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ABSTRACT

SN 2008D, a core collapse supernova at a distance of 27 Mpc, was serendipitously discovered by the Swift satellite through an associated X-ray
flash. Core collapse supernovae have been observed in association with long gamma-ray bursts and X-ray flashes and a physical connection is
widely assumed. This connection could imply that some core collapse supernovae possess mildly relativistic jets in which high-energy neutrinos
are produced through proton-proton collisions. The predicted neutrino spectra would be detectable by Cherenkov neutrino detectors like IceCube.
A search for a neutrino signal in temporal and spatial correlation with the observed X-ray flash of SN 2008D was conducted using data taken
in 2007-2008 with 22 strings of the IceCube detector. Events were selected based on a boosted decision tree classifier trained with simulated
signal and experimental background data. The classifier was optimized to the position and a “soft jet” neutrino spectrum assumed for SN 2008D.
Using three search windows placed around the X-ray peak, emission time scales from 100-10 000 s were probed. No events passing the cuts were
observed in agreement with the signal expectation of 0.13 events. Upper limits on the muon neutrino flux from core collapse supernovae were
derived for different emission time scales and the principal model parameters were constrained. While no meaningful limits can be given in the
case of an isotropic neutrino emission, the parameter space for a jetted emission can be constrained. Future analyses with the full 86 string IceCube
detector could detect up to ~100 events for a core-collapse supernova at 10 Mpc according to the soft jet model.
Key words. supernovae: individual: SN 2008D — neutrinos — astroparticle physics
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1. Introduction

Observations in recent years have given rise to the idea that core
collapse supernovae (SNe) and long duration gamma-ray bursts
(GRB) have a common origin or may even be two different as-
pects of the same physical phenomenon, the death of a mas-
sive star with M > 8 M (for a review, see Woosley, Bloom
2006). Like GRBs, SNe could produce jets, though less ener-
getic and collimated and possibly “choked” within the stellar
envelope. Observed associations of supernovae with XRFs, short
X-ray flashes with similar characteristics to long GRBs, suggest
including XRFs in the SN-GRB connection as well. Although
XRFs are considered a separate observational category from
GRBs, a common origin and a continuous sequence connecting
them have been suggested (Lamb et al. 2004; Yamazakia et al.
2004). XRF could be long GRBs with very weak jets or simply
long GRBs observed off-axis. Several XRFs or or long duration,
soft-spectrum GRBs have been observed in coincidence with
core collapse SNe thus far: SN 1998bw (Galama et al. 1998),
SN 2003lw (Malesani et al. 2004), SN 2003dh (Hjorth et al.
2003), SN 2006aj (Pian et al. 2006), and of course SN 2008D
(Soderberg et al. 2008; Modjaz et al. 2009; Mazzali et al. 2008).
For SN 2007gr (Paragi et al. 2007) and SN 2009bb (Soderberg
et al. 2010), two core collapse SNe not associated with an XRF
or GRB, recent radio observations provide strong evidence for
jets with bulk Lorentz factors of I' > 1. If some core collapse
SNe indeed form such “soft” jets, protons accelerated within the
jet could produce TeV neutrinos in collisions with protons of the
stellar envelope (Razzaque et al. 2005; Ando & Beacom 2005).
The soft jet scenario for core collapse SNe can be probed with
high-energy neutrinos even if the predicted jets stall within the
stellar envelope and are undetectable in electromagnetic obser-
vations.

On January 9, 2008, the X-ray telescope aboard the SWIFT
satellite serendipitously discovered a bright X-ray flash dur-
ing a pre-scheduled observation of NGC 2770. Optical follow-
up observations were immediately triggered and recorded the
optical signature of SN 2008D, a core collapse supernova of
type Ib at right ascension @ = 09"09™30.70° and declination
0 = 33°08'19.1” (Soderberg et al. 2008). SN 2008D offers a re-
alistic chance to detect high-energy supernova neutrinos for the
first time since the observed X-ray peak provides the most pre-
cise timing information ever available to such a search. Whether
or not the existence of jets in aspherical explosions is evidenced
in the spectroscopic data for SN 2008D remains highly debated.
While Soderberg et al. (2008) “firmly rule out” any aspheric-
ity and Chevalier & Fransson (2008) speak of a purely spherical
shock-breakout emission, Mazzali et al. (2008) and Tanaka et al.
(2009) find evidence that SN 2008D possessed jets which have
been observed significantly off-axis.

The IceCube neutrino detector, currently under construc-
tion at the South Pole and scheduled for completion in 2011,
is capable of detecting high-energy neutrinos (£, 2 100 GeV)
of cosmic origin by measuring the Cherenkov light emitted
by secondary muons with an array of Digital Optical Modules
(DOMs) positioned in the transparent deep ice along vertical
strings (Ahrens et al. 2004b). The full detector will comprise
4800 DOMs deployed on 80 strings between 1.5 and 2.5 km
deep within the ice, a surface array (IceTop) for observing ex-
tensive air showers of cosmic rays, and an additional dense sub-
array (DeepCore) in the detector center for enhanced low-energy
sensitivity. Each DOM consists of a 25 cm diameter Hamamatsu
photo-multiplier tube (PMT, see Abbasi et al. 2010a), electron-
ics for waveform digitization (Abbasi et al. 2009b), high voltage

generation, and a spherical, pressure-resistant glass housing. The
DOMs detect Cherenkov photons emitted by relativistic charged
particles passing through the ice. In particular, the directions of
muons (either from cosmic ray showers above the surface or
neutrino interactions within the ice or bedrock) can be well re-
constructed from the track-like pattern and timing of hit DOMs.
Identification of neutrino-induced muon events in IceCube has
been demonstrated in Achterberg et al. (2006) using atmospheric
neutrinos as a calibration tool. Sources in the northern sky, like
SN 2008D, can be observed with very little background since
contamination by atmospheric muon tracks is eliminated by the
shielding effect of the Earth. When SN 2008D was discovered,
the installation of IceCube was about one quarter completed and
the detector was taking data with 22 strings.

As shown above, a search for cosmic neutrinos from core
collapse SNe is motivated by both observational evidence
and theoretical predictions. While analyses using catalogs of
SNe/GRBs with timing uncertainties ~1 d as the signal hypoth-
esis have been performed on archived AMANDA/IceCube data
(see Lennarz 2009 for SNe; and Abbasi et al. 2010b, for GRBs),
the unprecedentedly precise timing information available for SN
2008D suggests a designated study of this event. While electro-
magnetic observations provide no conclusive evidence for the
existence of highly relativistic jets, soft, hidden jets could be re-
vealed by high energy neutrinos, assuming sufficient alignment
with the line of sight.

The paper is organized as follows: Sect. 2 discusses the as-
sumed model for neutrino production. Section 3 describes the
experimental and simulated data used for the analyis. The selec-
tion criteria used to separate signal events from background are
detailed in Sect. 4. Section 5 presents the results of the search
and constraints derived therefrom. Finally, the analysis is sum-
marized in Sect. 6.

2. Model neutrino spectrum

A model for the emission of high-energy neutrinos in jets formed
by core collapse supernovae has been proposed by Razzaque
et al. (2005) and further elaborated by Ando & Beacom (2005).
This model will be referred to as “soft jet model” in the follow-
ing. A brief summary of the physical motivation and a derivation
of its analytical form shall be presented.

The soft jet model assumes the collapse of a massive star
M, 2 8 My with subsequent formation of a neutron star or black
hole, rotating sufficiently to power jets with bulk Lorentz factors
of I'y ~ 1-10 and opening angles 6, ~ 1/I, = 5°-50°. Such
“soft” jets, too weak to penetrate the stellar envelope, would not
be observable in the electromagnetic spectrum. The rebounding
core collapse is assumed to deposit E; ~ 3 X 10°! erg of ki-
netic energy in the material ejected in the jets — values of up to
E; = 6x10°! erg have been suggested for SN 2008D by Mazzali
et al. (2008). Protons are Fermi accelerated to a Ex; 2_spectrum
and produce muon neutrinos through the decay of charged pi-
ons and kaons formed in proton-proton collisions. The neutrino
spectrum, shown in Fig. 1, follows the primary proton spec-
trum at low energies and steepens at four break energies above
which pions (kaons) lose a significant fraction of their energy
in hadronic and radiative cooling reactions, before decaying into
neutrinos. These break energies are distinct for pions and kaons
and exihibit a sensitive dependence on the jet parameters (see
Table 1). Using the notation of Ando and Beacom, the spectrum
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Fig. 1. Assumed E”-weighted muon neutrino and antineutrino spectrum
of SN 2008D according to the soft jet model. For comparison, the at-
mospheric muon neutrino flux is shown for a 100 s time window and a
circular aperture with opening angle w = 10°.

Table 1. Parameters of the soft jet model used in this analysis.

Parameter Description Default value Parameter
depen-
dence

E| Total kinetic energy of 10°'° erg -

ejected material

I, Bulk Lorentz factor of 3 -

the jet

d Distance of SN 2008D 27 Mpc -

B, (Bk) Branching ratio for 1 (0.63) -

= v, (KF — u*v,)

(n), ({n)k) Pion (kaon) multiplicity 1 (0.1) -

in pp collisions

Ep min mininmum proton en- 10GeV -

ergy

Ep max maximum proton energy 7 X 10* GeV -

ET) (Efc(;)) hadronic cooling break 30 GeV «E T 67

energy for pions (kaons) (200 GeV) . Ej—l Ff,

E'Vz(fg (Efc(i)) radiative cooling break 100 GeV oI,

' ' energy for pions (kaons) (20000 GeV)
E; max(Ef max) maximum neutrino en- 10500GeV  «I

ergy from pion (kaon)
decay

(21000 GeV)

can be written as:

E;? Epmin < By < E)0)
_ i (1 i(1 i(2
q)v(Ev) = Z ni X EV3 Et/,(clz Et/,(c})o < EV < Et/,(cg (1)
- —4 i) i (2) i(2) i
i=mk EV E;,cb Ei/,cb E;,cb SEy < Ei/,max
where
(n); B; E;

- 1Bk @

8 (271’6]2 dz) In (Ep,max/Ep,min)

with the exception of the distance d, we assume the same param-
eters for SN 2008D that are quoted in Ando & Beacom (2005).
A summary is given in Table 1.

An optimistic extension of this model proposed by Koers &
Wijers (2007) predicts that mesons are again Fermi-accelerated
after production. This re-acceleration gives rise to a simple E™7
neutrino spectrum with y = 2.0, ..., 2.6 extending to maximum
energies of E, ~ 10 PeV where radiative cooling processes lead

to a steepening and eventual cutoff of the neutrino spectrum. The
details of this high-energy cutoff are negligible in the context of
this analysis, where neutrinos with energies of 100 GeV-10 TeV
are expected to yield the dominant contribution of the signal ex-
pectation.

Neutrinos are expected to be emitted in alignment with the
jets. Their energy range is set by the maximum proton energy
and reaches far into the sensitive range of the IceCube detector
(E, 2 100 GeV). In order to detect these neutrinos, the jet must
be pointing towards Earth (e.g. 5% chance for a jet with an open-
ing half angle of 17°). Due to the unknown jet pointing, however,
no constraints can be placed on the model in the case of a non-
detection. To do so with a confidence level of e.g. 90% would
require a large sample of ~200 nearby supernovae. In contrast, a
positive detection would not only indicate the jet’s direction, but
also yield constraints on the soft jet model — constraints entirely
independent of observations in the electromagnetic spectrum. If,
in addition, a resolved neutrino spectrum could be recorded with
future neutrino detectors, the observation of spectral breaks and
a spectral cutoff would place strong constraints on the physical
parameters of the supernova jet.

3. Data and simulation

The analysis uses experimental data to determine the expected
number of background events for a particular search window.
The signal expectations as well as the characterictics of the sig-
nal are derived from simulations. Raw data consists of time se-
ries of photon detections (henceforth “hits”) for each triggered
DOM. From these hit patterns, track reconstruction algorithms
derive the muon’s direction, measured in zenith  and azimuth
¢ in a fixed detector coordinate system where muons travelling
upwards in the ice have 8 > 90° and downgoing tracks have
6 < 90°. The absolute time of an event is determined by a GPS
clock with a precision of better than 200 ns, which is more than
sufficient for this analysis.

3.1. Background data

At trigger level (detailed in Sect. 3.3 below), IceCube data is
dominated by the reducible background of atmospheric muons,
falsely reconstructed as upgoing, i.e. having passed through the
Earth. A comparison of experimental data and simulated muons
from cosmic ray showers shows good agreement (see Fig. 2). In
addition, background data contains an irreducible background
of muons produced by atmospheric neutrinos from the north-
ern hemisphere, at a rate lower by a factor of 10°. At the final
cut levels of this analysis (see Table 2), data consists of approx-
imately equal contributions of reducible and irreducible back-
ground events.

The data sample used to measure and characterize back-
ground was taken by IceCube in the 22 string configuration over
275.72 days of detector live time between May 2007 and March
2008. The sample is identical to the one used in the first IceCube
search for neutrino point sources (Abbasi et al. 2009a). On the
day of SN 2008D, IceCube was taking data continuously in a
time range of [-9.5h, +1.8 h] around the observed X-ray flash.
To prevent a bias in the cut optimization, this data was kept
“blind”, i.e. excluded from the development and testing of selec-
tion criteria, and only “unblinded” in the final step of the analy-
sis.

3.2. Signal simulation

To quantify and characterize the expected signal, extensive
simulations of the complex Earth-ice-detector system were

Page 3 of 8


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201015770&pdf_id=1

A&A 527, A28 (2011)

107

102 f

107°

107"
107"
1072
1072

-3
10 107°

Py g

-
o
ob

100200 400 600 800
LmnE[m

1000

107 107

- e,

10 3 76 75
LR all
102
10°E
1074
F —— Signal Monte Carlo
107°F
E ---- Data
107° e Atm. Muon Monte Carlo
i
E I I I I I

1 1 1 "
-08 -06 -04 -02 0 02 04 06 08 1
BDT score

|
—_

Fig. 2. Normalized histograms of cut parameters used for event selec-
tion (fop) and resulting distribution of boosted decision tree classifier
values (bottom). Dashed line indicates experimental background data,
dotted line marks background simulation, solid line represents simu-
lated signal.

conducted. IceCube simulation generates primary neutrinos at
the surface of the Earth and propagates them through the Earth,
tracking charged and neutral current interactions, and record-
ing all secondary particles which can reach the detector (see
Kowalski et al. 2005). All secondary muons are then passed
to the muon propagation software (see Chirkin & Rhode 2008)
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Table 2. Windows used to search for neutrinos in correlation with SN
2008D.

Duration Centering Aperture BDT cut
At wrt. X-ray peak w K
Window I~ 100 s =70s, +30s 6.2° 0.390
Window 2 1000s  —500s, +500s 2.6° 0.464
Window 3 10000s —-7000s, +3000s  1.5° 0.580

Notes. For each time scale, quality and angular cuts were optimized to
yield a maximum model discovery potential.

which simulates their random energy loss and the emission of
Cherenkov photons. Finally, the propagation of photons is sim-
ulated accounting for absorption and scattering according to a
depth dependent ice model (see Lundberg et al. 2007). In the
last step, the photomultiplier response, readout, and local as well
as global triggers are simulated yielding time series of photon
hits which are subsequently passed through the same processing
pipeline as experimental data.

3.3. Triggering and data processing

The IceCube trigger system only reads out a photon hit at a spe-
cific optical module if a neighboring module on the same string
is also hit within 1 us (local coincidence). To initiate the event
read-out, the global trigger of IceCube 22 required 8 such local
coincidences within a 5 us time window. This requirement lead
to trigger rates of ~550 Hz, dominated by atmospheric muon
events. Data contamination was immediately reduced to ~25 Hz
by first-guess reconstructions running online at the South Pole,
which fit a simple track hypothesis to each event and reject
downgoing tracks in real time (Ahrens et al. 2004a). Events pass-
ing this online muon filter are transferred to the North, where
extensive likelihood track reconstructions are performed. For a
given hit pattern and a first guess track hypothesis, the likelihood
function is calculated as the product of the probabilities for each
hit time to occur under the given track hypothesis. The likelihood
reconstruction algorithm then iteratively searches for the track
which maximizes the value of this likelihood function (Ahrens
et al. 2004a). For the final fit result, the optimization sofware
computes quality parameters which can be used for event selec-
tion.

4. Event selection

The background event rate is further diminished to ~3 Hz
through another cut on the more precise track direction from the
likelihood track reconstruction selecting events with 6 > 80°.
For this analysis, events outside a circular signal region (10°
opening angle) around the position of SN 2008D were removed
from the dataset to obtain a manageably sized sample. At this
filtering level, the background rate is 0.03 Hz and 0.26 sig-
nal events are expected for SN 2008D according to the soft jet
model.

4.1. Quality cuts
Specific cuts tailored to the simulated properties of SN
2008D were based on the following eight quality parameters:

Ndir, z © Number of direct hits, i.e. photon hits detected
within a [-15ns, +250ns] time window of the
arrival time predicted for unscattered Cherenkov
emission under the track hypothesis.

San Smoothness of hit distribution. S ,; = 0 indicates a

homogeneous energy deposition along the track.
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Minimum zenith when the 1st and 2nd half of the
photon hits (ordered in time) are reconstructed as
separate tracks.

Estimator for the uncertainty of the reconstructed
track direction (quadratic average of the minor and
major axis of the 1o error ellipse)

Omin :

Lr: Value of the negative log-likelihood for the recon-
structed track divided by the number of degrees of
freedom in the fit (number of hit optical modules

minus number of fit parameters)

Rg : Ratio of the log-likelihoods with and without a
Bayesian prior that favors a downgoing track hy-

pothesis

Ry @ Ratio of the log-likelihoods with and without seed-
ing the reconstruction with the inverse track direc-
tion
In conjunction with the selection of upgoing tracks, the reduced
log-likelihood Lg has proven to be an efficient variable for sep-
arating upgoing atmospheric neutrinos from misreconstructed
downgoing atmospheric muons. It exploits the fact that for a
light pattern originating from a downgoing muon the incorrect
upgoing track hypothesis yields rather low absolute likelihood
values. In addition, the likelihood ratios Ry and Rg allow for a
veto on events for which inverting the track hypothesis leads to
a significant relative enhancement in the likelihood value.
Histograms of all selection parameters are shown in Fig. 2
for background data, background simulation, and simulated sig-
nal events. To combine all eight parameters efficiently, they were
incorporated into a boosted decision tree (BDT) classifier (see
e.g. Yang et al. 2005, and references therein). The BDT method
classifies an event by passing it through a tree structure of bi-
nary splits which effectively breaks up the parameter space into
a number of signal or background-like hypercubes. The classi-
fier is first trained with background data and simulated signal
and then evaluated with independent datasets. The resulting dis-
tribution of classifier scores K for experimental data and sim-
ulated signal is shown at the bottom of Fig. 2. The classifier
allows for a simple one-dimensional cut on the classification
score. Extensive tests were conducted to assure a stable response
and to estimate the uncertainty of the classification. This uncer-
tainty was estimated by comparing the classification efficiencies
for several independent experimental data and simulated signal
samples. Variations in the classifier response proved to be negli-
gible compared to statistical uncertainties.

4.2. Search windows

The search for neutrinos in the on-time data from January 9,
2008 was conducted using three search windows of different du-
rations, apertures, and selection cuts. A circular aperture was
used in all cases. Since the soft jet model does not explicitly
predict the time profile of the neutrino emission, search win-
dows with durations of 100s, 1000s, and 10000 s were chosen
to cover a large range of emisssion time scales. The correspond-
ing opening angle and quality cuts for each search window were
determined by optimizing the model discovery factor M accord-
ing to Hill et al. (2006). For this purpose, a Poisson distribution
with mean b + s is randomly sampled, where b and s repre-
sent the expected background and signal, respectively. For each
drawn number of observed events nqps the lower limit on the
signal contribution is computed using the Feldman & Cousins
algorithm (Feldman & Cousins 1998). The signal expectation is
increased s — s* until 50% of the trials yield a discovery, that
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Fig. 3. Effective areas for a neutrino spectrum obeying the soft jet
model. Each line respresents one of the final search windows used in
this analysis. Inset: cumulative point spread function for the direction
in which SN 2008D was observed.

Table 3. Summary of the unblinding results and comparison with ex-
pectations.

Window 1 Window 2 Window 3
Observed events n =0 n, =0 ny =0
Expected events
Signal s 0.13 0.060 0.020
Background b 3.67x107% 552x107* 555x107*

is, a lower limit on the signal s greater than zero. When this cri-
terion is met, the model discovery factor is given by

M=
S

3)

For each window, the BDT cut K and the opening angle w yield-
ing the minimal value of M were determined numerically. Lower
limits according to the Feldman & Cousins ordering scheme
were required to have a significance of 5o~ The choices of cuts
for the three search windows which yielded minimal model dis-
covery factors are summarized in Table 2. The resulting effec-
tive areas for a neutrino spectrum obeying the soft jet model are
shown in Fig. 3.

With these choices, two observed events would constitute a
5o discovery in any of the windows taken by itself. The signifi-
cances for the complete measurement consisting of three search
windows were determined in a simulation study with 10 trials.
For each possible observation of n;, ny, n3 events in window 1,
2, 3, the p-value was calculated as the fraction of equally or less
likely observations.

5. Results
5.1. Unblinding

No events passing the cuts were found in the experimental data.
As shown in Table 3, this result is consistent with expectations,
even more so if we account for the ~5% probability of a jet with
opening half angle ~17° pointing towards Earth.

5.2. Limits on the soft jet model

In the absence of more precise theoretical predictions on the time
profile of the emission, quoting limits for particular time scales
is the only viable way to constrain the soft jet model. Since
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Fig. 4. Spectrum of SN 2008D according to the soft jet model for dif-
ferent assumed jet Lorentz factors and under the assumption that the jet
is pointing towards Earth.

ny = ny = n3y = 0and by = by =~ bs, the signal upper limits
5; are identical for all three search windows to the fourth signif-
icant digit: §; = § = §3 = § = 2.44 (at 90% CL). The upper
limit 0 on the neutrino flux in terms of the expected flux
@, is given by the ratio of the signal upper limit 5 to the signal
expectation s:

30
v —_—
@,

“)

© |

Due to the different signal expectations in each window, the
flux upper limits depend on the assumed emission time scale 7.
Therefore, we quote the limits on the soft jet model for canonical
parameters (Table 1) separately for each emission time scale 7
and at a reference energy of E, = 100 GeV:

5,(90) 2 0.035 7.=100s
[(DV (190 Gey)} - [ ¢ 1" 10058 7. =1000s
GeV™ cm™ 10 Mpc 017  7.=10000s.

(&)

Each limit is only valid under the assumption that the entire neu-
trino signal is contained in the corresponding time window. In
other words, SN 2008D could have emitted at most 19 (41, 122)
times more neutrinos than assumed under the soft jet model
with default parameters I', = 3 and E; = 10°'erg. A higher
flux would have been observed by IceCube with a probability of
90%.

The primary systematic uncertainty in these limits stems
from a possible bias in signal simulation, i.e. the value of s.
Systematics for IceCube 22 have been studied by Abbasi et al.
(2009a) and lead to a ~15% uncertainty in s, corresponding to
a *|7 percent shift in the limits. Incorporating the uncertainty
of the BDT classification response, that is decreasing the signal
prediction and increasing the background expectation by the cor-
responding uncertainty resulted in a negligible shift of ~0.5% in
the limits.

Next, we wish to constrain the main parameters of the model,
the kinetic energy release Ej and the Lorentz factor of the jet I',.
Due to the significant I', dependence of the hadronic break en-

ergy EMKM o Ej‘1 l"g and the radiative cooling break energy

v,cb
E:/CIE @ « T, the number and spectral distribution of produced

neutrinos depends strongly on I'y, (see Fig. 4). Moreover, the flux
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Fig. 5. Expected number of events as a function of the assumed jet
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Earth. The plotted numbers correspond to a 10°-signal-region and cut
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Fig. 6. Constraints on the jet parameters Ej and I', where Es5;5 =
10°' erg. For each assumed emission time scale 7., the colored regions
are ruled out at 90% confidence level.

is scaled with E; I“ﬁ which accounts for the energy release and the
beaming of the neutrino emission. At high boost factors, radia-

tive cooling of mesons sets in at lower energies than hadronic
cooling, i.e. EZ(Clb) > E:(Czb) (Efc(llj) > Efc(ﬁ)) forT, 24 (T, 2 9).

To derive constraints on I'y, and Ej, we calculated the sig-
nal expectations in the intervals I, = 1.5-10 and E; =
10°'~10°% erg. As Fig. 5 shows, the less efficient cooling as well
as stronger beaming in more relativistic jets leads to a drastic in-
crease in the signal expectation. Increasing I'y, places more neu-
trinos at high energies 21 TeV where IceCube is more sensi-
tive, though the corresponding reduction in the jet opening angle
leads to smaller probability of jet detection. The measured sig-
nal upper limit 5§ = 2.44 and the signal predictions s; (Fb, Ej) for
each window can be used to constrain the jet parameters Ej and
I'y through s; (Fb, Ej) < §;. Values of I', and Ej not fulfilling this
relation are ruled out at 90% CL. These limits are illustrated in
Fig. 6.

Finally, the scenario proposed by Koers & Wijers (2007)
shall be examined briefly. Assuming that meson re-acceleration
leads to a simple power law neutrino spectrum in the relevant
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energy range (roughly 100 GeV-10 PeV) the source spectrum
can be approximated by an E~7-law with a high-energy cutoff at
10 PeV. For the three values of the spectral index y discussed by
Koers and Wijers, this analysis yields the following upper limits
for an assumed emission time scale of 7. = 100 s:

EYHO0 0.102 y=2
————={162 y=23 (6)
GeV”™ cm™ 219  y=2.6.

For longer emission time scales, these limits scale as in (5).

6. Summary and outlook

We have searched for high-energy muon neutrinos in coinci-
dence with SN 2008D using data from the IceCube 22 string de-
tector. Using a blind analysis optimized with experimental back-
ground and simulated signal data, we observed no events which
passed the cuts. From the non-observation, we have derived first
constraints on the soft jet model for core collapse SNe under the
condition that the predicted jet was pointing in the direction of
the Earth.

Given the strong dependence of the signal expectation on
the model parameters, the non-detection of neutrinos places sig-
nificant constraints on the principal model parameters. A two
dimensional parameter scan in I'y and E; shows that the jet
Lorentz factor is generally constrained to I, < 4 for jet energies
E; > 103! erg. As mentioned above, the constraints quoted here
only hold if the assumed jet of SN 2008D was pointing towards
Earth.

IceCube is now operating in an additional mode, scanning
online data for neutrino bursts, i.e. two nearly collinear neutri-
nos within 100 s, in real time. If a burst is detected, IceCube
triggers optical follow-up observations searching for a SN in the
corresponding direction (Franckowiak et al. 2009). Constantly
monitoring the entire northern sky, this approach has the poten-
tial to generalize the constraints obtained from studying individ-
ual objects.

Acknowledgements. We acknowledge the support from the following agen-
cies: US National Science Foundation-Office of Polar Program, US National
Science Foundation-Physics Division, University of Wisconsin Alumni Research
Foundation, US Department of Energy, and National Energy Research
Scientific Computing Center, the Louisiana Optical Network Initiative
(LONI) grid computing resources; Swedish Research Council, Swedish
Polar Research Secretariat, and Knut and AliceWallenberg Foundation,
Sweden; German Ministry for Education and Research (BMBF), Deutsche
Forschungsgemeinschaft (DFG), Germany; Fund for Scientific Research
(FNRSFWO), Flanders Institute to encourage scientific and technological re-
search in industry (IWT), Belgian Federal Science Policy Office (Belspo); the
Netherlands Organisation for Scientific Research (NWO); M. Ribordy acknowl-
edges the support of the SNF (Switzerland); A. Kappes and A. Gro acknowledge
support by the EU Marie Curie OIF Program; J. P. Rodrigues acknowledge sup-
port by the Capes Foundation, Ministry of Education of Brazil.

References

Abbasi, R., Abdou, Y., Ackermann, M., et al., IceCube Collaboration 2009a,
ApJ, 701 L47

Abbasi, R., Buono, S., Burgio, N., et al., IceCube Collaboration 2009b, Nucl.
Instr. Meth. A, 601, 223

Abbasi, R., Abdou, Y., Abu-Zayyad, T., et al., IceCube Collaboration 2010a,
Nucl. Inst. Meth. A, 618, 139

Abbasi, R., Abdou, Y., Abu-Zayyad, T., et al., IceCube Collaboration 2010b,
ApJ, 710, 346

Achterberg, A., Ackermann, M., Adams, J., et al., IceCube Collaboration 2006,
Astropart. Phys., 26, 155

Ahrens, J., Bai, X., Bay, R., et al., AMANDA Collaboration 2004a, Nucl. Inst.
Meth. A, 524

Ahrens, J., Bahcall, J. N., Bai, X., et al., IceCube Collaboration 2004b, Astropart.
Phys. 20, 507

Ando, S., & Beacom, J. 2005, Phys. Rev. Lett., 95

Chirkin, D., & Rhode, W. 2008, [hep-ph/0407075v2]

Chevalier, R., & Fransson, C. 2008, ApJ, 683, 2

Feldman, G., & Cousins, R. 1998, Phys. Rev. D, 57

Franckowiak, A., et al. 2009, Proc. of the 31st ICRC

Galama, T. J., Mazzali, P. A., Nomoto, K., et al. 1998, Nature, 395, 672

Hill, G., et al. 2006, in Statistical Problems in Particle Physics, Astrophysics and
Cosmology: PHYSTAT 2005, ed. L. Lyons, & M. K. Unel (London: Imperial
College Press), 108

Hjorth, J., Sollerman, J., Mi£;ller, P, et al. 2003, Nature, 423, 847

Koers, H., & Wijers, R. 2007 [arXiv:0711.4791v1]

Kowalski, M., & Gazizov, A. 2005, Comp. Phys. Comm., 172, 3

Lamb, D. Q., Donaghy, T. Q., Graziani, C., et al. 2004, New Astron. Rev., 48,
459

Lennarz, D., IceCube Collaboration 2009, Proceedings of the 31st ICRC

Lundberg, J., Mio¢inovi¢, P., Woschnagg, K., et al. 2007, Nucl. Instrum. Meth.
A, 581,619

Malesani, J., Tagliaferri, G., Chincarini, G., et al. 2004, ApJ, 609

Mazzali, E., Valenti, S., Della Valle, M., et al. 2008, Science, 321, 1185

Modjaz, M., Li, W., Butler, N., et al. 2009, ApJ, 702, 226

Paragi, Z., Taylor, G. B., Kouveliotou, C., et al. 2010, Nature, 463, 516

Pian, E., Mazzali, P. A., Masetti, N., et al. 2006, Nature, 442, 1011

Razzaque, S., Meszaros, P., & Waxman, E. 2005, Mod. Phys. Lett. A, 20

Soderberg, A., Berger, E., Page, K. L., et al. 2008, Nature, 453, 469

Soderberg, A., Chakraborti, S., Pignata, G., et al. 2010, Nature, 463, 513

Tanaka, M., Yamanaka, M., Maeda, K., et al. 2009, ApJ, 700, 1680

Woosley, S., & Bloom, J. 2006, ARA&A, 44, 507

Yamazakia, R. 2004, ApJ, 607

Yang, H.J., Roe, B. P., Zhu, J., et al. 2005, Nucl. Instrum. Meth. A, 555, 370

! Dept. of Physics, University of Wisconsin, Madison, WI 53706,

USA

Dept. of Subatomic and Radiation Physics, University of Gent, 9000

Gent, Belgium

3 Dept. of Physics, University of Wisconsin, River Falls, WI 54022,

USA

Dept. of Physics and Astronomy, University of Canterbury, Private

Bag 4800, Christchurch, New Zealand

5 Dept. of Physics, University of Oxford, 1 Keble Road, Oxford OX1

3NP, UK

Dept. of Physics, University of Wuppertal, 42119 Wuppertal,

Germany

7 Bartol Research Institute and Department of Physics

Astronomy, University of Delaware, Newark, DE 19716, USA

Dept. of Physics and Astronomy, University of California, Irvine,

CA 92697, USA

° Dept. of Physics, University of California, Berkeley, CA 94720,
USA

10 DESY, 15735 Zeuthen, Germany

' Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

Dept. of Physics and Center for Cosmology and Astro-Particle

Physics, Ohio State University, Columbus, OH 43210, USA

13 Dept. of Astronomy, Ohio State University, Columbus, OH 43210,
USA

14 Université Libre de Bruxelles, Science Faculty CP230, 1050
Brussels, Belgium

15 Fakultit fiir Physik & Astronomie, Ruhr-Universitit Bochum,
44780 Bochum, Germany

16 Dept. of Physics, University of Maryland, College Park, MD 20742,

USA

Dept. of Physics and Astronomy, University of Kansas, Lawrence,

KS 66045, USA

'8 TII. Physikalisches Institut, RWTH Aachen University, 52056

Aachen, Germany

Oskar Klein Centre and Dept. of Physics, Stockholm University,

10691 Stockholm, Sweden

20 Vrije Universiteit Brussel, Dienst ELEM, 1050 Brussels, Belgium

and

Page 7 of 8



21

22

23

24

25
26

27

28

29
30

31

32

A&A 527, A28 (2011)

Physikalisches Institut, Universitit Bonn, Nussallee 12, 53115
Bonn, Germany

Dept. of Physics and Astronomy, Uppsala University, Box 516,
75120 Uppsala, Sweden

Dept. of Physics, TU Dortmund University, 44221 Dortmund,
Germany

Laboratory for High Energy Physics, Ecole Polytechnique Fédérale,
1015 Lausanne, Switzerland

Max-Planck-Institut fiir Kernphysik, 69177 Heidelberg, Germany
Dept. of Physics, Pennsylvania State University, University Park, PA
16802, USA

Dept. of Astronomy and Astrophysics,
University, University Park, PA 16802, USA
Dept. of Physics and Astronomy, Utrecht University/SRON, 3584
CC Utrecht, The Netherlands

CTSPS, Clark-Atlanta University, Atlanta, GA 30314, USA

Dept. of Physics, Southern University, Baton Rouge, LA 70813,
USA

Dept. of Astronomy, University of Wisconsin, Madison, WI 53706,
USA

Dept. of Physics, University of Alberta, Edmonton, Alberta, Canada
T6G 2G7

Pennsylvania State

Page 8 of 8

w

3

34

35

36

37

38

39

40
4

42

43

Institute of Physics, University of Mainz, Staudinger Weg 7, 55099
Mainz, Germany

Université de Mons, 7000 Mons, Belgium

Dept. of Physics, Chiba University, Chiba 263-8522, Japan

Institut fiir Physik, Humboldt-Universitidt zu Berlin, 12489 Berlin,
Germany

e-mail: mail@nickkemming.com

Also Universita di Bari and Sezione INFN, Dipartimento di Fisica,
70126, Bari, Italy

Dept. of Physics and Astronomy, University of Alaska Anchorage,
3211 Providence Dr., Anchorage, AK 99508, USA

Dept. of Physics, University of the West Indies, Cave Hill Campus,
Bridgetown BB11000, Barbados

NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA
School of Physics and Center for Relativistic Astrophysics, Georgia
Institute of Technology, Atlanta, GA 30332, USA

Dept. of Physics and Astronomy, University of Alabama,
Tuscaloosa, AL 35487, USA

Affiliated with: Universitit Erlangen-Niirnberg, Physikalisches
Institut, 91058 Erlangen, Germany



	Introduction
	Model neutrino spectrum
	Data and simulation
	Background data
	Signal simulation
	Triggering and data processing

	Event selection
	Quality cuts
	Search windows

	Results
	Unblinding
	Limits on the soft jet model

	Summary and outlook
	References 

