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Overview

lceCube Neutrino Observatory

Point Source Search with AMANDA/IceCube
What's / why using the False Discovery Rate ?
FDR controlling procedure for PS search
Results on AMANDA-II 2000-2006 data

Conclusions
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lceCube Neutrino Observatory

_ | /  IceTop Air Shower Array
o Do - ; « 160 Cherenkov Tanks (2DOMS)

« Used for calibration, bg study,...

« AMANDA

« Completed in 2000

e 677 0OM -19 strings

e @:200m-1.5-2.0 km depth
« Extension to low energies

I.“I}m

sttt

T e s = -
BT e T &
e Srmaeaseiade raeiE—— ==

e |ceCube

« Completionin 2011

« 4800 DOM - 80 strings

e 1km x 1km?

e  First fully funded cubic kilometer

é.gsﬁrn

sized neutrino detector
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lceCube Neutrino Observatory
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= TeTeTeT "7 S0 I |oeTop surface array

1450 m
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AMANDA

Optimized to detect muon tracks
Induced by c.c. interactions of
neutrinos with E > 100 GeV

N with E =6 TeV
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Background vs. Signal

Interaction of in the earth's atmosphere

For 1 cosmic neutrino :
- 10° atmospheric muons
- Northward coming
stopped by the earth
» 10° atmospheric neutrinos
- Downward going
rejected
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Philosophy of Point Source Search

 Localized excess of events over background
« Background : uniformly distributed in right ascension
« Signal : detector Point Spread Function

» Final event selection : from ~10° to ~10° events per year

e Blind approach (randomized r.a.)
e < 5% wrongly reconstruction down-going
e ~1.5° - 2.5° angular resolution f(E,d)

AMANDA-II 2000-2006

entire Northern Sky survey 26 selected sources candidates
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Unbinned maximum likelihood search method

entire Northern Sky survey 26 selected sources candidates
e 0.25° x0.25° grid Candidate 0] _a() _dw__p U0
3C 273 705 1249 871 0 1
e -5°<§<83° S5 433 198 1919 321 .;iaizfaCtor
GRS 10154105 1095 1025 776 011 23 .
; . M87 1239 1251 440 QOrAFECtion
« Maximal Significance PKS0528+134 1353 552 326 064 23
5 . 3C 454.3 16.15 22.90 2.532.3 \*'
= . = Geminga 1777 8.57 12.?2.3
3.386 @ 54%; a = 11.4h CrabNebula 2201 558 027 “orte” 23
- _ GROJ0422432 3281 436 275 076 22 D)0
e Proba in random sky : 95% Cyg X-1 3520 1997 400 057 21 20%
MGRO J2019+37 3683 2032 967 0077 21
4C 38.41 3814 1650 220 085 2.1
Mrk 421 3821 1107 254 082 2.1
Mrk 501 3076 1690 728 022 20
Cyg A 073 1999 924 0095 20
Cyg X-3 096 2054 659 029 20
Cyg OB? 1132 2055 639 030 20
NGC 1275 1151 333 450 047 20
BL Lac 1228 2205 513 038 20
H1426+4428 4268 1448 568 036 20
3C66A 1304 238 805 0.8 20

XTE J1118+480 4804 1130 517 050 18
W PR IES 23444514 5171 2378 574 044 17
e EF2d <52x10-TeVcm*s Cas A 58.82 2339 383 067 16

pe LST+61303 6123 268 1474 0034 15

Search for Point Sources of High Energy Neutrinos with Final Data from AMANDA-l ~ —eo020+650 615 200 676 044 15

Phys.Rev.D79:062001,2009
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Unbinned maximum likelihood search method

* Hypothesis on the signal
N
= _ = |2

- ns Mg Ti— s
ﬁ(IS’ s, ﬁ'r!) - H (?b + (1 - T)B}) Sﬁ' = Zn}gﬂﬁ_l 2 P(*'I\"'Tch|Ev)P(Ev|’:"')dEv

i=1

« Maximal Significance
3.380 @ 6 =54°; oo = 11.4h
 Proba in random sky : 95%

- p-value correction a posteriori
« blind analysis » on pure background sky with
e randomized right ascensions
e declinations preserved

- Not dedicated to multiple source detection
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STATISTICAL ESTIMATORS & FDR

Simple Test P(x€w|Hy) = 0.05

H 0 H HO : Null Hypothesis
0

1 - Background

H1 : Alternative Hyp.
- Signal

Errors

R Error type-l : False rejection

TYPE-| Error

type-Il : No detection
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STATISTICAL ESTIMATORS & FDR

p(xew|H,) = 0.05
0 HO : Null Hypothesis

Hl - Background
H1 : Alternative Hyp.
- Signal

Simple Test
Ho

Errors
type-l : False rejection
type-Il : No detection

TYPE-Il Error

TYPE-| Error

Multiple Tests (n) > p(Xe®|H,) = 1-(1-p)"| [ Ho| Hi | Total |
rejected U T R
. . = 0.40 non rejected | V' 5 m— R
rejections : R =8 [ Total [mg|m—mg| m |
I A A N X I XX .
FOR = F | —2
N vl

False rejection : U = 1
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FALSE DISCOVERY RATE CONTROLLING PROC.

« Maximise Detection Potential while controlling detection CL
using multiple hypothesis H, (background) testing procedure

« Method independant of source flux model
« No need of MC check a posteriori

[p-value (D) y()= (corrtomim « Set of N pvalues

(probability to be bg v)
> < order in increasing order

 Find the last crossing (s)
with the line (D)
 Reject H, for i <s with a

o/N

-
-
=
7
-
-
|
1

0 5 i
_ FDR sources

Confidence Level 1-a
 |If Hyisrejected = Signal

«nalves» sources
>

«Bonferoni» sources
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FDR PROCEDURE FOR POINT SOURCE SEARCH

Final set of neutrinos : Nv & N p-values
depending on :

5 : ol .
v density (position) energy (Ngp)
2r r—— 1 ~ T -~ - T - 31 E"TT L L L L BN IR L LR
i o aa ]
. 10-15— TRE _ E
E L e, cosmic
10-25_ “ﬂ *+++++Hg”+_ E
3E i H | .Hh“”?HH ;;;; ]
10°F | W‘H B TV
- | ﬁ W Illlwi”:
104 4] i
i m““‘n
10°F "
10°F Hiliit
5 atmospheria Tl
107¢ Tkt
10%F
- L L L | ) L L ] ! ! L ] ! ! L ] | | L1 10.9_. [T B e e (AN AR AR AR AR AR EARR RN AR AN
% 0.2 0.4 0.6 0.8 1 0 50 100 150 200 250 300 350
sin(declination) N,
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FDR PROCEDURE FOR POINT SOURCE SEARCH

L Hypothesis tested for each v

1. Definition of a search bin around each neutrino

Optimal bin size : 1.585*Resolution(d)

Resolution (°)
[ [ [ N N N [\¥)
u o © o S o w
T TTrTT TTTT TTr T 71T TTTT T

Loy
(03}
L L

-
w

:II\I{IIJIlLlIl{IIIIIIIIIIIIIIIIIIlIlIJIlIIIIllI-

0 10 20 30 40 50 60 70 80 90
declination (°)
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FDR PROCEDURE FOR POINT SOURCE SEARCH

[ Hypothesis tested for each v J

2. Definition of variable that takes into account both
density and energy criteria »® TOTAL ENERGY (NCh)

e — Tthg n ] 00
: ' { _
P("ir'*ﬂ'f}tj) — ; g Ef{}f [il') = E P[:!' th}E;(T}
. L i =0
| total energy | Entrieshg995424
45000 RME 724 with
40000F- H
350000 0 L 0, X
e o ]_ _‘__ﬂlln_x 1 pge
30000;—.:5 EO"XF D:Ix_n:eea D,x-p :+ —p, (X -y}
250005, 1+e® 1+e™ l+e™
E'o
200005 T
15000?— f r) = / Fnala) Eolx — a)da
10000[- J0
50002 T
Og- 00506 800 Yoo En(z) = / Eola) En—1(x — a)da
TOTAL NCh o ]
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ENERGY PDF'S FROM SIMULATIONS (NUSIM)

A good knowledge of the distribution at high energy is crucial.
e Few events out of data - large uncertainties
« Use of simulations = check of reliability = better statistics

10°¢ 3 10k 4 102}

al
10 104]:_ 3 10°F
|

10 | H HH 1045-[‘ | N 1 M’WH |

0 50 100 150 200 250 0 50 100 150 200 250 0 5IIJ 100 150 200 250
Ny Ny N,

(a) 0 < 32.5° (b) 32.5° <4 < 52.5° (c) 0 >52.5°

» Better estimation of the energy PDF's.
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FDR PROCEDURE FOR POINT SOURCE SEARCH

L Hypothesis tested for each v

Set of p-valuei
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FDR PROCEDURE FOR POINT SOURCE SEARCH

L Hypothesis tested for each v

Set of p-valuei
FDR Procedure

Set of rejectedl
p-values
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FDR PROCEDURE FOR POINT SOURCE SEARCH

L Hypothesis tested for each v

Set of p-valuei
FDR Procedure

Set of rejectedl
p-values
Il FDR NOT CONTROLLED !

Bg neutrino (1000v)
Source neutrino (12v)
@O Detected neutrino
yal True Source Position
Source Reco. Position
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FDR PROCEDURE FOR POINT SOURCE SEARCH

L Hypothesis tested for each v

Set of p-valuei
FDR Procedure

Set of rejectedl
p-values

L Hierarchical Clustering

Cluster 1
Set of Clustersl Hstel

FDR OF CLUSTERS
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FDR PROCEDURE FOR POINT SOURCE SEARCH

[ Hypothesis tested for each v J

Set of p-valuesjv
FDR Procedure

Set of rejectedl

p-values

[ Hierarchical Clustering J

Set of clustersl

FDR OF CLUSTERS
NOT CONTROLLED

IAP Meeting

ESTED FDR

t:t ;gﬁi";;m;;
10 12

___M]

0.01 _E

Source luminosity

16 13 21]
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FDR PROCEDURE FOR POINT SOURCE SEARCH

{ Hypothesis tested for each v W

.//

Set of p-values

FDR Procedure
Set of rejectedl
p-values

{ Hierarchical Clustering

Set of Clustersl

If more than 1 cluster
& at least 1 cluster with more than 1v
- cut 1 v clusters

IAP Meeting
October 2nd, 2009 - Brussels
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FALSE DISCOVERY RATE DISCOVERY @ 99%CL

E? dp/dE / 107 TeV cm? s

IAP Meeting

B — Likelihood 99% CL [~
B —— FDR=1%
10
i 1 1 l 1 1 I. L 1 1 ]. 1 1 L I 1 L L I 1 1 1 l 1 1
0.2 0 0.2 04 06 0.8 1

CHECK OF THE PROCEDURE WITH « DATA CHALLENGE »

17442 blind tests : no knowledge on source location or luminosity

2009 - Brussels

10?

5 10

Mean ;: 0.86°

0 05

| | \ \H
145 2 25 3 35 4 45'5
distance to source true position

LABARE Mathieu
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FALSE DISCOVERY RATE DISCOVERY @ 99%CL

CHECK OF THE PROCEDURE WITH « DATA CHALLENGE »

| Feldman-Cousing 90%CL at low declination

o e B T e B B I

20

18]
16
14}
12F
10}
a_'_

source luminosity v

6

5.886 1

4_‘ —
2k

TOTAL N,

uﬂ 200 400 600 @00 1000 1200 1400 1600

Feldman-Cousins 0% CL atl mid declination

source luminosity v,

5.509 ]

4k —

TOTAL N,

uﬂ 200 400 600 @&00 1000 1200 1400 1600

Feldman-Cousins 90%CL at high declination

22

- B
-2
o

£16-
==

source luminosity
— —

==
=
T

----------------------

17442 blind tests : no knowledge on source location or luminosity

rrrrrrrrr

4.809 .

'Y o M
& M R e % e R

200 400 600 @00 1000 1200 1400 1600

TOTAL N,

Sensitivity 90%CL : 2.5-3.0 X 10" TeVcm™s™

IAP Meeting
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FALSE DISCOVERY RATE DISCOVERY @ 99%CL

Results on AMANDA 2000-2006 neutrinos candidate events
* No event has rejected the Null Hypothesis : NO DISCOVERY

AMANDA - 7 YEARS : FDR results

1; T TTTTT T T T T

Data

FDR Threshold - 99%CL

10-3: e el Ll
1 10 102 10°
ordered neutrinos

IAP Meeting

declination

Significance
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t 'II.ITHI:"|'|"": vt 'Lvl 'u ": q\ﬂ.' Ml”“ﬂa"”ﬁ *':P 4 435
6O, ,r| I|.|'I 'm EJ"I?..I'.- l"-.l '-.,_'I |'J|[=:. ‘]
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0
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150 0 210 240 270 300 330 360
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(190.93 ; 4.74)  p-value : 4.07 10*
(sign. : 3.39)
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ALL SKY SURVEY

Results
« Highest Significance : 3.39 (p-value : 4.07 10

IN BACKGROUND SKY

Significance
R L 90— IARRE AR IRAR AR AR T AR AR AR ARAN AR ;l5
. T T L S O ','--. .-,.:'- oL 4.5
| BOF . ot T et e e e R ".' ot v v ,r -
A V! "'-\.-."II'\."I"'- W e ! Lo . M
Of A L S
- 60 E,:i,’_-t'l \ 4'I:‘.+-'.'-l".|'l; * J;':“{njl ’:_*;";“_-',..'{"J,-g-f:\*:,.'i::\-f-'h',::'J,:}e -,"‘t M *H‘ “:_:\w"'lrﬁ £ ']'L 4 {3s
N g I'I.':"‘ll.{.l'l 'l-jl-:uhll“ll q‘::.l |”'|_1I_3;'-: .-I' "F’I- l:\.-'" '\Q L? "‘-,,I '-u J'_.I:'.'-H':.."'. -'".!'I." :.ll'll 13
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: AT OISR T T I -Ju'
&) 10 !":l':.:.-,tlal I'I'I':,'."I.'.""?v"' i ,|I oy :':. . .'| .|.. | |f- f L ".|: il 0.5
0 \

150 0 210 240 270 300 330 360 0

right ascension

30 60 90 120

(190.93 ; 4.74)  p-value : 4.07 10*
0253 35 4 45 5 55 6 65 7 (sign. : 3.39)

Highest Significance 0 )
From Data Challenge background skies 74.4 % of background skies
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ALL SKY SURVEY

Results

« 10 lowest p-values

AMANDA - 7 YEARS : FDR results

1; T TTTTT T TTrTT AL

Data

& FDR Threshold - 99%CL
1

10-3: 1 ool 1 Lol L L ool
1 10 2 .
ordered neutrinos

IAP Meeting

October 2nd, 2009 - Brussels

10°

R.A.(°) Decl(®°) P-value
1 1190.93 4.74 4.05 10"
2 | 168.32 55.08 4.26 10
3 | 189.55 3.90 5.34 10
4 | 172.67 54.66 6.33 10
S5 | 190.44 3.36 9.36 10
6 | 190.26 2.64 9.39 10
7 | 171.94 53.46 11010°
8 | 168.89 53.60 1.2210°
9 | 29.21 17.31 1.26 10°
10 | 168.41 5460 1.4510°

LABARE Mathieu
Université Libre Brussels




Results

10 lowest p-values

Significance

ALL SKY SURVEY

declination

“30 60 90 }éﬁh

15ﬁ 180 21
I'ig ht ascension

S

IAP Meeting
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168.41

R.A.(°) Decl(®°) P-value
1 1 190.93 4.05 10"
2 | 168.32 4.26 10
3 | 189.55 5.34 10
4 | 172.67 6.33 10
5 | 190.44 9.36 10*
6 | 190.26 9.39 10
7 | 171.94 110 10°
8 | 168.89 1.2210°

1.4510°
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ALL SKY SURVEY : HOT SPOT

Results
« Around the « Hot Spot » : 3C273 at distance of 4.52°
7YEARS AMANDA Significance NCh FDR HOT SPOT-( RA 190.93° ; Dec 4.74°)
4 160
35 I14|‘.‘I
3 120
25 ==100
280
15 |60
1 40
0.5 20
0 0
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ALL SKY SURVEY : 2" HOT SPOT

Results
« 2"FDR « Hot Spot » = Likelihood Method Hot Spot

7YEARS AMANDA Significance NCh LLH HOT SPOT-(RA 171° ; Dec 54°)

4 160

35 l 140
34120

25 =100
2 --80

1.5 - 60
1 40

05 20
0 0
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FROM SOURCE CATALOGUE

90

80

70

60

RONEE S 2NN RENrE ANEE

420

40 ek

declination

20 T --ff:if ¥.'::;L  _' A

10

RN R RANTR En BN

T PO T T[T [T L T T T F I [T T [TTT]

L e e e b e L e S T T S Ty e T Ty e |G
30 60 90 120 150 180 210 240 270 300 330 360
right ascension

o
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FROM SOURCE CATALOGUE

Object R.Asc.(®°) Decl(®). Significance
3C 273 187.28 2.05 3.39
XTE J1118+480 169.55 48.04 2.61
BL Lac (QSO B2200+420) 330.68 42.28 2.31
Crab Nebulae 83.63 22.01 2.03
Cyg X-1 299.59 35.2 1.34
Cyg A 299.87 40.73 1.34
1ES 1959+650 300.00 65.15 1.20
Geminga 98.48 17.77 1.08
Cas A 350.85 58.82 1.07
1ES 2344+514 356.77 51.71 0.93
Mrk 501 253.47 39.76 0.92
4C 38.41 248.82 38.14 0.92
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FROM SOURCE CATALOGUE

Object R.Asc.(®°) Decl(®). Significance
3C 273 187.28 2.05 3.39
XTE J1118+480 169.55 48.04 2.61
BL Lac (QSO B2200+420) 330.68 42.28 2.31
Crab Nebulae 83.63 22.01 2.03
Cyg X-1 299.59 35.2 1.34
Cyg A 299.87 40.73 1.34
1ES 1959+650 300.00 65.15 1.20
Geminga 98.48 17.77 1.08
Cas A 350.85 58.82 1.07
1ES 2344+514 356.77 51.71 0.93
Mrk 501 253.47 39.76 0.92
4C 38.41 248.82 38.14 0.92
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FROM SOURCE CATALOGUE

Significance

Object R.Asc.(®) Decl(®).
3C 273 187.28 2.05
XTE J1118+480 169.55 48.04
BL Lac (QSO B2200+420) 330.68 42.28
Crab Nebulae 83.63 22.01
Cyg X-1 299.59 35.2
Cyg A 299.87 40.73
1ES 1959+650 300.00 65.15
Geminga 98.48 17.77
Cas A 350.85 58.82
1ES 2344+514 356.77 51.71
Mrk 501 253.47 39.76
4C 38.41 248.82 38.14
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3.39

2.61

2.31

2.03

1.34

1.34

1.20

1.08

1.07

0.93

0.92

0.92

Proba.
5° AROUND SOURCE
8.510° 1 ]
0.036 0.8l )
0.063 _
0.6 .
0.105 5 |
0 L
0.346 0.4 -
0.346 -
0.2 .
0.424
R T R S S S S
0.505 Highest Significance
0.514
0.617 From Data Challenge
0628 background skies
0.628
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FROM SOURCE CATALOGUE

Object R.Asc.(®) Decl(®). Significance Proba.

3C 273 187.28 2.05 3.39 8.510°

XTE J1118+480 169.55 48.04 2.61 0.036

BL Lac (QSO B2200+420) 330.68 42.28 2.31 0.063 -
Crab Nebulae 83.63 22.01 2.03 0.105

Cyg X-1 299.59 35.2 1.34 0.346

Cyg A 299.87 40.73 1.34 0.346 -

1ES 1959+650 300.00 65.15 1.20 0.424 :

Geminga 98.48 17.77 1.08 0.505 104_- T S T T m— T
Cas A 350.85 58.82 1.07 0.514 o

1ES 2344+514 356.77 51.71 0.93 0.617

Mrk 501 253.47 39.76 0.92 0.628

4C 38.41 248.82 38.14 0.92 0.628
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FROM SOURCE CATALOGUE

Object R.Asc.(®) Decl(®). Significance Proba.
3C 273 187.28 2.05 3.39 8.510°
XTE J1118+480 169.55 48.04 2.61 0.036
BL Lac (QSO B2200+420) 330.68 42.28 2.31 0.063
Crab Nebulae 83.63 22.01 2.03 0.105
Cyg X-1 299.59 35.2 1.34 0.346
Cyg A 299.87 40.73 1.34 0.346
1ES 1959+650 300.00 65.15 1.20 0.424
Geminga 98.48 17.77 1.08 0.505
Cas A 350.85 58.82 1.07 0.514
1ES 2344+514 356.77 51.71 0.93 0.617
Mrk 501 253.47 39.76 0.92 0.628
4C 38.41 248.82 38.14 0.92 0.628
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Limits (*°

6.58
8.81
7.27
5.93
4.82
4.82
6.30
3.91
5.60
2.63
2.40

2.38

Feldman-Cousins 90%CL
20
181 -

= =
N AR o
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source luminosity v,
—
(=]
T
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Significance
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FROM SOURCE CATALOGUE

Object R.Asc.(®) Decl(®). Significance Proba. Limits (*) Closest nu
Sign. Distance
3C 273 187.28 2.05 3.39 8510° 6.58 1.11 0.653
XTE J1118+480 169.55 48.04 2.61 0.036 8.81 0.11 0.069
BL Lac (QSO B2200+420) 330.68 42.28 2.31 0.063 7.27 0.29 0.617
Crab Nebulae 83.63 22.01 2.03 0.105 5.93 1.34 0.699
Cyg X-1 209 29 35.2 1.34 0.346 4.82 0.007 0.533
Cyg A 299.87 40.73 1.34 0.346 4.82 0.57 0.824
1ES 1959+650 300.00 65.15 1.20 0.424 6.30 0.32 0.497
Geminga 98.48 17.77 1.08 0.505 3.91 0.13 2.162
Cas A 350.85 58.82 1.07 0.514 5.60 0.04 0.905
1ES 2344+514 356.77 51.71 0.93 0.617 2.63 0.31 0.309
Mrk 501 253.47 39.76 0.92 0.628 2.40 0.3 0.971
4C 38.41 248.82 38.14 0.92 0.628 2.38 0.11 1.196
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FROM SOURCE CATALOGUE - Cont'd

Object

Cyg X-3

Cyg OB2
MGRO J2019+37
M87

PKS 0528+134
NGC 1275
H1426+428

LS | +61 303
GRO J0422+32
GRS 1915+105
SS 433

3C 454.3

3C66A
IAP Meeting

R.Asc.(°) Decl(®). Significance Proba.
308.11 40.96 0.85 0.682
308.29 41.32 0.85 0.682
304.83 36.83 0.84 0.688
187.71 12.39 0.73 0.771
82.74 13.52 0.72 0.775
49.95 41.51 0.68 0.805
21714 42.68 0.65 0.829
40.13 61.23 0.63 0.839
65.43 32.91 0.59 0.866
288.8 10.95 0.54 0.897
287.96 4.98 0.52 0.905
343.49 16.45 0.50 0.918

Ucitober 2nd, 2009 - Brusseis

Limits (*) Closest nu
Sign. Distance
2.41 0.61 0.510
2.42 0.61 0.135
2.36 0.15 0.184
1.71 0.05 1.748
1.75 0.09 2.420
2.42 0.11 0.190
2.43 0.10 1.425
2.94 0.06 0.485
2.26 0.15 0.991
1.76 0.53 0.462
1.85 0.001 1.435
- 0.15 1.034

0.08

0.111
LABARE Mathieu
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SUMMARY

FDR

« Maximise Detection Potential while controlling C.L.

 No need of source flux model neither MC check a posteriori
 Take naturally into account the trial factor of multiple tests
« Convenient for multiple sources detections

From Data Challenge
« Sensitivity 90%CL : 2.5-3.0 X 10" TeVcm™s™
» Discovery Potentiel 50% (99%CL) : 6.0 —8.9 X 10™ TeVcm=®s™

On AMANDA-II 2000-2006 data

« No discovery — Hot Spot @ [0t=190.9° ;0= 4.7°] (Bg proba : 74.4%))
« Second Hot Spot is LLH Method Hot Spot

 Selected source : HS near (<5°) 3C273 (Bg proba : 0.85%)
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