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e Sources of Cosmic Rays

e The IceCube Neutrino Observatory

* Measurement of a diffuse muon neutrino flux

e Search for Point sources: An unbinned likelihood analysis

* Results:
— All sky scan

— Source Catalog

—— Data North = = Expectation
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From: Astrophys. J., 835 (2017) no. 2, 151
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Sources of HE Cosmic Rays B icecuec

One major open question in astro-particle physics:
What are source of UHE Cosmic Rays?
What is the acceleration mechanism ?

Maximum energy of particle is constrained by
magnetic field strength and size of object

EmaxOC/Bs°Z°B°L

Many different source classes can be responsible
including galactic and extra galactic sources
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e Charged cosmic rays
— accelerated in astrophysical objects
— deflected by intergalactic magnetic fields ...

holes

— propagation effects energy spectrum
* TeV gamma rays
— point back to place of origin

— may not leave the source region because
of high density

— absorbed by interstellar dust clouds

air shower

They are charged particles and
are deflected by magnetic fields.

*x

From: http://gallery.icecube.wisc.edu/internal/d/318865-1/physicus.pdf
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Finding a neutrino point source is smoking gun

. . + -
for hadronic acceleration. —>€ FVutV,+v,+N
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e |ceCube

* DeepCore

* IceTop
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About 1 km3 of detection volume

Measures Cherenkov light from
secondary charged particles

5160 light sensors @ 86 strings
energy threshold 100 GeV

infill array

8 strings with 60 HQE DOM s each
combined with 7 nearest IceCube strings
energy threshold 10 GeV

Cosmic ray detector at surface
81 stations with 4 DOMs in 2 tanks each

1 km? area

H . 14 __ 18
Cosmlc raVS- 10 10 eV From: http://gallery.icecube.wisc.edu/internal/v/graphics/arraygraphics2011/blueTopArray_001.jpg.html
From: http://gallery.icecube.wisc.edu/internal/v/graphics/dom/DOMNoHarnessWhiteback_lg.jpg.html
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From Phys. Rev. D 89, 062007 (2014)

Neutrino-Signatures

From: Phys. Rev. Lett. 113, 101101 (2014).
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v, +N—>v + X

v,+N—>e+ X

v.+N 57+ X (E, <~PeV)
e cascade-like signature

 energy fully contained in most events

— good energy resolution
* spherical signature

- bad angular resolution
5/8/2017

v, +N—>pu+ X

* track-like signature

* through-going / leaving the detector
— Bad energy resolution
* long leaver arm

- Good angular resolution

Search for point-like sources in the astrophysical muon neutrino flux with IceCube




From: Astrophys.J). 833 (2016) no.1, 3
| AR | ‘

mmm Conv. atmospheric v, + 7, (best-fit)
B Prompt atmospheric vy, + 7, (flux limit)
mm  Astrophysical v, + 7, (best-fit)

+++ HESE unfolding: PoS(ICRC2015)1081
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Measurement of diffuse vV, -flux s,CEBUBE

IceCube has measured diffuse v -flux
We know that there are
astrophysical neutrinos in this
sample.
v, events have good angular
resolution
- ideal signature to search for
point-like sources

Astrophysical norm.  0.90_,,, 31018 GeV-lcm2sisrt \ve:
- . \"_O sO ces?
Astro. spectral index  2.1310.13 S\.\\ ne S W\
Significance ~5.60 \N“a’(, af
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Data Sample

e Muon neutrino candidates selected from
Northern hemisphere

* Same sample as for diffuse up-going v, analysis
* 2032 days livetime (IC59-1C86/2014)

e about 340k events

* v, events with good angular resolution

* High purity of more than 99.9% and high
efficiency

* Precise parametrization of energy and zenith
distribution by diffuse fit

Median ¥ /deg

%
e ICECUBE
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— [C2012-14 |
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Unbinned Likelihood Analysis $cccuee

y A Background Likelihood function
8 ° ® @ Signal L= H|::I_ssi,spatsi,ener +(1_Iz_s)8i,spat Bi,ener:|+ P(?/ | 7astro)
O
9 Signal: astrophysical v coming from source location
Background: atmospheric v & diffuse astrophysical v
* Spatial signal PDF is a Gaussian with event wise
R.A. > angular resolution
* PDFs derived from parametrization of diffuse fit
N *  Prior on Sl of sources
” Background - focus search on sources of diffuse flux
% — Signal Test Statistic
0 * Likelihood ratio test for fits with n >0
= * Taylor expansion of TS for n=0 fits to allow for
negative TS values
_ L(%s.0)
Energy TS ——2'|09{ L(Xs’ﬁs’?;):| n, >0
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- - Sensitivity this Analysis

— Discovery Potential this Analysis

Compared to published PS analysis (gray) o1 == Sensitivity Tyr PS Analysis
A h J 835 (2017) 2 151 o —  Discovery Potential Tyt PS Analysis
. strophys. J. no. g
p y - ’ - ’ =
* focus on diffuse muon neutrino flux £
. : : . Sl 1077
* estimation of PDFs from diffuse fit e
parametrization
e prior on spectral index o L | | | |
. 0.0 0.2 0.4 0.6 0.8 1.0
e allow for negative TS values in(6)
. . -5 B TR RS NSRRI SRS N S S SRR RN RR RS RS
« different event selection (~¥80% overlap) 1077 4 , —
) . ) 10-6 1 Discovery Potential i
* |Improved direction reconstruction — : | — s=00° !
w1004 _ o —— 3
e One year less data 5 0 =300 :
= 10— §=60.0° —— |
£ 109 | T
. . ~— E E
- Focus on diffuse flux gain about ~10-20%  =f= ;, w 2= e ——
. e . . . e ; —— —— —
in sensitivity and discovery potential 101 | - e
10712 : 1 L) T 1 1 :
0 1 2 3 4 5 §
logyo(E,/TeV)
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A " as ;- :J Oo
180°

240°
Equatorial
[ceCube Preliminary

ng: 9.88 0 9 4

v 2.118 — logo(Procal)

TS: 17.36

pval: 107>-13 * We scanned of the whole Northern hemisphere down to -5 deg
ra: 170.16° declination

dec: 27.91° * Hottest spot has a local p-value of 1013 (black circle)

Dgart 69.88° * Position and fit-parameters are given at left hand

Loare 205.45°
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Results: All-Sky Scan $cccuee

E — EX])(‘.]'il]l(‘l]T.;ll Value
E —E— Psc'u(lo—ExpEm‘imva
: _:' Plocal * (lﬁpln('al)\‘7l I
L] ' | o = 005
2?.87°E 5 E E
£ 204 : !
E [ceCube Pr(iliminarl\'
0.0 . . L -
173.16° 170.16° 167.167 4 5 ] 7 3 9
ns . 9 8 8 righl ascension _ 105%'1[)(1)10«“1)
) ) (E—
. 0 2 4 6
y M 2 M 1 1 8 71()g1(1(}7luml)
TS: 17.36 . .
° _ .
pVal: 10-5-13 Trial correcte.d P va.Iue. 90.5% .
ra- 170.16° - Compatible with background only hypothesis
dec 27 91° * Zoom into Hot Spot region
. o * No correlation with source position from second and third
b ©69.88
1 * .
lga . 505.45° Fermi-LAT catalog
1 . . . . . . .
o « Does not coincide with locations from previous analysis
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Table 1: Results of the pre-defined source list. Cata |Og based on the Sta nda rd
Source Type aldeg] d[deg] p-Value TS g Dy [TeVem 2571 .
PKS 02351164  BL Lac  39.66 1662 0.7355 -0.400 0.00 2.04.10-13 IceCube and ANTARES source list.
1ES 0229200 BLLac 3820 20.29 04762 -0.059 0.00 4.47.10-13
W Comae BL Lac  185.38 2823  0.4420 -0.055 0.00 5.37.10713
Mrk 421 BL Lac  166.11 3821  0.2433 0029 048 868103 .
Mrk 501 BLLac 25347 3076  0.6847 -0.172 000 351101 The source list has been unchanged
BL Lac BL Lac  330.68 4228 05104 -0.028 0.00 5.5810°13
H 1426+428 BL Lac  217.14 42,67 0.7800 -0.243 0.00 1.96.10~13 fOf' years now.
3066A BL Lac  35.67 43.04 0.3306 -0.001 0.00 7.50-1013

1ES 23444514 BL Lac 356.77 5170  0.9264 -0.808 0.00 1.58.10713
1ES 19591650 BL Lac 300.00 65.15  0.2069 0.124 1.69 1.17-107'2

S5 0716471 BLLac 11047 7134 07230 -0.380 000 384101 Here we consider the 34 sources on
3C 273 FSRQ 18728 205 03807 -0.014 000 44210713 ]

PKS 1502+106  FSRQ 22610 1052 02322  -0.000 0.00 598107 Northern hem|5phere_

PKS 05281134  FSRQ 82.73 1353 0.2870  -0.002 000 5.74.10713

30454.3 FSRQ 34350 1615 00072 5503 598  1.26.10712

4C 38.41 FSRQ 248.81 3813 0.0055 568  6.62  1.72-10~12

Geminga PWN 9848 1777 09754 2424 000 1.16:10- 1% For each source the best fit ns, TS,
Crab Nebula PWN 83.63 2201 01188 0709 432 865101 _ 0

MGRO J2019+37 PWN 305.22  36.83  0.9884  -3.191 0.00 1.39-10-% local P value and the 90% upper flux
Cyg OB2 SFR 308.09 41.23 03174  -0.002 0.00 7.5310°1 T

1C443 SNR 9418 2253 08153 -0.457 000 1.22.10°% limit is shown.

Cas A SNR 350.85 58.81  0.2069 0.033 088 1.05.10°'2

TYCHO SNR 6.36 6418 04471  -0.019 000 8141071

M87 SRG 187.71 1239 06711  -0.256 000  2.8510713 . .y s .

5 1230 SRG 6097 2067 09055 0747 000 130101 The Sl is not shown as it is effectively
Cyg A SRG 20087 40.73  0.0049 6335 430 1.78.10712 .

NGC 1275 SRG 49.95 4151 0.2582  0.007 025 8.31.10713 fixed to be about 2.13.

Ms2 SRG 148.97 69.68 0.8887 -0.888 000 1831079

95433 XB/mgso 287.96 4.98  0.8738 -1.085 000 1.01.107%

HESS J0632+-057 XB/mgso 9824 581 08359 -0.917 000 1.01.10-13 ) )

Cyg X-1 XB/mgso 299.59 3520 05422  -0.106 0.00  4.93-10"1 GRO J1908+06 is source with

Cyg X-3 XB/mqso 308.11 40.96 03230  -0.003 0.00 7.28.1071

LSI 303 XB/mgso 40.13 6123 02843 0001 017  1.01.1012 smallest local p-value

Hottest spot of the all-sky search
— — 170.16  27.87 10-514  17.271 10.28 —
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Catalog Search

10() ] L - L - I I I ! L 1 I I !
! - Experimental Value | mmm Limits for Catalog Sources this Analysis (£ ?)
] : — Pseudo-Experiments ==+ Sensitivity this Analysis
— 1 - . . . .
10774 — poear- (I — Poea)¥ 1 F oty — Discovery Potential this Analysis N
o Sengitivity 7vr PS Analysis
E 1072 i l(‘.OCllb(? Pr(}lin]inar(\r L \i DiSCOVQI‘y POL(‘-HH&] 7}"1‘ PS Analyﬁiﬂ
= =
= .
3 Ppost = 0.102 é/
— - ™~ »
£ 1077 4 L g 10712 = |
P = " e R P e
H .__..__.,.-l-"_.
~. E_-.- .- - B
107 4 i
IceCube Preliminary
103 1018 . . . . :
0 ' % 0.0 0.2 0.4 0.6 0.8 1.0
sin(d
- 10%10(191@@) ( )

* p-value of the most significant source in the list is 10.2%
- Compatible with background only hypothesis

* flux limits on 90% C.L. for E-? fluxes have been calculated
e Limits below the sensitivity of the analysis are set to sensitivity level

* 90% upper limits can be still above discovery potential as long as best fit flux is below.

e For comparison 7yr PS Analysis (Astrophys. J., 835 (2017) no. 2, 151) is shown

5/8/2017
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Table 1: Results of the pre-defined source list.

Source Type a[deg] o[deg] | p-Valuel TS N g [TeVem™ 2571
MGRO J1908+06 NI 286.99  6.27 0.0032 6.284 3.28 1.13-10712
Cyg A SRG 299.87 40.73 | 0.0049 | 6.335 430  1.78-107'2
4C 38.41 FSRQ 248.81 38.13 | 0.0055 5.686 6.62 1.72-10—12
3C454.3 FSRQ 343.50 16.15 | 0.0072 | 5.503 5.98  1.26-10~'2
Crab Nebula PWN 83.63 22.01 0.1188 0.709 4.32 8.65-10~13
Cas A SNR 350.85 58.81  0.2069  0.033  0.88  1.05-10~'2

1ES 19594650 BL Lac 300.00 65.15 0.2069 0.124 1.69 1.17-10712
PKS 15024106 FSRQ 226.10 10.52  0.2322  -0.000 0.00 5.98.10713

Mrk 421 BL Lac 166.11 38.21  0.2433  0.029 0.48  8.68-10719
NGC 1275 SRG 49.95 41.51  0.2582  0.007  0.25  8.31.10713

LST 303 XB/maso 40.13 61.23  0.2843 0.001  0.17  1.01-107'2

There’s no evidence of anything here - but let’s look at these anyway
e Each source in the catalog was non significant on its own.
 However we have 4 sources with p-value smaller than 1%.
 These sources are related to 3 different source classes.

5/8/2017 Search for point-like sources in the astrophysical muon neutrino flux with IceCube 15
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Table 1: Results of the pre-defined source list.

Source Type a[deg] o[deg] | p-Valuel TS N g [TeVem™ 2571
MGRO J1908+06 NI 286.99  6.27 0.0032 6.284 3.28 1.13-10712
Cyg A SRG 299.87 40.73 | 0.0049 | 6.335 430  1.78-107'2
4C 38.41 FSRQ 248.81 38.13 | 0.0055 5.686 6.62 1.72-10—12
3C454.3 FSRQ 343.50 16.15 | 0.0072 | 5.503 5.98  1.26-10~'2
Crab Nebula PWN 83.63 22.01 0.1188 0.709 4.32 8.65-10~13
Cas A SNR 350.85 58.81  0.2069  0.033  0.88  1.05-10~'2

1ES 19594650 BL Lac 300.00 65.15 0.2069 0.124 1.69 1.17-10712
PKS 15024106 FSRQ 226.10 10.52  0.2322  -0.000 0.00 5.98.10713

Mrk 421 BL Lac 166.11 38.21  0.2433  0.029 0.48  8.68-10719
NGC 1275 SRG 49.95 41.51  0.2582  0.007  0.25  8.31.10713

LST 303 XB/maso 40.13 61.23  0.2843 0.001  0.17  1.01-107'2

There’s no evidence of anything here - but let’s look at these anyway

e Each source in the catalog was non significant on its own.

 However we have 4 sources with p-value smaller than 1%.

* These sources are related to 3 different source classes.

e Combining sources, when sorted by local p-value (N]p ‘(- p, )V
* Binomial-probability to find k sources with p-value smaller than p, of N { k ‘ ‘

5/8/2017 Search for point-like sources in the astrophysical muon neutrino flux with IceCube 16



Combination of source X 2 .
from source list

4 1 1 N T B R (}G 1 1 1 1 - L o
| ',1 eoeo  Phiomialk|pe, n = 34) i — Experimental Value : : :
L 1 1 1
N *' nl 0.54 — Pseudo-Experiments I 1 I L
. - 1 1 1
2] 1ot — Normal-Distribution ! ! '
1 [ceCube Preliminary : : :
b d ! 0.4 Trials ‘ v I I I I
‘C“: 24 1 -2 Ppost. = 0.003(2.750) : : !
= 1 ¢ ' = 0.3 ] 1
oy = U.o 4 i I 1 B
3 ] “ lu = [ceCube Preliminary I !
RN ! - L E C
&0 ] ! ) =
| s T 02 R L
® o ¢ “ ] 1
0 — oy | 1
‘\ r‘ ‘1 .j’.\ ".‘ U ' :L _
’ [ ® .-.\‘ \‘ ID | .
i ® L 1
—1 L B I L B L B (}0 T o
0 5 10 15 20 25 30 30 -3 -2 -1 0 1 2 3 4 5

k. source index (if sorted by piocal) maximal significance /o

Significance of binomial combination of p-values of sources.

We have to correct for the choice of number of sources we chose to combine.
Trial correction significance is 2.750.
Note:

* This test has been introduced post unblinding.
 Combination not physical motivated, as sources not from same source class.
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MORO J19054H06

bo 3HCL

Local p-value landscape around source with sources of the 2/3
FGL

MGRO J1908+06 E
e MGRO J1908+06 is an extended TeV gamma ray source o
(0="0.4°) R ar . un

« Measured position varies from experiment to experiment. Zggiw‘%&;g_, e

* We use the position as in the previous PS publications.  —
» Source is classified as “not identified” T e
e Associated with Pulsar Wind Nebular (and SNR) T —
* Gamma ray flux is 80% of crab at 20TeV e MCL g .
Cygnus A o S
 FRII/ Starburst Radio Galaxy E
. 2=0.056 ST
 viewing angle of 50-85 deg to jets . . |
e Cygnus A has not yet been measured in gamma-rays e mesr
* the Fermi source near the center is not Cygnus A (l]i:-rﬂ(
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Interesting Sources

Local p-value landscape around source with sources of the 2/3
FGL
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3C454.3
* Flat Spectrum Radio Quasars / FR-I
* strong variable gamma ray source IR
TEdualo n al
316,507 B 343,507 340507 :
right ascension
]
4C 38.41 T e
* Flat Spectrum Radio Quasars —— T
* optical violent variable LRI 5 i
* gamma ray flux varies significantly on daytime scale R
e 7=1.814 w— * '
* large out burst in 2011 visible over the entire EM spectrum £
' E - 3513
| : Ff{[lur;ﬂ,(nréia.l
251.817 21R.817 213.817
right ascension
C—
0 2 4 5}
- 1"‘%@{?)@@}
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There is no physical motivation 4 |’" Ba |
to combine these sources. MGRO J1908+06 ’ ; 4. ;

15 . :
j | Pulsar Wind
R erular (& SNR)
g9

/
/ 4C38.41 | *

white
dwarf

Fe (100 EeV) —

I

FSRQ B mml IS W]

2 245517 246 510 g 4010
\ gt asrersine sight wsension

[CygnusA e TR

o
|

logimaenetic field, gauss)

colliding
galaxies —

- SNR ‘&

ealactic |';|"5":
- hale

i
‘/

Y
Starburst e
Phil Trans R Soc A 2008 366:4417 . - E
L | ] |l : | . Radio Galaxy e
3 6 It} 12 15 18 21 .
| au I pc | kpe 1 Mpe W.N

logisize, km) \ ' ik e /
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* |ceCube measured an all-flavor and a diffuse muon neutrino flux

 We performed a search for point-like neutrino sources that focused on sources of the
diffuse muon neutrino flux

* Improvements in method due to focus on diffuse flux gain about ~10-20% sensitivity

e The trial corrected p-value of the all-sky scan was 90.5% with the point with the smallest
p-value at RA 170.16°, Dec 27.91°

e  MGRO J1908+06 is the source with the smallest p-value of 0.32% in a pre-selected list of
34 sources with a trial corrected p-value of 10.2%

* A posterior binomial probability to find 4 sources with p-value < 0.72% in source catalog
is 0.3% (2.750)

— A combination of these sources is physically not motivated.

5/8/2017 Search for point-like sources in the astrophysical muon neutrino flux with IceCube 21



Outlook 8.
Additional Year of Data

Another year are read to be analyzed.

The sensitivity for single point sources increases
again by about 10%.

We will also include a search for a population of
sub-threshold sources in the all sky scan, similar to
the one shown in Astrophys. J., 835 (2017) no. 2,
151

SN 5 ; : 5 3
There the number of spots with local p-value 1072 e e O NS S
. . 10-3L 1 | From: Astrgphys. J., no. 2, B
below a threshold is compared to the expectation 3.0 3.5 1.0 15 5.0 5.5
—logyg Pmin
0 m
-
ﬂ’(_ Ioglo(pmin )) P=e W
m=n .

Results will be hopefully ready by ICRC. Stay tuned.
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The IceCube Collaboration B icecuec
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to different source spectra & cecuee

Sensitivity and discovery potential

==+ Scnsitivity this Analysis - -+ Sensitivity this Analysis
— Discovery Potential this Analysis — Disc. Potential this Analysis
1o - Sensitivity 7yr PS Analysis A - - Sensitivity 7yvr PS Analysis
m; 1 —— Discovery Potential 7yvr PS Analysis j:; 1010 ] —  Disc. Potential 7yr PS Analysis
£ £
—
;\3:1-:\- 10712 1 B [
107 4 -
107 13 T T T T T T T T T T T T T T T T T T T T
0.0 0.2 0.4 U.6 0.8 LO 0.0 0.2 0.4 0.6 0.8 1.0
sin(d) sin(d)
for an E-2 spectrum for an E-3 spectrum
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Differential Sensitvity

and Discovery Potential
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Local p-value of the all sky scan in galactic coordinates.
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Hottest Spot B cecuee
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Unbinned likelihood analysis B

ECUBE

Likelihood for eventi:

L=2g +[1-"s |
N N

where:
N number of events in sample
N, number of signal events
S; Signal probability
B, Background probability
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Unbinned likelihood analysis B icecuec
A Likelihood for eventi:
O n ( n J
o =S +/1-—|B,
. - N N
"’ ® \‘ where:
‘\ ,l N number of events in sample
S~=7 n, number of signal events
R.A.> S; Signal probability
B, Background probability
- o 1 |Xi_xs|
S, =S (jx,—xs|,a,,5,)=%exp paey
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Unbinned likelihood analysis B 1cccuec
A T i
5 Background Likelihood for eventi:
8 @ signal L =D g +(1— n, JBi
N N
where:
N number of events in sample
N, number of signal events
R.A.> S; Signal probability
B, Background probability
B =8B (@)ZiB (5i)
27
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Unbinned likelihood analysis B cecuse

[ Background Likelihood for eventi:

@ Signal L =58 +[1-=|B
N N

Dec

where:
N number of events in sample

N, number of signal events
R.A. S; Signal probability
B, Background probability

Background
Srou also use Spatial and Energy distribution

- Signal
- Si = Sspat,i ) Sener,i
> Bi = Bspat,i ) Bener,i

# Events

Energy
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Unbinned likelihood analysis B cecuse

[ Background Likelihood for eventi:

@ Signal L =58 +[1-=|B
N N

Dec

where:
N number of events in sample

N, number of signal events
R.A. S; Signal probability
B, Background probability

Background
Srou also use Spatial and Energy distribution

- Signal
- Si = Sspat,i °Sener,i
> Bi = Bspat,i ) Bener,i
Likelihood for ensemble of events

N, ng
Energy > L= H|:N_Si,spatsi,ener +(1_N_} Bi,SPat Bi,ener:|

# Events

5/8/2017 Search for point-like sources in the astrophysical muon neutrino flux with IceCube 33



Sensitivity & Discovery
Potential
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@ sensitivity signal dist
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Probability
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Sensitivity and Discovery potential declination dependent but not R.A. dependent
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