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Overview

® Introduction and Motivation

® General description of the reconstruction

® Energy estimation method using Linear fit

®  Energy estimation/prediction using Random Forest Regression

® Comparison between Liner Fit and Random Forest Regression performance

®  Summary
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Introduction

IceCube Lab
- - - = S . /BOStatnons.eachwith
S50m [ gl P il i ol 2 IceTop Cherenkov detector tanks
L, = = = 2 optical sensors per tank
320 optical sensors
2010: 79 strings in operation
2011: Project completion, 86 strings
IceCubeArr&y
/Bsstringsincl ng 6 DeepCore strings
60 optical sensors on each string
Ll 5160 optical sensors
1450m
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® A lot of techniques and parameters are available and can
be combined to determine the primary energy and mass
from air showers.
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Motivation

Contained
Ineontained ® There 1s no conventional energy estimation
I— function (each analysis 1s unique; simulation,
Ny ol snowmodel, cuts, etc.).

® Using Random Forest Regression and a combined
reconstruction to estimate cosmic rays’s primary
energy

| ® Using Monte Carlo events for proton, 1ron,
helium and oxygen under two containment
| A conditions (contained and uncontained).

Goal

® Investigate a possible improvement for cosmic
rays’ primary energy estimation

SOUTH DAKOTA MINES



https://arxiv.org/pdf/1908.07582.pdf

Reconstruction

Events are reconstructed using a combined reconstruction (3D Reconstruction)

Combined Reconstruction

® Combines the likelihoods of IceTop and Inlce

together for event reconstruction 1

Likelihood Combiner Minimizers
° o ° ° ° * ...
® Timing Likelihood: Implementation of a 1 [
. . . . IceCube Data Likelihood Services Fitter
flexible curvature and new timing fluctuation + Preprocessed IeeTop data + eTop Charge Lielood, £5°77| | o Outpuess
e Pre-processed Inlce data —>| o IceTop Time Likelihood, £]°7°P > * Core P.)os1.t10n: " Physics
e Inlce SPE Likelihood, £421¢* gfec“oﬁbg s ™ A nalvsic
/ e Inlce MPE Likelihood, £7ce coarge LD Sizs, b Yo
o e (Curvature: c;
Signal Models ¢
e Charge LDF, S(r) Seed Service .
e Double Charge LDF, Se(7),p.(r) e Parameter Initialization Inlce Energy Estimator
e Curvature, 0t(r) — e Core Position: e Output:
Even tS e LDF: S125,0, Bo, AS125, AS, Slim.. * Direction: 2o e dE, p/dX
e Curvature: c¢,0, Act, Ctlim o ... ° ...
® Monte Carlo events for proton, helium, N[ e
d . . . I C 8 6 2 O 1 2 e Parameter Steps and Boundaries
— e C Position: A_), Mim
oxygen, and 1ron primaries ( ). ;. ore Position: A7

https://wiki.icecube.wisc.edu/index.php/RockBottom
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Energy estimation method using Linear fit

Contained

Proton Iron

| . . Oxygen | Helium
Uncontained Linear Fit method:

—
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® Analyze proton, helium, oxygen, and 1iron primaries separately.

® For each primaries split events in contained and uncontained events

® Considering different zenith ranges

Contained Uncontained
lceCube Preliminary 3 1rue I¢eCube Preliminary =1 True
<00 [ Laputop 800 - ] Laputop |
- 3D 1] 3D
175 A
g 107 T 600
3 s
S 125 =
] <
E £
5 100 % 400 -
s 2 =
o 50 -+ 200 A
25 - FF
O T T T T T T 0 | L L] L ' T
0 S 10 15 20 25 30 0 10 20 30 40 50 60
Zenith [deq] Zenith [deqg]
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Energy estimation method using Linear fit

Combined Reco - Proton

[ceCube Preliminary

logo(ELGeV]) = py+ pilogo(S sl VEM )

Combined Reco - Contained Events
Zenith Do ™m

0.95< cos(0) <1.0 | 6.0446 | 0.9824
0.90< cos(f) <0.95 | 6.0822 0.9639
0.85< cos(f) <0.90 | 6.1517 0.9399

§‘
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o
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p—{

—— 0.95<co0s(0)<1.0
—— 0.90<cos(B)<0.95
—— 0.85<c0s(68)<0.90

6.0 6.5 7.0 | 5.0 8.5 9.0 9.5

login (Epri, true/l GeV])

Note: Calculation for Helium, Oxygen and Iron at backup

7
SOUTH DAKOTA MINES



Energy estimation method using Linear fit

Combined Reco - Proton

[ceCube Preliminary

logo(ELGeV]) = py+ pilogo(Si2sl VEM )

§ S Combiend Reco - Uncontained Events
= Zenith 0 D1
E b 95<costBI<10 0.95< cos(f) <1.0 | 5.9447 1.1413
g ;|  0.90<c0s(8)<0.95 0.90< cos(#) <0.95 | 5.9767 1.1390
S —  0.85<C0s(8)<0.90 0.85< cos(#) <0.90 | 5.9451 1.1796
> g —— 0.80<co0s(B)<0.85 0.80< cos(f) <0.85 | 6.2266 1.0214
0~ —— 0.75<cos(8)<0.80 0.75< cos(f) <0.80 | 5.9997 1.1487
- — 8.;g<cos§g;<g.;g 0.70< cos(f) <0.75 | 6.4873 0.9432
o . <CO0Ss <U.
0.60<cos(8)<0.65 0.65< cos(f) <0.70 | 6.8099 0.8525
_1 | | | | | 0.60< cos(f) <0.65 | 8.6340 0.1522
6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5

Note: Calculation for Helium, Oxygen and Iron at backup

SOUTH DAKOTA MINES



Energy estimation/prediction using Random Forest Regression

Proton Iron

Oxygen | Helium

Random Forest Regression prediction:

® Consider proton, helium, oxygen and 1iron primaries together!!.

® Consider contained and uncontained events together!!.

® Zenith dependence as one feature parameter for training.

® Guve the possibility to consider Inlce feature parameters.
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Energy estimation/prediction using Random Forest Regression

Events Selection Machine Learning

® Monte Carlo events for proton, iron, helium ® Random Forest Regression (open-source
and oxygen (1C86-2012) Python package Scikit-Learn).

® Selection Criteria: Test Sample Input
- Contained: Core location inside of IceTop f\
Array and Inlce muon track oot l“ Vo2 B res 00 M
- Uncontained: Core location outside IceTop \ ;\A) /"‘am
Array and Inlce muon track / I ” I “

| Prediction 1 | | Prediction 2 | | Prediction 600 |
® Requiring a successful reconstruction :ﬁ?ﬁa/

.

Random Forest
Prediction

® R?regression score function.

m 10
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Energy estimation/prediction using Random Forest Regression

LD

F
S(r) = Rif)EKloglo(RlRmf)
re

Time Residuals ;

R
AfR) =|GR? + €\ (1 — exp(——)

https://arxiv.org/pdf/1906.04317.pdf
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Energy estimation/prediction using Random Forest Regression

The training and testing dataset has a total 176070
events (proton, iron, helium and oxygen). 0
Random
Forest
®  75% for Training — G Regression

®  25% for Testing

No of HE stochastic
(standard selection)

No of HE stochastic
(strong selection)

Regression Score

Training | 99.48%

Testing | 96.37%

1] 12
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Energy estimation/prediction using Random Forest Regression

proton

IceCube Preliminary

Zenith 9.5

dependence
9.0 -
109 Proton+Iron+helium+0Oxygen
IceCube Preliminary
8.5
>
W
n 8.0-
—
1071 E
- | W
) —
v o
2 =1 5 m "
D o
[
=,
o
7.0 -

10-24

6.5

Testing
6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5
l0g10(Eue/GeV)

10°

EidX nith s p o G (gl
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Energy estimation/prediction using Random Forest Regression

Contained+Uncontained

9.5 | T Contained+Uncontained
$ ron [ceCube Preliminary ) 0.3 =
’ oxygen . . ron
o0l & helium * IceCube Preliminary : r‘:"lYgen
¢ g
8.5 - t -
0.1 X * 4 tob
- S : * 4
% = " ‘¢.¢’ .00....
8.0 1 > [ ¢ o _¢
Q . LI SN IREPRURL PR ¢ s . e ¢
S = s L8, ’ sto o, R $ be
") ’ , v 0.0 ======"" R rare e Rt TT S B —— '* """
6 o . ¢4 B o0 + +
= 7.5 > * . -
F ** - . ¢00.... o++‘ ¢*$+ '
’ ¢ -0.1 s s : $t L e
patt Paren .t
-0.2 + + L ?
. Testing
Testing e | | | | i ,
, , , , 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5
7.5 8.0 8.5 9.0 9.5 0g10(Etne/GeV)
10g10(E¢re/GeV)
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Energy estimation/prediction using Random Forest Regression

9.9

Contained+Uncontained

$ iron [ceCube Prelimina
¢ oxygen 7 ’ i >3 $ iron I
9.0{ ¢ helium } axygen IceCube Preliminary
$ proton 0251 & helium
t # $ proton ?
8.5 1
- tﬁ 0.20 + T o
>
S 8.01 . + tt ' + # ? +
E = | " ¢ . ¢ '
4 ’ S 015 } AR SRR * | {
o O +‘+tt¢t. “ z:‘oo ‘.‘ ;*t* t+ *
S 7.5 = ¢ 0”"‘ e 14,8 $ ’
S *’ S o10{e 8 ¢ + ¢
¢ | a
¢§
* ” 0.05 -
6.5 + + + * 0.00 -
o + + Testing Testing
60 65 70 75 80 85 90 95 ~0.05 o - me o e . 5
IoglO(Em,e/GeV) . - . |0.910(Errue/Ge.V) . | .
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Comparison between Linear Fit and Random Forest Regression performance

® Preliminary comparison considering proton and iron events (contained and uncontained)

® Specific energy ranges: Contained

-Contained: 0.95 < cos(0) < 1.0 uneontained

-
-— ==

— - - -

- - -

-—

- -

S - 2w - =
- - —_—

—
-_ - -
- ®E W

-Uncontained: 0.85 < cos(8) < 0.90

m 16
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Comparison between Linear Fit and Random Forest Regression performance

Testing

Proton Contained

9.5

9.0 |

8.5 1

8.0 1

l0g10(Estm/GeV)

7.0

D

IceCube Preliminary

¢ 0.95<cos(68)<1.0 (ML)
A 0.95<cos(6)<1.0 (Linear Fit)

6.0 +2

7.5 8.0 8.5 9.0

log10(E¢re/GeV)

7.0

9.2

log10(Estm/GeV)

9.5

9.0 1

8.5 1

8.0 1

7.0 -

6.5 -

6.0

6.0

Testing Proton Uncont.ain.ed |
IceCube Preliminary A | * t + +
: f ’
i
{
ih
i
i

¢ 0.85< cos(8)<0.90 (ML)
A 0.85<c0s(6)<0.90 (Linear Fit)

7.5 8.0 8.5 9.0 9.5

l0g10(Etrue/GeV)

7.0
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Comparison between Linear Fit and Random Forest Regression performance

o Testing Iron contained o Testing Iron Uncontained
IceCube Preliminary | IceCube Preliminpry l .
;

9.0 1 9.0 -

- et 8.5 - .*#

|
[

7.0 - ** 7.0 -

8.0 - b*

7.5 -

l0g10(Estm/GeV)
E o
= o
-0
log10(Estm/GeV)

o
6.5 - * * 6.5 —4 # 141
* t $ 0.95<cos(0)<1.0 (ML) * g ¢ 0.85<cos(8)<0.90 (ML)
r * A 0.95<co0s(8)<1.0 (Linear Fit) I\ A 0.85<c0s(6)<0.90 (Linear Fit)
6.0 v v \ ' ! ' 6.0 T T T T T T
6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5
0g10(E¢true/GeV) l0g10(Etrue/GeV)
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Summary

® In this work we implemented a combined reconstruction considering contained and uncontained
events for proton, iron, helium and oxygen for IceTop and IceCube.

® Two methods for primary energy estimation were implemented. ML performs a comparable results
related with contained events. While for uncontained events ML approach offers a better

performance.

1] 19
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Backup
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Flexible Curvature New Timing Fluctuation

Conventional Conventional

2

At(R) =|CR* + C(1 — exp(— 502 ) 6(R) = a + bR”

Fix parameter

) New Timing fluctuation
New Flexible Curvature

R2 z +tz’
AKR) =[CR? + Cy(1 — exp(—=—)) \/Z — (152))°
202 O > -
Not. Value Units
(107°,107%) [ns-m™?] : £
C .4 VEM
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Energy estimation method usmg Linear fit

Combined Reco - Iron Combined Reco - Helium . Combined Reco - Helium
4 R d .
IceCube Preliminary IceCube Preliminary IceCube Preliminary
' L)
i 3' 3 /
3 : AW
A’ ‘ L ] . [
2 21 if_ 7 g 2
3 2 5
o & o
0, “'E" Combined Reco - Contained Eventls q 0.95<cos(6)<1.0
§_ 1 Cfom!Jin.cd Reco - Contained Events = 1- Zenith | po m o 1 0.90<cos(8)<0.95
= T /“':' — | 61‘:_’.”5 I - ;:) . 0.5 cos(0) <1.0 | 60553 0.0612 i= 0.85<cos(8)<0.90
Loae L U 107 0.6272 0.90< cos(f) <0.95 | 6.0954 0.0503
0.90< cos{¥} <0.95 { 6.1757 | 0.9104 0.85< cos(f) <000 | 61501 0.0248 — P-80=casif)<0.85
. 0.85< cosl@) <0.90 | 6.2630 |  0.5778 0 -2 an 0 —— 0.75<c0s(6)<0.80
—— 0.95<cos(8)<1.0 0.95<cos(6)<1.0 / o — 0.70=cos(8)<0.75
— 0.90<c0s(8)<0.95 — 0.90<c0s(6)<0.95 . 0.65<c0s(6)<0.70
—— 0.85<c05(8)<0.90 : — 0.85<cos(0)<0.90 0.60<cos(6)<0.65
_1 ! I -_— 1 1 1 1 1 _1 ! ! l
6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 —— 8 0 1 7'(55 1[8(30 ) B3 e s 6.0 6.5 70 75 8.0 8.5 9.0 9.5
10g10(Eprr, rundTGEVT) 09101Con, true € logo(Epn, truef[GeV])
- ) Combined Reco -Iron
i Combined Reco -Oxygen a X 1 \ Combined Reco - Oxygen
. IceCube Preliminary T
IceCube Preliminary . R R IceCube Preliminary
5 Combined Reco - Uncontained Events
t Zenith [ m | " | . Combined Reco - Uncontained Events |
3] [ 0.95< cos(0) <1.0 | 60844 | 0.9682 , Zenith | M | i | . A
3 | 0.90< cos(#) <0.95 | 5.9943 | 1.0793 . 31| 0.95< cos(0) <1.0 [ 5.9643 | 1.0s16 | o
| 0.85< cos(@) <0.90 | 6.0490 | 1.0662 | 0.90< cos(6) <0.95 | 5.9910 | 1.0878 . "
[ 0.80< cos(f) <0.85 | 62113 | 09770 | 0.85< cos(f) <0.90 | 6.0517 |  1.0991
[0.75< cos(#) <0.80 | 6.1794 | 1.0352 | 0.80< (m(m <0.85 | 6.0793 1.0513
— — | 0.70< cos(#) <0.75 | 6.0942 | 1.0471 | 0.75< cos(0) <0.80 6.2789 | 0.9716
E 2 24 0.65< cos(d) <0.70 | 6.0804 | 11430 - | 0.70< cos(0) <0.75 | 6.1609 | 1.0640
= 2- % 0.60< cos(8) <0.65 | $.3741 | 0.2133 2 24 0.65<cos(d) <0.70 | 6.7853 | 0.7566
= - ' ) ) = 0.60= con(0) <0.65 | 70128 0.4335
= r < ' ' ' ‘
& i 3
) : : 2 P-gRearDati= L il @ —— 0.95<cos(8)<1.0
= 1- Combined Reaco - Containad Evenls = 1 —— 0.90<c0s(8)<0.95 =
= Zonith m | = g ' : s 1 —— 0.90<cos(8)<0.95
A 0.95< cos(@) <1.0 | 6,0709 0.9485 0.85<¢05(0)<0.90 — — 0.85<c05(8)<0.90
0.90< cos(0) <0.95 | 61406 | D.9236 i A —— 0.80<cos(6)<0.85 —— 0.80<cos(B)<0.85
ol 0.85< cos(d) <0.90 | 6.1953 09174 nis ,, — 0.75<¢0s5(8)<0.80 o1 0.75<cos(8)<0.80
—— 0.95<cos{8)<1.0 -~ — 0.70<co0s(6)<0.75 —— 0.70<cos(8)<0.75
—— 0.90<cos({8)<0.95 . 0.65<cos(6)<0.70 0.65<cos(B)<0.70
—— 0.85<¢05(6)<0.90 0.60<cos(8)<0.65 0.60<c05(8)<0.65
-1 | . -1 - - -1 . . |
6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 6.0 6.5 7.0 1.5 8.0 8.5 8.0 9.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5
logiolEpn, ua/[GeV]) log1u(Epr, true/[GeV]) logio(Egi vue/[GeV])
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Energy estimation method using Linear fit

Proton
[ceCube Prelimimary 0.95<c0s(8)<1.0
1.04 .+ 0.90<c0s(8)<0.95
0.85<cos(8)<0.90
1.02 -
e ¢ o .t::l‘:";- RIS
“‘E l.OO—-—J-:-v-rﬁ—rJ-v-'—:—.—v ———————————— -‘————v-—v——?—r—-"-‘-
e $e e NI I IR
0.98
0.96 -
C t . d 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5
ontainec 10g10(Epri, truoflGEV])
E ents Helium
lceCube Preliminary + 0.95<cos(9)<1.0
1.04 1 - 0.90<co0s(9)<0.95
. 0.85<c0s(9)1<0.90
1.02 -
9 N T I
= B ) | —— . B T S S, _ B0 § ] - 7_....__...;._:_,._..
é * . ) s * : P -
0.98 4
0.96 -
6.0 6.5 7.0 7.5 8.0 8.5 Q.0 9.5

l0910 (Epn, t/ue/[ GGV] :'

Iron
lceCube Preliminary * 0.95<cos(6)<1.0
1.04 - . 0.90<cos(8)<0.95
. 0.85<C05(6)<0.90
1.02 -
k= N 8'..:!2°g .
'té ]nn .a-—.— ————— r—.—-q———.—;—-——.-—--?----.——-A——-‘-?—‘—?——T—v———.———-
m ° Kl ¢ . . -4 . .
0.98 -
0.96
6.0 5 7.0 7.5 8.0 8.5 9.0 9.5
l0g10(Epri, truell GeV])
Oxygen
[ceCube Preliminary +  0.95<cos(8)<1.0
1.04 1 .  0.90<cos(8)<0.95
. 0.85<C05(0)<0.90
1.02 1
c «- o ¢ @ : s * . :
E ]nn ——————— - -.--.—L-'—:—a—:..-‘ ————————————— ' —i—‘—Q-LT—.-t---.-—--
m ¢ L ® . . -
* 3 e . o
0.98 -
0.96
6.0 6.5 7.0 7.5 8.0 8.5 9.0 g

l0g10(Epr, truell GEV])
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Energy estimation method using Linear fit

Uncontained
Events

Proton

1.04 -

1.02 4

Ratio

0.98 -

0.96 -

6.0

[ceCube Preliminary

.
.
'

C.95<Lws(@]<1.0

0.90<cos(0)<0.95
C.85<cos(0)<0.90
0.80=cos(0)<0 85
0.75<caos(8!<0 8D
C.70<cos(0!<0.75
(.65<cos(8)<0.70
C.60<cus(@<0.65

6.5 7.0 75 30
logi1o(Epr, true/GEV])
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.

@ ...
. » 4
L
kX

8.5 9.0
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1.04 4
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¥
4 ™
1
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|
o
}.

0.98 1

0.96 1

JceCube Preliminary

0.95<cos(8)<1.0
0.90=cos(8)<0.95
o ¢ 085<cos(8)<0.90
N.80eccos(8)<0.85

« 0.75<c0s(0)<0.80

e 0.70<cos(8)<0.75

N6S5<ros(f)<0.70
0.6D0<cos(9)<0.65

6.0 6.5 7.0 7.5 8.0

logic(Epr, true/[GeV])
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Helium

1.04

1.02 1

—
o
o

|
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I
I
I
|
I
J
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I
I
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|
|
I
¥
I
I
I
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I
|
I
|
I
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|
I
I
I
1
e
I
I
I
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I
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|
I
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1

0.98

0.96 1

[ceCube Preliminary

- - . .

s . o | N
0.95<cos(€)<10 * , . ‘
v 0.90<cos(f)<0 95 *
* 0.85<cos5(€)<0.90

0.80<=cos(€)<0.85
v 0./5<cos(€)<0 .80
» 0.70<cos(6)<0.75

0.65<cos(€)<0.70

0.60=<cos(€)<0.65

6.0 6.5 7.0 7.5 80 85 9.0

10010(Epr, true/l GEV])

Oxygen

a5

1.04

1.02 -

1'00 ——————————————— —_—— e — - - P —————————- ,--QT‘*:--‘..----

0.98 1

0.96 -

[ceCube Preliminary

+  0.95<cos(8)<1.0 '
. + 090<co0s(8)<0.95 P
» 0.85<cos(8)<0.90
0.80<cos5(0)<0.85
v 0.75<cp5(0)<0.80
»  0.70<c0s(68)<0.75
0.65<cos(8)<0.70
0.60<cos(8)<0.65

6.0

6.5 7.0 75 £.0 8.5 9.0
log10(Epr, true/[ GeV])
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Energy estimation/prediction using Random Forest Regression

o Contained+Uncontained iron o5 Contained+Uncontained helium Contained+UncontainedOxy gen
: . 1 : 1. 9.5
IceCube Preliminary IceCube Preliminary IceCube Preliminary
9.0 - 9.0 - 9.0 -
e - 10°
8.5 8.5 - 85
> > S
G 8.0 G 8.0 $ 8.0
2 2 B
Q Q Q
] =] ]
2 7.5 1 S 7.5 2 7.5
2 10 g 100 g 10°
7.0 - 7.0 - 7.0 1
6.5 6.5 L]/ 6.5
Testing Testing Testing
6.0 ) T T T T T T ].0‘3 6.0 T T T T T T 103 6'06 0 6 5 7'0 7'5 8‘0 8'5 9'0 9 5 100
6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 - . : : : : : :

log10(Etne/GeV) log10(E¢re/GeV) log10(Etre/GeV)
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