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« 3-flavour oscillation resonance

in Earth for EV ~ 3 _ 10 GeV 1 . : - : : Fig. by D. Stransky, ECAP
usable to determine sign of cos(6,) = - 0.6
AM?2 08 NH IH
. ‘ - Am?, = (2,50, 2.50)
Zo6@lEE Y v FAN L Ve e AmZ = (2.35, 2.35)
T C oAM= (2.42,2.27)
« Unequal fluxes and cross- Z 04 A2, = (2388, 2.312)
sections of atmospheric
0.2

neutrinos and anti-neutrinos
result in percent-level
differences in count rates.
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Earth Model - colors show density in kg/dmA3

* Measure zenith angle and energy of
upgoing atmospheric GeV-scale neutrinos
precisely, identify and count muon and
electron channel events.
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« Improve precision on measurement of
AM? and ©
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KM3NGT- Fr: ORCA Site - FOR ASTROPARTICLE
b\ 24

The KM3NeT Collaboration
38 institutes
3 installation sites

\ KM3NeTl-Gr
- km3net.org - . ~ KM3NeT-It
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Phase-1 milestones reached in 12/ 2014

Cable deployed
/

First ARCA-style string
integrated at Nikhef in

Amsterdam v

Moved to Marseille and
validated at CPPM ¢/

Ready for deployment in
spring 20135!
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Detector design

Resonance signature below 20 GeV
requires dense detector

Use technology identical to KM3NeT/ARCA 100+

ORCA =1 KM3NeT building block 50:

* 115 strings

« 2070 DOMSs, 18 per string E,

» Cost estimate: 40 M€ >t
-50

Optimization parameters under study: I
« String distance: ~20 m 100

« DOM vertical spacing: 6 - 12 m

100 m radius, 100 - 200 m height,
i.e. ~1-2% volume of
KM3NeT/ARCA building block with
same overall photocathode area!
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- KM3NeT/ORCA Preliminary
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Monte-Carlo simulations

Based on GENIE and GEANT4
,Bartol“ atmospheric neutrino flux model, energy range: 1 — 30 GeV

MUPAGE atmospheric muon generator
Comp. Phys. Comm. 179 (2008) 12:915

Optical background: 5 — 10 kHz per PMT, 500 Hz 2-fold coincidence rate
7-8kHz from PPM-DOM, Eur. Phys. J. C (2014) 74:3056

Can
Detector info /
S : Particle 300-560m
tracking (€ > 4200 - 6 m

40m  gpacing!
Light & hits from Scattering A ~50m

Absorption A ~60m
. @ 450 nm

214 m

particles

~~ Cherenkov
~ = 'light
= generation

Instrumented
volume

40K Background
hits

Reconstruction
code

Detector depth: 2475 m
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Event classes

credit: J. Tiffenberg, NUSKY 11

Charged Current
v e
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nucleon hadronic jet
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high energy

nucleon
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hadronic jet

nucleon hadronic jet
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Neutral Current

Y vV

nucleon hadronic jet

Vy

N

\ elecron ) .. high energy
hadronic‘ %( hadronic\ ‘‘‘‘‘ }.1 hadron& hadronic‘ \)x
jet Eﬁ jet e jet jeto W .
shower-like track-like shower-like shower-like

(17% track-like, T = p)
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Event classes

credit: J. Tiffenberg, NUSKY 11

Charged Current

nucleon

Neutral Current

V. T Y vV

hadronic jet nucleon hadronic jet nucleon hadronic jet nucleon hadronic jet
\)e \)l-l \)T \)X
high energy
electron high energy
hadronic‘ hadronic§ ™ }-1 hadron& hadronic \)X
jet & jet E T jet jeto M
shower-like track-like shower-like shower-like

(17% track-like, T = p)
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Water preserves

Cherenkov cone . .

Electron neutrino charged-current event

Simulated V. °¢ event with E, =10 GeV and y=0.5

| 10 GeV y=0.5 e1v3 in water at 20m | | 10 GeV y=0.5 e1v3 in water at 50m |
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Shower reconstruction algorithm 1]

1. Vertex reconstruction

 lterative maximum likelihood fit using time residuals

2. Energy and direction reconstruction

« Maximum likelihood fit using probability tables from MC
for neutrino energy, reaction inelasticity, emission
angle, DOM orientation and distance from vertex

Gedﬁ’

\\ ‘
6\5\% e’ - B
-
-
-

< 63 OM direction

shower (E, y)
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Median Direction Resolution [deg]
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V.CC : direction resolution
“ | 4

* Reconstruction finds the electron direction
in electron (anti-)neutrino charged-current events

« Anti-neutrino events have lower average inelasticity
—> better angular resolution

B = 301
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Resolution onv Zenith [deg]
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: zenith angle resolution

90 -
- KM3NeT/ORCA
80:__ - -
- Preliminary
3 AP 10°
705 V and V
60—
50 ian electron neutrino zenith
- i 10°
a0F- Esolutlon 5 to 10 degrees! i
é - =
30— . =
- — 10
20— E
105— E
% 5 10 15 20 25 30" 1

True Neutrino Energy [GeV]

Th. Eberl: ORCA, XVI International Workshop on Neutrino Telescopes, 6.3.2015 13



V.©C : energy resolution

450
400

#Events

350
300

o/E ~ 24% -

@

0

7/ <E, <8GeV.

7.0<Enu<8.0

Vv

7.0<Enu<8.0
Entries 6555
Mean -0.1767
RMS 1.861
¥2/ ndf 21.62/20
norm 433.4:74
mean  -0.1912+ 0.0271
sigma 1.771+ 0.027

7.0<Enu<8.0

500

#Events

400
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4 6
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Mean 0.3312
RMS 1.676
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V,.©C : sensitivity to reaction inelasticity é\\>“.~
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Not yet used in sensitivity study.
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Vv CC : effective volume

* instrumented volume;

» plateau for Bartol flux:

~3.7M m?3

~2.8M m3

* 90% of plateau reached at E = 6 GeV

Effective Volume [MmA3]
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Vv .©C : towards detector layout optimization

« Vertical DOM spacings:

Direction resolution

N
o

Median Direction Resolution [deg]
&

-
o
T L

o
T L

ol

r KM3NeT/ORCA preliminary

8 deg

1

“+12m
#+9m

|

10

Energy resolution
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6m, 9m, 12m
* Average inter-line distance unchanged: 20m

Scaled effective volume
(using 6m simulations and masking,
scaling up to same number of DOMSs)

C KM3NeT/ORCA preliminar
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Event classes

credit: J. Tiffenberg, NUSKY 11

Charged Current

nucleon hadronic jet
\)e
high energy
electron

hadronic‘
"k

nucleon

Vv,

hadronic <M

jet E T

nucleon hadronic jet
\)r
high energy
hadron&
jet

Neutral Current

Y vV

nucleon hadronic jet
\)x
hadronic UV
jeto T

shower-like

track-like

shower-like

(17% track-like, T = p)
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Resolution on Muon Zenith (°)

Resolution on Neutrino Zenith (°)
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Vv CC : zenith angle resolution !
w “" PHYSICS
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Fractional Energy Resolution

V€ : energy resolution

'V KM3NeT/ORCA Preliminary
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VMCC: effective mass

Effective Mass for v,

N
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Height
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... using a cut on the track reconstruction pseudo-vertex
of misreconstructed muons

Instrumented

volume

KM3NeT/ORCA Preliminary KM3NeT/ORCA Preliminary

E100
N 80
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-100 0
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o
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R [m] R [m]
Radial distance Radial distance
Atmospheric muons Upgoing atmospheric neutrinos
misreconstructed as upgoing E, <20 GeV
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Atmospheric muon rejection
. I: » PHYSICS

* Boosted Decision Tree (BDT) machine-learning algorithm.

» Trained on pseudovertex position,
track quality parameters and reconstructed zenith angle.

KM3NeT/ORCA Preliminary
—10"% ¢ .
T S : : Atm. Muons, 5 kHz noise
Z10°F o ] |
Q = Neutrinos (< 20 GeV)
S 108 é_ ................................. | SR 1:0 kHz noise
s F |
L%) 10’ e [
0% e | o
108 frorr ' B
10% e o o |
= 1% contamination
10% g o e [
= | s |
all events upgoing radius BDT and A
v, ¢ efficiency: 60% @ muon contamination: 1%

Th. Eberl: ORCA, XVI International Workshop on Neutrino Telescopes, 6.3.2015 23



Fraction of correctly classified
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0.4

0.2
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Event class identification

e Discrimination between 2 classes of events:
track-like (v,°¢) and shower-like ( VN, v ,°¢)

« Classification using ,Random Decision Forest” machine-learning
algorithm.

« Discrimination mainly due to event reconstruction observables.

Probability to classify as track-like

a 1

0.9F-

0.8F-

- 0.7F

80 to 90% correct [ e 0S¢

B ---- numu E 0.4

- event topology T numane , 2

i H Y o H == nue E 0.35‘

- identification oeco s =

B nueNG ] 0.2

- — anueNC H -

-KM3NIeT/ORCA|\ prelimin?ry | | § 0.1/ -

5 40 15 20 25 30 OF e L
Neutrino Energy [GeV] 0 5 10 15 20 25 30

Energy [GeV]

Th. Eberl: ORCA, XVI International Workshop on Neutrino Telescopes, 6.3.2015 24



Sensitivity calculation ‘\\ ~ AN

. I " PHYSICS

« Mass hierarchy hypothesis test employing likelihood ratio

 Likelihood fitting of AM?, 8., and flux normalization

* Pseudo-experiments use

atmospheric neutrino flux (Frejus)

neutrino cross sections (GENIE)

fixed set of oscillation parameters, 6.p= 0

3-flavour earth matter oscillations (checked against GLOBES)
track vs shower event classification

full MC detector efficiency / resolution response matrices
including misidentified and NC events

atmospheric muon contamination in track channel
neutral current event contamination

Th. Eberl: ORCA, XVI International Workshop on Neutrino Telescopes, 6.3.2015 25



Sensitivity to neutrino mass hierarchy A\ ~§§§}:§%8§&‘¥."c‘u

KM3NeT/ORCA sensitivity (PRELIMINARY Feb 2015)
4

35}
3}
25 |
o |

1.5} | : | :
1} NH (3 parameters fitted)
IH (38 parameters fitted)

0.5 NH (no parameters fitted) -
|  IH (no parameters fitted) -

0 0.5 1 1.5 2 2.5 3 3.5

Years of ORCA proposed detector operation
(115 strings, 18 DOMSs/string)

Median significance o

Th. Eberl: ORCA, XVI International Workshop on Neutrino Telescopes, 6.3.2015 26



ERLANGEN CENTRE

Sensitivity to neutrino mass hierarchy

KM3NeT/ORCA sensitivity (PRELIMINARY Feb 2015)
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(115 strings, 18 DOMs/string)
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Sensitivity to AM? ‘\\ ~ Tt

. I : PHYSICS

KM3NeT/ORCA AM? sensitivity (PRELIMINARY Feb 2015)
8

W2 S S
6 L

Precision in 10'5 eV2
N
X

0 0.5 1 1.5 2 2.5 3 3.5
Years of ORCA proposed detector operation
(115 strings, 18 DOMSs/string)
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Sensitivity to 0., ‘\\ ~ LS
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KM3NeT/ORCA 0,5 sensitivity (PRELIMINARY Feb 2015)
2

Current world average uncertalnty

e S o P TR R P R PP

—_
6]

o
o

Precision in degrees

0 0.5 1 1.5 2 2.5 3 3.5
Years of ORCA proposed detector operation
(115 strings, 18 DOMs/string)
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KM3NeT / ORCA milestones

A\ B
Wﬂm

12 /2014

mid 2015

AN

1 v end 2015

1 v end 2016
2.0 2017
2.0 2018

2.0 2020

NN

Gl
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Shore cable installation to KM3NeT-Fr site
(V4

Deployment test with ORCA-style string
First ORCA string integrated

6 strings deployed and operational
Start of construction

Start of continous operation

Construction completed
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KM3NeT / ORCA summary and outlook é}:};.}

 ORCA is part of KM3NeT 2.0.

« Event reconstruction performance promising.

« Some sensitivity to reaction inelasticity in
muon and electron channel

« Sensitivity study well advanced and encouraging:

* 30 median significance for NMH determination
In 3 years seems feasible.

 Relevant improvement on atmospheric oscillation
parameter precision in reach.

« Detector layout optimization and inclusion of additional
systematics in sensitivity study ongoing.

» First 6 strings financed and operational end 2016 at
KM3NeT-Fr site, completion of ORCA possible until 2020.

Th. Eberl: ORCA, XVI International Workshop on Neutrino Telescopes, 6.3.2015 31
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ORCA cost breakdown

Total additional costs for ORCA are estimated at 40 M€.

Included:

» procurement of components

« transport and deployment

» on-line computing / monitoring
« QA/QC

« contingency

Not included:
e scientists and technicians at member institutes
* meetings

* permanent data storage and offline computing

Th. Eberl: ORCA, XVI International Workshop on Neutrino Telescopes, 6.3.2015
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Sensitivity 2014 ‘\\ ~ Tt

‘}
N ORCA sensitivity (PRELIMINARY)
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Sensitivity study

Atmospheric Neutrino Fluxes
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Systematics for sensitivity study

w' PHYSICS
Effect Nuisance Parameter Default Constraint
Normalisation Rnorm 1 none
Mass difference AM? 2.43-1073 eV none
Mixing angle 013 9° 1°
Mixing angle 623 39° none
CP phase ocp 0 none
Energy slope €E 0 3%
Energy scale Ag 0 0.3 GeV
Angular slope Ecos & 0 1%
Angular scale Acos s 0 0.01
Asymmetry v/v e(v/v) 0 0.03
Asymmetry u/e e(u/e) 0 0.05
track/shower g(tr/ sh) 0 0.05
NC scale ENC 0 0.05
v, scale Ey, 0 0.05
o(E) scale Eo(E) 0 0.05
o(cos??) scale Eo(cos D) 0 0.05
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How does a neutrino telescope work? A\ ~ LR

 Neutrino interacts in the
(vicinity of the)
telescope

p—

8l

D-p—— 4 00

« Charged secondaries
cross the detector
volume and stimulate
Cherenkov emission

> ) —

« Light recorded by a
3D-array of photo-
sensors

V= o

|
|

* Density determines
energy threshold and
event reconstruction
capabilities
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Signal and Background ‘\\ ~E§k"§§%’3$§#¥ﬂ;‘u

. I " PHYSICS

« Signal: GeV-scale atmospheric
neutrinos from cosmic-ray P
iInteractions in the atmosphere

 Background: Atmospheric
muons from cosmic-ray
interactions in atmosphere
above neutrino telescope

 penetrate down to neutrino
telescope

« exceed neutrino event rate
by several orders of
magnitude

« Background: Light from K40
decays and bioluminescence in
sea water
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> ~100-200m

" Detection Unit : string

KM3NeT: optical module

« 17-inch glass sphere

« Segmented cathode area with
31 x 3-inch PMTs, 19 down, 12 up
« Light concentrator ring
« LED and piezo inside sphere for time and

position calibration

« Compass and tiltmeter inside sphere for
orientation calibration
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Deployment test
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Deployment of test string, 100 km off- NN
shore Sicily at -3500 m R
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V,.CC€: Time residual distribution

5 -
@ i = Distance:
i ? —10m
0.8 ---30m
L o e 70m Water preserves
i Cherenkov cone
- KM3NeT/ORCA
0.6/~ Preliminary
- S
04—
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920 30 40

Time Residual [ns]

Normalized to 1, fully contained events, 5kHz optical
background per PMT, distance PMT to vertex

Th. Eberl: ORCA, XVI International Workshop on Neutrino Telescopes, 6.3.2015 43



v, E (GeV)

v, E (GeV)
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Electron neutrino charged-current events

N
"";

Two different v, CC events with E, ~ 10 GeV and y = 0.5 in the upper and lower row.
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V,.©C : energy resolution for 5 kHz and 10 N
kHz optical background rates per PMT AL
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V,°C: fractional energy resolution

W' PHYSICS
. . |E1/ - Ereco|
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V.°C: median directional resolution

error bars: 15% and 85%
quantiles

neutrinos and anti-
neutrinos

Angle(nu,reco) [deg]

negligible differences
between 5 and 10 kHz
single PMT optical
background rates

40
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15

10

.r': 0 7 For ASTROPARTICLE

PHYSICS
-y
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Vv .©C: directional resolution
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VNC - direction resolution
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V,CC / VNC: relative energy resolution b
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V_CC: reconstructed reaction inelasticity
e “" PHYSICS
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Track reconstruction pseudovertex

Instrumented
volume

KM3NeT/ORCA Preliminary KM3NeT/ORCA Preliminary

10*

10°

10?

1 20055 a0 100 B0 00 H00 450 500
X [m]
Atmospheric muons Upgoing atmospheric neutrinos
misreconstructed as upgoing E, <20 GeV
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Atmospheric muon rejection

Boosted Decision Tree machine-

learning algorithm.

Trained on pseudovertex position,

track quality parameters and
reconstructed zenith angle.
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KM3NeT/ORCA Preliminary
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Atmospheric muon rejection
. Il > PHYSICS
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The 3-flavour neutrino oscillation picture %’

Neutrino flavour and mass eigenstates are not the same:

3
[mass] —  |v;) = Y Uialva) < I[flavour]
a=1

Mixing matrix parameterisation (neglecting Majorana phases):

1 0 0 c13 0 8136_2.(S ci1o s1o O
Upnms = |0 c23  s23]- o 1 O |-|—s12 c12 O
0 —s9o3 23 —813625 0 c13 0 0O 1

with Sij = Sin 01] and cjj = COS 91] and CP violating phase 0
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The 3-flavour neutrino oscillation picture %’

* Neutrino oscillation parameters known to fair precision
(PDG 2014, best fit for normal hierarchy):

Am3, =754 x107°eV?; |AM?| =2.43 x 1077 eV?
sin® @15 = 0.31; sin®6s3 = 0.44: sin® 63 = 0.02

 Unknowns:
 Absolute neutrino mass

« CP violating phase &
« Sign of AM?, i.e. the neutrino mass hierarchy
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The neutrino mass hierarchy A\ ~§§5§7§z¢,ssm
U

* Mass hierarchy determined by unknown sign of AMZ

i 77'1% I [/, [Zppemm— B o m%
Vi— e - m%
A M2 normal inverted
— hierarchy hierarchy 2
(NH) (IH) — —-AM
m% —— 1/2
Tﬂ% ——— I 1/1 1/3 Ny =~ —p— ’I'TL% —

« Fundamental parameter of particle physics, knowledge crucial e.g ...
—> to reduce uncertainty for measurements of §.p violation.
—> to define scope for future neutrinoless double beta decay searches.
—> to determine absolute neutrino mass scale from cosmology.
—> to help a detailed understanding of core-collapse supernovae.
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Neutrino oscillations and mass hierarchy é\\>7)

Neutrino propagation in matter different for Ve and Vu,r :

Ve€  — Ve€  aNnNd Tee  — Vee via W and Z exchange
vure — vyre and v, e — Uy re” via Z exchange only
Result: Modification of flavour oscillation patterns!
Mikheyev-Smirnov-Wolfenstein effect (MSW effect)

dominant cause of solar neutrino oscillations,
allowed to determine sign of Am2,.
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Neutrino oscillations and mass hierarchy é\\>“n.

3-Flavour transition probability in matter:

Am
Ps, (Ve — v,) = sin® a3 - sin® 2073 - sin” <4§ )

m
31

AM?\?
with sin” 207% = sin® 20,3 ( )

and AL} = \/(AM2 cos 2013 + A)? + (AM? sin 20,3)?

— —vV2GgN, for v and A =+V2GrN, for

Gr : Fermi constant NN, : electron density
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Neutrino oscillations and mass hierarchy é\\>7)

3-Flavour transition probability in matter:

Am
P, (ve = v,) = sin? fyg - sin? 2075 - sin? ( 4% )

m — /(AM?2cos 26,3 + A)2 + (AM?2sin 260,3)2
- resonance if A = AM?cos 26,5 for neutrinos in normal
and for anti-neutrinos in inverted hierarchy

- use effect to determine the sign of A M2
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Mass hierarchy and atmospheric neutrinos é\}* .

 Resonance energy in Earth matter:

Am3, cos 203 4.5 g/cm? Am3
EV s = 31 ~ 31 20
’ 2aGeN, oY ( P ) (2.4 <103 eV2> R

30
orroughly: E, ,..s & GeV
’ plg/cm?]

Earth Model - colors show density in kg/dm*3

6000

« GeV-scale atmospheric electron and &
muon neutrinos ideally suited. 2000[4

distance in km

- Earth density induces resonance for !
energies 3 2 10 GeV.

-4000

6000( |, ., Ll

-6000 4000 -2000 0 2000 4000 6000 8000
distance in km

after A.M. Dziewonski, D.L. Anderson, Phys. Earth Planet. Inter., 25 (1981) 297-356
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Normal hierarchy
Zenith angle (cos 0)

Inverted hierarchy

Zenith angle (cos 0)

vV, to V. oscillograms in matter

Vy— Ve

Annu. Rev. Nucl. Part. Sci. 2014. 64:343-62

%o 1 10 ’ 00 1 10
Neutrino energy (GeV) Neutrino energy (GeV)
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In neutrino telescopes: neutrinos and anti-neutrinos cannot be
distinguished, but percent-level net effect remains since:
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Mass hierarchy and atmospheric neutrinos

* neutrino and anti-neutrino cross-sections on the nucleon
different at relevant GeV energies: o(vN) = 2-0(VN)

> Annu. Rev. Nucl. Part. Sci. 2014. 64:343-62 7},

—— Hondaetal. (2011)

* Fluxes of electron / muon [ o s
neutrinos and anti-neutrinos |
from the atmosphere
are different.

v+
]
Vet 7V,

Neutrino flux ratios

,-;___- g.--'.’;

T Tmmeeallll

| I I ll | | I| | |
10~ 100 10'
E, (GeV)
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