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Neutrino sources:

Sun:

65 billions/s/cm2

on the earth surface
~ MeV

Nuclear reactors:
1 GW > 2F20 anti-nue/s
= ~ few MeV

Big Bang
“ Relic neutrinos
330/cm3

_ i Supernova
(@) explosion

sNg7A"  99% of collapse
. energy in neutrinos

10-30 MeV

Earth radioactivity
U, Th, K
—>Geoneutrinos
486 /(cm2 s)

~ MeV

Cosmic rays
~ GeV
~ 1/ (cm2 minute)

Human body
20 mg of K 40
340 millions/day

Particle accelerators
~few GeV

Extragalactic:
Active galactic nuclei

Gamma ray bursts




At this school you had already very nice theoretical introductions on neutrinos, | do not
have to convince you that neutrinos are very interesting particles:

» Cosmology:
They played an important role during the Big Bang, they could explain the asymmetry among
matter and anti-matter, they are the most abundant form of matter in the universe

> Astrophysics:
They are governing the life and death of stars

> Particle Physics:
They are a window on physics beyond the Standard Model: presently they represent the only
experimental hint in that direction

Unfortunately neutrinos are also quite difficult to detect, requiring bright ideas on sources
and detectors. This lecture concerns the "Experimental challenges” and also a little bit of
history, many neutrino properties were totally unexpected coming out as experimental results:
- The history of neutrino physics is a real saga with an extraordinary richness of
experimental techniques involved related to the various neutrino sources, There are still a lot
of open questions in neutrino physics ..

Experiments with solar neutrinos 11 rzessllaf to eover el el

: : ) ) |
Experiments with atmospheric neutrinos - In one hour !
Experiments with reactor neutrinos

Experiments with accelerator neutrinos short/long baseline This lecture will be partial and biased
Direct neutrino mass measurements on some aspects more related to the
Searches for neutrinoless double beta decay study of neutrino oscillations at
gismologlcal measurements accelerators

C ..




How to detect neutrinos by producing them in a nuclear explosion:

« El Monstro »

2)'(15";3:‘;& Reines and Cowan 1951-1952
| Approved after discussing with Fermi
| _Firebal and Bethe who were convinced that

this was the most promising
(anti)neutrino source

Buried signal line

for triggering release v IHTZI’\SZ
v" Short flash (less environmental

mﬂ\ background)
Back fill— Vacuum

. . pump but then abandoned in favor of the
Free falling (2s) in ¢ o geq—tml | detection at a nuclear reactor:
vacuum llQUId detector ‘*:f’acuum
scintillator detector ine Bomb: flux ~10E4 times larger

3 Vacuum than with a reactor

(1 m ) tank Feathers and

foam rubber
Background from neutrons and

: . . _ gammas similar to reactor
Figure 1. Detecting Neutrinos from a Nuclear Explosion

Antineutrinos from the fireball of a nuclear device would impinge on a liquid scintilla- .
tion detector suspended in the hole dug below ground at a distance of about 2 BUT a new |d€(1 on hOW To
40 meters from the 30-meter-high tower. In the original scheme of Reines and Cowan, reduce the bGCkgr'OUhd and
the antineutrinos would induce inverse beta decay, and the detector would record deTecT neutrinos over a long

the positrons produced in that process. This figure was redrawn courtesy of Smithsonian time SCG|€ Wlﬂ"l The IOW reactor
Institution. ‘HUX



1956 (anti)neutrino detection at the Savannah
River reactor, still via inverse beta decay

flux ~10E13 neutrino / (cm2 s)

the idea to reduce the background: detect also
the delayed neutron capture signal after the
positron =

, Heufring

E!{ ,-'""l
/?S" E;iuli*m of ﬁ:m

,.-'“_ . and Cadmium

Reines: 1995 Nobel Prize

Reines:

« We are happy to inform you (Pauli) that we have

definitely detected the neutrino ! »

Incidant
antinsutring

o .tlﬁmm: rays
Gamme rays \ . k‘i .")l
#I —  Meuton capiure
-\’ i
beta '
Poai um | decay |
annuhilatan |
R“] r Liquid scintillator

I‘ and cadmiem

Detector 12 m underground
and 11 m from reactor
~3 neu‘rr'mos de'rec'red/ hour




First detection of solar neutrinos 1968: Homestake mine experiment (R. Davis)
Depth equivalent to 4100 m of water

v+3Cl — B +*Ar, ¥Ar— ¥Cl (34 days, K-capture) e +°74r - v_+°7CI

E(neutrino)> 0.814 MeV Tank with 390 m3 of C,Cl,
37Cl ~24% of natural Cl

~1.5 Ar atoms/day produced by solar neutrinos
Extracted every 3 months with a flux of N,

Final state 37Cl excited emitting Augier electrons e/o x rays

Results compared to the neutrino flux predicted by
the Standard Solar Model (J. Bahcall)

> 1/3 of expected rate
Solar neutrinos deficit
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Interpretations:

I [I.N. Baheall] want to tell you an illustrative story about neutrine research .. One of the
miners came over to our bench, satd © “Hello, Dy, Dawvis. How s & going ¢ You don't look foo
happy. " And, Ray replied © “Well, [ don't know .. 1 am capturing i omy fank mony fewer of
those neutrinos than this young man says I should be capturing.” The miner [ finally

satd ; “Newver mind, Dv. Dawvis, of has been o very cloudy swmmer here @ South Dakofa, 7

More seriously debated for long ... long fime:
The trivial ones:

» The Homestake experiment, which is quite delicate, has some bias in the neutrino
detection
> The Standard Solar Model is not correct

The fascinating one by Pontecorvo:

the Davis experiment and the SSM are both correct it is new
physics: neutrinos change their nature during their trip to the
earth

- Neutrino oscillations

Electronic neutrinos from the sun become muonic neutrinos
The energy of the muonic neutrinos is too low to allow for their
charged current interactions = neutrino disappearance

But neutrinos must be massive particles ...
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April 6, 1972

Prof, J.N.Bahcall

The Institute for Advanced Study
ctical of Hatural Sclence Pontecorvo was predictive:

Princeton, New Jersey 08540, US4
It took 30 years for the

Dear Prof. Bahcall, demonstration !

Thank you very much for your letter and the abstract
of the new Davis investigation the numerical results of which
I d4id not know. It atarts to be really interesting! It would
be nice if all this will end with something unexpected from
the point of view of particle physics. Unfortunately, it will
not be easy to demonstrate this, even if nature works that
way.

I will attend the Balaton meeting on neutrinos and
looldng forward to see you there.

Tours sincerely,

FB Elhéﬁn;ﬁj,ﬂwm*———————-—————_

B.Pontecorvo



Neutral current reactions (Z exchange), do not distinguish neutrinos, no threshold

Vv Vx_ -~
R T »-="" Elastic scattering neutrino-electron
W v v,  e-
quark quark

Bubble chambers are a sort of
reference in neutrino physics
acting as homogeneous
neutrino target and allowing
for a precise imaging and
measurement of final state
particles

- We will discuss in the next
slides their modern versions




Water Cerenkov experiment (Kamiokande 1987-1994)

Particle detection by emission of Cerenkov light in
water (680 tons) - (electrons, muons)

Built for proton decay search

Neutrinos produced by cosmic rays in the atmosphere

are a background for cosmic rays

- Studying this background people realize that it is
different than expectations

- Can look at solar neutrinos (high threshold > 5 MeV)
by elastic scattering on electrons (emitted electron at
5 MeV stops in ~2 cm in water)

- Deficit of solar neutrinos ~50%




Atmospheric neutrinos anomaly

\ cosmic ray

[

S afr nuclewus

Let's write the atmospheric v, deficit by (w/e)data/(1/e)MC

Kam.{sub-GeV) H-oH

Kam.{multl-GeV) H—e—H

IMB-3(sub-GsV) —o—

IMB=3(multl-GoV) F—t v

Frejus H—e—H

Nusex

Soudan-2 H—a—H

Super-K{sub-GaV) H

Super-K{multi-GeV) e
¥ S B ¥

(We) gl (WE)ye

Unclear situation among different experiments (WC, Calorimeters)
Interpretation in terms of neutrino oscillations (possible in terms of both vu >

ve and vu=> vt) with Am?~10-2 eV?

Some first hints of dependence on the zenith angle but not yet convincing




Neutrino oscillation searches at the beginning of 90s

» The long standing (since 1968) problem of the solar neutrino deficit
opened by the Homestake measurements (+ Kamiokande since 1986)
In 1992 first Gallex results confirm the deficit also for neutrinos from the

pp cycle
» Atmospheric neutrino anomaly still quite weak

The controlled observation of neutrino oscillations with an accelerator
heutrino beam would have been a great discovery, where o search ?

Prejudice towards small mixing angles and large Am?

v Take the MSW solution of the solar neutrino deficit: Am2 ,~10- eV?
v'Assume a strong hierarchy: m, «m, «m, — m, ~ 3x103eV

v'Assume the See-Saw mechanism: m(v,)=m3(f)/M
M=very large Majorana mass m(f;)= e.g. quark masses

Then: m,, ~ 30 eV (Cosmological relevance)

« v are an important component of the dark matter » ~ a few 10 eV
Harari PLB 1989




With m,. ~ 30 eV cosmological neutrinos important component of dark
matter Am? . O(100 eV?)

Look for v, = v, with short baseline experiments at accelerators, high
energy beam
sensitive down to:

CERN v_ appearance experiments:
T pp p Pm"' 1.5x10-4 (90% CL) (x10) improvement

17 kaV

Search for v, appearance from oscillations in the o
CERN wide band neutrino beam (WANF) TLE i T

Pioneers of the technique also for long baseline
experiments, important samples of neutrino 10°
interactions well measured

LML LYY |

<E,>=24 GeV
<L>=600 m il
sensitive to: & [
NOMAD: leVicam? — & f
* Proposal 1991 'E
* Detector 1995 i _
* Data-taking 95-98 (1.35 M vy CC) o

rerrTrTTTy

(LT |

CHORUS:
Data-taking 1994-1997 (0.71 M v, CC) T e T

—



The NOMAD/CHORUS experiments at the CERN West Area
Neutrino Facilit

Short-baseline search for
v, 2 v, and v, > v, oscillations

Running in 1994-1998

The NOMAD experiment hosted in the
UA1/NOMAD/T2K magnet

The CHORUS experiment

NOMAD: measurement of t decay kinematics:

Presence of neutrino(s) in the final state, missing P; , visible decay daughters
— (tracking, calorimetry) - main channel: electronic tau decay

Collected samples: MV Ve o 17.4% Exploit the smctll Ye
1.3MvucCC v decay €VeVr 17.8% ‘ bickggound| (~} %): y
0.4 M vu NC modes h(n°W.  a0.gu T->¢ channel: electron i
13 Kve CC

3Shinz®)v, 15.2% . Go down to Put~ 104



The NOMAD detector

Lead glass electromagnetic

Transition Radiation Detector (TRD) (e identification) Calorimeter (mea;uremen’r
9 modules (315 radiator foils followed by straw tubes of energy and position of
plane)  rejection ~ 103 for electron efficiency > 90% e.m. shower)
M 6, 3.2%
won = @ 1%

Chambers E JE

Tront Dipole Magne TRD Electro netic
Calorimeter B=04T Modules Calorimegter

Muon Chambers
EERERNE o et ioreron)

e~ 9770 for' p”> 5

Neutrino GeV /C
Beam
|:> Active Target
(2.7 tons)

Hadronic calorimeter
(nand kO veto)

Drift Chambers

1 metre

— Trigger Planes Hadronic
Veto Plades £g

Preshower Calorimeter

Drift chambers (target and momentum

measurement) Fiducial mass 2.7 tons with Preshower (e and y detection) additional =
average density 0.1 g/cm3 44 chamber + 5 rejection ~ 102 for electron efficiency > 90%
chambers in TRD region, momentum resolution precise y position measurement o(x), o(y) ~
3.5% ~ (p <10 GeV/C) lcm



Use of kinematics to extract a v, signal:

(First proposed by Albrigth and Shrock P.L.B. 1979)

NOMAD: fully reconstruct 1.7 M neutrino interactions, with good

resolution, at single particles level:
» Kinematics closure on the transverse plane

v, CC .

e

Experimental
Elesctron F"h!
Befiazing Pi
Ve // L EE
a‘-"‘-\H -
Hadranic Jet

b § Electron ¢}u¢=& current event

Find vt down to Put~ 104 in a large:

a) Meutmino taw everst

The ¢- ¢ plot:

background: ¢(eh);f F TR d(eh) J ' _W"“‘":*"?’"ﬁ*
1.3MvucCC °8 F 08 | oo
0,4 M vu NC 06 | 06 |
13 K ve CC os | os b
0.2 0.2 _ Ve CC
Exploit the small ve background:  , E JE
d(mh) mh)>*




Nomad typical events >

Nomad:
« Modern bubble chamber version

» Very good for electron identification
and kinematical measurements

» 3 ton detector, technology not
exportable to the kton scale

» Still very good as near detector in
a LBL experiment, Nomad-like
detector considered for the next

LBL experiment in the USA (DUNE)

Events / 8 GeV
g & §

v, 2 Vv, analysis:

5600 v, CC events
447 efficiency
98% purity

E & § §

8

o 1 | .- 1 1l
§ M 48 @ B 108 IX la 165 188 20
Fisible energy {(Gel)

i 2 view —
v, tNopu +X U
7 —
Ll

N ] W track

i Hi' 1 T e

| ’r T
\T ——/

epositions-
e ECAL




The LSND experiment (1993-2001)

Stopping 800 MeV protons in a dump
- pions and muons decaying at rest

protons Veto
800 Mev

+

target + dump Detector
Shielding
+ D At Rest (DAR) ~75% DAR 100%
wn ecays est ( ) >\ “4_ 0 + Ve
20% Decays In Fligth / &
~ 0
proton-nucleus (DIF) ~5%

wp—>v,n

collisions Nuclear absorption capture>90% H
Ek=800 MeV
1/\8A DIF few %
— €W o
<
30-10% %
1/20 V e

Goal: search for'v, -V, oscillations The only source Ve <10-3

of Vv, VvV

€



LSND result: evidence for Vi —V, oscillations (1994)

Signal: Positrons with 20 < £ < 200 MeV correlated in space and in time
with the y rays of 2.2 MeV expected from the neutron capture:

N( “beam-on”) — N( “beam-off’) =117. 9 £ 22.4 events

Background due to p- DAR =19.5 + 39 125]
Background from 7w DIF + (v, +p > p*+n) =105 £ 46 |

751

17.5 - ® Boam Excess

15 EEE pE,—V.en

Beam Excess

Signal v, =87.9 +22.4+6.0 events 38 g effect

(stat.)  (syst.) °
P sV, — Vo) =(0.264 +0.067 + 0.045) x 1072 o Rt ‘
0.4 0.6 0.8 1 1.2 1.4

L/E, (meters/MeV)

Am2in the eV? region

LSND not really confirmed by the dedicated experiment MINIBOONE (2001-2008)

However several ~3 sigma anomalies (LSND, MINIBOONE low energy, Reactor, Cr source)
not completely coherent among themselves) are still floating around in the field, feeding
theoretical models and additional experimental activity.

These results require more than 3 neutrino flavors to be explained - sterile neutrinos

Very intensive now at FERMILAB with the short-baseline program + experiments at nuclear
reactors and with radioactive sources)



(existing)
170t LAr

MiniBooNE

Vv Far Detector —Icarus

the LSND anomaly

In parallel searches for sterile neutrinos: large
activity of detectors at reactors and combination
of existing neutrino detectors with intense
radioactive sources trying to clarify the reactor
anomaly in terms of neutrino oscillations

—> detect a disappearance oscillation pattern at
short distance, first data in 2016

—
— -
— -
-

e g Fermilab
=> This program should provide a final answer to

Microboone: already built
300 tons Liquid argon
detector at the Miniboone
position to clarify the
MiniBoone low energy
anomaly

—> Start data taking this fall

Completion of the program
with a near detector SBND
and a far detector (ICARUS)
put at the optimal length for
the oscillations maximum

-
—
-
=

Near Detector
Larl-ND
180t LAr

—> Start data-taking in 2018

The reactor neutrinos anomaly, new flux in 2011 6.5% deficit, 3 o

Wew rafaranee. Fhys. Bev. CEL. 054615, 3011 ' ; =T

.- N Y.

Terra Incognite
ta ba eaplored by new axperimenty




The Perkins plot (PLB 349 1995) satant o~
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! the neutrino oscillation search. Spectacular vy <3 vy conversion is expected to
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0.08 be observed at the Gran Sasso position.
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0l il em A single outlier point in a plot ...
70 The triumph of Davis, Bahcall, Pontecorvo

Prof, J.N.Bahcall

The Institute for Advanced Study
School of Natural Science

sqri(am2) eV —
Princeton, New Jersey 08540, USA

107 108 1077

y ] 1072 1072 10

Dear Prof. Eashecall,

AMICKA (multi-Ge\)
AMICKA (sulb-GeV)
REJUS

Thank you very much for your letter and the abstract
of the new Davis investigation the numerical results of which
T did nob KDow. 1G SGLarts to be really interesting! It would
be nice if all this will end with something unexpected from
the point of view of particle physica. Unfortunately, it will

not be easy to demonstrate this, even if nature works that
WAT S

M@ ey e b ok
=
[y}
m
b4

I will attend the Balaton meeting on neutrinos and
looking forwaerd to see you there.

F il

Yours sincerely,

% Pombeos———

B.Pontecorve

v T 5/9

Accalaraionrs & Reactors Cosmic ray newutninos Soiar Neutnnos

104 1072 107 10° 10% 108 10® T LI T LT R

CERN/GranSasso {1 L/E (m/MeV = km/GeV)



CHOOZ (the first long baseline experiment) 1997-1998

EDF power plant in Ardennes: two Ve > v_e(disappearance experiment at
reactors a1' 1115 and 998 m from. . nuclear reactor)

Ps= 8.5 GW,,, 1 detector at L ~1 km,
overburden equivalent to 300 m H,0,

Reactor neutrino flux known at 2.7 %,

L/E ~ 330 Km/GeV
y Pho’r mul'rl Iie_r's

Target: 5 ton Ilqmd scm’nllator‘
target with 0.09% Gadolinium ™~

Prompt annihilation
signal (y rays)

containment
region

target

/

n capture on 6d 17 ton liquid scint. without 6d

after . 7 ,.; low acnv.itj.r. gravel slueldmg
containement o rays . o
thermalization ( m f Y ray ) : ; ; :
~30 H H H H [ [ [ [ [ [ |
us 90 ton liquid scint. cosmic rays : ; > = : .



CHOOZ (the first long baseline experiment) 1997-1998

all data

Signal ~ 25 events/day,
background (reactors off)
~ 1.2 events/day

Energy spectrum of the
positrons compared with the
predicted one (no oscillations)

E(v,) = E(e") + 1.8 MeV

— Ratio measured/expected

Ratio

Expectad

175 Positron spectmm (m )/

13

] Integrated ratio = : ﬁ; -,

125 -' [ 90% CL Kamiokands (multi-Ga¥)

[ %ﬁw+ﬁ++ R 1'01 :l: 0’028 :l: 0’027 ':: [ 00% CL Kamickanda | subt-om Hi-GeV)
o3 CHOOZ did not observe a
| significative deficit of V, e,

°5 : ; ¢ NO « monumental » V, —V,

Positron energy (MeV) conversion

This result was published in 1998 before the Super-

Kamiokande results and excluded the atmospheric neutrino

anomaly interpretation in terms of v, — V, oscillations ]

13
a a1 0z a3 a4 as da azv as a9, 1
Sin28)



W)Yo Electronics The Super-Kamiokande detector

= B j ] = : = Ikeno-yama 1km
-/ AR - Kamioka-cho, Gifuf}.
B E;__‘L | Biapan = ;%‘U’r:weil
A% = an SK _Atotsa
it {.I‘ i ~50 Kton Water Cherenkov detector
a1.4m i ke (fiducial volume 22.5 Kton)
o Eiii - ~Operation since April 1996 (accident in
B 2 - 2001 recovered in 2006)
Br- - Dead-time less DAQ system (2008~)
O =
B e > Detector performance well-matched to

sub-GeV neutrinos:
Excellent performance for single

,.' particle events
- A Good e-like(shower ring) / p-like
:}9 3n separation
~11000 20" PMTs nn'er@e’rec‘ror (ID) Quasi-elastic scattering dominant in
(40% coverage) sub-GeV region. o
Proton decay, solar neutrinos, ve sighal: Ve+tn—=e+p _V__,(
atmospheric neutrinos, supernovae D
neutrinos + accelerator neutrinos proton not detected (below Cerenkov threshold)

(K2K, T2K)



Cerenkov radiation emitted if v>c/n
e |660kev | > threshold velocity p, = 1/n
R K
- . For water n(280-580nm)~1.33
° - 0)
- Threshold Angle: 42 c0s0, L = n(A)2]1
b Lroomey .

Muons:
Clean rings

Electrons:
Showers - fuzzy rings

- Electron muon
separation at ~1% level
with the ring shape

= Direction from the
ring,
Interaction vertex
position from arrival
time of light on the
photomultipliers
Energy measurement
for contained events




Electron-like and muon-like
event at SK

% R i Particle identification using
: : ring shape & opening angle

-
e
—
o

o5 I FELIS 5 I 0 B 0 [T T JTT1] T
: e-like eH u-like 1

e atmospheric V datz

Number of events
=]
o

o
S

[ | i
P 4 6 8 10
Particle ID parameter

Probability that u is mis-identified
as electron is ~1%




Neutrino 98 Conference in Takayama (June 1998)

First results from Super-Kamiokande on atmospheric neutrinos, evidence of a

zenith angle dependence of v, disappearance, v, in agreement with
expectations

40 Sub-GeVeike | Lsub-GeViike | SK: Atmospheric neutrinos anomaly

intepretable in ferms of v, > v,
oscillations with a Am2 ~ a few 103 eV/?

1

£

number of events

[
" ¥, =¥,
‘ P [ 90% CL Kamiokands (muli-GeV)

Sm’ (V)

o B o0% CL Kamiokands (submm hi-GeV )

-L
10

CHOOZ: no v,— v,
oscillations, ©,5<11°

number of events

SF o

Neutrino oscillations start to be taken seriously as
explanation of the atmospheric neutrinos anomaly o L.

Opens a campaign for a new generation of long baseline Super-K v, =v,
experiments to provide a final proof . oscillation

a al az a3 a4 a5 s a7 a8 a9, 1
Zini 28]




CERA 4/2/2000 SNO and Kamland at the close horizon
HIGHLIGHTS Of THE LBL experiments K2K, MINOS launched

NEUTRINQ 2000 CONFEREWCE

COMCLUSIONMS

SUDBURY JUNE 16-21 2 000
ARE WE &OWE TO SEE Ju ThE

NEXT A0 YEARS A CLARFICATION
OFk NEYTRINQO OSCILLATIONS scEMAmas?

SOLAR ABUTR)AOS : \/
315 vEARS SM0 , SUPERK, HAALAvd Boaexigo ¢ ...

LOMNG BAsELiwE . /
T D~ 3:-40~% o ¢ yraRS oK @ 4¢
¢ FROA 2005 CWwGS T APPEAAAMCE
» FROM Eub 2002 Mwos:
DSCILLATION PATTERL
MEASUREACAHT OF TWe PARAAETERS
® i THE ABAN TiIME SUFERW
COUTIAVES wiTH ATHOIPHERIC V.,

D. AuTIERD - LSUD - mwiBooVE 3 ypAes Wrong !
CERV/EP
o MEASUREAENS ® OV BB (FVIURE SEAsmuviTis ~ 407 aV )

or v e COSNOLOGY CBR AP, PLANCH
Bic REveLuTion, ALREADY FROA
BooMERAMG AND AANYMA + LARGE
SCALE STRUCTURES =P LUBEPEUBENT
COUFIRMATIOUN OF 5L A

Even better!
& PLAMCH AAy BETERMILE

S, ~ 0 gV




A simple but extremely successful research line ...
- the very good historical record of the detectors at Kamioka:

Kamiokande 1987: Observation of SN1987a

Kamiokande: Solar neutrino deficit (B neutrinos) and first measurements of atmospheric
neutrinos

Super-K 1998: Solid evidence for atmospheric neutrinos deficit (zenith angle)

Super-K 2000: Measurements on solar neutrinos favoring LMA solution

Kamland (recycling of Kamiokande with liquid scint.) 2002 solar neutrino oscillations with
far reactors

Super-K (K2K) 2004 first long-baseline accelerator experiment, evidence for vu
disappearance

Super-K (T2K) 2011 first indication of v, appearance, 6,5 just below CHOOZ limit, the
most favorable situation

D.A. CERN seminar on 4/7/2000: "Highlights of the Neutrino 2000 conference”

Wondering about future results from K2K and Kamland:
‘are the Japanese people going to continue with an unprecedented sequence of results”

Answer in 2015: definitively yes, even more than expected !

Another (big) advantage: the analysis of Super-K, software and event selection
criteria are stable and very well understood since > 13 years




The final proof for solar neutrinos:

2001: SNO 1000 tons of heavy water, sensitive o
neutral current reactions - measure the total
neutrino flux independently from their flavor
(NC) v+ d—v+ p + n

The total neutrino flux agrees with the SSM !
Electron neutrinos change into other neutrinos

2002: Kamland

reactor experiment
1000 ton liquid

scintillator
reproduces the

° ___ = solar neutrino
e oscillations on
earth using
antineutrinos from
far reactors (on
average 180 km)

et Muchenr ety Geter-m AL Mer 132 o

Tk TRE T4 1HE e Tk 'k THE e

Events/0.425 MeV

— reactor neutrinos
B geo neutrinos
= accidentals

2.6 MeV ® KamLAND data
analysis threshold  —— no oscillation

! — best-fit oscillation
! sin"26 = 1.0
' Am’=69x 107 eV?

Prompt Energy (MeV)



H. Murayama, Lepton Photon 2001 Rome, July 27

Typical Theorists’ View 1990

Solar neutrino solution must be small angle
MSW solution because 1t’s cute Most likely wrong!

Natural scale for Am?,; ~ 10-100 eV?>
because 1t 1s cosmologically interesting wirong!

Angle 0,; must be of the order of V', Wrong!

Atmospheric neutrino anomaly must go
away because 1t needs a large angle  Wrong!

P01 Hitoshi Murayama




K2K results in 2004

Ly Al o -
z‘k/(;:,Super Kamiokande

i (Eami oka che) Tharaki J&= 7. A —
S Prefecturefl f | - N °bs=108

Ng, =P (best fit)=104.8
?E- | Entrics 35
KEK T Best Fit

(T=ckuba City) s _Iljfl'lt:hIl]'tIDn 74_:-

KS prob.=52%

2 2.5 3 a5 4 4.5 E
[GeV]

Evrec[GeV]

neutrinos

5005 —— MINOS Far Detector Data |
C Prediction, Mo Oscillations ]
- Prediction, AnP=2.4110° eV* ) .
400 Uncertainty (oscillated) 7 - Confirmation of
C Back d illated ] .
E - [ Backgrounds (oscillatad) . SUPZI"KGmIOande
"-m- 30[]__ Low Energy Beam, v -mode ] GTmOSPheriC
= § ;?-?;ﬁgﬁPﬁTp. - neutrino results
- MINOS PRELIMINARY . .
2001 - with accelerator

0 5 10 15 20 30 50
Reconstructed v, Energy (GeV)
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Unambiguous evidence for v, — v, oscillations in

the region of atmospheric neutrinos by looking for
v, appearance in a pure v, beam

Search for subleading v, — v, oscillations

CNGS1
Beam: CNGS (1999) (2000)

v, appearance experiments
at LNGS

CNGS2

No near detectors needed (2002)

in appearance mode

Cern Neutrinos
to Gran Sasso




Quantity to be optimized

N_~1.61sin*(20)(Am*)*L’ —dE v, flux vs o(z)/E2

- produce the max.

number of v CC
Dependence ofthe events

25 2
rate on (Am-) Signal constant as a

function of L for L << A
@, contains a factor 1/L2

CNGS fluxes

25 30 35 40 45 50
E (GeaV)
Nominal beam performance (4.5 10'° potly)
OPERA Target mass of 1.25 kiton

- Expected number of interactions in 5 years :
~ 23600 v, CC+NC
~170 v, +v,CC
~115v, CC (Am?=2.5x 102eV?)

After efficiencies, 8 tau decays are expected, with <1 background events




OPERA basic unit: the « Brick »

Based on the concept of the Emulsion Cloud Chamber :
- 57 emulsion films + 56 Pb plates
- interface to electronic detectors: removable box with 2 films
(Changeable Sheets)
- High space resolution in a large mass detectors with a completely

modular scheme
—— Lead plates

Emulsion film

0.2cm
12 5em Emulsion Laver (44micron)

Plastic Base (205micron)

Tracks reconstruction accuracy in emulsions:
AX =~ 0.3 ym A6 ~ 2 mrad

Emulsion Laver

Bricks are complete stand-alone detectors:
v Neutrino interaction vertex and kink topology reconstruction
v' Measurement of hadrons momenta by multiple Coulomb scattering

v' dE/dx: pion/muon separation at low energy (at end of range)

v Electron identification and measurement of the energy of electrons
and gammas (electromagnetic calorimetry)




First OPERA v, candidate http://arxiv.org/abs/1006.1623
(single hadronic prong t decay) Physics Letters B (PLB-D-10-00744)

daughter

1000 um

Visible tau decay topology

with kink and two gammas _




Standard 3 v framework (ignoring LSND, Miniboone anomaly, Reactors anomaly, Cr source anomaly ...)

Two almost independent oscillations describing;

2
ii]"ﬂg-l

sin® B2 Uﬂﬂ{H::ﬁE

solar neutrinos:

(7.65°023) 1079 eV

Solar neutrinos

and atmospheric neutrinos:

L/E~15 Km/MeV
T e AT

+ Kamland =F el g
v,, anti-v,disappearance = [
o orep [N .
= | (= ]
“E s 11° | KainL AN
a A ] :
i t;ﬂf .
[ |- _unl i I-.._-. i
¢ a2 o4 B .6 o8
sin“@

3 neutrino flavours mixing:
favorite parametrization of U:
in terms of 3 mixing angles 6,,
0,,0,; and one Dirac-like CP
phase § :

1 0 ]
U=UplUiaUiza = |0 c23 823
0 —s23 o3

Atmospheric v oscillations
€12€13

id
—812C23 — €12813823€"

id
812823 — €12813C23¢€"

U=

where: s;; = sin#y;, ¢;j = cosb;;.

d12€13

o

eVl

2 3
Am, [ 10

. Lid
Ci9Cag — .9123133231_,1
id
—€12823 — §12813C23¢€"

L/E~500 Km/GeV
=1 [ | i ) T

i+ Lol ba

-
T

N
“D

|IAm%,| (2.407313) 103 eV?

sin® fy3  0.505007

Atmospheric neutrinos
-+ accelerators
- v, disappearance

<

géchial

et gl

atmosphenc

II:i‘.}':-l 1
o =e, i, T (flavor index)
i=1,2,3

U= unitary mixing matrix

(mass index )

|

ci2 sz 0
—s512 c12 0
0 0 1

S'la_[j
Ci13823
1323

Solar v oscillations

W

Bridge
0,5,CP violation?



Most of the 3 angles and 2 Am? parameters are known by global fits with <6% accuracy
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Neutrinos: a window beyond the S.M. - G.U.T.

Fundamental questions related to a deeper description of physics and to the evolution of the universe
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mass (eV)
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108 g e e — Mev
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fermion

»Why are neutrino masses so small ?
»Why is the mixing matrix so different than the one of the quarks ?

_ 0.80.5 o2 1 02 wm

Varws ~ (U.—l 0.6 U.T] Vosens ~ [0.2 1 001]

0.40.60.7 oo 001 |

>Which is the mass of the e — () @T
lightest state (@,
» Are neutrinos Majorana

particles ? - | v,

>Which is the hierarchy of the Toomy, o,
mass eigenstates ? m

»|s there CP violation in the

neutrino sector ? iy

(), 2

CP violation in the neutrino sector can explain the | _ - |
. . . normal hierarchy wverted hierarchy
matter/antimatter asymmetry in the universe -
ﬂz‘ﬁghtest =7
An experimental program for the next 30
years (like for CP in quark sector): ) +



Key measurements of neutrino mixing via the study of v, ,>v, oscillations:
> 013

> Matter effects and mass hierarchy Large 613 >

> Search for CP violation next steps accessible with
standard beams !

Pv, — ve) = B3 === sin® ( JA Leading term

Subleading oscillation
between the muonic
neutrino and the

: CP-terms
electron neutrino at the 8lop ) . _ .
Am? of atmospheric +a— — cos(A)sin(AA) sin((1 — A)A)
neutrinos A ( 1 - A )
.,2 o 2 i
5 COS“ f9q sin” 2019 . ,
+a’ sin?(AA) Solar term

A?

Jop = 1/8
Icp=1/8 cos 613 sin 2019 sin 2014 sin 26094
a = Am3,/Ami, A = Am?2
A =2VE/Am2, = (E,/GeV)/11 For Earth’s crust.

cos f13 sin 2619 sin 2614 sin 26094

E, dependence




2012: the turning point, v = v, oscillations and 6,;

T2K off-axis beam (tuned for osc. max.)
v, Vv, appearance

First result on 0,5 (June 2011):

6 events observed, 1.5 events bck. > 2.5¢

March 8th 2012:
Daya Bay reactor anti-neutrinos
Ve 2 Vv, (v.disappearance)

Sin?20,;=0.092 £ 0.016(stat) £ 0.005(syst)

EH1" EH2 ——

EH3

IIIIII|II[IJIiII|IIII|.III[

1 1 11 | 111 | 1 11 I I 11 I 111 I 1 11 I 1 11 | 111 | 1 11
2 04 06 08 1 1.2 14 16 138 2
Weighted Baseline [km]

S.2 ¢ for non-zero 0 _
In March 2012 we entered in a new era !!!
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6 events [sur'viving

(New =15 £ 0.3 at sin?2813=0)

2000 30

Reconstructed v energy (MeV)

—+4— Far hall

—— Near halls (weighted)

9901 observed
10530 expected

No oscillation
— Best Fit

10
Prompt energy (MeV)




The search for 013:

The T2K (Tokai to Kamloka) T

experiment

J-PARC: 30 GeV proton
beam, design power of
750 kW, max achieved
371 KW

L S o uper
:l'[: u t-u.-gr;:r%----. "jjll.-su-- h\_: ">

| awmonitor  INGRIDS

ﬂ 18 0

Vu9Ve
VH9VT

0.514" 5505 (N.H.)

== TIK RUNI-4 data
I Bt Ty, signal

[0 M Beckground compapem

Flummbier o v, candidate evenis

500 | G0

Recomsirucied neuiring energy {MeV)

sin’0,, =0.5147) H.
sin’0,, = 0.5117 0 00e (L.H.)
T2K: July 2013

conclusive observation of v,

appearance from a v, beam:

= 28 v, candidate events
observed

= background 4.64+0.53 events

7.5 o significance for non-zero 6,,

- Baseline 295km, 2.5° of f-axis beam tuned to
oscillation maximum, <E> ~ 0.6 GeV

- Search for/measure neutrino oscillations:

*  Measurement of 0,5 in appearance mode

¢ Dlsappear'ance mOde |mpr'ove measurement Of
923, Am 23 -2 is 923 mClXImClp

©,; measurement further

1mproved n 2015
> - :
éz —— Data
S =t —— Best fit
g ;f' —— No oscillation
o ME

102
£ | —Data 3
T T — BestFit H T 3
S 15 =
E 1 1[ ||| | |J|:_| J» I ‘E
5 ini== f
-3 ; T 3 =3 __

1 2 4
Reconstructed v Energy (GeV)

+ Most precise measurement of 855 (11%)
+ Phys.Rev.Left.112,181801 (2014)



The off-axis neutrino beam:

A very brigth idea to produce a tunable
intense and narrow-band beam at low

Far Detector
ener
gy (SuperK)

target/ H --------
Horn ST
p =116
LT .
proton on-axis
Decay volume

Given the pion decay kinematics at of f-axis

the relation between the pion momentum
and the neutrino energy saturates

The flux at low energy is narrow-band and
higher than the on-axis flux at the same
energy

The energy can be tuned to the first

/-

7] o

: (A 2.5 degres
o / [&4H % degrss= 30
TV <100 0T B PN I U A 0X Y1 TR T 0 PO A T T O N W N (v

2 4 6 Pr (GeVic

2
B Ffuxm( 2’; 1]
I @ =20 I+v'8
L 2.9% é‘ﬂ] AmZ,_ = 2.0~3.0x10%V?

[ Ev=0.48~0.72GeV |

Flux p o (arbitrary unit)

(GeV)

oscillation maximum E~0.6 GeV for 2.5°

> Most of the beam oscillates, very few vu CC
recorded: max disappearance

Small energy tail > low background from NC and v,
0.2% v, contamination and n° BG

ation Prob.

- max S/B ratio for v, search

Important to keep the beam direction stable to have the peak energy stable



off-axis angle

5X103  AmmPy

d 3.00 250 2.00
A | | |
VM 'sapperance 1,,;10-3 2;&10-3 : 3:4'103 4.‘4103
i i et gzr{ (1.5~3.9)x10%, \Dec. 2002
A : : | i ; K-1,L/E (1.9~3.0)x103, Apr. 2004
Off-axis angle fixed in 2007 i : L] 2K (1.8-3.6)10%, Nov. 5004
| . : : K-l (1.5~3.4)x102, iJan. 2005
; i | == MINOS (3.110.6)x10%, Mar. 2006
: : : 2K (1.9~3.5)x102, lJun. 2006
* measure Am2,, with 104 eV2error | Vol ',fhmés e 41"‘3.53},&1;2, Aug. 2006
. : | e 1 MINOS (2.38 030 )¥10°, Jul. 2007
« know if sin220,, = 1 (0.01 uncertainty) ; +: E,NDS {2_43,5?;";;?103, ,:avzm
| i - r':muos (2.3270:45 )10, Mar. 2011
2 e
ME —0.5m
v = H H _\""II__ = (PI'Bi—] i
M —E, + p,cosb )
No oscillation Am?= 2.5 x10-2 eV?
=400 |- ' CL
2 “r
S _ L non-QE “‘ s
=200 1 : .
2 - resolutlpn{
2 . i | |
100 , i
7 < | +T T
PR <
o 0.5 1 —1
rec. Ev (GeV) rec. Ev (GeV) 0 F
Systematic uncertainty dominated by
E/non-QE ratio (20% syst) which )
Q Q ( yst) 1-sm Zel

1000 2000

ey

Am?

affects the neutrino energy
reconstruction in SK

|
3000 4000

—>Near detector has a fundamental role in assessing this ratio



Matter effects and CP violation effects degeneracy

Matter effects d dependence mass hierarchy dependence
. 0.15 L L e e T |8 1 e e e LA S e B sy s
mimic CP L = 735 km L = 735 km
violation Sin’(260,,) = 0.15 Sin’(20,,) = 0.15
0.10 f_\.rr§2>0 -1 0.10 5=0 7]

Matter effect

- They have to —38=0 . —AmZ,>0 ]
be accurately 0.0s(ll If: —3=m2 - 0.05 —Amg, <0 .
measured and : —&=n ] ]
subtracted in : T

| | " | - I | | Nn T =
8 10 0:0% 2 3 6 8 10|

order to look for L Whitehead  NeUtrino Energy (GeV) Neutrino Energy (GeV)

CP

* Difference between neutrinos and antineutrinos:

A = P{yﬁ — I.—"@j] — PEEIJ — ECJ = Ple) — Pi&) _ __2.'16{:32::'35 0 {jqthn%:I_
7 ﬁrﬂ§1£| 3 o 2 il il - I

1&;’;‘.3-”%1,:'511[ 5 Cia8iab2a(1 — 28%3) L/E
/ sz dm2. L ; Mﬂ_!f er terms | ° PR TN 7N

—\d —J.:-'-I'Hi “ €12813833(1 — 2s73) T e _.

: g ) e 15t max T A

iE (34C13513C23823C12512 L5 o ond h
Pure CP-term — Amplitude increasing

linearly with L/E

= Larger CP asymmetry at second maximum, matter asymmetry dominating around the first
maximum, A lot of information is contained in the shape around the first and second maximum

—> Direct measurement of the energy dependence (L/E behavior) induced by matter effects and
CP-phase terms, independently for v and anti-v, by direct measurement of event spectrum



Addressing mass hierarchy with non accelerator experiments:

Matter effects in atmospheric neutrinos:
Study upward going neutrino flux in bins of energy
and cos(0)

-> Different patterns at low energy

e -
000 7 .. G50 el i |
=000 =000 -2000 o 000 4000 GOOC  EQQQ
diszanea in

Oscillations probabilities for NH and IH are similar for
neutrinos and antineutrinos - if the charge of the
muons is not measured the effect is diluted

However there are differences in fluxes and cross
sections for neutrinos and antineutrinos and a few %
effects can be still measured

Adaptation of the high energy neutrino observatories
Icecube and Antares at low energy - Pingu, Orca,
higher density of photomultiplier strings

Difficult measurement for flux modelling and detector
response to reach ~3c significance

P =enyli - Kormal Hisrarchy

Prv,=w 1 = Imvartad Hiamrcy

L bW B4 43 B3 2
e e

Prv, = - irmvarind Hararchy




Reactor experiments tuned on P —>7)=1-sin*20 {005226’ G 2Am13
solar oscillations wavelength B 12
AmZ2.,+ 0,, (JUNO —RENOS50)

2
L
+sin® 26, sin’ —cos' §,sin’ 26, sin %

e Daya Bay 'S

) AL
AE

“Acrylic tank: ©345m /] |

tank : ®37.5

Arbiiary uni

Near Site ~60 km ~180 km
1.2+ L rarsiie  JUNO KamLAND
P41 P TS 2P R S
" ## HRG ;\
[} ] f—
z 0.8 F |
& x 'Qavalmah River
ZO 0.6 O Bugey [
>»  Rovno f \
0.4+ ® Goesgen
A Krasnoyark nd
0.2 = O Palo Verde
B Chooz ® KamlLAND
0.0__i | 1 | |
10" 10° 10’ 10" 10°
Distance to Reactor (m)
— Enm;ilslalarl | Study of anti-nue disappearance exploiting the
—— Inverted huerurehy interference between the atmospheric and solar
terms
—> Shifted patterns in measured neutrino energy
spectrum
Requiring exceptional resolution and linearity
T :W (<1% precision) to reach ~3c significance

L/E kiMie)




Comparing T2K apperance results, as a function of 5 CP with
disappearance at reactors (insensitive to CP)

- Some hint in the direction of 6~ -1/2n (aka 3/2m)
Current T2K running in anti-neutrino mode

NOVA 14 kton finely segmented liquid scintillator experiment (65%
active mass) at 810 km from Fermilab, off-axis 0.84°
Run with neutrinos and anti-neutrinos ~2 GeV

Some complementarities to T2K:
Detector systematics: liquid scintilllator vs WC
Larger matter effects and different interplay among parameters

NOVA first results compatible with reactors, better agreement with NH
The combination of reactors+T2K+NOVA in the next years
may yield CP significance at the level of 2-3 &




The Water Cerenkov approach (extrapolation ~x25 of SK):

v Large water Cerenkov detector O(0.5 Mton), 140k 12” PMT

v" Low energy narrow beam (0.1-1 GeV) - just lepton reconstruction in QE events

v Short baseline (100-300 km) = no mass hierarchy determination (needs an
external input (atm. neutrinos, other experiments)

v' New beam needed ~1.2 MW

- Counting only experiment on neutrinos-antineutrinos asymmetry
= HyperKamiokande project in Japan
0.56 Mton, 99k PMT 20”, new beam from
JPARC (295 km) )

TotalVolume  0.99 Megaton

Beam neutrinos, Supernovae neutrinos, syl s
Fiducial Volume 0.56 Mton (0.056 Mton * |0 compartments)

SearCh for prOton decay QuterVolume 0.2 Megat:;l:un
% Seeklng for approval in 201 6_201 7, Photo-sensars 99,000 20"® PMTs for Inner Det.

. . (20% ph oto-cover age)
W|th eXpeCted Start 18] ~2025 EE.GGF g8"d PMTs for Quter -DE!T.._

T S A 7 =
Elietrizd Machizhes Ronen 50000 e =7

Hyper-K Overview

__ _'.';T"':‘l{‘
#:.};f.ni"'“_ arkivi1109.3262 [hep-ex]
ar¥i:1309.0184 [hep-ex]

arkiv:1412 4673 [hep-ax]

76% (58%) CP coverage 3c (50) if MH know
With 7.5 MW x 10E7 s exposure




Hyperk:

O Continuation Of Appearance Vmode V:v
measurements in l
sub-GeV region

Appearance V mode

I .
.

300

W

—
— Total

—— Signal vV, =V,
—— Signal v, —>Fe 250
—— Beam \"e+\"_e
—— Beam: V,+V,

—— Beam V_+V,_

200 —— Beam: V,+V,

Mostly « counting , 150
high statistics

experiment »

100

w
=]

< IIII|IIII|IIII|IIII|IIII|IIII|III

Number of events/50 MeV
Number of events/50 MeV ||

[=]

1 1 | 1 1 1 I's T 1 b —
0.4 0.6 0.8 1
Reconstructed Energy E (

1 ; ! !
02 04 0.6 08 1

MH to be known tO Reconstructed Energ

avoid a systematic HyperK 10 years a 750 kW

O Signal Wrang sign
Systematic uncertainties based on: (Vi—ve CC) | appearance
v T2K experience 3.016 28 |l 523
v WC ND 2,110 396 9 618

v’ study of atmospheric neutrinos control sample in FD

—
beam Velve
cantamination

vpivp CC

Uncertainty on the expected number of events at Hyper-K (%)

V mode  anti-vV mode (T2K 2014)

ve VU Ve VU Ve VU

Flux&€ND | _30 2.8 5.6 4.2 3l | 27 > total 3.3%
XSEC model | [~ 1.2\ .5 2.0 | .4 47\ 50 uncertainty
Far Det. +FSI|\, 0.7 o | 17 .1 37/ 5.0 on nue rate

Total 3 | 33 | 62 | 45 8 76




The Liquid Argon Time Projection Chamber (C. Rubbia 1977)

Homogeneous massive target and ionization Focussing optics.
detector -> electronic bubble chamber ionizing track
L

= 3D event reconstruction with ~1 mm resolution, surface readout 0 .
= High resolution calorimetry (electromagnetic and hadronic = sl N
= «— equipotential
ShOWGrS) ‘g curve
=Primary ionization in LAr: 1 m.i.p ~ 20000 e- on 3 mm ; 6f
= Detection of UV scintillation light in Argon (5000 photons/mm Z» N || tocussing s
@128 nm) to provide t = 0 signal of the event @ RS ‘Mﬁ S O\ soreening
. . . 3 %E E=5KVicm
|deal detector for neutrino oscillations, A hob o e e i miscionn
. > | S~  plane
supernovae neutrinos and proton decay — o bene
_uiﬂﬁ : collection wire
Scintillation Light == A

Distance across the wiro plane

AN~
|H ' lonizing track Non-destructive z = drift time

multiple readout Drift Field: 0.5-1 kV/em

// / 1t Induction with induction o L
wirefscreen grid planes Drift time:

&//// 2 |nduction wire 1.5ms/3m @1 kV/cm
grid (x view)
& E Collection wire —> drift requiring < 0.1 ppb O, equiv. impurities
n grid [y view) )




The LAr TPC as an electronic bubble chamber

» Large mass, homogeneous detector, low thresholds, exclusive final states
» Tracking + calorimetry (0.02 X0 sampling)
» Electron identification, ©0 rejection, particles identification with dE/dx

- Neutrino physics (electron identification, reconstruction of event kinematics,
identification of exclusive states, excellent E resolution from sub GeV to multi GeV)
- Supernovae neutrinos
- Proton decay search (large mass, particles identification)
p—v K*
K =pv,
U=V, Ve

1N

' b L e el R T * et gy |
=y 4

n° coherent
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The T600 prototype (2001)

ICARUS T600

Charge collection electrodes

_ Cathodes at -HV

—600

—400 —200 0

a) rock

b) hall B

¢) neutron shield

d) cables-electronics
e) platforms

f) insulation

200

h) container

i) gas phase Ar
j) inactive LAr
k) active LAr




Double-phase readout:

Long drift, high S/N: extraction of electrons from the liquid and multiplication with avalanches in
pure argon with micro-pattern detectors like LEM (Large Electron Multipliers)
Tunable gain (~20 minimum), two symmetric collection views, coupling to cold electronics

Anode 0V

80_— " resolution view D _I —0.4

resolution

LEM (1mm)
$ 2535 kV/cm

effective gain

- ™ resolution view 1 g
60— 03

7 gitective gain

40/

resolution ~8% for both ¥iews
20 x ’ A »
[ »- : S . e o o
R - R 3 3

LEM field [KV/cm]

X pitch=




View 0: Event display (run 14456, event 8044) View 1: Event display (run 14456, event 8044) D ou b I e_p h ase p rot Otyp es
“S/N=100 - SIN=100

-
- 80cm

measuring real data events
since 6 years with active
volumes from 3 to 250 liters:

amplitude (ADC counts)
amplitude (ADC counts)

.\-\{ i : > 15 millions of cosmic events
% B _ collected in stable conditions
: S/N~100 for m.i.p. achieved
) - starting from gain ~15
‘Collection “Collection
o S B R W Rl - < m° setup at CERN
starting operations at the
end of 2015
WA105 6x6x6 m?3 setup will
start data taking in 2018
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Literature:
NIM A617 (2010) p188-192 Max
NIM A641 (2011) p 48-57 )
JINST 7 (2012) P08026 achieved
JINST 8 (2013) P04012 gain ~200
JINST 9 (2014) P03017
JINST 10 (2015) P03017




LAGUNA-LBNO: (2 EU programs 2008-2014)
A very long baseline neutrino experiment: -
= Determination of neutrino mass hierarchy | gl o)
= Search for CP violation Norve »«';5_
= Proton decay G
= Atmospheric and supernovae neutrinos ; ',i?ﬁm;. “f:,i_
Hi !l?:ﬂ nnnnn .‘an') mmmmm . Protving
- AP !rciar ] ,(.. ﬁv Eslaru
» L/E shape, 1st and 2" max, v/anti-v asymmetry > R S
->Complementary approach to HK: RN e o e
CP measurable already with neutrinos B T O IS o
. CERN: 0 T won
Staged search for CP violation: o e 100 kanfrom RAL, 1500 wm rom
LBNO Phase I: T e T - =

20 kton double phase LAr TPC, na—

SPS beam 750 kW, 1.5E20 pot/year Far liquid Argon detector

75% nu, 25% antinu S R et #Double phase LAr LEM

-~ unambiguous mass hierarchy o : G i o
determination (>5c) = "  Phys.Cont Ser. 1
(median in 2 years, guaranteed in 5 years)

- 71% (20%) CP coverage at 90% (3c), <10
years

L Phys Conf Ser. 171 {2005
OLI0Z0, MiKt A 641 {2011)
| AB-57, IINST 7 12012) POBD2G]

ligguix} mrgon
varuama skl

Dresign based o

LBNO Phase ll: N = s i' it : I_ Extensive experience
20+50 kton detectors, 2MW HP-PS =4 with smaller scale

devices

Bt ol Bk B gl



LBNO 50 kton Signal feed-

through

Hanging feed-

.:- n—,q:r - "::‘-. .‘_.-r-_ ‘f’;:- _,r' — '.r"a' -”':— - — _._ :
— P} | e . b hirough for field
. 1 T, L P “},;"_\_‘:‘_"ﬁ:_-.a— Traf‘..b:,_' = P, t g
Drift 20 m - iy i il b e ﬁT?:’gA T SR shaping rings
Cathode span 47 m W e !;5!' E Eﬂﬂl i support

i

NZSn ‘::_’r‘”
573444 channels | i ?l'i%bhp é! ; T:{ g I
Active mass 51.3 all and | SRS é!?bllr.lf | 487 |33
kton b AR Y hanging feed-
----- e e U - through for
o g o ol charge readout
plane levelling

— rcathode

Advantages of double-phase design:
Anode with 2 collection (X, Y) views (no induction views), no ambiguities
Readout strips pitch 3.125 mm, 3 m length

Tunable gain in gas phase (20-100), high S/N ratio for m.i.p. > 100, <100 KeV
threshold, min. purity requirement 3ms - operative margins vs purity, noise
Long drift projective geometry: reduced number of readout channels

No materials in the active volume

Accessible and replaceable cryogenic FE electronics, high bandwidth low cost
external uTCA digital electronics



The LBNO-DEMO/WA105 experiment at CERN WA 105 ==

Whicro TCA crate | 12)

il o s - 1/20 of 20 kton LBNO detector

{- J008 - GODEY - 1 MEV)

s gt - 6x6x6m?3 active volume, 300 ton , 7680 readout

Ay channels, LAr TPC (double phase+2-D collection
anode): DLAr

, Exposure to charged hadrons, muons and electrons
Rainforced concrate ! g beams (0.5-20(10) GeVic)

oufer vessel

GEPE. Mhywond

PR o i Full-scale demonstrator of all innovative LAGUNA-
| 5 LBNO technologies for a large LAr detector:

LNG tank construction technique (with non
evacuated vessel)
Purification system
Long drift
HV system 300-600 KV, large hanging field cage
Large area double-phase charge readout
Accessible FE and cheap readout electronics
Long term stability of UV light readout

and barrisr

[evacuated PE]

l Assess performance in reconstructing hadronic
showers (most demanding task in neutrino
interactions):
= Measurements in hadronic and electromagnetic

calorimetry and PID performance
= Full-scale software development, simulation and
reconstruction to be validated and improved

Installation in the CERN NA EHN1 extension, data taking in 2018
- Fundamental step for the construction of a large LAr detector




4.7 m

The 3x1x1 Vessel

Tank outer structure: completed

Panels installation: completed
August 9t 2015

TOP cap closure: November 2015

Gas purity measurement:
December 2015

Top cap

3x1x1 m* detector

tank outer structure




The Liquid Argon approach:

= Main option in LAGUNA-LBNO:

v' Liquid argon TPC O(20kton)

v High energy (>1 GeV) beam, all final states accessible

- L/E pattern and second oscillation maximum

v Long baseline (>1000 km) = mass hierarchy measurement (2300km for LBNO)

= LBNE project in USA

- First phase 2022 (~900 M$):

700 kW beam from FNAL to Homestake, ‘ | o= -
1300 km - limited matter effects Yo TImEhF:::;;m
10 kton LAr far detector on surface

no near detector

LBNE 10 kt
+ T2K + NOvA

(= marginal outcome of Phase [)

= Sensitivity from only first oscillation max.
LBNE 10 kt
= Needs very small syst. errors. + 72K + NOvA
USCP-"ITC
Further stages: underground far detector

c Can resolve MH with > 5/40 for 50% /all ., combined
35 kton, 2.3 MW beam (Project X) = /21l e
Can resolve CPV with > 3o for 45% 6., combined




LBNO physics strategy

Select a very long baseline (2300km and optimized site for installation) to explore
the L/E pattern predicted by the 3 flavor mixing mechanism over the 1st and 2"
max.

Staged experiment adjusting the beam and detector mass on the bases of the
findings of the first phase, most efficient use of resources:

Phase | (LBNO20)
24 kton DLAR + SPS beam (700 kW, 400 GeV/c), 15E20 pot, 25% antinu
Guaranteed 5¢ MH determination + 46% CP coverage at 3c + proton decay +
astroparticle physics

Phase Il (LBNO70)
70 kton DLAR + HPPS beam (2 MW, 50 GeV/c) 30E21 pot, 25% antinu or
Protvino beam, 80% (65%) CP coverage at 3c (50) + proton decay +
astroparticle physics

Complementarity to HyperK (numu vs anti-numu at first max, 300 km) - L/E
dependence at 2300 km, 25% antinumu. matter effects

L/E pattern measurement releases requirements on systematic errors related to
the rate normalization at the first maximum

62

- Guarantee MH at 5c and incremental CP coverage satisfying the P5 requirements
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CERN-Pyhasalmi: spectral information vy—ve
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Power vs exposure for all values of &, (shaded bands) arxiv: 1313 6520 MH determination:
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v. Appearance: CP Violation M. Bass
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Merging on LBNO and LBNE in an international LBL program hosted in the USA based on the
“LHC model”
* 40 kton LAr target at 1300 km from FNAL at the Homestake mine (LBNO experience on
double-phase to achieve large mass), high precision near detector
« 1.2 MW (upgradeable to 2.4 MW) and neutrino beam with second max optimization a la LBNO
- Start of beam operations expected in 2026

Overall Experimental Layout (\

NEUTRINO

Sanfaord
Underground Fermilalk
Regssarch .

I HEUTRING
PARTICLE PRI ITION

‘\

Wide band, high purity 17, beam with peak flux
at 2.5 GeV operating at —~1.2 MW and upgradeable

high precision
near detector

four identical cryostats deep underground
staged approach to four independent 10 kt LAr detector modules
Single-phase and double-phase readout under consideration




DUNE 40-kton Far Detector Underground Layout

Each Cryostat holds 17.1kt LAr

Free standing steel s

supported membrane Cryostat 2 \
cryostat design e \
* CERN-FNAL design team Cryostat 1 — .

y
T A
Central utility cavern = - \ —— L

A 3: = f.';‘:ﬁ:ﬂ: Cryostat 4

3 F
e i P

™ al

‘ ,3‘ : u‘-___'_',';'; Cryostat 3

Central Utility Cavern holds Cold boxes,
LN2 dewars, booster compressors, LAr/GAr filters

Approval of final underground cavern design (CD3a) late 2015 /early
2016. Excavation starts in 2017.




A large R&D and engineering supporting program, the first 10 kton module has to start
installation on a very tight schedule on 2021 and it will be in single-phase.

Double-phase technology important to support the achievement of 40 kton mass

Fermilab SBN and CERN neutrino platform provide a
strong LArTPC development and prototyping program

Single-Phase 35t prototype DUNE 5P . @ CERN

==

it : DUNE Reference Design
iy, ICARUS . i B e -
- Sy " B, - - — == -

WAT05

NOMAD-like near detector, control of systematics, high
precision neutrino physics measurements 0(100 M)
neutrino interactions




Optiimized beam focusing design based on a genetic algorithm a la LBNO to define the
all parameters of the horns geometry

Optimized focusing design obtained from genetic algorithim:

1300 km Muon Neutrino Flux in G4ALENE/N2
Normal MH

. 1 1 Reference Design

- tigp = -mf2 i d Cptimized Design

- bge=0 I - Thresa Horn Design (0.5 m)
at Threa Horn Dasign (2.0 m)

Three Horn Design (4.0 m)

Threa Horn Design (8.0 m)

figp = +ni2

— ., =0 (solar term)

Flut fu, £ o { Gl 107 POT)

1
Neutrino Energy (GeV)

=




DUNE MH Sensitivity

§ Normal Hierarchy
sin“2e,, = 0.085
sin’8,, = 0.45

200 400 €00 800 1000 1200 1400
Exposure (kt-MW-years)

Reference beam

DUNE CPV Sensitivity

Normal Hierarchy C P
10 sin’28,, = 0.085
[ sin’f,, = 0.45

0 200 400 €00 800 1000 1200 1400
Exposure (kt-MW-years)

- CDR Reference Design
-
% Optimized Design

400 600 800 1000 1200 1400
Exposure (kt-MW-years)

- CDR Reference Design
% Optimized Design
b

200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)

Effect of beam optimization:
exposure time to reach a certain
significance

Bands for different values of:

= MH probability to reach a
certain significance

» Fraction of CP coverage

- Optimisation process being
further pursued in DUNE
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Mass Hierarchy Sensitivity

DUNE MH Sensitivity

Mormal Hisrarchy
sin“26,;= 0.085

—-= 8intH,, = 0.38
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Sensitivity on octant definition

Octant Sensltlvity

true 8, [7]

CP sensitivity:
>3 (5) o for 75% (50%)
of delta values

CP coverage at 50%:

810 kton*MW™*yr (reference
beam) - 8.4 years with 40
kton at 2.4 MW

550 kton*MW*yr exposure
(optimised beam) = 5.7
years with 40 kton at 2.4
MW

C E :::::Eﬂr:“' Hormal Herarery Physics milestone Exposure kt - MW - year Exposure kt - MW - year
=T 5] st (reference beam) (optimized beam)
I 1% 623 resolution (6 = 42°) 70 45
o CPV at 30 (ti{:-]u = —l—_.}] 70 60
- CPV at 30 (dcp = —7/2) 160 100
w— CPV at 5o (dcp = +7/2) 280 210
B 55  MH at 50 (worst point) 400 230
B 10° resolution (dcp = 0) 450 290
n TCPV at 50 (bep = —7/2) 525 320
C CPV at 50 50% of écp 810 550
= 32 Reactor #;3 resolution 1200 850
C (sin? 26,5 = 0.084 = 0.003)
T CPV at 30 75% of écp




Conclusions:

The study of neutrinos provides fundamental information in particle physics,
astrophysics and cosmology. They are a window on the physics beyond the SM.
Unfortunately there are a lot of things | did not have time to mention in this lecture

Experimental neutrino physics is a challenging field with a large variety of techniques
requiring a lot of imagination at the level of the detectors and neutrino sources

The history since the start of the Davis experiment in 1968 has shown many
surprises. New ones may still be possible and there are still anomalies and aspects
to be clarified

The study of CP violation in the neutrino sector is now accessible and it is at the
core of an unprecedented international effort among Europe and USA

A last « anthropic-like » consideration ;-)

Although neutrino measurements are not easy Nature has been kind to us so far:
somehow we have been lucky that the Am? among the 3 mass states are such that the
related solar and atmospheric oscillations are accessible with experimental means on
earth ! We have been lucky that the large mixing angle solution is the one for solar
neutrinos and again that 6,5 is large and just below the CHOOZ limit.

Maybe this will happen again with CP violation ....




