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Victor Hess, 1912 . . . heute
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Die ersten kosmischen Neutrinos!

bla

ICECUBE hochenergetische kosmische Neutrinos
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Search for coincident Neutrinos from    
297 GRBs (2008-2011) Suche nach Neutrinos von Gamma-Ray Bursts

+ GRB-Daten von Satelliten

+ Neutrinoteleskop-Daten
• Suchstrategie optimieren:

Erwartetes Neutrino-Signal?

Anteil an Störsignalen in Daten?

�! Signal von GRBs finden
& Störsignale unterdrücken
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Untergrund aus 4 Jahren ANTARES-Daten

Fermi 

+ Swift 

+ Telescopes

ANTARES  
data



Hypothesentest: Signal oder Untergrund?
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! ANTARES Simulation & Rekonstruktion
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! ANTARES Simulation & Rekonstruktion
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Ergebnis
ANTARES-Daten 2007-2011 Satelliten: 296 GRBs

�! kein Neutrinosignal �

�!Adrián-Martínez, S. , . . . , J.S., et al., A&A 559, A9 (2013)

�! zurück19. Dezember 2014 | J. Schmid | Promotionsvortrag 65

Search for coincident Neutrinos from    
297 GRBs (2008-2011) 

• A&A 559, A9 (2013)
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Neutrinos from 
GRB130427A?

NO neutrino signal found!

Neutrinos von GRB130427A?

�!Kein Neutrinosignal in ANTARES-Daten �
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KM3NeT

Detektionsmöglichkeiten mit KM3NET

numerisches analytisches
Modell

GRB110918 1.0 6.1
all 296 GRBs 3.4 36
2007–2011
GRB130427 0.41 5.5

�! zurück
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Neutrinos time-shifted wrt. 
GRBs?9. SEARCH FOR GRB NEUTRINO EMISSION WITH VARIABLE TIME DELAYS

Figure 9.1.: Distribution of selected GRBs (upper panel) and recorded neutrino candidates (lower
panel) in equatorial coordinates, for the Antares event sample (left) and the IceCube IC40 sample
(right). Each GRB’s location is color-coded with the photon fluence Fg, those with no measurement
are drawn in gray. The color of neutrino events represents their detection time. For the final selection
of the GRBs, see also Section 9.4.

Southern Hemisphere. Moreover, Antares data covered almost six years, while the Ice-
Cube sample from the IC40 period comprised only approximately one year of data. Note
also that, due to the larger instrumented volume of the detector, the IceCube data set con-
tains more neutrino candidates than the Antares data, while at the same time covering a
smaller time period in which less GRB alerts were recorded. Both samples will therefore
explore completely different statistical regimes.

9.2. POTENTIAL PHYSICAL DELAYS CONSIDERED

The common timing profile comprises a discrete representation of the stacked deviations
of detection times (t = tn � tGRB) between the (first) detected photon signal tGRB, as an-
nounced by a satellite via the GCN network, and the time of a possibly associated neutrino
candidate tn. However, different processes could lead to time shifts between the electro-
magnetic and the neutrino signal. Consequently, the signatures of these processes might
manifest most evidently in other stacked profiles than that for the generic shift of detection
times t. Different emission times of the neutrino and photon signal at the source, for in-
stance, would translate into observed time delays at Earth that depend on the cosmological

78



Neutrinos time-shifted wrt. 
GRBs?9. SEARCH FOR GRB NEUTRINO EMISSION WITH VARIABLE TIME DELAYS

Figure 9.1.: Distribution of selected GRBs (upper panel) and recorded neutrino candidates (lower
panel) in equatorial coordinates, for the Antares event sample (left) and the IceCube IC40 sample
(right). Each GRB’s location is color-coded with the photon fluence Fg, those with no measurement
are drawn in gray. The color of neutrino events represents their detection time. For the final selection
of the GRBs, see also Section 9.4.

Southern Hemisphere. Moreover, Antares data covered almost six years, while the Ice-
Cube sample from the IC40 period comprised only approximately one year of data. Note
also that, due to the larger instrumented volume of the detector, the IceCube data set con-
tains more neutrino candidates than the Antares data, while at the same time covering a
smaller time period in which less GRB alerts were recorded. Both samples will therefore
explore completely different statistical regimes.

9.2. POTENTIAL PHYSICAL DELAYS CONSIDERED

The common timing profile comprises a discrete representation of the stacked deviations
of detection times (t = tn � tGRB) between the (first) detected photon signal tGRB, as an-
nounced by a satellite via the GCN network, and the time of a possibly associated neutrino
candidate tn. However, different processes could lead to time shifts between the electro-
magnetic and the neutrino signal. Consequently, the signatures of these processes might
manifest most evidently in other stacked profiles than that for the generic shift of detection
times t. Different emission times of the neutrino and photon signal at the source, for in-
stance, would translate into observed time delays at Earth that depend on the cosmological

78

Suche nach zeitunabhängiger Neutrinoemission

X GRB-Daten von Satelliten

X Daten von Neutrinoteleskop
• räumliche Koinzidenzen
• Zeit zwischen Neutrino- und Satellitensignal t �!

zufällig verteilt
bag
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1 year public IceCube data
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background expectation 
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coincidences (5%)

under-fluctuation wrt. 
background expectation 

  
signal < 0.01 detectable 

neutrino / GRB 
within +/- 40 days

ANTARES 2007-2012
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9. SEARCH FOR GRB NEUTRINO EMISSION WITH VARIABLE TIME DELAYS

Figure 9.9.: Number of neutrino candidates from the IceCube IC40 data-taking period that coin-
cided spatially with one of the gamma-ray-burst alerts as reported by the Swift and Fermi satellites
and the GCN network with the relative time delays t, tz and tLIV (from left to right).

Antares 07-12 IceCube IC40 08-09
all GRBs GRBs /w z all GRBs GRBs /w z

ncoinc y ncoinc yz yLIV ncoinc y ncoinc yz yLIV
(dB) (dB) (dB) (dB) (dB) (dB)

hQibkg 4.4 77.4 0.7 11.9 4.5 35.0 371.3 4.0 56.6 10.4
m(Q)bkg 4 73.3 0 0 0 35 371.8 4 56.3 7.9
Qmeas 0 0 0 0 0 42 416.0 8 93.9 8.8
P(> Qmeas) 98.8% 98.8% 48% 48.6% 48.6% 10.4% 14.0% 2.1% 6.1% 45.1%
P(� Qmeas) 100% 100% 100% 100% 100% 13.5% 14.0% 5.1% 6.1% 45.1%

Table 9.2.: Mean and median values of the different test statistics Q 2 [y, yz, yLIV] as derived in
the pseudo experiments and in the measurement using the neutrino candidates as selected in the
Antares data from 2007 to 2012 and IceCube data from the IC40-period from April 2008 to May
2009. The number of data events coinciding spatially with the respective gamma-ray-burst samples
(and only those with measured redshift z) ncoinc are also given. The probabilities P(Q > Qmeas) and
the p-value, P(Q � Qmeas) give the fraction of background-only pseudo experiments that yield test
statistics (at and) above the measurement.

fall P(> ymeas) P(>m(y)) fz P(>yz,meas) P(>m(yz)) P(>yLIV,meas) P(>m(yLIV))
ymeas = 0 m(y) = 73.3 (all z) yz,meas = 0 m(yz) = 0 yLIV,meas = 0 m(yLIV) = 0

0.0% 98.8% 50.0% 0.0% 48.5% 48.5% 48.2% 48.2%
0.04% 99% 54% 0.15% 59% 59% 59% 59%
0.29% 99% 75% 1.10% 90% 90% 90% 90%
0.60% 100% 90% 2.25% 98% 98% 98% 98.4%

2.1% 100% 100% 8.0% 100% 100% 100% 100%

Table 9.3.: Probabilities P to yield values of the test statistic Q 2 [y, yz, yLIV] above the measurement
Qmeas and above the median value m(Q) as expected from pure background realizations for fraction
fall ( fz) of all GRBs (with measured redshift z) with one associated signal neutrino.

92
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Summary
• Neutrinos: astronomy at highest energies and largest distances 

• origin of cosmic rays 

• ideal candidates: GRBs 

• search for coincident neutrino signal from GRBs, numerical models 

• search for time-shifted neutrino signal (+/- 40 days) wrt. GRB alert 

—> fully consistent with background <— 

• realistic detection probabilities in near future w/ IceCube & KM3NeT  



– 44 –

No association Possible association with SNR or PWN AGN
Pulsar Globular cluster Starburst Galaxy PWN
Binary Galaxy SNR Nova
Star−forming region

60 70 80 90 100110120130140150160170180
−5

0

5

3003103203303403500  10 20 30 40 50 60 
−5

0

5

G
al

ac
tic

 la
tit

ud
e 

(d
eg

)

180190200210220230240250260270280290300
−5

0

5

Galactic longitude (deg)

Fig. 15.— Full sky map (top) and blow-up of the inner Galactic region (bottom) showing
sources by source class (see Table 6). All AGN classes are plotted with the same symbol for

simplicity.

Fermi:LAT source catalog
• 3FGL just released      

based on 4 years  

• now: 6 years of data        

• better data 
reconstruction 

• Planck results                 
—> background models



extended sources
• 25 sources in catalog 

(only previously 
published) 

• systematic search for & 
fit of extended sources 

• clusters of point sources 
—> extended source?

———— 

1 degree



SNR IC 443
•  size energy-

dependent?  

• ellipse w/ constant 
intensity  

• individual fit in energy 
bands 

• ~ constant



Thank You!



• my PhD thesis (English):                                                                                                             
http://www.ecap.nat.uni-erlangen.de/members/schmid/Doktorarbeit/JuliaSchmidDissertation.pdf 

• published results: A&A 559, A9 (2013)                                                                                            
http://www.aanda.org/articles/aa/full_html/2013/11/aa22169-13/aa22169-13.html 

• talks, diploma thesis, …:                                                                                                             
http://www.ecap.physik.uni-erlangen.de/members/schmid/ 



ANTARES = Astronomy with a Neutrino Telescope and Abyss environmental RESearch
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9. SEARCH FOR GRB NEUTRINO EMISSION WITH VARIABLE TIME DELAYS

Figure 9.8.: Left: Efficiencies or detection probability P at 3s (solid) and 5s (dashed lines) for
the test statistics y, yz, yLIV and the ratio as a function of the mean fraction f of GRBs with
one associated signal neutrino at tn = tGRB + 5 d · (1 + z). The fraction fz denotes the fraction
of GRBs in the sample with determined redshift z, whereas fall gives the fraction of the whole
sample. Right: Probabilities P to measure values of the test statistics above the median value from
the background-only realizations. The sensitivity is given by the signal fraction f where the curves
reach 90% probability (gray dashed line). Note that the curves for yz and yLIV lie on top of each
other. Probabilities were derived using the Antares data from 2007-2012.

9.7. RESULTS

Having shown and discussed the capability of the proposed analysis to identify an in-
trinsically shifted neutrino test signal at the source by its cumulative effect on stacked
timing profiles with the use of pseudo experiments, the search method was accepted by the
Antares collaboration. Subsequently, the data of the telescope from the years 2007 to 2012
were searched for neutrinos within the predefined angular and timing search windows as-
sociated with the gamma-ray-burst catalog. None of the neutrino candidates in the data
matched these search windows, where 4.4 would have been expected to coincide with the
entire sample by mere chance (0.7 coincidences were expected for the GRBs with measured
redshift z). The measured values of the test statistics are thus zero, and the ratio r = n+/n�
is undefined. The probability to observe not a single event coinciding with all GRBs is rel-
atively small with P(0|4.4) = 1.2% (and 51.4% for GRBs with measured z). The result was
checked by opening the time window further, confirming that the anticipated average rate
of coincident events of 4.4/80 days was observed in the additional time window.

Under normal circumstances, a 90% confidence-level limit would have been set on the
maximum fraction of GRBs that had induced one associated neutrino with a fixed intrinsic
time delay of ts = ts,int · (1 + z): It would have been defined as that fraction of GRBs with
a signal strength f that yielded values of the test statistic in question (e.g. y) exceeding the
measurement in 90% of all pseudo-experiment realizations. However, since an extraordi-
nary under-fluctuation with 1.2% probability of zero events was observed with 4.4 expected
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9.6. SIGNAL DETECTION POWER

Figure 9.7.: Top panels: Normalized distributions of the three timing measures t, tz and tLIV (from
left to right) for more than 1.4 · 107 pseudo experiment realizations using the Antares 07-12 data set.
Timing profiles from purely accidental coincidences of the neutrino candidates with the GRBs from
randomizing time and right ascension of the Antares data are shown in black. For a mean fraction
fz 2 [0.1%, 30%] of GRBs with measured redshift z, one signal event was added at ts = 5 d · (1 + z)
(colored profiles). Bottom panels: Distributions of the accordingly calculated test statistics y, yz and
yLIV. Gray lines indicate the 3s and 5s threshold values derived from background-only.

IC40 DATA SAMPLE The capabilities of the analysis to identify signal neutrinos within the
public IC40 data set from a sub-sample of the selected GRBs are considerably worse, which
is a natural consequence of the different statistical regimes that are accessed by the two
samples. Only 12 suitable bursts with measured redshift z were selected corresponding to
the respective data-taking livetime, and due to the large number of 12876 presumable neu-
trino candidates, 35 alone are expected to coincide accidentally with the gamma-ray-burst
search windows. Artificially adding one signal neutrino to a small average percentage of
these 12 GRBs will have only marginal effect. Given this high background rate, a signifi-
cantly stronger signal would be needed to yield a clear excess.
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9. SEARCH FOR GRB NEUTRINO EMISSION WITH VARIABLE TIME DELAYS

and neutrinos of high energy would yield time shifted arrival times that depend on the
energy of the neutrino, the luminosity distance of the source as well as the energy scale
MLIV at which the symmetry is broken:

DtLIV = �(±1) · E/MLIV · D(z)/c . (9.3)

These effects are expected to appear most significantly in a stacked profile that accounts
for both the presumable neutrino energy and the luminosity distance of the source. Conse-
quently, a variable to be probed is defined as

tLIV =
t

Eest · D(z)
µ ± E

Eest
· 1

MLIV · c
, (9.4)

which should be proportional to the inverse of the LIV breaking scale MLIV and the un-
avoidable uncertainty on the estimated energy Eest. The number of photon hits in the
optical modules that have been used to reconstruct the particle track direction nhits can
serve as a first-guess energy estimator of a neutrino event (see Section 5.2). We expect the
tz distribution of purely accidental coincidences without any signal signature to be peaked
around zero, since the range t 2 [�tmax, +tmax] is confined by the factor 1/Eest · D(z) (see
Figure 9.3, right).

Consequently, in the search for an associated neutrino signal from gamma-ray bursts,
three stacked time profiles for the measures t, tz and tLIV were generated for all neutrino
candidates which matched the coordinates of a reported GRB alert. I will show in the
following section how a signal can be identified as deviation from the pure background
profiles.

Note that the effect introduced by the non-vanishing rest mass of neutrinos can be ne-
glected in this scope: for a neutrino rest mass of m . 0.2 eV/c2 and an energy of 1 TeV, the
Lorentz factor is bn =

p
1 � 4 · 10�26. For an assumed age of the universe of around 13 · 109

years, this would yield a travel time delay of

Dt = tg � tn = tg · (1/bn � 1) = 2.6 · 10�16 y = 8 · 10�9 s , (9.5)

which is well below the standard GRB duration.

9.3. ASSOCIATED STATISTICAL TESTS

From the cumulative timing profiles, test statistics are calculated that distinguish a sys-
tematically time shifted neutrino signal from gamma-ray bursts from the background-only
hypothesis of merely accidental coincidences. A large number of background realizations
are generated from the existing data sets by randomizing the time and right ascension of
detected neutrino candidate events in order to simulate purely accidental data distribu-
tions, while still preserving the telescope’s acceptance. This is justified by the flatness of
the corresponding data distributions as shown in Figure 9.2. The p-value, and thus the
significance s (see Equation 5.3), of an excess in the data is then given by the probability to
measure the test statistic in question (or more extreme values) from the background-only
distribution.

The ratio of spacial coincident data events before and after the respective GRB alert
r = n(t > 0)/n(t < 0) = n+/n� is a very simple measure to probe the distributions while
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Figure 9.2.: Distributions of time in Modified Julian Date (mjd) and right ascension ra of the
Antares neutrino event sample (March 2007 – 2012) in the top panels, and for the IceCube sam-
ple (April 2008 – May 2009) in the bottom panels. The respective cumulative distributions are shown
in gray.

redshift z of the GRB,

dtobs/dtem = R(tobs)/R(tem) = 1 + z (9.1)
tobs = tem · (1 + z) , (9.2)

with the scale factor R. To test for these intrinsic time shifts, the distribution of the measure
tz = t/(1 + z) is investigated, with t being the observed difference in the detection times.
Note that the redshift is only measured for approximately 10% of all gamma-ray bursts,
so the statistics of the cumulative profile is significantly reduced when omitting all GRBs
without determined redshift. Pure randomly distributed data would result in a time profile
with a broad maximum around zero and the extreme values of tz being less probable.
This is a result of evenly distributed time differences in the maximum allowed range t 2
[�tmax, +tmax], where the range of tz is limited by the factor 1/(1 + z). Such a distribution
generated by randomizing the times and right ascensions of neutrino candidates in the
Antares data is shown on Figure 9.3 (left), with the envelope following ±tmax/(tz � 1).

Moreover, effects due to different broken Lorentz Invariance (LIV) (see e.g. Amelino-
Camelia et al., 2013; Amelino-Camelia & Smolin, 2009; Jacob & Piran, 2007) for photons
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Figure 9.1.: Distribution of selected GRBs (upper panel) and recorded neutrino candidates (lower
panel) in equatorial coordinates, for the Antares event sample (left) and the IceCube IC40 sample
(right). Each GRB’s location is color-coded with the photon fluence Fg, those with no measurement
are drawn in gray. The color of neutrino events represents their detection time. For the final selection
of the GRBs, see also Section 9.4.

Southern Hemisphere. Moreover, Antares data covered almost six years, while the Ice-
Cube sample from the IC40 period comprised only approximately one year of data. Note
also that, due to the larger instrumented volume of the detector, the IceCube data set con-
tains more neutrino candidates than the Antares data, while at the same time covering a
smaller time period in which less GRB alerts were recorded. Both samples will therefore
explore completely different statistical regimes.

9.2. POTENTIAL PHYSICAL DELAYS CONSIDERED

The common timing profile comprises a discrete representation of the stacked deviations
of detection times (t = tn � tGRB) between the (first) detected photon signal tGRB, as an-
nounced by a satellite via the GCN network, and the time of a possibly associated neutrino
candidate tn. However, different processes could lead to time shifts between the electro-
magnetic and the neutrino signal. Consequently, the signatures of these processes might
manifest most evidently in other stacked profiles than that for the generic shift of detection
times t. Different emission times of the neutrino and photon signal at the source, for in-
stance, would translate into observed time delays at Earth that depend on the cosmological
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Figure 9.5.: Left: Number of GRBs with a given error box Derr (orange). The cumulative distribution
is shown by the dashed orange line. For GRBs with measured redshift, the distribution is shown
in violet. Right: Scatter plot of photon fluence Fg of each GRB versus its error box Derr. The gray
dashed line shows the cumulative distribution of the fluence-weighted number of GRBs with an
error box  Derr.

Accordingly, the worse point-spread resolution of the IC40 data sample led to a maximum
search-cone size of 2.99�.

MAXIMUM TIME DELAY The maximum considered time window should be limited to
constrain the number of accidental coincidences from uncorrelated neutrino candidates in
the GRB search cones. Even if this approach aims at being as model independent as pos-
sible, the maximum time shift as anticipated from any physical process should be taken
into account here. Intrinsic shifts in the emission times of neutrinos were predicted, for
instance, by Razzaque et al. (2003) with neutrinos ⇠ 100 s before the electromagnetic GRB
signal. Granot & Guetta (2003) derived a precursor neutrino signal that might be emit-
ted even tens of years before the actual GRB. Since these time scales significantly exceed
the operational times of the current neutrino telescopes, we will omit such scenarios here.
Waxman & Bahcall (2000) and Murase (2007) predicted early afterglow emission of neutri-
nos ⇠ 10 s after the burst, but some models derive extended neutrino fluxes up to 1 day
after the prompt emission (Razzaque, 2013b). These intrinsic time shifts between neutrino
and photon signals are still well within the time scopes that have already been probed, for
example, in the IceCube searches (Abbasi et al., 2012; Casey, 2013).

The time delays between the arrival times of neutrinos and photons that might be intro-
duced by the violation of Lorentz Invariance (Amelino-Camelia & Smolin, 2009; Jacob &
Piran, 2007) is poorly known, and depend not only on the energy scale at which the symme-
try is broken but also on the energy of the particles and the distance of the source. However,
a maximum expected time shift between high-energy neutrinos and the photon signal from
a gamma-ray burst as introduced by these effects can be inferred using the existing limit on
the energy scale, which has been set by the Fermi:LAT collaboration at MLIV = 7.6 · MPlanck
(Vasileiou et al., 2013), and a maximal neutrino energy and gamma-ray burst distance in
Equation 9.3. Neutrino telescopes cover an energy range up to ⇠ Emax = 109 GeV, which
can serve as an upper estimation of the expected neutrino energy. Furthermore, this en-
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Figure 9.1.: Distribution of selected GRBs (upper panel) and recorded neutrino candidates (lower
panel) in equatorial coordinates, for the Antares event sample (left) and the IceCube IC40 sample
(right). Each GRB’s location is color-coded with the photon fluence Fg, those with no measurement
are drawn in gray. The color of neutrino events represents their detection time. For the final selection
of the GRBs, see also Section 9.4.

Southern Hemisphere. Moreover, Antares data covered almost six years, while the Ice-
Cube sample from the IC40 period comprised only approximately one year of data. Note
also that, due to the larger instrumented volume of the detector, the IceCube data set con-
tains more neutrino candidates than the Antares data, while at the same time covering a
smaller time period in which less GRB alerts were recorded. Both samples will therefore
explore completely different statistical regimes.

9.2. POTENTIAL PHYSICAL DELAYS CONSIDERED

The common timing profile comprises a discrete representation of the stacked deviations
of detection times (t = tn � tGRB) between the (first) detected photon signal tGRB, as an-
nounced by a satellite via the GCN network, and the time of a possibly associated neutrino
candidate tn. However, different processes could lead to time shifts between the electro-
magnetic and the neutrino signal. Consequently, the signatures of these processes might
manifest most evidently in other stacked profiles than that for the generic shift of detection
times t. Different emission times of the neutrino and photon signal at the source, for in-
stance, would translate into observed time delays at Earth that depend on the cosmological
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Figure 9.6.: Average number of expected coincidences from random background (color) as a func-
tion of the (fixed) search radius dmax around each gamma-ray burst and the search time window
tmax under the assumption that the 5516 neutrino candidates from the 2007–2012 data from the
Antares telescope are not associated to the accordingly selected 563 gamma-ray bursts. The chosen
value of tmax = 40 d and the minimum and maximum ranges of the search cone sizes dmax around
each GRB are indicated by black dashed lines. The black solid line marks the parameters that would
yield an average coincidence rate of hncoinci = 4.4.

9.6. SIGNAL DETECTION POWER

Figures 9.7 shows the distribution of the stacked timing profiles t, tz and tLIV from more
than 1.4 · 107 pseudo experiments using the Antares neutrino candidates and accordingly
selected gamma-ray bursts, and the respective test statistics calculated corresponding to
Equation 9.6. The test-signal peak at tz = 5 days corresponding to an intrinsic delay of
neutrino and photon emission at the source appears clearly in the tz timing profile (top
middle panel), and leads to a broader distribution in the t profile (top left panel). The
threshold values of the test statistics above which a measurement represents an excess of
3s or 5s are indicated by gray lines. The discovery probability MDP is given by the
fraction of pseudo experiments that led to values of the test statistics above the threshold

MDP = P(Q > Qthres) , (9.13)

and represents the efficiency of the analysis and the specific test statistic to identify a signal
being associated with a fraction of GRBs. The evolution of these efficiencies as a function
of the signal strength is shown in Figure 9.8, left. The signal leading to discoveries at the
5s level (dashed lines) must naturally be stronger than for 3s (solid lines).

The measure y as evaluated from the timing profile of the generic time delay t identifies
a signal very efficiently, both at 3s and 5s significance levels. For instance, if only 1.3%
of the GRBs would give rise an associated signal neutrino8, it would produce an excess

8That is 3.75% of all gamma-ray bursts with measured redshift z.
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Figure 9.3.: Time shift measures tz (left) and tLIV (right) for purely accidental coincidences of
neutrino candidates in the Antares data with GRB alerts (background-only) plotted against the
gamma-ray bursts’ redshift. The projections of the distributions along the x and y axis are also
shown on the top and right of each panel.

making the fewest assumptions on any model. Any effect leading to different arrival times
of n and g from GRBs is expected to yield either positive or negative time shifts.5 This ratio
was calculated if both n+ and n� are non-zero; for purely random coincidences, we expect
to measure a ratio of r = 1.

A more elaborated test statistic was proposed by van Eijndhoven (2008): The author
introduced the Bayesian observable y to estimate the compatibility of a given stacked (and
binned) time profile with the expectations from background (see also Bose et al., 2013). This
test statistic depends on the probability to observe data D under the hypothesis H with a
given set of information I, and has been shown to constrain the belief in the hypothesis H:

y = �10 log10 p(D|HI)

= �10

"
log10 n! +

m

Â
k=1

nk log10 pk � log10 nk!

#
, (9.6)

with n events in the histogram in total, distributed in the k 2 [1 . . . m] bins. The probability
to fall within bin k is pk; for a uniform background distribution (i.e. in the case of the t
profile), pk = 1/m is simply given by the total number of bins m. For the non-uniform
profiles tz and tLIV, these probabilities have to be determined by a large number of back-
ground realizations6. The value of y is calculated for each of the t, tz and tLIV profiles,
with corresponding values y, yz and yLIV.

5Note that the ratio can simply be translated into the asymmetry a = (n+ � n�)/(n+ + n�) = r � 1/r + 1.
This would yield different bin sizes of da = 2/(r + 1)2dr.

6The number of realizations to produce the distributions of pk should be larger than the number of pseudo
experiments required to derive conclusions at a given confidence level. Consequently, if thresholds for 5s
significance should be derived, significantly more than 1.7 · 106 = 1/p5s realizations are necessary.
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