE experiment at Fermilab

Booster Neutrino Beam (BNB)
8 Gev protons on Be target

(E,) ~ 0.8 GeV

e MicroBooNE
MiniBooNE L =468 m

L=541m
Cherenkov (oil) 818 ton LArTPC 85 ton
v data 2002 — 2019 v data 2015 — 2021

uBooNE uBoONE

~N

\ yi Photon : & . 6\6‘3\2
' /¥, candidates ' a ect‘°“°a Z
.4 it
' 4 \ = il
"_?(J'. "*"'_ g

\,,.;__\_ \: "b Proton

*._ Candidate

~

Protor;
Candidate

NC z° + 1 proton candidate data event CCy_ +1 proton candidate data event
12 ¢m Run 15318 Subrun 159 Event 7958 14cm Run 8617 Subrun 46 Event 2328




MICROBOONE

MiniBooNE cannot distinguish between e and y.
S . Som } We do not know the nature of the excess.
— 2
—/

v, from K™
0
v, from K

Events/MeV

w : 1. Excess is an enhanced production of single
S other photons from NC A radiative decay

O 2. Excess is due to electron neutrinos

Nevutrino mode
12.84E20 POT
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MICROBOONE

uBooNE
}/
p

\

Selected data 1y1p NC A radiative
signal candidate with 1 shower

25 (m MicroBooNE Data, Run 5462 Subrun 14 Event 732

1. Excess is an enhanced production of single

photons from NC A radiative decay
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MICROBOONE

2. Excess is due to electron neutrinos

arXiv:2110.14080 1e0p0m v, selection

MicroBooNE 6.67 x102° POT 4 Data (25)

MicroBooNE 6.86 x102° POT
m— CC v, (25.8)

. L .
1e + 1p Fitted . —— constrained prediction v with n°: 8.6

(CCQE‘Iike) Background (3.2)  eLEE model (x=1): 3.3 ve CC: 12.8 Micro BOON E rejects the hypotheSis

eLEE(x=1) Outside TPC: 0.5 4 BNB Data: 34

=L vomer; 26 that ve CC interactions are fully
le +0p + O responsible for the excess at > 97% CL

Uncertainties

Events / 140 MeV

600 800 :
Reconstructed E, (MeV) 500 1000 1500 2000

Reconstructed E, (MeV)

arXiv:2110.1397

MicroBooNE 6.369 x 10% POT - p”
—e— BNB data, 338 Pred. uncertainty MicroBooNE 6.86 x10<° POT

1eNpOn v, selection arXiv:2110.14065

[ Others, 10.0 NC,22.5 constrained prediction v other: 5.5

v.CC,333.1 eLEE model (x=1): 9.3 ve CC: 75.4
Outside TPC: 0.0 4 BNB Data: 64
Cosmics: 0.8 Uncertainty
v with n%: 5.1

le + Np + OTT

Events / 140 MeV
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SHORT BASELINE NEUTRINO PROJECT AT FERMILAB

v-beam penetrates 3 LAr TPCs

Distance from
Detector BNB Target

SBND 110m
MicroBooNE 470m
ICARUS 600 m

1
L--
]

Active
LAr Mass

112 ton
87 ton
476 ton

-
e
>
SBND
GEY)

3
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STERILE NEUTRINOS: SUMMARY

* WO OF THE THREE ANOMALIES AFFECTING THE OSCILLATION DATA ARE STILL
UNRESOLVED

e BUT NO FULLY CONSISTENT PICTURE HAS EMERGED SO-FAR.
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NEUTRINO MASS

* NEUTRINO MASSES CAN BE AN EVIDENCE FOR PHYSICS BEYOND THE SM

= WE KNOW THAT M, ~ Mg/108 < 1 EV. THE EXPLANATION OF NEUTRINO MASSES VIA DIRAC MASS
TERMS ALONE REQUIRES NEUTRINO YUKAWA COUPLING < 10712

* THE VALUE OF M, IS VERY IMPORTANT FOR ASTROPHYSICS AND COSMOLOGY. NEUTRINOS MAY
CONTRIBUTE SIGNIFICANTLY TO THE MASS DENSITY OF THE UNIVERSE.

e THE NEUTRINO MASS CAN BE DETERMINED DIRECTLY BY THE MEASUREMENT OF THE OBSERVABLE
EFFECT OF M, OVER SOME PHENOMENA AS NUCLEI DECAY (MODEL INDEPENDENT).

* THERE ARE INDIRECT WAYS TO INFER THE NEUTRINO MASS THROUGH PROCESSES WHOSE RATE
DEPENDS ON THE V-MASS (THE NEUTRINO-LESS DOUBLE BETA DECAY).

* THE COSMOLOGICAL MEASUREMENTS PROVIDE ALSO INFORMATION ABOUT THE NEUTRINO MASS.
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NEUTRINO MASS FROM OSCILLATION

Neutrino oscillation experiments prove that neutrinos have masses but cannot

determine their absolute value

NO: Im,>0.06 eV
I0: Im,>0.1 eV

Inverted

t solar ~ 7 x 10”° eV?

atmospheric

~2x10°eV? .
atmospheric
~2x10%eV?

Normal Ordering

2 2
m, =m1 + Am;,
2 2 2
m, =ml + Am;, + Am;,

If - Different masses
If - quasi-degenerate masses

Inverted Ordering

m Am3 |

m, = m3 —Am31 +Am21

Vm, —=m, ~m,

If - quasi-degenerate masses




COSMOLOGICAL CONSTRAINTS ON NEUTRINO
MASS

The large number of neutrinos and their non-zero mass have effect on cosmological observables

Planck 2018 results VI Cosmological parameters
Astron. Astrophys. 641, A6 (2020)

CMB alone: Planck’18 TT + lowE
Planck 18 TT + lowE + lensing

CMB + BAO: Planck ‘18 TT + lowkE + BAO
Planck *18 TT + lowE + lensing + BAO

CMB + BAO + SN:
Planck ‘18 TT + lowE + lensing + BAO + DES

1. Planck results are close to rule out the 10 hypothesis (rely on cosmological assumptions)
2. Anindependent measurement of could help cosmological models 2
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DIRECT MEASUREMENT OF NEUTRINO MASS

The most direct way is based on the kinematics of B-decay or eleciron capture processes

This method is independent of any cosmological model and of the mass nature of the neutrino

const. offset ~ m?(\'e) — LoriI/};ZﬁZE E;‘zzﬂ:iiﬁg

— Experiment

I
®
i}LJei| m.

__—m,=0eV

>
o
wv
~
2]
iy
=
=)
o}
@)

Energy/keV
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TRITIUM BETA-DECAY EXPERIMENTS: KATRIN

Analysing plane

V)
Ul(r) ana

Electrostatic high-pass filter Electron

(" ) T,
SHeT*
Radon atom
Rydberg atom

Positive ion
T, out

e = RN
B Transport and \4 o s LA i Segmented
Tritium source pumping X T RASOCARL L L ‘ detector

Rear wall and
electron gun

Pitch angle

Magnetic
adiabatic collimation Cyclotron
motion

Field-line direction

m




KATRIN EXPERIMENT

° AE B J °
Since - = it in order to

max

achieve an energy resolution
1:20000, the spectrometer needs
to have a diameter of 10m

AR o : J'-s
A’- y 3 _f» \"(17""‘

- h:’_ﬁraﬁt;‘d-'

= The mass reachable by KATRIN allows

to investigate the quasi-degenerate

neutrino mass regime

= The experiment is also sensitive to

the existence of additional sterile neutrinos at
the keV mass scale.
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KATRIN EXPERIMENT

Results 2019 - 2022
m, < 0.8 eV (90%C.L.)

Spectrum for KNM1 data with
1o error bars (x50)

| Spectrum for KNM2 data with
10 error bars (x50)

50
Retarding energy (18,574 eV)

Nature Phys. Vol 18, 160-166 (2022)

Los Alamos (1991)
Tokyo (1991)
Zirich (1992)
Mainz (1993)

Beijing (1993)
Livermore (1995)
Troitsk (1995)
Mainz (1999)
Troitsk (1999)
Mainz (2005)

Troitsk (2011)

KATRIN (2019)

KATRIN (2021)

ATRIN (combined)

-100
Best-fit m? (eV?)
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PROJECT 8: CYCLOTRON RADIATION EMISSION
SPECTROSCOPY

I, TRITIUM GAS IN AN ENCLOSED VOLUME WITH A MAGNETIC FIELD

2. DECAY ELECTRONS SPIRAL AROUND FIELD LINES

3. THE FREQUENCY OF THE EMITTED CYCLOTRON RADIATION DEPENDS ON THE RELATIVISTIC
BOOST (E- ENERGY).

10 posterior quantiles
—-- 20 posterior quantiles

} ,i LY 1§ Tritium data
A < R

: H{ SR £

Al

\) RN\

A o . i N
) i mA | — Posterior predictive fit
[P EtllM INARY
q ‘\'
Y

SN
\ \
K \;\_
N TN Measured
RENVSY endpoint
. ¢ \
Normal Ordering BN N 90% credible
R N l— .
PR interval
&S -

1]
16500 17000 17500 18000 18500 19000 19500
Reconstructed kinetic energy (eV)
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DIRAC OR MAJORANA NATURE

There is a way to distinguish between Dirac and Magjorana neutrinos and to get information
about the absolute value of the neutrino mass:

Neutrino-less double beta decay
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NEUTRINO-LESS DOUBLE BETA-DECAY

2 2
0vy-1 eff 0v\4 ~0v ov| .
(T8 = (g )G (0, )M +(m,)

Excluded by KamLAND-Zen,
GERDA, EXO0-200, CUORE

where

eff ,0v , R
axial-vector coupling constant

phase space
nuclear matrix element

0.001

0.00001 0.0001

Effective Majorana mass:
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DOUBLE BETA-DECAY

Ordinary double B-decay Sum of two pB-decays.

2v In order for (double) B-decay to be possible the final
nucleus must have a larger binding energy than the
original nucleus.

76Ge

BB

Q=2039 keV
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DOUBLE B-DECAY: ISOTOPES

Isotope

Nat.
abund. (%)

Q-value (keV)

4267.98+0.32
2039.006+0.050
2997.9+0.3
3347.7£2.2
3034.40£0.17
2813.50%0.13

2527.518%+0.013
2457.83%+0.37
3371.38%£0.20

Half-life 102! years

0.064+0.007£0.011
1.926+0.094
0.096+0.003+£0.010
0.0235+0.0014+0.0016

(6.93£0.04)x1073

(2.74+0.04+0.18)x102
7200+400
0.82+0.02+0.06
2.165+0.016+0.059
(9.34+0.22+0.61) x10°3

Experiment

NEMO-3
GERDA
NEMO-3
NEMO-3
NEMO-3
NEMO-3
geochemical
CUORE-O
EXO-200
NEMO-3
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NEUTRINO-LESS DOUBLE BETA-DECAY EXPERIMENTS

Two and only two pB-electrons with Egg = Q-value of the nuclear transition
Despite the rare decay the signature is very clear

- Identification of two B-electrons
- Large target mass
- Very good energy resolution

&

7]
=
=
=
>
9
]
=
~Nd
© puy
=
—
<

=

500 1000 1500 2000 2500 3000
Energy (keV)

129

2400 2450 2500 2550 2600
Enerav (keV



NEUTRINO-LESS DOUBLE BETA-DECAY EXPERIMENTS

TI2%8 Compton edge

- Ultrapure materials Bi2! Compton
bbOnu

- Passive and active shield
- Placed in an underground laboratory

- The decay rates are similar. . : ; 25 255
For mgg~10meV > 1 decay/(ton yr) in all isotopes. St eY)
- The choice is driven by: easiness of isotope enrichment, half life, scalability and

modularity of the design

The observation of the OvBp in different isotopes would be mandatory to
confirm and certify a discovery.
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NEUTRINO-LESS DOUBLE B-DECAY EXPERIMENTS

Two experimental approaches: tracking calorimeter

1/ source # detector detector
Source surrounded by a tracking-calorimeter source
Ex. NEMO
Pros: Detection of both B-electrons separately detector

semiconductor,
2/ source = detector cryogenic bolometer

The double B-decay nuclei are part of the detector liquid scintillator

Semiconductors, cryo-bolometers, GTPC, LiqTPC,
liquid scintillator

Ex. Gerda, CUORE, EXO-200, KamLand-Zen e

Pros. Larger target mass detector 131




GERDA

Germanium detector isotopically enriched in 76Ge
Ge detectors are semiconductor diodes sensitive to
ionizing radiation (y spectrometry)

The Ge detectors are deployed within
vertical strings containing two or three
elements each.

= Consfructed with ultra-low

rOdiOOCﬂ\/e mOTeriC”S i_' : > ok ' S .:% (_ ;’v— infrastructure l o~ ) ‘
= The detectoris enclosed in  ii& e v ). o A -

.1 ~

several active volumes to T R oy \ N | B
detect external radiation g e — e

water plant &
radon monitor




GERDA

Exposure: 127.2 kg yr

All detectors - 103.7 kg-yr
] Prior to analysis cuts
After LAr veto
B After LAr veto and PSD cuts
—— 2vpp decay

=
>
(=]
=
>
@
x
<
»
@
c
3
]
o
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GERDA

®Ge (92% enr.)

Exposure: 127.2 kg yr

LEGEND-1000

The experiment sets a lower limit at 20% C.L.
Ty (Ge o)1 scbisss

LEGEND-200

10 mfi" range

<m55> < 79-180 meV < Background free

— 0.025 counts/FWHM-t-y

= = 0.1 counts/FWHM-t-y
*=* 1.0 count/FWHM-t-y
10 counts/FWHM-t-y

1 10

GERDA (+ MAJORANA) - LEGEND _ * Exposure ton-years]
76Ge ~36kg - 200 kg =21 ton

Ty, (Ge™) 1.8 - 1026 yr > 1027 yr > 1028 yr
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CUORE

The detector consists of TeO, crystals (30% '3°Te, natural abundance)
TeO, cryogenic calorimeter

TeO, is a dielectric and diamagnetic material, providing that the
temperature is extremely low (~10mK), a small energy release in

the crystal results into a measurable temperature rise. This temperature
change is recorded using a Neutron Transmutation Doped (NTD) Ge
thermistors glued on the crystal surface.

988 5x5x5 cm3TeO, crystals (750 g) @ ~200 kg '3%Te 1 ‘ )
Arranged in 19 towers Each tower = 13 floors of 4 crystals § FEML ‘“1 j
Cu frame’'_, GeNTD”~ it
PTFE
Taking science data since Spring 2017 suriports L TeO, crystal
P. :_\4 ;3;' Si heater o |

BG: 0.01 cts/(keV -kg of TeO, -yr).

Energy resolution ~0.3% | N




CUORE

Gran Sasso lab

Top Lead
Shield

Side Lead
Shield

Detector
Towers

|

Bottom Lead
Shield 136




CUORE

Exposure: 288.8 kg yr

I Base cuts

I Base cuts + AC
Base cuts + AC + PSD
The experiment sets a lower limit at 90% C.L. — 50% Climiton L,
Background-only fit
T (Te'3%) > 2.2 -102° yr T

2,500 2,520 2,540 2,560
Energy (keV) 210pg

<mgg> < 90-305 meV

TL
>
o
X
T
>
]
X
7]
2
c
=]
Q
O

-
<

CUORE will take data until 130Te exposure of
1000 kg yr (T )5 (Te'3?) ~1-10%¢ yr )

Energy (keV)
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KAMLAND-ZEN

contained in a 3.08-m diameter transparent nylon-

based inner balloon suspended at the center of the KomLAND detector by film straps.

The balloon is
balloon.

A

surrounded by 1 kton of liquid scinftillator contained in a 13-m diameter outer

= Chimney Event vertex and energy are reconstructed
‘ Corrugated Tube based on the timing and charge distributions

.

iy

W“E ‘ Film Pipe of photoelectrons recorded by the PMTs.
7

/

7

NN
L
"
\
| WAL
AT
\(EEEERER
\

£ v X
: : I' "‘ Suspending Film Strap
VAl :%@ g‘ Photomultiplier Tube

Buffer Oil

Quter Balloon
(13 m diameter)
Inner Balloon

(3.08 m diameter)
138



KAMLAND-ZEN

Resulis
Exposure 970 kg yr

—— 136Xe Oupp (90% C.L. U.L.)
Total (Ovpp U.L.) —-— Carbon spallation + '3’ Xe
136Xe 2upp Xenon spallation products
Internal RI

Isif:iﬁigmcc The experiment sets a lower [imit at 90% C.L.
Birelae32) 2.3 1020 yr

>
=
')
<
-
~~
i)
c
0]
>
88

<mgp> < 36-156 meV

Visible Energy (MeV)
arXiv: 2203.02139
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RUN 39303
EVENT 42373 ESUM  2.875MeV

SOURCE # DETECTOR IR _ b

NEMO-3 (

Pu) -7 ew

40-

|

60 mg/cm?2) source foils of 190Mo

p— . : / _ !

Full reconstruction with 3D-tracking and
calorimetric information of the topology
of the final state: 2 e~ simultaneously
emitted from a common vertex.

The experiment sets a lower limit at 20% C.L.
Tr(Mo%%) > 1.1 10%* yr

140
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NEUTRINO-LESS DOUBLE B-DECAY
EXPERIMENTS

S
~
E
2
<
£
2
=
-
c
£
.~
E
-
<

current limits

10° 10

Bp isotop:3 fnass (kg)
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NEUTRINO-LESS DOUBLE B-DECAY

EXPERIMENTS

pajalay

NEXO

SNO+

rmmmzo_oS

KZ800

WN;S 4—e—g—>

CUPID R
EREPR288— S et ime

meNS ..}I.I.".A

NEXT100 + . e
SN-Se o —m

GERDA2
MAJORANA®-

(Aaw) ssew aA13d8y)8 oulINaN

near future experiment

10°
P isotope mass (kg)
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NEUTRINO-LESS DOUBLE B-DECAY EXPERIMENTS

10" KamLAND-Zen (***Xe)
S KamLAND-Zen-800 &+ -
H

10—2[__ tonne-scale ex?erimenfs |_—

NH
1073

U W = 1 50 100 150
mlightest (CV) A




SUMMARY

* FUTURE LONG BASELINE EXPERIMENTS ARE NEEDED TO DETERMINE THE EXISTENCE OF CP
VIOLATION IN THE LEPTONIC SECTOR

 VERY LONG BASELINE EXPERIMENTS (>1000 KM) CAN DETERMINE THE MASS NEUTRINO
ORDERING.

* [N THE NEXT FUTURE THE EXISTENCE OF A STERILE NEUTRINO WILL BE ESTABLISHED.
* THE NEUTRINOS CONTINUE TO BE THE KEY TO EXTENSIONS OF THE CURRENT PARTICLE MODEL.
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