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Introduction
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O(GeV) detector, KM3Net
ORCA

Dense compared to ARCA
68 000 PMTs.

0.004 km3 = 4 MegaTonnes
= 80x Super-Kamiokande.

very cool multi-directional detection
modules.
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Introduction

KM3NeT ORCAs goal: What is the Neutrino Mass Ordering
(NMO0)?

2
Amﬂﬂr\

':ggi I —— !
' S 1
Normal Ordering (NO) Inverted Ordering (10)

[Gomez-Cadenas et al, 2012]
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Introduction
Here are the parameters necessary to predict the oscillation
probability of a neutrino through matter:

Oscillation parameters

The number of electrons in the neutrino’s path

Energy of the neutrino

Flavor of the neutrino

Neutrino Mass Ordering (NMO)

o
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AL | Am3, + Ammz)L>
4 8E,
+some other terms
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Introduction

Atmospheric neutrinos can interact in water and create product
particles.

3-5 GeV v, Charged Current interaction products

K ——

=
S

=
Fo

rxo

Neutral current —
hadronic particles.

)

a

Charged current —
lepton + hadronic
particles

= 2o E R < o5oo o5 oo

=2

Others

107 1072 107 1
Portion of all tracks in file
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Image of Pyrosome courtesy of Jeff Milisen



https://www.marinelifephotography.com/marine/tunicates/pyrosoma-atlanticum.htm

%ﬂl









What do different particles
look like to ORCA?

-




Theplan

1. Create models of light signatures in ORCA from v
interaction product particles.

2. Use models for reconstruction of particle showers and v
events.
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Procedure

!

Monte Carlo sample of signal from energetic particles in ORCA
Create photo-electron Pattern PDFs (PEPPs) from sample for

each particle type.

The PEPP tells you the probability of obtaining a
p.e. given particle type and position in phase
space
"Ilt's basically an interpolation of our particle interaction modelling
In water" — me
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PEPPs Geometry

D (m)

~o Inwater, cos Ocper. == 0.75
for B ~ 1, explaining the

Sodpdon el ooz
“*® 5 For30 GeV electron, expect
30GeV Electron PEPP an EM shower of ~ 6 m.

PEPPs agree with theoretical expectations

>
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PEPPs Energy Dependence

Left (right): 2&&Y electron (proton)

10° 10°

D (m)

1

-1 -08 06 04 02 0 02 04 06 08 -1 -08 06 04 02 0 02 04 06 08 1

cos(n) cos(n)

Uniform increase of Features near Cherenkov angle
10 X Nparticles (note: log scale)
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PEPPs EM/Hadronic Comparison

protonPEPP
electronPEPP

7 50 £ 50
S 45 S
40% 10 4g§ 10
305 305
ﬂ:f 1 n:f 1
zci zci
1=§ 1=§
10F 10 10f 10
o . <Nyo> £ . <Nyo>
0405 0 62 04 08 02 1 L TR T T
cos(n) cos(n)
3 GeV: very different 30 GeV: similar — larger portion
of EM particles in hadronic

shower.
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PEPPs Geometry

20 GeV muonPEPP
2Gey |11UON 3GeV gectronPEPP
2 50¢ 10°
E%f
-
305
"Si 10
20
152
1c§
si Weight: )OM;%E,?::;T,V
T R Y, R s vy -1 -08 -06 0402 0 02 04 06 08 1
cos(n) cos(n)
Bulk of increase in very forward Strictly brighter than electron in
direction. front of Cherenkov angle.
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Preliminary Reconstruction of EM and Hadronic
Showers

L L

Ho(e), Free

£ R N R B |
4 7 10 13 16 20 25 35 50 80 120 180 2,5:0
s

o
!
i

Test statistic for single electron (EM
shower) and hadronic shower.

Top: 25 - 80 hit region shows promise
for 1o separation.

Bottorm: Projection along X for 25 - 35
hits.

Distinguish hadronic shower from
electron shower possible?

At higher energies,

EM shower ~ hadronic shower
— loss of distinguishing power.
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Conclusion

o KM3NeT ORCA aims at measuring the
Neutrino Mass Ordering.

o ldentifying the type of neutrinos and
secondary particles assists this goal.

o Produced models of various particles
which show their expected signals.

i I
-1 -08-06-0402 0 02 04 06 08 1
cos(n)

o The models can be put to use for
reconstruction of events in the detector,
including particle type. ]

Test Statstc
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Thank you for your attention!

Questions please.
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HO(e), Free
| M), Free L
4 7 10 13 16 20 25 35 50 80 120 180 2]?0
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Leftover slides
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Introduction

Certain extrasolar objects accelerate

particles to high energies, which are
called cosmic rays.

3

Cosmic rays collide with the Earth's
atmosphere and produce neutrinos.*

Atrmospheric neutrinos can travel
through the entire Earth virtually

unaffected, causing a ubiquitous flux

AP / A. Chantelauze
[Molerach and Roulet,

18][Honda et al, 1
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Introduction

Product particles from neutrino interactions
produce more particles in showers

EM S:hower

N, particles X E

Hadronic shower
X xlogk

Complicated!

aD\ag’am from [Engel, 2017]
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Introduction

Charged particles emit
Cherenkov light in water.

= T Response This light is emitted at an
S v o avetion| | °F angle #, and can be seen
S — S by Photomultiplier tubes
g 2 (PMT)®
6 20 €
= 10t é
lﬂg
10'i 0 200 300 400 500 600 700 800 900 IDO’:J
Alnm]
6D\agfam from [Alaeian, 2014] «O0> «Fr «Er» «E>» E WAX 2448



Motivation

~log,E(GeV) + 1.3 m

v&@e\ﬂ

4116@&&: n A;rgetic n

Current models lump all events into showers or tracks.

o Only large scale differences used
o Simplified energy scaling
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There is more stuff going on insidel
Can we exploit details?

— Create models of different
product particles.
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Procedure

x107°

0.2

Start off with simulated sample
of v-events in ORCA

Propagator
0.1

and hit simula-
tor is GEANT4 based KM3Sim
0.05
~ 250 M events
B e 0 50 100 150 °
X (m)
Top
view of simulated interaction vertices and
ORCA outline.
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PEPPs Geometry

3 GeV electrons

|
1 5
cos(n)

sl b b b
-1 -08 06 04 02 0 02 04 06 08

10 15 20 25 30 35 40 45 50

Native coordinates

R (m)
Cartesian transformation
Remember this because only native coordinates will be shown

from now on.
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PEPP Monte Carlo Simulations

Excellent match for
i

| *T»‘ I N@vems

! TOthe = Z Npe

O "
= :;x:z:::‘ ,u.»,—wwu Comparison of KM3Sim
o [ M}MW“ and PEPP MC, error bars
i e -1 1
o | ‘Wwﬁﬁ | and bands are for 0.
i

1 10
Epamcle [GeV]

PEPPs agree with original Monte Carlo simulation
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PEPPs Time Arrival

Discerning power in time dependence

ok . A -
9,02 ¢ Energy: 2.0 GeV 2 1 . Energy: 2.0 GeV
N ~ T
018 F
g £ -y \)/( F ooy
0.016F Sog-
£ %
0014 7" op
£ z |
0.012F 08
0.01— =
0.008 0.4
0.006/— L
0.004f— 0.2
0.002— L
S| ML T Lo Lot
o t = 12 14
At Nt=ty-t,
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PEPPs Time Arrival

Discerning power in time dependence

- Energy: 2.0 GeV "o 1 Energy: 2.0 GeV
_,:\0.017 ; gy % [ . ay.
= [ Z F
v VoL
L M
0.008/—-? So08-,
L AL
L Z‘1
L vor
0,006 0.6
0.004— 04—
0.002— 0.2~
ol A IR - == L
-4 -2 0 2 4 6 8 10 12 14 -4 -2 0 2 4 6 8 10 12 14
At=ty-t, At=ty-t,
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Reconstruction Single Shower

Direction electron

P(@) [deg’]

— Ho(e)

—— H2()
Free

—— Fixed time

= ¥ ~—— Fixed position

40 50 60
a [deg]

68% quantile a

w
]
T

Ho(e) Free

—— Ho(€) Fixed time

—— Ho(e) Fixed position

L 1
o
ok . M S
10 20 30 20 5 60
E [GeV]
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Reconstruction Single Shower

Energy electron

—~ =
Woie— —— Ho(e) g r
g —— H2(r) T
& 014 Free L
r —— Fixed time C
0.12f- —— Fixed position 05—
E Fixed direction r =
0.08F- o
0.06- [ .
E r HO(e), Free
E -05— H2(r), Free
004l F —— Ho(e), Fixed time
E t — H2(1t), Fixed time
r [ —— Hole), Fixed positipn
0.02 S —— H2(1t), Fixed positipn
[ b HO(e ). Fixed direction
E " L ‘ H2(rt), Fixed direcfion
A5 -1 05 05 1 15 1 10
AE E [GeV]
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Reconstruction Neutrino Event
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Reconstruction Neutrino Event
AFE for v,-CC (v,-NC) above (below)

HO(p). Spread time + direction

AE

H(p + €), Spread time + directi
—HO(p). Spread time + position
—H1(p +e), Spread time + positio
—Ho(p), Spread position
—Hi(p + ), Spread position

7N0(p) Spvead tim
Ho(e, Fullreconsifhcton
N /

\\

E [GeV]

HO(p), Spread time + direction

H1(p +€), Spread time + directi
—Ho(p), Spread time + position
—H(p + &), Spread time + positioy
—HO(p), Spread position
—H1(p+ ), Spread position

—HO(p), Spread time
HO(p), Full reconstruction

n

n
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Secondaries

Number of EM and Hadronic related hits

;Et‘j 70:_Jo|a| from v,-CC +
§ go Moo J[ﬁ ﬁHﬂ
g E &EM from v,-CC | Hﬂﬂ#ﬂt
%50:— Hadr. from v_-CC HNH
:% - EMfom v.cC H#H#Jru L
40 :_-Tmau from v,-NC . +++++ﬁ‘ t sh ooo:oo iy
B it ss 8P
.3 L
20l o PX
10—
KM3NeT Internal
o ‘é‘ - ‘1|0‘ - ‘1‘5‘ - ‘2|0‘ - ‘2|5‘ - ‘3‘0‘ - ‘3|5I - ‘40

E (GeV)
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Secondaries

Event dependent hit yield

o
2]
Joo T 1

<n. of source specific hits/tot. n. of hits>

(o)

L M;rzom v,-CC

%M 0, \ ) @
O.GTO EMfrom v, 0G5 g ooooo%%wocp&o % 0ocoo 8% 4 %"oo oO ooo
PR o 9g
- Total from v.-NC o e % i
- » * . sl %
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PDFs Time Arrival

Energy: 2.0 GeV

S
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PDFs Time Arrival

= F
C E 2 2.
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PDFs Time Arrival

Discerning power in time dependence

n F En
5%.02} e Energy: 2.0 GeV 2 1 Energy: 2.0 GeV
/\m E /\.,, L
018 2L
% £~y \é F ooy
0.016F sos-
£ %
0014 7" o
£ z |
0.012—r 08 _,
0.0 L
0.008 0.4
0.006/— L
0.004f— 0.2
0.002— L
Bl I I A I DU B B e e
M T I I TRET)

1
EDES
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[\, 4

Event level
(simulation level)

neutrino
(input)

interaction
(generator)

product
(generator)

propagation

(KM3Sim)

detector
(JTE)

event type

Gl i pmiatin

| multiplicity | | E product particies | |pr0ducl particle type | | LT |
“individual topology"
s ®
Neherenkovy | |shower size | | "global topology" | |shower directiol »
.
- »
/_ : 2 5 .‘..
| E " . -
Nits hit positions | hit times | | hit directions | .
»
»
»
»

other experiments




Motivation

09
08
0.7
0.6

05

Median Fractional Energy Error

04

0.3

02

0.

=

Orca Energy resolution

"KM3NeT =

% == 12m

; —— 15m
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"KM3NeT Phase Il LOI
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Reconstructions
Data cuts
1. > 4hits

2. Within inner half volume of ORCA

%10

0.25

0.15
-50 =503
-100 -100¥ 0.05
151[10 50 100 X(lO 12{150 X(lir)o 0
Before hit number cut
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Reconstruction Single Shower

Q[deg]

68% quantile o

o
3
T

H2(rt) Free

~
=]
T

—— H2(T) Fixed time

—— H2() Fixed position

60
50
40f

10
E i MU IR
10 2 3 A 50
E [GeV]
KM3NeT —+— Hadronic state
701 —+— Propagation
Fr —— All-photon limit
60 I —— Photon sampling
sof I —— Overall limit
E I
40— ; I
E.I'rr
o1 zp 1
IF et
20— F T Tz r
EooEmm ol
10 Zrirag H
ofiisl I I Ll 1
2 4 6 8 10 12 14 16 18

E, [GeV]

[Hdmam Martinez et al,, 2017]

Single hadronic shower =all
v-interaction secondaries minus
leading lepton.

Angle diﬁ‘erence
o= COS_ lﬁtrue ]areco_, where

Etot Z 222

Intrinsic limit paper®shows best
possible resolution of ORCA.

Not directly comparable due to
nit cut, but gives an idea.
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Reconstruction Single Shower

s [
2 r HO(e) Free
anj

T L —— Ho(e) Fixed time
<

2

38

—— Ho(e) Fixed position

Single electron.

Angle difference
o= COS_ ﬁtrue ﬁrecov, where

10 20 3 a 50 60 _
E[GeV] = E
ET tot pl

KM3NeT ¢ Ooreco

; Resolution reproduces that of
o LOI

Median directional resolution [deg]

[e
[+
0T,
5CN
0 .
o o,
5 (IS N ¢ . .
o0 3 3 o
L L L \ L
5 10 15 25 30
Neulvlno energy [GeV]
[edmam Martinez et al,, 2017] «4O0> «Fr «Er» «E>» E WAC 43/48



Reconstruction Single Shower

a Ko, Eree Single hadronic shower energy
B o : Ep ve—Eh e
r — :ﬁf’e‘)’.'p.xeg posiion difference AE = w,
o T et htrue
r H2(t), Fixed direction Where Eh = EI/ _ E‘ep )
o \-J/\

:

Energy difference resolution for
: low energies, close to intrinsic

1 10
Efce resolution for >4 hits.
ET KMaNeT i
F1_ —|—Hadromc‘s(ate
“FIL, T Atraen i
E Photon samplin, .
“E ‘fi{ = vt 4 best at reconstructing

wor z .

8o [m i l i hadronic showers, supposedly
°-2§“f1“m 1111 duetohighpresence of Ty in
of o IIIIToxoxoa .y hadronic showers.

T T
E, [GeV]
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Reconstruction Neutrino Event

Sl .-
g B - ve-Charged current angle
“°ifl e difference.
3ot
I Assuming 3 m position
10}t resolution and 5 ns timing
o resolution
10 20 30 40 50 E[(S;OEVI
KM3NeT . . . . .
oo Close to intrinsic limits at
- low energies.
s
E [GeV] «4O0> 4(F>» «E» « > = Q¥ 45/48



Reconstruction Neutrino Event

#Events

Ea=
s [ —— Ho(e)
=oa6f — H2()
> [ (
So1af- | Free
S E —— Fixed time
& 012~ Fixed direction
0.1
0.08F-
0,061~
0.04—
0.02 s
i,
4 -3 -2 -1 1 2 3
A Tignq, [M]
6.0<E/GeV<7.0, 0.2<y<0.4
KM3NeT Entries 8446
E Mean 1.159
900F RMS 08014
E 22/ ndf 58.99/13
800F- 4
E norm 892.213.1
700 mear 1.12+0.01
E sigma__0.7303 = 0.0082

2 3 4
Longitudinal Difference [m]

Position of single hadronic
shower, identical to v-NC.

Reproduces resolutions for v-CC
as reported in LOI, but better
resolution in other parameters
accentuates this resolution!

Distance between shower
maximum and vertex folded into
model

— naturally centres at zero.
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Reconstruction Neutrino Event

#Events

P(A Tyans) [

2E —— Ho(e)
200 — H2(1t)
Free
8 — Fixed time
16 Fixed direction
14—
12—
10[—,
sE
e:\
4L \
2
\\"‘—‘-ﬁ—v-v-‘ !
0.2 0.4 0.6 0.8 1 12 14
A Tians [M]
6.0<E/GeV<7.0, 0.2<y<0.4
KM3NeT Entries 8364
E Mean 03914
E RMS 0.2434
¥2/ ndf 153.6/21

LOI

norm 4401783
sigma__ 0.3028 = 0.0021

Bl ! L L
02 04 06 08

il
12 14 16 1.8 2
Perpendicular Difference [m]

Position of single hadronic
shower, identical to v-NC.

Reproduces resolutions for v-CC
as reported in LOI, but better
resolution in other parameters
accentuates this resolution!

Distance between shower
maximum and vertex folded into
model

— naturally centres at zero.
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