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Outline

•Low-Energy Time-Independent Point Source Searches
•Example Veto Method
•Veto-Based Event Selection
•Results from combined search 100 GeV - 100 TeV (4 years)
•Conclusions and Summary
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Low-Energy Point Source Searches

• The Southern sky is “terra incognita” for the 
search of steady TeV-neutrino point sources 
in IceCube

• ANTARES has access to the Southern sky 
at these energies but is smaller (factor ~60)

• Previous Southern sky starting analyses have 
focused on energies above 100 TeV were 
the background is low

• Many interesting sources in the Southern 
sky, potentially at energies below 100 TeV,

• Point source sensitivity down to 100 GeV 
can be reached by using advanced veto 
techniques, i.e. looking for events starting 
inside the detector volume
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Simulated signal event distributions in final event samples:
(horizontal line in boxes ~90% energy containment)
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•Improved point source sensitivity for IceCube in the Southern sky
•Identify starting events - search for clustering of events

Veto
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μ

Low-Energy Point Source Searches
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•Study causality of noise hits in outer layers relative to 
first coincident hit (reference) in the fiducial volume. 

•Are the veto noise hits consistent with a particle 
traveling with the speed of light through the detector?

•Causality is studied for all pulses in two veto regions: 
top and side.

Example Method - Causality Study in Veto

Hits of a muon 
entering the detector

Early hits Late hits

Hits of a muon 
leaving the detector

Veto
νμ

μ

Study 
correlation of 
noise hits in the 
veto region
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Hits of a muon 
entering the detector

Early hits Late hits

Hits of a muon 
leaving the detector

Top Veto Exp. data

Top Veto Signal

•Study causality of noise hits in outer layers relative to 
first coincident hit (reference) in the fiducial volume. 

•Are the veto noise hits consistent with a particle 
traveling with the speed of light through the detector?

•Causality is studied for all pulses in two veto regions: 
top and side.

Example Method - Causality Study in Veto
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Example Method - Causality Study in Veto
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Level 1
Trigger

Level 2
FSS Filter

Level 3
Quality Cuts

Level 4
Reconstruction Quality

Level 5
Advanced Vetoes

Level 6
Machine Learning

Level 7
Adv. Reconstructions
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Veto-Based Event Selection

• Challenge: Reject background while still keeping low-
energy events with a reasonable pointing ~(1-2)°

• Two selections: 
• 100 GeV - 10 TeV (2011-2014)
• 10 TeV - 100 TeV (2012-2014)

• Analyses combined using simple cut on 
reconstructed energy

Ex
am

pl
e 

Ev
en

t S
ele

ct
io

n

0

2

4

6

8

10

12

14

m
H

z
p
er

bi
n

0.00 < cos ✓  1.00

-1.00 -0.50 0.00 0.50 1.00

BDT Score

0.8
1.0
1.2

D
at

a/
M

C
ra

ti
o

Signal
DataAtmo. µ

8

mailto:lars.rickard.stroem@cern.ch?subject=


Rickard Ström - lars.rickard.stroem@cern.ch

�1.0 �0.8 �0.6 �0.4 �0.2 0.0

sin �

10�11

10�10

10�9

10�8

10�7

�
0
[T

eV
(�

�
1)
cm

�
2 s

�
1 ]

IceCube Preliminary
IceCube (E�2 h.c. 1 TeV)

IceCube (E�2 h.c. 10 TeV)

IceCube (E�2 h.c. 100 TeV)

IceCube⇤ (E�2 h.c. 100 TeV)

ANTARES (E�2 h.c. 100 TeV)

Point Source Sensitivity

Dashed: Selection 100 GeV - 10 TeV
Dotted: Selection 10 TeV - 100 TeV
Solid: Combined Selection

Thu 08/11/16 Analysis Call – LESE & STeVE
David Altmann
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Differential sensitivity
● Gains between 10 TeV and 100 TeV
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Integrated Sensitivity
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IceCube* = MESE (3y) + Through-going (4y)
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Hottest spot:
• R.A. 340°, Dec. -28° (best-fit nS = 14.6, 𝛾 = 2.63), 
• pre-trial p-value 1.02e-5 (-log10 → 4.99),
• post-trial p-value 21.6 % (preliminary)

Combined Results - Unbinned Likelihood

Source RA dec -log10(pval)

HESS_J1616_508 243.6 -50.9 2.74

KUV_00311_1938 8.4 -19.2 2.50

HESS_J1614_518 243.3 -51.6 2.13

PKS_0301_243 45.7 -24.3 1.88

NGC_253 11.6 -25.3 1.46
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•Southern sky is a challenge for IceCube, especially at low-energies

•A new data stream and two event selections were developed to select 
starting track events, utilizing veto methods.

•Application: IceCube point source searches in the Southern sky at 
energies as low as 100 GeV
•Searching for a clustering of starting events

•No evidence for localized neutrino sources found in data taken 
between 2011-2014

Conclusions and Summary
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The IceCube Neutrino Observatory

•IceCube is a cubic-kilometer sized 
detector,

•Located in the ice cap at the South 
Pole, Antarctica,

•Monitors over 1 billion tons of ultra-
clear glacial ice,

•Operates in 4𝝿 mode,

•Detects Cherenkov radiation of 
neutrino induced charged particles 
traversing the ice.

IceTop

In-Ice IceCube

DeepCore

IceCube Lab

5160 optical 
sensors

Burj Khalifa
World’s tallest 

building ~828 m

ct/n
vt

ct/n
vt
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Search for Clustering of Neutrino Candidate Events

Test Statistics: Wilks’ theorem: 𝜒2 with 2 d.o.f. as 
sample approaches ∞

• Unbinned maximum likelihood algorithm using 3 observables:   
Angular reconstruction, Angular uncertainty estimate, Energy proxy

Signal Background

14

All-sky neutrino point source searches in IceCube 7

teresting energy region; the reconstruction is worse than349

for through-going events (solid) due to a smaller lever-350

arm for tracks starting within the fiducial volume of the351

detector. The distribution of the angular uncertainty of352

the events can be modelled using a Gaussian distribu-353

tion (Abbasi et al. 2011).354

Within five years, 961 events were recorded in the355

southern sky. The overlap of events in the starting track356

sample and the through-going events is very small, and357

overlapping events are removed from the through-going358

sample due to its higher background rate.359

3. METHODS360

To look for clustering in the sky, the analysis uses an361

unbinned likelihood maximization, similar to the pre-362

vious analyses (Aartsen et al. 2014d). The extended363

unbinned likelihood (Barlow 1990) is defined as364

L (nS , �) =
Y

i

⇣nS

N
S (|xS � xi| , Ei; �)

+
⇣
1� nS

N

⌘
B (sin �i, Ei)

⌘ (2)

assigning for each individual event i the probability to365

be associated to signal S or background B, using mul-366

tiple observables that are introduced in the following.367

The signal hypothesis used in this work assumes time-368

integrated emission of neutrinos. Hence, the signature369

reduces to spatial clustering modeled with a Gaussan370

exp
⇣
� |xS � xi|2 /2�2

i

⌘
/
�
2⇡�2

i

�
using the reconstruc-371

tion uncertainty �i estimated on an event-by-event ba-372

sis (Neunho↵er 2006). The probability of an event being373

background is estimated using experimental data and374

only depends on the events declination �i, the proba-375

bility in right ascension is uniform 1/2⇡. This yields376

PB (sin �i) /2⇡ for the spatial probability of background.377

In addition, energy information is used to distin-378

guish background with soft spectra (E�3.7) from sig-379

nal with harder spectra of typically E�2. Hence, for380

each event, probability distributions ES/B (Ei) for signal381

and background are evaluated using the events energy382

Ei. For signal, an unbroken power-law with variable383

index �, @�/@E⌫ / E�� is used, background is esti-384

mated from experimental data. This is done declination-385

dependent, because the energy-dependence of the e↵ec-386

tive area (Figure 1) and backgrounds change with dec-387

lination (Aartsen et al. 2014d). This yields the final388

modeling of probabilities for signal and background389

S =
1

2⇡�2

i

e
� |xS�xi|2

2�2

i ⇥ ES (Ei, sin �i; �)

B =
PB (sin �i)

2⇡
⇥ EB (Ei, sin �i)

(3)

entering the unbinned likelihood calculation in Equa-390

tion 2. This gives two parameters that are maximizing391

the likelihood, the number of source events nS � 0 and392

the source spectral index � 2 [1, 4].393

In contrast to through-going tracks (Section 2.2), no394

bias in energy is observed with declination for start-395

ing tracks (Section 2.3). This is due to two reasons:396

the sample only uses down-going events so absorption397

is not happening, and using a veto, a uniform charge398

threshold over all declinations is applied, yielding a uni-399

form e↵ective area (Aartsen et al. 2016b). Meanwhile,400

starting tracks carry more information than direction401

and energy; for starting tracks, the vertex of a neutrino402

interaction can be reconstructed from the first visible403

light. Background of atmospheric muons can sneak past404

the veto by not emitting enough light. Nevertheless,405

the higher the energy of the reconstructed track gets,406

the more likely it is for the vertex to be reconstructed407

close to the boundary due to constant light emission408

along the track, as shown in Figure 4. A clear anti-409

correlation of event energy and starting distance2 can410

be observed for background events (blue). Truly start-411

ing signal neutrinos (red) do not show this correlation412

because light is only emitted after the neutrino inter-413

action. Consequently, the starting distance di can be414

used in addition to the event energy, to disentangle sig-415

nal and background, modifying the energy likelihood416

E (Ei) ! E (Ei, di), resulting in an additional perfor-417

mance gain at lower energies.418

As in the previous analysis (Aartsen et al. 2014d), the419

di↵erent samples listed in Table 1 consist of di↵erent420

detector configurations including partial detectors, plus421

samples using only starting tracks. The total likelihood422

of all combined samples is the product of all individual423

likelihoods, or the sum of the logarithms, logL (nS , �) =424

P
j logL

⇣
nj
S , �

⌘
for all samples j. In the scenario of425

steady emission, the total number of signal events nS is426

split evenly among the samples given their exposure time427

and expected signal statistics derived from the e↵ective428

area (Figure 1) and the value of the spectral index fitting429

parameter �:430

nj
S = nS ⇥

1R

0

dE Aj
e↵

(E, sin �) E��

P
i

1R

0

dE Ai
e↵

(E, sin �) E��

(4)

Thus, the unbinned likelihood in Equation 2 is max-431

imized using two parameters for all samples, that is432

2 Distance along the track pointed back from the reconstructed
vertex to the entry point in the detector, confer Aartsen et al.
(2016b) for more information.

• The total likelihood of the combined samples is the 
product of the individual likelihoods

• The total number of signal events is split evenly among 
the samples given their exposure time and expected 
signal statistics derived from the effective area
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Source list definition (total of 
96 sources): 
• All 84 Southern sky TeVCat 

sources in the stable catalogs  
’Default Catalog’ and ’Newly 
Announced’,

• 12 additional source 
traditionally investigated by 
IceCube,

• Known gamma-ray emitting 
sources as observed by ground-
based experiments such as 
VERITAS, MAGIC, and HESS. 

Source List of Known Gamma-Ray Emitters
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