Neutrino Source Searches with
Likelihood Landscapes
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Neutrino Source Searches

* Hypothesis HO: background only flux
— Atmospheric neutrino’s
— (Misreconstructed) Atmospheric Muons

 Hypothesis H1: background + signal flux

— (High energy) Cosmic Neutrinos



General Procedure

* How compatible is data with HO or H1?

P(data|H1)]

A=1
o5 [P(data|H0)

e When to claim an observation?

— Accept H1 if A > A 2\
— A, such that \ |
P(accept H1 | HO = true) < 0.00...1 1°
v N |
10-..‘ N l“‘.k‘..l‘\l..‘.

0 5 10 15 20 25 30 35
C



dP/dQ

P(datalHl)]

A= log [P(datalHo)

Test Statistic (Conventional)

* Given detected (and selected) events {ev.}

P(datalH) = Z [log j P(xreco,il Xtrue) * P2t (Xpye) - .u(xtrue | H) dxtrue] - ,uwt(H)
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A = log [P(datalHl)]

P(data|H))

Test Statistic

* Given detected (and selected) events {ev:}

P(datalH) = z [log j P(xreco,il xtrue) ) Pdet(xtrue) ) .u(xtrue | H) dxtrue] - ﬂtOt(H)
L | I J \ J

I I i
Reconstruction Detection Expected flux
efficiency

e New method:

P(datalH) = z [10 P(evil xtrue) oy et(xtrue) '.u(xtrue |H) dxtrue - .uwt(H)
i

* No big deal?



New vs. Conventional

Conventional

Only best solution kept from
reconstruction

Selection criteria needed to select
well-reconstructed events -> events
are lost

Different reconstruction algorithms
(showers/tracks/tau double bang)
patched together

Event identification by BDT’s and
other black magic algorithms

Parameterizations of MC events
Fast

New Method

Detailed knowledge of event likelihood
landscape

All events can be used

Single ‘reconstruction’ algorithm for all
events

Neutrino flavour identification
automatically taken into account

Event-by-event
Probably slow



Likelihood Ingredients

P(datalH) = z [logf P(evil xtrue) ) Pdet(xtrue) '/i(xtrue |H) dxtrue] - .utOt(H)

1 (Xerue | H) Number of expected background or signal events in our detector (can)

Pdet(xtrue)

P (evi I xtrue)




Atmospheric Neutrinos
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Current Parameterization

KM3NeT Letter of Intent
Based on Seatray
Polynomial fit of Honda tables

— Extrapolation to higher energy ranges
— Outdated? Honda 2006 used.

— Gaisser H3a knee correction
Polynomial fit of Gauld tables 2015

— From PromptNuFlux, L. Rottoli



Honda (2006) and Gauld (2016)
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Both Extrapolated (2)

Conventional: Honda2006 + GaisserH3a with knee cor

T. Gaisser 2012

R.Gauld et al., CR with H3l model
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Both Extrapolated (2)
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Both Extrapolated (2)
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EA2 * flux [Gev/(mA2 s sr)]

Both Extrapolated (2)

NuMu + AnuMu (Honda 2006) + gaisser H3A
NuE + AnuE (Honda 2006) + gaisser H3A

Prompt flux (indep. of flavor), Gauld, includes H3A
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E2 x flux [GeV/(m? s sr)]

E2 flux [GeV/(m2 s sr)]

E2 flux [GeV/(m*2 s sf)]

Honda: Zenith Dependence

E2 flux [GeV/(m*2 s sr))]
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Likelihood Ingredients

P(datalH) = z [logf P(evil xtrue) ) Pdet(xtrue) '/i(xtrue |H) dxtrue] - .utOt(H)

1 (Xerue | H) Number of expected background or signal events in our detector (can)

Pdet(xtrue)

P (evi I xtrue)
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Density [g/cm"3]
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Transversed Matter [g/cm”2]
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ANIS, Kowalski 2003
Figure from Colnard 2009

Neutrlno Cross Sectlons

log, ,o(E), cm’
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log. E, GeV "



ANIS, Kowalski 2003
Figure from Colnard 2009
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P survived
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P did not scatter
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P did scatter * P survived
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P did scatter * P survived

Neutrino NC Scattering (3)

KM3NeT
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- Change in direction: <= 0.6 degrees
for Enu > 103 GeV

- Changein Energy???

Effects on expected atm. Neutrino flux neglected



Neutring Oscillations

Oskillation probabilities for an initial electron neutrino
N ~W
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Bjorken-y: electron neutrino’s
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Gandhi, Quigg
UHE Nu Interactions

Bjorken-y comparison

L ¥ x v oy oy Y T
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Gandhi, Quigg
UHE Nu Interactions

Bjorken-y comparison
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Fig. 6. Differential cross section for ¥N scattering for neutrino energies between
10* GeV and 10'2 GeV.
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Light from hadronic showers
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Light from hadronic showers
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Light from hadronic showers
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Light from hadronic showers
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Light from hadronic showers
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Light from hadronic showers
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Likelihood Ingredients

P(datalH) = z [logj P(evil xtrue) ) Pder(xtrue) '/i(xtrue |H) dxtrue] - .utOt(H)

1 (Xerue | H) Number of expected background or signal events in our detector (can)

Pt (x;r00) Probability to detect (=trigger) and select event
6-D Interpolation from tabulated values -> fast

P(evi | xtrue)



Detection Efficiency (1)

Pdet
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Detection Efficiency (2)
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What is Pdet?

* Probability that an event:
— Causes hits in detector: Jsirene
— Leads to a trigger: JTriggerEfficiency
— |s selected (reject atm. Muons): ??

* Get Pdet(x,,.,.) by running MC events

true



Pdet
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Different Interpolation Techniques
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No stat. fluctuations

With stat. fluctuations

Polynomial vs linear fit

3"d degree polynomial Linear fit
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Time Consumption

Scanning over 72000 Positions * 98 Directions * 1 Energy-bins = 7056000 points... Done in

624169.543 ms elapsed
623814.165 ms user

12.998 ms system
99%CPU

3'd degree polynomial interpolation of 7 million points in 10 minutes

Scanning over 72000 Positions * 98 Directions * 1 Energy-bins = 7056000 points... Done in

16068.632 ms elapsed
16057.558 ms user

4,999 ms system
99%CPU

Linear interpolation of 7 million points in 16 seconds
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Likelihood Ingredients

P(datalH) = z [logj P(evil xtrue) ) Pder(xtrue) '/i(xtrue |H) dxtrue] - .utOt(H)

1 (Xerue | H) Number of expected background or signal events in our detector (can)

paet(x, . ) Probability to detect (=trigger) and select event

P(evi| Xerue) Reconstruction, loop over PMTs. Phit * Ptime -> to do



Conclusions

* New method seems promising

* Most ingredients in place

* ‘Reconstruction’ part to be done
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Recap: Likelihood Ingredients

P(datalH) = z [logf P(evil xtrue) ) Pdet(xtrue) '.u(xtrue | H) dxtrue] - .utOt(H)

[
1 (Xerue | H) Number of expected background or signal events in our detector (can)

Probability to detect (=trigger) and select event

P(evi|xerue)  Reconstruction, loop over PMTs.

~08-06-04-02 0 02 04 06 08
cos(zenith angle)
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Detection Efficiency

For each neutrino energy, bjorken-y, position,
direction (6 parameters), DO:

(Very fast) Monte Carlo generator:
— Secondary particles @
— Photon propagation (JSirene)

— Trigger

Count fraction of trig. ev.
Store in 6D interpolatable PDF table



Detection Efficiency @ 102 GeV

NC electron-neutrino (only single hadronic shower)

1400

1200

1000

600

Position

Detector+Photon PDFs

800F
. Instrumented

0185
0.4

0.35

S8 § o
P detected+triggered

<
—

0.05

Direction @R=0, Z=400

2.5}

0.004

0.0035

0.003

0.0025

0.002

0.0015

0.001

0.0005

56

P detected+triggered



Detection Efficiency @ 103 GeV

NC electron-neutrino (only single hadronic shower)

Position Direction @R=0, Z=400
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Detection Efficiency @ 10* GeV

NC electron-neutrino (only single hadronic shower)
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Detection Efficiency @ 10° GeV

NC electron-neutrino (only single hadronic shower)

Position Direction @R=0, Z=400
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Detection Efficiency @ 10° GeV

NC electron-neutrino (only single hadronic shower)

Position Direction @R=0, Z=400

Detector+Photon PDFs

P detected+triggered

0 200 400 600 800 1000 1200
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Detection Efficiency @ 107 GeV

NC electron-neutrino (only single hadronic shower)
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Detection Efficiency @ 10° GeV

NC electron-neutrino (only single hadronic shower)

Position Direction @R=0, Z=400

Detector+Photon PDFs

P detected+triggered
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Likelihood Ingredients

P(datalH) = z [logf P(evil xtrue) ) Pdet(xtrue) '.u(xtrue | H) dxtrue] - .utOt(H)

#(Xtrue | H) Number of expected background or signal events in our detector (can)

o) Probability to detect (=trigger) and select event

Plevi|xrue)  Probability to obtain measured event ev,
given a certain neutrino hypothesis x

true
63



Event Probability D.F.
P(ev | x) = 1_[ [phit . prist] . 1_[ 1 — Pjit]

hit PMTs non hit PMTs

PMt = 1 —exp (— foofii (t) dt)
o

Pf1St- PP = exp (_ Jt f; (t) dt) (1 —exp (—17;(t)))

i ) |\ J
1 1
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Hit Time PDF
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Hit Time PDF
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Hit Time PDF
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Hits in Freory Practice

* Presence of 49K background hits
P15t P = exp (— j t f1;(t) dt) (1 —exp (—7;(1)))

 |f all hit times are selected: signal will be
overwhelmed by background

e Solution: only select hits in certain time
window



Hit Selection Time Window

* Select Hits around expected hit time from
given hypothesis

— Advantage: Very pure selection

— Drawback: biassed selection

e Solution: Select hits around triggered event



Hit Times
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Hit Times w.r.t. direct Cher. light
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P(ev | x) = l_[ [phit . peist] . l—[ [1 — Phit]

hit PMTs non hit PMTs
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logP(ev | x)
~7360
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—7420

00800 -40b 200 O 200 400

x[m]
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logP(ev | x) = Z [log (P**) + log (P} **Y)] +

hit PMTs

Hit PMTs

Z [log (1 — Ptt)]

non hit PMTs

Not hit PMTs
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Event Probability: Position

5C

-150-145-140-135-136-125-120-115-110-105-100
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Event Probability: Direction

w

g
5}

Theta [deg.]

2

—
a0

w—
LA (L B

0.5F

-7500
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Likelihood Ingredients

P(datalH) = z [logf P(evil xtrue) ) Pdet(xtrue) '.u(xtrue | H) dxtrue] - .utOt(H)

i

#(Xtrue | H) Number of expected background or signal events in our detector (can)

Probability to detect (=trigger) and select event

P(evi|xerue)  Probability to obtain measured event ev,

given a certain neutrino hypothesis x;, .

79



How to solve the 8D integral?

P(datalH) = z [logj P(evil xtrue) ) Pder(xtrue) '/i(xtrue |H) dxtrue] - .utOt(H)

Interaction vertex position (3D)
Interaction time (1D)
(Neutrino) Direction (2D)
Neutrino Energy (1D)
Bjorken-y (1D)



How to solve the 8B 6D integral?

P(datalH) = z [logj P(evil xtrue) ) Pder(xtrue) '/i(xtrue |H) dxtrue] - .utOt(H)

Interaction vertex position (3)

Interaction time (1)
— Relatively easy once other params. are given?

(Neutrino) Direction (2)
Neutrino Energy (1)

— Analytically?
Bjorken-y (1)



Difficulties

 Event PDFis in general

sharply peaked

— ~1 degree (showers),

~0.1 degree (tracks) 2'5;‘

— ~1m (showers) 2f
 Algorithm generally 15}
misses this peak i

integral, true: 4.93614 ,numerical: 4.92614 . ErrorE 0.01 Qith #point;:

* Each function /

0 0.5 T 1 - “1.5l “‘ 2 o

. ° 0 ! = -y !
evaluation takes time



MC Integration Techniques (1)

g(x) > f(x) for all x

N times:

1) Random x from g(x)
2) Random vy, O<y<g(x)
3) Ify<=f(x){n++}

| = int f(x) dx = n/N * int g(x) dx

83



MC Integration Techniques (2)

h(x) = f(x)

f(x)

——

N times:
1) Random x from h(x)
2) A+=1(x)/h(x)

| = int f(x) dx = A/N * int h(x) dx
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Combined

h(x) = g(x)

g(x) > f(x) for all x

N times:

1) Random x from

2) A+=g(x)/

3) Random vy, O<y<g(x)
4) Ify<=f(x){n++}

| = int f(x) dx = n/N?* A * int

dx

85



Combined + Extended

g(x) > f(x) for all x

N times:

1) Random x from

2) A+=g(x)/

3) Random vy, O<y<g(x)

4) Ify<=1f(x){ify<=e(x){n++}}

| =int e(x) dx =n/N? * A * int dx
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Combined + Extended

g(x) > f(x) for all x

e(x)

N times:

1) Random x from

2) A+=g(x)/

3) Random vy, O<y<g(x)

4) Ify<=f(x){ify<=e(x){ify<=d(x){n++}}}

| =int d(x) dx = n/N? * A * int dx Y



: some guiding functio

In our case...

g(x): P(ev | x) over a small subset of PMTs
f(x): P(ev | x) with slightly more PMTs

e(x): P(ev
d(x): P(ev

X) over a even more PMTs
x) with all PMTs

Non hit PMTs



: some guiding functio

In our case.../ ) > ) for all
f(
/N

g(x): P(ev | x) over a small subset of PMTs
f(x): P(ev | x) with slightly more PMTs

e(x): P(ev
d(x): P(ev

X) over a even more PMTs
x) with all PMTs

N times:

1) Random x from

2) A+=g(x)/

3) Random vy, O<y<g(x)

4) Ify<=f(x){ify<=e(x){ify<=d(x){n++}}}

| =int d(x) dx = n/N? * A * int dx +



Guiding function

e Convenient choice: multivariate normal
distribution

— tracks: JPrefit PDF
— Showers: ????



Guiding function

e Convenient choice: multivariate normal
distribution

— tracks: JPrefit PDF
— Showers: ????

MASTER THESIS

Reconstruction of High-energy Neutrino-induced
Particle Showers in KM3NeT.

BY.

www.nikhef.nl/~kmelis/Masters_Thesis.pdf/Thesis.pdf



Shower Vertex PDF

* Basically a Chi?distribution
— Very sensitive to outliers (i.e. 4°K hits)

e Use first triggered hit on each DOM

* Hit clustering algorithm:
— If many hits: iteratively remove worst hit
— If #hits <=16: Try all combinations



Y [m]

Shower Vertex PDF

100

51.5} 0

-100

51 .455—
51.4f
51 .355
51 3
51 .2sf

51.2]

51.15}
-38.138.05-38-37.95-37.9-37.85-37.8-37.75

X [m]

logP
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Bonus: Shower Position

Reconstruction
e Reasonable @@ o
resolution: @x@ S
— median “1m @), O “
& "
* Principle (cluster+ :}LL
: Q0 gml 00 00 0. . 1

Chiz) usable for tau ™16 20 30 40 50 60 70 80 80 100
dou b I e ba ng p reﬁt‘p distance true <-> best fit shower position [m]

Q
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Conclusions

* Most ingredients seem |y
— Neutrino background and signal fluxes
— Detection efficiency tables
— Event probability

* Integral evaluation seems feasible with MC
techniques

— Shower prefit (+tau double bang prefit?)
— Very fast neutrino MC simulator
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70

60

50

40

30

20

10

Integrating over time

INIVEWINN- '.ll SolITIRENIGAN ’

x107"2

ol

nnnnnnnnnnnnnnnnnnnn

250 —40 -30 -20 -10

10 20 30 40 50

int P dt: 0.0002365506325

377.504 ms elapsed
377.943 ms user
0.000 ms system

For 3e6 points (& 2PMTs hit)
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Integrating over time

—— | il -7
x107'2

0.5

0.4+

0'3_— int P dt: 3.740579387e-06

371.486 ms elapsed

I 370.943 ms user
- 0.000 ms system

0.2 99%CPU

0.1+

0- ......... L

Y50 7740 30 —20 —10 0 10 20 30 40 50 o8
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Hypothesis Testing

* Two hypotheses:
— HO: background flux only
— H1: background + signal flux

* Criterium when to select H1
— P(accept H1 | HO = true) < 0.000.. (5 sigma)



Likelihood ratio

e Best criterium:

A = log [P (data|H1)| — log [P (data| HO)|

e Data ‘looks like” H1 => high lambda

* Criterium when to select H1
— Accept H1 if lambda > lambda_,
— P(accept H1 | HO = true) < 0.000.. (5 sigma)



Likelihood ratio

e Likelihood ratio:

A = log [P (data|H1)

log [P (data|H)] = —pe(H) + ) _ log

events

— log [P (data|HO))

/ P(ev;|z) - P%(z) - p/"*(z|H)dz

ot(H)  Total number of expected detected events from H

P(ev;|z)

Probability to obtain measured event ev,
given a certain (8D) neutrino hypothesis x

Plet(z) Probability to detect (=trigger) and select event

p"(z|H)  Number of expected events from H in our detector (can)
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Example (1D)

* Neutrino only has energy

10*;
=l background
10° signal
10—13

1072
10
1077
107
10
107"

10—69

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

log(E) 105



* Neutrino only has energy

Example (1D)

background
signal

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

Pdet

0.2

0.8
0.6

0.4

Pdct (:C)

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

......




Example (1D)

* Neutrino only has energy

background

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

Pdet

0.2

0.8
0.6

0.4

Pdct (:C)

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

......




Example (1D)

* Neutrino only has energy
* Event only measures number of hits

(%]
k=
— I 4 I400
S 2500f 3
C [ 4350
2 l e
£ 2000F P 4300
pa [ | ; =250
1500F >
[ r 4200
1000F e 1150
[ Y/, 100
500F A
[ 50
0 ....................... O

log(E) L0



Example (1D)

* Neutrino only has energy
* Event only measures number of hits

A = log [P (data|bck + sig)| — log [P (data|bck))
. [ P(evi|z) - P*(z) - p’"*(z|sig)dz
. log |1
o) + 3 g |1+ o e i k)

cvents

* High number of hits => high energy =>
data looks like H1 => high lambda
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Example (1D)

30,

lambda i

250

g [14 Do) Pote): =l

[ P(evi|z) - Piet(z) - pf=(z|bck)dz

0 500 1000 1500 2000 2500 3000

Number of hits 110



Likelihood ratio

e Best criterium:

A = log [P (data|H1)| — log [P (data| HO)|

e Data ‘looks like” H1 => high lambda

* Criterium when to select H1
— Accept H1 if lambda > lambda_,
— P(accept H1 | HO = true) < 0.000.. (5 sigma)



P(lambda > lambda_ ., | HO = true) < 0.000.. (5 sigma)

crit

30- — “;'_
- o 10°F
© 7E
T o5 S 107k
o % T
e O 107"%E
© I L 2
— 20+ _ 10-1755
(7)) e
X 02E
L : E
1o Z 107k
a 32EE
10k 10 g
10°7E
5:_ 10-4255
I 10478

% 500 1000 1500 2000 2500 _ 3000 0 500 1000 1500 2000 2500 3000

Number of hits Number of hits
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P(lambda > lambda_;, | HO = true) < 0.000.. (5 sigma)

true)

P(lambda_i | HO

Single detected event, given HO is true

10°%

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

Simulated events
Semi-analytical

P PR T

PR T S T 1

o

15

20

25

lambda_i

30
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P(lambda > lambda

(multiple) detected events in certain timeperiod, given HO is true

true)

P(lambda | HO

0.14

0.12

0.08

0.06

0.04

0.02:

crit

| HO = true) < 0.000.. (5 sigma)

0.1

0

— Lot (S29) + Z log [1 “+

events

20

.._15.

..—10. -

lambda

(evilz) - P¥(z) - ! ’“I(l‘lsig)dx]
(ev;|x) - Pdet(x) - pfv=(x|bck)dz
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P(lambda > lambda_;, | HO = true) < 0.000.. (5 sigma)

(multiple) detected events in certain timeperiod, given HO is true

1-

true)

107"

10_2§
107°

10“‘é
11

5[

10 >

0.000... (5 sigma)

P(lambda > lambda_crit | HO

—
lambda

crit 115



Ter Leering ende Vermaeck

Now: 3D example (energy + direction)
Soon: 8D example

Reproduce conventional method and show
that new method works (better)

Replace likelihood terms with real (MC) events



Ter Leering ende Vermaeck

A = log [P (data|H1)

log [P (data|H)] = —pa(H) + ) log

events

background
signal

.5....10....15....20....25

log(E)

-

— log [P (data|HO0)]

/ P(ev;|z) - P(x) x]

Fast parameterizations

10°°
107
10°%
10°°
10710
10—!)‘
10712

1077
e wkd

1

1o
107"
10—12 L

> 3, 7 7 7 NG
2 103 10y 1q5 106 107 108 107 10

10? 10° 107

T. Gaisser 2012
ional: Honda2006 + GaisserH3a with knee correc

R.Gauld et al., CR with H3a model

v:"MHonda flux
il Honda flux
.

y prompt flux R. Enberg et af
v""=Rpromp! flux R. Gauld et al] ]
=gl tot flux
v, ol flux
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Ter Leering ende Vermaeck
A = log [P (data|H1)] — log [P (data|HO)]

log [P (data|H)] = —pe(H) + Y _ log - / P(ev;|z) ﬂ"“"‘(-’le)dw]

events

Pdet

0.2r

0.8r
0.6

0.4+

6D interpolation tables

-3

1

1400 e

[ 0.4

,r 1200}

i Detector+Photon PDFs 035 g
L | -
1000F Q
: 0.3 up
[ o0
= | -
s | Instrumented 0‘25*_,'_’
go)
0.2 Q
)
(&)
0.15 ©
)
Q
01 ©
[a¥

0.05

.J .................... o- ....................... O
5 10 15 20 25 0 200 400 600 800 1000 1200
log(E)
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Pdet

Ter Leering ende Vermaeck

log [P (data|H)| = —per(H) + Z log

A = log [P (data|H1)]

events

0.2r

0.8r
0.6

0.4+

— log [P (data|HO)|

: [ Plevia) u"‘“(le)dw]

6D interpolation tables

1400?

1200F

Detector+Photon PDFs

1000F

800§

400

6001/ &

200-. |

.....

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

200

400 600 800 1000 1200

0.6

0.5

0.4

0.3

0.2

0.1

0

P detected+triggered
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Pdet

log [P (data|H)| = —per(H) + Z log

Ter Leering ende Vermaeck

A = log [P (data|H1)]

events

0.2r

0.8r
0.6

0.4+

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

/7

1400?

— log [P (data|HO)|

(evi|z) pt (z|H )dﬂt]

6D interpolation tables

1000}

1200F

Detector+Photon PDFs

0.8

0.6

0.4

0.2

0

P detected+triggered



Number of hits

Ter Leering ende Vermaeck

A = log [P (data|H1)] — log [P (data|HO)]

og P (datal )] = ~pua(t) + 3 tog | [[Pleiof P(o) - w(al iz

events

PDF

2500 - -7310

E —7320
2000f a0

: —7340
1500F 7350
I 7360
1000F 7370
: —7380

500 N 7390

-7400

3 50-145-146-135-136-125-120-115-116-105-100
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Outlook

Proof of principle

From toy MC to real MC
Composite hyptheses
Atm. muon background
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Source Searches

e Observed flux of events
— Single showers
— Muon tracks
— Double bangs
— Sugar daddy’s

e Expected flux
— HO: atm. neutrinos and atm. muons
— H1: cosmic source



Expected Flux (Atm. nu bckgr.)

* Neutrino flux @ atmosphere
— Honda 2006
— Interpolating 2D tables

Enu=10TeV

N

Honda 2006
Honda 2015
Seatray Fit

107 10° -08-06-04-02 0 0.2 04 06 0.8

10 'L

10°

EA2 * flux [Gev/(m”2 s sr)]

104 10

NuMu + AnuMu (Honda 2006) + gaisser H3A Enu cos(Zenith)
NUuE + AnuE (Honda 2006) + gaisser H3A

Prompt flux (indep. of flavor), Gauld, includes H3A 125



Expected Flux (Atm. nu bckgr.)

Neutrino flux @ atmosphere

Earth propagation

— Only CC neutrino absorption included
— No NC scattering / energy losses (yet?)

T ———
I f i E.=10° [GeV] E,=10° [GeV]
| — E,=10"[GeV] — E,=10"[GeV]
[ — E,=10° [GeV] — E,=10" [GeV]

~
Lo
Ll l Ll Ll
1
P;urvivtd

Transversed Matter [109 g/cmz]
~
(8 S
Ll l Ll Ll Ll Ll ]
1 I

140 160 .
Zenith angle [°] cos(Zenith angle)

100 120
126



Expected Single Shower Flux

Neutrino flux @ atmosphere

Earth propagation

Interaction probability

30

.. Cross gection [¢m?)
S S S
& S

~

S
L
>

~

S
L;~
~

e Bk Bl b Bhbie Bldhddi Bl |

Neutrino, NC
Anti-Neutrino, CC

2L Anti-Neutrino, NC -

- Neutrino, CC -

10 100 100 10° 100 10° 107
Neutrino energy [GeV]
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Expected Single Shower Flux

Neutrino flux @ atmosphere
Earth propagation
Interaction probability
Shower energy (Bjorken-y)

i B bk B | bt Bl Bldbir Bl |

.\;510 0L Neutrino, CC -
= [ Neutrino, NC

S [ Anti-Neutrino, CC r
&,:10 2|k Anti-Neutrino, NC N
“

S

K)10 -

~

S
L
>

~

S
b
~

10 17 100 10° 100 10° 107
Neutrino energy [GeV]
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Expected Single Shower Flux

Neutrino flux @ atmosphere
Earth propagation

Interaction probability
Shower energy (Bjorken-y)

I" W..\'l.hft’/l" shower

Visible shower energy

— How much energy is

observable as light?

0 N N N 2 1 2 M 2 N 1
0 5 10

log m( shower energy | GeV)

129



Cos(zenith angle)

Expected Single Shower Flux

0

1 2 3 4 5 6 7 8 9 10
log10(E shower, visible / GeV)
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Cos(zenith angle)

Expected Single Shower Flux

ProjectionX of biny=11 [y=-0.60..0.56] .o sosesrcn

Entries
10° 16 Mean
RMS
107"
Underflow
— 1072 Overflow
c 107
X
102
107

b1 23 456 78 9 10 °
log10(E shower, visible / GeV) log10(E shower, visible / GeV)
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Cos(zenith angle)

Expected Single Shower Flux

10—13
107"°
107"
107"

Xn(}

107%
10%
107
10
107
10-31

b1 23 456 78 9 10 °
log10(E shower, visible / GeV)

ProjectionX of biny=26 [y=0.00..0.04]  s«sosxsose:

Entries

Mean
RMS
Underflow
Overflow

log10(E shower, visible / GeV)
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Cos(zenith angle)

Expected Single Shower Flux

log10(E shower, visible / GeV)

Xn(}

25

20

x10™"®

ProjectionY of binx=10 [x=0.90..1.00]

siica_py_of_thux_singloshow
Entries
Mean

RMS
Underflow
Overflow

-1

08 06 -04 02 0 02 04 06

Cos(zenith angle)

0.8
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Cos(zenith angle)

Expected Single Shower Flux

ProjectionY of binx=70 [x=6.90..7.00] s s.cnxsomer

x 102 E Entries
0.25_ ' Mean
RMS
i Underflow
0.2
- - Overflow
c
>< L
0.15F
0.4
0.05
. 0758 06 04 02 0
b1 2 3 4 5 6 8 9 10
log10(E shower, visible / GeV) Cos(zenith angle)

134



135



136



P(datalH) = z [IOgJ P(evil xtrue) ) Pdet(xtrue) '/i(xtrue |H) AX¢rye | — .utOt(H)

i
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8D Event likelihood landscapes

P(datalH) = z [IOgJ P(evil xtrue) 'PdEt(xtrue) '/i(xtrue |H) dxtrue] - .utOt(H)




8D Event likelihood landscapes

P(datalH) = z [IOgJ P(evil xtrue) 'PdEt(xtrue) '/i(xtrue |H) dxtrue] - .utOt(H)

(Neutrino) Direction (2D)
Interaction vertex position (3D)
Muon energy (1D)

Visible shower energy (1D)
Interaction time (1D)



D
8D Event likelihood landscapes

P(datalH) = z [IOgJ P(evil xtrue) 'PdEt(xtrue) '/i(xtrue |H) dxtrue] - .utOt(H)

(Neutrino) Direction (2D)
Interaction vertex position (3D)
Muon energy (1D)

Visible shower energy (1D)

o on-time{1D)



Event Probability

P(ev | x) = 1_[ [phit . prist] . 1_[ [1 — Pjit]

hit PMTs non hit PMTs
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Event Probability

P(ev | x) = 1_[ [phit . prist] . 1_[ 1 — Pjit]

hit PMTs non hit PMTs

PMt = 1 —exp (— foofii (t) dt)
o

Pf1St- PP = exp (_ Jt f; (t) dt) (1 —exp (—17;(t)))

i ) |\ J
1 1
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Time Profiles

log(L

g(L) Event 40

~10700} § Hits
i x

~10800f Abscissae

~10900f

~11000}

-11100}

-11200I-_ nnnnnnnnnnnnnnnnnnn
—4000 2000 0 2000 4000

1‘ t0 [ns]

MC true
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* At displaced position

Time Profiles: Difficult ones *

log(L) Event 5 log(L) Event 12
~17015} .
[ Hits L Hits
i ~16510|
_17020L Abscissae Abscissae
~16515}
—17025}
' ~16520}
~17030}
~16525
~17035} [
~16530
T -4000 -2000 0 2000 _ 4000 4000 -2000 0 2000 4000
t0 [ns]

t0 [ns]
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Integration: Peak estimate(s)

* Trajectory known
— Expected #photons on each PMT known

e Take hits on 20 PMTs with highest #photons

— 20 peak estimates

 Merge overlapping hits (10 ns)



* At displaced position

Integration: Peak estimate(s)*

25F

Events ]
15+
10

L

400 -80 -60 -40 —20 0 20 40 60 80 100

Time difference peak estimate, true peak [ns] e



Integration: Peak estimate(s)

50+
Events
30}
201

10k

I T T L
qOO -80 -60 40 -20 0 20 40 60 80 100

Time difference peak estimate, true peak [ns] v



Integration: Abscissae

log(L
g(L) Event 40
~10700} § Hits
i 4
~10800f Abscissae
—10900%
~11000}
-11100§
~11200}

-4000 -2000 0 2000 4000
T t0 [ns]
MC true
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Integration: Abscissae

log(L)

Event 40 L Event 40
i 1470.8?<1075
“ror00k E Hits 1310.3F True.functlon
[ : . Abscissae
i 1149.8F
[ _ : Integral
10800k Abscissae : nes _
[ 989.3F interpolation
—10900§
~11000}
-11100:
-11200f
" 1 " " " 1 2 " 2 1 2 L 2 1 A A A 1 A _134.1 " " 1 " " " " 1 " " " " 1 " " " " | 3 3 L " | 3 L
-4000 -2000 0 2000 4000 -15 -10 -5 0 5
T t0 [ns] t0 [ns]
MC true
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events

Integration: Abscissae

305
253
20}
15}

10}

20 40 60 80 100 120 140 160 180 200

Number of abscissae for integration
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Integration: Abscissae

147

12

events 10’_

100% error

0 8 6 4 2 0 2 4 B8 8 10

log10( integral / true integral ) [%]
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Procedure

Given trajectory (direction + vertex)

Fast Energy estimate

— hit/non-hit info only

— Define ‘interesting” energy grid

Determine t0O integral abscissae

— For each tO point: evaluate loglL for all energies

Integrate over tO for all energies

Time-integrated energy likelihood landscape



Energy Profile

~22400}
-22600}
-22800f
log(L) [
~23000F
-23200f
-23400f
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i |
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Visible shower energy [GeV]
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Energy Profile

_16550F
~16560L
_16570L

log(L) —16580F

-16590

~16600L
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-16630F
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Energy Profile

-18780F
~18800F

log(L) 48800k

-18840}
&

! 3
18860}
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- True
~18900}
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Visible shower energy [GeV]
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Energy profile

14r Including time information

[ Only hit/non-hit info
Events 12

L L

2 15 -1 05 0 05 1 15 2

log10(Emax / Etrue) 156



Energy profile

14--Including time information
[ Only hit/non-hitinfo ||
Events 12[
10F
gl
i 1
alF
L 7?7

705 0 05 1 15 2

log10(Emax / Etrue) 157



D
8D Event likelihood landscapes

P(datalH) = z [IOgJ P(evil xtrue) 'PdEt(xtrue) '/i(xtrue |H) dxtrue] - .utOt(H)

(Neutrino) Direction (2D)
Interaction vertex position (3D)
Muon energy (1D)

Visible shower energy (1D)

o on-time{1D)



Shower longitudinal position

loglL —183602—
18370
-18380F
~18390F
18400
~18410F
~18420[
~18430F
~18440F

- True mteractlon
—18450— ............. PR T VT W (NN TN T W W N S T T

dZ [m]

159



Shower longitudinal position

logl _g040F
~9045[
~9050}
~9085[
~9060%
~9065)
~9070%
~9075}

—90805— True interaction

AAAAAAAAAAAAAAAAAAAAAAAAAAAA

160



—18360F
—18370f
logl -18380f
—18390f
—18400f
—18410f
—18420F
—18430f
_18440f

—18450%

2.8

Best fit Shower Energy

True Es vis.

2.2

1.8

1.6

log10(EsVis / GeV)

1.4

1.2

2.6

2.4

2

. ;26 A

. ;16 —

. B

—9040

—9045

—9050

—9055

—9060

—9065

—9070

—9075

—9080

2.7

L L
T T T T T T T T T

2.6

2.5

2.4

2.3

2.2

2.1

[T T T T[T T T T [T T T T[T T T T[T T T T [TTTT T

—20

-10

0

10 20

dzZ [m] 161




162



429, all info.

5
4.5 <1000
4
3.5 1800 =
© Direction: True
S % Perp. Pos: Maximum
25 jooo % Long. Pos: Maximum
w, Etrack:
2 400 9@ EsVis:
15 < Time: Integrated
L 200
0.5
0 0

0 05 1 15 2 25 3 35 4 45 5
log10_Etrack (GeV)

163



429, black: time, red: ampl, blue: all
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Honda extrapolated + knee correction
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Prompt: Gauld Flux (2016)
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ANIS, Kowalski 2003
Figure from Colnard 2009
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Neutrino Cross Sections
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Gaussian Quadrature
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Kopper Shower Param.
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Figure 2.2 Mean Muon (u) and tau (1) path lengths and mean cascade lengths
for electromagnetic and hadronic cascades in water. Data taken from [35].
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