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Neutrinos: Friends across 20 orders in energy 3

FIG. 1 Representative example of various neutrino sources across decades of energy. The electroweak cross-section for ⌫̄ee
� !

⌫̄ee
� scattering on free electrons as a function of neutrino energy (for a massless neutrino) is shown for comparison. The peak

at 1016 eV is due to the W� resonance, which we will discuss in greater detail in Section VII.

µ�(kµ)

e�(pe) ⌫e(ke)

q2 = (p⌫ � kµ)2
W+

⌫µ(p⌫)

FIG. 2 Diagram of 2-body scattering between an incoming
muon neutrino with 4-momentum p⌫ and an electron at rest
with 4-momentum pe. See text for details.

while the Jacobian written in terms of the fraction of the
neutrino energy imparted to the outgoing lepton energy
(y) is given by:

dq2

dy
= 2meE⌫ . (4)

Pending on what one is interested in studying, the dif-
ferential cross-sections can be recast to highlight a par-
ticular dependence or behavior.

B. Formalism: Matrix Elements

The full description of the interaction is encoded within
the matrix element. The Standard Model readily pro-
vides a prescription to describe neutrino interactions via
the leptonic charged current and neutral current in the
weak interaction Lagrangian. Within the framework of
the Standard Model, a variety of neutrino interactions are

[J. A. Formaggio and G. P. Zeller, Rev. Mod. Phys. 84, 1307 (2012)]



Neutrinos: Friends across 20 orders in energy

4 Intensity Frontier

Furthermore, while most of the data fit the three-flavor paradigm very well, some experiments have uncovered
intriguing anomalies that do not fit this simple picture. These exceptions include apparent short-baseline
⌫µ ! ⌫e and ⌫̄µ ! ⌫̄e transitions, and the anomalous disappearance of reactor and radioactive source
electron-type antineutrinos and neutrinos. Although these hints currently have only modest statistical
significance, if confirmed they would be evidence for states or interactions present in theories beyond the
SM.

The observation of neutrino oscillations implies that neutrinos have nonzero masses, a discovery of fundamen-
tal significance. We do not know the mechanism responsible for the generation of neutrino masses, but we
can state with some certainty that new degrees of freedom are required. The number of options is enormous.
The current data do not reveal, for example, whether the new physics scale is very low (⇠ 1 eV) or very
high (⇠ 1015 GeV). The origin of neutrino masses is one of the biggest puzzles in particle physics today,
and will only be revealed, and perhaps only indirectly, with more experimental information from di↵erent
probes in the di↵erent frontiers of particle physics research. Furthermore, the pattern of lepton mixing is
very di↵erent from that of quarks. We do not yet know what that means, but precision studies of lepton
mixing via neutrino oscillations may reveal crucial information regarding the long-standing flavor puzzle.
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Figure 2-2. Neutrino interaction cross section as a function of energy, showing typical energy regimes
accessible by di↵erent neutrino sources and experiments. The curve shows the scattering cross section for
⌫̄e e� ! e� ⌫̄e on free electrons, for illustration. Figure is modified from [9]

Community Planning Study: Snowmass 2013

[J. L. Hewett et al. (Snowmass 2013 Neutrino Working Group), arXiv:1401.6077 [hep-ex]]
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[J. L. Hewett et al. (Snowmass 2013 Neutrino Working Group), arXiv:1401.6077 [hep-ex]]



High-energy Neutrinos: Astrophysical Messengers
Multi-Messenger Astronomy

• Cosmic Messengers:

4 Cosmic Rays
4 Gamma Rays
4 Neutrinos

! Gravitational Waves

‹ Neutrino astronomy:

4 closely related to cosmic
rays (CRs) and �-rays

4 weak interaction during
propagation

4 ideal probe for
10 TeV-10 EeV anisotropy
and tomography

• Challenges:

8 low statistics
8 large backgrounds
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Markus Ahlers (UW-Madison) Interpretation of Results on Cosmic Neutrinos May 3, 2016 slide 2



Neutrino Flux
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High Energy Neutrino Astronomy:  Motivation!
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Confirmed by Fermi-LAT 
Science 339 (2013) 807.!

Supernova Remnants!

What is the origin of Cosmic Rays  with E up to 1020 eV ?  !

Low ν fluxes and small interaction cross section: !
need for 1 km3 detector- Neutrino Telescopes!

Neutrinos as probes of the HE Universe 

AGN !

GRB !

J. Kiryluk (SBU), ICHEP2014, 2-9 July 2014!

 Eν:  1010 eV  - 1018 eV!



Need Very Large Detectors
DUMAND, Lake Baikal, ANTARES, KM3NeT, GVD, AMANDA, IceCube

4

extended surface array and a radio array to achieve im-
proved sensitivity to neutrinos in the 1016-1020 eV energy
range, including GZK neutrinos.

While details of the design of the IceCube-Gen2 high-
energy array, such as the inter-string separations and
deployment geometries, remain to be finalized, key el-
ements of its baseline design are robust. The hot wa-
ter drilling systems that deploys instrumentation deep
into the Antarctic glacier and the digital optical mod-
ule that records the light radiated by secondary particles
produced in neutrino interactions are the key elements
for the construction of IceCube-Gen2 . Based upon the
highly successful designs of the IceCube project, mini-
mal modifications will target improvements focused on
modernization, e�ciency, and cost savings. These ro-
bust baseline designs allow for construction of IceCube-
Gen2 with exceptionally low levels of cost and schedule
risk while still exploring new concepts for light sensors
in parallel. Further, due to its digital architecture, the
next-generation facility can be operated jointly with the
IceCube detector without a significant increase in opera-
tional costs.

The path forward is clear. A complete preliminary de-
sign for the IceCube-Gen2 high-energy array that com-
bines the robust systems for drilling and detector instru-
mentation with an optimized deployment arrangement
that maximizes sensitivity to these newly found astro-
physical neutrinos will evolve in the near future. Once in
operation, the IceCube-Gen2 high-energy array, as part
of the larger IceCube-Gen2 facility at the South Pole, will
truly be the flagship experiment of the emerging field of
neutrino astronomy.

I. INTRODUCTION

A. IceCube: the First Kilometer-Scale Neutrino
Detector

High-energy neutrinos have a unique potential to probe
the extreme universe. Neutrinos reach us from the edge
of the universe without absorption or deflection by mag-
netic fields. They can escape unscathed from the inner
neighborhood of black holes and from the accelerators
where cosmic rays are born. Their weak interactions
make neutrinos very di�cult to detect. By the 1970s,
it had been understood [5] that a kilometer-scale detec-
tor was needed to observe the GZK neutrinos produced
in the interactions of cosmic rays with background mi-
crowave photons [6]. Today’s estimates of neutrino fluxes
from potential cosmic ray accelerators such as galactic
supernova remnants, active galactic nuclei (AGN), and
gamma-ray bursts (GRB) point to the same size require-
ment [7–13]. Building such a neutrino telescope has been
a daunting technical challenge, focusing on instrumenta-
tion of large natural volumes of water or ice to observe
the Cherenkov light emitted by the secondary particles
produced when neutrinos interact with nuclei inside or

FIG. 1. Schematic of the IceCube detector.

near the detector [14, 15].

Early e↵orts focused on deep-water-based detec-
tors include DUMAND[16], Lake Baikal[17], and
ANTARES[18–20], which have paved the way toward the
proposed construction of KM3NeT[21] in the Mediter-
ranean sea and GVD[22] in Lake Baikal, both with com-
plementary fields of view to that of IceCube. The deep
ice of the Antarctic glacier is host to the first kilometer-
scale neutrino observatory. IceCube[23, 24], completed
and in full operation since 2010, builds upon the pioneer-
ing work of the Antarctic Muon and Neutrino Detector
Array (AMANDA)[25] and has begun to probe signals
from astrophysical neutrinos.

The IceCube neutrino detector (Fig. 1) consists of 86
strings, each instrumented with 60 ten-inch photomulti-
pliers spaced 17 m apart over a total length of one kilo-
meter. The deepest modules are located at a depth of
2.45 km so that the instrument is shielded from the large
background of cosmic rays at the surface by approxi-
mately 1.5 km of ice. Strings are arranged at apexes of
equilateral triangles that are 125 m on a side. The in-
strumented detector volume is a cubic kilometer of dark
and highly transparent [26] Antarctic ice.

Each digital optical module (DOM) consists of a glass
sphere containing the photomultiplier and electronics
that independently digitize the signals locally using an
onboard computer. The digitized signals are given a
global time stamp accurate to better than 3 ns and are
subsequently transmitted to the surface. Processors at
the surface continuously collect the time-stamped signals
from the optical modules, and trigger events based on
coincident signals seen in several DOMs. The depth of
the detector and its projected area determine the trigger
rate of approximately 2.7 kHz for penetrating muons pro-
duced by interactions of cosmic rays in the atmosphere
above, outnumbering neutrinos by one per million at TeV
energies. The neutrino rate is dominated by neutrinos
produced in the Earth’s atmosphere. The first challenge



Neutrino Detection at IceCube

Within the SM, neutrinos interact with matter only via weak (W and Z ) gauge currents.

ν` + N →
{

`+ X (CC)
ν` + X (NC)

Cherenkov radiation from interaction products (muons, electrons, hadrons).
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First Observation of UHE Neutrinos
IC79+IC86 analysis of Extremely High Energy filter data (2010-2012) !

to search for cosmogenic or GZK  all-flavor neutrinos (PeV-EeV)!

First observation of PeV‐energy Neutrinos with IceCube!
IceCube Coll. Phys. Rev. Let. 111 (2013) 021103!

Two cascade like PeV events,  found in an analysis dedicated to 
a search for bright events!

p+γCMB →Δ→ π +n→ν +...

17"

€ 

Ep > 6 ×1019eV 

Appearance of  ~1 PeV cascades as an at-threshold background
Results

‣ Two very interesting events in IceCube (between May 
2010 and May 2012)

• shown at Neutrino ’12

• 2.8σ excess over expected background in GZK analysis

• paper submitted and on arXiv (arXiv:1304.5356)

‣ There should be more

• GZK analysis is only sensitive to very specific event topologies 
at these energies

17

“Ernie”~1.2PeV

“Bert”~1.1PeV

IceCube Preliminary

Appearance of  ~1 PeV cascades as an at-threshold background
Results

‣ Two very interesting events in IceCube (between May 
2010 and May 2012)

• shown at Neutrino ’12

• 2.8σ excess over expected background in GZK analysis

• paper submitted and on arXiv (arXiv:1304.5356)

‣ There should be more

• GZK analysis is only sensitive to very specific event topologies 
at these energies

17

“Ernie”~1.2PeV

“Bert”~1.1PeV

IceCube Preliminary

5

FIG. 4. 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 photo-electrons.

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 at-
mospheric muons produced in the same air shower as
the neutrino [17]. 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 simulated 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 hypothe-
sis that the two events are fully explained by atmospheric
background including the baseline prompt atmospheric
neutrino flux [14] has a p-value of 2.9×10−3 (2.8σ). This
value includes the uncertainties on the expected number
of background events by marginalizing over a flat error
distribution. While the prompt component has large the-
oretical 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 prelimi-
nary upper limit on the prompt flux [16]. Using an ex-
treme prompt flux at the level of this upper limit which
covers a potential unknown contribution from intrinsic
charm [18] yields a significance of 2.3σ.

The two events are shown in Fig. 4. They are from the
IC86 sample, but would have also passed the selection
criteria of the IC79 sample. Their spherical photon dis-
tributions are consistent with the pattern of Cherenkov
photons from particle cascades induced by neutrino in-
teractions within the IceCube detector. There are no in-
dications for photons from in-coming or out-going muon
or tau tracks. Hence, these events are most likely induced
by either CC interactions of νe or NC interactions of νe,
νµ or ντ . CC interactions of ντ induce tau leptons with
mean decay lengths of about 50 m at these energies [21].
The primary neutrino interaction and the secondary tau
decay initiate separate cascades which in a fraction of
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FIG. 5. NPE distributions for 615.9 days of livetime at final
selection level. The black points are the experimental data.
The error bars on the data show the Feldman-Cousins 68%
confidence interval [19]. The solid blue line marks the sum
of the atmospheric muon (dashed blue), conventional atmo-
spheric neutrino (dotted light green) and the baseline prompt
atmospheric neutrino (dot-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 [6]. The shaded
region is the allowed level of the cosmogenic ν flux by Ahlers
et al. [20]. The orange line represents an E−2 power-law flux
up to an energy of 109 GeV with an all-flavor normalization
of E2φνe+νµ+ντ = 3.6×10−8 GeV sr−1 s−1 cm−2, which is the
integral upper limit obtained in a previous search in a similar
energy range [10]. The signal fluxes are summed over all neu-
trino flavors, assuming a flavor ratio of νe : νµ : ντ = 1 : 1 : 1.

such events lead to an observable double-peak structure
in the recorded waveforms. The two events do not show a
significant indication of such a signature. Figure 5 shows
the final-selection NPE distributions for the experimen-
tal 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 [10]
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 [6] predicts an event
rate of about 2 events in the corresponding livetime but
at significantly 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
photo-electrons in a given time interval and DOM for
a cascade hypothesis which depends on the interaction
vertex, 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
reconstruction is extracted from an unfolding procedure
of the waveforms. The open circles in Fig. 1 indicate
the strings closest to the reconstructed vertex positions.

[IceCube Collaboration, Phys. Rev. Lett. 111, 021103 (2013)]



Follow-Up Analysis (2-year Dataset)

IC79+IC86 analysis of !
“Starting Events”  (2010-2012, 662 days) !

to search for all-flavor neutrinos !
(starting tracks + contained cascades) !

Evidence for High Energy Extraterrestrial Neutrinos!

18"

IceCube Collab.,  Science 22 Vol. 342 no. 6161!
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FIG. 4. Distributions of the deposited energies and declination angles of the observed events compared to model predictions.
Zenith angle entries for data (right) are the best-fit zenith position for each of the 28 events; a small number of events (Table I)
have zenith uncertainties larger than the bin widths in this figure. Energies plotted (left) are reconstructed in-detector visible
energies, which are lower limits on the neutrino energy. Note that deposited energy spectra are always harder than the spectrum
of the neutrinos that produced them due to the neutrino cross-section increasing with energy. The expected rate of atmospheric
neutrinos is shown in blue, with atmospheric muons in red. The green line shows our benchmark atmospheric neutrino flux (see
text), the magenta line the experimental 90% bound. Due to lack of statistics from data far above our cut threshold, the shape
of the distributions from muons in this figure has been determined using Monte Carlo simulations with total rate normalized
to the estimate obtained from our in-data control sample. Combined statistical and systematic uncertainties on the sum of
backgrounds are indicated with a hatched area. The gray line shows the best-fit E�2 astrophysical spectrum with a per-flavor
normalization (1:1:1) of E2�⌫(E) = 1.2 · 10�8 GeV cm�2 s�1 sr�1.

muon tracks, ruling out an increase in penetrating muon
background to the level required. Atmospheric neutrinos
are a poor fit to the data for a variety of reasons. The
observed events are much higher in energy, with a harder
spectrum (Fig. 4) than expected from an extrapolation of
the well-measured ⇡/K atmospheric background at lower
energies [9–11]: nine had reconstructed deposited ener-
gies above 100 TeV, with two events above 1 PeV, rela-
tive to an expected background from ⇡/K atmospheric
neutrinos of approximately 1 event above 100 TeV. Rais-
ing the normalization of this flux both violates previous
limits and, due to ⌫µ bias in ⇡ and K decay, predicts
too many muon tracks in our data (2/3 tracks vs. 1/4
observed).

Another possibility is that the high-energy events re-
sult from charmed meson production in air showers
[7, 12]. These produce higher energy events with equal
parts ⌫e and ⌫µ, matching our observed muon track frac-
tion reasonably well. However, our event rates are sub-
stantially higher than even optimistic models [12] and
the energy spectrum from charm production is too soft
to explain the data. More importantly, increasing charm
production to the level required to explain our observa-
tions violates existing experimental bounds [9]. As atmo-
spheric neutrinos produced by any mechanism are made
in cosmic ray air showers, downgoing atmospheric neu-

trinos from the southern sky will in general be accompa-
nied into IceCube by muons produced in the same par-
ent air shower. These accompanying muons will trigger
our muon veto, removing the majority of these events
from the sample and biasing atmospheric neutrinos to
the northern hemisphere. The majority of our events,
however, arrive from the south. This places a strong
model-independent constraint on any atmospheric neu-
trino production mechanism as an explanation for our
data.

By comparison, a neutrino flux produced in extrater-
restrial sources would, like our data, be heavily biased
toward showers because neutrino oscillations over as-
tronomical baselines tend to equalize neutrino flavors
[13, 14]. An equal-flavor E�2 neutrino flux, for exam-
ple, would be expected to produce only 1/5 track events
(see Materials and Methods). The observed zenith distri-
bution is also typical of such a flux: as a result of absorp-
tion in the Earth above tens of TeV energy, most events
(approximately 60%, depending on the energy spectrum)
from even an isotropic high-energy extraterrestrial pop-
ulation would be expected to appear in the Southern
Hemisphere. Although the zenith distribution is well ex-
plained (Fig. 4) by an isotropic flux, a slight southern
excess remains, which could be explained either as a sta-
tistical fluctuation or by a source population that is either

[IceCube Collaboration, Science 342, 1242856 (2013)]



3-year Dataset
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FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of
all backgrounds. Muons (red) are computed from simulation
to overcome statistical limitations in our background mea-
surement and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are de-
rived from previous measurements of both the ⇡/K and charm
components of the atmospheric ⌫µ spectrum [9]. A gap larger
than the one between 400 and 1000 TeV appears in 43% of
realizations of the best-fit continuous spectrum.

A purely atmospheric explanation for these events is
strongly disfavored by their properties. The observed
deposited energy distribution extends to much higher en-
ergies (above 2 PeV, Fig. 2) than expected from the ⇡/K
atmospheric neutrino background, which has been mea-
sured up to 100 TeV [9]. While a harder spectrum is ex-
pected from atmospheric neutrinos produced in charmed
meson decay, this possibility is constrained by the ob-
served angular distribution. Although such neutrinos
are produced isotropically, approximately half [27, 28]
of those in the southern hemisphere are produced with
muons of high enough energy to reach IceCube and trig-
ger our muon veto. This results in a southern hemisphere
charm rate ⇠50% smaller than the northern hemisphere
rate, with larger ratios near the poles. Our data show no
evidence of such a suppression, which is expected at some
level from any atmospheric source of neutrinos (Fig. 3).

As in [11], we quantify these arguments using a likeli-
hood fit in arrival angle and deposited energy to a com-
bination of background muons, atmospheric neutrinos
from ⇡/K decay, atmospheric neutrinos from charmed
meson decay, and an isotropic 1:1:1 astrophysical E�2

test flux, as expected from charged pion decays in cos-
mic ray accelerators [30–33]. The fit included all events
with 60 TeV < Edep < 3 PeV. The expected muon
background in this range is below 1 event in the 3-year
sample, minimizing imprecisions in modeling the muon
background and threshold region. The normalizations of
all background and signal neutrino fluxes were left free
in the fit, without reference to uncertainties from [9],

FIG. 3. Arrival angles of events with Edep > 60 TeV, as used
in our fit and above the majority of the cosmic ray muon back-
ground. The increasing opacity of the Earth to high energy
neutrinos is visible at the right of the plot. Vetoing atmo-
spheric neutrinos by muons from their parent air showers de-
presses the atmospheric neutrino background on the left. The
data are described well by the expected backgrounds and a
hard astrophysical isotropic neutrino flux (gray lines). Col-
ors as in Fig. 2. Variations of this figure with other energy
thresholds are in the online supplement [29].

for maximal robustness. The penetrating muon back-
ground was constrained with a Gaussian prior reflecting
our veto e�ciency measurement. We obtain a best-fit
per-flavor astrophysical flux (⌫ + ⌫̄) in this energy range
of E2�(E) = 0.95 ± 0.3 ⇥ 10�8 GeV cm�2 s�1 sr�1 and
background normalizations within the expected ranges.
Quoted errors are 1� uncertainties from a profile like-
lihood scan. This model describes the data well, with
both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-fit
atmospheric-only alternative model, however, would re-
quire a charm normalization 3.6 times higher than our
current 90% CL upper limit from the northern hemi-
sphere ⌫µ spectrum [9]. Even this extreme scenario is
disfavored by the energy and angular distributions of the
events at 5.7� using a likelihood ratio test.

Fig. 4 shows a fit using a more general model in which
the astrophysical flux is parametrized as a piecewise func-
tion of energy rather than a continuous unbroken E�2

power law. As before, we assume a 1:1:1 flavor ratio and
isotropy. While the reconstructed spectrum is compati-
ble with our earlier E�2 ansatz, an unbroken E�2 flux
at our best-fit level predicts 3.1 additional events above
2 PeV (a higher energy search [10] also saw none). This
may indicate, along with the slight excess in lower en-
ergy bins, either a softer spectrum or a cuto↵ at high
energies. Correlated systematic uncertainties in the first
few points in the reconstructed spectrum (Fig. 4) arise
from the poorly constrained level of the charm atmo-
spheric neutrino background. The presence of this softer
(E�2.7) component would decrease the non-atmospheric
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•  first evidence for an extra-terrestrial flux 
    shown at IPA2013 [IceCube,'Science'342'(2013)]'

 [IceCube,'Phys.Rev.Le_.'113:101101'(2014)] 
•  3 yrs: 37 events in 988 days 
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•  mostly νe CC and NC cascades 

”Bert” 
1.04 PeV 

Aug. 2011 

”Ernie” 
1.14 PeV 
Jan. 2012 

”Big Bird” 
2 PeV 

Dec. 2012 

5.7σ$

ASTROPHYSICAL NEUTRINOS 

[IceCube Collaboration, Phys. Rev. Lett. 113, 101101(2014)]

9 more events, including one at 2 PeV (“Big Bird").
Total 37 events with 5.7σ excess over expected atmospheric background of 6.6+5.9

−1.6
atmospheric neutrinos and 8.4± 4.2 cosmic ray muons.
28 cascade events and 9 muon tracks.
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54 events (39 cascades and 14 tracks): 7σ excess over expected atmospheric background.

[IceCube Collaboration, ICRC 2015 Proceedings [arXiv:1510.05223 [astro-ph.HE]]]



Understanding the Events

Three main aspects:
Source: flux and initial flavor composition
Propagation: final flavor composition on Earth
Detection: showers and tracks, upgoing and downgoing events

New Physics beyond the SM could in principle affect any of these
aspects.
But before embarking on BSM explanations, desirable to know the
SM expectation with better accuracy.

Any statistically significant deviation from the SM prediction might
hint at BSM!
In the absence of significant deviations, could use the data to
constrain various BSM scenarios.



Source

Most plausible: Astrophysical source with a power-law flux

Φ(Eν) = Φ0

(
Eν
E0

)−γ
2

II. WHAT IS KNOWN ABOUT THE EVENTS

These two events were detected as PeV cascades dur-
ing the 2010–2012 runs. They were identified in the ex-
tremely high energy (EHE) search, which is optimized
for the detection of EeV = 103 PeV cosmogenic neutri-
nos [2]. This search has strong cuts to decisively reject
detector backgrounds, and these cuts greatly a↵ect the
acceptance for signal events, especially in the PeV range,
which is the edge of the considered energy range, because
relatively few cosmogenic events are expected there.

Our analysis focuses on the PeV range and below. This
section introduces the events and their implications. The
reconstructed event energies are 1.04 ± 0.16 PeV and
1.14 ± 0.17 PeV [2]. This disfavors neutrino interactions
at the Glashow resonance at 6.3 PeV, for which the cas-
cade energy should generally be the same; we discuss
exceptions below. The absence of higher-energy events
disfavors cosmogenic neutrinos, as their detection prob-
ability is largest in the EeV range.

The values of the energies, and especially their prox-
imity to each other, are crucial. We assume that the
detected energies are probable values in the distribution
of possible values; this is reinforced by there being two
similar events. The minimal explanation of the two ener-
gies is that this distribution is peaked at ⇠ 1 PeV, due to
a drop in detector acceptance at lower energies and de-
creasing neutrino spectra at higher energies. The analysis
threshold for this search is ⇠ 1 PeV [2], which makes it
remarkable that both events were detected there. Very
likely, there are already many additional signal events to
be found at lower energies, but isolating them will re-
quire new searches with cuts optimized for cascades in
the PeV range. Events will likely also be found at higher
energies, but this will take additional exposure time.

The types of events – two cascades, zero muon tracks,
and zero tau-lepton events – also arise from the nature of
the search criteria, which are primarily based on the total
number of detected photoelectrons. In addition, downgo-
ing track-like events are strongly suppressed by the cuts.
The e↵ective area curves for di↵erent flavors show that
this search strategy gives the maximum exposure in the
energy range 1–10 PeV to ⌫e + ⌫̄e [2]. The e�ciency for
⌫µ + ⌫̄µ, which should be more detectable due to the long
range of the muons, is suppressed, because the muons do
not deposit their full energy in the detector. The e�-
ciency for ⌫⌧ + ⌫̄⌧ is suppressed because of the tau-lepton
decay energy carried by neutrinos. This explains the non-
observation of muon track and tau-lepton events; future
searches can be optimized to find them.

The most likely scenario is that both cascade events
arise from charged current (CC) interactions of ⌫e + ⌫̄e,
for which the detectable cascade energy is nearly the full
neutrino energy. Because of the above suppressions, we
neglect the rare cases in which ⌫µ + ⌫̄µ or ⌫⌧ + ⌫̄⌧ CC
events resemble ⌫e+ ⌫̄e cascades, due to the muon getting
a small fraction of the neutrino energy or the tau lepton
decaying quickly. Neutral current (NC) interactions of all
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FIG. 1. Neutrino fluxes as a function of neutrino energy. The
atmospheric conventional ⌫µ + ⌫̄µ and ⌫e + ⌫̄e spectra are from
Ref. [45, 46]. The atmospheric prompt ⌫µ + ⌫̄µ spectrum (the
⌫e + ⌫̄e flux is the same) is the Enberg (std.) model [47]. Ex-
ample cosmogenic EHE neutrino fluxes (⌫ + ⌫̄ for one flavor)
are from Refs. [48, 49]. An E�2 astrophysical neutrino spec-
trum for one flavor of ⌫+ ⌫̄, normalized as discussed below, is
shown, along with current upper limits from IceCube [43, 46].

flavors of neutrinos also give cascades. The cross section
is 2.4 times smaller near 1 PeV, though three neutrino
flavors may contribute. The more important point is that
the average cascade energy in a NC interaction is only
⇠ 0.25 of the neutrino energy in the PeV range, which
makes the event much less detectable [2]. It is unlikely
that NC interactions could be the source of these events,
especially both of them, because the cascade energies are
so close to each other and the analysis threshold.

These events are consistent with a steady, isotropic
di↵use source, and we assume this, though other possi-
bilities are not excluded. The events were separated tem-
porally by 5 months; the search ran for about 2 years. It
is di�cult to measure the directions of cascade events, as
the signal regions in the detector are large and sphere-
like. No event directions are reported in the IceCube pa-
per [2], and preliminary IceCube results from conferences
vary significantly [40, 41]. Future analyses are expected
to have an angular resolution of ⇠ 10 degrees for cas-
cades near 1 PeV (and worse at lower energies) [40]. For
upgoing events that pass through Earth’s core, with a
zenith angle greater than ⇠ 150� (⇠ 7% of the full sky),
there would be especially significant attenuation due to
interactions in Earth [42, 43]. Prompt neutrinos that are
su�ciently downgoing will be accompanied by cascades
that trigger the IceTop surface detector [1, 44]; this was
not seen, and studies of its e�ciency are ongoing.

Figure 1 shows some relevant neutrino spectra.
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FIG. 3. EdN/dE for neutrino-induced cascade spectra. The left panel is for the ideal case or “theorist’s approach,” and the
right is for the realistic case using the e↵ective area from Ref. [2]. These results are for the 615.9 days of exposure that included
the two PeV events. The power-law fluxes are normalized in Fig. 2. The thin vertical line denotes the boundary between our
two bins. The y-axis has a large logarithmic range to show several spectra. The number of events in a region is proportional
to the integrated area, i.e., to the height times the logarithmic energy range, so curves with low heights have very few events.

C. Atmospheric conventional fluxes: very unlikely

Because atmospheric conventional neutrinos definitely
exist, it is important to ask if they could produce these
events. We show the ⌫µ + ⌫̄µ and ⌫e + ⌫̄e fluxes from
Ref. [45, 46] in Fig. 1. The ⌫⌧ + ⌫̄⌧ flux is much smaller,
because both direct production and neutrino oscillations
at these energies are suppressed, and it is not shown.

In the muon track channel, the atmospheric conven-
tional ⌫µ + ⌫̄µ flux is a significant background to new

TABLE I. Expected numbers of cascade events in the two
energy bins, obtained by integrating the curves in the right
panel (the realistic approach using the e↵ective area) of Fig. 3.
These numbers are typically a factor of ⇠ 5 below those for
the left panel (the ideal case or “theorist’s approach”).

Possible Source N(1 � 2 PeV) N(2 � 10 PeV)

Atm. Conv. [45, 46] 0.0004 0.0003

Cosmogenic–Takami [48] 0.01 0.2

Cosmogenic–Ahlers [49] 0.002 0.06

Atm. Prompt [47] 0.02 0.03

Astrophysical E�2 0.2 1

Astrophysical E�2.5 0.08 0.3

Astrophysical E�3 0.03 0.06

signals even at high energies. However, as shown in
Ref. [39], the atmospheric conventional backgrounds for
⌫e+⌫̄e are significantly less, which means that new signals
can emerge at lower energies. To see this, it is necessary
to plot predicted event spectra in terms of detectable cas-
cade energy instead of neutrino energy. For ⌫e + ⌫̄e CC
events, these are the same. For NC ⌫µ + ⌫̄µ events, which
have a small energy deposition, it is a big di↵erence. Go-
ing from Fig. 1 to the left panel of Fig. 3, the importance
of atmospheric conventional neutrinos relative to other
sources (e.g., the E�2 spectrum) is greatly reduced. This
is what makes cascade searches so powerful [39].

The complete (CC + NC) ⌫e + ⌫̄e cascade spectrum
from atmospheric conventional neutrinos is shown in
Fig. 3, with the integrated numbers of events for the real-
istic case given in Table I. If we also include muon tracks
(see below), the total number of events above 1 PeV in-
creases to 0.008, which is consistent within uncertainties
with the 0.012 of Ref. [2]. As these expected numbers
are negligible, it is very unlikely that they can yield the
PeV events.

Most downgoing atmospheric muons are easily identi-
fied as such. In some rare cases, including muon bundles,
these initiate events that look like neutrino-induced cas-
cades. The expected number of such events is 0.04 [2],
larger than the background from neutrinos. All together,
these conventional backgrounds have a ⇠ 10�3 probabil-
ity of producing at least two observed events. These
backgrounds can be studied further at lower energies,
where they are larger.

[R. Laha, J. F. Beacom, B. Dasgupta, S. Horiuchi and K. Murase, PRD 88, 043009 (2013)]
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Nearly Isotropic Flux

cascade events only 
p-value = 18 % 

•  too few events to identify sources 

ARRIVAL DIRECTIONS 

no significant correlations – spatial or temporal 

IceCube'present'and'future'/'Olga'Botner' 30'2015:05:03'
[O. Botner, Talk at IPA 2015]
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the observations [12].

For protons we find that the finite age of the shock will limit the maximum
energy:

Emax º eB°¢0. (4.8)

Here we take ¢0 as the typical shock length. This gives a maximum proton
energy of: Ep, max º 2.7 £ 1018 eV.

4.3 Neutrino production

Summarizing we now have photons of energy E∞, max º 2 £ 1010 eV, elec-
trons of energy Ee, max = 2.5 £ 1013 eV and protons of energy Ep, max º
2.7 £ 1018 eV. Processes that might occur:

• p∞ process: p∞ ! ¢+ ! nº+ ! ne+∫e∫̄µ∫µ;

• pp process: pp ! º±/K± + 2p/n ! µ∫µ + 2p/n ! e∫e∫̄µ∫µ + 2p/n;

• pn process: pn ! º±/K± + 2p/n ! µ∫µ + 2p/n ! e∫e∫̄µ∫µ + 2p/n.

We thus expect neutrinos with different energies to be formed, see for more
details on the reactions Ref. [37, 41, 42, 43, 44, 45]. The last two reactions
give rise to neutrinos in the energy range E∫ ∑ 1012 eV[12, 2], whereas the
photo-proton process of the first reaction may produce high-energy neu-
trino’s. Assuming a factor of < xp!º >º 0.2 as the average fraction of
energy transferred from the initial proton to the pion [12] and assuming
that the four final state leptons equally share the pion energy, we get:

E∫ =
1

4
< xp!º > Ep º

1

20
Ep. (4.9)

E. Waxman and J. Bahcall come to the same conclusion [45]. So in the
observers frame, where we have protons with energy up to 1020.5 eV, neu-
trinos with energies of E∫ ª 1019.5 eV will be formed. Note that, because
of the assumption that the four final state leptons equally share the pion
energy, also electrons and muons with this high energy will be formed.
These highly energetic secondary electrons will of course directly radiate
their energy by synchroton radiation. For this reason we expect the photon
spectrum to contain a contribution above the previously calculated maxi-
mum energy of 1013 eV. It is unlikely however to measure these photons
of about 1019 eV in the observers frame, because photons with that much
energy will scatter almost immediately on the cosmic background radiation
[12].

Predict a flavor ratio of (νe : νµ : ντ ) =(1:2:0)S at source.

Neutrino oscillations average over an astronomical distance scale.
Given a flavor ratio (f 0

e :f 0
µ:f 0
τ )S, the corresponding value (fe:fµ:fτ )E on Earth is given by

f` =
∑

`′=e,µ,τ

3∑
i=1

|U`i |2|U`′ i |2f 0
`′ ≡

∑
`′

P``′ f
0
`′ .

TBM mixing is a good approximation:

P =
1
18

 10 4 4
4 7 7
4 7 7

 .

Predicts (1:1:1)E at Earth for (1:2:0)S. [J. G. Learned and S. Pakvasa, Astropart. Phys. 3,
267 (1995)]
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Other Physical Flavor Compositions

(1 : 2 : 0)S → (1 : 1 : 1)E

(0 : 1 : 0)S → (4 : 7 : 7)E

(1 : 1 : 0)S → (14 : 11 : 11)E

(1 : 0 : 0)S → (5 : 2 : 2)E



Flavor Composition from IceCube data

  14

Joint analysis of diFuse searches

» Including all diFuse searches in IceCube (also from incomplete detector)

» Best Kt by an unbroken power law spectrum

» Flux Φ (at 100 TeV) = (6.7 +1.1/-1.2) · 10-18 (GeV s sr cm2)-1

» Spectral index γ = -2.50 ± 0.09 Fit Xavor ratio at Earth is 1:1:0  (ν
e
:ν

μ
:ν

τ
)

compatible with expected 1:1:1

[IceCube Collaboration, ICRC 2015 Proceedings]



Possible (New Physics) Interactions
Several exotic phenomena have been invoked to explain the IceCube events, e.g.

Decaying (PeV-scale) Dark Matter. [Feldstein, Kusenko, Matsumoto, Yanagida (PRD ’13);
Esmaili, Serpico (JCAP ’13); Bhattacharya, Gandhi, Gupta (JCAP ’15); Boucenna et al
(JCAP ’15); Chianese, Miele, Morisi, Vitagliano (PLB ’16); BD, Kazanas, Mohapatra,
Teplitz, Zhang (JCAP ’16);...]

Secret neutrino interactions involving a light mediator [Ioka, Murase (PTEP ’14); Ng,
Beacom (PRD ’14); Ibe, Kaneta (PRD ’14); Kamada, Yu (PRD ’15); DiFranzo, Hooper
(PRD ’15); Altmannshofer, Chen, BD, Soni ’16; ...]

Resonant production of TeV-scale leptoquarks/RPV squarks. [Barger, Keung (PLB ’13);
Dutta, Gao, Li, Rott, Strigari (PRD ’15); Dey, Mohanty (JHEP ’15); BD, Ghosh, Rodejohann
’16; Mileo, de la Puente, Szynkman ’16; ...]

Decay of massive neutrinos to lighter ones over cosmological distance scales [ Baerwald,
Bustamante, Winter (JCAP ’12); Pakvasa, Joshipura, Mohanty (PRL ’13)]

Pseudo-Dirac neutrinos oscillating to sterile ones in a mirror world [Joshipura, Mohanty,
Pakvasa (PRD ’14)]

Superluminal neutrinos and Lorentz invariance violation [Stecker, Scully (PRD ’14);
Anchordoqui et al. (PLB ’14)]
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G. Outlook

In summary, neutrino scattering at intermediate ener-
gies is notoriously complex and the level to which these
contributing processes have been studied remains incom-
plete (Alvarez-Ruso, 2011b; Benhar, 2010). Improved
experimental measurements and theoretical calculations
will be especially important for reducing systematics in
future precision neutrino oscillation experiments. Luck-
ily, such studies are already underway making use of
new intense accelerator-based sources of neutrinos. How-
ever, for such updated cross section measurements to be
robust, they must be accompanied by an equally pre-
cise knowledge of the incoming neutrino flux. Improved
hadro-production measurements are key to providing the
level of precision necessary. In addition, further scrutiny
of nuclear e↵ects in intermediate energy neutrino and
antineutrino interactions is absolutely essential. Anal-
ysis of data from the MINER⌫A experiment will soon
enable the first detailed look at nuclear e↵ects in neu-
trino interactions. Together, theoretical advances and
new data taken on a variety of nuclear targets from the
ArgoNeuT, K2K, MicroBooNE, MINER⌫A, MiniBooNE,
MINOS, NOMAD, NOvA, and SciBooNE experiments
should provide both a necessary and broad foundation
going into the future. In order to make the most progress
in our understanding in this energy regime, experiments
should strive towards model-independent measurements
of di↵erential cross sections.

VI. HIGH ENERGY CROSS SECTIONS: E⌫ ⇠ 20 � 500
GEV

Up to now, we have largely discussed neutrino scatter-
ing from composite entities such as nucleons or nuclei.
Given enough energy, the neutrino can actually begin to
resolve the internal structure of the target. In the most
common high energy interaction, the neutrino can scat-
ter o↵ an individual quark inside the nucleon, a process
called deep inelastic scattering (DIS). An excellent re-
view of this subject has been previously published in this
journal (Conrad et al., 1998), therefore we will provide
only a brief summary of the DIS cross section, relevant
kinematics, and most recent experimental measurements
here.

A. Deep Inelastic Scattering

Neutrino deep inelastic scattering has long been used
to validate the Standard Model and probe nucleon struc-
ture. Over the years, experiments have measured cross
sections, electroweak parameters, coupling constants, nu-
cleon structure functions, and scaling variables using such
processes. In deep inelastic scattering (Figure 27), the

neutrino scatters o↵ a quark in the nucleon via the ex-
change of a virtual W or Z boson producing a lepton and
a hadronic system in the final state 11. Both CC and NC
processes are possible:

⌫µ N ! µ� X ⌫µ N ! µ+ X (80)

⌫µ N ! ⌫µ X ⌫µ N ! ⌫µ X (81)

Here, we restrict ourselves to the case of ⌫µ scattering, as
an example, though ⌫e and ⌫⌧ DIS interactions are also
possible.

Following the formalism introduced in Section II, DIS
processes can be completely described in terms of three
dimensionless kinematic invariants. The first two, the
inelasticity (y) and the 4-momentum transfer (Q2 = �q2)
have already been defined. We now define the Bjorken
scaling variable, x:

x =
Q2

2pe · q
(Bjorken scaling variable) (82)

The Bjorken scaling variable plays a prominent role
in deep inelastic neutrino scattering, where the target
can carry a portion of the incoming energy-momentum
of the struck nucleus.

FIG. 27 Feynman diagram for a CC neutrino DIS process. In
the case of NC DIS, the outgoing lepton is instead a neutrino
and the exchange particle is a Z boson. Diagram is reproduced
from (Conrad et al., 1998).

On a practical level, these Lorentz-invariant param-
eters cannot be readily determined from 4-vectors, but
they can be reconstructed using readily measured ob-
servables in a given experiment:

11 Quarks cannot be individually detected; they quickly recombine
and thus appear as a hadronic shower.

[R. Gandhi, C. Quigg, M. H. Reno and I. Sarcevic, Astropart. Phys. 5, 81 (1996)]

d2σCC
νN

dxdy
=

2G2
F MNEν
π

(
M2

W

Q2 + M2
W

)2 [
xq(x ,Q2) + xq̄(x ,Q2)(1− y)2

]
,

d2σNC
νN

dxdy
=

G2
F MNEν

2π

(
M2

Z

Q2 + M2
Z

)2 [
xq0(x ,Q2) + xq̄0(x ,Q2)(1− y)2

]
,

where x = Q2/(2MNyEν) (Bjorken variable), and y = (Eν − E`)/Eν (inelasticity).



Parton Distribution Functions

q, q̄ (q0, q̄0) are respectively the quark and anti-quark density distributions in a proton,
summed over valence and sea quarks of all flavors relevant for CC (NC) interactions:

q =
u + d

2
+ s + b,

q̄ =
ū + d̄

2
+ c + t ,

q0 =
u + d

2
(L2

u + L2
d ) +

ū + d̄
2

(R2
u + R2

d ) + (s + b)(L2
d + R2

d ) + (c + t)(L2
u + R2

u),

q̄0 =
u + d

2
(R2

u + R2
d ) +

ū + d̄
2

(L2
u + L2

d ) + (s + b)(L2
d + R2

d ) + (c + t)(L2
u + R2

u),

with Lu = 1− (4/3)xW , Ld = −1 + (2/3)xW , Ru = −(4/3)xW and Rd = (2/3)xW (where
xW = sin2 θW , and θW is the weak mixing angle).

Higher Eν means probing smaller x-regions (DIS).



Differential Cross Sections

10-6 10-5 10-4 0.001 0.01 0.1 1

10-33

10-32

10-31

10-30

x

d
Σ

Hc
m

2 L�d
x

EΝ = 1 PeV

NNPDF2 .3

ΝN NC NNLO
ΝN NC NLO
ΝN NC LO

ΝN CCNNLO
ΝN CCNLO
ΝN CCLO

[C.-Y. Chen, BD and A. Soni, Phys. Rev. D 89, 033012 (2014)]



Differential Cross Sections

10-8 10-6 10-4 0.01 1
10-36

10-35

10-34

10-33

10-32

y

d
Σ

Hc
m

2 L�d
y

EΝ = 1 PeV
NNPDF2 .3

Νe CCLO
ΝN NC NNLO
ΝN NC NLO
ΝN NC LO

ΝN CCNNLO
ΝN CCNLO
ΝN CCLO

[C.-Y. Chen, BD and A. Soni, Phys. Rev. D 89, 033012 (2014)]



Total Cross Sections

10 100 1000 104 105 106 107

10-36

10-35

10-34

10-33

10-32

10-31

10-30

EΝ HTeVL

Σ
Hc

m
2 L

NNPDF2 .3

Νee CC
ΝN NC
ΝN NC
ΝN CC
ΝN CC

[C.-Y. Chen, BD and A. Soni, Phys. Rev. D 89, 033012 (2014)]



Total Cross Sections (with MSTW2008)

10 100 1000 104 105 106 107

10-36

10-35

10-34

10-33

10-32

10-31

EΝ HTeVL

Σ
Hc

m
2 L

Νee
ΝN NC
ΝN NC
ΝN CC
ΝN CC

[from A. Connolly, R. S. Thorne and D. Waters, Phys. Rev. D 83, 113009 (2011)]



Glashow Resonance

Resonant production of W− in ν̄ee− scattering: [S. Glashow, Phys. Rev. 118, 316 (1960)]

ν̄e + e− → W− → anything

dσν̄ee→ν̄ee

dy
=

G2
F meEν

2π

 R2
e + L2

e(1− y)2(
1 + 2meEνy/M2

Z

)2 + 4(1− y)2
1 +

Le
(

1−2meEν/M2
W

)
1+2meEν y/M2

Z(
1− 2meEν/M2

W

)2
+ Γ2

W /M2
W

 ,

where Le = 2xW − 1 and Re = 2xW are the chiral couplings of Z to electron.

Peak is at energy Eν = M2
W /(2me) = 6.3 PeV.

Proposed as an explanation of the PeV events. [A. Bhattacharya, R. Gandhi,
W. Rodejohann and A. Watanabe, JCAP 1110, 017 (2011); V. Barger, J. Learned and
S. Pakvasa, Phys. Rev. D 87, 037302 (2013)]

Disfavored by a dedicated IceCube analysis. [IceCube Collaboration, Phys. Rev. Lett. 111,
021103 (2013)]

A lighter resonance can be similarly ruled out for a range of coupling values, which might
otherwise be inaccessible experimentally.
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Event Rate

N = TNAΩ

∫ Emax

Emin

dEdep

∫ 1

0
dy Φ(Eν)Veff(Eν)S(Eν)

dσ(Eν , y)

dy

T = 988 (1347) days for the IceCube data collected between 2010-2013 (2014).
NA = 6.022× 1023 mol−1 ≡ 6.022× 1023 cm−3 water equivalent for interactions with
nucleons. For interactions with electrons, NA → (10/18)NA.
Veff(Eν) = Meff(Eν)/ρice is the effective fiducial volume and ∼ 0.4 km3 at PeV.

8

FIG. 6. Distribution of deposited PMT charges (Qtot).
Muons at higher total charges are less likely to pass the veto
layer undetected, causing the muon background (red, esti-
mated from data) to fall faster than the overall trigger rate
(uppermost line). The data events in the unshaded region, at
Qtot > 6000, are the events reported in this work, with error
bars indicating 68% Feldman-Cousins intervals. The best-fit
E�2 astrophysical spectrum (gray line) and atmospheric neu-
trino flux (blue) have been determined using Monte Carlo sim-
ulations, with the hatched region showing current experimen-
tal uncertainties on the atmospheric neutrino background.
The largest of these uncertainties is neutrinos from charmed
meson decays, a flux which has yet to be observed and is thus
not included in the blue region; the hatched region includes
the best experimental 1� upper limit [9]. For scale, two spe-
cific charm levels are also shown: a benchmark theoretical
model [7] (green line) and the experimental 90% CL upper
bound [9] (magenta line).

IceCube; the rate of these tagged events that pass the
next veto layer can be used as a control sample to eval-
uate the rate at which muons are detected by a single
detector layer as a function of observed light yield. This
per-layer probability can be used to estimate the final
background rate after application of a geometrical cor-
rection factor of approximately a factor of two for the
larger size of the analysis fiducial volume compared to
the deep interior fiducial volume (after two veto layers).
The resulting predicted veto passing rate agrees well with
data at low energies where we expect the event rate to
be background dominated (Fig. 6). In our signal region
above 6000 p.e., we observed three tagged events passing
the inner veto and so predict 6.0 ± 3.4 veto-penetrating
muon events in the two-year data set.

FIG. 7. Neutrino e↵ective area and volume. Event rates can
be obtained by multiplying the e↵ective areas by 4⇡, by the
sum of ⌫ and ⌫̄ fluxes, and by the livetime of 662 days. Top:
Neutrino e↵ective areas for each flavor assuming an equal flux
of neutrinos and antineutrinos and averaged over all arrival
angles. At 6.3 PeV, resonant W production on atomic elec-
trons increases sensitivity to ⌫̄e. The e↵ective area includes
e↵ects from attenuation of neutrinos in the Earth [26], rel-
evant at energies above 100 TeV. Bottom: E↵ective target
mass as a function of energy. The deposited energy threshold
in this search causes some flavor bias at low energies due to
missing energy in escaping particles from ⌫µ and ⌫⌧ charged-
current events. For ⌫e charged-current events, where all the
neutrino energy is visible in the detector, full e�ciency is
reached above 100 TeV.

Atmospheric Neutrinos

Atmospheric neutrino backgrounds, including an as-
yet unobserved component from charmed meson decays,
were estimated based on a parametrization of the atmo-
spheric neutrino flux [6, 8] consistent with previous Ice-
Cube measurements of northern-hemisphere muon neu-
trinos [9]. We have also included a suppression of the at-
mospheric neutrino background from the Southern Hemi-
sphere resulting from the fact that accompanying high-
energy muons produced in the same air shower can trig-
ger our muon veto if they penetrate to the depth of the
detector. Here we have extended previous analytic calcu-
lations [23] of this suppression factor using the CORSIKA
[27] air-shower simulation to determine the fraction of
atmospheric neutrinos accompanied at depth by muons



Earth Matter Effect
Ω = 4π sr for an isotropic neutrino flux.
To take into account Earth Matter effects (for upgoing events), include an attenuation factor
[R. Gandhi, C. Quigg, M. H. Reno and I. Sarcevic, Astropart. Phys. 5, 81 (1996)]

S(Eν) =
1
2

∫ 1

−1
d(cos θ) exp

[
− z(θ)

Lint(Eν)

]
where Lint = 1/(NAσ) and z(θ) is the effective column depth obtained from PREM. [A.
Dziewonski and D. L. Anderson, Phys. Earth Planet. Int. 25, 297 (1981)]

Atm. ν 

Atm. µ 

Reconstruct µ tracks   (using max likelihood fits)!
and identify their origin (µ vs atm. νµ) by their   direction!

Up-going! Down-going!

Atmospheric muons!
(background)!

 Muons induced by νµatm !
(signal or bg)!

Monte Carlo!

Up-going µ"
"
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!
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J. Kiryluk (SBU), ICHEP2014, 2-9 July 2014!
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Fig. 1.5. Thickness of the Earth as a function of the angle of incidence of the incoming neutrinos. 

transition zone, lid, crust, and oceans [ 821. A convenient representation of the density profile of the Earth is 
given by the Preliminary Earth Model [ 831, 

p(r) = 

’ 13.0885 - 8.8381x2, 
12.5815 - 1.2638x - 3.6426x2 - 55281x’, 
7.9565 - 6.4761x + 5.5283x2 - 3.0807x3, 
5.3197 - 1.4836x, 
1 1.2494 - 8.0298x, 
7.1089 - 3.8045x, 
2.691 + 0.6924x, 
2.9, 
2.6, 
1.02, 

r < 1221.5, 
1221.5 < r < 3480, 
3480 < r < 5701, 
5701 < r < 5771, 
5771 < r < 5971, 
5971 < r < 6151, 
6151 < r < 6346.6, 
6346.6 < r < 6356, 
6356 < r < 6368, 
rl RB, 

(25) 

where the density is measured in g/cm”, the distance r from the center of the Earth is measured in km and the 
scaled radial variable x - r/R@, with the Earth’s radius Ra = 6371 km. The density of a spherically symmetric 
Earth is plotted in Fig. 14. 

The amount of material encountered by an upward-going neutrino in its passage through the Earth is shown 
in Fig. 15 as a function of the neutrino direction. The influence of the core is clearly visible at angles below 
about 0.27r. A neutrino emerging from the nadir has traversed a column whose depth is 1 I kilotonnes/cm’, 
or 1 .I x 1O”cmwe. The Earth’s diameter exceeds the charged-current interaction length of neutrinos with 
energy greater than 40TeV. In the interval 2 x IO6 GeV 5 E, 5 2 x IO’ GeV, resonant ij,e scattering adds 
dramatically to the attenuation of electron antineutrinos. At resonance, the interaction length due to the reaction 
P,e + W- --t anything is 6 tonnes/cm*, or 6 x IO6 cmwe, or 60 kmwe. The resonance is effectively extinguished 
for neutrinos that traverse the Earth. 

We discuss the effect of attenuation on interaction rates of upward-going muon-neutrinos in Section 8 

6. UHE neutrino interactions in the atmosphere 

The atmosphere is more than a thousand times less dense than the Earth’s interior, so it makes a negligible 
contribution to the attenuation of the incident neutrino Aux. The US Standard Atmosphere ( 1976) [ 841 can be 
reproduced to 3% approximation by the following simple parametrization: 

Makes Earth opaque to UHE neutrinos, thus limiting the upgoing events above ∼ 200 TeV.
For upgoing τ -neutrinos, include regeneration effects. [S. I. Dutta, M. H. Reno and
I. Sarcevic, Phys. Rev. D 62, 123001 (2000); J. F. Beacom, P. Crotty and E. W. Kolb, Phys.
Rev. D 66, 021302 (2002)]
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Deposited Energy
Deposited em-equivalent energy is always less than the incoming neutrino energy by a
factor which depends on the interaction channel:

Eem,e = (1− y)Eν , Eem,had = FX yEν .

[FX = 1− (EX/E0)−m(1− f0), with E0 = 0.399 GeV, m = 0.130 and f0 = 0.467 from
simulations of hadronic vertex cascade [M. P. Kowalski, Ph.D. thesis, Humboldt-Universität
zu Berlin (2004)]
Contained vertex search to veto atmospheric background].

Event Signatures!

µ Tracks: 
!   
!  through-going muons 
!  visible energy resolution~20% 
!  pointing resolution <1o  

€ 

νµ + N →µ + X

Cascades:      

!  Resolutions,  cascades contained in the 
detector  
  - visible energy < ~ 20%  
  - angular  ~ 10o-40o   

€ 

νe(τ ) + N →e(τ ) + X
ν f + N →ν f + X   f = e, µ,τ

!  e-m and hadronic cascades 
!    

Composites (not yet observed) 
!  starting tracks   
!  tau double bangs 
!  good directional and energy resolution 

Neutrino interaction identification method:   observe the secondaries (tracks, cascades) !
via Cherenkov radiation detected by a 3D array of optical sensors!
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High Energy Starting Events (“HESE”) 
Data: 79- and 86-strings (2010-2013, 988 days)!

J. Kiryluk (SBU), ICHEP2014, 2-9 July 2014!

Accepted by Phys. Rev. Lett.; arXiv:1405.5303!
!
!  Select high charge (Qtot > 6000 p.e.) events with vertices well contained in the detector volume!
!  No flavor tagging, combination of neutrino induced muons and cascades!
!  Use of the “veto” technique to reject bg and veto tagging to estimate remaining bg from exp data!
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Astrophysical Neutrino Flux

Parametrize by a single-component unbroken power-law:

Φ(Eν) = Φ0

(
Eν
E0

)−γ
where Φ0 is the total ν + ν̄ flux for all flavors at E0 = 100 TeV in units of
GeV−1cm−2sr−1s−1.

The exact value of γ depends on the source evolution model.

Expected to be between 2 and 2.5 for standard astrophysical sources (such as GRBs,
AGNs).

Upper bound on diffuse neutrino flux: [E. Waxman and J. N. Bahcall, Phys. Rev. D 59,
023002 (1999)]

[E2
νΦν ]WB ≈ 2.3× 10−8επξZ GeVcm−2s−1sr−1

We keep Φ0 and γ as free parameters in our analysis.

Perform a Poisson likelihood analysis.



Likelihood Profile for a Fixed Flavor Ratio
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Likelihood Profile for a Fixed Spectral Index
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SM Event Distribution
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SM Event Distribution
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SM Event Distribution

E
v
e

n
ts

 p
e

r 
9

8
8

 D
a

y
s

Deposited EM-Equivalent Energy (TeV)

γ = 2.4 Sig.+Bkg. Uncert.

Atm. Bkg.

Sig.+Bkg. best-fit

IC Data

10
-1

10
0

10
1

10
2

10
3

10
4

[C.-Y. Chen, BD and A. Soni, Phys. Rev. D 92, 073001 (2015)]



SM Event Distribution
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SM Event Distribution
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SM Event Distribution
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Potential Issues?

SM predictions with (1:1:1)E flavor composition seem to be
consistent with current IceCube data.
Salient Features:

An unbroken power-law flux with γ ' 2.2− 2.5.
No cut-off required to explain the absence of more UHE events.
Less upgoing events due to Earth attenuation effect.
Most of the UHE (PeV) events are expected to be downgoing showers.

So far, no need for any exotic explanation!

However, a closer look seems to suggest two potential issues
(though not statistically significant yet).

An apparent energy gap between 400 TeV - 1 PeV (still persists in the 4-yr data).
A potential excess in the PeV (and also around 100 TeV) energy bin.
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Most of the UHE (PeV) events are expected to be downgoing showers.

So far, no need for any exotic explanation!
However, a closer look seems to suggest two potential issues
(though not statistically significant yet).

An apparent energy gap between 400 TeV - 1 PeV (still persists in the 4-yr data).
A potential excess in the PeV (and also around 100 TeV) energy bin.



A Two-component Solution
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Another BSM Solution

Invoke exotic lepton flavor violating interactions mediated by an MeV-scale Z ′.

Absorption by relic neutrinos could explain the gap between 400 TeV - 1 PeV [T. Araki,
F. Kaneko, Y. Konishi, T. Ota, J. Sato and T. Shimomura, Phys. Rev. D 91, 037301 (2015)]

New Z ′ interactions could also explain the longstanding (g − 2)µ anomaly. 5
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FIG. 5. The total flux of the cosmic neutrinos (ν + ν̄) for the
IH case.
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Model – We consider the following gauge interactions:

LZ′ = gZ′Qαβ(ναγρPLνβ + ℓαγρℓβ)Z ′
ρ , (1)

where Z ′ is the new gauge boson with the gauge coupling
gZ′ , α, β = e, µ, τ , and Qαβ = diag(0, 1, −1) represents
the charge matrix of Lµ − Lτ . After Lµ − Lτ is spon-
taneously broken, Z ′ acquires a mass, mZ′ . In order to
keep generality, however, we do not go into the details of
the symmetry breaking and simply treat mZ′ as a model
parameter. Also, the kinetic mixing with the SM U(1)Y

is set to zero. The first term of Eq. (1) is the source of the
secret neutrino interaction. In the Lµ −Lτ model, as dis-
cussed in the next section, a mean free path (MFP) of the
cosmic neutrino is calculated to be > O(1) Mpc, which
is many orders of magnitude larger than the coherence
length. Travelling such a long distance, neutrino flavor
eigenstates are expected to lose their coherence, and thus
the scattering process can be described in terms of mass
eigenstates with the Lagrangian

LZ′νν = g′
ij νiγ

ρPLνjZ
′
ρ , (2)

where g′
ij = gZ′(V †QV ) with i, j = 1 · · · 3, and V is the

lepton mixing matrix. In order to realize the gap in the
cosmic neutrino spectrum, we utilize a resonant interac-
tion and take a Breit-Wigner form. Then the scattering
cross section of a νiνj → νν process is obtained as

σij =
1

6π
|g′

ij |2g2
Z′

s

(s − m2
Z′)2 + m2

Z′Γ2
Z′

, (3)

where
√

s is the center-of-mass energy and ΓZ′ =
g2

Z′mZ′/(12π) is the decay width of Z ′. Throughout this
study, we use g′

ij evaluated with the best fit values of the
neutrino mixing parameters [26]:

|g′
ij |

gZ′
=

⎛
⎜⎜⎝

0.054(0.051) 0.163(0.158) 0.555(0.556)

0.163(0.158) 0.088(0.082) 0.806(0.808)

0.555(0.556) 0.806(0.808) 0.143(0.133)

⎞
⎟⎟⎠(4)

for the inverted (normal) mass hierarchy, IH (NH). For
the mass-squared differences, we also use the best fit val-
ues [26]. We take into account the constraint from cos-
mology on the sum of the neutrino masses,

∑
i mνi ! 0.3

eV [27–29]. Note that all the elements of g′
ij are not

vanishing, which means that each mass eigenstate of the
cosmic neutrinos can be attenuated by all mass eigen-
states of the CνB. This is one of the distinctive features
of our scenario.

In analogy with the previous works [8, 9], we assume
that the ratio of initial fluxes in the flavor basis is φe :
φµ : φτ = 1 : 2 : 0, which is converted into that in the
mass basis via φi ≡ ∑

β |Vβi|2φβ . In view of θ13 ≃ 0

and θ23 ≃ π/4, it is reasonable to approximate φ1 : φ2 :
φ3 = 1 : 1 : 1 for simplicity, and indeed we assume this
ratio throughout this study. Note that our results are not
largely affected by the changes of the initial flux ratio,
since all mass eigenstates of the cosmic neutrinos can be
attenuated by one CνB state.

FIG. 1. The shaded (red) band is the ±2σ parameter space
for the gµ − 2 [23]. The hatched (gray) region is excluded
by the constraint from the neutrino trident production pro-
cess at 95% C.L. [25]. The symbol “×” indicates the set of
parameters used in Figs. 2, 3, 4, and 5 as reference.

The introduction of the Lµ − Lτ symmetry brings not
only the secret neutrino interaction but also the new in-
teraction among the charged leptons. This gives us a
chance to solve the inconsistency in the gµ − 2 [30]. In
Fig. 1, we show the parameter region favored by the ob-
servations of the gµ − 2 within 2σ with the shaded (red)
band [23]. The region excluded by the neutrino trident
production process [25] from the CCFR experiment [31]
is also indicated with the hatched (grey) region. We will
demonstrate that the gap is successfully reproduced with
the parameters in the shaded (red) region. In the next
section, we will calculate the flux of the cosmic neutrinos
with (gZ′ , mZ′) = (5 × 10−4, 1.9 MeV) for the IH case,
which is represented by “×” in Fig. 1.

Result – We consider that the cosmic neutrinos, νi,
are attenuated by the interaction Eq. (2) with the CνB,
ν̄j . As reference, in what follows, we will use z = 0.2 and
mν3 = 3 × 10−3 eV for IH. As for the NH case, several
comments are given at the end of this section. The MFP
λi of the cosmic neutrino νi with energy Eνi is described
as

λi(Eνi , z) =

⎡
⎣

3∑

j=1

∫
d3p

(2π)3
fj(|p|, z)σij(p, Es

νi
)

⎤
⎦

−1

, (5)

where z is the parameter of redshift, p is the momentum
of the CνB, and fj(|p|, z) = (e|p|/(Tν0(1+z)) + 1)−1 is the
distribution function with the CνB temperature Tν0 ∼
1.95 K at present. Note that Es

νi
is the energy of a cosmic

neutrino νi, which is measured at the position z where
the νi is scattered, and Eνi is the energy measured at
IceCube [32, 33]. They are related as Es

νi
= (1 + z)Eνi .

The survival rate Ri of the cosmic neutrino νi travelling
from the source at z to us (z = 0) is evaluated by

Ri = exp

[
−

∫ z

0

1

λi(Eνi , z
′)

dL

dz′ dz′
]

, (6)

Requires a non-trivial (asymmetric) flavor structure for Z ′ ¯̀α`β couplings.

Other consequences like LFV τ decays. [W. Altmannshofer, C.-Y. Chen, BD and A. Soni,
arXiv:1607.06832 [hep-ph]]



RPV SUSY at IceCube

LLQD = λ′ijk

[
ν̃iLd̄kRdjL + d̃jLd̄kRνiL + d̃∗kR ν̄

c
iLdjL − ẽiLd̄kRujL − ũjLd̄kReiL − d̃∗kR ēc

iLujL

]
+ H.c.

⌫iL

djL
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(e) NC s-channel (f) NC u-channel

Figure 1: Feynman diagrams for the CC and NC contributions to the neutrino–nucleon
interactions induced by the �0

ijk-terms in Eq. (2). The corresponding diagrams for the
antineutrino–nucleon interactions are not shown here.

(d) and (f) are much smaller, since they do not have a resonant enhance-
ment, and in addition, for (b) and (d), due to the sea quark involvement.
Moreover, the RPV contributions will be sizable only for the first genera-
tion quarks, which are the predominant constituents of the nucleon, and to
some extent, for the second-generation quarks. Therefore, we will ignore the
contributions from the third-generation quarks. For the SM CC and NC in-
teractions [89, 90], which must be included in the total neutrino-nucleon cross
section giving rise to the IceCube events, we take into account all valence
and sea quark contributions.

The total di↵erential cross section for the neutrino-nucleon interactions,
written in terms of the Bjorken scaling variables x = Q2/2mNE 0

⌫ and y =
E 0

⌫/E⌫ , is

d2�

dxdy
=

mNE⌫

16⇡

X

f


xf(x, Q2)|af |2 + xf̄(x, Q2)|bf |2(1 � y)2

�
, (3)

where mN = (mp + mn)/2 is the average mass of the proton and neutron for
an isoscalar nucleon, �Q2 is the invariant momentum transfer between the

5
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Future Prospects (KM3NET, IceCube-Gen2)



Conclusion

Understanding the UHE neutrino events at IceCube is very
important for both Astrophysics and Particle Physics.
From astrophysics point of view,

Need to pin down the source(s) and flavor composition.
Multi-messenger approach (involving cosmic rays, γ-rays and
neutrinos) is the key.
Golden era in Neutrino Astrophysics.

From particle physics point of view,
Current data seems to be consistent with the SM predictions.
Any significant deviations call for BSM interpretations.
With more statistics, can be used to discover/constrain various BSM
scenarios, e.g. light Z ′, ν NSI, PeV DM, RPV SUSY, leptoquarks.

Promising future prospects.

THANK YOU.
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