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A. Goldschmidt,8 G. Golup,13 J. G. Gonzalez,33 J. A. Goodman,16 D. Góra,48 D. Grant,22 P. Gretskov,115
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12Université Libre de Bruxelles, Science Faculty CP230, B-1050 Brussels, Belgium59

13Vrije Universiteit Brussel, Dienst ELEM, B-1050 Brussels, Belgium60

14Dept. of Physics, Chiba University, Chiba 263-8522, Japan61

15Dept. of Physics and Astronomy, University of Canterbury, Private Bag 4800, Christchurch, New Zealand62

16Dept. of Physics, University of Maryland, College Park, MD 20742, USA63

17Dept. of Physics and Center for Cosmology and Astro-Particle Physics,64

Ohio State University, Columbus, OH 43210, USA65

18Dept. of Astronomy, Ohio State University, Columbus, OH 43210, USA66

19Niels Bohr Institute, University of Copenhagen, DK-2100 Copenhagen, Denmark67

20Dept. of Physics, TU Dortmund University, D-44221 Dortmund, Germany68

21Dept. of Physics and Astronomy, Michigan State University, East Lansing, MI 48824, USA69

22Dept. of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2E170

23Erlangen Centre for Astroparticle Physics, Friedrich-Alexander-Universität Erlangen-Nürnberg, D-91058 Erlangen, Germany71
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Results from the IceCube Neutrino Observatory have recently provided compelling evidence for
the existence of a high energy astrophysical neutrino flux utilizing a dominantly Southern Hemi-
sphere dataset consisting primarily of νe and ντ charged current and neutral current (cascade)
neutrino interactions. In the analysis presented here, a data sample of approximately 35,000
muon neutrinos from the Northern sky was extracted from data taken during 659.5 days of live-
time recorded between May 2010 and May 2012. While this sample is composed primarily of
neutrinos produced by cosmic ray interactions in the Earth’s atmosphere, the highest energy
events are inconsistent with a hypothesis of solely terrestrial origin at 3.7σ significance. These
neutrinos can, however, be explained by an astrophysical flux per neutrino flavor at a level of

Φ(Eν) = 9.9+3.9
−3.4 × 10−19 GeV−1 cm−2 sr−1 s−1

(
Eν

100TeV

)−2
, consistent with IceCube’s Southern

Hemisphere dominated result. Additionally, a fit for an astrophysical flux with an arbitrary spectral
index was performed. We find a spectral index of 2.2+0.2

−0.2, which is also in good agreement with the
Southern Hemisphere result.



3

The nature of the objects and the mechanisms which100

accelerate cosmic rays pose major open questions in cur-101

rent astrophysics, which may, in part, be answered by102

observations of high energy neutrinos. At high energies,103

the majority of cosmic rays are protons or atomic nuclei,104

and their interaction with other matter or radiation is105

known to produce neutrinos [1]. If this happens near the106

source of the cosmic rays, the neutrinos, which—unlike107

the charged cosmic rays—can travel undeflected through108

the magnetic fields of deep space, can point back to these109

sources.110

IceCube is a detector constructed at depths between111

1.5 km and 2.5 km in glacial ice at the South Pole, in-112

strumenting about a cubic kilometer of volume with op-113

tical sensors [2]. This forms a Cherenkov detector for the114

light produced when neutrinos interact and generate sec-115

ondary charged particles. These interactions give rise to116

two characteristic event topologies: linear ‘tracks,’ pro-117

duced by long-range muons emitting light as they travel,118

and near-spherical ‘cascades,’ from the more point-like119

light emission of electromagnetic and hadronic particle120

showers which terminate in ice after small distances com-121

pared to the instrumentation density of the detector [3].122

One effective method for identifying neutrino interac-123

tions is to look for events which show no sign of light124

emission when entering the detector boundary. These125

are referred to as ‘starting’ events. A recent IceCube126

study using this technique [4] has determined that as-127

trophysical neutrinos at high energies do exist, and that128

their flux is broadly compatible with existing models [5–129

7]. While such starting events provide good evidence for130

an astrophysical neutrino flux, they do not sample all131

components of the expected flux equally well. Due to132

absorption in the Earth, few neutrinos are observed from133

the Northern sky, and few of the observed events are134

identifiably νµ. This analysis seeks to observe more of135

these particular types of events by relaxing the require-136

ment that events begin inside the detector to permit the137

use of the long muon range to achieve a larger effective138

volume. Events are then selected based on the event139

topology of muons produced from νµ interactions to re-140

duce background contamination. In this analysis, as in141

other IceCube analyses, it is not possible to distinguish142

neutrinos from antineutrinos, so only the combined flux143

can be measured.144

To identify astrophysical muon neutrinos, we must dis-145

tinguish them both from other types of events in the146

detector and from other sources of neutrinos. The ma-147

jority of the data recorded by IceCube are produced by148

muons originating in cosmic ray air showers that pene-149

trate the ice and reach the detector. Since this analysis150

seeks to take advantage of the long muon tracks and can-151

not depend on observing the neutrino interaction vertex152

inside the detector, only muons with directions that im-153

ply they passed through more material than the maxi-154

mal expected muon range are selected. In this case, part155

of the distance must have been traversed by a neutrino,156

which is less prone to interaction. This analysis accepts157

therefore only events whose reconstructed zenith angles158

are greater than 85◦, corresponding to an overburden159

equivalent to at least 12 km of water. The directions160

of muon events are reconstructed by fitting the hypoth-161

esis of a particle moving at the speed of light and emit-162

ting Cherenkov radiation to the timing of the observed163

photons. The fit accounts for the expected delay of the164

first photon to reach each detector module due to scat-165

tering [8]. Rejecting poorly fit events removes both low166

energy atmospheric muons with poor direction resolution167

and the less numerous cascade-like events produced by168

neutrino interactions other than charged-current νµ. In169

addition to the direction of the muon, the other observ-170

able of interest is muon energy. A proxy for the energy171

is computed by fitting the amount of light expected to172

be emitted by a template muon to the number of ob-173

served photons in each event [9] [10]. The precision of174

the energy proxy is limited by the relatively short sec-175

tion of the muon’s total track which is observed, and is176

only loosely connected to the energy of the interacting177

neutrino since an unknown amount of energy is gener-178

ally lost before the muon reaches the detector. After179

applying event-quality criteria (which are qualitatively180

equivalent to those used in earlier studies [11, 12], with181

details being given in the online supplement [13] and in182

[14]) this yields a highly pure (99.9%) sample of neutrino-183

induced muon events, with an efficiency of about 24% for184

neutrino-induced events from an E−2 spectrum. This se-185

lection still suffers from neutrino absorption in the Earth,186

resulting in a loss of events at the highest zenith angles187

and energies. This analysis was performed with a blind-188

ness criterion such that only 10% of the experimental189

data were used in its development, in conjunction with190

simulated data, to determine the data selection The full191

data are used only after the analysis technique had been192

fixed.193

Since the astrophysical neutrinos we seek to observe194

in this study are expected to be produced in conjunc-195

tion with the cosmic rays [15, 16], they should have a196

related power-law spectrum of the form Φ ∝ E−γ , where197

γ should be ∼ 2. For this analysis we take γ = 2 as a198

benchmark model [17]. We also make the further simpli-199

fying assumption that the astrophysical flux is isotropic,200

as would be the case for a signal originating from many201

distant, individually weak sources.202

Although astrophysical neutrinos are the target of the203

analysis, the numerous neutrinos produced by cosmic ray204

air showers must be accounted for. Atmospheric neutri-205

nos are usually separated into two groups: those pro-206

duced by the decays of pions and kaons, referred to as207

‘conventional,’ and those produced by the decays of heav-208

ier mesons, particularly those containing charm quarks,209

referred to as ‘prompt’. Since the conventional atmo-210

spheric neutrinos arise from relatively well-understood211
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particle physics and have been measured by a variety of212

experiments [18, 19], there exist several models for this213

flux [20–22] Here we use the HKKMS07 calculation [20],214

where the uncertainty of this calculation is estimated by215

its authors to be less than 10% at few GeV energies,216

which is consistent with measurements [23], and is ex-217

pected to increase with energy to around 25% at 1 TeV.218

Since this model was designed for relatively low ener-219

gies (100 MeV-10 TeV) compared to those considered in220

this analysis (∼100 GeV-100 TeV), it is extended and221

modified according to the procedure in [12] to take into222

account the input cosmic ray spectrum [24] at high en-223

ergies. An important feature of the conventional atmo-224

spheric neutrino flux is that the parent mesons may be225

destroyed by interactions with the medium before decay-226

ing and producing neutrinos. The energy spectrum is227

therefore steeper (∝ E−3.7) than that of the cosmic rays228

from which it is produced (∝ E−2.7) [25]. This is then229

markedly softer than the hypothesized spectrum of as-230

trophysical neutrinos. The cosmic ray showering process231

gives these neutrinos a characteristic distribution in di-232

rection, peaked near the observer’s horizon, because of233

the different profiles of atmospheric density the air show-234

ers encounter.235

The prompt atmospheric neutrinos are less well un-236

derstood, as they have not yet been observed experimen-237

tally, and the theoretical predictions depend on under-238

standing heavy quark production in cosmic ray-air col-239

lisions at high energies. Multiple calculations exist [26–240

28], and here we choose the phenomenological ERS esti-241

mate of the flux [28], again applying corrections for the242

input cosmic ray spectrum. This model has a normal-243

ization uncertainty of about a factor of two, and other244

calculations predict substantially larger or smaller fluxes.245

Like the conventional atmospheric neutrinos, the energy246

spectrum of the prompt component arises from the spec-247

trum of the cosmic rays. However, since the intermediate248

mesons involved decay so rapidly (with a mean lifetime of249

1.04×10−12 s for the D± at rest, as opposed to 2.60×10−8250

s for the π± or 1.24×10−8 s for the K±), losses via inter-251

actions are suppressed and the spectrum remains similar252

to E−2.7, and likewise remains essentially isotropic.253

To fit the observed data, we implement the binned254

Poisson profile likelihood construction described in [11].255

Here, the expected event rates for each flux component256

are computed by weighting a generalized simulation of257

neutrinos traversing the Earth and interacting at IceCube258

according to the model’s input neutrino flux. Compar-259

isons are made in each bin to the observed data. For260

this study, the data are binned in both the reconstructed261

zenith angle and the energy proxy. The main parameter262

of interest for this fit is the normalization assigned to the263

astrophysical flux component, while the normalizations264

of the background components are treated as nuisance265

parameters. Additional nuisance parameters include the266

difference between the true slope of the cosmic ray spec-267
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FIG. 1. The distribution of reconstructed zenith angles of
events in the final sample, compared to the expected distribu-
tions for the fit of an E−2 astrophysical neutrino spectrum.
Only statistical errors are shown, though in almost all bins
they are small enough to be hidden by the data markers.
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FIG. 2. The distribution of reconstructed muon energy proxy
for events in the final sample, compared to the expected distri-
butions for the fit of an E−2 astrophysical neutrino spectrum.
Only statistical errors are shown. The energy proxy does not
have a linear relationship to actual muon energy, but values
∼ 3×103 are roughly equivalent to the same quantity in GeV.
Larger proxy values increasingly tend to underestimate muon
energies, while smaller values tend to overestimate.

trum and the assumed model, the efficiency with which268

the IceCube hardware detects photons emitted in the ice,269

and the relative contributions to the conventional atmo-270

spheric neutrino flux from kaon decays rather than pion271

decays. The nuisance parameters can be constrained us-272

ing prior information from external sources, and the pri-273

ors used in this analysis are listed in the fourth column274

of Table I.275

The parameter values from fitting 659.5 days of de-276

tector livetime using the benchmark set of fluxes are277
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Parameter E−2 Fit Best Fit Prior

Astrophysical flux normalization per flavor 9.9+3.9
−3.4 × 10−19 1.7+0.6

−0.8 × 10−18 ≥ 0
Astrophysical flux index fixed to 2 2.2+0.2

−0.2 none

HKKMS07 normalization 0.93+0.05
−0.04 0.93+0.04

−0.04 ≥ 0
ERS normalization 0.94+1.50

−0.94 0+1.05 ≥ 0
Cosmic ray spectral index change −0.024+0.011

−0.011 −0.023+.001
−.0008 0 ± 0.05

Detector optical efficiency +9.1+0.5
−0.5% +9.1+0.5

−0.5% none
Kaon production normalization 1.15+0.08

−0.07 1.15+0.08
−0.07 1 ± 0.1

TABLE I. Fit parameters are shown for two case: when an E−2 astrophysical flux with equal flavor composition and equal
neutrino and antineutrino components is assumed (E−2 Fit), and when the index of the astrophysical flux is allowed to vary
(Best Fit). The listed error ranges are 68% confidence intervals. The gaussian priors are shown as the mean value ± the
standard deviation, but the fit results do not depend substantially on the priors. Units for the astrophysical flux normalization
are GeV−1 cm−2 sr−1 s−1, and HKKMS07 [20] and ERS [28] are the reference conventional and prompt atmospheric fluxes,
respectively.

summarized in Tab. I, and the projections of the ob-278

served and fitted spectra into the reconstructed zenith279

angle and muon energy proxy are shown in Fig. 1, and280

Fig. 2, respectively. The uncertainties shown for the fit281

parameters include both statistical and systematic con-282

tributions (at the 68% confidence level), via the profile283

likelihood, using the χ2 approximation [29]. Note that284

the data point in Fig. 2 at muon energy proxy values of285

around 1.4×105 should not be taken as an indication of a286

spectral feature: A fluctuation of this size is expected to287

occur in approximately 9% of experiments due to statis-288

tical fluctuations, and even a delta function component289

in the true neutrino spectrum would be broadened into290

a far wider peak in the muon energy proxy [10].291

The best fit for the astrophysical com-292

ponent is a flux Φ(Eν) = 9.9+3.9
−3.4 ×293

10−19 GeV−1 cm−2 sr−1 s−1
(

Eν

100TeV

)−2
per flavor.294

The best fit prompt component is 0.94 times the bench-295

mark flux, but is consistent with zero. The significance296

of the non-zero astrophysical flux is evaluated by a297

likelihood ratio test to the null hypothesis that only298

atmospheric neutrino fluxes are present, in which case299

the fitted prompt atmospheric normalization rises to300

4.0 times the ERS model. An ensemble of trials is used301

to establish the distribution of the likelihood ratio test302

statistic, yielding a p-value of 1.1×10−4 or a single-sided303

significance of 3.7σ.304

The range of neutrino energies in which this astrophys-305

ical flux is constrained by the data is calculated to be 330306

TeV-1.4 PeV. The endpoints of this range are found by307

applying a hard cutoff to one end of the astrophysical flux308

template, refitting the data with the other astrophysical309

flux parameters held constant, moving the cutoff inward310

until the resulting fit likelihood is 0.5σ worse than the311

best fit. This gives a conservative estimate of the energy312

range in which the astrophysical flux is necessary to ex-313

plain the observed data, although the flux may actually314

have a greater extent [30]. The flux should not be inter-315

preted as existing strictly within this energy range; were316
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FIG. 3. Likelihood profile of the astrophysical flux power-
law index and the flux normalization at 100 TeV in units
of 10−18 GeV−1 cm−2 sr−1 s−1. While the E−2 result is well
within the 68% contour, it is not the overall best fit. Also
shown are the best fits from various IceCube analyses of start-
ing events, which generally have good agreement: Starting
Events (HE) [4], Starting Events (LE 1) [31], Starting Events
(LE 2) [32].

this the case simulation trials suggest that this analysis317

would measure a flux normalization only 5-20% of the318

result shown in Table I.319

Since the true flux need not have a spectral index320

of exactly 2, the fit was repeated allowing the index321

to vary, leading to a result of Φ(Eν) = 1.7+0.6
−0.8 ×322

10−18 GeV−1 cm−2 sr−1 s−1
(

Eν

100TeV

)−2.2±0.2
. The nui-323

sance parameters do not change significantly except the324

prompt atmospheric normalization, which falls to zero, as325

shown in Tab. I. Figure 3 shows the confidence regions for326

the astrophysical flux normalization and spectral index,327

and compares this result to three other IceCube analy-328

ses using starting events [4, 31, 32]. The compatibility329

of these results is noteworthy because this work uses an330
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independent set of data from the others (a single, near-331

horizontal, high energy track event is shared with the332

other samples), while the starting event results are highly333

correlated with each other. The spectral indices found by334

this work and by the starting event analyses are consis-335

tent within their respective uncertainties, but the best fit336

spectrum for this data set is slightly harder than those337

for the starting event analyses, particularly those extend-338

ing to lower energies, which are uniquely able to probe339

non-atmospheric contributions to the neutrino flux. A340

single power law provides an acceptable fit to all data,341

however, the present data cannot yet rule out the possi-342

bility that the astrophysical neutrino flux is not isotropic343

or that the spectrum is not a pure power law.344

In this study we see a clear excess of data above the345

expected atmospheric neutrino backgrounds at high ener-346

gies, similar to the result of [4]. In particular, despite the347

fact that these are almost entirely disjoint datasets (a sin-348

gle, near-horizontal track event, event 5 from [4], appears349

in both samples), both excesses are consistent in nor-350

malization within uncertainties, assuming an E−2 spec-351

trum: 9.5±3×10−19GeV−1 cm−2 sr−1 s−1 from the start-352

ing event study and 9.9+3.9
−3.4×10−19GeV−1 cm−2 sr−1 s−1353

from this work. These measurements do use different354

calculations of the neutrino-nucleon cross-sections, which355

influence the conversion of the flux into a rate of observed356

events: The starting event study used the calculation of357

[33], while this study uses the updated calculation from358

[34], which differs by 5-10% at the energies relevant to359

these analyses, but this is a relatively small effect com-360

pared to the uncertainties of these results. Thus, the361

observed data are found to be consistent with a flux362

consisting of equal parts of all neutrino flavors. Simi-363

lar consistency is seen in a recent analysis of starting364

events [32]. As shown in Fig. 3, the results for arbitrary365

power laws are also in good agreement. These two mea-366

surements are compared in Fig. 4, along with other re-367

cent measurements and theoretical models. The result of368

this study also suggests that astrophysical neutrinos are369

present at the several hundred TeV energies where ob-370

servations were lacking in the dataset of [4], suggesting371

that this was merely a statistical fluctuation.372

Models of the astrophysical neutrino flux besides un-373

broken power laws can also be considered. Here we ex-374

amine a small number of representative models. One375

candidate source type is the cores of active galactic nu-376

clei (AGN) [6, 35–38]. A fit of the AGN flux model [6] to377

the data in this analysis demonstrates in an incompati-378

bility in the normalization, with the predicted flux being379

too large by a factor of 6. Another possible source class380

are regions with high star formation including Starburst381

galaxies [5, 39–43]. Comparing the E−2.15 spectrum pro-382

posed by [5] to the data reported here, we find that it383

is compatible after its normalization is multiplied by a384

factor of 2.5. Finally gamma ray bursts (GRBs) have385

been long considered candidates for neutrino production386
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lighter green) to other selected IceCube measurements (heavy
lines) [4, 12] and theoretical model predictions (thin, dashed
lines) [5–7, 17, 20, 28]. The sensitivity of this analysis is also
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[7, 44–47], but recent dedicated searches by IceCube for387

neutrinos correlated with GRBs have placed strong limits388

disfavoring this hypothesis [48].389

While this work represents the first strong evidence for390

an astrophysical νµ flux in the Northern Hemisphere, the391

sources producing these neutrinos remain unknown. Al-392

though muon events in IceCube have sub-degree angular393

resolution, recent IceCube searches for point-like and ex-394

tended sources of muon neutrinos found no statistically-395

significant evidence for event clustering, nor correlation396

of neutrinos with known astrophysical objects [49]. In the397

Northern Hemisphere, the point source flux upper limits398

are 10− 100 times lower than the total diffuse flux level399

observed here, so the flux cannot originate from a small400

number of sources without violating those limits. The401

constraint on the number of sources was explored with a402

simple simulation where sources were injected uniformly403

over the Northern sky, with fluxes at the maximum levels404

allowed by the point source upper limit at each selected405

point, until the total flux reached the measured diffuse406

flux. On average, at least 70 sources are required to main-407

tain consistency with the point source upper limits. This408

assumes each source is a true point source and emits an409

unbroken E−2.2 power-law flux. If the sources instead410

follow harder E−2 power law spectra, the diffuse flux411

could be split across an average of ∼ 40 sources while re-412

maining consistent with the point source analysis. Given413

that the diffuse flux in the Southern Hemisphere is ob-414

served at a similar flux level, this observation suggests415
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that the flux has a large isotropic component dominated416

by a large population of extragalactic sources, although417

local sources can still have significant contributions.418
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