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Neutrino Oscillations

m Weak Eigenstates are superposition of mass Eigenstates
Vo = Z (;ail/z'
)

Neutrino production Neutrino detection Equivalence to double
via CC interaction via CC interaction slit experience

>l > i

U Unobserved propagation W
of mass Eigenstates
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Neutrino flavour defined via charged leptons

Coherent sum Classic: incoherent sum
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Neutrino mixing and oscillations

Pontecorvo — Maki — Nakagawa - Sakata (PMNS) matrix
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Oscillation experiments

¢ Dlsappea rance - Sub-dominant term

due to small 6,5

P(Vﬂ — V,U) ~ 11— (Sin2(2913) Sin2(923) —

2
cos4(913) Sin2(2923) ) sin’ (Am L)

4F

AT T

One “dip” due to
the fixed baseline.

P(Voe — Vo)
P(Vg — Vg)

L/E (A.U.) E(A.U.)

Nunokawa, Parke, Valle, in “CP Violation and Neutrino Oscillations”,
Prog.Part.Nucl.Phys. 60 (2008) 338-402.



Resonance Effect in Matter

v, see additional potential due to W-exchange in v+e = v+e
scattering

lllustration for constant electron density n,
At resonant energy 0,; maximal
changes sign withn_ viav /v

changes sign with Am? = mass hierarchy !

sin 207 = sin(2043)/R : (Am3,)™ = Am3,/2[1 + A + R

053 = 03 : (Am%z )" = Amggﬁ’
6t = m/2 . (Am3)™ = Am3y/2[1 + A — R]
T = \/(:l — oS 2043 )2 + (sin 2913)2

A = 2V2Gpn.E/Am3,.



Oscillation experiments

* Appearance

P(V# — Ve) ~ l ' Patme—e(A32+6CP) + V Psol

X Fatm + Psol + 2 Pathsol (COS A32 COS 5CP + sin A32 sin 5CP)

/ .
m = sin(fa3) sin(26;3) sin(Ag1 — al)
A31 —al

2

A31

* v, >V, depends on:
— CP phase: 6p
— Mass hierarchy and matter effects
— Atmospheric parameters: sin?(6,;), Am?;,
— The smallest mixing angle: 6,,

Nunokawa, Parke, Valle, in “CP Violation and Neutrino Oscillations”,
Prog.Part.Nucl.Phys. 60 (2008) 338-402.



Possible mass pattern

Naming/Color convention

— Index 1, 2, 3 : increasing contribution of electron state

Matter effect in sun fixes m,>m,

No matter effects to measure Am,,% = sign unconstraint

2 schemes survive A

V3

m3 — /]

V)

V]—
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———— 2
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Current Status

NUFIT 3.1 (2017)
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Neutrino Masses

e Much smaller than other fermion masses
* Do neutrinos follow the mass/family rule?

Matter Generation
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Mixing matrix

e Structure of CKM and PMNS matrix very different

* Non-diagonal structure of PMNS-matrix not
understood

CKM PMNS

arXiv:1212.6374 12



Open Questions

* Neutrino Oscillation Experiments
— Is CP violated in the lepton sector : 6.5 ?
— Normal / inverted mass hierarchy ?

— Is 6,5 maximal ? If not : which octant ?

* Double Beta Decays

— Neutrinos : Dirac / Majorana particles ?

* Beta Decays / Cosmology

— Absolute Neutrino mass scale ?

13
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KM3NeT

KM3NeT is a research infrastructure with 2 main physics topics:

- The origin of cosmic neutrinos (high energy)
- Measurement of fundamental neutrino properties (low energy)
- Deep Sea Observatory (Oceanography, bioacoustics, bioluminescence, seismology)

J KM3NeT-HQ

The KM3NeT Research Infrastructure
3 Installation Sites in the Mediterranean

: KM3NeT-Data€Centre

Single Collaboration
Single Technology

Single Management , KM3NSTGr
§ b s KM3NBT It

. High-Energy
. (ARCA)

ARCA- Astroparticle Research with Cosmics in the Abyss
ORCA- Oscillation Research with Cosmics in the Abyss 15



KM3NeT Collaboration

Cities of KM3NeT

d Amsterda

12 Countries T J
N
>40 Institutes ot i 2

>220 Scientists

Tuebingen

Barcelona
[ ]
Valencia
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Granada

.Rabat Oujda @




SuperK

From MeV v to PeV v

/

Solar

.
\1 987 A
B

® AMANDA-II, unfolded

® Frejus
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Atmospheric

High energy neutrino:
Small cross-sections
Need large detectors
for wide energy range
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KM3NeT Building Block

-----
-------
[

String spacing 23 m
OM spacing 9m

Depth 2470 m
Instrumented 8 Mton
mass

'ARCA/ORCA
400
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3500 m
0.6*2 Gton
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KM3NeT Technology

!

Optical module
‘ Launcher vehicle

31 x3” PMTs

PMT HV

LED & piezo inside
FPGA readout

Photon counting
Directional information

rapid deployment

autonomous unfurling

recoverable

19



ORCA Status Main Cable, 2015

Phase 1: 7 string array at KM3NeT-France site
to demonstrate technology/detection
methods in the GeV range

Phase 2: Deploy 1 building block (115 strings)

Junction Box, Sept 2016
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Neutrino Signatures

ty

eutri
chargec
LA

atmospheric muon

A
L

or
lepto

N
S

/ \
muon neutrino, CC only all neutrino flavours, CC & NC

(track reconstruction) (shower reconstruction)



, cos(0)

Measuring Neutrmol\/lassHlerarch\Q

* Measure neutrino direction and energy

Search for oscillation patterns from matter effects

* Requires large statistics and good energy and direction*es“ﬂ_,

v, +V, (NH-IH)/ NH
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N Lol: ORCA Oscillations

KM3NeT 2.0 E
Letter of Intent g

KM3NeT 2.0: Letter of Intent
s http://dx.doi.org/10.1088/0954-3899/43/8/084001
J. Phys. G: Nucl. Part. Phys. 43 (2016) 084001
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N LOI: ORCA Oscillations

KM3NeT 2.0 E
Letter of Intent g

KM3NeT 2.0: Letter of Intent
& http://dx.doi.org/10.1088/0954-3899/43/8/084001
J. Phys. G: Nucl. Part. Phys. 43 (2016) 084001
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ORCA Post Lol - SuperNovae

Count coincidence signals on individual Optical Modules
Excess of DOMs where 6-10 PMTs fire together

10 MeV anti-nu e from core-collapse SN

>80% of all Galactic SN with single building block

— i
E = " Single DOM PMT coincidence rates (KM3NeT preliminary)
E 1 | £SN- 1 3e53erg 0.25 Elexp(-(a+1)E /E,) 3
© = X " “4an(10 kpc)’) 6 E. 100 ms Normalization ’*
- o v
10-" ;_D —e— K40
- o " Morca
2L
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- 8 -
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- p "
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104 29,1 ; |
= L] A P S
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25



v.-CC normalisation

ORCA Post Lol - Tau Appearance

* v_appearance tests PMNS unitarity
and BSM theories

* 30% deviations allowed by world data
« =3k v_CC events/year with full ORCA

e Rate constrained within =10% in 1 year

.1 L
1 2 3456 10 20 30 10°
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_ "I KM3NeT/ORCA Preliminary
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Deployment First Line 22/09/2017

https://www.youtube.com/watch?v=omIFkdCkbYk
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Early Muon bundle

Evt: id=40 run_id=2280 #hits=211 #mc_hits=0 #irks=0 #mc_trks=0
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ORCA1: Data vs MC

KM3NeT preliminary
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First Neutrino Analysis

1 month of data analysed
MC: (6 v, + 1atm. muon)
Data: 7/

Evt: id=3860 run_id=2609 #hits=87 #mc_hits=0 #trks=0 #mc_trks=0

250
el
200 )
150 o
100 ..
50— ' .
0 | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

—400 -200 0 200 400 600 800 1000
hit time(ns)
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2nd Line ready for deployment

Deployment of 4 lines planned around summer 2018
in a single sea operation

32
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Neutrino Beams

accelerate protons
Shoot them on a “thin” target
Focus positive/negative secondaries (pions, Kaons)

N

Send them into a decay tunnel (m—=>uv, K> uv)

Target Hall

Absorber

‘‘‘‘‘‘‘

34
DUNE CDR, arXiv:1606.09550



Longbaseline Projects 2000




Longbaseline Projects 2010




Longbaseline Projects 2017

ilab/— NOVA

st
B he295km




Longbaseline Projects 2030

No supported LBL project in Europe after end of LBNO
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Comparison of LBL Projects

* Energy versus baseline
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Comparison of LBL Projects

Main Signal : Appearance of v, : P(v,2v,)
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Match L and Ep

» Off-axis trick : use kinematic relation of decay m—=> v

* Narrow band beam €< - waste of beam intensity
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* Off-axis trick : narrow-band low energy
* Waste of beam intensity

Match L and Ep

NuMI off-axis event spectra
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T2K recent result

* Based on 28% of 7.8 10%! p.o.t. (2021)
* 89 v, -CCevents +7Vv_-CC (22kt)

* Extension planned 20 10% p.o.t. (2026)
— 1000 v_,-CC events + 70 v,-CC

T2K Run1-8 preliminary

43



NOVA 2018 result

e Based on 8.85 10%° p.o.t. (2018 — 1/2 of design)
* 35v_-CCsignal events (66 —21 bckg) (14kt)
e Currently running in v mode (shutdown 2024)
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Nova Future 2018 result

Possible result for release in Summer 2018
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DUNE

 On-Axis, 40kt LAr TPC + 1.2 MW beam
e First data 2024-2028 (?)(10 — 20 — 30 — 40 kt)
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P20 : Protvino to ORCA

Baseline 2588km ; beam inclination : 11.7° (cos0 = 0.2)
ORCA position : 42° 48" 16.28" N, 06° 01' 53.06" E
Deepest point 134km : 3.3 g/cm3

First oscillation maX|mum 5.1 GeV, matter maximum 3.8 GeV
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Protvino accelerator complex
(100 km South of Moscow)

Proton radiography U-70
70 GeVl I-100
2 —{100 MeV
1.5 km circumference U-1.5
-11.3 GeV
URAL -30
30 MeV
[svo ][Foos N [Hyeperion] [Radiobiology]
" ‘ ~_ \ Exp. Hall
- —— ;l_‘__* = \
bid.2a f'u 55 '; ')',

[sPIN] |[ISTRA+|| [RAMPEX (SPASCHARM)]

[ TNF-Atlas | |VES | [MIS-TEP |

1-turn fast extraction:

U-70 accelerator constructed in 1967 5 us spill every 9 s
Now operates at 8 - 15 kW for ~ 60 days / yr

Operated by NRC «Kurchatov Institute» — Institute for High Energy Physics (IHEP), Protvino
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Proton Accelerator Complex Protvino

Presentation S. lvanov (IHEP) on 22/11/2012 @ CERN 50



The OMEGA project proposal

« New high intensity linac | $ y Lu-400
and booster synchrotron ‘.ﬁ AD pulsed to UNK
o t ring
(3.5 GeV) SO\ 4]
. 1.1 MW proton beam g
« High-intensity spallation
neutron source LB neutind) YU-3.5
beam line 1-100
« 450 kW power at 70 GeV
using existing U-70 U-70 U-1.5
synchrotron medium-energ SR
hadron physics
. Along baseline neutrino <
high-energy =
beam hadron physics experimental hall
main gate I
Construction Beam to ORCA will be included
over 8 yr perimeter of technical site
(not yet N.E. Tyurin et al, Facility for intense hadron beams (letter of intent),
approved) News and Problems of Fundamental Physics 2 (9), 2010,

http://exwww.ihep.su/ihep/journal/I[HEP-2-2010.pdf
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Cost estimates
Table extracted from the OMEGA project Lol

N2 Object (milli:nofl:bles) (a!glFl)r%X)
1 Linac LU-400 7 200 180

2 RCPSU-3.5 10 100 250

3 Neutrino channel 1500 40

4 Near Neutrino Detector 1000
5 Neutron source (target station T1) 8 400 210

6 Neutron research set-ups 1500 40

7 Injection from U-3.5to U-70 800
8 Target stations T2 and T3 800 20

9 Infrastructure 700 17
10 Total 32 000 800

Usinc¢ 2013 exchange rate 40:1
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Staged Approach possible

* Stage 1
— Neutrino beam line to ORCA
— New ion injection scheme (H) : x3
— Double cycling frequency : 9s = 4.5s : x2
— Intensity : 90kW cost : 100 MEuro

* Stage 2
— New Linac LU-400
— New booster 3.5 GeV
— Intensity : 450kW cost : 500 MEuro

53



Possible location of the near beam detector
Bend of proton beam in: I - Sl
horizontal plane — 21.7° |
vertical plane —-11.8°

\ o A \

~ 90 m of 1.6 T magn. field &
——— Nely, e
DN

5

3| Beam dump % e v
s T et 4 BB ik dtl

! "f"t,';—'”- -

[T
Max. depth (with respect
BN to the beam level in U70): |
target hall — 8m
v g PO beam dump -32m
T near detector —60 m

’
v

" Al
._:_\‘
v *s —

.

- - .
J s

Near detector

-,
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Neutrino Flux

e Used for current study : IHEP
Protvino internal note 2015-5

* Designed for Beam to Gran
Sasso (2200km)

« Beam power  450kW -
4¢10%° p.o.t. per year

* Fermilab-Nova : 700kW —>
6210%° p.o.t. per year

Flux per [cm? 0.2GeV 4-10%pot]

Focus m* (Neutrino beam)
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Beam optimization (work in progress)

Baseline 2590 km
Lc:dec.pipe=;'1 20m
=1m

I
[
[

:dec.pipe

NuMu Flux /0.2GeV/cm?/4x10°pot

R =
10 12 14
Energy, GeV

\V]

—

o
o
N
(o))
(00)

« Red: two 3 m horns
as in arXiv:
1412.0804

» Blue: target shifted
towards the beam

« Black: target shifted
towards the beam +
horns moved
further away from
each other

|dea: choose the beam option which gives best sensitivity

to CP violation
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Effective Mass

After triggering, atmospheric muon rejection and containment cuts:

—
o

M, [Mton]

- N W s 01O N 0 W

(=}

* Energy threshold determined by DOM spacing
* 6 Mton@10 GeV
 50% Efficiency at 5 GeV

Events/yr (atm):

v,CC: 17,300
v,CC: 24,800
v.CC: 3,100
NC: 5,300
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Energy Resolutions

Shower Track

L I N '215,‘5\"[(;;\,3]'0 0 5 20 '2'5|'=“"[c;e'vsio
* Energy resolution better L
. 5008 3 KM3NeT 8.0<E,/GeV<10.0
than 30% in relevant range ot o

0.05 ;— Mean = 0.3

RMS =2.07

0.04}

e (Close to Gaussian

0.02F

0.01F
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o o o
LN * » B~ - B

Fraction of events classified as track
(e ]
[ )

Shower/Track Identification

Discrimination of track-like and shower-like events
via Random Decision Forest

Classified as track (9m Spacing) Classified as shower (9m Spacing)

R o T L

T T

08

06

04

0.2

.......

Fraction of events classified as shower

15 20 25 30 35 40
Neutrino energy [GeV] Neutrino energy [GeV]

=
of
—
=k
2
m.—
—
oF
—h
oF
(o]
of
nC
(3]
Wl
o
Wl
o,

At 10 GeV:
* 90% correct identification of v ‘¢
e 70% correct identification of VMCC
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Oscillation Probabilities  P(v,2v,)

Oscillation Probability

Y R S A B oy (;P= 0|

0.12_ 4O%Varlauon ........................ ......................... 80P _ 1802
.................................................................... b Bcp = 270

L 2590km

..........................................................................................................................................................

Normal hterarchy

LA
-

> 4 6 8 10 12 14 16 _18_ 20,
E, [GeV]



Event numbers — Neutrino Beam
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Event numbers — Neutrino Beam
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Modified Multi-Parameter fit

Combined fit of nuisance and oscillation parameters

Choice of nuisance parameters and priors inspired by LBNO study

No neutrino/anti-neutrino skew

No spectral index skew

No energy scale shift

6., 33.4° fix fix Normv,CC fromv CC fix fix
Am?[eV?] 7.5310>  fix fix Normv,CC 1 0.05 1
0., 8.42° 0.15° 8.42° Normv,CC 1 010 1
She 41.5° 1.3° 41.5° Norm NC 1 0.05 1
AM?[eV?] 2.44103 0.06 2.44103 PID 1 0.10 1

Ocp many no many
Only used for CP fits, not for NMH



NMH determination

 ORCA detector, 1 year neutrino beam
e Better than 50 for all combination of parameters

c [1 year]
= 3
I

-
o
L LR LA

N w S N (2] ~ (o] o
PPy rrr gy rrrrgrrrrgprrrryrrrnyrni
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o [3 years]

Sensitivity to Ocp

 Sensitivity of measuring non-zero CP-violation, i.e.
Op different from 0° AND 180°

e After 6 years non CP-violation excluded for 35% of

O.p values at about 30

"""""""" NH neutrino beam

N A A I

150 200 250

o [6 years]

"""""" NH neutrino beam

N . " A I

150 200 250



Comparison to DUNE CDR

 https://arxiv.org/abs/1601.05471
e CP violation after 3 years = ORCA comparable

/ 75% CP Violation Sensitivity

- DUNE Staging ——— CDR Reference Design
4.5F Normal Hierarchy - Optimized Design
C sin’20,, = 0.085

o [3 years]

4 sin,, = 0.45

3 years 350

"""""""" NH neutrino beam & B 3t
| s

nooE

© 2;_

1.5F

0.5 E—

11\

FEFEE BFEEEE BT A | I

50 100 150 200

250 300 350 % 2 4 6 8 10



Measurement of O,

o [3 years]

o [3 years]

3..‘,y.e‘a‘r,s ......... ........................ ....... 5~ 3:()?, ,,,,,,,
' CF;’
NH neutrlno beam
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o
o
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o
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o
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o
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Measurement of O,

* Time evolution for test point
* ORCA comparable to DUNE
 Differences : Stat [ORCA+] Syst [DUNE+]

W
(=]
T 11

SCono

S TG O T S

d.p resolution (degrees)

o DUNE T
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Where to go from here ?

* beam neutrinos <=2 atmospheric neutrinos
 Arrival direction known
* Background free due to short beam spill

* = new analysis chain to be developed
* Example : identify NC by “missing p;”
hadrons
Beam neutrino

miss
Pr

outgoing neutrino



M Track Identification improvement

Fraction of events classified as track

Assume that muons can be identified 100% above E,;,
Linear decrease of performance below E,;,

Classified as track (9m Spacing)

T IIIIIII'IllIIIIII]IIIIIIIIIIIIIII ll]]ll

2 . 30 35 40 ° 5 10 ‘“1I5”.l2‘0l”.2lSll“3I0”l‘3l5”..4O
Neutrino energy [GeV] E, [GeV]

2
o
=
»
S

o

Different behaviour of neutrino and anti-neutrino due
to difference in momentum transfer to hadronic system
(Bjorken-y)
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o [3 years]

Improvement in 0., determination

3V e,arrs ........ ...................... ...................... ...................... ................. ... O

NH. neutrmo beam - o

o [3 years]
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1} 1
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o
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0.0
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Comparison of Future projects

» Advantages / challenges are complementary

Baseline Detector Advantages Challenges
Energy

Dune 1300km Liquid Ar Resolution Technology
2.4 GeV 40 kton Particle ID Scalability

HyperK 295 km Pure Water Proven Cavern, phototube
0.6 GeV 0.3 Mton concept production

P20 2600km Sea Water  Low cost Particle ID

5 GeV 8 Mton High statistics
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Cross section

At 5 GeV dominated by deep-inelastic reactions
e Better known than quasi-elastic and resonant

1.2 -
Neutrino
@ MINERvVA 2017
1 A B miNeRvA 2016
| { T2k 2015
| & T2K 2014
0.8H
- X 12K 2013

4 ArgoNeuT 2012, 2014

o
o)
1

=)
@
?IIII e e s

ok SciBooNE 2011

o/E (10°%%cm2/GeV)

04 A minos 2000
/' NomaD 2008
7 JINR 1996
B /\ BNL1980
B V sxar1e70
0.3-_ X GGM 1979
B [] seBc 1979
B X ITEP 1979
0.25k

2 4 6 8 10 12 14 16 18 20 22

Neutrino energy (GeV)
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Cross section

* Below 3 GeV uncertainty explodes

Fractional Uncertainty

0.12 >0.1
: . EOtal cti del = L E?éils section model
T rosssectionmodel | ©w~+sAF 200 -
0-10_' — - - Normalization g 0.10 — - - Normalization
- i ngrgy scales 8 —_— Egiargy scales
0'08:' (Final State Interaction) 5 0'08:
0.06F % 0.06F
" 2 I
0.04:— 30.04:-___________
0.02F - o002k
'|||| I— J ll d-—r--;-l N g e D e
0.00 346 g 10127416 1862022 Q0B 546810121476 18 20 %2
Neutrino Energy (GeV) Neutrino Energy (GeV)

Minerva arXiv:1701.04857 "



April 27, 2017 The ICFA Neutrino Panel Final (revision 1)

Roadmap for the international, accelerator-based neutrino
programme

The ICFA Neutrino Panel

[106] C. Vallee, “Pacific Neutrinos: Towards a High Precision Measurement of CP Violation ?,” 2016.

http://inspirehep.net/record/1494807/files/arXiv:1610.08655.pdf.

4 . 3 . D eteCtO r Deve I O p m e nt [107] J. Brunner, “Counting Electrons to Probe the Neutrino Mass Hierarchy,” arXiv:1304.6230

[hep-ex].

4' 3'7 Deep sea mlﬂtl-l\legaton deteCtorS [108] KM3Net Collaboration, S. Adrian-Martinez et al., “Letter of intent for KM3NeT 2.0,” J. Phys. G43

no. 8, (2016) 084001, arXiv:1601.07459 [astro-ph.IM].

Physics goals

The concept for a detector that exploits a large volume of sea water to produce a multi-megaton-scale detector
illuminated by a powerful neutrino beam has been described in [106]. The KM3NeT collaboration is currently
validating second generation, compact, modular instrumentation that is suited for the detection in sea water
of neutrinos with energies of a few GeV [107, 108]. This technology would allow volumes of order tens of
Megatons to be instrumented. Such a large detector located at a sufficiently long baseline (> 2500 km to yield
a first oscillation maximum above ~ 5GeV) would have the potential to measure oscillation parameters with
high precision.

Opportunities for such programs would rely on the feasibility of a neutrino beam from, for example, Fermilab
to the existing infrastructures NEPTUNE and OOI offshore of British Columbia, which have been established
as deep-sea observatories; this project is referred to as the “Pacific Neutrinos™ project [106]. Alternatively, a
beam might be sent to the KM3NeT/ORCA detector that is being developed offshore of Toulon (see 6.1.4). To
assess the potential of such configurations, quantitative studies must be performed with an optimised detector
configuration. An in-situ validation of the technology with the ORCA detector should be carried out, prototypes
should be deployed in NEPTUNE/OOI and an investigation of the characteristics of the deep-sea candidate sites
should be carried out. 75



Conclusion

* Running ORCA in a neutrino beam is promising
* First high statistics long baseline experiment

* NMH determination better than 5o after 1 year
* Neutrino/anti-neutrino mode decided rom NMH

* No need to run both polarities !

* CP phase well measured after 3 years
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What next ?

* Project in transition phase : Crazy dream -2 real project

e Fruitful collaboration with IHEP Protvino established
* = Strong interest from Russian site

 Various funding requests for detailed performance
studies launched for 2018
 ANR / DFG
* Marie Curie fellowship
* ERC

* Final goal : Letter of Intent within ~2years
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P20 €2>KM3NeT

Relation to be defined

P20 supported in KM3Net by various groups
 CPPM (FR), APC (FR), NIKHEF (NL), ECAP (Dt)

Might become an independent collaboration

See Superk €—2>T2K

Seeking new collaborators

even groups which do

want to join KM3NeT (!)

Possible to make significant contributions

Super-ORCA
independent analysis chain
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Antares Optical Module Efficiencies

e After 7 years, 20% drop (blue : HV tuning)
* Long-term operation in deep sea possible

Relative OM Efficiency
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