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It has been a dozen of years since the IceCube international collaboration was organized. We, the IceCube
group from Chiba University, have been engaged in searches of ultra-high energy neutrinos, our flagship mission,
which leads to understanding of the origin of the highest energy cosmic rays. Our group has been deeply
committed the first observational evidence of existence of a high energy astrophysical neutrino flux, and the
consequent achievement of sensitivity good enough to make a detection of “cosmogenic” neutrinos a reality. On
this occasion, we would like to share the obtained scientific knowledges with you by publishing this collection
of papers.

The IceCube collaboration has published numerous papers. This collection picked up the ones the Japan’s
group has greatly contributed to. The papers published with authors of an individual member from the group
are also included among them. It is my pleasure if this series of papers presents to you how neutrinos can
probe the ultra-high energy Universe and their great potential to finally resolve the long-standing mystery of
the ultra-high energy comic-ray origin.

An every each of the achievements collected here has relied on a power of team work. It is very fortunate
that my team is filled with so talented associates. They are really amazing, not just as a member of the team,
but also as an independent scientist. None of the papers listed here could have been published without them.
And moreover, collaborations with IceCube colleagues from all over the world are indispensable foundations
to all the achievements my group has fortunately made. It has been really a fun to work on IceCube with my
collaborators in many countries.

A basic science mission like the IceCube project requires a lengthy and time-consuming process to get
ready for producing scientific results. We have had to survive a long difficult time when there was no chance to
write any single science paper. | really appreciated all of you who have encouraged us during this “predawn”
period, trusting our capability to produce something important to particle astrophysics in near future. Our
journey still goes on. | have no doubt that even more amazing discoveries are following. Stay tuned!

S gl

Shigeru Yoshida
Chiba City, Japan
Feburuary 3, 2014.
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We have searched for extremely high energy neutrinos using data taken with the IceCube detector
between May 2010 and May 2012. Two neutrino-induced particle shower events with energies around 1 PeV
were observed, as reported previously. In this work, we investigate whether these events could originate from
cosmogenic neutrinos produced in the interactions of ultrahigh energy cosmic rays with ambient photons
while propagating through intergalactic space. Exploiting IceCube’s large exposure for extremely high
energy neutrinos and the lack of observed events above 100 PeV, we can rule out the corresponding models
at more than 90% confidence level. The model-independent quasidifferential 90% C.L. upper limit, which
amounts to Ezqﬁ,,ﬁ vy, = L2 X 1077 GeVem™2 s !sr! at 1 EeV, provides the most stringent constraint
in the energy range from 10 PeV to 10 EeV. Our observation disfavors strong cosmological evolution of the
highest energy cosmic-ray sources such as the Fanaroff-Riley type II class of radio galaxies.

DOI: 10.1103/PhysRevD.88.112008 PACS numbers: 98.70.Sa, 95.85.Ry, 95.55.Vj

I. INTRODUCTION

*Also at Physics Department, South Dakota School of Mines
and Technology, Rapid City, SD 57701, USA.
'Corresponding author.

Cosmic neutrinos are expected to be produced in the
interactions of high energy hadronic particles from cosmic

aya@hepburn.s.chiba-u.ac.jp accelerators with surrounding photons and matter. At PeV
“Corresponding author. energies or greater, neutrinos are a unique tool for the
mase@hepburn.s.chiba-u.acjp o . direct survey of the ultrahigh energy universe, because
“Also at Sezione INFN, Dipartimento di Fisica, I-70126, Bari, photons at these energies are highly attenuated by the
0 ot NASA Goddard Space Flight Center, Greenbelt, Mp  COSMic microwave background (CMB). In addition to neu-
20771, USA. trinos directly produced in cosmic-ray sources, secondary
ICorresponding author. neutrinos produced in the propagation of ultrahigh energy
syoshida@hepburn.s.chiba-u.ac.jp cosmic rays (UHECRs) with energies reaching about
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100 EeV are expected. These “cosmogenic” neutrinos are
produced by the Greisen-Zatsepin-Kuzmin (GZK) mecha-
nism via interactions of UHECRs with the CMB and
extragalactic background light (infrared, optical, and ultra-
violet) [1-3]. A measurement of cosmogenic (or GZK)
neutrinos probes the origin of the UHECRSs because the
spectral shapes and flux levels are sensitive to the redshift
dependence of UHECR source distributions and cosmic-
ray primary compositions [4,5]. Neutrinos are ideal parti-
cles to investigate the origin of UHECRS since neutrinos
propagate to the Earth essentially without deflection and
absorption. The main energy range of the cosmogenic
neutrinos is predicted to be around 100 PeV-10 EeV
[6,7]. In this extremely high energy (EHE) region, cosmo-
genic production is considered the main source of cosmic
neutrinos.

A measurement of these EHE neutrinos requires a de-
tection volume on the order of at least 1 km? as their fluxes
are expected to be very low, yielding approximately one
event per year in such a volume [8,9]. The IceCube
Neutrino Observatory [10] at the geographical South Pole
is the first cubic-kilometer scale neutrino detector. Its large
instrumented volume as well as its omnidirectional neu-
trino detection capability have increased the sensitivity for
EHE cosmogenic neutrinos significantly. Previous EHE
neutrino searches performed with IceCube [9,11] showed
that IceCube has become the most sensitive neutrino
detector in the energy range of 1 PeV-10 EeV compared
to experiments using other techniques [12—16]. The sensi-
tivity of the complete IceCube detector reaches to the
modestly high flux cosmogenic models which assume a
pure proton composition of cosmic rays. The flux for a
heavier composition such as iron is at least 2-3 times
lower, although the decrease depends on the source evolu-
tion [17] and strongly on the maximal injection energy of
the sources [18]. In order to test the heavier composition
model predictions, longer exposure or other detection
techniques such as the radio detection are needed.

The EHE neutrino search presented here uses data
obtained from May 2010 to May 2012. The analysis is
sensitive to all three neutrino flavors. The basic search
strategies are similar to previous searches [9,11]. The
main improvement comes from the enlargement of the
detector and the statistical enhancement of the data as
well as improved modeling of optical properties of the
deep glacial ice [19] in the Monte Carlo simulations. The
improvements allow a refined geometrical reconstruction
of background events and thus a better background rejec-
tion. Two neutrino-induced PeV-energy particle shower
events were discovered by this EHE neutrino analysis as
reported in Ref. [20]. In this paper, we describe the details
of the analysis. Then, we investigate whether the two
observed events are consistent with cosmogenic neutrinos.
Afterwards, cosmogenic neutrino models are tested for
compatibility with our observation in order to constrain
the UHECR origin.

PHYSICAL REVIEW D 88, 112008 (2013)

The paper is structured as follows: In Secs. II and III, the
IceCube detector and the data samples are described. The
improved analysis methods and the associated systematic
uncertainties are discussed in Secs. IV and V. In Sec. VI,
results from the analysis are presented. Implications of the
observational results on the UHECR origin are discussed in
Sec. VII by testing several cosmogenic neutrino models.
The model-independent upper limit of the EHE neutrino
flux is shown in Sec. VIIL. Finally, the results are summa-
rized in Sec. IX.

II. THE IceCube DETECTOR

The IceCube detector observes the Cherenkov light from
the relativistic charged particles produced by high energy
neutrino interactions using an array of digital optical
modules (DOMs). Each DOM comprises a 10 R7081-
02 photomultiplier tube (PMT) [21] in a transparent pres-
sure sphere along with a high voltage system, a digital
readout board [22], and a LED flasher board for optical
calibration in ice. These DOMs are deployed along elec-
trical cable bundles that carry power and information
between the DOMs and the surface electronics. The cable
assemblies called strings were lowered into holes drilled to
a depth of 2450 m with a horizontal spacing of approxi-
mately 125 m (Fig. 1). The DOMs sit where the glacial ice
is transparent at depths from 1450 to 2450 m at intervals of
17 m. PMT waveforms are recorded when the signal in a
DOM crosses a threshold and the nearest or next-to-nearest
DOM observes a photon within 1 us (hard local coinci-
dence, HLC). An event is triggered if eight DOMs record a
HLC within 5 us. The lower, inner part of the detector
called DeepCore [23] is filled with DOMs with a smaller
vertical and horizontal spacing of 7 and 72 m, respectively.
The DeepCore array is mainly responsible for the enhance-
ment of the performance below 100 GeV, the threshold
energy of IceCube. Additional DOMs frozen into tanks

leeCube Lab

FIG. 1 (color online).
detector.

A schematic view of the IceCube
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located at the surface near the top of each hole constitute an
air shower array called IceTop [24]. IceTop allows for the
study of cosmic-ray physics and provides the capability to
study the atmospheric muon background. The whole de-
tector system comprises 5160 DOMs on 86 strings out of
which eight strings correspond to DeepCore, and an addi-
tional 324 DOM:s in the surface array. The configurations
of the IceCube detectors are displayed in Fig. 1.

I11. DATA AND SIMULATION

The IceCube detector construction was completed in
December, 2010. During the construction phase, from
May 31, 2010 to May 12, 2011, 79 strings (IC79), approxi-
mately 90% of the full detector, were operational. The IC79
run was immediately followed by the first year of data
taking with the full detector (IC86) which lasted from
May 13,2011 to May 15, 2012. The data from these periods
were used in this analysis. The corresponding live time for
the IC79 and IC86 runs were 319.2 days and 350.9 days
respectively, excluding periods of detector calibration and
unstable operation. Approximately 10% of the sample
(33.4 days of IC79 and 20.8 days of IC86 running) was
used as a statistically independent test sample for verifica-
tion. The final analysis was performed in a blind way where
the test sample was not used for the signal search.

There are two classes of background events: atmos-
pheric muon bundle events and events induced by atmos-
pheric neutrinos. Muon bundles consist of a large number
of high energy muons produced by cosmic-ray interactions
in the atmosphere. Regardless of their high muon multi-
plicities, they are observed as a single track since their
lateral separations of about 10 m is shorter than the mini-
mum DOM separation of 17 m except for DeepCore. Since
the detector is large and the data recording time window is
also long (10 ws), there is a non-negligible chance that two
or more muon bundles arrive at the same time. These
events called ““coincident events” complicate geometrical
reconstruction. Special treatment is required to reduce this
background. Atmospheric muon bundles were simulated
with the CORSIKA air shower simulation [25] with the
SIBYLL 2.1 hadronic interaction model [26]. Muons from
the showers were propagated from the Earth’s surface to
IceCube depths with the Muon Monte Carlo package [27].
These were the same programs as in previous studies [9]
except that we have improved our description of the optical
properties of the glacier ice [19] used in the simulation of
the photon propagation from the particles to the DOMs.

For the atmospheric neutrinos, the All Neutrino
Interaction Simulation package [28] was used to simulate
each neutrino flavor separately between 50 GeV and 1 EeV.
The neutrino events were simulated following an E; !
spectrum on the surface of the Earth with appropriate
flux weights to represent the spectrum resulting from
decays of cosmic-ray-induced pions and kaons in the
atmosphere (“‘conventional” atmospheric neutrinos). We
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use the cosmic-ray spectrum modeled in Ref. [29] to take
into account the spectral bend at the cosmic-ray knee. The
neutrino multiplicity employed in this calculation was
derived from a modified Elbert formula [30,31]. At PeV
energies and above, ‘“prompt” atmospheric neutrinos from
decays of charmed mesons are expected to dominate over
the conventional atmospheric neutrinos. We consider the
default value of the prompt neutrino flux from Enberg et al.
[32] modified to incorporate the cosmic-ray spectrum
model in Ref. [29].

In order to efficiently simulate high energy events with
energies exceeding 100 TeV at IceCube depths, the JULIeT
package was used in which the propagation of neutrinos
was efficiently obtained by solving numerical transport
equations as described in Ref. [8].

Figure 2 shows examples of simulated signal and back-
ground events observed in the IceCube detector. The sizes
and colors of the spheres indicate the number and the
timing of photoelectrons (p.e.) observed in each DOM. A
signal muon event produces a number of stochastic energy
losses along the path. Tau events with energies greater than
10 PeV resemble muon tracks, except that they exhibit less
energy loss due to their heavier masses. They may also
generate characteristic “double bang events’ at energies
between 1 and 10 PeV due to neutrino interactions and
successive tau decays inside the detector volume. Particle
showers are induced by neutral current interactions of
neutrinos of any flavor or by charged current interactions

FIG. 2 (color online). Event displays of simulated events. Each
sphere represents a DOM. Colors indicate the arrival time of the
photon (red indicates the earliest and blue the latest). The size of
the sphere and the length of the horizontal lines at the right
border indicate the measured amount of photoelectrons in each
DOM. Upper left: An upgoing muon entering into the detector
array with energy of 20 PeV induced by a neutrino of 500 PeV.
Upper right: A 300 PeV v, induced cascade event. Lower panel:
A typical background atmospheric muon bundle event in the
current analysis induced by primary cosmic-ray energy of 1 EeV.
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of electron neutrinos. These events called cascade events
generate spherical hit patterns in the detector. A back-
ground muon bundle event in the current study typically
contains about 100 to 1000 muons with lateral separations
of about 10 m which results in a smoother energy loss
profile compared to one from a single muon or tau event.

IV. EVENT SELECTIONS

The energy spectrum of atmospheric muons and neutri-
nos falls steeply with energy. The cosmogenic neutrino
fluxes with their harder spectra are expected to dominate
over this background at high energies. Because the amount
of deposited energy, i.e. the observable energy, is corre-
lated with the energy of the incoming particles, the signal
events stand out against the background events at high
energy. Therefore, this analysis is targeted towards the
selection of these high energy events.

The initial event filter selects events containing more
than 1,000 p.e. This filtering eliminates a large number of
low energy atmospheric muon-induced events, typically
with less than a few TeV energy. The filtering process is
performed at the South Pole and the resulting EHE sample
is sent to the data warehouse at the northern hemisphere via
satellite. The samples contained a total of 4.0 X 107 and
6.0 X 107 events for IC79 and IC86, respectively.

The EHE sample transferred to the northern hemisphere
is subjected to off-line hit cleaning in order to remove
coincident atmospheric muons and PMT noise. A hit rep-
resents a reconstructed pulse of photons from a waveform
recorded by a DOM and is characterized by its time and
charge. The initial hit cleaning is a time window cut on the
hits outside the time interval between —4.4 and +6.4 us
relative to the time of the first hit on the DOM with the
highest charge. Then a secondary hit cleaning based on
distances and hit time intervals between DOMs is applied.
Hits from the DeepCore strings are discarded at this stage
and not used for higher selection levels to keep the DOM
separation uniform across the detector volume. After these
hit cleanings, the analysis level sample is selected by
requesting at least 300 hits and 3200 p.e. in the whole
detector except DeepCore. This sample contains a total of
4.5 % 10% and 5.9 X 10° observed events for IC79 and
IC86, respectively. The distribution of the total number
of p.e’s (NPEs) versus the true energy of the incoming
particle for IC86 simulations of neutrino-induced muons
and cascades is shown in Fig. 3. The energies are sampled
when the incoming particle is at 880 m from the IceCube
center. A clear correlation between NPE and the energy of
the muons is observed. By selecting events with a NPE
above an appropriate threshold, low energy events domi-
nated by atmospheric backgrounds are filtered out. The
correlation also holds for cascade events although uncon-
tained events with vertex positions outside the instrumen-
tation volume weaken the correlation thereby reducing the
selection efficiency for this type of event.
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The left panels in Fig. 4 show the NPE distributions at
analysis level for data and simulations for IC79 and IC86,
respectively. The signal cosmogenic neutrino distributions
dominate over the atmospheric w and » background
distributions in the high NPE region. Three cosmogenic
neutrino models are shown in the figure: Yoshida and
Teshima [6] for an UHECR source distribution in the
form of (1 + z)"™ with the evolution parameter m = 4
and the maximum redshift of the UHECR source distribu-
tion z,,,x = 4, Ahlers et al. [33] (the best fit model with
m = 4.6 and z,,,, = 2.0), and Kotera et al. [17] [Fanaroff-
Riley type II (FR-II)]. Atmospheric muon bundles are the
dominant contribution at this level. Due to the yet unknown
chemical composition of UHECRs, the background rates
are estimated by the extreme assumptions of pure proton
and iron. The pure iron is employed in this analysis as our
baseline model for the atmospheric muons since it yields
more muons compared to the pure proton case and hence
gives us a conservative background estimate. For the pure
iron case the predicted rate is about a factor of 2 higher
than the rate observed in IceCube. The data are bracketed
by the two compositions as shown in Fig. 4 by the shaded
area, demonstrating a reasonable agreement between the
experimental data and the atmospheric muon background
simulations.

The directional information is also used to further dis-
criminate signal from background. Since the background
of atmospheric muons is overwhelmingly large compared
to our signals above the horizon, a robust directional
reconstruction is crucial for the discrimination. For this
purpose, a track hypothesis is assumed to reconstruct at-
mospheric muons. We utilize different zenith angle recon-
struction algorithms for IC79 and IC86. A so-called single
photoelectron (SPE) log-likelihood (LLH) fitting based on
a track hypothesis using the probability distribution of the
arrival time of the first photon in each DOM [34] is

7 8 9 0 1
log, (E /GeV)

log. 3 0(EV/GeV)

FIG. 3 (color online). Distributions of NPE versus the energies
of neutrino-induced muons (left) and neutrinos which induce
cascades (right) obtained at the analysis level with the IC86
signal Monte Carlo simulations. For illustrative purposes, an E~!
energy spectrum of the particles is assumed in these plots. The
muon and neutrino energies are given when the particle enters a
radius of 880 m around the IceCube center. Cascade events
include all flavor neutral current and », charged current inter-
actions.
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FIG. 4 (color online). Distributions of NPE (left panels) and
reconstructed zenith angle (right panels) are shown for the
experimental test samples of IC79 (upper panels) and IC86
(lower panels). The data are compared with expected back-
ground contributions from atmospheric muons and neutrinos,
and signals from various cosmogenic (GZK) neutrino models
[6,17,33]. The event numbers presented here are for the live
times of the test samples of the experimental data, 33.4 days for
IC79 and 20.8 days for IC86. The signal distributions are the sum
of all three neutrino flavors. The background sum includes all
atmospheric muons and neutrinos. The single atmospheric
muons (pure iron) dominate the background so that the line is
nearly identical to the line for the background sum. See text for
more detail.

performed for the IC79 sample. Then a cut on the reduced
log-likelihood (rLLH) parameter is applied to ensure good
fit quality. The parameter rLLH is the log-likelihood value
of the reconstructed track divided by the number of degrees
of freedom of the fit. This rLLH cut removes coincident
atmospheric muons. For the IC86 sample, photon hits that
have a significantly different timing compared to the one
from the main bulk of photon signals are masked using the
robust regression technique [35]. Then the particle direc-
tions are reconstructed by applying the LineFit algorithm
[11] to the remaining unmasked hits. The LineFit algo-
rithm is based on a track hypothesis and uses a simple
minimization of x> = 3,NPE,(F; — Fcog — t;U)?, where
t; and NPE; represent the time of the first photoelectron
and the number of photoelectrons recorded by the ith

DOM at the position 7;, respectively. The quantity Feog =

(%’Nﬁfg", EET;EEy , Ez'l_\gfg") is the position of the NPE-

weighted center of gravity of the hits. The fit ignores the
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geometry of the Cherenkov cone and the optical properties
of the medium and assumes light traveling with a velocity
v along a one-dimensional path through the detector, pass-
ing through the center of gravity. The inclusion of the
robust regression technique significantly improves the per-
formance of the LineFit used in the previous study [9],
allowing for simpler background rejection. The zenith
angle resolution of SPE LLH for background muon events
is about 0.5° for the IC79 EHE analysis level sample. The
zenith angle resolution from the LineFit with the robust
regression for background muons for the IC86 analysis
level sample is about 1°. These performances are sufficient
to remove atmospheric muon bundle background events in
the current analysis.

The performance of the reconstruction on the signal
neutrinos highly depends on the shape of the events
(Fig. 2). Since most of the signal neutrino events
(> 80%) are expected to be muon or tau tracks, the recon-
struction of zenith angles based upon track hypotheses as
described above gives sufficiently good signal selection
efficiency. The reconstructed directions of neutrino-
induced cascades, however, are only poorly correlated
with the true neutrino direction and exhibit systematic
directional shifts. The SPE LLH reconstruction tends to
shift the zenith angles towards the vertical while the
LineFit shifts them to the horizontal. The behavior of the
shifts also changes when their vertex positions are close to
or outside the boundary of the instrumentation volume. The
resulting systematic uncertainty is discussed in Sec. V.

The right panels in Fig. 4 show the event distributions at
analysis level as a function of the cosine of the recon-
structed zenith angle. These distributions are compared to
the background and signal simulations. Atmospheric muon
bundles dominate in the downward-going region and at-
mospheric neutrinos dominate in the upward-going region.

The signal selection criteria were optimized based on
simulations of background and signal after the simulation
was verified using the test sample. A cosmogenic neutrino
model [6] (with m =4 and z,, =4) is used for the
optimization. The selection criteria do not severely depend
on the particular choice of the cosmogenic model since the
expected energy spectrum is similar. Selection criteria are
obtained by optimizing the NPE threshold values in the
IC79 and IC86 samples separately such that the model
discovery factor [9,36] is minimized in each sample.
Figure 5 presents the event distributions in the plane of
NPE versus the cosine of the reconstructed zenith angle
(cos 0) for the test sample and simulations. The distributions
of the signal simulation are the sum of all three neutrino
flavors. The solid lines in Fig. 5 indicate the final selection
criteria for each sample. The events above the lines are
considered to be signal event candidates. The essential point
of this analysis is to select high NPE events against back-
grounds regardless of the event shape. A zenith-angle-
dependent high NPE threshold is required to eliminate the
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FIG. 5 (color online).
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Event number distributions on the plane of NPE and cosine of reconstructed zenith angle (cos ) for the IC79

run (upper panels) and the IC86 run (lower panels). The experimental test samples are shown in left panels. The background
simulations of atmospheric muon (middle-left panels), and the conventional atmospheric neutrino and prompt atmospheric neutrino
[32] (middle-right panels), and simulation of signal cosmogenic neutrino model [6] (right panels) are also shown. The colors indicate
event numbers per live time of 33.4 days and 20.8 days for the IC79 and IC86 test samples, respectively. The signal distributions are the

sum of all three neutrino flavors. The solid lines in each panel indicate the final selection criteria.

atmospheric muon background for the downward-going
region, while a constant threshold value is placed in the
zenith region of cos § = 0.1, where no atmospheric muon
background is expected. The predicted number of signal and
background events passing the final selection criteria are
presented in Table I along with the observed number of
events in the two experimental samples.

The effective neutrino detection areas at final selection
criteria for the different IceCube detector configurations
are shown in Fig. 6. The effective areas are given for each
neutrino flavor, averaged over 4 solid angle for IC79 and
IC86. The areas are averaged over equal fluxes of neutrinos
and antineutrinos. Below 5 PeV, the effective area for
electron neutrinos exceeds that of muon or tau neutrinos.
For particle cascades induced by charged -current

TABLE L

interactions of electron neutrinos, their energies are depos-
ited completely inside the detector if their interaction
vertex lies sufficiently inside the instrumented volume.
Contrarily muons (taus) from muon (tau) neutrino inter-
actions only partially deposit their energies in the detector
volume. Therefore, even though tracks have a longer path
in the detector, they satisfy the NPE criteria less frequently
(Fig. 5). At higher energies the effective area for tracks is
larger because they can be generated in an increasingly
larger volume and still reach the detector. Above 100 PeV
cascades contribute less than 20% to the observable events
from cosmogenic neutrino fluxes. The right panel in Fig. 6
shows the effective area summed over all three neutrino
flavors for IC79 and IC86 together with that for IC40
from the previous analysis [9]. The current analysis has

Number of events passing cuts at on-line filtering, off-line analysis, and final level with 285.8 days of effective live time

for IC79 and 330.1 days for IC86 (excluding test sample data). One cosmogenic neutrino model [6] (with m = 4 and z,,,, = 4) is
taken to evaluate the benchmark signal rates. The background rates include atmospheric muons assuming a pure iron primary
composition, conventional atmospheric neutrinos, and prompt atmospheric neutrinos. Analysis sample requests the number of hit
DOMs = 300, log ;o (NPE) = 3.5 for IC79 and IC86, and an additional requirement of rLLH < 8 for IC79. Systematic uncertainties in
the expected event rates at the final selection level are given as asymmetric error intervals after the statistical errors.

Experimental Background MC Benchmark signal MC [6]
Contributions samples ~ IC79 1C86 IC79 IC86 IC79 IC86
EHE filter level 4.0 X 107 6.0 X 107 4.4 %107 8.9 X 107 2.1 24
Analysis level 45X 10° 59 x10° 8.5 X 10° 1.3 X 10° 1.5 1.8
Final level 0 2 0.056 = 0.0025:32%  0.026 = 0.003*$9!3 0.876 = 0.00473112 1.043 = 0.006* 2142
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FIG. 6 (color online). The IceCube neutrino effective area at final selection criteria with different string configurations, IC79 (left
panel) and IC86 (middle panel) for each neutrino flavor, averaged over 47 solid angle. The areas are averaged over equal amounts of
neutrinos and antineutrinos. Three flavor sums of the effective areas are shown in the right panel. The effective area from the previous
search [9] with 40 string configuration of IceCube (IC40) is also shown for comparison. Exposure of the sample used in this analysis is
obtained by multiplying the effective area with the effective live time without test samples (333.5 days, 285.8 days, and 330.1 days for
1C40, IC79, and IC86 , respectively) and 47 solid angle. The sharp peaked structure at 6.3 PeV for electron neutrinos is due to the
Glashow resonance [37].

approximately a factor of 2 larger effective area compared V. SYSTEMATIC UNCERTAINTIES
to 1€40. The difference between the effective areas for Table II summarizes the statistical and systematic errors
IC79 and IC86 below 30 PeV originates from the different 4 Y

for signal, atmospheric muon and neutrino, prompt atmos-

. . 3
NPE thresholds. The slight difference above 3 X 10° PeV pheric neutrino, and the total background.

is due to the rLLH cut in IC79.

TABLE II. List of the statistical and systematic errors on the signal, atmospheric muon and neutrino, prompt neutrino, and the total
background rate. The uncertainties in the signal rate are estimated for the cosmogenic flux of Yoshida and Teshima [6] for (1, Zy.y ) =
(4, 4). The uncertainties in the background rates are evaluated against the baseline estimation by CORSIKA-SIBYLL [25,26] with a
pure iron composition hypothesis for atmospheric muons and the Gaisser-H3a model [29] for atmospheric neutrinos. The uncertainties
in the prompt neutrino rate are estimated using the prediction by Ref. [32]. The systematic and statistical errors listed here are relative
to the event rates for each signal and background source.

Conventional

Cosmogenic Atmospheric Atmospheric Prompt Total
Sources v signal (%) muon (%) neutrino (%) neutrino (%) background (%)
Statistical error *0.4 *0.1 +9.8 *1.1 *4.5
DOM efficiency iR B T e Y
Ice properties/detector response —-7.2 —47.7 —44.8 —30.8 —41.7
Neutrino cross section *9.0
Photonuclear interaction +10.0
LPM effect *1.0
Angular shift for cascades -0.5
Cosmic-ray flux variation .. fg% +30.0 +30.0 f%g;
Cosmic-ray composition e —79.1 s s —36.7
Hadronic interaction model e +17.7 e e +8.1
v yield from cosmic-ray nucleon e o *15.0 e *+22
Prompt model uncertainty e e e e fee
Total +0.4(stat) +9.1(stat) +9.8(stat) +1.1(stat) +4.5(stat)

135 (syst) 60 (syst) 505 (syst) 354 (syst) "eas (syst)
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One of the dominant sources of systematic uncertainties in
the signal event rates is the error associated with the
Cherenkov photon measurement, namely the relationship
between measured NPE and the energy of the charged
particles. This is due to limitations in the understanding of
detector sensitivities, photon propagation in the ice, and the
detector response to bright events which, for example, in-
volves saturation effects of the DOMs. This uncertainty is
estimated by calibrating the absolute sensitivity of the DOMs
in the laboratory and by measuring it in sifu using a light
source codeployed with the DOMs in the ice [9,11]. The
other uncertainties in the signal rates involve the relevant
interactions of neutrinos and leptons produced during the
propagation through the Earth. For example, the Landau-
Pomeranchuk-Migdal (LPM) effect [38,39] can be important
since it elongates electromagnetic showers. The elongated
shower length is about 20-40 m for 1-10 EeV electrons [40],
thus still being comparable to the IceCube DOM separation
of 17 m, and hence negligible. Uncertainties due to other
propagation effects are estimated as described in [11].

The uncertainty of the systematic shifts of reconstructed
zenith angles for cascade events causes a systematic error
in the estimation of the signal neutrino passing rate.
The effect is NPE dependent and thus energy dependent.
We artificially vary the systematic zenith angle shift by
different factors to evaluate the resulting uncertainties. The
complete randomization of zenith angles was found to
bring the largest reduction of the cascade event selection
efficiency. The reduction is 20.0% for events with energies
below 10 PeV, 8.5% between 10 and 100 PeV, and 2.0%
above 100 PeV. Since most of the cosmogenic neutrino
signal (99.6%) is expected above 10 PeV and the present
analysis is mostly sensitive to track events above 10 PeV as
seen in Fig. 6, the effect on the cosmogenic neutrino signal
rate is quite limited. The systematic error on the overall
signal rate due to the limited performance of the cascade
event reconstruction is estimated to be —0.5%.

Systematic errors in the atmospheric muon background
rate arise from uncertainties in the primary cosmic-ray
composition, the hadronic interaction model implemented
in the air shower simulation, and the cosmic-ray flux
variation at the relevant energies. The two extreme cases
of the cosmic-ray compositions, pure iron and pure proton,
are used. In the current analysis, the iron-only hypothesis is
used for the baseline background rates. This leads to a
higher, i.e. conservative, estimate of the photon yield from
the muon bundles induced by primary cosmic-ray particles
at a particular energy. The difference between the pure-iron
and the pure-proton hypothesis then provides the size of
the relevant systematic uncertainty. The uncertainty asso-
ciated with the hadronic interaction model is estimated by
switching the model from SIBYLL 2.1 [26] to QGSJET-II-
03 [41] in the simulations. The uncertainty in the cosmic-
ray flux normalization is estimated from the variance in the
flux measured by several experiments [42,43] relative to
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the one used in this analysis [44] at 10 EeV, the peak
energy of primary cosmic rays that produce atmospheric
muon events passing the final selection criteria. The con-
tribution of the cosmic-ray normalization to the uncertainty
in the atmospheric neutrino rate is estimated in a similar
way at energies from 1 to 100 PeV from various models
[29,45]. In addition, a systematic uncertainty for the at-
mospheric neutrino rate arises from the uncertainty of the
parametrization of the neutrino multiplicity as described in
Sec. III. A comparison to the full simulation by CORSIKA
[25] provides the relevant uncertainty. The systematic un-
certainties for backgrounds associated with the photon
detection efficiency and the optical properties of the ice
are determined in the same manner as for signal events.

The atmospheric neutrino background is calculated over
47 solid angle and simulated independently of the atmos-
pheric muon background. In reality, downward-going
atmospheric neutrino events would be accompanied by
atmospheric muons, which improve their geometrical re-
construction. Because correctly reconstructed downward-
going events are mostly rejected due to the higher NPE
threshold employed in the final event selection, the back-
ground rate obtained from the independent neutrino and
muon simulations is likely overestimated.

The systematic error on the prompt neutrino flux is
estimated similarly. A relatively large uncertainty arises
from the parametrization in the framework of the Enberg
et al. model [32] which we used for the calculation of the
baseline rate of prompt neutrinos. A possible nonperturba-
tive QCD contribution in charm production involves an even
larger uncertainty. We have not observed clear evidence for
prompt contributions in atmospheric neutrinos so far [46].
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FIG. 7. Waveforms of PMT outputs captured by three DOMs
in the neighborhood of the reconstructed vertex position of the
event obtained in January, 2012. The waveform drawn as a solid
curve is recorded in the DOM closest to the vertex (the brightest
DOM). The waveform in the lower (upper) next to nearest to the
brightest DOM on the same string is shown as a dashed (dotted)
curve. Photons arrive earlier in the upper DOM because it is
closer to the cascade vertex than the lower DOM. The signals
from the upper DOM exhibit clear signatures of scattered late
photons, suggesting that this cascade is a downward-going event.
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VI. RESULTS

Two events passing the final selection criteria are
observed [20]. The waveform profiles and the detector hit
patterns of both events are consistent with that of
Cherenkov photons from particle cascades induced by
neutrinos well inside the IceCube instrumentation volume.
There is no indication of outgoing/incoming muon or tau
tracks. Several waveforms captured by the DOMs in the
neighborhood of one of the reconstructed cascade vertex
position are shown in Fig. 7. The total charge contained in
the waveforms plays a dominant role in estimating the
deposited energy of the cascade. The leading edge time
mainly determines the vertex position. The relative widths
of the waveforms in DOMs in the forward and rear direc-
tions of the cascade are relevant for the reconstruction of
the arrival direction of neutrinos. Since photons can only
reach the backward direction by scattering, the distribution
of photon arrival times is much wider in the backward
region of the cascades. The relations of the waveform
features to the energy, direction, and vertex position are
described using a single likelihood function built from a
product of Poisson probabilities of the number of photons
predicted to arrive in a given time bin against the number
extracted from the recorded waveform. Minimizing the
log-likelihood under simultaneous variation of the energy
and geometry of the cascade hypothesis yields estimates of
the deposited energy, direction, and interaction vertex of
the cascade.

The reconstructed deposited energies of the two
observed cascades are 1.04 £0.16 PeV and 1.14 *
0.17 PeV, respectively. The statistical energy resolutions
for these events are obtained by simulating cascades with
parameters close to the reconstructed energies and cascade
vertices, and are found to be 3%. The total error on the
energy is dominated by systematic uncertainties. These
include the absolute detection efficiency of the DOM and
the optical properties of the ice, both of which are major
factors when relating the number of observed photons to
the cascade energy. The size of the errors is estimated by
reconstructing simulated events with various models of the
ice properties.

The incoming neutrino energy corresponds exactly to
the deposited cascade energy if a charged current interac-
tion of an electron neutrino induces a cascade. For neutral
current reactions of neutrinos of any flavor, only a fraction
of the neutrino energy is transferred to a cascade depending
on the inelasticity of the collision. Because the present
analysis is incapable of distinguishing between neutrino
flavors, both interaction channels are included when con-
structing the probability density function (PDF) of the
energy of the incoming neutrino. Here, the systematic
uncertainties for the deposited energies are taken into
account. The PDF of the neutrino energy at the surface
of the Earth is built by simulating neutrino interactions
over a wide energy range each time evaluating the
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TABLE III. The 90% C.L. of the energy range of the primary
neutrino in PeV at the Earth’s surface for the two events for an
energy spectrum following an E~2 power law.

Energy range (90% C.L.)

0.81-7.6 PeV
0.93-8.9 PeV

Event (August, 2011)
Event (January, 2012)

probability that the resulting cascade energy matches the
estimated energy and its uncertainty. The 90% C.L. energy
ranges obtained from the PDFs for neutrino spectra with an
E,? power law flux are summarized in Table I11. The flavor
ratio is assumed to be v,:v,:v. = 1:1:1. Since the
neutrino-nucleon interaction cross section increases with
neutrino energy, the possibility that the energy of the
primary neutrino is much higher than the observed cascade
energy is not entirely negligible, depending on the neutrino
spectrum. For example, the 90% C.L. energy range for a
cosmogenic neutrino model [33] extends to about 500 PeV,
which shows that the energy range heavily depends on the
shape of the energy spectrum.

VII. TESTS ON COSMOGENIC
NEUTRINO MODELS

Our results are characterized by two observational facts:
the detection of two neutrinos with deposited energies of
about 1 PeV and the nondetection of neutrinos with higher
deposited energies. First, we investigate whether a single
cosmogenic neutrino model can account for these two
observational facts simultaneously. Second, we constrain
the UHECR origin with the present results. Because most
cosmogenic neutrinos have energies above 100 PeV, tests
on the event rate above this energy expected from cosmo-
genic neutrino models under various assumptions on the
UHECR spectrum and the evolutions of the source distri-
butions will lead to constraints on the UHECR origin. We
note that the energy threshold of 100 PeV is an a posteriori
parameter and, hence, the results are not part of the blind
analysis.

The statistical significance of these tests is limited by our
observational exposure. To obtain the best constraints, we
combine the exposure of the previously published results
obtained by the half-completed IceCube detector with its
40 string configuration (IC40) [9] with the present results
hereafter. The IC40 data increase the observational expo-
sure by about 30%, depending on the neutrino energy, as
displayed in Fig. 6.

A. The full energy range test

We introduce here an energy inclusive test which checks
the consistency of the energy distributions of cosmogenic
neutrino models with the observed two events. A p value is
calculated with the Kolmogorov-Smirnov test (KS test)
using the energy spectrum of the neutrino models and the
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TABLE IV. P values Pg in Eq. (1) are listed for several
neutrino models. All the models shown here assume the
cosmic-ray primaries to be protons and different spectral
indices/cutoff energies at sources, IR/UV backgrounds, as well
as different cosmological evolution parameters and extension in
redshift for the sources. P values for E,? spectra with various
cutoff energies are also shown for reference.

v Model P value
Yoshida and Teshima [6]

m=4.0, zp.x = 4.0 0.077
Ahlers et al. [33]

m = 4.6, 7.« = 2.0 (“the best fit’") 0.075
Kotera et al. [17]

GRB 0.052
Kotera et al. [17]

Fanaroff-Riley type II 0.039
E;?

With cutoff at 10 PeV 0.18
With cutoff at 100 PeV 0.13
With cutoff at 1 EeV 0.11

energy PDFs of the two observed events. The expected
energy distributions from the neutrino models are obtained
by multiplication of the neutrino effective area with the
predicted neutrino energy spectrum. This allows us to
analytically calculate p values without relying on extensive
Monte Carlo simulations. In order to evaluate the final
p value, Pg, that the two events (energies E; and E,) are
consistent with a cosmogenic flux model, the p value
obtained in the KS test Pgs(E,, E,) is convoluted with
the energy PDFs of the two events as follows:

Py = delpl(El)[dEZPZ(Ez)PKS(EI:Ez): (D

where p; is the energy PDF of the ith event. Note that the
PDF is different for each model to be tested as described in
the previous section. Table IV summarizes the resulting
p values of this test: all cosmogenic neutrino models are
inconsistent with the two observed events at more than
90% C.L.

The recent follow-up analysis [47] revealed the exis-
tence of neutrinos at TeV energies above the atmospheric
background, in addition to the two PeV events reported
in Ref. [20]. The event distribution indicated either a
substantially softer spectrum than E;? or the presence of
a break or cutoff at PeV energies, although the statistics are
limited. The present analysis confirmed this picture using
the KS test with an E; % spectrum hypothesis as Table IV
lists the resultant p values with various assumptions of the
spectral cutoff energies. The observed PeV events are
unlikely to originate from a bulk of neutrinos with energies
extending well above PeV, regardless of the characteristics
of the events at TeV energies found in the follow-up
analysis.
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B. The ex post facto test above 100 PeV

Here, a prospective event rate in the energy region above
100 PeV is compared to the observational upper limit. A
constraint on a given neutrino model is set by calculating
the model rejection factor (MRF) [48] given by

Ryge = NlOO(l—a)%’
My

@)

where Nyg(1—a)% 18 the upper limit of number of events at
100(1 — @)% C.L. and u, is the event rate of signal
neutrino events predicted by the model above 100 PeV.
Any model with Rygr = 1 is rejected at = 100(1 — )%
C.L. in this approach. For @ = 0.1, Nggq, = 2.27 in the
Feldman-Cousins approach [49] for a null observation with
a conventional background of a 0.16 event. The large
number of background events comes mainly from the
IC40 analysis contributing a 0.11 event [9]. Although the
probability that the original neutrino energy of the two
observed events is higher than 100 PeV is expected to be
small, this is taken into account by calculating the most
probable upper limit:

2

Nio(-w% = Z PouNYoo(1 -y
n=0

3

Here, P, is the probability of finding n events above
100 PeV determined by the energy PDFs of the two events,
and Nioo(1-a)% is the upper limit for n observed events.
Since the energy PDF highly depends on the shape of the
energy spectrum, an appropriate shape of an energy spec-
trum has to be chosen. Since the two observed events were
found to be inconsistent with cosmogenic neutrino models
as shown in the previous subsection, the cosmogenic neu-
trino models are not used for the energy PDF, instead an
E~2 power law spectrum is used. The Ny, is calculated
for the standard cosmogenic models and found to be 2.273,
which is slightly larger than for the case of a null detection.
The systematic uncertainty on the background estimates is
incorporated using a method outlined in [50]. The p value
a for a given model is obtained by requesting Rygg = 1 in
Eq. (2).

Table V summarizes the p values for several neutrino
models. The maximal flux allowed by the constraints from
the diffuse photon flux (labeled as “‘the maximal flux” in
the table) is excluded at 95% C.L. It demonstrates that the
present constraints from the limit on the ultrahigh energy
neutrino flux are compatible with those from photon flux
measurements by Fermi in the 10 GeV region [53].

In order to set constraints on characteristics of the
UHECR sources in a more comprehensive manner, a pa-
rametrization often used in the literature [6] is employed,
in which the spectral emission rate per comoving volume
scales as (1 + z)™ for z = z,,.« - The event rate at energies
above 100 PeV is calculated for a given m, and z,,,, using
the formula in Ref. [4]. The constraints on the parameter
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TABLE V. Expected numbers of events from several neutrino
models and the p values for consistency with the present
observation in energy range above 100 PeV.

v Model Event rate above 100 PeV P value
Yoshida and Teshima [6]

m=4.0, zpx = 4.0 2.0 0.14
Kalashev et al. [51]

m = 5.0, Zp = 3.0 3.1 0.045
Yoshida and Ishihara [4]

m = 5.0, Zpx = 2.0 1.5 0.22
Abhlers et al. [33]

m=4.6, Zp.x = 2.0 1.5 0.22
(“the best fit”)

Ahlers et al. [33]

(““the maximal flux”) 3.1 0.044
Kotera et al. [17]

GRB 0.48 0.66
Kotera et al. [17]

SFR 0.46 0.67
Kotera et al. [17]

Fanaroft-Riley type 11 29 0.052
Top-down 1 [52]

SUSY 16 = 0.0020
Top-down 2 [52]

GUT 39 0.021

space of m and z,,,, are derived by using Eq. (2), and are
displayed in Fig. 8.

C. Discussion

The models listed in the top two rows of Table [V assume
that the ankle structure which appears at 3 to 10 EeV in the
UHECR spectrum is due to the transition from the galactic
to the extragalactic component [54]. In this scenario, the
cosmogenic neutrino generation mechanism is dominated
by collisions of UHECRs with the CMB photons which
results in a neutrino energy spectrum with a peak at about
1 EeV, well above the main regime of the energy range of
the two observed events. This is the reason why these
models are inconsistent with the two observed events as
shown in Table IV. The models in the lower two rows of
Table IV (Kotera et al. [17]) assume the “dip” transition
model [55] where the ankle structure is mainly caused by
pair-production energy losses of UHECRs on diffuse in-
frared, optical, and ultraviolet backgrounds (IR/UV back-
grounds) during intergalactic propagation. The neutrino
models in Kotera er al. use the IR/UV backgrounds as
modeled by Stecker et al. [56] which comprises an in-
creased far-infrared bump at large redshift (note that the
IR/UV model employed in these neutrino models is now
disfavored by gamma-ray observation with Fermi-LAT
[57]). Compared to the standard cosmogenic models, the
dip and the IR/UV backgrounds leads to an increased
flux of neutrinos at PeV energies, so that these models in

PHYSICAL REVIEW D 88, 112008 (2013)

Z max

FIG. 8 (color online). Constraints on the UHECR source evo-
lution parameters of m and z,,,, with the present analysis. The
semianalytic formulation [4] estimates the neutrino flux for
calculating the limit shown here. The area above the solid lines
is excluded at the quoted confidence level.

Kotera et al. could be more consistent with the observation.
However, even in these models, the collision of UHECRs
with CMB photons produces a bulk of neutrinos with
energies much higher than 100 PeV which should have
been detected because of the significantly larger effective
area at these energies. In addition, the substantial flux at
PeV energies yields energy PDFs for the observed two
events very similar to those from an E}? spectrum. Since
the energy range for the E; 2 spectrum PDF does not extend
to 10 PeV as shown in Table III, neutrinos with energy of
100 PeV or greater are less likely to be responsible for the
observed PeV cascades. Because of these reasons, p values
for these scenarios in Kotera et al. are small as shown in
Table IV. In conclusion, none of the cosmogenic scenarios
is consistent with the observation of the two events. This
indicates that models which predict neutrino spectra ex-
tending to energies well beyond 100 PeV will not explain
our measurements.

The model test based on the event rates above 100 PeV
indicates that strong source evolution models (m >> 4) are
not responsible for the bulk of UHECRs. Among sources
categorized in this class are the FR-II radio galaxies, the
long-standing favorite as a candidate of the UHECR
emitters [58]. Similarly a strong source evolution model
for gamma-ray bursts (GRBs) [59] is also rejected by our
observation since the model produces higher neutrino flux
than the FR-II model. The obtained limits are highly
complementary to the bound from the diffuse photon
flux [53], because the cosmogenic neutrino intensity
around 1 EeV, the central energy range of the presented
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FIG. 9 (color online). All flavor neutrino flux differential
90% C.L. upper limit evaluated for each energy with a sliding
window of one energy decade from the present IceCube EHE
analysis including the IceCube exposure from the previously
published result (IC40) [9]. All the systematic errors are in-
cluded. Various model predictions (assuming primary protons)
are shown for comparison; Engel et al. [7], Kotera et al. [17],
Ahlers et al. [33], Yoshida and Teshima [6]. The model-
independent differential 90% C.L. upper limits for one energy
decade by other experiments are also shown for Auger (PAO)
[62], RICE [63], ANITA [14,15] with appropriate normalization
by taking into account the energy bin width and the neutrino
flavor. The upper limit for the », flux obtained by Auger is
multiplied by 3 to convert it to an all flavor neutrino flux limit
(assuming an equal neutrino flavor ratio).

search with IceCube, is stable against uncertainties in the
IR/UV backgrounds and the transition model between the
galactic and extragalactic component of the UHECRs
[4,17,60,61]. We should note, however, that the obtained
bound is not valid if the mass composition of UHECRs is
not dominated by proton primaries. The dominance of
proton primaries is widely assumed in the models men-
tioned here while a dominance of heavier nuclei such as
iron provides at least 2-3 times lower neutrino fluxes. The
analysis is not sensitive enough to reach these fluxes yet.

VIII. THE MODEL-INDEPENDENT UPPER LIMIT

The quasidifferential, model-independent 90% C.L.
upper limit on all flavor neutrino fluxes ¢, ., +, was
evaluated for each energy with a sliding window of one
energy decade. It is shown in Fig. 9 using the same method
as implemented in our previous EHE neutrino searches
[9,11]. An equal flavor ratio of v,:v,:v, = 1:1:1 is as-
sumed here. A difference from the calculation of the limit
shown in our previous publications arises from the
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existence of two events in the final sample. The 90% event
upper limit used in the calculation takes into account the
energy PDFs of each of the observed events using Eq. (3),
where P, is a function of the neutrino energy E, and
corresponds to the probability of having n events in the
interval [log o(E,/GeV) — 0.5, logy(E,/GeV) + 0.5].
Here, the PDFs for an E,? spectrum are used since
the two observed events are not consistent with a harder
spectrum such as from cosmogenic neutrino models. The
quasidifferential limit takes into account all the systematic
uncertainties described in Sec. V. The effect of the uncer-
tainty due to the angular shift of the cascade events on the
upper limit is negligible above 10 PeV (< 1%) as track
events dominate in this energy range. Below 10 PeV, the
effect weakens the upper limit by 17% because cascade
events dominate. Other systematic uncertainties are imple-
mented as in previous EHE neutrino searches [9,11]. The
obtained upper limit is the strongest constraint in the EeV
regime so far. In the PeV region, the constraint is weaker
due to the detection of the two events. An upper limit for an
E™? spectrum that takes into account the two observed
events was also derived and amounts to Ezqﬁ,,ﬁ,,ﬁ,,f =

25X 1078 GeVem™2s™!'sr™! for an energy range of
1.6 PeV-3.5 EeV (90% event coverage).

IX. SUMMARY

We analyzed the 2010-2012 data samples collected by
the 79- and 86-string IceCube detector searching for ex-
tremely high energy neutrinos with energies exceeding
1 PeV. We observed two neutrino-induced cascade events
passing the final selection criteria. The energy profiles of
the two events indicate that these events are cascades with
deposited energies of about 1 PeV. The cosmogenic neu-
trino production is unlikely to be responsible for these
events. An upper limit on the neutrino rate in the energy
region above 100 PeV places constraints on the redshift
distribution of UHECR sources. For the first time the ob-
servational constraints reach the flux region predicted for
some UHECR source class candidates. The obtained upper
limit is significantly stronger compared to our previous
publication [9] because of the enlarged instrumented vol-
ume and the refined Monte Carlo simulations. Future data
obtained with the completed detector will further enhance
IceCube’s sensitivity to cosmogenic neutrino models.
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We report on the observation of two neutrino-induced events which have an estimated deposited energy
in the IceCube detector of 1.04 = 0.16 and 1.14 = 0.17 PeV, respectively, the highest neutrino energies
observed so far. These events are consistent with fully contained particle showers induced by neutral-
current v, ,, - (¥, , ;) or charged-current v, (¥,) interactions within the IceCube detector. The events were
discovered in a search for ultrahigh energy neutrinos using data corresponding to 615.9 days effective live
time. The expected number of atmospheric background is 0.082 = 0.004(stat) *3:0¢! (syst). The probability
of observing two or more candidate events under the atmospheric background-only hypothesis is
2.9 X 1073 (2.80) taking into account the uncertainty on the expected number of background events.
These two events could be a first indication of an astrophysical neutrino flux; the moderate significance,

however, does not permit a definitive conclusion at this time.

DOI: 10.1103/PhysRevLett.111.021103

Astrophysical neutrinos are key probes of the high-
energy universe. Because of their unique properties,
neutrinos escape even dense regions, are undeflected in
galactic or extragalactic magnetic fields, and traverse the
photon-filled universe unhindered. Thus, neutrinos provide
direct information about the dynamics and interiors of
cosmological objects of the high redshift universe like
gamma-ray bursts and active galactic nuclei. Neutrinos at
energies above several hundred TeV are particularly inter-
esting as the atmospheric background in this region is very
low and a few astrophysical neutrinos can be significant.
This Letter reports on the observation of two high-energy
particle shower events discovered in a search for ultrahigh

PACS numbers: 95.85.Ry, 95.55.Vj, 98.70.Sa

energy neutrinos above about 1 PeV using the IceCube
detector.

IceCube [1] detects and reconstructs neutrinos by
recording Cherenkov photons emitted from secondary
charged particles produced in neutral-current (NC) or
charged-current (CC) interactions of the neutrinos in the
2800 m thick glacial ice at the geographic South Pole.
IceCube was built between 2005 and 2010. It consists of
an array of 5160 optical sensors [digital optical modules,
(DOMs)] on 86 strings at depths between 1450 and 2450 m
that instrument a volume of 1 km? of ice. Eight of the 86
strings belong to the DeepCore subarray [2], a more
densely instrumented volume in the bottom center of the
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FIG. 1 (color online). Surface view of the full IceCube detec-
tor layout. Filled marks represent the positions of the IceCube
strings. Red marks in the central region are the DeepCore strings.
Squares represent the strings that did not exist in the IC79
configuration. Open circles are the positions of the closest strings
to the observed two cascade events. Stars are their reconstructed
vertex positions.

detector. Each DOM consists of a 10 photomultiplier tube
[3] in a spherical glass pressure vessel. Events are recorded
as a series of pulses (waveform) in each DOM [4] where
two basic neutrino event signatures are distinguished: a
tracklike light pattern originating from neutrino-induced
muons (tracks) and a spherical light pattern produced by
hadronic or electromagnetic particle showers (cascades).
The analysis selects neutrino candidates calorimetrically
using the total number of observed photoelectrons in
each event (NPE) [4] as a proxy of the deposited energy
[5], thus, retaining both bright tracks and cascades.
Backgrounds come from muons and neutrinos generated
in interactions of cosmic rays in the atmosphere. Because
of their steeply falling energy spectra, little background is
expected in the signal region above 1 PeV. The zenith angle
distribution of atmospheric muons peaks in the downward-
going direction and sharply decreases towards the horizon
with a cutoff at a zenith angle 6 of cosd = 0.15 due to
absorption in Earth. The atmospheric neutrino distributions
have a weaker zenith-angle dependence. The analysis

7.5

rejects downward-going atmospheric muons by employing
event reconstructions based on a track hypothesis in com-
bination with a higher NPE selection criterion in the
downward-going region. All remaining events above the
combined NPE threshold are considered to be signal can-
didates independent of their topological properties.

Data were collected between May 2010 and May 2012,
an effective live time of 615.9 days excluding 54.2 days
used for the optimization of the analysis. From May 2010
to May 2011, DOMs on 79 strings (IC79) were operational
(285.8 days live time with 33.4 days excluded). This period
was immediately followed by the first year data taking with
the full 86-string (IC86) detector that lasted until May 2012
(330.1 days live time with 20.8 days excluded). The IC86
configuration is shown in Fig. 1. Events are triggered when
eight or more DOMs record signals in local coincidences
which occur when a nearest or next-to-nearest DOM on the
same string triggers within =1 us [4].

The data are filtered at the South Pole with a condition
NPE = 1000, and then sent to a northern computer farm
via satellite. In order to avoid biases, we performed a blind
analysis and only ~10% of the data were used to develop
the analysis. Photon arrival times are extracted from each
waveform and stored as “hits.”” To remove hits from
coincident noise, a two-staged cleaning based on the spa-
tial separation and the time interval between hits is applied.
Data from the DeepCore strings are discarded to main-
tain uniformity across the detector volume. To reject
downward-going atmospheric muon background, only
events with at least 300 hits and NPE = 3200 are retained.
To further reduce this background, the directions of the
remaining events are reconstructed with a track hypothesis,
and a stricter NPE criterion for downward-going tracks is
applied [see Fig. 2 and Eq. (1)]: for IC79, a log-likelihood
fit is performed [6] and an event selection based on a fit
quality parameter is applied to remove events which con-
tain muons from independent air showers. For 1C86, a
robust regression technique [7,8] is utilized to remove
hits that have a timing significantly different from
what is expected from the bulk of the photons from a
muon track. Afterwards, the direction of the particle is
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FIG. 2 (color online).
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Distribution of NPE and reconstructed zenith angle for (a) the IC79 experimental test sample, (b) the total

background, and (c) cosmogenic signal neutrino [11]. The colors show event numbers per live time of 33.4 days. The solid lines

represent the final selection criteria for IC79.
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reconstructed with a basic algorithm that assumes a plane
wave of photons traveling along the direction of the muon,
“LineFit” [5]. Both algorithms reconstruct muon tracks
with a zenith angle resolution of 1° or better.

Cascade events which pass the initial hit and NPE
selection criteria are considered signal events and, there-
fore, should be affected as little as possible by the event
rejections just described. As they resemble pointlike light
sources, the reconstruction behavior of the two algorithms
is indeed quite different finding nearly arbitrary zenith
angles, albeit with a tendency toward upward-going and
horizontal directions for the log-likelihood fit and LineFit,
respectively. Since, for these directions, the NPE threshold
value is lower than for downward-going events [see Fig. 2
and Eq. (1)], such events are retained in the final sample
even if they would be rejected on account of their true
direction.

The NPE threshold values for the two samples were
separately optimized based on the simulations to maximize
the signal [9,10] from the cosmogenic neutrino model [11].
Figure 2 shows the event distributions for the simulations
and the experimental IC79 test sample (a live time of 33.4
days). The solid lines in Fig. 2 represent the final selection
criteria for IC79 where events above the lines constitute the
final sample. The final selection criteria for the IC86
sample are

4.8 cosf < 0.075

log,(NPE = 2
o810 48+ 1.6"1 - (100;725"’> cosd = 0.075.
(1)

The resulting neutrino effective areas, the equivalent area
at Earth’s surface in which neutrinos are detected with
100% efficiency, averaged over the two-year period from
May 2010 to May 2012 taking into account the different
detector configurations, is shown in Fig. 3. The analysis
starts to be sensitive in the energy region around 1 PeV
with its sensitivity rapidly increasing with energy. The
effective area is larger for v, than v, or v, below
10 PeV showing the sensitivity of the present analysis to
cascade events in this energy region.

The expected numbers of background events in the final
sample for the 615.9 day live time from atmospheric muons
and neutrinos from decays of pions and kaons are 0.038 =
0.004(stat) 0921 (syst) and 0.012 = 0.001(stat) *3919(syst),
respectively. Compared to previous analyses, the utilized
atmospheric neutrino flux models [12] accommodate an
improved parametrization of the primary cosmic ray spec-
trum and composition which accounts now for the “knee”
in the cosmic ray spectrum. Adding prompt atmospheric
neutrinos from decays of charmed mesons assuming
the model in [13] with the improved cosmic ray spectrum
modeling, the total number of background events
increases to 0.082 = 0.004(stat) "0} (syst). Theoretical
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FIG. 3 (color online). The average neutrino effective area for a
47 isotropic flux, 615.9 days live time, and the IC79 and IC86
string configurations. Exposure of the sample used in this
analysis is obtained by multiplying the effective area with the
live time and 47 solid angle. The sharp peak for 7, is the
Glashow resonance [24].

uncertainties in our baseline charmed-meson model [13]
which uses perturbative-QCD calculations are included in
the background estimation. Potential nonperturbative con-
tributions, such as intrinsic charm in nuclei [14] or from the
gluon density at small x, could lead to significantly larger
cross sections and, hence, higher prompt neutrino fluxes.
Preliminary IceCube limits on the prompt flux at 90% C.L.
are a factor of 3.8 higher than the baseline model [15].

The main systematic uncertainties on the backgrounds
are from the measurement of NPE and from uncertainties
in the cosmic ray flux. They are estimated by varying the
associated parameters in the simulation. The two dominant
sources of experimental uncertainties are the absolute
DOM sensitivity and the optical properties of the ice which
contribute with (+ 43%, —26%) and (+ 0%, —42%),
respectively. Uncertainties in the cosmic ray flux models
are dominated by the primary composition (+ 0%, —37%)
and the flux normalization (+ 19%, —26%). The theoreti-
cal uncertainty in the neutrino production from charm
decay [13] relative to the total background is (+ 13%,
—16%). The systematic uncertainties are assumed to be
evenly distributed in the estimated allowed range and are
summed in quadrature.

The atmospheric muon and neutrino background events
are simulated independently. However, at higher energies,
events induced by downward-going atmospheric neutrinos
should also contain a significant amount of atmospheric
muons produced in the same air shower as the neutrino
[16]. Since these events are reconstructed as downward-
going, they are more likely to be rejected with the higher
NPE threshold in this region. Thus, the number of simu-
lated atmospheric neutrino background events is likely
overestimated here.

After unblinding 615.9 days of data, we observe two
events that pass all the selection criteria. The hypothesis
that the two events are fully explained by atmospheric
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@ . .. (b)

FIG. 4 (color online). The two observed events from
(a) August 2011 and (b) January 2012. Each sphere represents
a DOM. Colors represent the arrival times of the photons where
red indicates early and blue late times. The size of the spheres is
a measure for the recorded number of photoelectrons.

background including the baseline prompt atmospheric
neutrino flux [13] has a p value of 2.9 X 1073 (2.8¢).
This value includes the uncertainties on the expected num-
ber of background events by marginalizing over a flat error
distribution. While the prompt component has large theo-
retical uncertainties, obtaining two or more events with a
probability of 10% would require a prompt flux that is
about 15 times higher than the central value of our
perturbative-QCD model. This contradicts our preliminary
upper limit on the prompt flux [15]. Using an extreme
prompt flux at the level of this upper limit, which covers
a potential unknown contribution from intrinsic charm
[17], yields a significance of 2.30.

The two events are shown in Fig. 4. They are from the
1C86 sample, but would have also passed the selection
criteria of the IC79 sample. Their spherical photon distri-
butions are consistent with the pattern of Cherenkov
photons from particle cascades induced by neutrino inter-
actions within the IceCube detector. There are no indica-
tions for photons from incoming or outgoing muon or tau
tracks. Hence, these events are most likely induced by
either CC interactions of », or NC interactions of v,, v,,,
or v,. CC interactions of », induce tau leptons with mean
decay lengths of about 50 m at these energies [18]. The
primary neutrino interaction and the secondary tau decay
initiate separate cascades which, in a fraction of such
events, lead to an observable double-peak structure in the
recorded waveforms. The two events do not show a sig-
nificant indication of such a signature. Figure 5 shows the
final-selection NPE distributions for the experimental data,
signal models, and background simulations. The two
events are near the NPE threshold of the analysis and are
consistent with a previous upper limit by IceCube [9] on an
unbroken E~2 flux, while a flux corresponding to this upper
limit predicts about 10 events above the NPE cut. The
cosmogenic neutrino model [11] predicts an event rate of
about 2 events in the corresponding live time but at sig-
nificantly higher energies.

Maximum-likelihood methods are used to reconstruct
the two events. The likelihood is the product of the Poisson
probabilities to observe the recorded number of

3
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FIG. 5 (color online). NPE distributions for 615.9 days of live
time at final selection level. The black points are the experimen-
tal data. The error bars on the data show the Feldman-Cousins
68% confidence interval [25]. The solid blue line marks the sum
of the atmospheric muon (dashed blue), conventional atmos-
pheric neutrino (dotted light green) and the baseline prompt
atmospheric neutrino (dotted-dashed green) background. The
error bars on the line and the shaded blue region are the
statistical and systematic uncertainties, respectively. The red
line represents the cosmogenic neutrino model [11]. The shaded
region is the allowed level of the cosmogenic v flux by Ahlers
et al. [26]. The orange line represents an E~2 power-law flux up
to an energy of 10° GeV with an all-flavor normalization of
E2¢vp+m+vf =3.6X 1078 GeVsr~!s™! cm™2, which is the in-
tegral upper limit obtained in a previous search in a similar
energy range [9]. The signal fluxes are summed over all neutrino

flavors, assuming a flavor ratio of v,:v,:v, = 1:1:1.

photoelectrons in a given time interval and DOM for a
cascade hypothesis which depends on the interaction ver-
tex, deposited energy and direction. Here, the time of
the first hit mainly determines the vertex position and the
recorded NPE plays a dominant role in estimating the
deposited energy. The hit information used in the recon-
struction is extracted from an unfolding procedure of the
waveforms. The open circles in Fig. | indicate the strings
closest to the reconstructed vertex positions. The recon-
structed deposited energies of the two cascades are 1.04
and 1.14 PeV, respectively, with combined statistical and
systematic uncertainties of £15% each. The errors on the
deposited energies are obtained by simulating cascade
events in the vicinity of the reconstructed energies and
vertices. The study is specifically performed on each event
and the larger of the two event uncertainties is cited for
both events. Thus, the error associated with the two events
differs from that of other cascade events observed in
IceCube [19]. Since there is no absolute energy standard
with adequate precision at these energies, the energy scale
is derived from simulations based on measured ice
properties and photomultiplier tube efficiencies which
are assured by measurements of atmospheric muons.
The main sources of systematic uncertainty on the
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TABLE 1.
positions “z”

Characteristics of the two observed events. The depths of the reconstructed vertex
are with respect to the center of the IceCube detector at a depth of 1948 m.

Date (GMT) August 8, 2011 January 3, 2012
NPE 7.0 X 10* 9.6 X 10*
Number of recorded DOMs 354 312
Reconstructed deposited energy (PeV) 1.04 £ 0.16 1.14 £ 0.17
Reconstructed z vertex (m) 1225 25+5

reconstructed deposited energies are the absolute DOM
sensitivity and the optical properties of the ice [20]. The
effect of the latter is estimated to be +9% and —5% and is
obtained by varying the scattering and absorption coeffi-
cients for the photon propagation by 10%. The reconstruc-
tion algorithm includes variations of the scattering and
absorption coefficients with depth (ice layers) [21]. The
effect of a possible azimuthal anisotropy of the ice parame-
ters and a tilt of the ice layers on the reconstructed energies
is estimated to be =5%. The reconstructed energy depends
linearly on the DOM efficiency, which has a 10% system-
atic uncertainty. The suppression of bremsstrahlung and
pair production due to the Landau-Pomeranchuk-Migdal
effect [22] is negligible in this energy range. The properties
of the two observed events are summarized in Table .

The reconstructed deposited energy is the energy of the
incoming neutrino if the observed cascade is the result of a
CC interaction of the », neutrino, as in this case the total
neutrino energy is deposited near the interaction vertex
[23]. On the other hand, NC interactions of neutrinos of
any flavor or interactions of 7, via the Glashow resonance
at 6.3 PeV [24] with outgoing leptons induce cascades
which carry only a fraction of the neutrino energy. The
observed cascades are unlikely to originate from the
Glashow resonance as only about 10% of these interactions
will deposit 1.2 PeV or less in the detector in cascadelike
signatures.

The two PeV neutrino events observed in two years of
data taken with the IceCube neutrino telescope may be a
first hint of an astrophysical high-energy neutrino flux.
Given the yet rather moderate significance of 2.80 with
respect to the expected atmospheric background and the
large uncertainties on its prompt component, a firm astro-
physical interpretation requires more data in combination
with analyses in other detection channels and energy
ranges.
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Constraints on the origin of the ultrahigh energy cosmic rays using cosmic diffuse

neutrino flux limits: An analytical approach

Shigeru Yoshida® and Aya Ishihara

Department of Physics, Graduate School of Science, Chiba University, Chiba 263-8522, Japan
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Astrophysical neutrinos are expected to be produced in the interactions of ultrahigh energy cosmic rays
with surrounding photons. The fluxes of the astrophysical neutrinos are highly dependent on the
characteristics of the cosmic-ray sources, such as their cosmological distributions. We study possible
constraints on the properties of cosmic-ray sources in a model-independent way using experimentally
obtained diffuse neutrino flux above 100 PeV. The semianalytic formula is derived to estimate the
cosmogenic neutrino fluxes as functions of source evolution parameter and source extension in redshift.
The obtained formula converts the upper limits on the neutrino fluxes into the constraints on the cosmic-
ray sources. It is found that the recently obtained upper limit on the cosmogenic neutrinos by IceCube
constrains the scenarios with strongly evolving ultrahigh energy cosmic-ray sources, and the future limits
from a 1 km? scale detector are able to further constrain the ultrahigh energy cosmic-rays sources with

evolutions comparable to the cosmic star formation rate.

DOI: 10.1103/PhysRevD.85.063002

I. INTRODUCTION

The origin of the ultrahigh energy cosmic rays
(UHECRs) has been a long-standing important question
in astrophysics. While the observations by Auger [1,2] and
HiRes [3] indicate that cosmic rays with energies above
~10'83 eV are of extragalactic origin, identification of
astronomical objects responsible for the UHECR emission
has not been achieved. Neutrinos, secondarily produced by
UHECR nucleons, are expected to provide direct informa-
tion on the UHECR origin, since a neutrino penetrates over
cosmological distance without being deflected by the cos-
mic magnetic field nor absorbed by the photon field. The
“‘cosmogenic’’ neutrinos [4] are produced by the collisions
of UHECR nucleons with the cosmic microwave back-
ground (CMB) photon via photo-produced 7 meson decay
as m — prv,—e v, known as the Greisen-
Zatsepin-Kuzmin (GZK) mechanism [5]. The intensity of
cosmogenic neutrinos indicates redshift distributions of the
parent UHECR sources [6,7] in the Universe. The source
distributions derived from the cosmogenic neutrino inten-
sities can then be compared with distributions of known
classes of the astronomical objects possibly responsible
for the UHECR emissions. Therefore reliable extractions
of the UHECR source distribution function (SDF) is one of
the key issues in cosmogenic diffusive neutrino searches.
Constraints on the sources of UHECRs derived from the
measurements or upper limits of the ultrahigh energy
neutrino flux are highly complimentary to the constraints
from the diffuse photon flux [8,9], because the former does
not rely on uncertain estimation of extragalactic back-
ground light (EBL).

*syoshida@hepburn.s.chiba-u.ac.jp
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In this work, we develop a method to bound the UHECR
source evolution and its redshift dependence in a compre-
hensive way without introducing specific astronomical
models. We derive an analytical formula to calculate inten-
sities of the neutrinos produced by the GZK mechanism in
the range between 100 PeV and 10 EeV. Using the formula,
we extract the relation among the neutrino intensity and the
UHECR SDF parameters. The use of the analytical formula
allows us to calculate neutrino intensities in the full phase
space of the source evolution parameters without an inten-
sive computational task. The analytical formula can also be
used as a practical tool to approximately calculate cosmo-
genic GZK neutrino intensity with given UHECR SDF,
for example, for the performance studies of the future
detectors such as KM3NET [10]. Finally we present
model-independent constraints on the UHECR sources us-
ing the obtained formula with the upper limit [11] and the
future sensitivity [12] on the cosmogenic neutrino detection
by the IceCube neutrino observatory [13].

The standard cosmology with Hy=~73.5kmsec™!Mpc~',
Q, =03, and QO = 0.7 [14] is assumed throughout the

paper.

II. ANALYTICAL FORMULA FOR ESTIMATING
COSMOGENIC » INTENSITY

The neutrino flux per unit energy, dJ,,/dE,,, is generally

written as
z | dt
dzf —(z
NN

dJ,
dE,
w dN
X | =2 (z,,2,)8(E5 — (1 + z,)E,)dES. (1
LVdEﬁdtg(ZV z)8(E, — (1 +2,)E,) (D

dt
= d
i (z5) Zy

Zmax
= npc¢ 0 lv// (Zs)

The first integral represents the total contribution of
UHECR sources in the redshift up to z,,,c, Where z;. 18

© 2012 American Physical Society
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the maximum redshift of the UHECR source distribution
or, in other words, the time of the first UHECR emission in
the Universe. #(z,) represents the cosmic evolution of the
spectral emission rate per comoving volume and n is the
number density of UHECR sources at the present Universe.
The relation between time and redshift is given as

dt dt, _
| @l = 15 = ol + 2 Q1+ 2 + QT

The second integral calculates the total neutrino flux
expected from a single UHECR source at redshift zg
generated via UHECR interactions at redshift z,(= z;).
dN,_.,/ dESdts is the yield of generated neutrinos with
energy of E% per unit time in the UHECR laboratory frame
(the CMB rest frame). Suffixes s and g represent the
quantities at the positions of UHECR sources and neutrino
generation, respectively. The delta function indicates the
neutrino energy loss due to the expansion of the Universe.
The neutrino yield, dN .,/ dESdts, at redshift z, by the
GZK mechanism is expressed by a convolution of the
UHECR intensity from a source at z,, the CMB photon
density, and the photo-pion interaction kinematics as

dN dN
v _ [ 4 CR(, / d
dESdr® f CR gy o 2r)C J s

do.,, dp dn
x| qg &%y GPm—v Uy
,[ T dE, dE}

where dNcr /dEcg is the number of UHECRS per unit time
and energy at the redshift z,, originating from a source at z,
and s is the Lorentz-invariant Mandelstam variable, the
square of invariant mass of the cosmic-ray nucleon and the
target CMB photon. o, is the photo-pion production cross
section, dp ,_,,,/dEj3 is the energy distribution of neutrinos
from the photo-produced pion, and dny/ ds is the CMB
photon number density in the UHECR frame per unit s.
We introduce the following approximations to simplify
the calculations: (1) the contribution of UHECR colliding
with infrared and optical universal photon (IR/O) back-
grounds is negligible and only the contribution of photo-
pion production cross section from A resonance is considered
in collisions of UHECRs and CMB photons, and (2) the
kinematics of the photo-pion production is represented by
a single pion production. The first approximation allows
the photon number density dn,/ds to be analytically
obtained with the modification to the black-body distri-
bution [6]. The contribution of neutrinos induced by
UHECR interactions with IR/O becomes sizable only in
the energy region below 100 PeV [15] while the effect is
small in the higher energy region. Similarly the neutrinos
from photo-produced pions outside the A resonance are
mostly visible only in the lower energy range below
100 PeV [16], and the single pion production is the most
dominant channel in the A resonance. The A-resonance
approximation simplifies the integral on s in Eq. (2) to a
multiplication of the integrand at s = sg(= 1.5 GeV?),

ds’ 2)
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where sp is the Lorentz-invariant Mandelstam variable
at the A resonance, and Asg(= 0.6 GeV?), the width of the
A resonance. The second approximation then gives [17]

3

1 —r

dpw—»v ~ L
dES, E,

, 3)

m

where r, = m?/m% =0.57 is the muon-to-pion mass
squared ratio. The factor three arises from the fact that
three neutrinos are produced from the 7 meson and
lepton decay chain. The allowed range of E5 due to the
kinematics is given by

g

14
O=—=1-r,

o

“)

where neutrino mass is neglected. With a good approxi-
mation that a single pion is isotropically emitted in the
center-of-momentum frame, one obtains

27%1 (%)

where x,, = E,./Ecy is the relative energy of emitted pion
normalized by the parent proton energy Ecg. x* are the
maximal and minimal bound of x_. due to the kinematics
and given by

s—i—m%_—m%_'_-J(S‘i‘m%T_m%)Z_ﬁl-Sm%-
2s B 2s

’

where m,, is the proton mass.
Then we obtain the neutrino yield, Eq. (2), expressed as
an analytical function with only a single energy integral,

ANy kpT(1+2,)
dESdt?  8mPhic?

(sr=m}p)oy,

% SRASR 3
\/(SR +mZ—m?)? —dsgm? 1=rg
1
X[dECRTdNCR
ECR dECR
x+
X ln(f—R){—ln(l — e EN/U+2)Ex)) ()
R

Here kg is the Boltzmann constant, 7 is present tempera-
ture of the CMB. Ey = (sg — m3)/4kpT corresponds to
the energy of UHECR protons colliding via A resonance at
the present Universe. Suffix R denotes the values at the A
resonance in the photo-pion reaction. For example, 0'1; =
2.1 X 1072 cm? represents the photo-pion production
cross section of channel yp — n7* at the A resonance
and xg is given by Eq. (6) with s = sp.

The parameter ¢y reflects the kinematics bounds,
Egs. (4) and (6), and is defined by

063002-2
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AR
fR = EY
(1-r;)Ecg

dNcgr/dEcy is calculated by the energy loss formula with
the continuous energy loss approximation [ 18] represented
by

EY = (1 — rp)xg Ecg,

®)

otherwise.

dEy (1+2)°
cdt  Agzk(Ecg(1 + z))

CR> ©)
where Agzk is the energy attenuation length governed by
the GZK mechanism, mainly due to the photo-pion pro-
duction of UHECRs and the CMB. The factor (1 + z)3
accounts for the increase of CMB photon number density
with redshift z.

Here we introduce the final approximation that the
energy attenuation length of UHECR by the GZK mecha-
nism, Agzg, is constant with energies above Egzx =
1020 eV. While Agzk rapidly decreases with cosmic-ray
energy increase, it becomes a slight increase or constant
above ~3 X 10% eV for z, ~ 0. Neutrinos from z, = 1
are the dominant contribution to the cosmogenic neutrino
intensity at Earth and the turnover energy is shifted to
lower energies < Egzx due to the redshift effects for the
Universe of z, = 1 [19]. Therefore this approximation
reasonably describes the UHECR energy loss profile to
calculate the neutrino yield. Assuming that the primary
UHECR spectrum from a source at z, follows the power
law described by dNcg(z,2,)/dEcr = kcr(Ecr/Ezx) ™
up to E,.,,, the maximal injected energy from a source,
then the dN¢g(z,, z,,)/dEcy is analytically obtained by

dNCR(Z 2,) = ke Ecg \ @
dEcg ™™ *\Egzk
X e~ (@ D(e/ Az H) /30 (z0)— f (@)}

(10)

where f(z) = Qu(1 +2)° + Q, and kcg is a normal-
ization constant. With Eq. (10), the energy integral on Ecg
in Eq. (7) becomes an addition of integrals in the forms of
[dyy=@In(1 —e'/Y) and fdyy @ n(1—e'/?)Iny.
An asymptotic approximation with numerical constants is
found to provide approximate solutions of these integrals.
The final formula of the neutrino yield is then obtained as

de—n/ kBT (SR —m%,)( EA )_(a+2) R
=K o
dESdrs " R8m 3t EL, \Egx P
A 3
« SRASR (1 +Zv)a+3

‘/(SR +m% —m3)? —4sgpm?, I=ra

X e~ (a=1)(c/Aazx Ho)(2/3Qu){f (z,) = f(z,)}

.
— X —
% {eoxo (“+‘)e—2ln(—’j) e @I 1/m
AR
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where xy = 0.275, and x; = 0.16 are the empirically de-
termined numerical constants. €, and €, are either unity or
null, depending on neutrino energy. These are consequen-
ces of the kinematics bound for pions and neutrinos, Eq. (8),
and given by

E‘lgi(l + Zv) = xlEAxl-;(l - r7T)v

1
0 {0 otherwise, (12)
and
0 ES(1+z,)=xExxg(1—r,),
€=11 x\Epxxg(1—r)<=ES(1+2z,)=x;Eaxxp(1—r,),

0 otherwise.
(13)

One can also find that x; Eyxz (1 — ;) in these equations
represents the effective energy of neutrinos from decay of
the pions with kinematically allowed maximum (xj) and
minimum (x5 ) energies from A resonance in the yp colli-
sion. The E$(1 + z,) = E, (1 + z,)?* factor reflects the red-
shift dependence of the CMB temperature and the redshift
energy loss of neutrinos at z,,.

Equation (1) with the Eq. (11) finally give the cosmo-
genic neutrino flux with double integrals of redshift z, and
z,. The z, integral is analytically solvable neglecting
O((AgzxHy/c)?) or higher order terms because the energy
attenuation length is much shorter than the cosmological
time dimension. Then the final form of the cosmogenic
neutrino intensity is obtained as

dJ kgT —m2)( Ey \~(@t2)
' —(a—1)Ferg 73 3(SR3 mp)( : ) T
dEV HQ 8mh’c EGZK EGZK
A 3
Rk ¢ (14)

X
J(SR +m%—m§,)2 —dspm? I=rg

Here Fy represents the UHECR intensity above Egzx and
described by

Emax
FCR = [ dECRn()C
Egzx

Zmax

¥(zy) dNer

dzs—d Fox (z5,0)

as)

assuming that E,,, > Egzx. Fcr gives the normalization
of the neutrino flux in the present formulation in Eq. (14). It
can be estimated by the observational data for actual
calculation.

{ in Eq. (14) is the term which accounts for the redshift
dependence and is given by

1+ z,)mte=D - 3
[= fz dZS ( Zs) {foxo (a+ l)e—zln(x_ﬁ)
0 VO, (142 +Qy XR

_ E
a+3) — — A _
+ e, (@+3) )=1/x,, 21n<x1E7,,(1 JFZX)Z)CR(I - rw))},

(16)

dt
d_Z(ZS)

0

=norcrEgzx Agzx /(a — 1)

xg-zln(xl i Ey x;(l—rw))}, (11) Wwhere € and € are obtained by Egs. (12) and (13),
Ej(1+2z,) respectively, replacing z, by z;. The cosmic evolution
063002-3
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function (z,) is now parametrized as (1 + z,)™ such
that the parameter m represents the ‘scale” of the

PHYSICAL REVIEW D 85, 063002 (2012)

when we use the fact that 4/Q (1 + z,)° + Q, > Q,
in most of the integral range. Finally we obtain the

cosmic evolution often used in the literature [20].
The integral on z; in Eq. (16) is analytically solvable
|

final form of the redshift-dependent part of the analytical
formula { as

1 _ i\ E 2
—.21 ¢ <<a+m>/(3)){ Qulltz P40 y,,,/3< (a1)) (_R>+ (a+3) 7(1/x1>[1 ( A “(1— )+_])
{=e v M ( M( Zup) A) X0 n X% Xy e n xlEV(l_l_Zup)sz( rﬂ') v
—«LW+QAVM%5”*”mC§)—<QMU+1¢M93+QAww%f“*”eﬂﬁﬂﬁ(m———fﬁ———wgu—mg)+33“
x§ Ev(l + Zdown)2 Ym
a7

where y,, = (a + m) — 3/2. Zyp and Zgoyy are the maximum and minimum bounds of the redshifts, respectively. These
redshift bounds are associated with z,,,, in Eq. (1) but also depend on neutrino energies E, due to kinematics of 7 decay

and the redshift energy loss. z,,, is given by
1

1/2
L4 = 1 (F2xi(1 =) 2

1+ Zmax

Zgown 18 also given by Eq. (18) replacing x}; by xz.

See Appendix B for the case of the astronomical objects
of which cosmological evolution become constant above a
certain redshift (see Ref. [21], for example).

III. VALIDITY OF THE ANALYTICAL FORMULA

The analytical formula for estimating cosmogenic
neutrino fluxes [see Eqs. (14), (17), and (18)] is derived under
several assumptions. Here we demonstrate the applicability
of the formula in estimating neutrino flux in 100 PeV =
E, = 10 EeV which is the main energy range of several
cosmogenic neutrino searches [11,22]. In Table I, the
cosmogenic neutrino integral flux above 1 EeV obtained
by the analytical formula with a = 2.5 is presented.
We use the UHECR intensity Fcr(=Egzk)=2.96X
1072 cm~2sec ™ !'sr™ ! in the present study, which is obtained
from the measurement of the HiRes experiment [3]. The
fluxes obtained by the full numerical calculations with the
same or comparable source evolution parameters are also
listed for comparison. The values in each parameter subset
show an agreement within a factor of 2 for a comparable
evolution scenario in the wide range of parameter numbers.

Figure 1 presents the neutrino fluxes obtained with the
present analytical estimation and the full-blown numerical
calculations. The fluxes calculated with the different tech-
niques show the best agreement at ~1 EeV, the central
energy in the cosmogenic neutrino search with IceCube
[11]. The present formula provides a reasonable estimate of
the neutrino flux from 100 PeV to 10 EeV with uncertainty of
factor of ~2. Some deviations in the analytical formula from
the full-blown numerical calculations arise mainly from the
uncertainty in the intensity of the extragalactic UHECR
component allowed by the observed UHECR spectrum,
and the accuracy of the approximations used in derivation
of the analytical formula. We discuss these issues in Sec. V.

xiExxf(1—r,)<E,
EAx;(l—r,,,)
(14 Zman)*

= Ev = xlEAx;(l - 7'7,.),
x Exxp(1=r,)
(14 zngy)?

(18)

=

TABLE I. Cosmogenic neutrino fluxes predicted by the model-
dependent full numerical calculations and those given by the
present analytical formula with the corresponding parameters on
source evolution. The numbers by the full calculations were
converted to be the sum over all three neutrino flavors from the
original when appropriate.

v flux model Integral flux

F (E, =1 EeV) [cm 2 sec”!'sr™!]

Yoshida and Teshima [6]
m = 2.0, Zpax = 2.0
Abhlers et al. [9]

m = 2.0, Zpu = 2.0
(”’the minimal case’)
The analytical formula
m = 2.0, Zpux = 2.0

539 x 10718

1.85x 1078

491 x 10718

Kotera et al.[15]

SFR1

The analytical formula
m = 3.4(z = 1.0)
const. (1 =z=4)

Ahlers et al. [9]
m = 46’ Zmax =
("the best fit”")
The analytical formula
m = 4.6, Zy.x = 2.0

Kalashev et al. [23]
m = 5.0, Zpax = 3.0
The analytical formula
m = 5.0, Zy. = 3.0

Kotera et al. [15]
Faranoff-Riley type II
The analytical formula
m=5.02(z = 1.5)
const(1.5 =z =2.5)

1.07 X 10717

1.07 X 1077

2.0 3.39x 10717

4.09 X 1077

7.38 X 10717

8.42 X 10717

6.74 X 10717

521 x 10777
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FIG. 1. Integral neutrino fluxes, J [cm2sec™!sr™!'], as a

function of neutrino energy. Bold lines represent the present
analytical estimates and thin lines represent corresponding pre-
dictions by the full numerical calculations [9] or the Monte-
Carlo simulations [6,15].

IV. RESULTS

A. The relation between the » flux and the cosmological
evolution of the sources

Shown in Fig. 2 is the distribution of the cosmogenic
neutrino integral fluxes with energies above 1 EeV in the
parameter space of the evolution of UHECR sources
(m, zmax) calculated using the derived analytical formula.
The fluxes vary by more than an order of magnitude with
the evolution parameters. The distribution demonstrates
that the neutrino intensity can indeed be an observable to
imply the characteristics of the UHECR sources. The plot
shows that cosmogenic neutrino flux around 1 EeV is
mostly determined by source emissivity history up to
redshift of z;, ~ 3. This is because the contributions of
sources at z, = 3 represent only a small fraction of the
total flux due to the redshift dilution [15].

B. Constraints on UHECR origin with the IceCube
diffuse neutrino flux limit

Here we estimate the expected event rates with the
IceCube neutrino observatory by using the derived analyti-
cal formula. The analytical function is valid in the IceCube
cosmogenic neutrino detection energy range distributed

PHYSICAL REVIEW D 85, 063002 (2012)
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FIG. 2 (color online). Integral neutrino fluxes with energy
above 1 EeV, J [cm™2 sec™!sr™'], on the plane of the source
evolution parameters, m and z,y.

around 1 EeV [l11]. Convolution of Eq. (14) with the
IceCube neutrino effective area [11,12] gives the event
rate for the entire phase space of the evolution parameter
m and the maximal redshift z,,,,. Full mixing in the standard
neutrino oscillation scenario is assumed and the intensity of
neutrinos of each of three neutrino flavors corresponds to
one third of the estimated neutrino intensity by the analytical
function. The Feldman-Cousins upper bound [24] then de-
fines the excluded region on the m — z,,, plane at a given
confidence level. Figure 3 displays the resultant constraints.
The shaded region represents the factor of 2 uncertainty in
the analytical estimation discussed in the previous section.
The upper limit with the IceCube 2008-2009 data [11] has
already started to constrain hypotheses of UHECR sources
with strong evolution of m = 4.5. While this bound may be
still weaker than that by the Fermi diffuse y-ray flux mea-
surement [9], nevertheless the limit by neutrinos is important
because the neutrino estimate does not involve the uncer-
tainties of the assumptions of E,, nor the EBL intensity.
The full IceCube five-year observation would certainly
probe the most interesting region of the source evolution
phase space where the strong candidates for the UHECR
sources of the powerful astronomical objects such as radio
galaxies and gamma-ray bursts are included.

V. DISCUSSION

The derived analytical formula to calculate intensities of
the neutrinos produced by the GZK mechanism in the
range between 100 PeV and 10 EeV is used to constrain
the cosmological evolution of the UHECR sources.

The largest uncertainty in the present analytical formula
at the lower energy range (E, < 1 EeV) is due to the
omission of the IR contribution to the cosmogenic neutrino
production. Photo-produced pions from the UHECR
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FIG. 3 (color online).

Constraints on the UHECR source evolution m and z,,,,, with the IceCube 2008-2009 flux limit [11] (left) and

with the full IceCube five-year sensitivity [12] (middle). The areas above the solid lines are excluded by null detection of » events. The
shaded belts represent uncertainties in the present analytical estimation. The right panel shows the full IceCube five-year constraint
when the emission rate per comoving volume becomes constant above z, of 1.0. Excluded region at 68% confidence level
(corresponding to = 1.1 events assuming the same background rate of the IceCube 2008-2009 measurement [11]) and 90% confidence

level (=~ 2.2 events) is displayed.

interactions with the IR background are the major origin of
neutrinos with energies below 10 PeV, however, the IR
contribution is relatively minor in the higher energies where
we mainly discuss the aspect of cosmogenic neutrino detec-
tion by IceCube. The amount of the IR contribution was
studied, for example, in the calculations in Refs. [9,15]. The
study in the latter reference exhibits much higher contribu-
tion of the IR background than in the former reference,
where the effect is suppressed mainly due to the introduction
of the minimal energy of extragalactic UHECR population.
These differences can be seen in Fig. 1; the low energy
component in Ref. [15] is substantially emphasized com-
pared to the other calculations. These variations in the
estimation of the IR contribution to the cosmogenic neutrino
intensities are considered to be an additional uncertainty to
the IR background yield itself, which is also not firmly
understood [19,25]. Here we would like to emphasize that
the omission of the IR background leads to a conservative
constraint on the UHECR source evolution.

The second largest uncertainty is concerned with Fcg,
the UHECR intensity above Egzx =~ 10?° eV. The works in
Refs. [9,26] allowed a sizable variation in the UHECR
intensity within 99% confidence level of the statistical test
against the observed data. This indicates that an extreme
case of the UHECR intensity may lead to a large departure
from the present estimate of the neutrino fluxes. For in-
stance, the difference of their estimate for the scenario of
(m, Zmax) = (2, 2) found in Table I arises from their assump-
tion of very steep UHECR spectrum leading to a minimal
Fcg estimation. This uncertainty is, however, expected to be
reduced in the future when the statistical uncertainties in the
observations of UHECRs and/or the systematic uncertainty
in the energy estimation are improved.

We would like to also emphasize that the neutrino intensity
below 10 EeV is not largely affected by the detailed behavior

of UHECR proton propagation in extragalactic space. This is
because these neutrinos are mostly generated at cosmologi-
cal distances which are substantially longer than the UHECR
proton energy attenuation length in the CMB field. It is also
suggested by no explicit dependence of Agyzk in the final
formula Eq. (14). This is related to the fact that the cosmo-
genic flux below 10 EeV is relatively insensitive to E,,,, and
a, the maximal injection energy of UHECR protons from
their sources and the spectral index of UHECR spectrum,
respectively, while the flux above 10 EeV is sensitive to those
parameters [6,19,23]. A scan of the parameter spaces of the
cosmogenic neutrino sources for some known classes of
astronomical objects with a numerical Monte-Carlo method
was made in Refs. [15,19]. It was also shown that the
intensity around 1 EeV is stable against E,,, variation and
the transition models between the Galactic and extragalactic
cosmic-ray components. These observations are consistent
with the fact that the neutrino intensities around 1 EeV by the
relatively old works [6,16] assuming harder UHECR spec-
trum of e = 2.0 and higher E,,,, and those by the recent
works [9,15] with @ ~ 2.5 show an agreement also within a
factor of 2. The difference between the present analytical
formula and the full-blown simulation above ~10 EeV in
Fig. 1 is attributed to responses to E,,,,. The present analyti-
cal estimates of neutrino fluxes for 100 PeV <= E, <
10 EeV, the main energy range by the IceCube cosmogenic
neutrino search, is robust against these parameters. We
should note however that we use Fcr for the normalization
constant assuming E, .. > Egzk. If E, ., is comparable or
lower than Egzk, the neutrino yield strongly depends on E .
and the present simple treatment is not capable of providing
reasonable estimates of the cosmogenic neutrino fluxes.
The present analysis indicates that a five-year observa-
tion by the IceCube observatory will scan the source
evolution parameter space of the most interest where
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many of the proposed UHECR astronomical sources are
distributed. A null neutrino observation then would imply
that either UHECR sources are only locally distributed
(Zmax = 1), very weakly evolved (m = 3), or the mass
composition of UHECRs is not dominated by proton pri-
maries, but by heavier nuclei such as irons after all. The
first two possibilities may lead to a speculation about the
highest energy particle emission from an entirely different
and probably dimmer class of objects than currently sug-
gested. The last possibility has also been discussed with the
measurement of the depth of maximum of air-showers by
the Auger Collaboration [27]. A neutrino search in ultra-
high energies provides a complementary constraint on the
proton fraction of UHECRs in this case [28].

VI. SUMMARY

We have derived the analytical formula to estimate the
cosmogenic neutrino fluxes for a wide range of cosmologi-
cal evolution parameters of UHECR emission sources. The
analytical formula provides a practical tool for estimating
the neutrino intensity at around the EeV energy region with a
limited accuracy within a factor of ~2. The obtained ana-
lytical estimates have indicated that the present IceCube
neutrino limit in 100 PeV-10 EeV energies disfavors the
scenarios with the strongly evolved UHECR sources. The
future IceCube observation will be able to scan most of
the interesting parameter space of UHECR source evolution.
Furthermore, while the deep and highly energetic part of
Universe is inaccessible with photons or cosmic rays due to
the CMB field, the current study implies that the neutrinos
can be used as a rare tool to probe the far Universe.

With the greater statistics of ultrahigh energy neutrino
detections by the future neutrino telescopes of ~100 km?
areas, such as ARA [29] and ARTANNA [30], the analyti-
cal formula allows us to specify the astronomical classes of
ultrahigh energy cosmic-ray sources. The pioneer predic-
tion of the cosmogenic neutrinos in the 1960s [4] will
finally lead to revealing the characteristics of an UHECR
emission mechanism in the near future.

ACKNOWLEDGMENTS

We wish to acknowledge Kumiko Kotera for useful
discussions in preparations for this work. The authors
are also grateful to Markus Ahlers and Spencer Klein
for valuable comments on the manuscript. A. Ishihara
acknowledges support by the Research Fellowships of the
Japan Society for the Promotion of Science for Young
Scientist. This work was supported in part by the Grants-
in-Aid in Scientific Research from the JSPS in Japan.

APPENDIX A: THE FLUX CALCULATION
BASED ON ENERGETICS

Recently the possible upper limit on the cosmogenic
neutrino flux has been discussed solely using the Fermi

PHYSICAL REVIEW D 85, 063002 (2012)

measurement on extragalactic diffuse y-ray background
[31]. In this work, the neutrino flux was approximately
estimated by the energetics argument, calculating energy
channeling into secondary neutrinos from a UHECR pro-
ton during its propagation in the CMB field. The neutrino
flux is then calculated by

aJ Zmax dt
E,—~= d —(z,
VdEV nopc 0 lep'(zx) dZ(ZS)
dNcg dp,
X | dEcREcR———R,(E . (Al
[ dEerEex G R B S D

Here dNcr/dEcy is the injected UHECR proton spectrum
(~ E,“) at the source redshift z;, R, is a fraction of
UHECR proton injection energy carried by the secondary
neutrinos, and dp,/dE, is a distribution of neutrino en-
ergy. R, was calculated in the earlier work [16] represented
by a numerically fitted function as

0.45
R, = By
1+ <2x10“ GeV)

(1+2z,)Ecr

(A2)

While the original work [31] represented dp,/dE, as
~8(E, — Ecr/(20(1 + z,))) approximating each second-
ary neutrino receiving 1/20 of the UHECR proton energy,
we found that the single pion kinematics approximation
would give a better agreement in the neutrino spectral
shape with those obtained by the full-blown simulation.
It is then written as

dp, B Xk
Tt (1 2Bl )1 = )] () (a3)

where &g is given by Eq. (8), replacing ES with E,,(1 + z,).

This approach has an advantage in that it does not rely
on the A-resonance approximation. Although we are not
able to find out a complete analytical solution of the
integrals in Eq. (A1), the numerical calculations indeed
confirmed that Eq. (A1) reasonably reproduces the full
simulation/numerical calculation results. It gives a better
agreement than our formula at around 100 PeV, owing to
inclusion of direct pion production yielding a pair of
7t 7~ by Eq. (A2) [16]. However, this energetics-based
formulation significantly overestimates neutrino intensities
with energy above 1 EeV. We suspect this is due to neglect-
ing of the energy loss of UHECR protons. Energy of an
UHECR proton is in many cases largely lower than its
injected energy when it yields neutrinos, because of energy
loss by the photo-pion production during the UHECR
propagation. Without accounting for this effect, higher
energy neutrino production is overweighted in the formu-
lation. The overproduced high-energy neutrinos are then
redshifted and accumulated even in the PeV regime when
UHECR sources are strongly evolved. As a consequence,
the estimated intensity departs from the calculation with
the full-blown simulation in case of the strong evolution
scenario. Since the GZK neutrino search by the IceCube
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detector is sensitive to the EeV range and to emission
from strongly evolved sources, we concluded that the
energetics-based formulation is not appropriate for our
purpose.

APPENDIX B: THE ANALYTICAL FORMULA FOR
THE PARTIALLY CONSTANT SOURCE
EVOLUTION

Some classes of astronomical objects, like galaxy star
formation, seem to exhibit evolution nearly constant above
a certain redshift. For these cases, cosmological evolution

.
‘= e-27i9;4<a/3>(1 + z)m{(ﬂMu +2,)° m>w3(xa<“+‘>1n(i'i)

—‘,—x_(a+3)e_(1/xl)[1n(xlix;
1 E,(1+Z,)

(1- r,,>)

- (&)M(1 + Zdown)3 + QA)Y”BX;(&H)e_(]/x‘)[ln<x1

where y, = a — % and the redshift bound Z,, is given by
1+zZ
1/2
1—}_Zupz (%x;(l _rﬂ))

I+ Zmax

2 _ ~ 3 /3 —(a+1) x;
+y— (QM(1+ZC|0WH) +QA)y” xo ln I
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of sources is written as (z;) ~ (1 + z)" for 0 = z, = %
and ¢ (z,) ~ (1 +2)" for 7 =z, = Z.x. The redshift-
dependence term ¢ (Eq. (16)) is then obtained with minor
modifications on Eq. (17) and given as

(=640 B1)
where (; is given by Eq. (17) by replacing z,,,, with Z,
accounting for the evolution up to z; = Z.

The additional term ¢ is obtained in functions similar to
Eq. (17) as

XR

o XR

X1 Exxg (1=r5)
(1+2)°
xlEAx;g(lfrﬂ)
(14 Zngy)?

E, =

=F,

X Epxg (1-74)

=F, = T

(B3)

X Exxt(1=r,)
(14 Znay)?

Zaown 1S Written as the same equation (B3) by replacing x with x.
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We report on a search for extremely-high energy neutrinos with energies greater than 10® GeV using
the data taken with the IceCube detector at the South Pole. The data was collected between April 2008 and
May 2009 with the half-completed IceCube array. The absence of signal candidate events in the sample of
333.5 days of live time significantly improves model-independent limits from previous searches and
allows to place a limit on the diffuse flux of cosmic neutrinos with an £~2 spectrum in the energy range
2.0 X 10° — 6.3 X 10° GeV to a level of F2¢p = 3.6 X 107® GeVem 2sec!sr!.

DOI: 10.1103/PhysRevD.83.092003

I. INTRODUCTION

Cosmogenic neutrinos, the daughter particles of the
Greisen-Zatsepin-Kuzmin (GZK) process in which the
highest energy cosmic rays interacting with the cosmic-
microwave background [1,2], may give a unique picture of
the Universe in the highest energy regime. Cosmogenic
neutrinos carry information about the sources of the high-
est energy cosmic rays, such as their location, cosmologi-
cal evolution, and cosmic-ray spectra at the sources.
Various cosmogenic neutrino models [3—6] which assume
primary cosmic ray protons predict neutrino fluxes E2¢ =
107* GeV~2sec!'sr! in the energy range 108 GeV =
E, = 10'° GeV, which implies that the 47 solid angle
averaged neutrino effective area divided by energy
A,/E, must be larger than 107> m?>/GeV (e.g. A, =
10° m? at 10® GeV and A, = 10* m? at 10° GeV) to
detect several cosmogenic neutrinos every year.
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Several techniques have been used to realize such huge
detection volumes for these extremely-high energy (EHE)
neutrinos. Air-shower detectors search for neutrino-
induced young inclined showers [7] or Earth-skimming
events initiated by tau neutrinos [8]. Radio Cherenkov
neutrino detectors search for radio Askar’yan pulses in a
dielectric medium as the EHE neutrino signature [9-11].
Underground neutrino telescopes, such as IceCube, de-
ployed in transparent naturally occurring media [12,13]
can detect EHE neutrino interactions through the strong
Cherenkov radiation emitted by the charged secondary
particles. This technique is well established for observa-
tions of astrophysical neutrinos in the MeV to GeV energy
region [14,15], and can also be utilized to search for cos-
mogenic EHE neutrinos with an appropriate background
rejection method. In a neutrino telescope, an EHE neutrino
interaction would be identified by the extremely-high num-
ber of Cherenkov photons deposited in the detector.

In this paper, we describe the search for neutrinos with
energies above 10° GeV using data collected with the half-
completed IceCube detector in 2008-2009. This analysis is
sensitive to all three neutrino flavors. Compared to the
previous EHE neutrino search described in Ref. [13],
which used an earlier stage of the IceCube detector, the
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current analysis benefits from the enlarged instrumented
volume and from improved agreement between simulated
and observed event distributions. This article presents the
improved strategies implemented since the previous
analysis [13].

II. DATA SETS

The analysis uses data collected from April 6, 2008
through May 20, 2009. At the time of data collection, the
IceCube detector consisted of 2400 digital optical modules
(DOMs) on 40 vertical strings. The volume of the detector
was roughly 0.5 Km? with the detector center located at a
depth of 1948 m below the ice surface. The DOMs consist
of a 25 cm photomultiplier tube [16] with data acquisition
and calibration electronics, data compression, communica-
tions, and control hardware [17]. The trigger setting was
unchanged from the previous analysis [13].

The analysis was optimized on simulated data with most
of the experimental data kept blind. A 10% subset of the
experimental data was used for examinations of the
Monte Carlo simulations and detector response. This sub-
set comprised 35.8 days of detector live time distributed
randomly throughout the data collection period, and was
not used once the analysis was fully defined. The use of a
statistically independent final sample conservatively en-
sures avoidance of possible analysis bias due to tuning a
Monte Carlo simulation using an experimental subset. The
selection criteria were then applied to the complementary
90% of the experimental data, comprising 333.5 days of
live time.

The primary background in this analysis is muon bundles
made up of large numbers of muons produced by high
energy cosmic-ray interactions in the atmosphere. This
background was simulated with the CORSIKA air-shower
simulation package version 6.720 [18] with the SIBYLL 2.1
[19] and QGSJET-II [20] hadronic interaction models, with-
out prompt muons from the heavy meson decays. Cosmic-
ray interactions assuming pure proton and iron primary
compositions in the energy region between 10° and
10'° GeV were simulated. Background contributions
from primary cosmic-ray energies beyond 10'° GeV were
estimated by extrapolation of the simulated sample up to
the GZK cutoff energy of ~5 X 10'© GeV. EHE neutrino
signal events in energies between 10° and 10'" GeV from
several flux models [3-6,21,22] were simulated using the
JULIET package [23].

III. EVENT SELECTION

The amount of energy deposited in the form of
Cherenkov photons by the neutrino-induced charged
particles in the detector is highly correlated with the energy
of the particles [13]. An EHE neutrino interaction occur-
ring inside or close to the IceCube detector would stand out
against the background of cosmic-ray induced muons due
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to the much higher light deposition. The total number of
photoelectrons (NPE) recorded in an event was used as
the main distinctive feature to separate signal from
background.

A. On-line sample

The number of photoelectrons (p.e.) recorded by an
individual DOM was derived by integrating the pedestal
subtracted waveforms. Each DOM has two waveform digi-
tizers, that simultaneously capture p.e. signals with differ-
ing dynamic ranges and time windows [17]. The event total
NPE was then obtained by summing the number of p.e.
detected by each DOM. photomultiplier tube saturation
effects and the sizes of the time windows limit the NPE
estimation at high light levels. The initial NPE calculation
was performed online at the South Pole. For this analysis
we consider only events with NPE_ ;.. = 630. The event
rate of this “online bright sample” was ~1.4 Hz. At this
level, the background rate exceeded the expected signal
rate by = 0(107).

B. Off-line sample

For the following data selection step, the NPE values
were recalculated after eliminating photon signals from low
energy muons accidentally coincident in a 20 us time
window of a large NPE event. These low energy muons
leave a faint light, typically with an NPE < 9. The light
deposition of the coinciding low energy muon was, in most
cases, spatially and temporally separated from the main
bright p.e. cluster. While the few coincident photons have
very a small impact on the NPE calculation, they can
disturb the geometrical reconstruction of the particle tracks
later on in the analysis. Contributions from coincident low
energy muons were eliminated by removing p.e. signals
that were temporally separated from the time of the highest
light deposition associated with the main high NPE event.
The recording time of a p.e. signal in the iy, DOM, ¢, ;, was
defined as the time at which 10% of the total charge had
been captured. The time of the highest light deposition was
defined as the time #;y of the DOM which captured the
largest p.e. signal in the event. This time, # y, was typically
associated with the time of closest approach of the charged
particle tracks to any DOM in the detector. For the offline
NPE calculation and track reconstruction, those p.e. signals
which occurred outside the time window [ — 4.4 us,
6.4 wus] around the t; v were excluded. The “offline bright
sample” selects events with NPE = 3.2 X 103 and the
number of hit DOMs (NDOM) = 200; here and below
NPE and NDOM are obtained after the # 5 time window
cleaning. These NPE and NDOM thresholds reduced the
background rate by 2 orders of magnitude while keeping
~70% of the cosmogenic neutrino-induced events. The
remaining backgrounds are bundles containing many hun-
dreds of muons, with an estimated cosmic-ray energy above
107 GeV.
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C. Quality cut

Apart from NPE, the particle direction and the depth
distribution of the detected Cherenkov photons are distinc-
tive event features that separate the EHE neutrino signal
from the atmospheric muon background. Because of the
energy dependence of the neutrino interaction cross sec-
tion, most of the EHE neutrino signal is expected from
directions close to the horizon. As a result of the depth
dependence of the optical properties of the Polar ice, the
largest photon signals are often detected in the deepest part
of the detector, where the ice is most transparent [24]. On
the other hand, the background atmospheric muons enter
the detection volume from above and lose a substantial
fraction of their energy during propagation through the
detector. Therefore, the time and depth coordinates, z, of
the detected Cherenkov photons, measured relative to the
detector center, show negative correlation for background.
The largest photon signals from these background muons
are expected at shallow depths near the top of the detector.
Exceptions are inclined atmospheric muon bundles that
pass outside the instrumented volume with the point of
closest approach in the deep, clear ice at the bottom of the
detector, or individual muons that deposit most of their
energy in an isolated catastrophic energy loss in the deep
ice after having passed through the top part of the detector.
Track reconstructions often fail to identify such atmos-
pheric muon events as downward-going tracks, when
most of the light deposition occurs in the deep part of the
detector. Therefore, a track reconstruction is applied only
to those events in which the DOM with the largest signal is
located at z > —300 m (““shallow events”). The negative z
value indicates the vertical distance below the center of the
IceCube detector. For events with the largest photon
signal at z < —300 m (“deep events’), further event
selection criteria rely on timing instead of directional
information.

For the shallow events, the particle directions are recon-
structed with the LineFit algorithm [13]. Since the majority
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of the EHE neutrino-induced events is close to the horizon
[23] while the directions of the background muon bundles
are mostly vertical, it is important to minimize the number
of background tracks that are misreconstructed as horizon-
tal. In order to reject the misreconstructed background
events, another simple one-dimensional reconstruction is
introduced. The distribution of average depth of p.e. as a
function of timing is fitted by a linear function, z(#,y) =
Cy + S, - t1p. The fit parameter, S,,, is a measure for the
speed at which the light signal propagates in z-direction,
and hence for the inclination of the tracks. For vertically
downward-going relativistic particles, the quantity S,,/c
takes values ~ — 1, where c is the vacuum speed of light,
whereas close to horizontal tracks yield values S,,/c ~ 0.
The shallow ‘““quality bright sample’” requires an additional
condition of (S.,/c¢ + cosf) = —0.4 where 0 is the recon-
structed zenith angle from the LineFit. This condition
excludes events for which the one-dimensional fit suggests
a significantly more vertical downward-going geometry
than the LineFit. Both signal and background are reduced
by less than ~2% by this criterion. Figure 1 shows the
distributions of NPE (panel (a)) and cosé (panel (b)) for
experimental data, background and signal simulations in
the quality bright sample. The distributions of CORSIKA-
SIBYLL with an iron primary composition show a reason-
able agreement with experimental data while the total
event rates are 50% overestimated by simulation. The
zenith angle reconstruction resolution of the shallow qual-
ity bright sample is ~1.4° root mean square for muon
bundle background and = ~2.5° for v, signal. This is
because the v, signal experiences more stochastic energy
losses along with hadronic cascades at its interaction
vertices.

The deep bright events (Z;ny = —300 m) are mostly
events that traverse the bottom edge of IceCube or are
uncontained events that propagate or cascade below the
detector. The inclination of these events tends to be recon-
structed more horizontally than the true direction. The
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FIG. 1. Event observables in the quality bright sample that are used for the final selection criteria. Distributions of (a) NPE and

(b) cosine of the reconstructed zenith angle for shallow events, and (¢c) NPE and (d) A# x_g for deep events in a live time of 333.5 days.
The black circles represent experimental data and the solid and dashed lines are CORSIKA-SIBYLL with iron and proton primaries,
respectively. The expected signal distributions from simulations of the GZK 1 model (sum of all three neutrino flavors) are shown as

long-dashed histograms. Systematic uncertainties are not included.
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FIG. 2 (color online). Event number distributions of the shal-
low (upper panels) and deep (lower panels) quality bright sample
in 333.5 days are shown for the background (left panels) and
signal (right panels) simulations. The signal distributions are
from GZK 1 model [3] adding all three flavors of neutrinos. The
background distributions are from CORSIKA-SIBYLL with iron
primaries. The series of thick lines in each panel indicate the
final sample selection criteria.

agreement between the simulation and experimental dis-
tributions improves with increasing NPE threshold values
for these events. Events with NPE =< 10* are discarded
from the deep quality bright sample in order to achieve a
reasonable agreement between experimental data and
simulations. Since the majority of the EHE neutrino-
induced events have NPE = 10%, the effect on the signal
efficiency by this requirement is minimal. A fraction of
96% of background is rejected by the cut, while 91% of the
signal is retained. Panel (c) in Fig. 1 shows the NPE
distributions from the deep quality bright sample.

D. Final selection

The final event selection is chosen in order to minimize
the model discovery factor (MDF = p14s/Nyigna) [25] in

TABLE L.
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the region of the phase space where a better signal to
background ratio (S/B) is expected, where w4 is the least
number of events to claim signal discovery at 5o signifi-
cance and Ny, is the number of neutrinos expected from
the GZK 1 [3] model flux. For the shallow events, high S/B
is obtained in the region near the horizontal reconstructed
direction as shown in Fig. 1(b). For the deep events, instead
of reconstructing the inclination of events, we utilize the
time interval, A#; y_g, between the earliest detected photon
in an event and #;  to obtain the best S/B subsample. The
vertical atmospheric muon bundle events with the largest
number of p.e. near the bottom of IceCube are often asso-
ciated with a small number of p.e. in the shallow detector
region much earlier than # . This contrasts to the EHE
neutrino signal events. The main contributions to a detect-
able EHE signal in IceCube come from neutrino-induced
horizontal muons and taus [23]. These produce the largest
number of p.e. signals shortly after the first recorded photo-
electrons. Contained cascadelike events induced by neu-
trino interactions [26] inside the IceCube detector volume
also exhibit a similar trend. Figure 1(d) shows the distribu-
tions in the deep quality bright sample. The best S/B is
achieved in the bin A#;y_g ~ 0 ns. The high rate in the
experimental data for A y_g = 3600 is due to random
noise in the DOMs and remaining coincident muons that
were underestimated by the simulations. The slightly
higher rate for the data in the bin Afy_g ~ 0 ns may
reflect the fact that the ice is cleaner than what was simu-
lated in the deep region. Figure 2 presents the event dis-
tributions in the planes of cosf vs NPE for the shallow
events and Afn_g vs NPE for the deep events.
Optimization is performed by differentiating the NPE
threshold numbers in the region cosf =< 0.3 or Afyn_p =
0.5 us for the shallow and deep quality bright sample,
respectively. The NPE threshold of the other region
(cosf = 0.3 or Afyn_g = 0.5 ws) is conservatively deter-
mined such that the number of background events above the
threshold is less than 10 of the full live time for each bin
of cosf with width 0.2 or 1 s for At; n_g. This improves
the detection sensitivity without sacrificing discovery po-
tential. The solid lines in Fig. 2 are the final level selection
criteria determined from the background (CORSIKA-SIBYLL,
iron) and signal (GZK 1 [3]) Monte Carlo simulations
following a blind analysis strategy. The minimum NPE

Number of events passing cuts at various selection levels with 333.5 days detector live time. The signal rates correspond to

simulations of the GZK 1 model [3]. The errors of the online, offline and quality bright samples are statistical only. Systematic
uncertainties in the expected event rates at the final selection level are given as asymmetric error intervals after the statistical error.

Samples Experimental Background MC (SIBYLL, iron) Signal MC (GZK 1)
On-line 3.7 X107 (3.8 £0.1) x 107 1.8 £ 0.007
Off-line 3.3 X 10° (4.8 £0.2) X 10° 1.2 = 0.006

Shallow Deep Shallow Deep Shallow Deep
Quality 2.9 X 103 1.9 X 10° (4.4=02) X 10° (1.7 £0.2) X 103 0.76 = 0.005 0.43 = 0.004
Final 0 0 0.076 = 0.01270%!  0.032 +0.01070033 039 £ 0.00470%3%  0.18 = 0.002*00%3
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threshold value is 2.5 X 10*. Events with NPE above the
threshold value in each bin are considered to be signal event
candidates. No events above the threshold are found in the
10% subset of the experimental sample. Monte Carlo simu-
lations indicate that a cosmic-ray primary energy of at least
~2 % 10° GeV is required for a muon bundle to be selected
as the final sample. Table I summarizes the number of
events retained in each level of analysis.

IV. THE SYSTEMATICS

Table II summarizes the sources of statistical and sys-
tematic errors in signal and background. The systematic
uncertainties are assumed to have a flat distribution and are
summed in quadrature separately for background and
signal.

The dominant source of systematic uncertainty in the
signal event rate is the relationship between the measured
NPE and the energy of the charged particles. The uncer-
tainty is estimated by calibrating the absolute sensitivity of
the DOMs in the laboratory and by calibrating the in-situ
sensitivity using light sources codeployed with the DOMs
in the ice. The estimation by the latter method involves
systematic errors in the simulation of the photon propaga-
tion in the ice. The uncertainty associated with possible
underestimation in the DOM’s random noise is estimated
by adding artificial random photoelectrons into 10% of the
simulated events. The other uncertainties attributed to the
neutrino interactions [27] and their daughters’ interactions
in the ice are similarly estimated as in the previous
analysis [13].

TABLE II. List of the statistical and systematic errors for
signal (top) and background (bottom) simulations. The uncer-
tainties for the signal are listed relative to the rate estimated for
GZK 1 [3]. The uncertainties in the signal rates vary with
assumed signal spectra. The uncertainties in the background
rate are estimated with CORSIKA-SIBYLL assuming iron compo-
sition.

Sources Signal rate (%)
Statistical error *+0.8
NPE +3.9/-172
Noise —1.8
Neutrino cross section +9.0
Photo-nuclear interaction +10.0
Landau-Pomeranchuk-Migdal effect *1.0

Total: +0.8(stat) + 14.0 — 11.7(sys)
Sources Background rate (%)
Statistical error *17.0

NPE +37.1/ — 46.7

Noise —-2.2

Cosmic ray composition —83.9

Hadronic interaction model +36.1

Coincident events +31.2

Total: +17.0(stat) + 60.4 — 96.0(sys)
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The dominant source of systematic uncertainty in the
background event rates arises from the uncertainty in the
primary cosmic-ray composition at the relevant energies
(>107 GeV) and the hadronic interaction model used in
the simulation of the air showers. The systematic uncer-
tainty associated with the cosmic-ray composition is eval-
uated by considering two extreme cases of atmospheric
muon simulations with either pure iron or pure proton
primary compositions. Similarly, the uncertainty due to
the hadronic interaction model is evaluated using atmos-
pheric muon simulations with two different high energy
hadronic interaction models: SIBYLL 2.1 and QGSJET-IL.
Systematic uncertainties associated with the NPE measure-
ment and the possible DOM noise rate underestimation are
determined in the same manner as for signal events. The
background contribution from possible prompt muons cre-
ated in decays of charmed mesons is negligible. There is
also uncertainty due to statistical limitations of the simu-
lated coincident muon sample at NPE = 10*. This error is
estimated by extrapolating distributions of statistically
richer lower NPE coincident simulation events to the final
selection region. Possible coincident events in the final
sample are also estimated by the temporally and geomet-
rically separated p.e. signals from the main p.e. cluster in
each event. This coincident event check suggested that one
of the two upward-going reconstructed events in Fig. 1(b)
at cos = —0.38 was due to coincident muons. The other
upward-going event (cosf = —0.83) was possibly
neutrino-induced, while the NPE values of both events
were approximately 4300 p.e., a factor of 6 less than the
final threshold value.

V. RESULTS

No events in the blinded 90% experimental data pass all
the selection criteria. This is consistent with the expected
background level of 0.11 = 0.0272% events in a live time
of 333.5 days. The passing rates for experimental and
simulated events at each selection level are listed in
Table I.

The quasidifferential model-independent 90% CL limit
on neutrino fluxes [28] normalized by energy decade is
shown in Fig. 3 assuming full mixing in the standard
neutrino flavor oscillation scenario. In the limit calculation,
the energy decade averaged effective area is used and the
contribution from the Glashow resonance [29] is neglected.
Incorporating the statistical and systematic uncertainties,
the background is expected to be found with a uniform
prior probability between O and 0.19. These uncertainties
are included in the final limit using a method outlined in
[30]. This estimation together with the null result in the
experimental sample gives the Feldman-Cousins 90% CL
event upper limit [31] of 2.35 events. For cosmic neutrinos
with an E~2 energy spectrum, this implies an integral flux
limit of E>¢p = 3.6 X 1078 GeVem 2sec ' sr™! with the
central 90% of the E~2 signal found in the energy interval
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FIG. 3 (color online). All flavor neutrino flux differential limit
and E~2 spectrum integrated limit from the 2008-2009 IceCube
EHE analysis (bold solid lines). The systematic errors are
included. Various model predictions (assuming primary protons)
are shown for comparison: GZK 1 ((m, Z,,x) = (4, 4)) [3], GZK
2 [4], GZK 3 (2, =0.0), GZK 4 (1, =0.7) [5], GZK 5
(maximal) and GZK 6 (the best fit, incorporating the Fermi-
LAT bound) [6]. The gray dashed horizontal line indicates the
Waxman-Bahcall flux bound with cosmological evolution [32].
Model fluxes are summed over all neutrino flavors, assuming
standard neutrino oscillations. The model-independent differen-
tial upper limits by other experiments are also shown for Auger
(PAO) [8], RICE [9], ANITA [11], and the previous IceCube
result (IC22) [13]. Limits from other experiments are converted
to the all flavor limit assuming standard neutrino oscillation and
a 90% quasidifferential limit when necessary. The integral flux
limit on a pure E~2 spectrum is shown for AMANDA-II [12].
For reference, the estimated integrated limit for three years of
observation with the full IceCube detector with the same analysis
strategy is denoted as a gray solid line.

2.0 X 10° — 6.3 X 10° GeV. This result is the first con-
straint of neutrino fluxes below the Waxman-Bahcall (WB)
flux bound [32] in this energy region.

VI. DISCUSSIONS AND SUMMARY

We analyzed the 2008-09 data sample collected by the
40-string IceCube detector to search for extremely-high
energy neutrinos with energies exceeding 10® GeV. The
differential and integral limits obtained are significantly
improved relative to our previous result [ 13]. This is due to
both the increased instrumented volume and improvements
of the Monte Carlo simulations. The improved agreement
between experimental and simulated data allowed a loos-
ening of the NPE threshold in the data selection, thereby
lowering the energy threshold of the analysis and improv-
ing the selection efficiency for high energy signal events
that occurred outside the instrumented volume. This can
also be seen in the corresponding neutrino effective area at
the final selection shown in Fig. 4. Compared to the
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FIG. 4 (color online). Solid angle averaged neutrino effective
area for four declination bands as well as that of the full solid
angle average for (a) v, + v, (b) v, + ¥, and (¢c) v, + 7,
assuming equal flux of neutrinos and antineutrinos. The lower
right plot shows the final level signal event distributions for
333.5 days with the GZK 6 model spectra [6] for each neutrino
flavor.

previous search [13], the effective area is a factor of 6
and 3.3 increased at 3 X 107 GeV and 10° GeV, respec-
tively. The full solid angle averaged 3 flavor (assuming
vV, :v;: = 1:1:1) neutrino effective area reaches 300 m?
at 10% GeV and 2100 m? at 10° GeV. The 90% CL differ-
ential limit at 10° GeV is a factor of ~4 higher than the
fluxes predicted by the models GZK 2 and 5, and a factor of
~8 higher than the flux predicted by the models GZK 1, 4,
6, all of which assume primary protons. This suggests that
the IceCube EHE neutrino search will reach these flux
levels in the near future since the event rate is roughly
proportional to the fiducial volume (see Fig. 3), and the
current analysis used only the half-instrumented IceCube
detector configuration. Further improvements in sensitivity
would enable IceCube to act as a probe of the primary
cosmic ray composition at GZK energies [33].

Figure 4 indicates that a large part of the EHE neutrino
signal is expected from the zenith angle region between
60° and 90°. Upward-going EHE neutrinos are absorbed in
the Earth. The propagation length of secondary muons and
taus is greater than the distance between the surface and the
IceCube fiducial volume. Thus, the inclined particles that
reach the IceCube detector are created in the Earth. For v,,
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TABLE III. Expected number of events in 333.5 days from
several cosmogenic neutrino models and top-down models. The
confidence interval for exclusion by this observations is also
listed where appropriate. The cosmogenic neutrino models
(GZK 1-6) assume the cosmic-ray primaries to be protons and
different spectral indices/cutoff energies at sources as well as
different cosmological evolution parameters and extension in
redshift for the sources. Representative models with moderate
(GZK 3, 4, 6), moderately strong (GZK 1) and strong (GZK 2, 5)
source evolution parameters are listed here.

Models Event rate CL. %
GZK 1 [3] 0.57 R
GZK 2 [4] 091 534
GZK 3 (2, = 0.0) [5] 0.29

GZK 4 (2, = 0.7) [5] 0.47 R
GZK 5 (maximal) [6] 0.89 52.8
GZK 6 (the best fit) [6] 0.43 s
Top-down 1 (SUSY) [22] 1.0 55.7
Top-down 2 (no-SUSY) [22] 5.7 99.6
Z-burst [21] 1.2 66.4
WB bound (with evolution) [32] 4.5 s
WB bound (without evolution) [32] 1.0

the event signatures are produced nearly at the neutrino
interaction points and the current analysis is sensitive to all
downward-going geometries. The peaked features in Fig. 4
(a) and 4(d) at E, ~ 6.3 PeV are due to the Glashow
resonance [29]. Expected signal energy distributions of
GZK 6 at the final selection level are shown in the lower
right panel in Fig. 4. The peak energy of the expected
signal after all selection criteria is at ~7.0 X 10® GeV.
Significant contributions from all neutrino flavors are ob-
served. In the GZK 6 model, 13% of the signal are from v,,
45% are from v, and 42% are from v,. Through-going
tracks (muons and taus) constitute 60% of the signal
rate and the rest are neutrino interactions that create
cascadelike events near and inside the detector volume.
Table III gives the event rates for several model fluxes of
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cosmogenic neutrinos, top-down scenarios, and a pure E~>
power-law neutrino spectrum normalized to the Waxman-
Bahcall flux bounds for reference. We expect 0.3 to 0.9
cosmogenic neutrino events in 333.5 days, assuming mod-
erate to strong cosmological source evolution models. The
half-instrumented IceCube detector is already capable of
constraining those models with relatively high neutrino
fluxes. The IceCube sensitivity to cosmological EHE neu-
trinos continues to grow.
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Constraints on neutrino-nucleon interactions at energies
of 1 EeV with the IceCube Neutrino Observatory
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A search for extremely high energy cosmic neutrinos has been carried out with the IceCube Neutrino
Observatory. The main signals in the search are neutrino-induced energetic charged leptons and their rate
depends on the neutrino-nucleon cross section. The upper limit on the neutrino flux has implications for
possible new physics beyond the standard model such as the extra space-time dimension scenarios which
lead to a cross section much higher than the standard particle physics prediction. In this study we constrain
the neutrino-nucleon cross section at energies beyond 10° GeV with the IceCube observation. The
constraints are obtained as a function of the extraterrestrial neutrino flux in the relevant energy range,
which accounts for the astrophysical uncertainty of neutrino production models.

DOI: 10.1103/PhysRevD.82.103012

I. INTRODUCTION

High energy cosmic neutrino observations provide a rare
opportunity to explore the neutrino-nucleon (¥N) interac-
tion behavior beyond energies accessible by the present
accelerators. These neutrinos interact during their propa-
gation in the Earth and produce energetic muons and taus.
These secondary leptons reach underground neutrino de-
tectors and leave detectable signals. The detection rate is,
therefore, sensitive to neutrino-nucleon interaction proba-
bility. The center-of-mass energy of the collision, /s, is
well above ~10 TeV for cosmic neutrino energies on the
order of 1 EeV (= 10° GeV). This is a representative
energy range for the bulk of the GZK (Greisen-Zatsepin-
Kuzmin) cosmogenic neutrinos, generated by the interac-
tions between the highest energy cosmic ray nucleons and
the cosmic microwave background photons [1].

The N collision cross section can vary greatly if non-
standard particle physics beyond the standard model (SM)
is considered in the high energy regime of /s > TeV. The
extra-dimension scenarios, for example, have predicted
such effects [2,3]. In these scenarios, the virtual exchange
of the Kaluza-Klein graviton [2] or microscopic black hole
production [4] leads to a substantial increase of the
neutrino-nucleon cross section by more than 2 orders of
magnitude above the SM prediction. The effect would be
sizable enough to affect the expected annual event rate
[0(0.1 — 1)] of the GZK neutrinos in the ~km? instru-
mentation volume of an underground neutrino telescope
such as the IceCube observatory. Thereby, the search for
extremely high energy (EHE) cosmic neutrinos leads to
constraints on nonstandard particle physics [5].

The IceCube neutrino observatory has already begun
EHE neutrino hunting with the partially deployed under-
ground optical sensor array [6]. The 2007 partial IceCube
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detector realized a ~0.7 km? effective area for muons with
10° GeV and recently placed a limit on the flux of EHE
neutrinos approximately an order of magnitude higher than
the expected GZK cosmogenic neutrino intensities with
242 days of observation [7]. Since new particle physics
may vary the cross section by more than an order of
magnitude as we noted above, this result should already
imply a meaningful bound on the ¥N cross section. In this
paper, we study the constraint on the N cross section
(o,y) by the null detection of EHE neutrinos with the
2007 IceCube observation. A model-independent bound
is derived by estimating the lepton intensity at the
IceCube depth with the SM cross section scaled by a
constant. The constraint is displayed in the form of the
excluded region on the plane of the cosmic neutrino flux
and o,y. It is equivalent to an upper bound on o,y for a
given flux of astrophysical EHE neutrinos. We also study
the model-dependent constraint on the microscopic black
hole creation by neutrino-nucleon collision predicted in the
extra-dimension scenario [5]. We calculate the fluxes of
leptons propagating in the Earth including the black hole
cross section and the final states to estimate expected event
rate in an equivalent IceCube 2007 measurement as a
function of extraterrestrial neutrino intensity. The null
detection of signal candidates leads to a constraint on
this particular scenario.

There are several works on model-independent upper
bounds of o,y using the observational limit of EHE neu-
trino flux in the literature. References [3,4,8] derived the
bound using the results of horizontal air shower search by
AGASA [9] and Fly’s Eye [10]. References [8,11] set the
limit based upon the flux bound by the RICE experiment
[12]. Our approach in the present study is different mainly
in two respects. The previous works assumed the GZK
cosmogenic neutrino bulk as the guaranteed beam and
deduced the cross section limit using the GZK neutrino
intensity. Here extraterrestrial neutrino intensity is consid-
ered a free parameter. This method is an application of the
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technique to derive the flux limit based upon the quasidif-
ferential event rate [7,12,13], which is independent of
specific neutrino flux models. It is valid when the cosmic
neutrino flux and the cross section o,y do not rapidly
change over a decade of a given neutrino energy. As
EHE cosmic ray composition and their origin are still quite
uncertain, this approach provides more appropriate con-
servative limits on o,y. It also allows estimation of the
minimum intensity of neutrino flux required to constrain
the cross section. Another difference is that the previous
works introduced the simplification that event rate solely
depends on rates of electromagnetic or hadronic cascades
directly initiated by neutrinos inside the effective volume
of the detector. This is in fact a good approximation for the
RICE experiment which is sensitive to radio emission from
shower events. However, underground neutrino telescopes
such as IceCube have larger effective areas for through-
going muons and taus in EHE neutrino search [14-16].
This study of the model-independent limit includes cal-
culation of not just intensities of neutrinos but also the
secondary muon and tau fluxes reaching the detection
volume for a given o,y and includes their contributions
in the overall event rate.

The paper is outlined as follows: First we discuss the
model-independent constraint in Sec. II. The method to
calculate the neutrino and the secondary lepton propaga-
tion from the Earth’s surface to the IceCube detector depth
is described. The fluxes for different strengths of o, are
calculated and the resultant constraint is shown for both
o,y and the cosmic neutrino flux at neutrino energies of 1
and 10 EeV, respectively. Section III describes the con-
straint on the microscopic black hole production by
neutrino-nucleon interaction as an example of the model-
dependent bound on o, y. Fluxes of muons and taus from
evaporation of black holes produced in the neutrino-
nucleon collision in the Earth are calculated. Their contri-
butions, as well as those from contained hadronic showers
induced directly by the evaporation, would give an observ-
able event rate in the IceCube 2007 measurement, and
thereby put constraints on the black hole scenario. We
summarize our conclusions in Sec. I'V.

II. MODEL-INDEPENDENT CONSTRAINT ON THE
NEUTRINO-NUCLEON CROSS SECTION

The flux limit obtained by the present IceCube observa-
tions allows us to place an upper bound on the neutrino-
nucleon cross section in a model-independent manner; new
physics cannot increase o,y too much, otherwise EHE
neutrinos would have produced observable events. As an
underground neutrino telescope is sensitive to not just
shower events induced from neutrinos, but also to
through-going muons and taus generated by the neutrino-
nucleon scattering, one must understand how much fluxes
of these leptons reaching an underground detection volume
is increased with o,y . In this section, we first discuss our
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method to calculate intensities of neutrinos, muons, and
taus at the underground depth of the IceCube observatory
for a wide range of o,y strength, followed by a description
of how they would contribute to the event rate. Finally
the constraint on both o,y and cosmic neutrino flux is
described together with the relevant discussions.

A. The method

Given a neutrino flux at the surface of the Earth, the
neutrino and charged lepton fluxes at the IceCube depth are
calculated by the coupled transportation equations [16]:

@, ~Nao N cc+nedy + [dEl L dn JiI(E})
dX E, dE,
+NA[dE’ d‘;’gNCJ (E.)
+ N, f dE;Z’TN'VCCJI(E;), (1)
%:_NAUINJI #,ZE,JI
+N, [ dE, d””g CCy (EL)+ N, [ dElddo;ifN J(E)
+ c:n dEQ;, Z’;fl J(E), )
where J; = dN,;/dE; and J, = dN,/dE, are differential

fluxes of charged leptons (muons and taus) and neutrinos,
respectively. X is the column density, N, is the Avogadro’s
number, p is the local density of the medium (rock/ice) in
the propagation path, o is the relevant interaction cross
section, dn?/dE is the energy distribution of the decay
products which is derived from the decay rate per unit
energy, c¢ is the speed of light, and m; and T;l are the
mass and the decay life time of the lepton /, respectively.
CC(NC) denotes the charged (neutral) current interaction.
In this study we scale o,y to that of the SM prediction with
the factor Ny, i.6., 0,y = NaeTon. It is an extremely
intensive computational task to resolve the coupled ques-
tions above for every possible value of o,y. To avoid this
difficulty, we introduce two assumptions to decouple the
calculation of J, from the charged lepton transportation
equation. The first is that distortion of the neutrino spec-
trum by the neutral current reaction is small and the other is
that regeneration of neutrinos due to muon and tau decay
and their weak interactions is negligible. These are very
good approximations in the energy region above 10 GeV
where even tau is unlikely to decay before reaching the
IceCube instrumentation volume. Then the neutrino flux is
simply given by the beam dumping factor as

Nocae @y “Xic 3)

JV(EV’ XIC) J (Ew 0)
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where Xic is column density of the propagation path from
the Earth’s surface to the IceCube depth. The charged
lepton fluxes, J;—, ,(E;, X\c), are obtained as

JM‘T(EMYT’ XIC) - NA [ dX[dEM T dE ,LL,T - EM,T)
gSMCC
[dE Nscale dE/
W 1, (E,, 0)e~NeacNX. W
Here dN,, ,/dE, .(E, . — E, ) represents distributions

of muons and taus with energy of E, ; at Xic created by
vN collisions at depth X with an energy E), ;. This is
calculated in the transportation equation, Eq. (2), with a
replacement of J,(E') by Eq. (3).

Calculation of the neutrino and the charged lepton fluxes
with this method is feasible for a wide range of Ny
without any intensive computation. A comparison of the
calculated fluxes with those obtained without the intro-
duced simplification for a limited range of N, indicates
that the relative difference we found in the resultant

Jy u,7(Xic) is within 40%. Since this analysis involves an
order of magnitude of increase in o,y, the introduced
approximations provide sufficient accuracy for the present
study.

Figure 1 shows the calculated intensities of the second-
ary muons and taus for various Ny, factors. Here the
primary neutrino spectrum is assumed to follow the GZK
cosmogenic spectrum and flux calculated in Ref. [17] as-
suming an all-proton cosmic ray composition with a mod-
erately strong source evolution, (1 + z)™ with m =4

4d——— T T T :
L GZKV ,
L E>10PeV i
s 3 A ]
T DL
9 i ! ]
& r ! 1
D i 1 .
g 20 ! 7]
5 r 1 7
® - ! 1
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= | ; ,
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2 L 4
= i -
07 L | .
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cos (Zenith Angle)

FIG. 1 (color online). Integral fluxes of the muon and taus
above 10 PeV (= 107 GeV) at IceCube depth (~ 1450 m) for
GZK cosmogenic neutrinos [17]. The solid lines represent
muons while the dashed lines represent taus. Numbers on each
of the curves are the multiplication factors (Ny.,.) that enhance
the standard vN cross section [19] in the relevant calculations.
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extending to z = 4. One can see that the intensity is nearly
proportional to Ny, as expected since the interaction
probability to generate muons and taus linearly depends
on o,y. It should be pointed out, however, that the depen-
dence starts to deviate from the complete linearity when
the propagation distance is comparable to the mean free
path of neutrinos, as one can find in the case of Ny, = 10
in the figure. This is because the neutrino beam dumping
factor in Eq. (3) becomes significant under these
circumstances.

The flux yield of leptons at the IceCube depth, Y., (I =
v's, w, 7), originating from neutrinos with a given energy
at the Earth’s surface, EY, is given by Eq. (4) for muons and
taus and by Eq. (3) for neutrinos, with an insertion of
J,(E,,0) = 8(E, — E). Here E% denotes a given incom-
ing neutrino energy at the Earth’s surface. The resultant
event rate per neutrino energy decade is then obtained by
[7,12,13],

ldv+u+v

N(E)_Viz 3 dlogE )fdQ

1=v,v,, v, 7

X f dEA(E)YY(E, Ep Xie(Q), Nao), (5)

where A, is the effective area of the IceCube to detect the
lepton /. In the equation above, the [ = u, 7 terms repre-
sent the through-going track events while the contribution
of events directly induced by neutrinos inside the detection
volume is represented by the terms [ = v,, Vys Vi The
effective area for v's, A,, is proportional to o,y i.e., Neqie
so the rate of contained shower events is linearly dependent
on the neutrino-nucleon scattering probability. Note that
the differential limit of the neutrino flux is given by Eq. (5)
for Nyae = 1 with N, = figg which corresponds to the
90% confidence level average upper limit. It calculates an
upper bound of the number of events observed with bin
width of a decade of energy with the condition that energy
dependence of neutrino flux multiplied by the effective
area behaves as ~1/E [4,12]. Limiting o,y in the present
analysis corresponds to an extraction of the relation be-
tween N, and the (unknown) cosmic neutrino flux
Joitv,+v, yielding N, = figg. The obtained constraints
on o,y is represented as a function of J,,E+V#+V1 for a
given energy of Ej. It consequently accounts for astro-
physical uncertainties on the cosmic neutrino flux.

In scenarios with extra dimensions and strong gravity,
Kaluza-Klein gravitons can change only the neutral current
(NC) cross section because gravitons are electrically neu-
tral. Any scenarios belonging to this category can be
investigated by scaling only o in the present analysis.
The event rate calculation by Eq. (5) is then performed for

Y!(Nyue = 1) with the effective area for »’s, A,, enhanced
by (O'SM cC + Nscaleo_il]\vfl,NC)/(o_SM cC gy SM NC) Sll’lCC the

rate of detectable events via the NC reactlon by IceCube
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is proportional to o\G. We also show the constraint in
this case.

B. Results

In this analysis we use the IceCube observation results
with 242 days data in 2007 to limit o, using Eq. (5). No
detection of signal candidates in the measurement has led
to an upper limit of the neutrino flux of 1.4 X
107 GeVem 2sec™'sr™! [7] in the energy range from
3X 107 to 3Xx10° GeV. The effective area A, is
~0.7 km? for u, ~0.4 km? for 7, and 3 X 10~% km? for
v's [7]. Constraints on o,y are then derived with Eq. (5).
The results for E5 = 10° and 10'° GeV are shown in
Fig. 2. Enhancing the charged current cross section by
more than a factor of 30 for E, = 1 EeV (10° GeV) is
disfavored if the astrophysical neutrino intensities are
around ~1077 GeVem 2sec™!sr™!, near the upper
bound of the GZK cosmogenic neutrino bulk. Note that
neutrino-nucleon collision with £, = 1 EeV corresponds
to /s ~ 40 TeV and the present limit on o, would place
a rather strong constraint on scenarios with extra dimen-
sions and strong gravity, although more accurate estima-
tion requires studies with a model-dependent approach
which implements the cross section and the final-state
particles from the collision predicted by a given particle
physics model. Taking into account uncertainty on the
astrophysical neutrino fluxes, any model that increases

107 ey \<|
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.T"—‘ - i
g
I 107 | -
» g E
g E E
2 =
9 i \QQ
£ L
(5]
> L |
%]
<)
1078 | =
N F 3
= r ]
~ [ 4
= r ]
= I ,
10°° b b
10738 10732 1073 10730 107

GyN [cmz]

FIG. 2 (color online). Constraints on the all-flavor sum of
cosmic neutrino flux and the charged current »N cross section
based on the null detection of neutrino signals by the IceCube
2007 observation. The right upper region is excluded by the
present analysis. The horizontal lines provide references of the
expected GZK cosmogenic neutrino fluxes [20] and the vertical
lines correspond to the SM cross section [19].
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FIG. 3 (color online). Constraints on the all-flavor sum of
cosmic neutrino flux and the neutral current #N cross section
for the scenario that only the neutral current reaction is enhanced
by a new physics beyond the standard model. The right upper
region is excluded by the present analysis. The horizontal lines
provide references of the expected GZK cosmogenic neutrino
fluxes [20] and the vertical lines correspond to the SM cross
section [19].

the neutrino-nucleon cross section to produce charged
leptons by more than 2 orders of magnitude at /s ~
40 TeV is disfavored by the IceCube observation.
However, we should point out that the IceCube 2007 data
could not constrain the charged current cross section if the
intensity of cosmic neutrinos in the relevant energy region
is fewer than ~1078 GeVcm 2sec™!sr™!, within the
lower range of prediction for the cosmogenic neutrino
fluxes [18]. Absorption effects in the Earth becomes siz-
able in this case, resulting in less sensitivity to the cross
section. This limitation will be improved for larger detec-
tion areas of the full IceCube detector.

Figure 3 shows the constraints when only the NC cross
section is varied. Enhancement of oy by a factor beyond
100 at /s ~ 40 TeV is disfavored, but this strongly de-
pends on the cosmic neutrino flux one assumes. Because
the NC interaction does not absorb neutrinos during their
propagation though the Earth, the cross section could be
bounded even in the case when the neutrino flux is small,
but the limit becomes rather weak; the allowed maximum
enhancement factor is on the order of ~10°.

III. CONSTRAINT ON THE MICROSCOPIC
BLACK HOLE PRODUCTION

A constraint on a specific physics model that enhances
the neutrino-nucleon cross section is obtained by the same
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FIG. 4 (color online).
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(Left) integral fluxes of the muon and taus above 10 PeV ( = 107 GeV) at IceCube depth ( ~ 1450 m) of the

GZK cosmogenic neutrinos [17] in case of the microscopic black hole creation scenario [5] for (Mp, xmi,) = (1 TeV, 1) (solid line),
(1 TeV,3) (dotted-dashed line). The dashed line corresponds to the intensities obtained by the SM »N cross section [19]. (Right) energy
spectra of the GZK » induced muons and taus at IceCube depth with downgoing [i.e. cos(zenith) = 0] geometry expected by the black
hole model for (Mp, xin) = (1 TeV, 1). The spectra produced by the SM cross section are also shown as dashed lines for comparison.
The curve labeled “Atm w” represents the atmospheric muon intensity estimated by the IceCube observation with its uncertainty

expressed by the two dashed lines [21].

procedure for the model-independent bound, except the
transport equations, Egs. (1) and (2), would have total
and differential neutrino cross section provided by both
SM and the new model. Here we study the model of black
hole creation as a possible consequence of low-scale grav-
ity that may occur if space-time has more than four dimen-
sions. We use the predicted cross section of lack hole
production via the neutrino-nucleon scattering described
by Ref. [5], parametrized by the Planck scale M, the ratio
of the minimal black hole mass to the Planck scale x;,,
and the space-time dimension D = 4 + n. In this paper
n=6 and Mp =1 TeV are assumed as representative
numbers. The resultant cross section may exceed SM
interaction rates by 2 orders of magnitude or even greater.
Therefore, the model-independent bound shown in the
previous section indicated that the 2007 IceCube observa-
tion should be already sensitive to some of the parameter
space in the black hole creation model.

The final states in the neutrino-nucleon scattering in this
model are quite different from the SM case. Black holes
evaporate and generate multiple particles of all kinds,
like leptons, quarks, gluons, and bosons. These products
are distributed according to the number of degrees of
freedom. Consequently, the average number of muons
and taus, Nyyr, are 1/30 of all particle average multi-
plicity N, which is also determined by the specific model.
As N ~ 10 at neutrino energy of E, = 1 EeV, multiple
muon or tau production would very rarely occur. Then the
effective differential cross section do,y/dE,, , in the trans-
port equations (1) and (2) in the black hole model is
represented by

N(E,)
2E,

dG'VN
dE

wT

_ N,u,+7(EV)

- 2 O-VN(EV)

(6)

with 0 =< E,, , = 2E,/N. We take N from Ref. [5] in the
present calculation. In this specific scenario, a muon or a
tau carries a small fraction (1/N ~ 0.1) of incoming neu-
trino energy E, in average, in contrast to the SM collision
that takes away 1 — y ~ 0.8 of neutrino energy by a gen-
erated charged lepton.

Solving the transport equations gives the intensities of
secondary muons and taus, which are shown in Fig. 4. One
can find in the zenith angle distribution (the left panel) that
the intensities are increased by more than 2 orders of
magnitude above the SM case. The large increase of o,y
enhances downgoing event rates while the upgoing muon
and tau rates are more suppressed. The zenith angle distri-
bution is consistent with the original work in Ref. [5]. It
should also be noted that the energy spectra is substantially
modified from those in the SM case (the right panel). The
peak energy is around 1 EeV, an order of magnitude lower
than the SM spectrum, reflecting the fact that a smaller
fraction of neutrino energy is channeled into muons and
taus via the black hole evaporation. The peak happens to
match the most sensitive energy region in the IceCube EHE
neutrino search [7].

Because o,y is solely predicted by the specific model,
the model-dependent constraints on »N interactions is
represented in the plane of extraterrestrial neutrino flux
and the number of events the IceCube 2007 run would
have detected. Figure 5 shows the number of events as a
function of the neutrino intensity at energy of 1 EeV, if the
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FIG. 5 (color online). Number of events as a function of
extraterrestrial neutrino flux at 1 EeV for (Mp, xpin) =
(1 TeV, 1) (solid line), (1 TeV,3) (dashed line). The 90% C.L.
line determined by the Poisson statistics is also shown as a
vertical line for reference.

microscopic black hole evaporation occurs as in Ref. [5].
The Poisson statistics then determine the upper limit of
neutrino flux that can be still consistent with the null
observation by IceCube. It is indicated that the neutrino
intensity of 1077 GeV cm ™2 sec™! sr™! is disfavored in this
scenario. More parameter space of Mp and x,;, will be
further constrained by near future observation with
IceCube whose detection volume is rapidly growing with
an increase of the number of detectors in operation.

PHYSICAL REVIEW D 82, 103012 (2010)
IV. CONCLUSIONS

The IceCube 2007 observation indicated that any
scenario to enhance either the NC or both the NC and
CC equivalent cross section by more than 100 at /s ~
40 TeV is unlikely if the sum of the all three flavors of
astrophysical neutrino fluxes are greater than ~3 X
1078 GeVem 2 sec™ ! sr! in the EeV region. Many mod-
els of the GZK cosmogenic neutrinos exist to predict this
flux range, thus the present constraints limit new particle
physics beyond the SM, unless the extraterrestrial neutrino
intensity is smaller than the expectation. The example of
the model-dependent bound on o,y has been also shown
for the microscopic black hole evaporation scenario. A
high cosmic neutrino intensity constrains the parameter
space of the black hole creation. Future observation by
the rapidly growing IceCube detectors will strongly limit
particle physics models which predict an increase of
neutrino-nucleon interaction probability.
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We report on the results of the search for extremely-high energy neutrinos with energies above 107 GeV
obtained with the partially ( ~ 30%) constructed IceCube in 2007. From the absence of signal events in
the sample of 242.1 days of effective live time, we derive a 90% C.L. model independent differential upper
limit based on the number of signal events per energy decade at Ezqﬁ,,ﬁ,,ﬁm ~ 14X
107 GeV em ™2 sec™! sr™! for neutrinos in the energy range from 3 X 107 to 3 X 10° GeV.

DOI: 10.1103/PhysRevD.82.072003

I. INTRODUCTION

Detection of extremely-high energy (EHE) neutrinos
with energies greater than 10’ GeV may shed light on
the long standing puzzle of the origin of EHE cosmic
rays [1,2]. Several observational results have indicated
that these EHE cosmic rays (EHECRSs) are of extragalactic
origin [3]. Further elucidation of their production mecha-
nism by EHECR observation is, however, limited because
the collisions of EHECR with the cosmic microwave back-
ground photons—known as the Greisen-Zatsepin-Kuzmin
(GZK) mechanism [4]—prevent EHECRs from propagat-
ing over cosmological distances without losing a sizable
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fraction of their energy. On the other hand, cosmogenic
neutrinos [5] produced by the GZK mechanism via photo-
produced 7 meson decay as m" — puTv, — e v,v,
carry information on the EHECR source evolution and
the maximum energy of EHECRs at their production
sites [6].

Detection of these EHE neutrinos is an experimental
challenge because the very low EHE neutrino fluxes re-
quire a very large detector. The large size of the IceCube
neutrino observatory [7], currently under construction at
the geographic South Pole, will make it more effective than
previous experiments in the search for these neutrinos
[8,9]. Interactions of v, v,, and v, and their antiparticles
are observed through the Cherenkov radiation emitted
by secondary particles. In the following, we do not distin-
guish between v and ¥; the simulations and sensitivity
calculations assume an equal mixture of particles and
antiparticles.

In this paper we will describe the first results of a search
for signatures of cosmogenic neutrinos in the 2007 data
acquired by the partially constructed IceCube neutrino
observatory. This analysis selects events which produce a
large amount of light in the detector. Based on simple
criteria, such as the total number of observed Cherenkov
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photons and the results of reconstruction algorithms, it
selects candidate neutrino events. Although Vys Ves and
v, interactions look very different in IceCube, the selection
criteria are sensitive to all three flavors.

II. THE ICECUBE DETECTOR

IceCube is a cubic-kilometer, high-energy cosmic neu-
trino telescope which is currently under construction. It
uses the 2800 m thick glacial ice as a Cherenkov medium.
Cherenkov photons emitted by relativistic charged parti-
cles, notably muons, electrons, and taus produced in
charged current interactions and their secondaries, are
detected by an array of photon sensors, known as digital
optical modules (DOMs) [10]. The DOMs deep below the
ice surface are deployed along electrical cable bundles that
carry power and communication between the DOMs and
surface electronics. The cable assemblies, often called
strings, are lowered into holes drilled to a depth of
2450 m. The DOMs, spaced at intervals of 17 m, occupy
the bottom 1000 m of each string. The strings are arranged
in a hexagonal lattice pattern with a spacing of approxi-
mately 125 m. DOMs are also frozen into tanks located at
the surface near the top of each hole. The tanks constitute
an air shower array called IceTop [11].

The DOMs enclose a down-looking 25 cm photomulti-
plier tube (PMT) [12] with data acquisition and calibration
electronics, light emitting diodes for calibration, and also
data compression, communications, and control hardware
[10] in a 35 cm diameter pressure sphere. Almost all of the
PMTs are run at a gain of 107; PMT saturation effects
become important at signal levels of about 5000 photo-
electrons in a single DOM in 50 ns. When the DOM detects
a photoelectron, it initiates an acquisition cycle, recording
the PMT output with two waveform digitizer systems. The
first system samples every 3.3 ns for 400 ns, with 14 bits of
dynamic range. The second system samples every 25 ns for
6.4 us, with 10 bits of dynamic range. The data acquisition
system is designed such that the first system is sensitive to a
bright photon source at close distance and the second
system captures signal induced by photons emitted at large
distance. This analysis uses the total number of photo-
electrons detected by the PMTs as a measure of the event
energy. For each DOM, the charge used is the one from
whichever system recorded a larger number of photoelec-
trons. Because of the significant DOM-to-DOM differ-
ences in saturation behavior, the current analysis does not
attempt to correct for PMT saturation. So, the signals from
brightly illuminated DOMs are naturally truncated.

IT1. DATA AND SIMULATION

This analysis uses data collected from May 2007
through April 2008, when IceCube consisted of 22 strings
(IC-22; 1320 DOMs) and 52 IceTop tanks. In order to
greatly reduce random noise from radioactivity, in 1C22

PHYSICAL REVIEW D 82, 072003 (2010)

the DOMs only recorded signal waveforms when a local
coincidence condition was satisfied, i.e. when an adjoining
or next-to-nearest neighbor DOM was triggered within
*1 ws. In 2007, the trigger selected time periods when 8
or more DOMs recorded local coincidence signals within
5 ws; when this happened, all hits within a 20 us window
were stored as an event. The average trigger rate was about
550 Hz. The high-multiplicity event sample used in this
analysis imposes an additional condition requiring NDOM
= 80, where NDOM is the number of hit DOMs in an
event. The average high-multiplicity event rate was ap-
proximately 1.5 Hz with a seasonal variation of 17%. A
total of 3.2 X 107 events were tagged as high-multiplicity
during the effective live time of 242.1 days (excluding the
periods of unstable operation).

The high-multiplicity cut reduces the data by a factor of
~3 X 1073 while preserving approximately 70% of the
GZK neutrinos with projected trajectories that pass within
880 m of the center of IceCube. Here, and below, the GZK
signal rates are based on the GZK spectra and flux calcu-
lated by Ref. [6] assuming an all-proton composition with
amoderately strong source evolution, (z + 1)" withm = 4
extending to z = 4.0. Neutrino oscillations modify the
neutrino flavor ratio over the cosmological distances they
travel and the fluxes at the Earth were calculated as in
Ref. [13]. Note that the flavor ratio »,:v,:v, of cosmo-
genic neutrinos at the Earth is different from 1:1:1 as
primary energy spectra of v, and v, produced by the
GZK mechanism are different because of a significant
contribution of v, from neutron decay. This enhancement
was included in the GZK neutrino flux calculations
used here.

EHE neutrinos were simulated with the JULIET package
[9] to generate and propagate the neutrinos through the
Earth. All three flavors of neutrinos were simulated with
energies between 10° and 10'! GeV. The resulting second-
ary muons and taus produced in the neutrino interactions
are propagated through the rock and ice near the IceCube
volume, also by JULIET. Hadronic and electromagnetic
showers are also simulated; all of these showers are treated
as point sources, without accounting for the LPM effect.
The background muon bundles from cosmic rays in the
energy range 10° to 10'° GeV were generated using
CORSIKA [14] version 6.720 with the SIBYLL 2.1 hadronic
interaction model or with QGSJET-II, without charm pro-
duction [15]. The uncertain prompt muon component from
charm decay may contribute to the background events [16].
The muons were propagated through the Earth using MMC
[17]. Departures of observed data distributions from those
of the CORSIKA based background events prompted us to
also develop a phenomenological background model based
on fits to data. Emission of Cherenkov photons and their
propagation in the ice was simulated by the Photonics
package [18]. Measurement of the absolute number of
Cherenkov photons is important in the EHE neutrino
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search as it closely relates to the energy of the high-energy
muons, taus, or electrons produced by EHE neutrinos.
Therefore, the detection efficiency of the DOMs must be
understood with good precision. The primary element, the
PMT, is calibrated in the laboratory using a nitrogen laser
to measure the photon detection efficiency [12]. This bare
PMT data are used in a simulation package which prop-
agates photons inside the glass sphere and the optical gel to
the photocathode surface. The DOM simulation is fol-
lowed by waveform calibration and the trigger condition
is included in the simulation chain.

IV. ANALYSIS

A. Extremely-high energy event signatures
and the initial event filter

The event signatures from v, v,, and v, are very differ-
ent. IceCube mainly detects cosmogenic neutrinos by the
signals from the secondary muons and taus generated in the
neutrino interaction in the rock or ice. At high energies,
these particles are seen in the detector as series of energetic
cascades from radiative energy loss processes such as pair
creation, bremsstrahlung, and photonuclear interactions,
rather than minimum-ionizing tracks. The radiative energy
losses are approximately proportional to the energy of the
muon or the tau, and so is the Cherenkov light yield.
Electron neutrinos produce electromagnetic and hadronic
showers, which are relatively compact sources of
Cherenkov light. Muon and tau neutrinos within IceCube
will also produce a hadronic shower from the struck nu-
cleon, in addition to the muon or tau secondary.

Shown in Fig. 1 is the simulated distribution of the total
number of photoelectrons per event (NPE) recorded by the
the IC-22 detector as a function of the simulated true muon
energy. A clear correlation between NPE and the energy of
particles measured near IceCube is observed. The energies
are sampled at a radius of 880 m from the IceCube center.
This definition of energy is labeled ‘““in-ice energy”’ and
used throughout this paper. The visible departure from
linearity for large NPE stems from the saturation of the
detector during signal capture. Approximately 30% of
EHE signal events are due to neutrino interactions inside
the IceCube detector volume initiating a hadronic or elec-
tromagnetic cascade. The correlation between NPE and
incoming neutrino energy also holds for these events.
Electron neutrinos are detectable via this channel.

Because the energy spectrum of background atmos-
pheric muons (both single muons and bundles) falls steeply
with energy, the GZK neutrino flux should dominate over
background in the high NPE region. Since the through-
going muons and taus induced by EHE neutrinos enter into
the IceCube volume mainly horizontally [8,9], the signal
search criteria are chosen to favor roughly horizontal high
NPE events.

The high-multiplicity NDOM = 80 sample is dominated
by atmospheric background muons. The next step of the
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FIG. 1 (color online). Event distribution from Monte Carlo
simulations of single muons with the IC-22 detector configura-
tions in a plane of NPE and simulated true energy. The muon
energy is given when the muon is 880 meters from the IceCube
center (in-ice energy). The 80 DOM multiplicity cut (level-1 cut)
is applied. The charged lepton energy distribution is assumed to
follow E~! in this plot for illustrative purposes. Only particles
with trajectories intersecting within 880 m from the center of
IceCube array are considered in the plots. More distant events do
not contribute to the data sample.

analysis selects events with NPE > 10*. This reduces the
background by 3 orders of magnitude, leaving 6528 events,
still dominated by background, while the GZK signal
reduction is ~24%.

Table I summarizes the number of events remaining at
each level of the initial filtering. In order to estimate the
background in the very high-energy region, the simulated
data are compared to the experimental data in the region
10* < NPE < 10°. The present analysis follows the blind
analysis technique. In keeping with the IceCube blindness
policy, events with NPE = 10° were not used for determin-
ing the background or setting cuts. This NPE threshold was
chosen so that the possible contribution from signal events
in the studied sample was negligible.

B. High-energy muon background

Bundles of muons generated in cosmic-ray air showers
are the major background for the EHE neutrino signal
search, because multiple muon tracks with a small geo-
metrical separation resemble a single high-energy muon in
the IceCube detector. The multiplicity, energy distribution,
and separation distances for these muon bundles are not
fully understood. Two independent Monte Carlo simula-
tions are carried out to estimate the muon-bundle back-
ground in this EHE neutrino signal search.

The first is the full cosmic-ray air shower simulation
with light and heavy ion primaries using the CORSIKA
(SIBYLL) package [14]. Two extreme cases of composition
are used to address the event rate variation due to the

072003-4

50



FIRST SEARCH FOR EXTREMELY HIGH ENERGY ...
TABLE L
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Number of events at different filter levels for 242.1 days in 2007. The simulation predictions for the atmospheric muon

background using the CORSIKA-SIBYLL package, the empirical model, and that for the GZK cosmogenic neutrino model are also listed
for comparison. Errors shown here are statistical only. Refer to Sec. IVA for the definitions.

Filter levels Observational data ~ Empirical model

CORSIKA (iron) CORSIKA (proton)  Signal (GZK1 [6])

3.195 % 107
6528

Level 1 (NDOM = 80)

Level 2 (NPE > 10%) (6.82 = 0.42) X 10°

(1.84 = 0.08) X 107 (7.71 = 0.45) X 10° (886 = 8.9) X 1073
(1.09 = 0.09) X 10* (1.63 =0.17) X 10* (670 = 7.5) X 1073

uncertainty in the primary cosmic-ray mass population.
While the full air shower simulation includes a calculation
of the production spectra of the multiple muons from
meson decay, the simulation still introduces a large uncer-
tainty because both the primary composition at relevant
cosmic-ray energies (> 107 GeV) and the hadronic inter-
action model are highly uncertain.

The second simulation uses a model relying on a phe-
nomenological fit to part of the experimental high-energy
data. This empirical model approximates multiple muon
tracks in an event by a single high-energy muon which is
adequate at very high energies for the variables used in this
analysis. The single muon approximation predicts larger
fluctuations in NPE due to radiative energy losses of
energetic muons, giving a rather conservative estimate
of the background passing rate. The two independent sets
of simulations with top-down and bottom-up approaches
to describe the observational data complement each other
improving the reliability of the background estimation.

1. Background estimation with CORSIKA

Figure 2 shows distributions for data and simulations at
level-2 for NPE, the reconstructed zenith angle (), and the
center-of-gravity depth of the events (zcog). The CORSIKA
NPE distribution is extrapolated to the higher NPE region.
Extrapolation was necessary mainly because of a lack of
simulated CORSIKA events at primary cosmic-ray energies
above 10' GeV. The extrapolation accounts for the ob-
served GZK cutoff at an energy around 5 X 10'° eV. The
NPE-weighted LineFit algorithm was used to reconstruct

zenith angle in this initial study. The NPE-weighted
LineFit is a simple minimization of x> = X;,NPE;(7; —
Fcog — t;0)?, where t; and NPE; represent, respectively,
the time of the first photoelectron and the number of
photoelectrons recorded by the ith DOM at the position

7 7 — (ZNPEyx; 3NPE;y; 3,NPE,z; 3
7 oand Feog = (E,-NPE, Rz E,NPEi) is the NPE-

weighted position of the center of gravity of the hits. The
fit ignores the geometry of the Cherenkov cone and the
optical properties of the medium and assumes light travel-
ing with a velocity v along a one-dimensional path through
the detector, passing through the center of gravity.

The measured event rates are close to the simulated rates
based on CORSIKA-SIBYLL with iron primaries and above
those based on CORSIKA-SIBYLL proton data in most re-
gions. A significant discrepancy can be found in the rate of
events with cosf = 0.3, i.e. events reconstructed as hori-
zontal or up-going, which is largely underestimated.
Replacing SIBYLL with other hadronization models (e.g.
QGSJET-IT) does not change this behavior. The discrepancy
may be due to a combination of uncertainties in the had-
ronic interaction models, cosmic-ray flux, and Cherenkov
photon propagation in the glacial ice. Since the horizon is
the key region for the EHE neutrino search, the background
estimations were supplemented by an empirical model fit
to a subsample of the data.

2. Construction of an empirical model

The empirical model is optimized to match the level-2
experimental data (10* < NPE < 10%). The possible signal
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FIG. 2 (color online).

Event distributions for NPE, cosine of reconstructed zenith angle, and the NPE-weighted mean depth of

event (zcog) for observational and the background Monte Carlo simulation data. The black dots represent observational data after the
NPE > 10* cut, red for CORSIKA proton (SIBYLL), magenta for CORSIKA iron (SIBYLL). Green shaded regions represent distributions
obtained with the empirical model with the size of shade expressing the uncertainty of the model. See text for the details.
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Event distributions from the level-3 samples as functions of NPE (left) and zcog (right). The black dots

represent observational data, green boxes represent the empirical model including uncertainty. Red and magenta lines are CORSIKA
samples with SIBYLL interaction model and proton and iron primaries, respectively. The left panel also includes the expected NPE
distribution of events induced by the cosmogenic neutrinos [6] shown by the blue line for reference.

region (NPE = 10%) is not used to avoid bias. The model
provides a relation between the NPE of an event and the
cosmic-ray primary energy. Its convolution with the
cosmic-ray flux then gives the event rate with a given
NPE. The cosmic-ray flux used in the present analysis is
taken from the compilation in Ref. [2].

The model is based on the so-called Elbert formula [19]
which parametrizes the mean multiplicity of muons with
energies above a certain threshold £,

B )
o Ey cost'\ Eg

Ep = 14.5 GeV,

- AEﬂ)ﬁ

E, (1)

where A, E,, and ' are the mass number, the energy, and
the zenith angle of the primary cosmic ray [20]. The energy
weighted integration of the formula relates the total energy
carried by a muon-bundle Eﬁ to the primary cosmic-ray
energy E,

5 _ [Eo/A dN,, A a [Ae\-atl
E,u.= E,udE/,L:ET—/f — ,
e dE, cosf' a — 1\E,

@)
assuming AE, /E, << 1. Here, € is empirically determined
by fit to the observed data. Assuming its corresponding
energy at the IceCube depth, €™ ¢ is independent of
zenith angle, € (and thereby Eﬁ) can be calculated as a
function of zenith angle by taking into account the energy
loss during propagation through the Earth. The optimiza-
tion of the two parameters a and €"7i¢¢ is performed by
comparing the observed data to simulation of a single high-
energy muon with energy of Eﬁ in the NPE and zenith
angle space, independently. A = 1 is assumed in the opti-
mization. The event distributions derived from the empiri-
cal model with optimized parameters (o = 1.97 and
emice — 1500 GeV) are given in Fig. 2. The green shaded
region in the plot is obtained by allowing the model pa-
rameters to vary within £ 1o from their optimized values.

The discrepancies of zcog at large depths for the empirical
model and at small depths for CORSIKA/iron seem to be due
to vertical, down-going events because a restriction of the
zenith angle, cosf < 0.8, improves the agreement in both
cases. Since the majority of the EHE neutrino induced
events is close to the horizon we can discard all events
with cosf < 0.8 without significant loss of signal effi-
ciency (level-3 cut). The resulting distributions are shown
in Fig. 3.

C. Search for EHE cosmogenic neutrino signal

The level-4 cut to eliminate the muon background is
carried out in the NPE-cosf (NZ) plane. In accordance
with the requirements of blindness, the cuts are finalized on
simulated events alone without referring to real data.
Because the optical properties of the glacial ice vary sig-
nificantly with depth [21], and because the changing ab-
sorption and scattering lengths affect what IceCube
observes, the final cuts are chosen to be depth dependent.
The cuts are chosen based on the depth of the weighted
center of gravity of the event, zcog. The distribution of
events in the NZ plane depends on zcog. We divide the
events into two groups according to their zcqg as follows:

region A: — 250 < zcog < —50 m  and

Zcog = 50 m,

region B: zcog < —250 m and

- 50 < 2C0G < 50 m.

As seen in Fig. 4, region B contains a large number of
horizontal and up-going mis-reconstructed background
events, whereas the fraction of such events in region A is
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Region A: Experimental data (2007)

PHYSICAL REVIEW D 82, 072003 (2010)

Region A: Background MC (CORSIKA)

Region A: Background MC (empirical) Region A: GZK signal MC
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FIG. 4 (color online). Event number distributions passing the level-2 selection cut (NPE > 10*) of the experimental data (left), the
background from the empirical model (middle left), the background from CORSIKA-SIBYLL with iron primaries (middle right), and the
signal (right) on the NZ plane at the IceCube depth. The upper (lower) panels show the distributions in the region A (B). The GZK
neutrino flux [6] determines the event intensity in the signal Monte Carlo plot, adding all three flavors of neutrinos. The series of thick

lines in each panel indicates the level-3 (cos(#) < 0.8) and the final level-4 cuts.

very small. Figure 4 also shows the distributions of the
experimental data and the simulated GZK neutrino induced
signal events. The latter clearly accumulate near the hori-
zontal direction regardless of the zcog position and have on
average larger NPE than the background sample. The
selection criteria to separate signal from background are
determined for region A and region B separately: For each
bin of cos@ (width 0.1), a threshold NPE is set such that the
number of background events above the threshold is less
than 10~%. Tighter cuts to further reduce the background
would also reduce the signal to an undesirable degree. The
NPE thresholds in all the zenith angle bins are then con-
nected to each other to form a series of lines on the NZ
plane, defining the final level-4 cut, as drawn in Fig. 4. The
cuts were optimized using the empirical model for back-
ground simulations, so we used extrapolated CORSIKA/iron
data as a check of the final background level. Figure 4 also
shows the distribution of background events in the NZ
plane from the extrapolation. Table II summarizes the

TABLE II.

number of events remaining in the analysis after each of
the cut levels.

The effective area as a function of energy at Earth’s
surface for each neutrino flavor is shown in the left panel
of Fig. 5, averaged over all solid angles. The area in-
creases with the energy owing to the increasing neutrino
interaction cross sections and the increased probability of
observing the interactions, which is different for each
flavor.

At low energies, most of the v signal comes from events
where the v, interacts in the detector, or the 7 decays in it.
At higher energies, 7 energy loss becomes large enough
that through-going taus also pass the cuts. Contributions
from v, and v, dominate over v, in the energy range
above ~10% GeV, as the secondary produced muons and
taus can travel long distances to reach the detection vol-
ume. This trend is reversed at lower energy where tau and
muon energy losses are smaller, and »,’s can deposit all of
their energy into the detector volume. The effective area

Number of events at analysis filter levels for 242.1 days in 2007. The simulation predictions for the atmospheric muon

background using the CORSIKA-SIBYLL package, the empirical model, and that for the GZK cosmogenic neutrino model are also listed
for comparison. Errors shown here are statistical only. See Secs. IV B and IV C for details.

Analysis filter levels Observational data ~ Empirical model

CORSIKA (iron) CORSIKA (proton)  Signal (GZK1 [6])

Level 3 (cos(f) < 0.8) 2014
Level 4 (EHE v search) 0

(2.65 = 0.21) X 103

(2.68 =0.19) X 103
(6.32 = 1.37) X 107* (4.18 = 1.29) X 10* (1.44 * 0.58) X 1074 (155 = 1.4) X 1073

(4.16 = 0.40) X 10* (620 = 7.3) X 1073
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FIG. 5 (color online). The effective area of IC-22 for EHE
neutrino search. The left panel shows the 47 solid angle aver-
aged area as a function of neutrino energy at the Earth surface.
The right panel shows the corresponding effective area for
particles at 880 m from the IceCube center entering into the
IC-22 fiducial volume. Muons and taus in this plot are secondary
particles produced by neutrinos before reaching the neighbor-
hood of the detector array. The energy here are defined as in-ice
energy.

for v, is larger than that for v, at low energies, because of
the events where taus decay inside the detector. At the
highest energies, because of the larger mass of taus and
increase of the tau decay time with energy, the tau range is
longer than that of muons, leading to a larger effective area.

The right panel in Fig. 5 shows the effective area as a
function of the in-ice energy (’’in-ice area’’). It represents
the probability of detection of incoming particles with the
present analysis. The area for incident muons and taus
gradually increases with energy but is limited essentially
by the physical cross section of the IC-22 array, ~0.5 km?.
Because the Cherenkov yield of taus is smaller than muons
with the same energy due to the smaller radiative energy
loss, the detection probability of incident taus is lower,
leading to the smaller in-ice area. Incoming neutrinos must
interact to yield Cherenkov light to be detected. Therefore,
the neutrino effective area becomes much smaller than that
for muons or taus.

TABLE III. Expected event numbers passing the final level-4
selection criteria in the 2007 IC-22 observation. Models include
the GZK models [6,22,23] and the Z-burst model [24]. The
predictions are normalized to a live time of 242.1 days. Signal
event numbers represent the sum over all three neutrino flavors.
The first uncertainty is the statistical uncertainty determined by
signal simulation statistics, and the second is the total systematic
uncertainty from sources discussed in Sec. V.

Models Number of Events per 242.1 days
GZK1 [6] (155 = 1.473) x 1073
GZK2 [22] (248 £2.3132) x 1073
GZK3 [23] (83 = 0.8+ x 1073

Z-burst [24] (398 +3.4+63) x 1073

PHYSICAL REVIEW D 82, 072003 (2010)

The expected number of signal events for various neu-
trino production models after the level-4 cut are summa-
rized in TABLE III. GZK1 [6] represents the case of a
moderately strong source evolution, (z + 1) with m = 4
extending to z = 4.0, while GZK2 [22] assumes m = 5 up
to z = 2.0, and GZK3 [23] uses m = 3 with a slightly
different parametrization and a cutoff structure.

V. THE SYSTEMATICS

This search is based on the eventwise NPE and recon-
structed zenith angle. The main systematic uncertainties
derive from (1) the necessity to extrapolate the empirical
fit to data by approximately an order of magnitude in NPE
to estimate the background rate at the highest energies and
from (2) the uncertainty of the absolute NPE scale. Table IV
lists the sources of statistical and systematics errors.

A. Uncertainties in the background rate estimation

The largest uncertainty in the background rate estimate
arises from the fact that the parameters of the empirical
model were optimized for the observed events with 10* <
NPE < 107 after level 2 selection. The limited statistics of
this sample results in uncertainties on the parameters. The
model was then extrapolated to a higher NPE region for the
determination of the level-4 cut.

Allowing the parameters to vary within =10 changes
the background rate by between —59% (for the softest
possible NPE spectrum after the level-4 cuts) and +99%
(for the hardest possible NPE spectrum). Uncertainties in
the detector sensitivity are incorporated by the parametri-
zation. The difference in the background level estimated
with the extrapolated CORSIKA/iron and the empirical
model can be taken to indicate the level of systematic
uncertainty due to model dependence. This uncertainty is
approximately *15% and can be assumed to include the
possible contribution from charm decay. An uncertainty
associated with the high-energy hadronic interaction
model is evaluated using simulated muon-bundle intensity
from SIBYLL and QGSJET-II with iron primaries and found to
be +4%, which is negligible. An additional uncertainty of
~17% arises from the seasonal variation of the atmos-
pheric muon rate as the signal selection criteria are based
upon the season-averaged data.

B. Uncertainties of the signal rate estimate

The uncertainty in the relationship between measured
NPE and the energies of charged particles is the largest
systematic error affecting the signal event rate. It is the
consequence of our limited understanding of the detector
sensitivity, the photon propagation in ice, and the detector
response to bright signals. It is evaluated using absolutely
calibrated in situ light sources and amounts to a possible
overestimation of NPE in simulation by 18.5%, which
leads to decrease of the GZK signal rate by ~21%.
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TABLE IV. List of the statistical and systematic errors. The signal rate is estimated by
assuming the high evolution flux (m, Z,,,,) = (4,4) in Ref [6].

Error source Background rate Signal (GZK) rate

PHYSICAL REVIEW D 82, 072003 (2010)

Statistical error *+22% +0.9%
Detector sensitivity S *8%
Yearly variation *17% s
Empirical model +99/ — 59%

Background model dep. *15% s
NPE yield cee +0/ —21%
Neutrino cross section *+9%
Photonuclear interaction +10%
LPM effect ce *+1%
Total +22% (stat.) +0.9% (stat.)

+102/ — 63% (sys.)

+16/ — 26% (sys.)

Uncertainties of the relevant particle interactions in the
EHE regime also add systematics in the signal rate esti-
mation. The expected event rate scales nearly linearly with
the neutrino-nucleon inelastic cross section in the EHE
range. This scaling has been confirmed by numerical stud-
ies, artificially increasing the cross section. The cross
section uncertainty has been recently reduced to be around
*9% with the inclusion of the most recent data from
HERA and modern parton distribution functions [25].
Another systematic error arises from the photonuclear
cross section of EHE muons and taus. The present calcu-
lation used the model by Bugaev and Shlepin [26], rewrit-
ten in Ref. [27], that includes a relatively reliable soft
nonperturbative component and a less certain hard pertur-
bative part. Ignoring the hard component in the simulation
gives the most conservative estimate of the uncertainty and
leads to a 10% event rate increase. The suppression of
bremsstrahlung and pair production due to the LPM effect
[28], for the relevant electron energies of 10°710 GeV,
increases the effective radiation length of the electromag-
netic cascade to O(30-100) m from ~36 c¢m [29]. Because
the value is still comparable to the IceCube DOM separa-
tion, and the contribution from », constitutes = 20% of the
total event rate in this energy range, the LPM effect has a
negligible impact on the event rate. This has been con-
firmed by a special simulation study on v, including the
LPM cascade elongation.

VI. RESULTS

No events are observed in the final data sample taken in
2007 with a live time of 242.1 days when applying the final
level-4 selection criteria, which is consistent with the ex-
pected number of background events of 6.3 X 107 We
choose to present the resulting all flavor EHE neutrino
upper limit in the quasi-differential form independent of
the neutrino production model. Assuming full mixing due
to oscillations, the experimental 90% confidence level
upper limit is obtained by setting 2.44 events [30] for an
upper bound of the number of events observed with bin

width of a decade of energy with condition that energy
dependence of neutrino flux multiplied by the effective
area behaves as ~1/FE [31]. This limit is presented in
Fig. 6 including the systematic errors. The plot indicates
that the EHE neutrino search by the IceCube observatory is
most sensitive to the neutrinos with energies on Earth’s
surface ranging between about 10® and 10° GeV. The
absence of signal events in the sample of 242.1 days of
effective live time results in a 90% C.L. differential upper
limit on the neutrino flux of E2¢Ve+,,#+,,7 ~ 14X

107° GeVem 2sec™ !sr™! on average for neutrinos with

107
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FIG. 6. The all flavor neutrino flux differential limit from the
IC-22 EHE analysis (filled circles). The systematic errors are
included. Also the various model predictions are shown for
comparison: GZK model 1 [6] (short dashed line), GZK model
2 [22] (dotted line), GZK model 3 [23] (long dashed line),
Z-burst model [24] (dashed dot line). The model independent
differential upper limits by other experiments are also shown for
Auger [32] (open triangles), RICE [31] (crosses), ANITA [34]
(open squares), AMANDA [35] (thombi). Limits from other
experiments are converted to the all flavor limit assuming full
mixing neutrino oscillations and 90% C.L when necessary.
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an energy of 3X 10" =E=3X10°GeV. Here
¢,,€+V#+,,7 denotes the differential flux of the sum over

all three neutrino flavors, i.e. number of neutrinos per unit
energy, area, time and solid angle.

The quasi-differential limit in Fig. 6 takes into account
the systematic uncertainties. The background rate stays
negligible O(1073) even including the systematic uncer-
tainty and the resultant upper limit is unchanged. The
signal rate uncertainty is strongly dominated by the uncer-
tainty of the NPE yield which influences the number of
expected signal events as a function of the neutrino energy.
The upper limit is calculated by reducing NPE by 18.5% in
the signal simulation to account for this factor. All the
other sources of systematic error only slightly change the
signal passing rate; they are independent of energy. They
are included in the analysis by uniformly scaling the
effective area in the limit calculation.

The present limit is approximately a factor of 20-30
higher than the intensity range expected in the GZK cos-
mogenic neutrino production models [6,22,23], as one can
see in Fig. 6. The current limit for 242.1 days of observa-
tion is comparable to the Auger [32] and HiRes [33]
bounds by their multiple year operation.

VII. CONCLUSIONS

The present work has demonstrated that the IceCube
neutrino observatory is capable of searching for signatures
of EHE cosmogenic neutrinos with relatively straightfor-
ward event selection methods. The model independent
differential upper limit obtained with 242.1 days of
observation in 2007, with approximately one quarter
of the completed detector is E2¢,,E+,,#+,,T ~ 1.4 X

107°GeVem 2sec™!sr™! for neutrinos with an energy
of 3 X 10" = E = 3 X 10° GeV. This is approximately a

PHYSICAL REVIEW D 82, 072003 (2010)

factor of 20 higher than the predicted GZK neutrino flux
from relatively strongly evolved sources. In the future, data
taken by IceCube with 40 to 86 strings operating should
lead to a detection of cosmogenic neutrinos or a greatly
improved limit.
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Over 5000 PMTs are being deployed at the South Pole to compose the IceCube neutrino observatory.
Many are placed deep in the ice to detect Cherenkov light emitted by the products of high-energy
neutrino interactions, and others are frozen into tanks on the surface to detect particles from
atmospheric cosmic ray showers. IceCube is using the 10-in. diameter R7081-02 made by Hamamatsu

Keywords: Photonics. This paper describes the laboratory characterization and calibration of these PMTs before
PMT deployment. PMTs were illuminated with pulses ranging from single photons to saturation level.
NeUtfﬁno Parameterizations are given for the single photoelectron charge spectrum and the saturation behavior.
Cosmic rays Time resolution, late pulses and afterpulses are characterized. Because the PMTs are relatively large, the
lcclferenkov cathode sensitivity uniformity was measured. The absolute photon detection efficiency was calibrated

using Rayleigh-scattered photons from a nitrogen laser. Measured characteristics are discussed in the
context of their relevance to IceCube event reconstruction and simulation efforts.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

IceCube [1,2] is a kilometer-scale high energy neutrino
telescope currently under construction at the geographic South
Pole. A primary goal is to detect high energy neutrinos from
astrophysical sources, helping to elucidate the mechanisms for
production of high energy cosmic rays [3].

* Corresponding authors. Tel.: + 608 8900577.
E-mail addresses: mase@hepburn.s.chiba-u.ac.jp (K. Mase),
chris.wendt@icecube.wisc.edu, chwendt@icecube.wisc.edu (C. Wendt),
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D-91058 Erlangen, Germany.
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di Fisica, [-70126 Bari, Italy.

3 Affiliated with School of Pure and Applied Natural Sciences, Kalmar
University, S-39182 Kalmar, Sweden.

4 NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA.

IceCube uses the 2800 m thick glacial ice sheet as a Cherenkov
radiator for charged particles, for example those created when cosmic
neutrinos collide with subatomic particles in the ice or nearby rock.
Neutrino interactions can create high energy muons, electrons or tau
particles, which must be distinguished from downgoing background
muons based on the pattern of light emitted. The Cherenkov light
from these particles is detected by an embedded array of Digital
Optical Modules (DOMs), each of which incorporates a 10 in. diameter
R7081-02 photomultiplier tube (PMT) made by Hamamatsu Photo-
nics. The DOMs transmit time-stamped digitized PMT signal wave-
forms to computers at the surface.

The finished array will consist of 4800 DOMs at depths of
1450-2450m, deployed at 17 m intervals along 80 vertical cables,
which in turn are arranged in a triangular lattice with a horizontal
spacing of approximately 125 m. An additional 320 DOMs will be
frozen into 1.8 m diameter ice tanks located at the surface to form
the IceTop array, which is designed for detection of cosmic ray air
showers. The geometrical cross-sectional area will be ~ 1km?
and the volume of ice encompassed will be ~ 1km°. Another 360
DOMs will be deployed in a more compact geometry (“Deep Core”
[4]) using PMTs almost identical to those described here but with
a higher efficiency photocathode.
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In this paper we describe measurements characterizing and
calibrating IceCube PMTs, and discuss their relevance to detector
performance and event reconstruction. First we describe the
signals of interest in Section 2. Section 3 briefly describes the
DOMs in which IceCube PMTs are deployed. Section 4 describes
selection and basic features of the PMT, including the dark
noise rate. Section 5 presents the design of the HV divider circuit.
Sections 6-9 discuss characteristics of the PMT in the photon
counting regime, starting with single photon waveforms and
charge distributions. Time resolution is studied with a pulsed
laser system. Uniformity of the photon detection response on the
photocathode area is measured by scanning the entire cathode
surface with a UV LED. Absolute efficiency calibration of the
IceCube PMTs is carried out using Rayleigh-scattered light from a
calibrated laser beam. Sections 10-11 describe response to bright
pulses of light, including saturation behavior and afterpulse
characteristics.

2. Characteristics of optical signals in IceCube

We begin by summarizing what the PMTs are supposed to
detect, namely the optical signals generated by neutrinos in
IceCube [1,2]. Of particular relevance are the amplitudes and
widths of the pulses, requirements on time resolution, and how
the pulses are used to reconstruct physics events or reject
backgrounds.

In detection of a high energy v, by IceCube, the neutrino
interaction creates a muon that traverses kilometers of ice and
generates Cherenkov light along its path. Above 1TeV, the muon
loses energy stochastically to produce multiple showers of
secondary particles, resulting in an overall light yield proportional
to the muon energy [5,6]. Most light is emitted near the
Cherenkov angle, which is 41° away from the track direction.
The arrival times of detected photons depend on the position of
each DOM relative to the muon’s path. For close DOMs, most
photons arrive in a pulse less than 50ns wide, in which the
earliest photons have traveled straight from the muon track
without scattering. Significant scattering accumulates along
photon trajectories with a characteristic length scale of about
25m [7], so light pulses lengthen with distance and reach 1 ps
(FWHM) for DOMs 160 m away from a muon track. Depending on
primary energy and distance from the track, each PMT can see
single photons or pulses ranging up to thousands of photons.

Event reconstruction [1,2,8] builds on principles established
for the predecessor array, AMANDA [9,10]. The observed PMT
waveforms from individual DOMs are correlated and built into
events, which are fitted to physics hypotheses using the
maximum likelihood method. Each fit has access to the complete
pattern of light amplitude and timing seen by the DOMs, and
accounts for the DOMs’ time response and optical sensitivity as
well as time dispersion and optical attenuation introduced by the
ice. The fit gives the direction and energy of the muon, which in
turn characterizes its parent neutrino.

The observed light pattern is also used to distinguish the rare
neutrino events from the large background of muons created in
cosmic ray air showers, which are 10® times more numerous. For
this the reconstructed direction is key, because neutrinos can
come from any direction, even up from below, but the background
muons are downgoing. A small fraction of background events can
be misreconstructed in direction, thereby appearing to come from
neutrinos, but the pattern of detected light will generally be a
poor match compared to expectations for a properly recon-
structed track. Misreconstruction can be aggravated by additional
muons from the same shower or other coincident showers. This
separation between signal and background is accomplished by
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evaluating relative probabilities on an event-by-event basis, and
is aided by good time and amplitude resolution as well as by low
PMT noise rates.

Similar principles apply to other types of high energy neutrino
interaction. Instead of a muon, an electron can be created that
loses its energy in a few-meter-long particle shower [11]; on the
scale of IceCube, such a shower appears almost like a point source
of Cherenkov light. For a sufficiently energetic neutrino, the light
can be detected hundreds of meters away, and nearby DOMs can
see enough light to drive their PMTs into the nonlinear saturation
regime. Therefore proper modeling of saturation behavior is
needed for good reconstruction and background rejection.

Design studies [2] for important physics goals have shown that
sufficient reconstruction quality is achieved for a PMT timing
resolution of 5 ns, low-temperature noise rate below 500 Hz, and
effective dynamic range of 200 photoelectrons per 15 ns.

In the case of lower energy (MeV) neutrinos from supernovae,
IceCube cannot resolve individual interactions. Instead, supernovae
would be detected as a momentary increase in the collective photon
counting rate for the whole array, corresponding to a large number
of neutrino interactions within a few seconds. The dark noise rate of
the PMTs is particularly important here, because it dictates the
statistical significance of any excess count rate.

IceTop uses DOMs identical to those in the deep ice. Here the
signals arise from muons, electrons and gamma rays in cosmic ray
air showers [12]. These particles deposit energy in the ice tanks
housing the DOMs, resulting in light pulses up to several hundred
nanoseconds long. The arrival times and amplitudes in the surface
array are then used to reconstruct the shower core position,
direction, and energy. An overall timing resolution of 10ns
provides pointing accuracy of about 1°. The PMT pulses range
from single photoelectrons at the periphery of showers to 10°
photoelectrons for a 1 EeV shower that strikes within the array. To
achieve the implied dynamic range, each tank contains two DOMs
operating at gains differing by a factor 50.

3. The IceCube optical detector: DOM

The Digital Optical Module is the fundamental element for
both optical detection and data acquisition in IceCube [2,13,14]. It
contains a 10in. diameter PMT supported by coupling gel, the
PMT high voltage generator and divider circuits, an LED flasher
board used for calibration of the array geometry and study of ice
properties, and the DOM mainboard which contains the analog
and digital signal processing electronics [14]. The PMT is
surrounded by a p—metal grid to shield it from the terrestrial
magnetic field and improve the PMT performance. All systems are
housed within a pressure sphere made of 0.5in. thick glass,
capable of withstanding pressures to 70 MPa. The glass and gel set
the short wavelength cutoff of the DOM at about 350 nm, where
the PMT by itself is still relatively efficient.

Strings of DOMs are deployed into water columns that have
been melted by a hot-water drill. After refreezing, DOMs are
optically well coupled to the surrounding glacial ice. Signal and
power connections between the DOMs and the surface are
provided by copper twisted-pair wires bundled together to form
the main cables. PMT signals are digitized on the mainboard,
buffered in memory, and sent to the surface upon command of
surface readout processors.

4. PMT selection and dark noise rate

A number of large-area PMTs are commercially available and
have been used successfully to instrument large volumes in other
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experiments. IceCube selected the R7081-02 made by Hamamatsu
Photonics, emphasizing the criteria of low dark noise and good
time and charge resolution for single photons. Some manufac-
turer’s specifications are shown in Table 1, and more detailed
measurements are described in the following.

The nominal gain of 107 was chosen to give single photon
pulses around 8 mV, which is well above the digitizer precision
and other electronic noise levels (both ~ 0.1 mV). Aging was not a
concern for gain selection, since at the expected noise rates, the
corresponding total charge delivered by each deep-ice PMT will
be less than 1 C after 20 years (or 100 C for IceTop). Tubes with 10
and 12 stages were evaluated, with the 10 stage options showing
a better peak-to-valley ratio at this gain. Lower gains of 5 x 10°
and 10> were chosen for IceTop PMTs because air shower pulses
generally comprise many photon detections.

The R7081-02 has 10 linear focused dynode stages and
achieved the nominal gain of 107 at about 1300V in our tests
with the recommended divider ratios (observed range 1050-
1600V for 3744 PMTs). Its 10in. diameter photocathode is
composed of the standard bialkali material (Sb-Rb-Cs, Sb—K-Cs)
with a peak quantum efficiency of approximately 25% at 390 nm.
With a borosilicate glass envelope, the spectral response [16] is a
good match to the spectrum of Cherenkov light after propagation
through ice [7], especially considering the 350 nm cutoff of the
housing.

In response to IceCube requirements, the supplied R7081-02
units were manufactured with a custom low radioactivity glass.
The resulting dark count rate at low temperatures is close to
300Hz in the —40 to —20 °C range of greatest interest for IceCube
(Fig. 1). The higher room temperature rate can be attributed
mostly to cathode thermionic emission, which is suppressed at
low temperature. The low temperature rate is believed to be
dominated by radioactive decays plus scintillation in the PMT
glass envelope, and shows a rise with decreasing temperature
similar to that reported in other studies [17]. The association of
this rate with decays is supported by time correlations observed
on scales up to 1 ms, as can result from delayed particle capture or
de-excitation of states created by decays. It is also supported by
the observed effect of taping: for these measurements, the entire
outside surface of the PMT glass was covered in black vinyl tape,
pulled tightly against the glass to avoid bubbles. The taping is
observed to reduce the low-temperature noise rate by about half.
The reduction is attributed to absorption of outward going decay
photons, which can otherwise be channeled to the photocathode
via internal reflection. The taped result is appropriate for PMTs
installed in IceCube DOMs because they are optically coupled to
gel (then glass and ice) where the refractive index matches better
than it does for air.

The low dark rate allows IceCube to record all events that
satisfy simple multiplicity conditions, and is particularly impor-
tant for observation of any galactic supernova event. Such a
supernova could yield about 10° excess photon counts in IceCube
over a few seconds [18]. The single-PMT dark rate, multiplied by
the number of PMTs, contributes a background rate of
1.5 x 108 Hz, with a similar contribution from decays in the

Table 1
Hamamatsu specifications for the R7081-02 PMT (typical) [15].

Spectral response 300-650 nm
Quantum efficiency at 390 nm 25%

Supply voltage for gain 107 1500V
Dark rate at —40°C 500 Hz
Transit time spread 3.2ns
Peak to valley ratio for single photons 2.5
Pulse linearity at 2% deviation 70mA
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Fig. 1. Dark count rate versus temperature for a sample IceCube PMT covered with
black tape (see text). Rates were recorded after a settling time of 12h of dark
operation at gain 107 and discriminator threshold 0.25 times the single
photoelectron peak. An artificial deadtime circuit rejected additional hits within
6ps of each count, including about half of all afterpulses (Section 11). The
contribution from cosmic rays ( <5Hz) has not been subtracted.

DOMs’ glass housing. The excess from a supernova would be
easily observed above this background, even including the details
of its time structure.

On the other hand, a high energy neutrino event creates optical
pulses distributed over 3 ps, with most information contained
within a time window less than 300ns wide in each DOM.
Because this window is so short, the low PMT dark rate implies
that only 1% of muons would be accompanied by a relevant noise
count among the 100 DOMs closest to the track, and many of
these DOMs detect multiple signal photons. Therefore the
degradation of reconstruction and background rejection is very
small. The dark noise rate has even less effect for IceTop DOMs,
due to higher thresholds and coincidence requirements.

5. High voltage divider circuit

The relative dynode voltage ratios for R7081-02 have been
optimized by Hamamatsu to achieve a maximum collection
efficiency while achieving 107 gain between 1050 and 1600V.
Our high voltage subsystem design fulfills the additional require-
ments of low power consumption, long-term reliability, and
sustained response to very bright pulses lasting up to a
microsecond.

The dynode voltages are provided by a passive resistive divider
with a total resistance of 130 MQ (Fig. 2). The rather high total
resistance is chosen to minimize power consumption, which is an
important economic consideration for operations at the South
Pole. A custom, compact, high voltage generator [19] that is both
low power ( <300mW) and low noise ( <1 mV ripple, peak-to-
peak) is used in conjunction with the passive divider.

Capacitors are placed across the last six dynode intervals and
between the last dynode and anode. These capacitors help sustain
the PMT output for large pulses of up to 10° photoelectrons (p.e.).
Even for illumination in the PMT saturation region ( ~ 200 p.e./ns,
see Section 10), the transient gain loss after a 1us pulse
(2 x 10° p.e.) is observed to be less than 1%. A detailed simulation
[20] indicates that such a pulse could arise from a 50 PeV electron
shower 100 m away from the PMT, which would then be faithfully
recorded. Pulses up to five times this large (10° p.e.) still result in
less than 20% transient gain loss, so while the primary pulse
would be completely saturated, afterpulse amplitude could be
used to estimate the total illumination (Section 11). Finally above
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Fig. 2. Schematic of the passive HV divider circuit, shown with coupling to the front-end amplifier on the digitizer board.

2 x 107 p.e. the gain loss rises rapidly above 50%. For all these
transient gain losses, recovery occurs within the RC time
constants of order 1s.

Low-inductance resistors (100 Q, R13 through R15) are used to
dampen ringing that arises from coupling of the larger dynode
filter capacitors with parasitic inductance in the dynode leads and
printed circuit traces. This ringing could otherwise be a nuisance
when reconstructing a single PMT output waveform as a series of
photon hits.

The IceCube PMTs are operated with their cathode at ground
potential. Therefore the high voltage anode is AC coupled to the front-
end amplifiers. For the AC coupling, we use a custom bifilar-wound
1:1 toroidal transformer rather than a DC blocking capacitor. High
voltage reliability is achieved in the transformer winding using wire
with insulation rated for over 5 kV DC. The resulting stray capacitance
from anode to front-end amplifier is only 30pF, which limits the
stored energy which might damage the analog front-end if sparking
should occur in the HV system. In contrast, a coupling capacitor large
enough to meet the signal droop specification would be at least 1000
times larger than the stray capacitance of the transformer. The
transformer topology also reduces noise by avoiding noisy high
voltage ceramic signal coupling capacitors and by breaking a ground
loop path involving the HV power supply. The ferrite and resistors in
series with the HV supply further reduce coupling of high frequency
noise to the front end input.

The transformer coupling delivers good signal fidelity for single-
photoelectron (SPE) waveforms with risetimes of a few ns, while
transmitting wide pulses exceeding 1 ps with less than 10% droop
and undershoot. The custom design uses 18 bifilar turns on a ferrite
(Magnetics Type H) toroid core, providing roughly flat coupling from
8kHz to over 100MHz at operating temperatures down to —40°C.
The self-resonant frequency is above 150 MHz. The low operation
temperature presented a challenge because the permeability of the
transformer core decreases rapidly with temperature, leading to a
shorter droop time constant. Although most DOMs have a time
constant around 15 ps at ambient temperatures near —30°C, 1200
DOMs were built using an older transformer design yielding a time
constant around 1.5 ps at —30°C. The improved performance of the
new design was achieved with a larger core and more turns, at the
expense of a slightly wider SPE pulse shape (Fig. 3). The two designs
are deployed intermixed.

The droop and undershoot are relevant for the ps long trains of
photon pulses expected in DOMs over 100m away from high
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Fig. 3. Average of 10,000 SPE waveforms for one PMT at gain 1 x 107, as seen at
the secondary of the AC coupling transformer. Results for other PMT samples are
very similar. The solid and dashed curves correspond to new and old transformer
designs discussed in Section 5.

energy events, such as 10 TeV electron showers or 500 TeV muon
tracks. The small remaining effects are corrected by a software
digital filter as a first step in event reconstruction, based on
individual time constants for each DOM. The residual error is
typically less than 1% of the pulse amplitude (except for pulses
with peak or undershoot outside the ADC dynamic range, which is
limited after 400 ns [14]).

The divider circuit is constructed on a 10 cm-diameter printed
circuit board which is directly solder-mounted to the PMT. All
components (except R13-R16) are through-hole mount type,
selected with a voltage derating factor of two or greater (typically
four) to ensure long-term reliability. Strict voltage and voltage
gradient rules are applied to the board layout.

Coaxial cables are used for the connections to the high voltage
generator and the front end amplifier on the digitizer board. The
effective load for anode output pulses is 50Q (43Q for the older
transformer design), which includes a back-termination resistor
on the primary side of the transformer (R16), the transformer AC
response, and the input impedance of the amplifier.

6. Single photoelectron waveform and charge

The SPE waveform shape and charge probability distribution
are important for event reconstruction. The DOM waveform
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digitizers are triggered when the signal reaches about 0.25 times
the typical SPE peak amplitude, after which the PMT output
waveform is digitized for up to 6.4 pus. The detection efficiency for
single photons depends directly on the fraction of the SPE charge
distribution above trigger threshold. For high energy neutrino
events, many waveforms show contributions from multiple
photons, all of which could provide useful information during
event reconstruction. The overall light yield provides an estimate
of the neutrino energy, and the space and time distribution of
light helps to reconstruct direction and reject backgrounds. The
time distribution of photons can be extracted from each PMT
waveform if the response to single photons is well understood.
The response to each photon is approximately given by the
average SPE waveform, scaled randomly according to the
complete charge probability distribution.

In order to mimic the ambient temperature in the ice, PMTs
were placed in a freezer box at —32°C and illuminated by diffused
light from a 375nm UV LED. The light was generated in 10ns
pulses with intensity of about 0.1 photons per shot (~0.02
photoelectrons per shot), dim enough to initiate only SPE signals.

Fig. 3 shows the average SPE waveform, measured at the
output of the AC coupling transformer with a digital storage
oscilloscope (LeCroy LT374, 500 MHz bandwidth, 0.5 ns samples).
Here the 95 Q input impedance of the DOM’s front end amplifier
was replaced by the series combination of a 50Q resistor and the
oscilloscope input.

Individual waveforms have different amplitudes but their
shapes are similar to within a few percent. The waveform is
dominated by a peak of Gaussian shape (¢ =3.2ns) which
accounts for 83% of the area. A tail on the late side of the peak
accounts for the remaining area and exhibits a small amount of
ringing. About 90% of the charge is collected before 10 ns after the
peak. A substantial part of the observed pulse width is attributed
to the damping resistors and the coupling transformer (Section 5).

To study the total charge in SPE events, a computer-controlled
integrating ADC module (LeCroy 2249A) was used to integrate
charge in a 70 ns window, triggered by the synchronization signal
of the LED pulse generator. Fig. 4 shows a typical charge
histogram, which exhibits a clear SPE peak to the right of the
pedestal peak. The Gaussian part of the SPE peak corresponds to a
charge resolution of approximately 30%.

The non-Gaussian component rising below 0.3 times the SPE
charge in Fig. 4 has been studied to verify that such small pulses
actually reflect in-time detection of photons, and not accidental
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Fig. 4. Typical pedestal-subtracted SPE charge histogram at gain 5 x 107,
including pedestal peak. Fits refer to Eq. (1), with the constraint q./qo =0.2. The
remaining parameters are optimized to fit this histogram for the curve labeled
“Model”, while “Model (Scaled)” optimizes only the scale parameter gy while
holding ¢4/qo and P, at values that describe the average of 120 PMTs.

coincidences of noise pulses such as from thermionic emission at
the dynodes. The check for a noise contribution was done with the
LED light output disabled (but not the synchronization signal that
triggers acquisitions); all counts outside the narrow pedestal
region were greatly suppressed compared to Fig. 4.

The low-charge component has been described in the past for
many PMTs [21], and has been attributed to a sizable probability
for backscattering of the primary photoelectron at the first
dynode [22,23], leading to events where only a few secondaries
are produced instead of the usual 10-20.

The shape of the low-charge component is important because
even small pulses below the DOM'’s trigger threshold will be
recorded in events with multiple photoelectrons. Therefore event
reconstruction should account for the entire charge probability
distribution down to zero charge, which we model as a Gaussian
plus an exponential term [21]:
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Here P, is the fraction of events in the low-charge exponential
part, qo is the charge at the SPE peak which defines the PMT gain,
04 is the width of the Gaussian fit around the SPE peak, and q; is
the decay constant in the exponential component. Fig. 4 shows
that this is a good model for the shape of the charge histogram
away from the pedestal.

Fig. 5 shows results of fitting equation (1) for a large sample of
PMTs at different gains above 5 x 107, excluding the very low
charge region q <0.15qo and the very high charge region more
than 20 past the peak. The value of g./qo is substantially
degenerate with P, for describing observed spectra in the fitted
range, so it has been fixed at the representative value of 0.20. The
scaled quantities o¢4/qo, G:/qo, and P. are found not to vary
strongly with the PMT gain. The very small pulses with g <0.15q,
were omitted to avoid confusion with the tail of the pedestal
distribution; results were the same if the low-charge cut was
moved to 0.25¢,. The charge resolution g4/qo has been separately
studied for gains between 107 and 10® and again no significant
variations were seen.

Fig. 5 also shows the spread in parameters from PMT to PMT.
The distribution in each parameter is approximately Gaussian,

« 0.2- E ¢ : _

0||||I||||I||||
0 5 10 15
—T
04 | -
s S T
v 02 | -
0||||I||||I||||
0 5 10 15

Gain / 107

Fig. 5. Scaled parameters from Eq. (1) as a function of PMT gain. The error bars
show the 10 spread in parameters obtained for a sampling of 115 PMTs.
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with the width shown by the error bars. The spread is substantial,
but is not expected to have a large effect on data analysis, so the
IceCube PMTs do not need to be parameterized individually.
Instead, an average model is currently used in event simulation
and reconstruction, without modeling the spread. The similarity
among PMTs can also be gauged from Fig. 4, where data from one
PMT is compared with a model curve scaled from the average fit
results for 120 PMTs.

The above measurements were performed with diffuse light
and represent an average over the photocathode surface. In a
separate measurement at gain 107, substantial differences were
observed as a function of position; for example, the peak-to-valley
ratio decreased to near unity close to the edge of the photo-
cathode, compounding the effects of gain variation (Section 8).

7. Time resolution

The timing of recorded SPE waveforms, relative to the photon
arrival time, was studied at —40 °C using fast pulses (FWHM 50 ps)
from a Hamamatsu PLP-10 diode laser. Pulses were optically
attenuated and diffused over the PMT face, yielding an average of
0.04 photoelectrons per shot. The wavelength was 405 nm.

Each PMT was set for gain 107 based on its SPE charge
spectrum. Hits greater than 0.4 times the SPE charge were
recorded using the DOM digitization and readout electronics.
Synchronization pulses from the laser were also digitized to
indicate the true photon arrival times to within a fixed offset. Hit
times were defined as the points where each waveform reached
50% of its maximum, resulting in the time resolution histogram of
Fig. 6.

The main peak of the time histogram has width equivalent to a
Gaussian of o = 2.0 ns, although the rising and falling edges of the
peak fit better to half-Gaussians with ¢=1.2 and 2.7ns,
respectively. Some of the width can be attributed to simultaneous
illumination of the entire photocathode in our tests. When
illuminated at the center only, the width decreased to 1.5ns;
conversely, the outer 3cm of the photocathode exhibited
additional delay of about 3ns and additional broadening. The
data acquisition system contributed a time smearing of less than
0.6 ns, which has not been subtracted.

10°
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Fig. 6. Typical distribution of SPE hit times for an IceCube PMT, when illuminated
by narrow pulses from a diode laser. Counts are shown for 1ns time bins,
referenced to a laser synchronization pulse. A small fraction of late pulses (dashed
line) are due to laser afterglow plus the random background count rate; hit
fractions described in the text are corrected accordingly. The random background
also explains the counts before the synchronization pulse.
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About 4% of hits are found in a shoulder (25-65ns) and
secondary peak at 71ns, and 0.2% make up a corresponding
tertiary structure (85-160ns). The delayed hits are believed to
arise when an electron trajectory is scattered back from the first
dynode towards the photocathode, where it turns around and
then eventually arrives back at the first dynode to initiate the
pulse [23-25].

Because of strong photon scattering in the ice, the dispersion of
hit times by the PMT at the 2 ns scale is not a limiting factor for
reconstruction in IceCube; likewise for the tail at late times.
Considering the spacing between DOMs, photons must typically
travel tens of meters before detection, which is comparable to the
scattering length of around 25m [7]. A detailed simulation of
photon scattering [26] showed that at 10 m distance, about 40% of
photons are delayed by more than 5ns, and 10% of photons are
delayed between 20 and 80 ns. This is larger than the correspond-
ing effects from the PMT itself. On the other hand, DOMs close to a
high energy track can be expected to detect at least one photon
with negligible delay, and then the very small 1.2 ns dispersion on
the early side of the time resolution peak may be relevant when
reconstructing arrival time of the earliest photon or the pulse rise
time.

The time resolution study also reveals DOM-to-DOM differ-
ences in the nominal delay of SPE waveforms relative to photon
arrival time. This delay includes PMT transit time plus signal
delays between the PMT output and the digitizer. The PMT transit
time is found to vary according to the square root of the applied
voltage,

Tiransic(Vemr) = To+21Vo/ Vo /Veur 2)

where x¥=0.017ns/V is the slope at Vo=1500V. The voltage
applied to each PMT is set for a design gain 107, which is achieved
between 1050 and 1600V in 99.9% of PMTs. The resulting RMS
spread of the overall time offset is 2.7 ns. We find 5% of DOMs
more than 5ns away from the mean, so the DOM-to-DOM
corrections are currently included in reconstruction.

8. Two-dimensional photocathode scan

The number of photons arriving at the PMT is calculated from
the observed photoelectron signals via the PMT optical efficiency.
This is separated into an overall “absolute efficiency” and an
angular dependence. The dominant factor in angular dependence
is just the amount of photocathode area which can be seen from
various directions. However, this has to be adjusted for the fact
that the photocathode surface is very large and different portions
do not all yield the same efficiency.

We have systematically analyzed the variation of efficiency
with photocathode position at 25°C, using a two-dimensional
scan system. A UV LED (370 nm) with collimator produced a 1 mm
spot which was moved along the curved PMT surface, maintaining
normal incidence of the light. The LED delivered approximately
125 photons per 80ns pulse. The anode voltage was set for gain
107 at the center of the photocathode, as measured by the SPE
charge peak (qo in Eq. (1)). The PMT pulse charge for each position
was then measured by an integrating ADC triggered by the LED
pulser.

Fig. 7 shows typical response maps on the cathode surface. The
measured charge is proportional to the net photomultiplier
efficiency and reflects the combined position dependence of
photocathode quantum efficiency, collection efficiency, and
dynode multiplication. PMT to PMT variation of the efficiency at
a given spot on the photocathode may be as great as 40%,
however, the spread in the area-integrated efficiency from PMT to
PMT is much smaller, of order 10% (see Section 9). The average
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Fig. 7. Position dependence of the light pulse response for three example PMTs, and the average of 135 PMTs (lower right). The X-Y coordinates measure distance from the
center of the photocathode along the curved PMT face. The value at each X-Y position indicates the PMT output pulse charge in units of the SPE charge, averaged over many

pulses.

map shows a uniform falloff in the edge region, except for a small
bias in the +X direction. All PMTs were measured in the same
orientation, so this bias could be associated to the first dynode
position or the geomagnetic field.

A small part of the variation seen in the scans can be attributed
to systematic errors, which arise mainly from the geomagnetic
field and LED luminosity variance. The geomagnetic field of
462 mG is attenuated by about 50% with a shield made of p- metal
sheet and wire, as also used in IceCube DOMs. By comparing
measurements with the PMT rotated from its standard orientation
in various ways, we determined the field’s effect on the efficiency
variation is about 10%. Because the magnetic shield is the same,
the overall results are representative of what is expected for
deployed IceCube DOMs. (The field at the South Pole is 553 mG,
and more vertical relative to the PMT axis.) The time dependence
of LED luminosity affected the shape of each scan by less than 2%,
as seen by reproducibility of the scan results.

By reducing the light intensity to give only SPE hits, a similar
map has been constructed for gain variation. The gain can vary as
a function of position because the corresponding photoelectron
trajectories arrive differently at the first dynode, leading to
different yields of secondary electrons. The observed gain (defined
by qo in Eq. (1)) varies within + 10% over the active region when
high voltage is set for gain 5 x 107 at the center. However, the

low-charge contribution to the SPE charge spectrum (P, in Eq. (1))
was found to also vary with position, so that the peak-to-valley
ratio decreases close to unity near the edge of the photocathode.
In this way, the average charge delivered per photoelectron was
observed to decrease by up to 30% at nominal gain 10”. Because of
these effects, the detection efficiency map for single photons
using a specific discriminator threshold can differ somewhat from
the maps of Fig. 7.

The integrated sensitivity for a broad beam of photons incident
from a particular direction follows from the cathode efficiency
maps by averaging over the surface seen from that direction [27],
with correction for non-normal incidence on surface elements as
appropriate [28]. For this purpose the relative efficiency map is
assumed not to vary with wavelength, i.e., each position is
assumed to obey the spectral response curve given by the
manufacturer [16]. The averaging substantially reduces the effect
of variations over the surface so the sensitivity is not strongly
dependent on direction at moderate polar angles. Only light that
arrives at large polar angles relative to the PMT axis will primarily
illuminate the equator region and therefore show strong azi-
muthal dependence. Likewise, the variation in charge spectrum
from center to edge has little effect after averaging.

The scans were performed on a small fraction of the IceCube
PMTs, so only the average variation with polar angle is used in

65



R. Abbasi et al. / Nuclear Instruments and Methods in Physics Research A 618 (2010) 139-152 147

simulation and reconstruction. For IceCube, the remaining PMT-
to-PMT variation in directional sensitivity has very small
consequences, because light is typically scattered after traveling
about 25 m through the ice, and additional scattering takes place
in the refrozen ice in the hole where the DOMs are deployed. The
PMT-to-PMT variation, as well as the position dependence itself,
could be more important for detectors deployed in water where
scattering lengths are much longer [29].

9. Absolute efficiency calibration

The absolute calibration of PMT optical efficiency is important
because IceCube uses the observed number of photons to estimate
energy in reconstructed neutrino interactions. Showers initiated
by electrons or tau leptons yield light in proportion to the energy,
and so do muons above 1TeV where energy loss is dominated by
direct pair production, photonuclear interactions and bremsstrah-
lung [5,6].

Optical efficiency can be studied after deployment by using
light from muons (produced in cosmic ray showers above
IceCube) or from calibrated beacons deployed in the ice nearby.
However, it is hard to isolate the PMT response from the effects of
light scattering and attenuation in the ice, which have some
uncertainties [7].

Here we describe the laboratory calibration of standard PMTs
installed in 16 IceCube DOMs distributed throughout the array.
The calibrated PMTs provide direct information for the energy
calibration of IceCube, and will also help clarify the ice effects in
other studies, which is an important subject on its own.

9.1. Technique

Our setup for measuring a PMT’s UV photon detection efficiency is
shown in Fig. 8. A pulsed 337 nm laser beam is passed through a
chamber containing pure nitrogen gas, and the PMT to be calibrated is
illuminated by the tiny amount of light that is Rayleigh scattered at
about 90° from the beam. The PMT is rotated inside the dark box to
probe different positions on the photocathode surface. The primary
beam intensity is measured with a calibrated silicon photodiode
“energy probe”, and sets the fundamental scale for our efficiency
measurement. A pressure gauge and temperature sensor provide the
gas density. Beam intensity, geometry and gas density are then folded
with the well-known Rayleigh scattering cross-section to obtain the
absolute number of photons per pulse incident on the PMT. Individual
photon detections are counted in each pulse and divided by the
number incident to obtain the optical sensitivity at 337 nm.
Additional corrections (Section 9.4) are needed to obtain DOM
efficiency at wavelengths around 400nm where IceCube is most
sensitive.

The measurement combines effects of quantum efficiency and
collection efficiency, and can be directly applied in IceCube
analysis. It is different from the usual quantum efficiency
measurement, which is based on cathode current response to a
calibrated DC light source [16,30].

The laser (Spectra-Physics VSL-337ND-S) emits 4ns pulses
containing ~ 10'® photons, as measured by the silicon photo-
diode probe (Laser Probe, Inc., RjP-465). After a warm-up delay,
pulse energies are stable to within + 2%.

The beam width is 1 mm, so the illuminated gas volume may be
considered as a line source of Rayleigh scattered light. Apertures
between the beam and the PMT define a source region with effective
length of about 1cm and a spot size on the PMT of about 1.5cm.
Photons can reach the PMT if they are scattered from the source
region into a solid angle of about 7.6 x 10~“%sr around the 90°
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Fig. 8. Schematic view of the absolute calibration system. Photodiode 1
establishes the beam intensity, which is used to predict the amount of Rayleigh-
scattered light reaching the R7081-02 PMT. The Hamamatsu H7195 PMTs and the
other photodiode are for monitoring. Optical baffles define the scattering
geometry, and chamber windows are anti-reflection coated UV quartz (R <0.1%
at 337 nm).

direction, while other scattered photons are eventually absorbed on
baffles or other surfaces inside the chamber.

The Rayleigh scattering cross-section for a circularly polarized

beam on nitrogen gas is taken as [31]
% = %(1 +c0s2 0) x (3.50 + 0.02) x 10726 cm? 3)
with 6 as the polar angle relative to the beam direction. The
geometrical integration over the source region and corresponding
solid angles is handled in a detailed ray-tracing calculation. After
accounting for pressure and temperature, this yields the overall
number of scattered photons reaching the PMT, typically 0.5 per
pulse. With detection efficiency around 20%, this corresponds to
~ 0.1 SPE per pulse.

For counting photon detections, the PMT output charge is
integrated for each laser pulse with a CAMAC ADC. The gating
time is 184 ns which is long enough to include the late PMT pulses
described in Section 7. The PMT gain is set close to 10% as defined
by the SPE peak, qo in Eq. (1). We then count the number of events
with charge q greater than a threshold g¢,=0.5qo, which can be
clearly discriminated in the charge histogram. A small correction
for events with multiple photoelectrons yields the number of
detected photons with g > qy,.

The PMT efficiency # for ¢, =0.5qo is then given by comparing
the number of detected photons to the number reaching the PMT.
The efficiency for other charge thresholds can be computed by
extrapolation with the SPE charge response model, Eq. (1).

9.2. Results

Fig. 9 shows the measured detection efficiency as a function of
distance from the cathode center. It also shows that the absolute



148

TA1895 TA2349

R. Abbasi et al. / Nuclear Instruments and Methods in Physics Research A 618 (2010) 139-152

TA2374

Efficiency [%]
Efficiency [%)]
o

0 B 0 b

Efficiency [%]

T o b

-15-10 -5 0 5 10 15 -15 -10
Length on Cathode [cm]

5 0 5
Length on Cathode [cm]

10 15 -15-10 -5 0 5 10 15
Length on Cathode [cm]

Fig. 9. Detection efficiency as a function of distance from the cathode center for three different PMTs. The points with error bars show absolute efficiency measurements
extrapolated to g, =0. The histogram curves show corresponding results from the 2D relative efficiency scans (Section 8) after normalization. Systematic uncertainties for

the histograms are described in Section 8.

Table 2
Measured photon detection efficiency () and photon effective area (Aef) at 25°C
for four different PMTs at wavelength 337 nm and gain 108,

PMT Neenter (%) Nwhote (%) Nwhote (%) Aerr (cm?) Aeir (cm?)
(qmn=0.590)  (q:n=0.5q0) (gen= 0) (qn=0.5g0)  (qem= 0)
TA1895 16.4 13.2 18.6 84 119
TA2086 16.5 13.6 18.8 87 120
TA2349 15.1 12.1 17.6 77 112
TA2374 164 13.0 17.8 83 114

Values for g, =0 were extrapolated using Eq. (1), where model parameters were
fit independently for each PMT.

efficiency measurements follow closely the shape expected from
the 2D relative efficiency scans (Section 8). Consequently, the
relative efficiency scans can be normalized to the absolute
measurements and used to estimate the absolute efficiency
averaged over any given area of the photocathode surface.

Table 2 lists measured efficiencies at the center and averaged
over the whole photocathode area. The latter is defined to include
all points within 15cm of the PMT axis, measured along the
curved surface. Table 2 also includes the photon “effective area”
which means the amount of ideal surface with 100% efficiency
that corresponds to the actual convolution of area and efficiency.
Here it is quoted for light uniformly spread over the PMT surface,
with normal incidence. For use in IceCube analysis, a similar
calculation is performed for unidirectional beams as a function of
the beam angle, folding in the variation of cathode response and
optical effects at material boundaries.

The detection efficiencies in the central area of the photo-
cathode are close to 20% if extrapolated to g, =0. These values
have been compared on a PMT-by-PMT basis with measurements
by Hamamatsu using cathode response to DC light sources. We
find very good agreement, which implies that the collection
efficiency is not much less than 100% at the cathode center.

IceCube PMTs operate at lower voltages than used in this
measurement (gain 107 instead of 108), so collection efficiency is
expected to be slightly lower. However, this effect is expected to
be concentrated at the edges where the electron optics are less
ideal, and the efficiency falloff near the edges is obtained from the
2D relative efficiency scans (Section 8). Since those scans were
done at gain 107, no additional correction is necessary for the
results in Table 2.

9.3. Uncertainties

The overall systematic uncertainty An/n of the PMT detection
efficiency measurement is 7.7%, as detailed in Table 3. In addition,
the measurement of each position on the PMT face has a typical
statistical uncertainty of about 5%, set by the number of SPE hits
recorded. This is reduced to about 2% when calculating efficiency

Table 3

Systematic error budget for the PMT efficiency calibration.

Source

Laser beam energy 5
Aperture 4
Ambient magnetic field 4
Pressure and temperature 1
Polarization 1
Rayleigh cross-section 0.
Dark noise/cosmic rays 0

SR

Overall

for the whole PMT by combining information from the individual
face positions, but the extrapolation relies on the 2D map (Section
8) which has comparable uncertainties.

The dominant contributions to systematic error arise from the
laser beam energy measurement, the geometry of the scattering
chamber, and the geomagnetic field. The first two enter directly
into the calculation of the number of photons reaching the PMT.
The beam energy comes from the laser energy probe, which was
factory calibrated to within 5% at 337 nm. The aperture un-
certainty of 4% comes from geometrical survey of the chamber,
which is used in the ray tracing program.

The ambient geomagnetic field is 462 mG and is unshielded in
the current setup. By changing the orientation of the PMT, we
showed that it affects the point-to-point response map at the 20%
level but the average over the surface varies by only 4%.

The Rayleigh scattering angular distribution depends on the
polarization of the laser beam [32], so care was required to limit
any polarization effect. The effect can be strong because the PMT
only sees a Rayleigh scattering signal from the vertical component
of polarization: the horizontal component induces a dipole
moment oscillating perpendicular to the beam in the horizontal
plane, which cannot emit power to the PMT which is in the same
direction. On the other hand the energy probe reads the total
power regardless of polarization, so the fraction of power in the
vertical direction must be under control. In our setup (Fig. 8), the
laser beam is first linearly polarized at 45° and then passed
through a quartz A/4 waveplate to convert it to 100% circular
polarization. By rotating a linear polarizer in the beam, we
verified that the resulting horizontal and vertical components are
equal to within better than 1%, which leads to a limit of 1% for the
corresponding systematic effect on the efficiency measurement.

Several analyses were performed to show that the scattered
photons are coming from Rayleigh scattering and not other
sources such as residual suspended dust. We checked for
expected scaling with gas density down to low pressure,
symmetry of scattered light seen in forward and backward
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monitoring PMTs (see Fig. 8), and repeatability of measurements
after long time intervals.

The main systematic uncertainties in our method could be
reduced if desired, comparable to the current statistical precision
of about 2%. To accomplish this, one would calibrate the silicon
photodiode “energy meter” at the 1% level; measure the aperture
geometry more precisely; and provide good shielding from the
geomagnetic field.

9.4. Additional corrections

There are additional steps to obtain the detection efficiency of
DOMs from the PMT efficiency measurements, and these will be
reported separately along with other studies on assembled DOMs.
Corrections include attenuation of light in the glass pressure
housing and the gel used for optical and mechanical coupling,
wavelength dependence in both the PMT sensitivity (quoted by
the manufacturer [16]) and the attenuation factors, and the
geometry of incident rays. These effects are included in a detailed
optical simulation of the DOMs [27,33] which will be compared to
laboratory measurements on assembled DOMs. A full detector
simulation can be used to combine the absolute efficiencies at
337 nm, the wavelength dependences, and the spectrum of light
received from neutrino interactions. Investigations of the com-
bined effect show that IceCube detects signal photons in a broad
range centered on about 400 nm. These studies will be presented
elsewhere.

Our measurements were at 25°C, and some temperature
dependence can be expected. The manufacturer quotes a tempera-
ture coefficient of —0.2%/ °C for cathode sensitivity [16]. This is being
directly addressed by relative measurements of optical efficiency of
assembled DOMs at —45, —20°C and room temperature.

10. PMT linearity and saturation behavior

For most neutrino interactions expected in IceCube, any one
PMT will not detect more than a handful of photons. For such
events, and even when up to a few hundred are detected, the PMT
output is proportional to the number of photons detected.
However, some of the most interesting signal events would be
expected to deposit large amounts of energy within tens of meters
of individual PMTs, and then the PMT response can be less than
proportional. Optimal reconstruction requires measuring the
linearity limit and modeling the nonlinear saturation behavior.

To study saturation behavior, PMTs were illuminated with LED
pulses of various durations and brightnesses. The duration of the
light pulses was varied from 3 ns to 1 ps, as measured with a fast PIN
photodiode (1 ns response time). A set of calibrated neutral density
filters was used to control the light level. For a given LED brightness,
illumination was first measured by the PMT signal, using a filter
with sufficient attenuation to allow linear operation of the PMT. The
observed signal was converted to a photoelectron rate and a total
number of photoelectrons (p.e.) using the SPE charge qo, determined
in a separate step. Then the illumination level was increased by
using different filters, with the new number of p.e. calculated from
the ratio of filter attenuation coefficients.

Fig. 10(a) shows the observed peak anode current I as a
function of the ideal peak current Iy, defined as the peak p.e. rate
times the SPE charge. At gain 107, the PMT response is linear
within 10% up to currents of about 50mA (31p.e./ns), but
saturates completely at about 150mA. Peak responses to
different light pulse widths from 3 to 400ns lie along a single
curve. The 3 and 20 ns width pulses were approximately Gaussian
in shape, so the observation of identical peak response supports a
saturation model where the observed current is a direct function
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Fig. 10. (a) PMT saturation curve for gain 10”. The measured current is plotted
against the instantaneous light level, defined in terms of the current that would be
expected for an ideal (linear) device. Data points correspond to peak currents for
the indicated pulse widths. The fit curve is given by Eq. (4), with parameters
chosen optimally for this PMT (serial number SA2747). (b) Effect of PMT gain on
the saturation curve. Data points correspond to peak currents for 200 ns pulses for
PMT serial number AA0020. The curves show the fitted parameterization, Eq. (5).

of the instantaneous illumination, with little cumulative effect
from previous illumination. In particular the data are inconsistent
with models expressed in terms of total pulse charge, which were
used in some older versions of the IceCube simulation software.
The 400 ns pulses were approximately rectangular in shape and
the output current mirrored this shape well even in the saturation
region, again as expected for an instantaneous current saturation
model. Even long light pulses near saturation level show only
about 5% decline from 100 mA after 1 ps of steady illumination.
(Note this small history effect is independent of the transient gain
loss due to discharge of the dynode capacitors, which remains
below 1% for such a pulse.)

The same saturation behavior was found to apply regardless of
what part of the cathode was illuminated, even at —30°C, which
indicates that photocathode surface resistance [16] is not
important on the relevant time scales.

The instantaneous current response is well parameterized by
the following:

a/A°

Inlp=InI+C——""—.
’ a-1/A)"7

“)
The parameters A, B and C differ substantially from one PMT to
another (Table 4), so the model should not be used to invert
observed saturated pulses unless each PMT is fully characterized.

Fig. 10(b) shows additional measurements at a range of lower
gains down to 10>, relevant for IceTop DOMs. The model of Eq. (4)
continues to apply over the full range if the parameters are scaled
approximately as powers of the gain, as shown by the curves
which are scaled by y = Gain/10°:

A(y) =285)092 /(1 +y1/%)?
B(y)=13y%18 /(14142

C(y) =032y 0B +y1/42, 5)
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The given parameters apply to a single measured PMT, but similar
scaling behavior can be expected for other examples; as a first
estimate one would adjust the leading coefficients in each
parameter to match measurements at a particular gain, and
retain the same scaling with gain. Note the good numerical
behavior of the scaling equations allows them to be used also for
estimates outside the given range of gain.

The instantaneous current model also helps understand how
the response to narrow light pulses (3ns FWHM) broadens as
intensity increases (Fig. 11). With the light pulse strongly
attenuated (220p.e.), the PMT output pulse width is similar to
the SPE response, about 10ns. As more light is allowed to reach
the PMT (3700 p.e.), first a gradual broadening occurs to about
20ns width. This broadening follows from Eq. (4) because the
peak current is more attenuated than the rising and trailing edges.
At this point a tail is visible, along with a second peak delayed by
about 60 ns relative to the main peak. These are consistent with
the late photoelectron responses seen in SPE time resolution
measurements (Section 7), except that the relative sizes of main
peak and tail are altered by saturation in the main peak. At still
higher light levels (210,000 p.e.), the second tail peak is
comparable in size to the fully saturated main peak, and the
total width is dominated by the combination of the two peaks.

The highest light level in Fig. 11 also exposes a small pre-pulse
30ns before the main peak, as well as a substantial afterpulse
starting several hundred ns later (see Section 11). The pre-pulse is
ascribed to photoelectrons ejected from the first dynode, and is
somewhat exaggerated in Fig. 11 because the light source was
aimed at the center of the cathode with the dynode directly

Table 4
Saturation curve parameters for three PMT samples, as defined for Eq. (4).
PMT serial no. A (mA) B C
AA0020 126 2.02 2.98
SA2747 138 2.05 3.23
SA2749 138 1.82 2.67
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Fig. 11. Average waveforms observed in PMT serial number SA2747 for 3 ns
(FWHM) light pulses with progressively higher intensity: (a) main peak; (b)
secondary peak due to unusual electron trajectories and (c) pre-pulse.

behind. The individual quanta comprising the pre-pulse were
separately studied using SPE-level illumination, and were found
to be between 1/10 and 1/20 of the SPE pulse size, occurring at
less than 1% of the SPE rate. The ratio between sizes of SPE pulses
and pre-pulse quanta is similar to the typical first dynode gain
reported by the manufacturer [24]. Because individual pre-pulse
quanta are below threshold for triggering DOMs, they have a
small impact on event reconstruction. The combined pre-pulses
from many photons would only be observable for a large, narrow
light pulse (~5000 photons detected within 30ns). Pulses
originating more than ~25m from a DOM would generally be
broader than this, due to scattering in the ice [7].

The saturation model (Eq. (4)) can be important for recon-
struction of very high energy neutrinos that produce electro-
magnetic or hadronic showers. Ideally, reconstruction would rely
most heavily on the PMTs closest to a shower, because the light
pulse is broadened and attenuated as it travels through the ice
[7]; however, these PMTs can be saturated for high energy events.
The energy where saturation effects become important can be
estimated by choosing a characteristic distance of 60 m, which is
about half the inter-string spacing. At this distance, simulations
[20] show that a 600 TeV shower yields peak intensity of 30 p.e./
ns, equivalent to the linearity limit of 50 mA. Above this energy,
signals in close PMTs require a correction for saturation. Above
~ 10PeV, many nearby PMTs are badly saturated and the shower
energy measurement must rely mostly on far-away PMTs.
However, even badly saturated PMTs measure the beginning
and end of the pulse, which can be used to constrain the event
geometry.

11. Afterpulses

As shown in Figs. 6 and 11, the prompt response to a light
pulse has a tail extending to about 100 ns. Afterpulses are seen in
the range of 300ns to 11ps. Such afterpulses are a common
feature of PMTs, and are attributed to ionization of residual gases
by electrons accelerated in the space between dynodes [34]. lons
created in this way can be accelerated back to the photocathode,
causing ejection of electrons which are subsequently amplified
like the original photoelectrons. Some ions strike one of the
dynodes instead, but the corresponding ejecta are amplified much
less and could easily go undetected.

Afterpulse measurements were made at 25 °C with LED pulses
of 40 ns width, using calibrated optical attenuators to control the
intensity, as for the saturation measurements (Section 10). In a
bright LED flash, many individual ions are created, and their
responses add up to an afterpulse waveform with well defined
peaks and valleys (Fig. 12). The various peaks are believed to
correspond to ions of different masses, according to their
individual flight times in the accelerating field [34]. Prominent
afterpulse peaks for this PMT occur around 600 ns, 2 and 8 ps after
the main response peak. The peaks are fairly wide and no period is
entirely devoid of afterpulses until after 11 ps.

The average afterpulse waveform grows almost linearly with
the flash brightness even up to the highest intensity studied
(4.4 x 10° p.e. in 40 ns), where the primary response is completely
saturated at ~ 1000 p.e./ns (Fig. 10). This suggests that observed
afterpulses arise primarily from ions generated in earlier stages of
the multiplier, whose electron currents continue to rise even
when later stages have saturated.

Up to primary pulses of 1 x 10° p.e., the integral from 300 ns to
11 ps corresponds to 0.06 SPE per primary photoelectron.

For dimmer flashes, individual events have a small number of
afterpulse electrons. These appear as separate single afterpulses
distributed in time, with probability that can be approximately
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Fig. 12. PMT afterpulse waveforms for bright flashes lasting 40 ns. Each curve is
averaged over many flashes. The primary response (a) is off-scale and saturated at
most of these intensities. Brightness of flashes is determined by the method of
Section 10, which is independent of PMT saturation effects. Prominent afterpulse
peaks are seen around (b) 600ns, (c) 2 ps and (d) 8 ps after the primary response.
The afterpulse waveforms grow nearly linearly with flash intensity up to the
maximum intensity measured. The PMT was operated at gain of 107, with the
anode at 1326V. Some variation in afterpulse waveforms is observed from one
PMT to another of the same type. Measurement of tails at very late times is slightly
affected by an AC coupling time constant of 80 ps.

predicted from the average waveforms of Fig. 12. Because
different ions are associated with different time ranges, and
because some ions eject multiple electrons from the photo-
cathode, each afterpulse delay range will be characterized by a
different fundamental charge distribution. We have observed
corresponding peak charges from 1 SPE to 13 SPE, consistent with
a recent more detailed study of individual ion afterpulses [35].

The above observations are from study of only a few PMT
samples, and the numbers quoted pertain to only one (serial
AA0020). Although quantitative differences are seen from one
sample to another, the information allows one to assess whether
afterpulses affect IceCube event reconstructions, and to limit
small systematic errors. If a particular physics analysis then
appears sensitive to afterpulses, a larger sample of PMTs would
have to be studied quantitatively to provide the necessary
corrections.

Given the small ratio of charge between afterpulse and
primary pulse, it can be expected that most IceCube analyses
will not be strongly sensitive to the details of afterpulses. Typical
IceCube events yield hits in each PMT that are spread over times
of a few hundred nanoseconds, well before the main part of the
afterpulse distribution. For very high energy events (e.g. electron
energy 1PeV in the deep ice), signals are likely to be seen by PMTs
500 m away where arrival times are dispersed over 2 pus (FWHM),
and then the afterpulse distribution becomes more relevant.
However, the main effect is a minor distortion of the late part of
the pulse, which already has an intrinsically long tail due to
scattering. Generally one does not lose much information by
disregarding details of the waveforms at late times.

However, some events can have multiple peaks in the photon
time distributions, and then a characterization of afterpulses can
be important for proper reconstruction. The most common case is

10

an event with coincident arrival of one or more downgoing muons
from cosmic ray showers above the detector, which calls for
disentangling the hits originating from multiple tracks, and
therefore also the afterpulses. Multiple muons can also arise from
a single shower, and when the resulting tracks are well separated
they can yield multiple hits. More intriguing is the possibility of v,
interactions which can create two showers of particles separated
by hundreds of meters [36]. In such a case some PMTs can see
pulses of light separated by a few microseconds, so effects of
afterpulses should be considered carefully. The late pulses
described in Section 7 should also be considered in these contexts.

12. Summary

The R7081-02 PMT has been characterized and key findings
were discussed in the context of IceCube physics goals. We
observe a single-photoelectron time resolution of 2.0 ns averaged
over the face of the PMT. A small fraction of the pulses arrive
much later, with about 4% between 25 and 65ns late. We also
observe prepulsing and afterpulsing, with afterpulsing occurring
up to 11 us late. The single photoelectron charge spectrum is well
fit by a Gaussian corresponding to charge resolution near 30%,
plus a contribution at low charge which is represented by an
exponential. The dark rate was measured to be 300Hz in the
temperature range —40 to —20°C. A new method for optical
sensitivity calibration has been demonstrated, which uses
Rayleigh scattering to scale from the intensity of a primary laser
beam to the much smaller number of photons reaching a target
PMT. Measurements of dark rate, single photon detection
efficiency, single photoelectron waveform and charge, time
resolution, large pulse response, and afterpulses will serve as
input for detailed simulation of IceCube physics events.
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FERPHEEDAEEOHIZEM NI lceCube EERANTEFIEEE UBHTE
NRON T O IREFREERNOTIBTEMIHR > TELEMHETHE-
T COBIET—ENSEBREBREREINMESN, IceCubeRBREF L IaL—4—
ICREINZ LD (20045F),

The IceCube PMT set in the freezer box in the laboratory of the Chiba IceCube
group. The limited funding available at that time made us build the PMT
supporters with the free materials found in the university garbage pit. The
data from this measurement has built the signal response model implemented in
the IceCube detector simulation (2004)

PMTABEZRAX+ > L. BREOXRELEMMELAN - COBRLREIED
SalL—R—IIEESINEDATLS (20045,

The device to scan the photo-cathode surface for measurement of the
position—dependent photon detection efficiency. The knowledges from this
measurement are included in the PMT simulation for the present IceCube MC
data generation (2004)

PMTZ &40 AMEH S5 REKIC# N f=1ceCube HIZHIEE S 1 —)L (DOM) DI hEE
DIEBIRFEEAET HEE (20055) HIE S hi-AEKRFEEEIceCube EVTHIL
OYZal—YarOEELRNRSA—EDVEDTHD,

The scanning instrument for the IceCube optical detector modules (DOM) housing
the PMT within a pressure sphere. The obtained angular acceptance of the photon
conversion efficiency is among the key parameters in the IceCube detector
simulation (2005)

IceCube PMT/DOM DX FHEMEDRAEFRET 5FHDEY FT7 v T,
BRANREFH LEFIUN—ELE_ 4 —FHOPNTAFRIIZH D RIZR X
2D HIceCube PNT A& ES M TULNSEE5E TH S (20055)

Our setup for measuring the PMT/DOM photon detection efficiency. A
pulsed 337nm laser beam is passed through a chamber containing pure
nitrogen gas put on the optical bench. You can see a black dark box
behind it housing the IceCube PMT/DOM to be calibrated (2005)
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BRIESN 3 lceCube PMT IEBRHD=HDF 1) I LL—HF—DIMNFHRLY
BE LTPNTREICE - TULVS (20055)

An IceCube PMT to be calibrated by the chamber. A red light spot from a
natrium laser is seen in front of the PMT photo-cathode surface. This
is the procedure for aligning the PMT and the beam axis in a straight
line (2005).

BMBRTRERATCWSEHK,IceTop ADKE VU DK EFIE-
TULM=(20034F)

Yoshida freezing at the South Pole. He was helping the R&D of
the water tank detector for the IceTop, the sub-component of
[ceCube for measuring air showers (2003).

KARDABEZEBEST 5F = /N —ZHE L BB > 1= (20094F) .

The “Bubble Search Light”, a chamber to measure the photon scattering
length in the polar ice, was built and shipped to the South Pole (2009).

BBICTF = UN—ZEBRT 2EREK (Bif) LBEF—LD A
18— (2009%)

Ishihara (far right) together with the deployment team at
the South Pole. Just before deploying the “Bubble Search
Light” down to the glacier ice (2009).
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ICRC (FHKREMRER) ZKRBICKEREET > TLHHHEK (20054) . 1CRC
IZHEFHRFEFE L LTIXI99FLIR2ESH E G HERTH > 1=,

Yoshida giving his Rapporteur talk at the ICRC (International Cosmic Ray
Conference) 2005. This was his 2nd appearance as a Rapporteur for the
conference since he had first worked on the same task in 1999.

—a— b/ B FEYBERSET. lcelibe RRICESETALF—FE
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Ishihara, at the Neutrino 2012, making the first announcement to the world
on the IceCube's detection of two PeV-Energy neutrinos as the candidates
of cosmic neutrinos.
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Ishihara, who was awarded the IUPAP Young Scientist Prize, with the medal
and the certificate at the opening ceremony of the ICRC 2013 (2013).
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Mase giving a talk on the latest results from IceCube, representing the
col laboration at the International Workshop on Ring Imaging Cherenkov Detectors
(RICH) 2013.
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